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EXECUTIVE SUMMARY

Background

The term, "Marine Hazardous Chemical Worker" is used to encompass

several diverse groups of workers whose marine-related work activities

cause them to be exposed to potentially hazardous chemicals. These workers

* fall into four generic classes:

o Marine chemical transport workers (tankers and barges)

o Chemical terminal dock workers

o Offshore platform and service vessel workers

o U. S. Coast Guard personnel

Personnel in each of the four generic marine worker categories can

be further subdivided into many specific work classes. For each of these

worker subclasses, potential safety hazards from flammable and toxic sub-

stances in the work environment are inherent in job activities. Hazardous

substances include vapors, gases, liquids, mists, and dust; and the sources

of these substances may be encountered during both routine and nonroutine

work situations. The exposure potential to these substances varies with

work functions as do operational equipment and procedures. Thus, a simpli-

fied definition of hazardous sources, equipment and work practices for

marine personnel is not possible. Furthermore, the work schedules do not

follow the normal 8-hour day that is characteristic of other industries.

Thus, worker exposures are difficult to interpret in terms of the usual

OSHA/NIOSH threshold limit values.

With the realization of these complexities, the USCG is conducting

research efforts to identify and characterize potentially hazardous safety

and health situations in the marine work environment. The Coast Guard has

formulated and is implementing a multi-element program which is summarized

below.
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Element No. Project Title

1. Investigation of the Hazards Posed by Chemical

Vapors Released in Marine Operations -Phase I

(Complete) - Reference 1.

*2. Investigation of the Hazards Posed by Chemical

Vapors Released in Marine Operations -Phase II

3. A Crew Exposure Study - Phase I (Complete)-

Reference 2.

4. A Crew Exposure Study - Phase II (Current)

5. A Study to Improve the Health and Safety of the

Marine Hazardous Chemical Worker (Current)

The emphasis in the first four program elements is on characterizing the

work/exposure environment so that control methodology, be it engineering,

administrative, or protective equipment, can be adequately considered in

the fifth element.

This report describes the results of Phase II (Element 2) of the

two-element USCG research project entitled "Investigation of the Hazards

Posed by Chemical Vapors Released in Marine Operations."

Phase I Efforts

In Phase I, a background study was conducted to identify marine

terminal work activities/operations that are potentially hazardous. This

was accomplished through field studies, discussions with marine industry

personnel and literature searches. The field studies included (1) the

measurement of chemical vapor sources and work area concentrations, and
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(2) the documentation of work activities in these areas such that a pre-

liminary assessment of worker exposure could be undertaken. As a result of

this background study, the following operations were identified as being

* . potentially hazardous:

* 0 Open venting of product vapors during tank loading,

o Washing and gas freeing of cargo tanks, and

o Product hose hookup and disconnect before and after product

loading.

Specific work activities associated with these operations include:

o Cargo gauging during tank loading,

o Tank entry for cleaning or inspection,

o Various work activities on deck regions downwind of open vents

during product loading, and

o Manual hose connecting (disconnecting) over open manifold drip

trays.

The spatial and time dependent vapor concentration in the vapor plume

downwind of a vent and in a tank during and after gas freeing are amenable to

analytical modeling. Because of the large number of parameters affecting on-

deck and in-tank concentration levels, the Phase I study included developing

first generation analytical models to describe (1) the downwind dispersion

and dilution of chemical vapor plume emissions during cargo loading and gas

L freeing, and (2) the in-tank vapor concentration environment during gas free-

ing with vapor regeneration. Concurrent with analytical model development,

an experimental plan was developed which identified the methods and techniques

for (1) acquiring vapor concentration and other supporting data for use in

validating the analytical models, and (2) the direct measurement of occupa-

tional exposures through personnel monitoring.
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Phase II Objectives

Based on the results of Phase I, the requirements for Phase II were

identified. Phase II consists of five major task elements with Tasks I-TIV

identified in Phase I and Task V initiated during the conduct of Phase IT.

o Task I - The objective of this task was to implement the experi-

mental plan that had been designed in Phase 1. Task I empha-

sized vapor dispersion and tank ventilation experimentation in

support of model development as well as occupational exposure

rq monitoring.

o Task II - The analytical models were evaluated and revised as

indicated by the experimental data from Task I. Extension of

these models to other chemical terminal operations was also

accomplished.

o Task III - In this task, the data that had been collected was

evaluated with respect to flammability and toxicity as they

relate to analytical model predictions and occupational expo-

sure monitoring.

o Task IV - The objective of this task was to develop a handbook

that describes the analytical models and associated computer

codes that can be used by the USCG Hazardous Materials

Specialists to assess various aspects of tanker/terminal

4 operations. The handbook was published in Reference 3, and

the programs will be incorporated into the Coast Guard's Hazard

Assessment Computer System (HACS).

0 Task V - The objective of Task V was to initiate a pilot bio-

logical sampling study to determine the feasibility of collect-

ing concomitant environmental and biological blood, breath, and

urine data during novel work schedules associated with marine

4 terminal operations.
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This report contains the results of Tasks I, II, and IV as well as

a preliminary interpretation of the initial biological monitoring tests

and the occupational exposure data. Results of the remaining biological

monitoring tests and an in-depth assessment of exposure data will be

* published in an addenda to this report.

Analytical Modeling and Experimental Validation

An analytical model for predicting the dispersion of chemical vapor

plumes emitted from cargo tank vents during cargo loading and tank venti-

lation has been developed and experimentally validated. The model predicts

the near-field (up to l00m) downwind concentrations which depend on the

following parameters:

0 the vented gas flowrate,

o the vapor concentration in the vented gas stream,

0 the height and diameter of the vent, and

o the ambient wind velocity, direction, and turbulence level.

Over one hundred separate tests were performed to provide model validat-ion

data for the chemical vapor concentration distribution downwind of the tank

vents. These tests were performed during actual cargo loading operations

on both tanker ships and barges, and during full-scale simulations of tank

atmosphere venting. The tests covered the full range of conditions for

vent gas concentrations, vent gas flowrate, vent height, and ambient wind

velocity expected for shipboard operations.

Good agreement was found between plume model predictions and the

experimental vapor concentration data for venting tests performed with vents

ranging from 2 to 6 meters in height. Using the validated model, a para-

metric study was performed to evaluate the sensitivity of the downwind

concentrations to model input parameters. The results of this study con-

firmed the importance of increased vent height in reducing chemical vapor
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concentration levels at breathing height downwind of tank vents. It also

showed that even f or increased vent heights to 6 m, deck concentrations

on the order of 10 - 50 ppm can occur over some areas during moderate to

low wind speeds.

Two tank ventilation models have been developed which describe the

tank vapor concentration-time histories during gas freeing in the sence

of vapor regeneration from either pure product residues or post-w resi-

dues of chemical and water solutions. Twenty-four full and model __e

tests were conducted to collect gas freeing data for model validal These

tests Involved 13 different products whose physical properties inc a

wide range of vapor pressures and aqueous solubilities. The full scale

tests included tanks on parcel chemical carriers, product tankers and

unmanned barges. Comparison of the model predictions and the experimental

data indicate that the models adequately describe both evaporation processes

and the concentration-time histories of the vapors that are discharged

from the tank during dilution ventilation provided that certain key vari-

ables are known accurately and the tank does not have internal structure.

The response of the model with evaporation of chemical from solution

was studied parametrically by systematically varying four key independent

variables: the residual liquid thickness, initial chemical concentration

in solution, the initial vapor phase concentration, and the blower flowrate.

This parametric analysis indicated that the time to gas free to a given

concentration is a strong function of residue thickness, solution concentra-

tion, and blower flowrate. The effects of residue thickness and liquid

concentration were more dominant than blower flowrate. Initial tank vapor

concentration had an insignificant effect on the time to gas free to a pre-

scribed level because after the initial stages of purging of the vapor space,

the evaporation process is controlled by the liquid phase resistance to mass

transfer.
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A similar pa'rametric analysis was conducted on the model that

incorporates evaporation of pure chemical residues. The results of this

analysis confirmed the statistical sensitivity analysis that was performed

in Phase I of this project. Blower flowrate and residue thickness have a

strong effect on the gas freeing time, but initial vapor concentration

has a negligible effect.

Model Programming and Use

To facilitate the use of the analytical models that were developed on

this project, a step-by-step guide to the structure and usage of the three

computer programs

o ONDEK - Atmospheric dispersion of cargo vapor that is discharged

from a tank during product loading or gas freeing,

0 TANKP - Gas freeing of a tank in the prescnce of evaporation

of pure product residues,

o TANKM - Gas freeing of a tank in the presence of evaporation

of residual chemical from a water solution,

is provided in Reference 3, "Hazardous Chemical Vapor Handbook for Tank Vessels-

User's Manual." The manual is intended to provide both the USCG and marine

industry personnel with analytical tools to evaluate potential hazards for

* actual and hypothetical operations. To this end, the manual will allow:

o The USCG to evaluate the effectiveness of proposed engineerin(g

controls and operational practices to minimize marine hazards.

o Industry to evaluate current company operational practices and

engineering controls for their effect on worker exposure and

flammability hazards.

0 USCG and industry field personnel to assess the hazard potential

before respondinig to routine inspections or emergencies.
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Occupational Exposure Monitoring

Personnel exposures and biological monitoring was also accomplished

to provide a direct indication of occupational exposures. Over 200 exposure

samples were obtained for various work activities including single and multi-

event exposures during tank entry, tank gauging, and on-deck work activities.

Twenty-eight percent of all tank entries resulted in exposure concentrations

that exceeded the TLV-STEL. In 5.5 percent of the entries, the 8-hour

time-weighted average exposure exceeded the TLV-TWA. Tank entries on in-

service vessels are relatively short term in duration and range from just a

few minutes for a brief inspection to approximately one hour when manual

cleaning and mucking are performed. In the majority of the entries (58

percent), the exposure concentration was less than one-half of the TLV-

STEL or TLV-G. The highest exposure levels in excess of the TLV-STEL occur

during open ullage gauging at top-off of fully loaded tanks.

Exposure to mixtures of chemical vapors does occur because multiple

product vapors are emitted to the work environment during vessel loading.

In the majority of the situations that were observed, individual component

exposure levels were relatively low, and the mixture TLV based on additive

effects was not exceeded. The reason for this behavior is due to the rapid

dilution and dipersion of chemical vapors following discharge from tanks that

are being loaded. The mixture TWV was exceeded in a limited number of in-

stances in which there was one dominant vapor component, and this component

of exposure resulted from open gauging or sampling of product tanks.

Concluding Remarks

In the course of this study (Phase I and Phase II), work activities

* have been identified where potentially significant exposure to chemical vapors

can occur. These activities include:
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o Open gauging during tank 1i.:iing,

o Tank entry for cleaning or inspection,

o Work activities that are conducted in regions of the deck that

are downwind of open vents during product loading, and

o Manual hose connecting (disconnecting) over open manifold drip

trays that contain product accumulations.

The marine industry and responsible government regulatory agencies

have recognized that occupational exposure to chemical vapors is inherent in

these work activities. However, prior to the initiation of this project, a

comprehensive definition of exposure levels for these work activities had

not been published in the open literature.

In this project, one area of emphasis has included quantifying chemi-

cal exposures in the marine terminal work environment. This quantification

has been accomplished through work area chemical vapor concentration measure-

K ments and through personal exposure monitoring in the field. Also, validated

analytical models have been developed which allow a definition of work area

vapor concentrations downwind of vents and in "gas freed" tanks for many

more atmospheric and operational conditions than could practically be covered

in field testing.

* Extensive field measurements of the vapor discharge concentrations at

the open ullage port and expansion trunk during product loading have shown

that the concentrations range from levels of a hundred to a thousand ppm at

the beginning of product loading into a clean tank to significantly higher

values (10,000 to 100,000 ppm) at the start of loading into a dedicated, un-

cleaned tank. As product loading proceeds, vapors are liberated from the

liquid surface and the vented concentrations can proceed through the f lam-

mable range to saturation as the tank is topped-off. Thus, the open gauging

of tanks presents a potential for a significant exposure. Personal exposure

data collected on this project during open gauging support this conclusion.
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Vapor measurements downwind of the vent during product loading and alialvtical

model predictions show that the concentrations dilute rapidly from the level

1! at the vent. Therefore, when there is a flammable or higher concentration

at the vent, the flammable boundaries may extend only a few meters downwind.

This indicates that the potential for a flammable hazard is low. For low

(ullage port level of % 1 m) vent heights, the concentrations at man breathing

9M height on the deck in regions from 5 to 20 meters downwind can be in the

range from 10 to 500 ppm. Thus, for product chemical vapors with exposure

limits in this concentration range, the potential for a significant occupa-

tional. exposure exists. However, an effective method of minimizing this

potential is to vent product vapors during loading from a height of at least

4 m which reduces both downwind concentration and the area on the deck where

vapor concentration exists.

The necessity for proper monitoring of a tank atmosphere in preparation

for man entry is also highlighted by the analytical and experimental results

of this study. Proper monitoring includes measurement of oxygen content and

product vapor concentration as it relates to both flammability and toxicity.

Emphasis on gas freeing to safe occupational exposure levels will insure an

additional margin of safety regarding flammability. Instrument measurements

of tank vapor concentration during man entry and personal exposure monitoring

have shown that accepted exposure limits are exceeded in some cases. The

in-tank analytical models show that very small amounts of residual cargo

(either pure chemical or soluble chemical/wash water solution) create enough

vapor regeneration that the in-tank concentration can exceed a safe man entry

level for extended periods of time. Thus, the models have shown the necessity
~ I of maintaining stringent cleaning requirements so that tank atmospheres do

not present a potential toxicity hazard for man entry.

4 The personal exposure data obtained on this project have shown that

both open gauging and tank entry as currently practiced in the industry do,

on occasion, subject workers to exposures in excess of currently accepted

TLV levels. Restricted gauging systems significantly reduce the exposure
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* potential. The data also show that in the majority of cases, the measured

levels are below currently accepted limits. Effective engineering and pro-

cedural methods of control to minimize the exposures that appear poten-

* tially hazardous have been identified.

Many of the regulations and operational pracztices in place on tankers

are not followed or are circumvented because of conflicting requirements.

For example, certain Subchapter 0 chemicals require vent heights of B/3,

* or 4m, which the study results show to be effective in reducing exposure

* levels to vented vapors during tank loading. However, open gauging is per-

mitted for these Subchapter 0 chemicals which results in vapor venting at

the tank hatch and nullifies the effectiveness of the elevated vent. Also,

the minimum vent height requirements which can reduce exposure hazards in

tanker operations are not applied to barge operations. As a result, there is

probably a higher level of occupational exposure during barge loading opera-

tions than for tankers.

Several factors are responsible for the continued practice of open

pauging. First, there are significant penalties imposed on the ship' s crew

* and owner if a spill occurs. Secondly, closed gauging systems have a repu-

tation of being unreliable and ships crews are reluctant to accept their

ullage indications. As a result, crewmen continue to "look" into the tank

to establish an absolute indication of the ullage level at tank topoff.

During the course of this project (Phases I and II) inert gas systems (which

require closed gauging) have become more prevalent on crude oil and select

product tankers as a result of new regulations which require IGS for petroleum

n products with certain flash points. Although most chemical products are

carried in barges or ships which are currently not required to have EGS, it

is possible that future trends will result in reliable IGS and/or closed

* gauging systems on a broader range of liquid bulk carriers. However, to

effectively eliminate the practice of open gauging will require reliable

closed gauging systems as conmmon place on both barges and tankers, and it

is not anticipated that this will occur in the immediate future.

The results presented in this study will allow both the government

regulatory agencies and the marine industry to evaluate current operational
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practices and engineering controls as they affect worker exposure and

flammability hazards. Effective controls are available to significantly

reduce worker exposure during tank gauging and tank entry work activities.

Even so, a continued exposure to multiple chemical vapors at low levels will

be inherent in the work activity. An assessment of the implications of these

low level multiple exposures will require further evaluation. As part of

this evaluation, an environmental and medical monitoring activity may be

considered as appropriate to insure the health and safety of these workers.
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I. INTRODUCTION

The term "Marine Hazardous Chemical Worker" is used to encompass

several diverse groups of workers whose marine-related work activities may

cause them to be exposed to potentially hazardous chemicals. Marine

Hazardous Chemical Workers (MHCW) fall into four generic classes:

o Marine chemical transport workers (tankers and barges)

0 Chemical terminal dock workers

o Offshore platform and service vessel workers

0 U. S. Coast Guard personnel

- Marine Inspectors

- Port Safety Teams

- Pollution Response Teams

- National Strike Force Teams.

In the United States, the U. S. Coast Guard has broad respon-

sibility for the safety and health of these personnel. This responsibility

is derived in part from the Ports and Waterways Safety Act of 1978, Outer

Continental Shelf Lands Act of 1953, Marine Inspection Laws, and various

other U. S. codes and public laws. In some cases OSHA's responsibility

or authority, as stipulated in the OSH Act of 1980 (29 USC 651), overlaps

the Coast Guard's for some MHCW classes. Memorandums of Understanding between

the Coast Guard and OSHA have been published to (1) define cooperational

guidelines between the two Agencies, (2) eliminate interagency conflicts,

.4 and (3) eliminate duplication of efforts while working to develop meaning-

ful regulations to protect the NI-CW.

Personnel in each of the four generic marine worker categories pre-

4sented above can be further subdivided into many specific work classes or

job classifications. For each of these worker sub-classes, potential

safety hazards from flammable and toxic substances in the work environment

are inherent in job activities. Hazardous substances include vapors, gases,

4 liquids, mists, and dusts; and the sources of these substances may be en-

countered during routine and nonroutine work situations. For most of the
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job categories, exposure to these substances, either individually or in

combination, can occur during the course of marine operations. In addi-

tion, operational equipment and procedures vary greatly. Thus, a simpli-

fied definition of hazardous sources, equipment, and work practices for

marine personnel is not possible. Furthermore, the work schedules of most

MHCW's do not follow the normal eight-hour day that is characteristic of

other industries. Thus, the worker exposures may be difficult to inter-

pret in terms of the usual OSHA/NIOSH threshold limit values.

With the realization of these complexities, the U. S. Coast Guard is

conducting research efforts to identify and characterize potentially hazard-

ous safety and health situations in the marine environment for marine chem-

ical transport workers, offshore Dlatform and service vessel personnel,

chemical terminal dock workers, and UJ. S. Coast Guard field personnel.

The Coast Guard has formulated and is implementing a multi-element

program, which is summarized below.

Element No. Project Title

1 Investigation of the Hazards Posed by Chem-

ical Vapors Rel~eased in Marine Operations -

Phase I (Complete) - Reference 1.

2 Investigation of the Hazar'is Posed bv Chem-

ical Vapors Released in Marine Operations-

Phase IT.

3 A Crew Exposure Study - Phase I (Complete)-

Ref erence 2.

4 A Crew Exposure Study - Phase 11 (Current)

5 A Study to Improve the Health and Safety of

Lhe Marine Hazardous Chemical Worker (Current).

In formulating this program and the element sequence, the Coast Guard

recognized, and it was later substantiated through searches of the worldwide
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technical literature, that there was a lack of basic data on occupational

exposures aboard marine tank vessels. A limited amount of data has been

gathered by private industry, but this information was not in the public

domain. Therefore, the emphasis in the first four program elements is on

characterizing the work/exposure environment so that control methodology,

be it engineering, administrative or protective equipment, can be adequate-

ly considered in the fifth element.

Program elements 1 and 2 deal with investigating potential hazards

to workers involved in marine terminal operations. Program elements 3

q and 4 deal with investigating potential hazards to offshore oil and gas

facility (drilling and production) workers and to merchant tanker crews

at sea. Program elements 1- 4 all involve generating the data base neces-

sary to provide input to the hazard assessment methodology presented in

Figure 1.1.

This report describes the results of Phase II (Element 2) of the

two-element U. S. Coast Guard research project entitled "Investigation of

the Pazards Posed by Chemical Vapors Released in Marine Operations."
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II. INVESTIGATIVE PLAN

11.1 Method of Approach

In Phase I, a background study was conducted to identify marine

terminal work activities/operations that are potentially hazardous. This

was accomplished through field studies, discussions with marine industry

personnel and literature searches. The field studies included (1) the

measurement of chemical vapor sources and work area concentrations, and

(2) the documentation of work activities in these areas such that a pre-

liminary assessment of Blocks 0 , Q, N and (3 in Figure [.1 could be

undertaken. As a result of this background study, the following opera-

tions were identified as being potentially hazardous:

o Open venting of product vapors during tank loading,

o Washing and gas freeing of cargo tanks, and

o Product hose hookup and disconnect before and after product

loading.

Specific work activities associated with these operations include:

o Cargo gauging during tank loading,

o Tank entry for cleaning or inspection,

o Various work activities on deck regions downwind of open vents

during product loading, and

0 Manual hose connecting (disconnecting) over open manifold drip

trays.

The spatial and time dependent vapor concentration (Block Q
Figure I.1) in the vapor plume downwind of a vent and in a tank during

and after gas freeing are amenable to analytical modeling. Because of the

large number of parameters affecting on-deck and in-tank concentration

levels, the Phase I study included developing first generation analytical

models to describe (1) the downwind dispersion and dilution of chemical

vapor plume emissions during cargo loading and gas freeing, and (2) the
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in-tank vapor concentration environment during gas freeing with vapor re-

generation. Concurrent with analytical model development, an experimental

plan was developed which identified the methods and techniques for (1) ac-

quiring vapor concentration and other supporting data for use in validating

the analytical models, and (2) the direct measurement of occupational ex-

posures through personal monitoring. The experimental plan was partially

610 implemented with tests of limited scope. Following these tests, the experi-

mental data were compared to model predictions, and model and test plan modi-

fications were identified where indicated.

lihus, at the conclusion of Phase 1, analytical models were developed

to provide work area concentration distribution predictions (Block 1. ,

Fioure 1.1) and a feasible experimental plan was established to provide

data to validate the models and to provide a preliminary assessment of work-

er exposure (Blocks Q3  and C4-, Figure I.1). Based on the results of

Phase 1, which are reported in Reference 1, the requirements for Phase 11

were identified. Under the initial plan, Phase II consisted of four major

task elements.

o Task I - The objective of this task was to implement the exper-

imen.LA plan that had been designed in Phase 1. Task I empha-

sized vapor dispersion and tank ventilation experimentation in

support of model development as well as occupational exposure

monitoring.

0 Task II - The analyticaj models were evaluated and revised as

indicated by the experimental data from Task 1. Extension of

these models to other chemical terminal operations was also

considered.

o Task III - In this task, the data that had been collected was

evaluated with respect to flammability and toxicity as thev

relate to analytical model predictions and occupational expo-

4 sure monitoring.
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0 Task IV - The objective of Task IV was to develop a handbook

that describes the analytical models and associated computer

codes that can be used by the USCG Hazardous Materials

Specialist to assess various aspects of tanker/terminal oper-

ations. The handbook was published in Reference 3, and the

programs will be incorporated into the Coast Guard's Hazard

Assessment Computer System (HACS).

Prior to and during the data evaluation process, it was recognized

that the continuous 8-hour workday that is the basis for current occupa-

qtional exposure guidelines is not frequently encountered in the marine
industry. Work schedules aboard tankers range from the traditional 4-on,

8-off rotating shift to the 6-on, 6-off shift schedule. In addition, load-

ing and tank cleaning operations may result in extended continuous work

periods that may approach or exceed 24 hours. The technical literature

contained several suggested mathematical models 'or adjusting existing

Threshold Limit Values to reflect these novel or unusual work schedules.

However, overall, the modeling assumptions were not consistent with the ob-

served exposure patterns of merchant marine tankermen. To this end,

Task V of this project was initiated. This task, entitled "Biological

Sampling - A Pilot Study," was designed to determine the feasibility of

collecting concommitant environmental and biological blood, breath and

urine data during these novel work schedules. The long range objective

of this task was to collect data that may indicate the feasibility and

direction of TLV adjustment, and thus it relates to Blocks @ and

in Figure 1.1.

The method of approach to occupational exposure monitoring evolved

from Phase I. In that initial phase, several cargo transfer operations

were observed. Foremost among the work activities that posed the greatest

potential for short-term vapor exposure were open tank gauging at top-off

and tank entry.

Logically, the initial monitoring efforts in Phase II emphasized

these activities on the vessels that had been included in the preliminary
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observations. As additional vapor venting, cargo gauging and operational

procedures were encountered in Phase II, exposure monitoring during load-

ing was expanded to include longer sampling durations that encompassed a

complete shift or operation. Subsequently, exposure monitoring was extend-

ed to include multiple deck watches as well as 24-hour environmental moni-

toring for biological sampling purposes.

In a marine tanker terminal, ship tanks may be entered for two

reasons and by two different classes of personnel.

o Land-based cargo surveyors or quality control personnel inspect

tanks for cleanliness prior to loading. These tanks have been

cleaned and gas freed at sea.

0 Crew members enter tanks for final manual cleaning after the

4 tank has been washed and ventilated in port but before quality

control inspection.

Entry for quality control inspection occurs more frequently in port than

does the latter type of entry because some terminal operators do not permit

tank cleaning while the ship is tied up. Occupational exposures were moni-

tored for both entry categories at each opportunity. The scope of tank

entry exposure monitoring was expanded by including entries in chemical

barge washing facilities and on tankers at sea where the majority of tanks

are processed.

Exposure monitoring included both collection of breathing zone samples

4 and documentation as to the source of the exposure, the work activities and

how it was performed, and the duration of the work activity in proximity to

the source. With minor exceptions, NIOSH- recommended sampling media and

analytical chemistry procedures were employed. Initially, where charcoal

4 was the indicated adsorbent, the large tube (400 mg/200 mg) was used. Sub-

sequently, both the large and the small (100 mg/5O mg) tubes were used;

selection was based on experience and the anticipated vapor levels during

the sampling interval.
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Throughout Phases I and 11, exposure monitoring was c(;nducLed within

a research framework as opposed to a framework of compliance monitoring.

This philosophy was adopted so that exposure levels could be quantified as

an end objective and because the latter approach presumes the existence of

a set of exposure standards that are applicable to marine work schedules.

11.2 Rationale

Throughout this project, emphasis has been placed on developing the

data base which is required to allow the hazard assessment methodology im-

plied by Figure 1.1. Out of necessity, most of the emphasis has been

placed on developing and validating analytical models which can be inte-

grated into the U. S. Coast Guard Hazard Assessment Computer System (H-ACS).

The Coast Guard maintains the Hazard Assessment Computer System

(HACS) which consists of a number of computer codes that describe various

* scenarios that pertain to chemicals and the environment. These codes can

be exercised to study the impact of hypothetical releases or to provide

emergency guidance to on-scene personnel immediately following an incident .

The HACS system does not presently include codes for analytical models that

describe

o the near-field dispersion and trajectory of heavier-than-air

vapor plumes such as those that are emitted during cargo load-

ing, or

o the gas freeing process that precedes man entry into a cargo

tank.

K To this end, the models that were developed on this project will be inte-K grated into the 1-AGS system to provide an expanded assessment capability.

Significant emphasis has also been placed on developing a compre-

hensive data base on marine occupational exposures, and a pilot biological

monitoring effort has been initiated. The composite of this information
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is being subjected to a toxicological interpretation so that a hazard

assessment based on current toxicological information can be accomplished.

This report contains the results of Tasks 1, IT, and IV as well as

a prelimina;-y interpretation of the initial biological monitoring tests

and the occupational exposure data. The results of the remaining biolog-

ical monitoring tests and an in-depth assessment of exposure data will be

published in addenda to this report.

Lq Section TV of this report presents the model development/validation
results, and Section V the occupational exposure monitoring data.
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Ill. CONCLUSIONS

Plume (ONDEK) Model

o An analytical model for predicting the dispersion of chemical

vapor plumes emitted from cargo tank vents during cargo loading

and tank ventilation has been developed and experimentally

validated.

o Over one hundred separate tests were performed to provide model

validation data for the chemical vapor concentration distribu-

tion downwind of the tank vents. These tests were performed

during actual cargo loading operations on both tanker ships and

barges, and during full-scale simulations of tank atmosphere

venting. The tests covered the full range of conditions for vent

gas concentration, vent gas flowrate, vent height, and ambient

wind velocity expected for shipboard operations.

o Good agreement was found between plume model predictions and

experimental vapor concentration data for venting tests per-

formed with low vents (within 2m of the deck) and 4m high

vents. The plume model predicted higher (by a factor of 2 to

3) concentration levels for a 6.1m vent (a typical B/3 vent

height) than measured experimentally. However, since predic-

tions are at man breathing height and since for 6.1m vents the

* - measured values are on the order of 10 ppm, the model accuracy

is considered acceptable for hazard assessment.

o Plume dispersion tests were performed for situations in which

(1) the wind was unobstructed as it passed over the tank vent,

and (2) deck structures partially shielded the tank vent from

the wind. The effect of upwind deck structure was to reduce

the local wind speed near the vent and to increase the
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unsteadiness and/or turbulence of the wind field. This effect

enhances the dilution of the plume, reduces the peak conacentra-

tion levels, and causes the plume to cover a greater surface

area than if upwind structure were not present. However, if

structure completely shields the vent from the wind, then t!,e con-

centration near the vent would be much greater than for cases

1 or 2 above.

0 Venting of tank atmospheres from low vents, within 2m of deck

level, was found to give the highest levels of chemical vapor

-I concentration at man breathing height. Vapor concentration

values that exceeded the current accepted STEL and TLV-T'WA limit

values were predicted and measured at man breathing height during

cargo loading of methanol and vinyl acetate.

0 A parametric study was performed with the validated plume dis-

persion model. The results of this study confirmed the impor-

tance of increased vent height in reducing chemical vapor con-

centration levels at breathing height downwind of tank vents.

It also showed that even for increased vent heights to 6m , deck

L concentrations on the order of 10 - 50 ppm can occur over some
areas during moderate to low wind speeds.

Tank Ventilation (TANKP, TAIKM) Models

0 Two tank ventilation models have been developed which describe

the in-tank vapor concentration-time history during gas freeing

in the presence of vapor regeneration from either pure product

residues or post-wash residues of chemical in water solution.

0 Twenty-four full and model scale tests were conducted to collect

gas freeing data for model validation. These tests involved 13

different products whose physical properties included a wide

range of vapor pressures and aqueous solubilities. The full

scale tests included tanks on parcel chemical carriers, product

tankers and unmanned barges.
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o Comparison of the model predictions and the experimental data

indicate that the models adequately describe both evaporation

processes and the concentration-time histories of the vapors

that are discharged from the tank during dilution ventilation

provided that certain key variables are known accurately and the

tank does not have internal structure.

o For tanks that have been washed prior to ventilation, the key

variables that are not readily amenable to field measurement

are (1) the initial thickness of the residual chemical/water

q solution on the tank bottom, and (2) the initial concentration

of chemical in solution at the beginning Lf ventilation. Where

these independent variables are not known, selection criteria

or default options were developed which serve as a starting point

for parameter estimation. Use of these estimation procedures

results in good agreement between theory and experiment.

o The thickness of the pure chemical residue layer on the tank

bottom, prior to gas freeing without washing, can only be esti-

mated visually; it is not amenable to direct measurement. In

this case, a selection criterion was developed for estimating

the residual thickness. Perturbation of the selection criterion

resulted in good agreement between theory and experiment.

o The response of the model with evaporation of chemical from solu-

tion was studied parametrically by systematically varying four

key independent variables: the residual liquid thickness, initial

chemical concentration in solution, the initial vapor phase con-

centration, and the blower flowrate. This parametric analysis

indicated that the time to gas free to a given concentration is

a strong function of residue thickness, solution concentration,

and blower flowrate. The effects of residue thickness and liquid

concentration were more dominant than blower flowrate. Thorough

washing and efficient stripping operations will result in low

initial chemical concentrations in solution and low residue
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thicknesses that minimize the gas freeing time to safe vapor

levels for man entry into the tank. Use of the largest commer-

cially-available blower will expedite the gas freeing process.

Initial tank vapor concentration had an insignificant effect on

the time to gas free to a prescribed level because after the

initial stages of purging of the vapor space, the evaporation

process is controlled by the liquid phase resistance to mass

transfer.

o A similar parametric analysis was conducted on the model that

incorporates evaporation of pure chemical residues. The results

of this analysis confirmed the statistical sensitivity analysis

that wa:4 performed in Phase I of this project. Blower floiqrate

and residue thickness have a strong effect on the gas freeing

time, but initial vapor concentration has a negligible effect.

This conclusion supports an efficient stripping operation and

the use of the largest commercially-available blower.

o Both models assume that the vessel has double bottom tanks with-

out internal structure, which is characteristic of parcel chem-

ical carriers as well as product tankers that have been retro-

fitted and certified to carry specialty chemicals. Neither model

includes the effect of tank internal structure that exists on

vessels whose certification does not require double bottom con-

struction. Tanks with internal structure were included in the

full scale tests. Comparison of model predictions with experi-

-6 mental data suggests that two structure-related model modifica-

tions should be investigated. The first modification would takeii into account the reduced liquid surface area that is available
for product evaporation in the bays immediately beneath the

* blower jet. The second modification would reflect the fact that

bays that are remote to blower _jet are shielded from the convec-

tive air currents and will gas free by slower physical processes.

'I These physical processes delay or retard the overall gas freeing

time relative to a tank without internal structure.
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I1.2 Occupational Exposures

A significant data base has been generated on occupational exposures

to chemical vapors in marine operations, and the data base is presented in

this report together with documentation of each exposure scenario. Full

toxicological interpretation of these data will be published in an addendum

to this report. However, the following conclusions can be stated at this

time.

0 Twenty-eight percent of all tank entries resulted in exposure

concentrations that exceeded the TLV-STEL. In 5.5 percent of

the entries, the 8-hour time-weighted average exposure exceeded

the TLV-TWA. Tank entries on in-service vessels are relatively

short term in duration and range from just a few minutes for a

brief inspection to approximately one hour when manual cleaning

and mucking are performed. In the majority of the entries (58

percent), the exposure concentration was less than one-half of

the TLV-STEL or TLV-C.

0 The highest exposure levels in excess of the TLV-STE. occur dur-

ing open ullage gauging at top-off of fully loaded tanks.

o Gauging tubes which have the appearance of a restricted gauging

system but which terminate at deck level are basically open

gauging systems. These gauging tubes pose the same exposure

potential as gauging through an open ullage port on an expan-

sion trunk.

o Restricted gauging systems significantly reduce exposure levels

4during all phases of cargo loading including tank top-off. Thcse

reduced levels may approach the detection limits of analytical

chemistry instrumentation.

o The operational procedure known as "shore-stop" loading effec-

tively reduced exposure levels regardless of whether the tank

15
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is fully loaded or short- oaded. The reason is th at, in &,iore-

stop loading, there is less emphasis on manual tank aurig es-

pecially during tie final stages of loading.

0 Exposure to mixtures of chemical vapors does occur because multi-

ple product vapors are emitted to the work environment during

vessel loading.. In thp majority of the situations that were ob-

P served, individual component exposure levels were relatively low,

and the mixture TLV based on additive effects was not exceeded.

The reason for this behavior is due , the rapid dilution and dis-

persion of chemical vapors following discharge from tanks that

are being loaded. The mixture TLV was exceeded in a limited num-

ber of instances in which there was one dominant vapor component,

and this component of exposure resulted from open gauging or

sampling of product tanks.

111.3 Concluding Remarks

In the course of this study (Phase I and Phase II), work activities

have been identified where potentially significant exposure to chemical vapors

can occur. These activities include:

o Open gauging during tank loading,

o Tank entry for cleaning or inspection,

o Work activities that are conducted in regions of the deck that

are downwind of open vents during product loading, and

o Manual hose connecting (disconnecting) over open manifold drip

trays that contain product accumulations.

The marine industry and responsible government regulatory agencies have recog-

nized that occupational exposure to chemical vapors is inherent in these work

activities. However, prior to the initiation of this project, a comprehensive

definition of exposure levels for these work activities had not been published

in the open literature.

1
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In this project, one area of emphasis has included quantifying chem-

ical exposures in the marine terminal work environment. This quantification

has been accomplished through work area chemical vapor concentration measure-

ments and through personal exposure monitoring in the field. Also, validated

analytical models have been developed which allow a definitlon of work area

vapor concentrations downwind of vents and in "gas freed" tanks for many

more atmospheric and operational conditions than could practically be covered

in field testing.

Extensive field measurements of the vapor discharge concentrations at

qthe open ullage port and expansion trunk during product loading have shown

that the concentrations range from levels of a hundred to a thousand ppm at

the beginning of product loading into a clean tank to significantly higher

values (10,000 to 100,000 ppm) at the start of loading into a dedicaited, un-

cleaned tank. As product loading proceeds, vapors are liberated from the

liquid surface and the vented concentrations can proceed through the flam-

mable range to saturation as the tank is topped-off. Thus, the open gauging

of taaks presents a potential for a significant exposure. Personal exposure

data collected on this project during open gauging supports this conclusion.

Vapor measurements downwind of the vent during product loading and analytical

model predictions show that the concentrations dilute rapidly from the level

at the vent. Therefore, when there is a flammable or higher concentration

at the vent, the flammable boundaries may extend only a few meters downwind..

This indicates that the potential for a flammable hazard is low. For low

*(ullage port level of lim) vent heights, the concentrations at man breathing

height on the deck in regions from 5 to 20 meters downwind can be in the
range from 10 to 500 ppm. Thus, for product chemical vapors with exposure

limits in this concentration range, the potential for occupational exposure

exists. However, an effective method of minimizing this potential is to vent

product vapors during loading from a height of at least 4m which effectively

reduces both downwin' concentration and the area on the deck where vapor

concentration exists.

The necessity for proper monitoring of a tank atmosphere in preparation

for man entry is also highlighted by the analytical and experimental results
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of this study. Proper monitoring includes measurement of oxygen content and

product vapor concentration as it relates to both flammability and toxicity.

Emphasis oil gas freeing to safe occupational exposure levels will insure an

additional margin of safety regarding flammability. Instrument measurements

of tank vapor concentration during man entry and personal exposure monitoring

have shown that accepted exposure limits are exceeded in some cases. The

in-tank analytical models show that very small amounts of residual cargo

(either pure chemical or soluble chemical/wash water solution) create enough

vapor regeneration that the in-tank concentration can exceed a safe man entry

level for extended periods of time. Thus, the models have shown the neces-

sity of maintaining stringent cleaning requirements so that tank atmospheres

do not present a potential toxicity hazard for man entry.

The personal exposure data obtained on this project have shown that

both open gauging and tank entry as currently practiced in the industry do,

on occasion, subject workers to exposures in excess of currently accepted

TLV levels. Restricted gauging systems significantly reduce the exposure

potential. The data also show that in the majority of cases, the measured

levels are below currently accepted limits. Effective engineering and pro-

cedural methods of control to eliminate the exposures that appear poten-

tially hazardous have been identified.

Many of the regulations and operational practices in place on tankers

are not followed or are circumvented because of conflicting requirements.

For example, certain Subchapter 0 chemicals require vent heights of B/3,

or 4m , which the study results show to be effective in reducing exposure

4 levels to vented vapors during tank loading. However, open gauging is per-

mitted for these Subchapter 0 chemicals which results in vapor venting at

the tank hatch and nullifies the effectiveness of the elevated vent. Also,

the minimum venting requirements which can reduce exposure hazards in tanker

4 operations are not applied to barge operations. As a result, there is pro-

bably a higher level of occupational exposure during barge loading opera-

tions than for tankers.
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The results presented in this study will allow both the government

regulatory agencies and the marine industry to evaluate current operational

practices and engineering controls as they affect worker exposure and

flammability hazards. Effective controls are available to significantly

reduce worker exposure during tank gauging and tank entry work activities.

Even so, a continued exposure to multiple chemical vapors at low levels will

be inherent in the work activity. An assessment of the implications of these

low level multiple exposures will require further evaluation. As part of

this evaluation, an environmental and medical monitoring activity may be

considered as appropriate to insure the health and safety of these workers.
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IV. MATHEMATICAL MODELING AND EXPERIMENTAL VALIDATION

IV.l Scope

As described in Section II, the Phase I research project identified

two routine operations performed on tanker ships and barges that involve

the emission of chemical vapors and the potential for worker exposure to

vapor concentrations exceeding the hazard threshold level. These opera-

tions are (1) the open venting of tanks during cargo loading, and (2) the

washing and ventilation of tanks after cargo discharge. Analytical models

were developed during Phase I to simulate the emission, dilution and dis-

persion of chemical vapors during these operations. Particular attention

was paid to predicting the vapor concentration level at breathing zone

height in areas where workers perform their activities. An experimental

plan was developed during Phase I to gu~ide the collection during both

* actual and simulated operations of the vapor concentration data needed to

* test and validate the analytical models. The experimental test plan was

given a trial implementation during Phase I to demonstrate the viability

of the data collection and analysis methods and to provide a preliminary

comparison of model predictions and experimental data.

The objective of the Phase II research project was to validate the

* analytical models developed during Phase I. This required performing the

experiments indicated by the experimental test plan and collecting data

* for several model variables over a wide range of model conditions. The

key elements of the Phase II model validation effort were the following.

(1) Setting up the experiments called for by the test plan. This

involved identifying marine terminals and vessels that handled

the chemicals of interest to this project and obtaining per-

mission to perform vapor sampling activities during their opera-

tions. Where necessary, laboratory experiments were used to

supplement the range of test conditions encountered during

marine terminal observations.
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(2) Calibrating instruments, collecting and reducing the data f or

the model variables for each experiment. Since some chemical

cargos were industrial grade in purity, or blends of different

chemicals, the vapor concentration analyzer was always cali-

brated with samples of known concentration prepared from a

liquid sample obtained du'ring the experiment.

* (3) Using the analytical models to compute the chemical vapor con-

centration field predicted for each set of experimental condi-

tions.

(4) Comparing the results of the model predictions with the experi-

mental data, and determining the values for the empirical model

parameters that give the best agreement.

(5) Reformulating the analytical models when necessary to improve

the simulation of geometrical effects, operational procedures

and the physical and chemical behavior of chemical cargos of

interest.

The results of the model validation effort are described in Sections

IV.2 and IV.3 of this report. In addition, it was the practice of the

SwRI project team to observe and note the activities of crew members which

involved their exposure to chemical vapors. Where appropriate, personal

sampling was performed on crew members and/or SwRI project team members

to establish chemical vapor exposure profiles during their work activity.

The results of the vapor exposure monitoring activity are reported in

Section V.

IV.2 Gas Freeing of Cargo Tanks

Tank cleaning is an integral part of operations on in-service chem-

ical tankers. In one class of tanker, the parcel chemical carrier, every

tank is cleaned prior to being loaded with product because of the need to

eliminate cross-contamination and, thus, maintain product purity. The
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requirement for tank cleaning is somewhat less on product tankers and dedi-

cated carriers although cleaning is generally performed as a prerequisite

for a change of cargo grade.

Tank cleaning normally consists of a water wash and stripping opera-F tion followed by mechanical ventilation to gas free the tank. In a varia-

tion of this procedure there is no water wash. Two analytical models were

developed to describe the gas freeing process with or without an initial

water wash. Both of these models predict the concentration-time history

of the vapors that are discharged from the tank during dilution ventilation.

The motivation for developing these models is as follows:

0 At some time following the beginning of ventilation, crew members

will enter a tank to perform manual cleaning of the tank bottom,

which can include sweeping of debris and hand mucking of residual

liquid. The models provide a means of estimating potential occu-

pational exposure levels to chemical vapors.

o During forced ventilation of a tank, product vapors are discharged

into the work environment on-deck. These vapors may pose a poten-

tial exposure to the deck crew. The tank ventilation models pre-

dict a source concentration-time history that can be used by the

plume dispersion model of Section IV.3 to estimate tht-se expo-

sure levels.

The two models that are presented in this section are entitled TANKM

and TANKP. The TANKM model describes the ventilation of a product tank in

the presence of evaporation of residual chemical from a binary chemical!

water solution on the tank bottom following washing. In the majority of

operations, the tanks are washed prior to ventilation. The TANXP model

applies to the minority of situations where the tank is not washed and pro-

duct residues are removed by evaporation of pure chemical product.

The model formulations that are described below form the basis for

computer codes and a user's manual that will be incorporated into the U.S.

Coast Guard Hazard Assessment Computer System (HACS).
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IV.2.l Model Formulation

TANKM Model

After a water wash, chemical/water residues will exist pri-

marily on the tank bottom and to a much lesser degree on the tank walls,

internal structure and the underside of the weather deck. The first two

assumptions are that

o the tank does not have internal structure, and

o only the residues on the tank bottom contribute significantly

to chemical evaporation during ventilation.

The first assumption is indeed valid for modern chemical tanker fleets with

double bottom hull construction. The second assumption is appropriate for

low viscosity products, especially those that are water soluble.

En reality, the air flow field inside the tank during venti-

lation is three-dimensional in nature. A complete analytical formulation

of this complex flow field is feasible, but it is not warranted because

there is experimental evidence (Reference 4) that, when dilution ventilation

is properly applied, the vapor space approaches a state of homogeneous mix-

ing. Therefore, the model assumes that mechanical, dilution ventilation

produces a uniform vapor space that is characterized by the "well-mixed

reactor." Under this assumption, there is no spatial variation of vapor

concentration within the ta'ik; concentration varies only with time.

As ventilation proceeds, mass transfer of chemical will take

place between the vapor space and the binary residual solution on the tank

bottomi. Local variations in the concentration of chemical in solution would

4 be expected because of the non-uniformity of the air flow field above the

residual layer. Also, vertical concentration gradients in liquid layer are

likely. The model further assumes that

0 the local mass transfer flux between the vapor space and the

bi:iary layer does not vary over the surface area of the layer.
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The area of the residual layer is equal to the area of the

tank bottom.

o the concentration of chemical in solution is constant through

the layer depth.

on the basis of the above assumptions, a mass balance can

be formulated for the chemical in the vapor phase and the chemical in the

liquid solutions.

Vapor Phase

dCv
* -= -Cv (1)F

dt v ±

Liquid Phase

dCL
L Ff (2)

where =tank volume

Cv= mass concentration of vapor in air

Q = blower flow rate

A = residual liquid surface area

F = net flux of chemical between liquid and vapor

phases. F is positive when mass is transferred

to the vapor phase from the aqueous solution.

CL = mass concentration of chemical (solute) in

water (solvent)

6 = residue thickness

These two differential equations are coupled through an interface condition

that describes mass transfer flux between the liquid and vapor phases.

The interface condition that describes the flux term F is

based on the two-layer film model in Reference 5.

F = KOL (CL - CV/H) (3)
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where KOL = overall mass transfer coefficient referenced

to the liquid phase

H = Henry's law constant or partition coefficient

This flux model assumes that both the bulk liquid and vapor phases are well

mixed and concentration gradients exist only within the thin two-layer

interface film.

A single initial value for the vapor and liquid concentra-

tions at the beginning of ventilation completes the basic formulation.

C-V = C o
at t = 0 (4)

CL = COL

The analytical expression for the mass transfer coefficient,

KOL, as derived by Liss and Slater in Reference 5, is as follows.

KOL m k+ H kg(5

Equation (5) can be rearranged;

11 1 (6)
K~0 kp k

In this form, the reciprocal of KOL represents the total resistance to

mass transfer referenced to the liquid phase. This total resistance con-

sists of two parts: the resistance of the gas phase, l/Hkg, and the re-

sistance of the liquid phase, l/kt. The relative magnitude of these two

resistances indicates which phase, liquid or gas, controls the mass transfer.

Expressions for the exchange rate constants, k Zand kg, are based on

References 6 and 7, respectively. In these references, the exchange con-

stants for CO2 (molecular weight 44) and water vapor (molecular weight 18)

mass transfer at the air-sea interface (Reference 5) were adapted to the

volatilization of chemicals from water solutions.
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1/21

=z 0.33 (44/M)11  (7)

.1k? = 18.95 Uwind (18/M)1/2 (8)

where M =molecular weight of the chemical

Uwind =effective air velocity over the liquid surface.

As can be seen, the movement of ventilation air over the surface of the

residue on tank bottom affects kg but not kk. Theoretically, kk is

influenced primarily by the gross motion of the liquid body; e.g., velo-

city currents in a river or stream. As the residues on the tank bottom

a:e essentially stagnant or non-flowing, kk is unaffected by kinematic

P arameters.

One of the consequences of assuming a "well-mixed reactor"

(homogeneous vapor space concentration) and a spatially-independent evaporative

flux is that there are no local variations in the velocity of the air over

any element of the residue surface area. This situation was addressed by

adapting the blower jet impingement model in Reference 8 to generate an ex-

pression for Uwind*

The model in Reference 8 was derived for the normal impinge-

ment of a submerged jet (chemical vapor component neglected) onto a flat

plate with a radially-symmetric flow field about the stagnation point. The

jet in this model is analogous to the ventilation blower jet, and the flat

plate is the tank bottom. Following impingement of the jet on the tank

bottom, the maximum air velocity, V., parallel to the impingement surface

increases linearly with distance, r, from the stagnation point. This rela-

tionship applies throughout the "Jet deflection" region whose radial boundary

is defined as ctD where D is the tank depth. Determination of the con-

stant, a, will be discussed later. Thus, the maximum jet deflection velo-

city is predicted by Equation (9):

Vm,jd Kr, 0 <r <aD (9)
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where K is a constant. In this region, viscous effects are negligible.

Immediately downstream of the "Jet deflection" region is the "wall jet"

region. This region is characterized by self-similar velocity profiles

that also exhibit a maximum velocity, Vmwj. This maximum velocity

parallel to the tank bottom separates the boundary layer zone from a free

jet zone. Experimental and theoretical studies substantiate that Vm,wj

decays monotonically with increasing radial distance.

1.4 Uo
Vmwj 1 112 for r > aD (10)

(r/d)

where Uo  = average jet velocity based on blower flow rate, Q,

and jet inlet diameter, d.

A weighted average wall velocity was obtained by integrating these velocity

profiles radially outward from the jet stagnation point.

*rl r2  Cur 2 f Krdr +f - dr ()0" rl
Uodl.

where C = 1.4 12

n = 1.12

rI = aD

r2 = arbitrary radial distance from the stagnation

point; r2 > rI

The resulting expression for U is

u K r12 C r -n i- (rl2)n

r 1  -n 2r2/ (12)
[I  2 r2  i-n

Matching of the velocity profiles at the boundary, rl, between the jet

deflection and wall jet regions resulted in an equation for K.

K= C (13)
ri n+1
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Equation (12) applies strictly to the unconfined radial expansion of the

jet following impingement. This situation does not occur with respect to

radial expansion of the jet along the tank bottom. The wall jet region is

constrained by the tank walls, which limit the expansion, and the blower

is not normally centered on a deck opening above the tank. These two

* factors will combine to produce an asymmetric velocity field over the

residue layer that departs from the predicted value of U.As a result,

* r2  is not a well-defined geometrical parameter. Based on a review of ship

planform. drawings and full-scale experimentation, the best engineering esti-

mate of r2 was

r2 =0.75 L (14)

where L = tank length (fore-aft). Subsequent comparisons of model predic-

tions and experimental data indicated that the assymmetry could be more

closely taken into account by the following equation.

Uwind T (15)

Determination of the numerical value of will be discussed later.

Reference 8 contains experimental measurements of the maxi-

mum radial velocity, Vm, in both the jet deflection and wall jet regions.

In the jet deflection region, Vm generally follows Equation (9), and in

the wall jet region, Equation (10) describes the experimental data after

development of the wall jet. As shown by the experimental data in

Figure IV.l, there is a gradual transition between these two regions. In

this transition zone, the theory is a reasonable approximation to the ex-

perimental data. Figure IV.l shows velocity profiles in the jet deflection

region for constant values of the ratio, D/d. A typical value of D/d

for a barge is approximately 15; the ratio increases to 40 for a tanker.

These lines of constant D/d intersect the wall jet profile as described

by Equation (10). The value of a that defines the boundary between these

two regions was determined at the intersection of the lines of constant

D/d with Equation (10). That is,
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r

r/d[
a = r (16)

Profile Intersection

The indicated value of a is 0.15.. Thus,

rl = 0.15 D (17)

This procedure is consistent with the previous req, irement that Vm,jd

equal Vm,wj for determination of K.

The final item in the TANKM formulation is the Henry's

law constant or partition coefficient. Two methods are used to calculate H.

For dilute, ideal solutions, H is calculated by Dilling's method in Refer-

ence 3.

PvM
H = 16.04 TS (18)

where pv = vapor pressure of the solute (chemical) at

solution temperature T

M = solute molecular weight

S = solute solubility in water (finite)

For highly or infinitely water soluble chemicals, H is calculated by the

method proposed by Mackay in Reference 9.

H = vw Pv y1 /RT (19)

where vw = molar volume of water

Pv = vapor pressure of solute at solution temperature T

y1 = solute activity coefficient

R = Universal gas constant

The activity coefficient, YI, is a thermodynamic quantity

that applies to the solute component in a binary liquid mixture and accounts

for non-ideal solutions, i.e., solutions that depart from Raoult's law.
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There is a corresponding activity coefficient for the solvent component in

the mixture. In deriving YI, Dalton's law is assumed to apply, e.g.,

the vapor phase follows the ideal gas law. The activity coefficients for each

component in the binary mixture are interrelated through the relative vola-

tility of the components and their component vapor pressures. Both coeffi-

cients are strong functions of liquid concentration ar' vary somewhat with

temperature. In the TANKM model, which includes the Yl formulation, it is

assumed that solution temperatures do not depart significantly from 20-25*C,

although temperature effects can be taken into account.

The activity coefficient, YI, for a chemical (solute) in

water (solvent) solution is based on the following approximation to the

two-suffix van Laar equations of Reference 10.

log Y1 = log Y1 (lx)
2  (20)

where y1  = activity coefficient at infinite dilution

x, = mole fraction of chemical in solution

The full van Laar equations apply to all mole fraction concentrations, xl,

from zero to unity. Equation (20) was derived by noting first that the

correlating constants in the van Laar equations are of the same order of

magnitude so their ratio is roughly unity. Equation (20) results from

(1) two binomial expansions in x, noting that the mole fraction of the

solvent is equal to 1- xl, and (2) retention of only terms that are less

than second order in xI . These expansions assume that x, is less than

x2 . Beyond that there is no dilute solution approximation.

The mole fraction xl, is related to the mass concentration

of chemical in water

1
xl (21)

2w C
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where Mc, Mw = molecular weight of chemical and water,

respectively

PC, Pw = mass density of chemical and water,

respectively

CL = mass concentration of chemical in solution.

This conversion assumeg that the chemical and water volumes are additive

in solution, and it gives the best representation of xl over a range of

CL from zero to Pc (Reference 11).

There are a number of systems of correlating equations

that can be used in calculating yI as indicated in Reference 9. All

of these methods require varying amounts of basic data in order to perform

the calculation. The most readily used method is presented in Table 8-17

of Reference 9. The elements of the method are outlined below.

1. The user identifies the functional group that includes the

chemical (solute) of interest with water being the solvent.

For example, ethanol is an n-primary alcohol and xylene is an

n-alkyl benzene.

2. Table 8-17 of Reference 12 identified five correlating con-

stants for each functional group and the appropriate corre-

lating equation.

3. The last pieces of information are obtained from a two-

dimensional representation of the chemical structure.

N1 , N2 = total number of carbon atoms in solute and

solvent molecules, respectively,

N',N",N'" = number of carbon atoms in respective branches

of branched compounds, including polar groups.

4. yI is then calculated.

Table IV.l illustrates the application of this method for several chemicals

in water solution.
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The correlating equations for yl in Reference 12 have their

origin in Reference 13. Reference 12 states that the accuracy of the predictive

method is roughly eight percent as long as the numerical value of yl is

less than two orders of magnitude. This statement apparently applies to all

of the binary systems that were studied; i.e., chemical-chemical and chemical-

water. For chemical-water systems, in which water is the solvent, the data

in Reference 13 suggest that the prediction accuracy is closer to 12 percent

on the average.

TANK? Model

The TANKP model applies to tank cleaning operations that do

*not involve an initial water wash before gas freeing commences. In this

* type of operation, the tank would contain residues of pure chemical that

would evaporate during mechanical ventilation. As noted earlier, the

majority of tank cleaning operations involve a water wash. Thus, the

TANKP model would apply to the minority of operations where washing may

be neither feasible nor practical, but the tanks need to be cleaned. It

may be desirable to evaporate a pure chemical residue if the product is

insoluble or only slightly soluble in water and the chemical is sufficient-

ly volatile. It is also conceivable that trace quantities of highly

volatile residues can be evaporated and the tank gas freed more rapidly

than if the tank had been prewashed regardless of the water solubility of

the chemical.

The TANKP model differs from the TANKM model in three main

areas.

0 The TANK? model includes chemical film on the vertical tank

walls as well as a residual pool on the tank bottom. The

film on the walls does not flow vertically under gravity

during ventilation. There is no film on the underside of the

weather deck.

o The temperature of the tank walls can vary from the weather

deck to the tank bottom. The rationale for this assumption
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is that tank bottom may be at or near water temperature while

the walls beneath the weather deck would approach ambient

temperature. Wall and tank bottom temperatures do not vary

with time.

o The model for residue evaporation flux applies strictly to

pure solvents and excludes solvent mixtures or aqueous solu-

tions.

The assumption regarding homogeneity of vapor space concentration and the

implications for air flow over the liquid surfaces are the same for TANKP

as TANKM. As in TANKM, the ambient supply air to the blower is assumed

to be vapor-free.

A detailed derivation of the TANKP model appears in Ref er-

ence 1. The governing equations and additional assumptions are summar-

ized below.

At any time, t, a mass balance on the vapor in the tank

results in the following ordinary differential equation.

dC - Q(22)
_V G C

where - = tank volume

C = mass concentration of vapor in air

Q = blower flow rate

iG= instantaneous, total evaporation rate of pure

chemical from residual films on the tank walls

and bottom.

4 The evaporation rate model for IG is based on Reference

14. Gray's model for the evaporative flux of vapor from an element of

liquid surface can be reduced to the following equation.

4di DMPv (23)
dA RTGF
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where m = local mass evaporation rate

A = local element of liquid surface area

D =diffusion coefficient

M =molecular weight

=v vapor pressure of chemical film corresponding to the

local wall temperature or tank bottom temperature

R =Universal gas constant

TG temperature of in-tank vapor space, assumed equal

to temperature of vapor discharged from tank during

gas freeing

F =thickness of stagnant interface film that exists

between the residual chemical layer and the air

flow over the liquid layer.

Equation (23) contains the following assumptions

0 a uniform concentration profile exists above the liquid surface,

thus vapor mixing is instantaneous and uniform,

0 the air-vapor mixture within the film thickness, F, is stagnant,

0 mass transfer within the film is controlled by molecular diffusion,

o flow velocity profiles are laminar,

0 a single component liquid evaporates into a mixture of its own

vapor and air,

0 the elements of liquid surface are continually presented with

fresh, uncontaminated air,

0 the moles of liquid evaporated per unit time are negligible

compared to the number of moles of air that sweep the liquid

surface per unit time, and

0 the vapor pressure of the liquid is much greater than the partial

pressure of the vapor in the tank.

Following Gray's approach, the diffusion coefficient, D, is represented

by Equation (24).

0.425 TG3/2
D G (24)

P (MTb/G)1/
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where Tb = chemical boiling point at atmospheric pressure

G = liquid surface tension

P = atmospheric pressure

The film thickness, F, in Equation (23) is given by the following empir-

ical expression.

1/F = 0.217 Sc-0 "9  (ScU) 0 625 Sc0 3 (25)

where Sc = Schmidt number, V/D

V = kinematic viscosity of air

U = effective air velocity over the liquid surfaces.

Note that the film thickness, F, that was used by Gray for pure product

evaporation is analogous to the two-layer film model presented by Liss and

Slater in Reference 5 for component mass transfer at a liquid-gas interface.

The air velocity, U, in Equation (25) is identical to the quantity Uwind

that was presented earlier for the TANKM model; the assumptions and equa-

tions are the same in both instances.

The TAlKP model formulation is completed by specifying the

thickness of the residue on the tank bottom, TPOOL, a uniform initial

chemical film thickness on the tank walls, TFILM, an an initial vapor

concentration in the tank at the beginning of ventilation, Cov.

The local evaporative flux model is independent of vapor

space concentration. The net effect of this decoupling is that local flux

rates can be integrated over the liquid surfaces subject to prescribed local

temperature variations to yield a total evaporation rate profile as a func-

tion of time. The time variation arises from the fact that local evapora-

tion will continue at a constant rate until a time equal to

TZ = tfilm pF/(di/dA) (26)

where T9 = local evaporation time

PF = pure chemical density
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Local evaporation ceases for times greater than Ti,. Analogous statements

apply to the pool of residual chemical on the tank bottom. The evapora-

* tive contribution from the walls and bottom are then summed to produce the

total evaporation rate, ;Gi(t). At this point, Equation (22) can be inte-

* grated numerically subject to the initial condition and the evaporation

rate schedule.

IV.2.2 Ventilation Test - Model and Full Scale

Summary of Test Conditions

A total of 26 ventilation tests were conducted to collect

data on independent and dependent variables for use in validating the models

* described in Section IV.2.l. A composite list of the important conditions

of these tests are shown in Table IV.2. The first 18 tests were conducted

on full scale ship and barge tanks. The remaining eight tests were conduct-

ed in a model scale tank at SwRI. The majority of all tests (10 full scale

and 8 model scale) were performed on tanks that did not have internal struc-

ture.

Extensive model scale tests of dilution ventilation in the

presence of pure chemical residue evaporation were performed in Phase I.

* Consequently, f ive of the eight model scale tests during Phase II in-

volved tank ventilation in the presence of a residual layer of chemical/

water solution on the tank bottom. Only one of the model scale tests was

performed with a residual layer of pure chemical. The remaining two model

scale tests were run without a liquid layer to validate test equipment,

procedures, and the assumption of a well-mixed vapor space that leads to

exponential dilution ventilation without residue evaporation.

The chemical/water layer was also the predominant type of

residue in the full scale tank ventilation tests. A total of 13 test

tanks contained the two-component solution residue while five test tanks

had a layer of pure chemical during ventilation.

39



-- --~

-C-

E-4

r, to~

M, Go

z X

u -V 116 u 6

Q 0 0 0 Y N

Ch 47, -%4
a, ON m y'c

m e4 0'N C

4-

C4 m z z

C4C

-4 G4*)~0

0 u~-.C

44



.02

i~10 co .

w @4

Z) cc Do-

z,
E~ 0 N

~ 00

o; -E3 GoW
-4 o' co KD a, co

'0 C; o 4 1
o lo 0 o

z ~ ~ cI- P. 4

o K Lo
tn A. zn W

C* x
- 44

U.l cA 41U4M i

-eo m.!; .e -c o

= 44 40 N *

4;-

w f4

P~ M .41



4

A total of 18 full and model scale ventilation tests resulted

in data that was appropriate to the two-component ventilation model, and a

total of six tests corresponded to the pure component model formulation.

Table IV.2 illustrates that these tests involved a wide range of physical

*properties, tank geometries and initial tank conditions. With respect to

physical properties, a total of 13 different pure chemicals and one mixture

(gasoline) were encountered. An important physical property, vapor pressure,

ranged from 4.4 mm Hg at 20*C for the two butanol tests to 176 mm HG for the

two acetone tests, which does not include gasoline ventilation tests. For

the two-component model, chemical solubilities ranged from 50 mg/k for gaso-

line to infinitely soluble for the chemicals, acetone and isopropanol. Sur-

* face tension, which is used to calculate the diffusion coefficient in the

pure component modeL, ranged from 22.5 to 29.1 dynes/cm for the ventilation

of tanks that had contained ethanol and xylene, respectively.

A wide range of tank geometries were encountered. Tank

volumes ranged from 1067 m3 to 2082 m3 for full scale shiptanks and from

223 m3 to 573 m 3 for full scale barges. Tank heights in full scale varied

from 14.9m to 3.6m for ship and barge tanks, respectively. The majority oF

the tank ventilation inlet diameters were 0.305m, which coincides with the

diameter of the typical Butterworth opening. Blowers were normally posi-

tioned over the Butterworth opening. In the majority of the tests, these

blowers supplied ambient air to the tank; tank vapors were exhausted through

the open tank hatch. On a few tests, the air flow direction was reversed

by inverting the blower, which was an operational procedure on the ship.

Consequently, the tank hatch became the vent inlet and the Butterworth
opening became the vent outlet.

The starting conditions of the full scale tests were dic-

tated by the volatility and solubility of the chemical, the extent of tank

washing, and the time lapse between the end of washing or product discharge

and the beginning of ventilation. A broad range of initial conditions were

encountered. Initial tank vapor concentration ranged from 58 ppm for iso-

propylalcohol to 110,250 ppm for gasoline. Initial chemical concentration

in the binary liquid residue varied from 4 mg/t for toluene to 26,130

mg/Z for methyl ethyl ketone. While accuract measurement of the initial
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thickness of the residual liquid layer on the tank bottom was not possible

on full scale tanks, visual observation through the expansion trunk sug-

gested that the residue thickness ranged from a very thin layer having the

appearance of a "wet sidewalk" up to an estimated maximum thickness of

approximately 4- 6 cm. A much higher degree of control and measurability

was achieved for initial liquid and vapor phase concentrations and initial

residue thickness in the model scale tests. The range of these variables

were within the ranges noted above for the full scale tests.

Test Equipment and Measurements

Model Scale Tank Tests

Figure IV. 2 illustrates the 12-foot cube model scale test

tank and associated test apparatus. By virtue of its size, the 12-foot

tank approximates the dimensions of a full scale barge or a 1/3-scale model

of a ship tank. The test tank contains a 0.102m diameter vent inlet, which

is 1/3 of the diameter of a full scale Butterworth opening (0.305m).

The test tank was fitted with four in-tank sampling ports

and one exhaust vapor sampling port. During ventilation tests that includ-

ed a residual chemical/water layer, liquid samples were withdrawn at the

four locations noted in the top view of Figure IV.2. Tank vapor temperatures

were measured at two vertical locations in the tank, T, and T2 . The

temperature of the residual chemical/water mixture was measured at T3 .

A graduated aluminum rod was positioned in front of each of the six obser-

vation windows to determine the initial depth of the residual liquid. A

mixing fan was mounted at the top of the tank and was used to accelerate

the evaporation of pure chemical for the initial vapor concentration in the
rtank prior to each ventilation test. Homogeneous mixtures of chemical/water

V. solution, which simulated post washing residues in full scale, were added

to the test tank from an external 55-gallon mixing drum. Ventilation air

was directed to the tank vent inlet through a 0.102m diameter plastic pipe

by a centrifugal blower. Flow rate was obtained from pitot-static tube

readings taken in a long straight section of this pipe downstream of the

blower. Chemical vapor concentrations as methane were measured with a
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Century Systems OVA 128 Total Hydrocarbon Analyzer. Following a test, the

OVA was calibrated to the specific chemical vapor. Liquid samples were

gathered during the test and were analyzed with a Baseline 1030A Gas

Chromatograph.

Initially, Test Nos. 19 and 21 were conducted without a

residual layer of chemical or chemical/water solution to verify that com-

plete vapor mixing was achieved in the model scale tank. All five vapor

sampling points were utilized during these tests. The concentration time-

* histories at all sampling locations for both tests are shown in Figures

IV.3 and IV.4. These figures illustrate that complete mixing was achieved

because the concentration time-histories coincide with the theoretical

dilution curve.

Full Scale Tank Tests

The measurement methodology that was used in full scale

for vapor concentration measurements was similar to that which was describ-

ed for the model scale tests. On the majority of the tests, the tank vapor

concentrations were measured at the tank hatch where the vapors were being

exhausted. In some instances, it was possible to obtain concentration-

depth profiles prior to ventilation by using a dropline. For those tests

in which air was drawn into the tank through the tank hatch, a dropline was

used to retrieve samples from near the tank bottom so that the tank vapor

concentration time-history could be measured.

Blower flowrate was measured with a hand-held vane anemom-

eter. A multipoint velocity traversp was normally made over the entire

cross-section of the discharge opening. The average velocity was calcu-

lated and multiplied by the cross-sectional area of the opening to give the

ventilation flowrate. On a few of the initial tests, blower flowrate was

estimated indirectly from the supply pressure (steam or compressor air) to

the blower and the blower capacity curves.

Two methods were used to collect a sample of the residual

chemical/water solution in the tank prior to beginning of ventilation.
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This sample was analyzed to determine the initial chemical concentration

in the solution. One method consisted of drawing a liquid sample of the

-~ wash slops from a sample valve immediately downstream of the tank discharge

pump. This method proved to be the simplest when the discharge lines had

this type of valve. The other method consisted of lowering a sample bottle

* - on a line into the tank from the deck. This method was satisfactory for

shallow barge tanks; however, it proved to be impractical for deep ship-

tanks. In some instances, the tank depth or unavailability of sample valves

precluded collection of a wash slop sample. ror these cases, initial solute

(chemical) concentration in water could not be determined.

Measurement of the residual liquid thickness proved to be

the most difficult parameter to quantify in full scale. For the most part,

only a quantitative estimate was obtained by visually observing tl'e appear-

ance of the tank bottom after washing had been completed. With the excep-

tion of Tests 4 and 6, the tank bottoms had the appearance of a "wet side-

walk".

The above discussion pertains to the major test parameters.

Other variables and information were also measured or documented as indi-

cated in the data acquisition forms that appear in Appendix A.

IV.2.3 Comparison of Theory and Experiment

Two analytical models were developed to describe dilution

ventilation (gas freeing) of cargo tanks. The first model, TANKM, describes

the gas freeing process in which chemical evaporates from the aqueous solution

that remains on the tank bottom after an initial water wash. The second model,

TANKP, applies to gas freeing operations in which there is no water wash, and it

includes evaporation of pure chemical residues.

Ship or barge tanks may or may not contain internal struc-

ture. The majority of the tanks that were encountered during field opera-

tions did not have internal structure. Tanks with internal structure exist

primarily on older vessels or vessels that are dedicated to non-chemical
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products. In their present form, neither model includes the effect of in-

ternal structure on the gas freeing and evaporation processes. Therefore,

the models apply to the majority of tanks on barges and recently-constructed

tankers that transport pure chemicals.

Two-Component Model TAMK - No Internal Tank Structure

Based on the comparison of experimental test data and model

predictions, the two-component binary mixture model, TANKM, adequately pre-

dicts the concentration-time history of the vapors that are discharged from

a tank without internal structure during dilution ventilation, provided that

certain key variables are known to a reasonable accuracy. These variables

are 6, the initial residue thickness on the tank bottom, and COL, the

initial solute concentration in solution. This caveat cannot be overempha-

sized because, as has been stated previously, these parameters are not

readily amenable to measurement in the field. The residue thickness can

only be estimated visually from the deck above a 40-foot deep tank. A wash

slop sample, if it can be collected, may not be totally representative of the

remaining solution in the tank at the beginning of ventilation. In addition,

solution samples collected and refrigerated in the field may not be analyzed

for an extended period of time, and biodegradation of the chemical solute

becomes a major concern.I;In case that either or both of these two variables, 6 and

COL, are not known, the experimental data were used to develop a selection

criterion that served as a guide in estimating their numerical values for

iniput to the model prediction. That criterion is stated below.

6 COL A =Q J C(t)dt + V [Cv(tf) - Coy] (27)
0

where A = area of the tank bottom

Cv - experimentally-measured vapor concentrationKtf = time at which the last value of CJV was measured
Coy M initial vapor concentration in the tank at the

beginning of ventilation.
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The lefthand side of that equation represents the initial mass of chemical

in solution at the beginning of ventilation. The righthand side of the

7 equation is an estimate of the solute mass that evaporated during the test

* period. This equation is an approximation because it does not include chem-

ical that remains in solution and has not been evaporated at the end of the

test, which normally was defined to be the time when crew members entered

the tank to perform manual cleaning. The experimental Cv(t) data were

fitted to a nonlinear regression equation that permitted evaluation of the

righthand side of the above equation. Thus, the criterion provided an es-

timate for the product of 6 and COL- If neither 6 nor COL were known,

rq then the following procedure was applied.

0 A reasonable range of 6 values were defined based on visual

observation.

o The corresponding values of CL were calculated using the

selection criterion.

0 Complementary 6 -COL pairs were input to the model.

o The order pair of variables that produced the best visual

fit was accepted.

If 6 or COL were known, but not both, then the following procedure was

used.

0 The selection criterion and known variable were used to calculate

the unknown variable.

0 Model prediction was then compared to the experimental data.

o If the prediction was not acceptable, then the values of 6 and

L COL were perturbed about their criterion value until an accept-

4 able prediction was obtained. This step is justified because

r the selection criterion is an approximation, at best, and ron-

stitutes a starting point for parameter perturbation.

In the aggregate, 14 model and full scale tests were con-

ducted for the TANKM model, which does not include the effect of internal
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structure. Based on these tests and the model predictions, the numerical

values for the product, 6COL, fell into two groups.

o Group I - Based on a review of the test documentation, values

of 6 COL in this group represented tank cleaning operations

where a longer washing period and/or more efficient stripping

of slops would have reduced COL and/or 6. For this group,

the average value of 6 COL was

6COLv = l.16x 105 mg/m
2

In this group, the values of 6COL ranged from 0.099x 105 to

3.96x 105 mg/m 2 .

o Group II - Tests in this group tended to reflect a very thorough

tank washing and efficient stripping operations. The thorough-

ness of the washing was reflected in a relative reduction of

COL while the stripping efficiency reflected use of portable

stripping pumps after the limits of deepwell pumps on in-tank

stripper lines had been reached. For this group

6CoL ave = 160.6

The values of 6 COL ranged from 16 to 380 mg/m2.

Fourteen model and full scale tests were conducted for the

TANKM model without internal structure. A comparison of theory and experi-

ment is presented below for a subset of these tests. The remaining compari-

sons are presented in Appendix B.

Five ventilation tests (Tests 20, 22, 23, 24, and 25) were

conducted in the model scale test tank in the presence of a residual liquid

layer of chemical and water. These tests were conducted to (1) examine the

effect of evaporation from a thin layer of dilute chemical in water on the
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experimentally measured concentration-time history curve, and (2) compare

the experimental data with predictions generated by the two-component model

derived in Section IV.2.l. By physically varying the key test parameters, such

as chemical residual liquid layer thickness, initial chemical concentration

in the liquid, and the initial tank vapor concentration, the validity of the

model predictions could be demonstrated.

The conditions under which these tests were conducted were

illustrated in Table IV.2. Tests 20 and 22 were run under identical con-

ditions, with the exception of the type of chemical. The initial chemical

concentration in the liquid was varied between Tests 22 and 24. The differ-

ence between Tests 22 and 25 was the initial tank vapor concentration. Last

of all, the residual liquid layer, as well as the initial tank vapor concen-

tration were adjusted between Tests 22 and 23.

The resulting experimental concentration-time histories for

all five tests are illustrated in Figures IV.5 through IV.9. The experi-

mental data indicate that, in all cases, evaporation is occurring, as evi-

denced by the divergence of the experimental data from the theoretical dilu-

tion curve (i.e., pure dilution ventilation with no evaporation, C v C ove /V

The divergence is quite profound considering that for all tests, with the

exception of Test 24, the chemical concentration in liquid was approximately

Af% by volume or less. For Test 24, the liquid concentration was almost an

order of magnitude lower.

Of even greater importance is the close agreement between the

two-component model predictions and the experimental data. The tests which

gave the best agreement were Tests 22 and 23. For the remaining tests, the

predicted C Wt histories are considered to be in quite good agreement with
v

the experimental data because

o the model formulation does not include the complex, unsteady,

three-dimensional flow field that exists in the tank, and

o decisions regarding time to man-entry into the tank will be

conservative because the model overpredicts concentration at

the end of the test.

52



Q 4.94 m3/min

V 48.9 m3 -

I C0  - 18400 ppm

COL 11100 mg/k

- 1.19 cm

:-

I-

w \ ooF"-
z
6
0
cr-

0._

" C = Ce-Qt/V

0.80 20.0 40.0 6.0 80.0 108. 128. 148. 168. 188.
.4

TIME (MIN)

FIGURE IV. 5. VENTILATION TEST NO. 20 CONDUCTED IN A MODEL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF ACETONE AND WATER

53
:I



---- .. . . U u , J . , I ,J . _ , . • .m t I

-4

Q- 4.94 m 3/min

V 48.9 m
3

- 18200 ppm8_ ov.

COL ' 9500 mg/t

- 1.19 cm

u U.S2

0.

I-4 "

lz - -...

z

U10

10. , C eQt/V

-. 2b. 0 '50. 0 75. 0 1% 1Ib. ISO. 175. Ne. 225.

TIME (MIN)

* FIGURE IV. 6. VENTILATION TEST NO. 22 CONDUCTED IN A MODEL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF ETHYL ACETATE AN~D WATER

45

*. "

'7"54

I



L,- Q -4.93 m3 /min -I

- V 48.9 m3 -

Si-. 39000 ppm

- : L "COL ' 9900 mg/k

- 0.76 cm

IT)I- F-- _-
F -Ii

I.- I'-"

0... -9..
_! ..... -4-

I.- 1
Ct L g-- , -T

0 0v = CL

U IV 7. CONDUCTED IN A MODEL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
O5 5

r'. I , l ! i i L.55



4

--Q -5.02 m3 /min

V - 48.9 m 
3

C - 18300 ppm
Cov

@COL 1600 mg/

68 - 1.26 cm
u

i-0q 18 3

zil
0

U 0k
-a-("- 0 0-

%,I= C e-Qt/V

"" " Cv ove"

0.80 15.8 30.8 45.0 60. 0 75.0 98.0 15. 120. 13b.

TIME (MIN)

FIGURE IV. 8 . VENTILATION TEST NO. 24 CONDUCTED IN A MODEL SCALE TANK
WITH STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER OF
ETHYL ACETATE AND WATER

i

56



i4

'-

I F , I ' I ' I ' ' I ' I I

Q - 4.98 m'lmin -3J

- V - 48.9 m3

0_ - - 2500 ppm

COL 8500 mg/t

" -1.19 cm

CIn

_ Fn

L) t)

=c QtIv

0I.8 0:0 0 0 4. 60. 0 80.0 100. 1118. 140. 160.

TI ME (MEN-0

FIGURE IV. 9. VENTILATION TEST NO. 25 CONDUCTED IN A MODEL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF ETHYL ACETATE AND WATER

57



Note, that in these five model predictions, measured values of 6 and CL

were used; the selection criterion was inappropriate,and the product SCOL

could be classed as Group I.

Comparison of the TANKM predictions with the experimental

full scale ventilation test data for Tests 2, 3, 4, and 18 are presented

below to illustrate certain key features. The comparisons for the other

full scale tests in which there was no internal structure are shown in

Appendix B. Tests 2 and 3 were selected to show the effect of evaporation

on the tank ventilation process in the presence of an aqueous solution of

a relatively soluble chemical with low vapor pressure in a tank having a

low initial tank vapor concentration. Test 4 contained a chemical whose

physical properties were exactly opposite to those of Tests 2 and 3. In

addition, the initial tank vapor concentration of Test 4 was relatively

high. Tests 2, 3, and 4 are included in Group I. Lastly, Test 18 was

chosen to illustrate the characteristics of a number of tank ventilation

tests, including Tests 14, 15, 16, and 17 in Appendix B, which were per-

formed under conditions of reduced liquid and vapor concentrations as a

result of efficient washing and stripping operations that characterize

Group II. The four tests indicated above utilized the 6COL selection

criterion to varying degrees.

As shown in Table IV.3, Tests 2 and 3 were conducted with

the same chemical in the same tank but on two separate occasions. In fact,

the washing procedure and the length of the washing period that was used

prior to tank ventilation was identical in both cases. Since the same blow-

4 er and blower flowrate was used during each ventilation, these two tests

approximate a replication of a tank ventilation. Neither COL nor 6 was

measured in Test 2, and only COL was measured in Test 3. Consequently,

the method that described the analytical determination of the-selection

4criterion was used to provide the model with reasonable input values for

these parameters.

Three values of 6 (1, 0.5, and 0.2 cm) were selected be-

cause they best described the estimated range of residual liquid thick-

nesss tat ere visually observed prior in each test. Bsdo h
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experimental concentration-time histories for these two tests, a range of

COL values were calculated that satisfied the integral expression for the

selection criterion and were also below the solubility limit of butanol.

These estimates are shown in Table IV.3.

TABLE IV.3. RANGE OF JUSTIFIABLE VALUES FOR

COL AND S FOR TESTS 2 AND 3

TANK
TEST Mevap AREA COL × 6 COL

NO. (mg) (m2) (mg/m2) (mg/m3) (cm)

2 0.57 x 107  94.81 O.60x 105  0.60x 107  1.0

0. 12 x 108  0.5

0.30x 108 0.2

3 0.50x 107  94.81 0.53 x 105  *0. 153 x 106  34.3
0.530x 10 1.0

0.106 x 108  0.5
O. 265 x 108  0.2

*Measured from single sample collected

prior to start of ventilation.

In iddition, 6 was calculated based on the measured value of COL for

Tast 3. The experimental concentration time histories for Tests 2 and 3

and the model predictions generated by the three COL - 6 combinations

are shown in Figures IV.lO and IV.ll, respectively. The divergence be-

K" tween the experimental data for both tests and the theoretical dilution

curve (Cv = C oveQt/V) definitely illustrates the effect of evaporation on
the ventilation of both tanks.

The values of COL and 6 that yield the best agreement

in each case are the pair with the highest COL and lowest 6. The poorest

agreement was obtained for the combinations having the lowest COL value

for both tests. It is apparent that the COLX 6 pair, based on the measur-

ed COL value for Test 3 would also yield poor results. In fact, an un-

realistically large 6 value would be required to maintain the 6CoL pro-

duct calculated by the selection criterion. The reason that a low
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WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER

OF n-BUTANOL AND WATER
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concentration of chemical in the liquid may have been measured in Test 3,

is attributed to an extended length of time between liquid sample collec-

tion and analysis. Biodegradation of the wash water sample was suspected.

The tank in which Test 4 was conducted underwent two sepa-

rate ventilation operations. The first ventilation operation, which will

be discussed here, was conducted in the presence of an unusually thick

residual layer (estimated visually to be between 4 - 6 cm). Ethylene di-

chloride, a low solubility chemical, had been carried in the tank prior to

washing. Because the actual residual liquid thickness was not measured,

the selection criterion was estimated using the previously defined proce-

dure for integrating the experimental data. For this test, the measured

value for COL was felt to be accurate because the wash water sample was

analyzed shortly after collection. The estimated value of 6 was 8.8 cm.

The model prediction using these two values is shown in Figure IV.12, and

it is apparent the model overpredicted the actual response during the latter

stages of ventilation. Based on the previously stated logic that the selec-

tion criterion is a guide for first estimation of variables and a starting

point for parameter perturbation, the value of 6 was varied holding the

measured value of COL constant. Using this procedure, the best model pre-

diction was obtaired with a value of 6 equal to 4.0 cm, which was within

the visually estimated range.

Comparison of the experimental data for the two butanol

tests (Tests 2 and 3) with that of the ethylene dichloride test (Test 4)

indicates that initial conditions have a pronounced effect on solute evapo-

4 ration. In Test 4, a high initial tank vapor concentration coupled with a

low chemical liquid concentration tends initially to retard the evaporation

of solute from the residual layer. This observation is illustrated by the

fact that the initial slope of the experimental data approximates the theo-

retical dilution curve. As the test proceeds, Cv is reduced through

ventilation to a level where the driving force for mass transfer of chem-

ical from solution is large enough to result in sufficient evaporation to

produce a departure of the C (t) profile from the ideal dilution curve.

4 In contrast, the experimental ventilation data for Tests 2 and 3 illustrate
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that evaporation of the chemical/wash water layer begins with the initia-

tion of ventilation as a result of a low tank vapor concentration and an

estimated high initial liquid concentration. In other words, the driving

force for evaporation is positive at the beginning of ventilation. These

same trends have been shown to be predicted by the two-component model.

The last group of two-component residue tests conducted in

a tank without structure can be characterized by the ventilation Test 18.

This series included Tests 14 through 18. Prior to each test, the tanks

were subjected to a very rigorous washing procedure. The washing procedure

utilized prior to Tests 15 through 18 consisted of a 15-minute hot water

wash. During the final 2 minutes of this wash, a soap solution was added.

The final step consisted of a 30-minute cold water rinse. For Test 14, a

normal cold water wash was used; however, prior to the washing step the

tank was ventilated to reduce the initial amount of pure chemical. In all

cases, the stripping operation was quite efficient. As a result, the ini-

tial concentration of chemical in both the aqueous solution and the vapor

space and the residue thickness prior to the start of ventilation (shown in

Table IV.2) was substantially lower than in the previous tests that have

been discussed.

The experimental data for Test 18 are shown in Figure IV.13.

These data approximate the iueal or theoretical dilution curve which sug-

gests that little or no evaporation was occurring. As COL was measured

on this test but 6 was not, the procedure for est iating the selection

was attempted. The calculation produced a negative mass of evaporated

chemical, which indicates that mass transfer was from the vapor phase to

.4 the liquid phase, i.e., no evaporation. This fact reinforces the observed

behavior of the experimental data with respect to the theoretical dilution

curve (which contains no evaporation effects). The model prediction, when

evaluated with the measured COL and an estimated value of 6 of 0.14 cm,

d coincided with the theoretical dilution curve and supported all of the

above observations. The experimental data and the model predictions for

Tests 14 and 16 exhibited essentially the same characteristics as Test 18.
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0

In Tests 15 and 17, the thoroughness of the washing and

stripping operations resulted in initial vapor concentrations of less than

100 ppm, which were lower than on any other tests. The ensuing experi-

mental Cv(t) measurements exhibited a fair amount of data scatter, which

may have resulted from a combination of the low initial concentration and

local changes in the hydrocarbon background level of the ambient ventila-

tion air. Assuming that this hypothesis is correct, then the fact that the

agreement between experiment and theory was not as good for these two tests

as in the other tests is attributed to the model formulation, which does

not include non-zero vapor concentrations in the ventilation inlet air.

In the case of Test 7, which is shown in Appendix B, the

selection criterion, 6COL, was generated using the experimental data.

The model prediction, using the measured COL and calculated 6, did not

agree well with the experimental data. As the measured value of COL had

some degree of uncertainty, both 6 and COL were perturbed from their

original values holding the values of the selection criterion constant.

The final values of 6 and COL that produced good agreement between pre-

dicted C(t) and the experimental data were reasonable deviations from

the original values given the uncertainty in COL and that 6 could not

be measured.

Pure Component Model TANKP - No Internal Tank Structure

As in the two-component tank ventilation tests, the thick-

ness of the residual chemical layer on the tank bottom can be estimated

visually, but not measured. In the nomenclature of the TANKP model, this

thickness is tpool. Consequently, a selection criterion was established

for estimating this independent variable. For the pure chemical case, the

analogy to the t.o-component criterion is

tf
tpool Pc A - Q J Cv(t)dt + V [Cv(tf) - Coy] (28)

0

* where Pc mass density of the pure chemical. The other quantities were
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defined previously. The righthand side of this equation represents the

mass of evaporated chemical and is evaluated from the experimental data as

defined earlier. As all of the initial mass of chemical, tpoo00 1 P A, may

not have evaporated at the end of ventilation, the criterion yields an

approximation to the true value of t,0 1  In addition, the criterion does

not include the effect of chemical film on the tank walls, which is an op-

tion that is incorporated into the TANKP model formulation. This criterion

was imposed on the full scale tests in the same manner as described for the

two-component tests. Note, again, that the criterion represents a base for

estimating physical variables.

The experimental data and model predictions for selected

tests are presented below. Data for additional tests are presented in

Appendix B.

One ventilation test (Test 26) was conducted in the model

scale test tank in the presence of a residual liquid layer of pure chemical,

ethyl acetate. The primary purpose of this test was to determine the value

of a free parameter or multiplier that could be applied to the evaporation

air velocity that is calculated by the jet deflection and spreading model in

order to account for the effects of wall constraints and off-center blower

locations. In its original form, the jet model was suitable only for un-

confined jets.

The experimental data for Test 26 is shown in Figure IV.14.

A reasonably thick layer of chemical was used to insure that a steady-state

mass transfer condition would be achieved such that

dCv
V 0 -O Xg - CvQ (29)

where ;g total mass evaporation rate of pure chemical.

Based on initial conditions, the original TANKP model was

used to predict the experimental response. The prediction produced the

67



Q5.13 m3/min

V 48.9 m
3

(.- Coy - 23700 ppm
CL

tpool - 1.19 cm

U

z
0

z
w
U

0

0

C C-Qt/V

0.30 lb.O 30. 0 45.0 60.0 7b.0 9 .0 Ifb. 120. 135.

TIME (MIN)

FIGURE IV.14. VENTILATION TEST NO. 26 CONDUCTED IN A MODEL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF ETHYL ACETATE

68
4



observed steady-state mass transfer condition but at an elevated con-en-

tration level. In this original model, the blower jet was assumed to spread

symmetrically about the impingement or stagnation point on the tank bottom.

Clearly, this condition does not occur because of the presence of the tank

walls and the fact the blower is not normally centered on the tank top. To

account for these flow modifying effects, the experimental data in Figure

IV.14 were used to calculate mg according to the above equation. Using

this experimentally-determined ;g, physical properties of the chemical and

Gray's evaporation rate model in Reference 14, an empirical value of the

effective air velocity over the liquid surface was calculated. This velo-

city was compared to the velocity generated by the jet deflection and spread-

ing model for unconfined spaces. The ratio of these two velocities was 0.33,

which corresponds to the free parameter $ in Equation (15). Incorpor:ting

this free parameter into the jet deflection model produced the TANKP pre-

diction that is shown in Figure IV.14. This empirical free parameter 8

was used in all single and two-component model predictions.

Three full scale, pure chemical tests (5, 9, and 13) were

conducted on tanks without internal structure. The results for Tests 5 and

9 are presented and discussed below. Test 13 is presented in Appendix B.

Figure IV.15 presents the experimental data and two model

predictions for the chloroform Test 5. At the measured flowrate of 96.3

m3 /min and a residue thickness, tpool, of 0.034 cm as calculated

by the selection criterion, the model underpredicted the experimental data.

In this test, the measured flow rate was based on a single velocity measure-

ment at the center of the open expansion trunk. As such, it approximates

the maximum velocity across the open area. Using the analogy between maxi-

mum and average velocity in pipe or orifice flow, a reduction in flowrate

was justified. Further, the residue thickness was perturbed from its cri-

terion estimate. The result was a blower flowrate-residue thickness combi-

nation that resulted in good agreement between theory and experiment.

All tests with the exception of Test 9 were dilution venti-

lation tests. The ventilation process in Test 9 was one of displacement
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rather than dilution. The open expansion trunk was the air inlet and the

restricted tank gauging standpipe was the air outlet. Air was drawn into

the tank by means of an eductor set on top of the standpipe. Prior to the

* test a dilution gas freeing process was anticipated because other vessel

tanks on this voyage had utilized this method even for the same chemical.

However, a procedural change resulted in displacement gas freeing. Esti-

mates of the densimetric Froude number suggested that the inlet air through

the expansion trunk did not penetrate to the tank bottom; thus, a well-

mixed vapor space would not be anticipated. In view of the difference in

ventilation mechanics between the dilution and displacement methods, the

model prediction using the measured flowrate and selection criterion value

for the initial residual thickness produced quite good agreement with the

experimental data as shown in Figure IV.16. Displacement ventilation would

normally be encountered on product tanks with internal structure, i.e.,

crude oil tanks. It is plausible that the eductor flow rate combined with

the inlet air and suction removal of vapors near the residue surface re-

sulted in a flow field in the tank that approached the well-mixed state.

Tanks With Internal Structure

The following tests were conducted on tanks that contained

internal structure.

Test Nos. Residue State

6, 8, 10 Pure Chemical

1, 11, 12 Chemical-Water Solution

*The level of predictability of the TANKM and TANKP models cannot readily be

- determined for this type of tank because neither model includes the flow-

modifying effect of the internal structure or additional physical processes

that may result from its presence.

Internal tank structure, in the form of webframes, divides

the tank bottom into a number of separate compartments. During dilution

ventilation, only those compartments directly under the inlet opening
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actually see the inlet air jet. The webfraxnes of adjacent compartments

essentially block of f the spreading of the jet. Consequently, one obvious

effect of internal structure is to change the velocity flow field over the

bottom surface where evaporation is occurring as well as to reduce the

available evaporation area. These are both key parameters in the model

formulations. Consequently, one of the effects of structure on the pre-

dictions of the model may be accounted for by reducing the surface area

calculation in the model as well as increasing the evaporative velocity.

However, this approach would not account for the mass transfer processes

in the shielded areas of the tank where high concentration vapors are not

exposed to the convective flow field. The relative rate at which these

compartments gas free by mechanisms other than mechanical dilution will

affect the overall gas freeing time and the vapor discharge concentration.

For each of the above six tests, the appropriate models

were exercised using measured data and best estimates for variables that

could not be measured. The selection criterion was not used because of

the issue of appropriate liquid surface area. The resulting predictions

are quite variable as compared to experimental data, but they do suggest

conceptual modifications that may improve model predictability for this

class of tank. The results for tests 11 and 10 are presented and discussed

below. Tests 6, 8, 1, and 12 are presented in Appendix B.

Test No. 11 involved gasoline. The washing and stripping

procedure suggested that a layer of this low solubility product was not

floating on the residual layer. It was assumed that the wash water was

saturated with this product, and the TANKM model was employed. The results

in Figure IV.17 indicate that the model underpredicts the time to gas free

to a given concentration. This delay time effect due to structure was ob-

served in Reference 4 in conjunction with model scale ventilation tests

of VLCC tanks with internal structure. This similarity suggests that an

experimentally-determined, structure-time delay correlation for chemical

tanks with aqueous solutions may improve the model's predictability.

In Test 10, the tank had contained ethanol but was not

washed prior to gas freeing. Hence, the TANKP model was exercised, and
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the results that are shown in Figure IV.18 overpredict the experimental

data at all times. The shape of the model curv compared to the experimen-

tal data does not imply that the form of the modal is incorrect. What is in-

correct is the application of the calculated evaporation velocity over the

entire tank bottom as if no structure was present. In order to obtain

more reasonable predictions for the pure component model in tanks contain-

ing structire it would be necessary to modify the estimate of the evapora-

tive velocity within the compartments directly under the jet as well as the

liquid surface area that is directly subjected to this air flow. Since

evaporation rate is directly proportional to surface area, the area reduc-

tion suggested above should, qualitatively, result in a reduced c -Itra-

tion prediction and closer agreement with experiment.

The presence of tank internal structure increases "om-

plexity of the gas freeing process. Even though tanks with inter. struc-

ture appear to be in the minority as far as chemical transport is concerned,

additional analytical and experimental investigation is needed to quantify

the suggested conceptual modifications to the models.

IV.2.4 Parametric Results

The two ventilation models developed in Section IV.2.1 pre-

dict the vapor concentration-time history in a tank during evaporation of re-

sidual layers of liquid containing either an aqueous solution of chemical in

water or pure chemical. The comparisons made in Section IV.2.3 between the

model predictions and experimental tank ventilation data, obtained over a

wide range of conditions, have shown that certain independent variables have

a strong affect on the model responses. The purpose of this section is to

identify these independent variables and to investigate the sensitivity of the

4 models to changes in these variables.

Two-Component Model

The significant independent variables in the two-component

model are (1) the thickness of residual liquid layer, 6, (2) the initial
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concentration of chemical in the liquid layer, COL, (3) the ventilation

flowrate, Q, (4) the initial chemical concentration in the tank vapor

space, C oy, and (5) the physical properties of the chemical. To investi-

gate how each of these variables affects the response of the model, a series

of computer runs were made by varying one of the above parameters while hold-

ing the others constant. The tank geometry and temperature conditions chosen

for the parametric analysis were those of Test 3. Butanol, which was the

chemical that had been carried in the tank during Test 3, was used to investi-

gate the effect of the first four parameters. The effect of the chemical's

q physical properties, primarily vapor pressure, was evaluated by replacing

butanol with acetone while holding the first four parameters constant. Table

IV.4 illustrates the parametric combinations that were examined.

Figure IV.19 illustrates the effect of 6 variation on the

concentration-time history. From the figure, the thicker the layer of chem-

ical/water residue, the longer it takes to ventilate the tank down to a given

concentration level. At the beginning of ventilation, the evaporative flux

is the same in all cases because CoLand Cvare constant. However, the

rate of change of solute concentration is inversely proportional to 6. Thus,

at any time, smaller values of 6 will correspond to lower values of CL

and evaporation rate because the driving force for evaporation is proportional

to CL. Conversely, for a given COL, there is more chemical mass to evapo-

rate from a thick layer compared to the thin layer, and the gas freeing time

is correspondingly longer. Evaporation is occurring in all cases as evidenced

by the departure of the gas freeing curves from the ideal dilution curve.

.4 This parametric exercise demonstrates that, in actual tank cleaning operations,

the more efficiently the tank is stripped of residual wash slops, the faster

will be the gas freeing time and the higher the probability that the occupa-

tional exposure during tank entry will be acceptable.

The next parameter investigated was the variation of initial

concentration of chemical in the residual layer. The model response for

three different COL concentrations is shown in Figure IV.20. In contrast

4 to the effect of 6, changes in COL yield different responses in the

concentration-time histories immediately after the start of ventilation.
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As COL increases, the initial evaporation rate is greater due to the in-

crease in the initial concentration driving force (CL - Oy/H). This is

* demonstrated by the relative difference in the starting slope of each curve

* as compared to the slope of the theoretical dilution curve. At the highest

indicated value of COL, mass is transferred to the vapor space faster

than it can be discharged from the tank. In addition, higher initial values

Of COL correspond to relatively higher levels of CL at a given time and

higher evaporation rates. However, in all cases as time increases, CL

* decreases exponentially to a point beyond which the solute concentration

does not have a dominant effect on the evaporation flux; the flux is con-

* trolled by the vapor phase concentration, and the result is a log-linear

rate of decay of vapor concentration that is independent of the initial

value of COL' Another observation is that the relative time to gas free

this tank to a given concentration is longer for roughly a two-fold increase

in COL as compared to a comparable increase in 6. For water soluble chemn-

* icals, the parametric effect of COL indicates that a rigorous washing pro-

* cedure will reduce the gas freeing time and the subsequent tank entry expo-

sure levels. Obviously, an efficient stripping operation will Improve this

result. Water insoluble products will present a more difficult gas freeing

situation.

Three values of Q, the blower flowrate, were selected to

determine the effect on tank ventilation time in the presence of chemical

evaporation from solution. The values chosen approximate the range of blower

* flowrates in the marine industry. The effect of blower flowrate on the venti-

lation process is shown in Figure IV.21. Changes in Q affect the overall

mass transfer coefficient, 1KOL' through its dependence on the gas phase

* resistance term, 1/11kg, which reflects the blower-induced air velocity over

the liquid surface. Another term in the mass balance on the vapor phase is

Q Cv,, the rate of discharge from tank vapor. By its functional form, it is

directly proportional to Q. These two effects act in combination to give the

resulting model response shown in Figure IV.21. The parametric affect of Q

* is to reduce gas freeing time by increasing blower flowrate. However, in-

tuitively there is a practical limit to the benefits of increasing blower

flowrate beyond which there is a disproportionately smaller increase in the
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level of vapor space mixing and the mass transfer of solute to the vapor

phase. In the latter case, the gas phase exchange constant is proportional

* indirectly to blower flowrate; but in the limit as blower flowrate increases

without bound, the evaporation process is controlled by liquid phase resis-

tance, i/kz. The above logic combined with the parametric effects of 6,

COL, and Q indicate that gas freeing time is more sensitive to residual

product conditions than to Q. That is, small improvements in tank cleaning

will have a greater impact on reducing gas freeing times or concentration

at a given time than will increasing blower flowrate.

Figure IV.22 shows the model response for initial values of

tank vapor concentration that range over three orders of magnitude. An imme-

diate observation is that, after approximately 80 minutes into the ventila-

tion, the vapor concentration predicted by the model is essentially the same

in all cases. Only during the initial part of the ventilation do the model

predictions reflect the effect of Cov. At high initial values of Co, the

driving force for evaporation has an insignificant effect on chemical mass

* transfer from solution. Hence, gas freeing approximates the ideal dilution

curve. The fact that all three curves asymptotically approach the same gas

freeing profile regardless of the initial value of Cov indicates that for

this chemical, butanol, the evaporation process is controlled by the liquid

phase. It further indicates that the residual product conditions would

1 dominate the practicalities of gas freeing to safe limits.

Figure IV.23 illustrates the concentration-time history pre-

*dictions during ventilation of the same tank but with a different residual

chemical in solution - acetone. The model response for butanol is also shown.

Butanol is highly soluble in water, and acetone is infinitely soluble. The

independent variables of Q, Cov, COL, and 5 are the same in both cases,

and the predictions were made using the activity coefficient approach to

evaluate the partition coefficient, H. In this comparison, the primary

effect of the higher vapor pressure of acetone was to produce a partition

coefficient that was roughly three to ten times larger than the corresponding

value of H for butanol. For both of these chemicals, solute evaporation from

solution is controlled by the liquid phase. That is, the liquid phase resistance,
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l/kp is greater than the gas phase resistance, l/Hkg. The resistance to

mass transfer was initially greater for butanol than for acetone, which re-

suited in a higher evaporation rate for acetone during the first half of the

ventilation. During the latter half of ventilation, the combined effect of

1KOL and H resulted in a larger evaporation rate for butanol than for ace-

tone. This parametric evaluation indicates that for a given set of initial

conditions, gas freeing to low level concentrations will require the least

amount of time f or binary chemical/water residues that have the largest

value of pv y1 , where pv is the solute vapor pressure and YJ is the

solute activity coefficient at infinite dilution.

Pure Component Model

A statistical sensitivity analysis was conducted on the ori-

ginal version of the TANKP model in Phase I. The results of that analysis

are reproduced below from Reference 1.

1. The following parameters and parameter combinations do not

have a statistically significant effect on the evaporation!

ventilation time required to achieve a 1% LEL concentration:

a. initial concentration,

b. initial liquid thickness on the vertical walls,

C. the combination of initial concentration with either

flow rate, residue thickness on the tank bottom, or

wall temperature,

d. the combination of flowrate and wall film thickness, and

*e. the combination of wall film thickness with either

residue thickness, or wall temperature.

2. The following parameters and parameter combinations do have

a statistically significant effect on the evaporation/

dilution time criterion:

a. ventilation flowrate,

b. residue thickness on tank bottom,

C. wall temperature,
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d. the combination of initial concentration with wall film

thickness (significant at 90% confidence level),

e. the combination of ventilation rate and either pool

depth or wall temperature, and

f. the combination of pool depth and wall temperature.

The only difference between the original version of this model and the ver-

sion that appears in this report is that this latest version included the

empirical parameter 8, which accounts for the confined, nonsymmetrical

spreading of the blower jet following impingement as a result of the pre-

sence of the tank walls.

In view of this change, three independent variables were

parameterized to determine if the sensitivities had been altered. These

variables were tpool, Q, and Cov. The tank geometry, temperature and

chemical (chloroform) in experimental Test 5, were selected to investigate

the model response to variations in tpool, Q, and Cov. Xylene was then

chosen to illustrate the effect of physical property changes while holding

the other variables constant. The parametric conditions used in the study

are shown in Table IV.5. The parameter tpool, which is the thickness of

the pure chemical residue on the tank bottom, is analogous to the param-

eter 6 in the two-component model.

Figure IV.24 shows the ventilation concentration-time

histories for three values of residual liquid thickness. Initially, the

model predicts a rise in the tank concentration followed by a period of

constant vapor concentration. This concentration plateau represents an

equilibrium state in which the mass rate of evaporation is equal to the

mass rate of discharge of tank vapor. Mathematically, the dCv/dt term

in the pure component mass balance equation is zero, and the equation re-

duces to

;g = Cv Q (30)

The constant concentration period persists until all of the chemical has

been evaporated. Consequently, the larger the initial thickness of the
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F residual layer the longer is the duration of constant rate evaporation.

After evaporation ceases, the concentration-time history is described by

the theoretical dilution curve. Since identical blower flowrates and tank

volumes were used in this parametric exercise, all post-evaporation concen-

tration-time histories have the same theoretical slope. The results in

Figure IV.24 confirm the statistical sensitivity analysis that residue

thickness has a significant effect on gas freeing time.

The response of the model to changes in blower flowrate, Q,

are shown in Figure IV.25. The three blower flowrates were 150, 100, and

50 m 3/min. A residual product thickness of 0.5 cm was used. The concen-

tration plateau described previously was reached in each case. However, the

value of the equilibrium concentration is different for each flowrate. The

reason is that the mass discharge rate, QCv, is proportional to Q, but

the mass evaporation rate is proportional to Q to a fractional power.

After the mass of chemical is depleted, the ventilation of the tank proceeds

at a rate described by the theoretical dilution curve. The slopes of these

curves after evaporation, however, are different because the flowrates are not

the same. As in the sensitivity analysis, Q is a significant variable in

the gas freeing process. As anticipated, larger values of Q accelerate the

evaporation and gas freeing processes, but the relationship is nonlinear.

The response of the two-component model was not overly sen-

sitive to variations in Coy, the initial vapor concentration. A similar

conclusion resulted from the response of the pure component model to Cov

variations as shown in Figure IV.26. The variation of Coy results in

different model responses only during the initial portion of the ventila-

tion. In all cases, the tank vapor concentration increases to an equili-

brium concentration corresponding to the same flowrate in Figure IV.25.

Evaporation proceeds until the chemical residue is exhausted. Because the

blower flowrate and the amount of chemical were the same for all three runs,

the period of evaporation and the remaining portion of the ventilation pro-

file are identical. Following evaporation, tank vapor concentration decays

exponentially. This parametric exercise confirms that initial vapor concen-

tration has no significant effect on the time to gas free to safe levels.
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Figure IV.27 demonstrates the cumulative effect of a differ-

ent set of chemical properties on the gas freeing profile when other param-

eters (tpool,, Q, Coy, V) are held constant. The two chemicals involved in

Figure IV.27 are chloroform and p-xylene. At 20*C, the vapor pressure of

the more volatile chloroform is approximately 24 times larger than the vapor

pressure of p-xylene. The diffusion coefficient is inversely proportional

to the square root of the property combination MTb/G. The diffusion coeffi-

cient for chloroform is roughly an order of magnitude greater than that of

p-xylene. As a result of the vapor pressure and diffusion coefficient effects,

chloroform has a higher evaporation rate than p-xylene. Based on Equation (30)

and the fact that blower flowrate is the same, it follows that the xylene

concentration curve should reach equilibrium at a lower plateau level than

chloroform during the evaporation period. This feature is also shown in

Figure IV.27. Due to the lower evaporation rate, a longer time is necessary

to evaporate the same amount of xylene relative to chloroform. In fact,

over the ventilation period, the chloroform had completely evaporated and

the vapor concentration had decreased exponentially while evaporation of

xylene was still occurring. This example demonstrates that for a given set

of conditions, chemicals with low evaporation rates require a significantly

longer gas freeing time. Thus, low evaporation rate chemicals require more

thorough tank stripping in order to minimize residue thickness prior to gas

freeing for man entry into the tank.

IV.2.5 Model Limitations

Gas freeing of ship/barge tanks is a complex physical pro-

cess regardless of whether or not it is accompanied by evaporation of chem-

ical product residues. The assumptions that were made in formulating the

models and the degree to which the complexities can be reasonably modeled

result in limitations that must be recognized.

1. Neither model accounts for the presence of internal tank struc-

ture such as web frames, buttresses, etc. Internal structure

increases the time required to gas free a tank to a given con-

centration relative to a clean wall tank. An empirical correla-

tion was developed in Reference 4 for estimating this structure-

related time increment through a nondimensional quantity known as
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the "tank drainage number." The "tank drainage number" which can

be calculated from a knowledge of various geometric parameters

for the internal structure, ventilation flow rate and initial

vapor density, is proportional to the additional number of tank

turnovers, Qt/V, that are then added to the gas freeing time for

a clean wall tank. This correlation could be used to give a first

estimate of the effect of internal structure, but it must be recog-

nized that the correlation is based on a final concentration equal

to 20 percent of the initial value. As this final level may still

exceed the levels of interest, e.g., TLV-TWA or TLV-STEL, addi-

tional experimental work would be needed to extend the validity

of the correlation.

2. Both models assume that the blower jet penetrates the tank atmo-

sphere and impinges onto the tank bottom at all times during

ventilation. This assumption, which ensures that the dilution

air and chemical vapor are uniformly mixed at all times, is

valid if the following Froude number criterion is satisfied:

V 2

> 50
gH(P-l)

where V = blower jet velocity

g = acceleration due to graviry

H = tank depth

p = ratio of vapor density at beginning of ventila-

tion to the density of air.

If this criterion is not satisfied initially, complete penetra-

tion will not be achieved. Partial penetration and short cir-

cuiting will occur; gas freeing will take place but not accord-

ing to the dilution theory until the Froude number at a later

time exceeds the criterion level of 50.
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3. The assumption of a well-mixed vapor atmosphere implies that all

parts of the tank gas free uniformly. Accordingly, the models

do not predict spatial variations in concentration that would be

expected in a complex three-dimensional flow field.

4. The evaporation model for chemical/water solutions does not in-

clude water evaporation. Chemical solute evaporates from a

water solvent. As such, the model does not reflect a time for

complete dryness. Binary solution (solute and solvent) evapora-

tion can be modeled by relating the moles of solution to the

U solute mole fraction through the relative volatility of chemical

and water. As the number of moles of solution decreases with

time, so does the residue thickness. This approach, while

feasible, requires reverse solubility data for water as the

solute in order to calculate relative volatility. The

uncertainties posed by lack of such data did not justify a

"drying" formulation in the model. A review of the solute evap-

oration equations suggests that the consequence of this limita-

tion is a conservative model prediction of the solute evapora-

tion time because the decay rate of solute concentration is not

affected by a decreasing residue thickness.

5. If a tank that has carried a low solubility chemical is washed

prior to ventilation, it is possible that the residue will con-

sist of a layer of saturated water solution beneath a layer of

* pure chemical. Neither model can handle this situation inde-

pendently. As an alternative, the TANKP model could be applied

during evaporation of the pure chemical layer. The final con-

ditions after evaporation of that layer together with a chemical

concentration equal to the saturation limit would constitute the

initial conditions for applying the TANKM model. The predicted

concentration-time histories could then be combined to form a

composite history.
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6. Gas freeing tests were conducted on 14 tanks that had no internal

structure and which contained binary solution residues of chemical

in wash water. These tests included ketones, aromatics, esters,

alcohols and chlorinated hydrocarbons. In each case, TANKM model

predictions were generated. These predictions were based on mea-

sured initial conditions or best estimates of critical, unmeasur-

able initial conditions (6 and COL) from the selection criteria.

For all tests, the last measured vapor concentration was assumed

to represent the initial exposure level on many-entry into the

tank. The ability of the TANKM model to predict these measured

concentrations was assessed by performing a regression analysis

on 14 ordered pairs of data which consisted of the last experi-

mental data points and the corresponding analytical predictions.

The regression analysis indicated that the analytical prediction

correlated log-linearly with the expeirmental data at a coeffi-

cient of determination (R2) of 0.87 and a variance (02) of 0.06.

That is,

log Cexp = log a+b log Canal

where log a = 0.0755 (intercept)

log b = 0.951 (slope)

A Student t-test was performed to determine if the slope, b, was

equal to unity, i.e., does the analytical model predict the experi-

mental result. At the 95 percent confidence level, the hypothesis

was accepted that b equals unity. Therefore, 95 percent of the

time, the analytical model predicted the vapor concentration at

man-entry. In addition to the above considerations, the analytical

predictions of tank entry concentration agreed with the experi-

mental data within a factor of two.

A comparable analysis for the TANKP model was not feasible be-

cause of the small number of tests in which the tank was gas

free without washing.
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IV.3 Dispersion of Chemical Vapor Plumes

Plumes of gas containing vapors from chemical cargos are emitted from

cargo tank vents into the air above the deck of tankerships and barges during

cargo loading and tank ventilation operations. During cargo loading, vapor

evaporates at the gas/liquid interface to form a "vapor blanket" above the

liquid surface. Some of the chemical vapor moves away from the interface,

either by molecular diffusion or through the action of convection currents, and

mixes with the gas atmosphere initially inside the tank. As the liquid level

rises, the tank gas atmosphere is displaced from the tank through a tank vent,

or an open ullage hatch as shown schematically in Figure IV.28. This stream

of displaced gas containing chemical vapor is bent over by the wind, and

transported and dispersed in the downwind direction as a chemical vapor plume.

During tank ventilation fresh air is blown into the tank to dilute or

replace the tank gas atmosphere which contains the vapor of the previous

chemical cargo. The stream of displaced tank gas is often vented to the air

above the deck through a vent, ullage hatch or expansion trunk opening. It

is also transported and dispersed by the wind as a chemical vapor plume.

Crewmen who are working in the vicinity of a tank vent during cargo

loading and tank ventilation operations may be enveloped by the plume of air

and chemical vapor. As a result, they may inhale, or experience irritation

from contact with air containing chemical vapor. The next section describes

the analytical model used to predict the size and concentration distribution

of chemical vapor plumes produced during cargo loading and tank ventilation

4 operations.

IV.3.l Model Formulation

The size of the vapor plume downwind of a tank vent, and the

level of vapor concentration at man breathing height, depend upon several

factors such as

0 the vented gas flowrate,
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o the vapor concentration in the vented gas stream,

o the height and the diameter of the vent used to emit the

vented gas stream, and

0 the ambient wind velocity.

Usually, during an operation such as cargo loading, the vented

gas flowrate and the vapor concentration in the vented gas stream vary

rather slowly with time. However, the ambient wind above the deck of a ship

or barge varies randomly in both speed and direction. These turbulent velo-

city fluctuations affect the trajectory and the dilution of the plume and

cause the instantaneous vapor concentration at downwind locations to fluc-

tuate with time.

For hazard analysis it is the mean, or time average value of

the fluctuating vapor concentration value that is of interest. Therefore,

it was necessary to define a basis for time averaging of all plume variables,

and to include the effect of the wind turbulence directly in the plume dis-

persion model. An averaging time of 10 minutes was found to give statis-

tically reliable estimates for mean wind speed and turbulence intensity.

Also, variations in vent gas flowrate and vent gas concentration were

usually observed to be small during periods of 10-minute duration. The

major exception occurred near the end of loading when the product flowrate

into a tank was adjusted frequently to avoid overfilling or to reach a

particular level.

The discussion in the following sections describes the formula-

tion and validation of the ONDEK model for predicting the dispersion of a

chemical vapor plume emitted continuously from a tank vent. The HACS

Manual (Reference 3)., which is a companion volume to this report, gives a

listing of the FORTRAN computer program for the ONDEK model and instruc-

4 tions on the use of this program.

The ONDEK chemical vapor plume dispersion model is based upon

the numerical integration of a set of conservation equations for mass and

momentum along the axis of the plume. Qoms' method (Reference 15) is used

to compute the behavior of plumes3 that are elevated above deck level.
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In those circumstances (emission of a very dense plume at low wind speeds)

where it is possible for the plume axis to descend to deck level, teRiele's

method (Reference 16) is used to compute plume behavior downwind of the

transition point. References 15 and 16 should be consulted for the deriva-

tions and detailed descriptions of these models.

Ooms considers the development of plumes that are bent over

by the wind but remain symmetrical about their axis. Ooms writes four equa-

tions for the conservation of mass, chemical species and momentum within the

plume. These equations are:

e Conservation of mass

d b(Ypu 2r d) 2Trbpa (.'lI.*(s)I + j a2 U sin lcos e + a3 u' (31)

* Conservation of chemical species

d ( b/W2 u 2 7Tr Ar 0 (32)

o Conservation of momentum in the x (downwind) direction

d (S Pu cose 2r dr - 27rb a Ua  u + a 2 Uasinecos+ u

7,C bp Ua2z1Sinlej (33)

* Conservation of momentum in the z (vertical) direction

ds S Pu 2 sine2?rr d =S g(pa-p) 2Trr dr + Cd lbPa Ua 2 sin2 e cose (34)
0 r) 0

where the variables and parameters in these equations are:

b - plume characteristic radius, m

Cd = plume drag coefficient, dimensionless
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c = vapor concentration, kg/m
3

g = acceleration of gravity = 9.8 m/sec2

r = plume radius, m

s = distance along the plume centerline, m

Ua = time average wind speed, m/s

u = local velocity in the plume, m/s

u- = turbulent entrainment velocity, m/s

u = velocity on the plume axis, m/s

al = entrainment parameter for shear, dimensionless

a2 = entrainment parameter for buoyancy, dimensionless

(3 = entrainment parameter for turbulence, dimensionless

0 = angle of the plume axis with respect to the horizon, radians

p = plume density, kg/m
3

Pa  = ambient air density, kg/m
3

The plume density depends upon the plume concentration and

the plume temperature. In most cases, the temperature of the cargo tank

atmosphere is very close to the ambient air temperature, and the plume dis-

persion process can be assumed to be isothermal. This allows eliminating

the plume density as an independent variable in favor of the plume concen-

tration through

=a + (PoPa) c (35)

where po = density of pure chemical vapor, kg/m. The isothermal plume
4t dispersion assumption is discussed in more detail in Section IV.3.5.

In order to solve Equations (31) through (34), Gaussian

similarity profiles are assumed for both the plume concentration distribu-

tion and the plume velocity "defect" (the difference between the plume velo-

city and the velocity component of the ambient wind speed along the direc-

tion of the plume axis).

Cc C* r 2fX 2b2  (36)
, -r2/b2

u- Ua coseMU* e- (37)
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In these equations,

plume centerline concentratio.i, kg/m, and

X
2  turbulent Schmidt number squared = 1.35

These similarity profiles are substituted into the conserva-

tion Equations (31) - (34), and the equations are integrated to give four

simultaneous, ordinary differential equations to be integrated numerically.

The dependent variables for these four equations are c*, b, u*, and 0. Two

additional equations are included to compute the trajectory of the plume axis

dz = sin e (38)
ds
dx
ds cos 0 (39)

where z and x are the vertical and horizontal coordinates of the plume

axis, respectively.

The ordinary differential equations that result from the

integration of Equations (31) through (34) still contain four empirical

parameters, cti, ct2 , ct3 , and Cd. These values are to be determined by

experiment. Listed below are the values of these parameters suggested by

Ooms, et al. (Reference 15) and Petersen and Cermak (Reference 17). The

values of a L 2 , and Cd recommended by Ooms and Petersen are quite

similar. However, the difference in values of (3 deserves more discussi;n.

VALUES OF EMPIRICAL PLUME ENTRAINMENT AND DRAG PARAMETERS

Oti a2 U3 Cd

Ooms, Mahieu and
Zelis (Ref. 15) .057 0.5 1.0 0.3

Petersen and
Cermak (Ref. 17) .057 Paoo 0.65 to 2.84 0.3

. p 0  \ps0 o0  1.34

This work .057 0.5 2 to 3 0.3
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Ooms, et al. (Reference 15) modeled the entrainment of air

into the plume due to atmospheric turbulence in Equation (31) as

(3 u (40)

where u' represents a characteristic "entrainment velocity." The entrain-

ment velocity was modeled either as

u= (a 2) or as (41)

u= (6b)'/  (42)

where E = eddy energy dissipation. In response to a question, Ooms (Refer-

ence 18) interpreted (ua ) to be the root mean square of the sum of the

velocity component fluctuations in all three directions.

u (Ux2 + Uy 2 
+ U

2 ) 2 (43)

However, for emissions from industrial stacks he favored the use of Equa-

tion (42).

Petersen (Reference 17) performed wind tunnel experiments in

which he measured the trajectory of plumes in a turbulent boundary layer,

and compared the measured plume trajectories with predictions using Ooms'

model. Petersen defined the entrainment velocity as

u = Ua * (ix +i y )

2 (44)

where ix = u /Ua is the turbulence intensity in the longitudinal

direction,

and iy = uy2 /Ua is the turbulence intensity in the lateral

(crosswind) direction.

One set of laboratory experiments were performed with neutral density strati-

fication and low levels of turbulence intensity, uA/Ua < 5%. Petersen
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assumed that his entrainment relation for cc, was valid and then varied

a2 to minimize the error between his model predictions and all of the

experimental data. He found the range for the expected value of (X2 was

between 0.65 and 1.34 with the value of a2= 0.9 giving the best fit. He

* assumed that the turbulence level was low enough that it did not contribute

significantly to plume entrainment. A second set of experiments performed

with stable density stratification and low levels of turbulence indicated

that the values of a1 and aX2 used for neutral stratification were ade-

quate for stable stratification as veil.

Petersen (Reference 17) performed an analysis of the plume

dispersion equations for the region ir which atmospheric dispersion should

dominate the entrainment process. This analysis gives a derived value of

aL3 = 2V T = 2.83 for the turbulence entraintment parameter.

Two additional sets of pluvie rise experiments were performed

* by Petersen with neutral density stratification and both moderate (5% <

u,/Ua < 10%) and high (u'/Ua > 10%) levels of turbulence. He assumed that

the values of a, and a2 determined previously for low turbulence levels

still applied, and he sought to confirm experimentally the analytical value

of aL3 = 2.83.

The moderate turbulence level tests were performed in a rela-

tively "clean" wind tunnel with surface roughness elements added to increase

the turbulence level. Good agreement between model predictions and experi-

mental data for plume trajectory was found using aL3 = 2.83. However, the

high turbulence level tests were conducted with simulated terrain topography

including ridges and hills. The terrain topography simulation produced down-

* drafts as well as increased turbulence, and the agreement between model pre-

diction and experiment was poor for plumes with low rise heights (low values

of stack exit velocity).

Petersen, et al. (Reference 17) recommend use of a value of

aL3 = 2V-2 for the turbulence entrainment parameter when the ambient turbu-

lence dominates the mixing process. They note that if Oorns' recommended
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value of a3  1 were applied to their tests, the plume rise height would

be overpredicted. However, the definitions of entrainment velocity given

in Equations (42), (43), and (44) are not the same. Thus, the proper value

of (3 for use in a dispersion model should be linked to the definition of

entrainment velocity, u'.

When the distance from the plume centerline to the vessel

deck is less than the plume characteristic width, b, entrainment is reduced.

This effect is simulated by including an "image" plume at z = ZCz in the

equation for concentration distribution. Then, Equation (36) is replaced by

C(x,y,z) = C* [exp - ZC)2 +Y 2  + exp - ((ZZ)2 +Y2)] (45)

In this equation, y and z are the lateral (crosswind) and vertical coordi-

nates of the point at which concentration is predicted, and Zck is the

height of the plume centerline above the deck.

If the plume is very much denser than air, and if the wind

speed is very low, the predicted elevation of the plume centerline could be-

come negative. Physically, the plume centerline cannot pass through ti.3

deck of the vessel. Instead, the plume would continue to disperse along the

deck with the maximum concentration at deck level. To simulate the disper-

sion of a chemical vapor plume along the deck, a transition is made to a

simplified version of teRiele's model (Reference 16) for heavier-than-air

gas plumes emitted near the ground.

TeRiele's model was developed to predict the downwind dis-

persion of dense gas emissions from area sources. It consists of three

integral equations for the conservation of mass and one integral equation

for conservation of momentum. The integral equations for conservation of

mass are identical except for YL, the limit of integration in the cross-

wind, y, direction.

*~ ~ [j' f~~dJ 3~JY (46)
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In this equation, K1 is an atmospheric dispersion coefficient and the

limit of integration, YL, can take on three different values

YL= b, at the edge of a region near the source where the

concentration is constant in the crosswind direction,

= b + /2- y/2, outside the region of constant concentra-

tion, but within the dense gas plume,

YL = -, outside the vapor cloud.

Since we intend to match teRiele's model to Ooms model down-

wind of a vent, the value of b will be equal to 0. Thu.,, the set of in-

tegral equations for conservation of mass is reduced to two equations with

integration limits of

YL= V2-Oy/2, and

YL = 00

The integral equation for conservation of mass is written

as

d. (fJ c dydzj To . dy (47)
Lx o f j gr

where Cgr = concentration at ground (deck) level, kg/m 3

Pgr = density of the plume at ground (deck) level, kg/m 
3

TO  = wind shear stress at ground (deck) level, kg/m
2

Equations (46) and (47) can be integrated analytically if

the shape of the concentration and velocity protxi.s are specified. A

Gaussian-type profile is assumed for the concentration distribution, and

a power law profile for the wind velocity.
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C C Ca exp - 1+2a](48)

"-2uu " uo  (49)

where ca = concentration on the plume axis at deck level, kg/m
3

u0 = wind speed at reference height, m/s

zo = reference height, m

a = velocity profile parameter, dimensionless

Oy = horizontal dispersion coefficient, m

oz = vertical dispersion coefficient, m

Substituting these profile formulas into the conservation

equations and performing the integrations determines the form of the atmo-

- spheric dispersion coefficient. TeRiele gives

Ky K0* () (Zj 50

where Ko = a function of wind velocity, atmospheric stability

class and area source width

W = b + v/Tr ay/2 = characteristic width of the concentration

profile

B = width of the area source

y = 2- I/a, where a is a coefficient in the formula for

point source dispersion*
Yy = Sx Both 6 and a depend upon atmospheric

stability class.

* Using Equation (50) for Ky. we obtain three simultaneous,

ordinary differential equations for Ca, Oy and oz . Concentration profiles

must be matched at the point of transition from Ooms' to teRiele's model.

The following matching equations can be derived to relate ca and Gy to

c* and b.
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Ca 2 c* (51)

y =b (52)

Since the form of the concentration profiles for Ooms' and teRiele's method

are different (they are the same only if a = 0.5), it is necessary to esti-

mate a value of Uz that gives a good "global" match to the concentration

profiles. We have required that the integral

f c dz be equal for both methods along the y = 0 plane.
0

This gives a relation between az and b

oz :Xb (1+2a)

O b 2 (I/+2a) 53)

With these values of ca, Gy, and rz as starting conditions, teRiele's

equations are integrated numerically without further reference to Ooms'

variables.

The procedures used to solve the plume dispersion equations

numerically are discussed in detail in Reference 3.

IV.3.2 Vapor Dispersion Experiments - Laboratory and Field Tests

Table IV. 6 lists the experimental conditions for the 103

separate tests that were performed to provide the experimental data used

for plume model validation. Of this number, 49 tests were performed during

actual cargo loading operations on tankerships and barges, and 54 tests

were full scale cargo loading simulations performed out-of-doors at SwRI.

The field tests were performed in four different marine

terminals, and consist of 3 observations of cargo loading on barges and 7

observations of cargo loading on tankerships. Seven different chemical

cargos were loaded during these operations:
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o ethanol (denatured), 3 observations

0 gasoline (unleaded grade)

0 n-heptane

a isopropanol, 2 observations

o methanol

o methyl ethyl ketone

o vinyl acetate

The cargo loading rates encountered in these observations

ranged from 95 m 3 /hr (600 bbl/hr) to 272 M 3 /hr (1712 bbl/hr) for the pure

chemicals and 591 m 3/hr (3723 bbl/hr) for gasoline. The loading rate was

governed primarily by the capacity of the product transfer pumps located

onshore that take product from storage tanks in the tank farm and pump it

to the loading dock. In some cases, the flow of product received by the

vessel was split and transferred to 2 or more cargo tanks simultaneously.

In every one of the field observations, the tank atmosphere

displaced by incoming cargo was vented through open ullage hatches located

close to deck level. Vent heights ranged from 0.74m (29 inches) to 1.07m

(42 inches) above deck level. Vent diameters ranged from 0.15m (6 inches

to 0.48m (19 inches).

In order to properly validate the plume dispersion model

it was necessary to acquire additional data at higher loading rates and for

different vent geometries. For this purpose, a set of 54 laboratory tests

were performed at SwRI to simulate (in full scale) the emission

of chemical vapors during cargo loading. These tests were performed in the

open air, away from laboratory buildings and other obstructions. Plume

emission was simulated by releasing a mixture ot propane and air through

a 0.20m (8 inch) diameter vent at heights of 1.6m (5.25 ft), 4.Om (13.1 ft)

and 6.lm (20 ft) above the ground. The propane and air emission rates were

adjusted to simulate the complete range of low (155 to 287 m3i'hr), medium

(454 to 618), and high (722 M3 /hr to 923 M 3 /hr) cargo loading rates anti-

cipated in marine terminal operations.
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All of the plume model validation experiments were designed to

take advantage of the model's sensitivity to a3, the turbulence entrainment

parameter. Other researchers have used measurements of plume rise height for

the determination of entrainment coefficients. However, for the range of

conditions anticipated for most tank atmosphere venting operations, the plume

rise height would have been too small to measure accurately. Also, for chem-

ical vapar plumes that are heavier than air, the effects of increasing plume

momentum flux and buoyancy flux cancel each other. Increasing the momentum

flux causes the plume to rise, while increasing the buoyancy flux causes the

plume to sink. These combined effects could be mistaken for the effect of

ambient turbulence which limits plume rise through quicker dilution. Thus,

plume rise height could not be used to provide an unambiguous determination

of the plume model entrainment parameters.

instead of plume rise height, the crosswind concentration

distribution was used in this study for determining the appropriate value of

(X3, the turbulence entrainment parameter, for each test condition. Figure

IV.29 compares the behavior of the crosswind concentration distribution pre-

dicted for values of X3between 1 and 4 for the set of vapor emission con-

ditions listed in Table IV. 7. Both the peak concentration value in the

center of the plume and the width of the plume in the crosswind direction

are strongly sensitive to the value of t3used in the prediction. Not

only is the crosswind concentration distribution a sensitive function of

model parameters, it is the variable that must be predicted correctly to

give realistic predictions of chemical vapor hazards.

During each vapor dispersion test several variables were

measured and recorded.

0 Vent geometry and receptor arrangement

0 Ambient wind speed and direction

0 Plume emission rate

o Vapor concentration at the vent

0 Vapor concentration distribution downwind of the vent.
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FIGURE IV.29. CROSSWIND CONCENTRATION DISTRIBUTION PREDICTED
FOR 4 VALUES OF ct3 AT 4m DOWNWIND OF VENT

TABLE IV. 7. VAPOR EMISSION CONDITIONS FOR THE EXAMPLE IN
FIGURE IV.29

Vented Gas :Ethanol vapor and air

Concentration at the Vent :43,050 ppm (0.0815 kg/rn3)

4Cargo Loading Rate :155 m 3 /hr

Vent Diameter :21 cm

Vent Height :86 cm above deck level

Wind Speed :4.9 mn/s at 10 in height

, Turbulence Entrainment Velocity :1.04 rn/s (21.2% of wind speed)

Ambient Temperature :24oC

Concentration Prediction Height :1.67 in above deck level
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The methods used to measure each of these variables are described below.

Vent Geometry and Receptor Location

Both the diameter of the vent and its height above the deck

were measured and recorded. A circular arc, with the vent at its center, was

scribed onto the deck of the vessel with chalk. Vapor sampling receptors were

arranged along the arc as shown schematically in Figure IV.30. The height of

each receptor above the deck, and the separation distance between receptors

were measured and recorded for each test. A photograph or sketch was made

showing the vent and receptor arrangement. The proximity of on-deck struc-

tures (such as piping, pumphouses or a deckhouse) that might influence the

dispersion of the plume was also recorded.

2.5 4.0 7.4 Radius (meters)
Vent

Receptor Spacing

30.5 cm, at 2.5 m Radius
45.7 cm at 4.0 m Radius
61.0 cm at 7.4 m Radius

4 FIGURE IV.3O. TYPICAL ARRANGEMENT OF VAPOR SAMPLING RECEPTORS FOR
MEASUREMENT OF CROSSWIND CONCENTRATION DISTRIBUTION

Ambient Wind Speed and Direction

Wind speed measurements were made at two locations, (1) on

the deck of the vessel, and (2) on a 10m meteorological tower located in the

marine terminal area. Ambient wind speed was measured continuously during

the tests with either a propeller/vane or a cup/vane anemometer placed atop

the meteorological tower. The continuous wind speed indications were
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sampled and recorded every 15 seconds by a data logger. Thus, during a

10-minute vapor sampling run wind speed and direction were measured and re-

corded 40 times. The set of wind speed values was used to form statistical

estimates of the mean and standard deviation of wind speed during the 10-

minute-long test. The estimates of the standard deviation of wind speed

was used as the measured value of turbulence entrainment velocity, u',

for plume model predictions. This method was also used for the simulation

tests performed at SwRI.

In some of the field tests on tanker ships, the velocity

close to the tank vent was affected by on-deck structure, and the local wind

speed and direction were different from the values measured at the meteorolog-

ical tower. Thus, it was necessary to obtain another measurement of average

wind speed close to the vent on the deck of the vessel. This was obtained

with a mechanical wind velocity meter that indicated the total flow of air

(in linear meters) passing through the meter during the 10-minute vapor

sampling test. This method gave a value for average wind speed only. An

estimate of turbulence entrainment velocity, u , was obtained by multi-

plying the on-deck average velocity by the ratio of the standard deviation

* to the mean velocity obtained from the meteorological tower record.

Plume Emission Rate

During the field tests on tankerships and barges, the emis-

sion rate of air and cargo vapor was usually determined from liquid level

measurements made every 15 minutes during cargo loading as shown in Figure

IV.31. A typical graph of indicated ullage (the vertical distance from the

liquid surface to the rim of the ullage hatch on the expansion trunk) versus

time is shown in Figure IV.32 for the loading of denatured ethanol during

Tests 1 through 7. Cargo loading tables, or cargo tank plan drawings were

used to give the tank volume per foot of depth. Multiplying the tank volume

per unit of depth by the rate of ullage change gives a value for the volu-

metric flowrate of chemical product into the cargo tank. If the tank is

vented directly to the air through an open ullage hatch, or individual tank

vent, the plume emission flowrate can be equated to the cargo volumetric

flowrate.
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FIGURE rV.31. ULLAGE MEASUREMENT DURING CARGO LOADING TO DETERMINE
LOADING RATE
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For Tests 102 and 103 on a gasoline tanker, the vent lines

from several cargo tanks were connected. In this case, the plume emitted

from a vent may contain gas from other tanks. For these two tests, the plume

emission velocity was measured directly at the vent witt the mechanical velo-

city meter used for on-deck wind velocity measurements.

For the vent simulation tests performed at SwRI, a different

procedure was used. A fan, with a nominal flowrate rating of 850 m3/hr, was

connected directly to a length of 0.20m (8 inch) diameter PVC pipe as shown

qin Figure IV.33. The flowrate of air through the fan was adjusted by plac-

ing a flow restricting orifice across the fan inlet. Propane was added to

the airflow to produce a propane/air plume. The flow of propane was metered

through a series of five rotameters and controlled by adjusting a set of

needle valves. The propane gas flow was added to the airflow through ports

drilled into the wall of the PVC vent line. In this way, propane concentra-

tions as high as 0.56 kg/m 3 (30% by volume) were obtained in the propane/air

plume.

Vapor Concentration at the Vent

The concentration of chemical vapor in the stream of gas

emitted from a tank vent was measured directly with an Organic Vapor Analyzer,

as shown in Figure IV.34. In general, the level of vapor concentration in a

cargo tank gas atmosphere depends on whether or not the tank has been washed

and gas freed before loading.

4

On some vessels, particular cargo tanks are "dedicated" to

transporting one product and they do not require washing and ventilating to

prepare them for cargo loading. Also, certain liquid bulk cargos do not have

critical purity requirements and can tolerate contamination from liquid and

vapor residue of a chemically compatible cargo carried previously in the

tank. In these circumstances, when the cargo tank has not been washed and

ventilated before loading, the level of vapor concentration in the tank from

the previous cargo may be high. Figure IV.35 shows a graph of vapor concen-I

tration measured at a tank vent during the loading of methanol into a
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FIGURE IV.35. VAPOR CONCENTRATION AT THE TANK VENT MEASURED
DURING LOADING OF METHANOL INTO A DEDICATED TANK
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"dedicated" tank for test numbers 32 through 37 in Table IV. 6. Note that

at the start of cargo loading the methanol vapor concentration in the tank,

formed from the residue of previous cargos, exceeded the LEL. During load-

ing the vapor concentration increased slowly, and approached the saturation

vapor concentration for methanol vapor in air near the end of loading.

Cargo tanks are routinely washed and gas freed to remove all.

residue from the previous cargo when it is required to meet product quality

standards or when the previous cargo is not chemically compatible with the

cargo to be loaded. In this case, the chemical vapor concentration in the

tank can be low at the start of loading. Figure IV.36 shows a graph of vent

concentration during the loading of 200-proof denatured ethanol into a clean,

gas-free tank. Note that the vapor concentration increased steadily during

cargo loading, but that the concentration level exceeded the LEL only during

the final stage of loading. As in Figure IV.35, the vapor concentration

approaches the saturation concentration value when the liquid level nears

the top of the tank.

Except at the start and end of cargo loading, the vapor con-

centration at the vent varies slowly enough that an average value of vent

concentration can be used for plume model validation. Thus, the vent con-

centration was measured at 15-minute intervals during loading, and at both

the start and end of each 10-minute-long vapor sampling run.

Vapor Concentration Distribution Downwind of the Vent

The method used to determine the spatial vapor concentra-

tion distribution was to obtain and analyze air samples at 9 or more receptor

locations usually arranged along a circular arc downwind of the vent as de-

scribed earlier in this section. The wind direction above the deck of the

vessel close to the vent was indicated reliably by the wind vane shown in

Figure IV.37. Receptor stations were rearranged along the sampling arc be-

tween runs in response to shifts in wind direction. The typical arrangement

of receptors used for Tests 22 and 23 during the loading of n-heptane is

shown in Figure IV.38. During some tests, on-deck structure prevented the

130



100% I'

! --

,,U UEL 19%

U

0 10% SATURATED VAPOR CONCENTRATION 10.9%
AT 32C-

C-

_J

_ U LEL 3.3%

,o '

0 I
". - 10,000

S ppm

rL-- S-A

-l-

1 TLV-TWA 1000 ppm
1 ,000

ppm e I I I I 1 I L J.
7 8 9 10 11 12 1 2 3 4 5

TIME OF DAY, HOURS

FIGURE IV.36. VAPOR CONCENTRATION AT THE TANK VENT MEASURED

DURING LOADING OF ETHANOL INTO A CLEAN, GAS FREE TANK

131



WMWA

11 -7 I D V q O



AA

er

00

P4

aZ
V.C

133



placement of receptors along a circular arc. When this occurred, alternate

receptor locations were chosen and recorded on a sketch of the deck region.

Each receptor station consisted of an MSA Model C-200 samp-

ling pump connected to an inert collection bag as shown in Figure IV.39.

The nose of the sampling pump was usually set at a height of 1.67m (5.5 ft)

in order to obtain samples of air at breathing height. Each collection bag

was identified by number and both the bag number and the receptor location

were recorded on a data sheet for each run. All collection bags were purged

with nitrogen and evacuated before use. A valve at the bag inlet was closed

to prevent entry of ambient air.

At the start of a vapor sampling run, the collection bag

valves were opened and the sampling pumps were turned on. After 10 minutes

the pumps were turned off and the valves were closed. Soon after the col-

lection bags were removed from the receptor stations. A small sample of

gas was drawn off for measurement of the "total hydrocarbon" concentration

with an Organic Vapor Analyzer. This reading identified the approximate

level of concentration and guided further analysis with a gas chromatograph.

Each vapor sample was analyzed again with a portable F.I.D. gas chromatograph

* within 0 -4 hours of collection. This procedure minimized the possible loss

* of chemical vapor by diffusion through the collection bag walls. GC traces

were recorded on a strip chart recorder for further analysis by peak height

or integrated area methods. Liquid samples of -le chemical cargo were col-

lected and used for post-test calibrations. After the vapor concentration

*data were reduced and plotted, it was compared with plume model predictions -

'4 as described in the next section.

IV.3.3 Comparison of Model Predictions and Experimental Data

Of the total of 103 chemical vapor plume dispersion tests

* listed in Table IV. 6 , many are replicate tests that were performed during

* the same loading operation. Although plume dispersion model predictions

were made for the recorded conditions of all of the dispersion tests, it

is not necessary to show all of the comparisons in this report. Instead,

134



LCOCAL WIND

I)TRECTION I;DCA'R----.

l'; 'FT LINI:

INEPT ~ ~ 4 C.LFTOC

FIGURE IV.39. AIR SAMPLING RECEPTOR STATION

135



one or two representative tests have been selected from key loading obser-

vations for presentation and discussion in this section.

The comparisons of plume model predictions with experimental

data show clearly the situations where the plume model gives good results,

and where it works poorly. In general, the agreement between predictions

and data is good whenever the ambient wind field was unimpeded by on-deck

structure. Poorer agreement was found when the cargo tank vents were shield-

ed from the wind by on-deck structure. Examples of both situations are pre-

sented and discussed in this section.

Ethanol Loading into a Washed and Ventilated Tank,

Tests 2 and 6

These tests were performed during a cargo loading observa-

tion on a chemical product tanker. The cargo tank had been washed, venti-

lated and inspected prior to loading. The cargo loading rate was maintained

constant during loading at approximately 155 m 3/hr. Figure IV.40 shows the

values of vapor concentration measured at the open ullage port which was

used to vent the tank gas atmosphere during loading. The vent was located

close to the edge of the "trunk" deck which was elevated above the main deck.

As a result, the path of the wind over the vent was clear and unobstructed.

During this observation the wind speed on the deck of the vessel was not

measured. However, the meteorological tower was located close to the vessel

and the meteorological tower measurements have been used for plume model

predictions.

Seven vapor sampling runs were performed during this obser-

vation as indicated in Table IV. 6. Good agreement between model predic-

tions and experimental data was found for all seven runs. The results of

tests 2 and 6 are presented here. Test number 2 was performed relatively

early during loading as shown in Figure IV.40. The average ethanol vapor

concentration was 0.0177 kg/in3 (9350 ppm) during the 10-minute-long vapor

sampling run. The time average wind velocity was 4.42 rn/s (9.9 mile/hr)

with an estimated turbulence level (defined as the ratio of the standard
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deviation to the mean value calculated from wind velocity samples) of 21.4%.

Receptors were placed at man breathing height along an arc at a radial dis-

tance of 2.51m (8.2 ft) downwind of the vent. Figure IV.41 compares the mea-

sured concentration data for Test No. 2 with plume model predictions for two'

values of a3 , the turbulence entrainment parameter, equal to 2 and 3, re-

spectively. The experimental data matches the concentration distribution pre-

dicted for a3 = 3 quite well.

Test number 6 was performed during the last 45 minutes of

cargo loading as shown in Figure IV.40. The average ethanol vapor concentra-

tion was 0.054 kg/m3 (28,600 ppm) during the vapor sampling run. The average

Uwind velocity was 4.41 m/s (9.9 mile/hr) with an estimated turbulence level
of 17.0%. For this test, receptors were placed at man breathing height

along an arc at a radial distance of 4.Om (13.3 ft) downwind of the vent.

Figure IV.42 compares the vapor concentration values measured at the receptor

stations with plume model predictions for X3 = 2 and a3 = 3. Again, the

experimental data matches the predicted concentration distribution well for

a3 = 3.

The maximum ethanol vapor concentrations predicted at man

breathing height along the arc of receptors were about 27 ppm for test 2

and about 55 ppm for test 6. These two values are well below the accepted

STEL value of 5000 ppm for 15 minutes and the TLV-TWA value of 1000 ppm for

ethanol.

Isopropanol Loading into a Washed and Ventilated Tank

Tests 8, 9, 10, 11, 12

These tests were performed on the same chemical product

tanker as tests 1 through 7. However, the tanker moved to a different dock

before the start of tests 8 through 12. The cargo tank to be loaded had

4 been washed, ventilated and inspected earlier in the day, so that the vapor

concentration was very low (1 68 ppm as CH4). During this loading observa-

tion, the incoming flow of isopropanol was split between two tanks. The

flowrate to these tanks was adjusted from time to time to maintain the trim

4 of the vessel. As a result, the loading rate into tank 3CS decreased from
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"4

158 m 3/hr to 102 m3/hr during loading. Figure IV.43 shows the measured

variation of isopropanol vapor at the ullage port used to vent the tank

atmosphere. This vent was located on the upwind side of the ship and close

,. to the edge of the "trunk" deck so that the wind was relatively unobstruct-

ed by on-deck structures. The wind speed at deck level close to the vent

was not measured, and the meteorological tower was situated over 800m

(1/2 mile) away from the vessel at a remote location where an electrical

supply was available. The tower was located near the top of a sea wall,

and the base of the tower was elevated more than 6m (20 ft) above the

dock area.

Five vapor sampling tests were performed during a three-hour

period during the middle stage of cargo loading, as shown in Figure IV.43

and Table IV.6. The values of the mean wind speed and the average turbu-

lence level were measured by the meteorological tower for these runs as

listed in Table IV.6. However, when these data were used for plume model

predictions, the vapor concentration distribution was considerably under-

predicted as described below.

The results for test number 8 are typical and they reveal

* the problem that occurred. The average isopropanol vapor concentration at
- the vent was 0.00364 kg/m 3 (1490 ppm) for this run. The measured values

of mean wind velocity and average turbulence level were 3.01 m/s (6.73

mile/hr) and 13.0%, respectively. Receptors were placed at breathing

height along an arc at a radial distance of 2.51m (8.2 ft) from the vent.

Figure IV.44 shows that the measured values of concentration were between

2 and 6 times higher than the level predicted by the plume model for re-

ceptor locations. Because of the remote location of the meteorological

tower, it was reasonable that the wind speed at vessel deck level could

be different from the recorded value. Plume model predictions were re-

peated using a 50% lower value of wind speed, and the same value of turbu-

lence intensity. The results are shown in Figure IV.44. The measured

and predicted values of vapor concentration are much closer, generally

within a factor of 2 for a value of (3 5.
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Plume model computations for runs 9 through 12 also under-

predicted the level of vapor concentration at receptor locations. As for

test number 8, the agreement between the model predictions and the experi-

mental data was improved considerably when the value of the mean wind velo-

city was reduced by 50%. Table IV. 8 lists the set of experimental condi-

tions for these tests.

Figures IV.45(A) and (B) compare the experimental data for

tests 9 and 10 along an arc 3.73m (12.2 ft) downwind of the vent with plume

model predictions using 50% of the measured wind speed values. Referring

to Table IV. 8 we see that the vent concentration values and the wind

speeds were fairly similar for these two runs. However, the estimated

value of turbulence level dropped sharply from 11.3% for run 9 to 4.9% for

run 10. Yet, Figures IV. 45 (A) and (B) show clearly that the measured

concentration distributions were very similar for these two runs. Figure

IV.45(B) shows that the value of a3 had to be increased from 6 to 12 in

order to compensate for the lower estimated value of tlv, the turbulence

level.

Figure IV.46 compares the predicted and measured concen-

tration distributions for observations 11 and 12, which employed a circular

arc located 7.39m (24.2 ft) from the vent. As with Figure IV.45, the agree-

ment between predicted and measured concentration values is good when a 50%

value of the measured wind speed is used. Note also that a higher value of

a3 8 or 9 is required in Figure IV. 46 (B) than in Figure IV. 46 (A), where

a3 6 or 7. The increase in a3 goes hand-in-hand with the decrease in

turbulence level from 8.2% to 6.3% from run 11 to run 12.

Table IV. 8 shows that the product of a3 and turbulence

level was nearly constant for runs 8 to 12, having a mean of

a3 " tlv = 0.61

with a standard deviation of .05. It is interesting that when the values

of t3 and turbulence level for tests 1 to 7 (discussed above) are multi-

plied together, they give a value of a3 tlv % 0.59.
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This series of tests pointed out the need to base plume

model predictions on the value of velocity closest to the vent. It also

indicated that there was a problem with the meteorological instrumentation

during tests 8 through 12 (also for tests 13 through 21 which were per-

formed during the same period of time). The meteorological instrumenta-

tion was replaced with new equipment beginning with test 24.

During tests 8 through 12, the maximum isopropanol vapor

concentrations measured at man breathing height were about 0.004 kg/m
3

(16.4 ppm). This value is well below the accepted STEL and TLV-TWA value

q of 400 ppm for isopropanol.

Isopropanol Loading into a Washed and Ventilated Tank

Tests 24, 25, 26

Because of the uncertainty in the results of tests 8- 12

caused by problems with the meteorological instrumentation, a second set

of plume dispersion tests was performed during an isopropanol loading.

Tests 24-27 repeated the isopropanol loading observation (at a later date)

on the same tanker.

During tests 8- 12, isopropanol had been loaded into tanks

3CS and 3CP simultaneously. During tests 24- 27, isopropanol was loaded

only into tank 3CS. As a result, the cargo loading rate was approximately

272 m 3/hr for tests 24-27 compared with 102 - 158 m 3 /hr for tests 8-12.

4

During tests 8- 12, the wind speed had been measured only

at the meteorological tower located about 800m (1/2 mile) away from the

marine terminal area. During tests 24- 27, the meteorological tower was

located within 50 meters (160 ft) of the vessel Also, the wind speed on

the deck of the vessel was measured with a mechanical wind meter.

Figure IV.47 shows the arrangement of expansion trunks,

platforms, etc. for the chemical product tanker. During tests 8-12, the

wind direction had been from starboard to port and the wind was unobstructed
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as t passed over the tank vent. However, during tests 24 to 27, the wind

direction was from the stern of the vessel towards the bow. A raised plat-

form over the cargo loading manifold and on-deck piping lay directly up-

wind of the expansion trunk and tank vent for tank 3S. This structure par-

tially shielded the tank vent from the wind. As a result, the wind speed

readings made on the deck of the vessel were considerably lower than the

wind speed readings at the meteorological tower only 50m away. Table IV.9

lists both the meteorological tower wind speed and on-deck wind speed read-

ings for runs 24 to 26. Run 27 was strongly affected by wind obstruction.

The propeller in the on-deck wind meter stopped and reversed direction

during part of that run.

Figures IV.48 and IV.49 compare the predictions for cross-

wind concentration distribution with the experimental concentration data

using the meteorological tower wind speed value and the on-deck wind speed

value. As expected, the higher value of wind speed used in Figure IV.48

caused the concentration distribution to be underpredicted. Surprisingly,

using the lower on-deck value of wind speed caused the concentration dis-

tribution to be overpredicted as shown in Figure IV.49. This could be

caused either by inaccuracy in the wind meter readings or by inaccuracy in

the plume model predictions at low wind speed.

As a compromise, the average of the on-deck and the meteoro-

logical tower wind speed readings has been used for the value of wind speed

in the plume dispersion model with good results. Figures IV.50, IV.51,

and IV.52 compare the experimental concentration data for runs 24, 25, and

26 with the predicted concentration distribution for values of a3 equal

to 2 and 3. The agreement is quite good when a value of a3 = 3 is used.

Table IV.9 lists the best fit values of a3. tlv as 0.86, 0.91, and 0.81

for these three tests. These values are 50% higher than the values of

a3 " tlv % 0.6 found for tests 1-7 and 8-12. The difference is probably

due to (1) interference by the on-deck structure upwind of the vent and

(2) greater randomness in wind direction at low wind speeds.
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Although the vent concentrations measured during tests

8 - 12 and 24 - 26 were similar (compare Tables IV. 8 and IV. 9 ) the maxi-

mum values of isopropanol concentration measured for tests 24- 26 were

higher because the loading rate was higher and the receptors were closer

to the vent. For tests 24- 26, the highest values measured were about

10-4 kg/M 3 (41 ppm), 1.2x10- 4 kg/M 3 (49 ppm), and 2.3x10- 4 kg/M 3 (94 ppm).

However, these values are still lower than the accepted STEL and TLV-TWA

* value of 400 ppm for isopropanol.

Methanol Loading into a Dedicated Tank

Tests 32, 34, 35, 36

These tests were performed during a cargo loading obser-

vation on a barge that is dedicated to carrying of methanol. The barge

contained three separate tanks, each with a capacity of about 564 m
3

(149,000 gallons). The tanks are not washed or ventilated between discharge

and loading operations. All three tanks were loaded simultaneously, but

-" topped off sequentially. The average loading rate for each tank was about

227 m 3 /hr (1000 gpm). The tank gas atmosphere was vented through an open

ullage hatch with the hatch cap resting on pins.

During loading operations, the wind was fairly steady both

in strength and direction, passing across the barge from river towards shore.

Measurements of wind ,ielocity were made both with the 10 meter meteorological

tower (located %300 meters downwind from the barge) and with a mechanical

air meter located on the barge deck, next to the wind direction indicator.

6Q The meteorological tower wind speeds were generally higher than those mea-

sured on the deck of the barge, and the on-deck wind speeds have been used

for the average wind speed in the plume model calculations. An estimate of

the turbulence intensity (rms velocity fluctuation divided by mean wind

4 speed) was obtained from the meteorological tower record.

A total of 6 plume dispersion runs were made (see Table

IV. 6, tests 32 to 37). Nine receptors were arranged along a circular arc

*at a radius of 3.66m (12 ft) from the center of the ullage hatch. The
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spacing along the arc between receptors was 0.46m (18 in.). For runs 32

and 33, the receptors were located at 1.68m (5.5 ft) above the deck of the

barge. For runs 34-37, the receptor height was reduced to 1.07m (3.5 ft)

above the deck.

During each test, a 10-minute sample of the tank gas atmo-

sphere at the ullage hatch was drawn off and stored in a bag. Each source

concentration sample was analyzed together with the 9 area bag samples

collected during each 10-minute observation. The source concentration

values are shown in Figure IV.53. The methanol concentration level was

high, exceeding the lower explosive limit, throughout the entire loading

period.

The plume dispersion model was used to predict the cross-

wind concentration distribution for each run using the measured values of

loading rate, on-deck wind speed, turbulence level and source concentration.

To simplify the computation of initial plume conditions, it was assumed that

the ullage hatch was fully open. Good agreement was obtained between the

model predictions and experimental data for all six tests. The results of

tests 32, 34, 35 and 36 are presented here. The set of experimental con-

ditions for these tests are summarized in Table IV.10.

Figure IV.54 compares the measured concentration distribu-

tion along the arc of receptors at a height of 1.68m (5.5 ft) above the

deck of the barge for test 32 with the predicted concentration distribution

for values of (X3 equal to 2 and 3. The experimental data match the pre-

dicted concentration distribution predicted for U3 = 2 fairly well. The

combination of X3 " tlv is equal to 0.55 for this run.

Figures IV.55, IV.56 and IV.57 compare the measured concen-

tration distributions along the arc of receptors at a height of 1.07m

(3.5 ft) above the deck for tests 34, 35 and 36 with concentration distri-

bution predictions for values of a3 equal to 1, 2, or 3. Note that the

experimental data match the predicted concentration distribution for a

value of a3 = 2 for runs 34 and 35, and for a value of a3 = 3 for run 36.
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Table IV.l0 shows that the experimental conditions for runs 35 and 36 were

very similar except for the estimated values of turbulence intensity which

*i were 0.365 for run 35 and 0.228 for run 36. Comparing Figures IV.56 and

IV.57 shows that the measured concentration distributions were actually very

similar for the two runs. Thus, the higher value of a3 = 3 required for

run 36 to match the data has compensated for the lower estimated value of

turbulence intensity. In fact, the combinations of X3 " tlv for runs

35 and 36 are equal to 0.73 and 0.68, respectively. The average value of

a3 " tlv for all six tests was 0.63, which is quite close to the values of

0.59 calculated for tests 1-8, and the value of 0.61 for tests 8-12. In

all of these particular tests, the wind field above the vent was unobstructed

by on-deck structure.

The current accepted concentration values for the STEL in-

halation limit is 260 mg/m3 for 60 minutes. This is equal to a value of

2.6x 10- 4 kg/M3 or 200 ppm. The value of the TLV-TWA for methanol vapor

*' is also 200 ppm. Figures IV.54 through IV.57 show that the vapor concen-

*tration in the central region of the plume exceeded these concentration

limits at the receptor locations. While only run number 32 measured the

* vapor concentration at breathing height, it is likely that the TLV-TWA and

STEL limits were exceeded at breathing height for the other runs also since

the vent concentration, wind speed and loading rate conditions changed only

slightly during the tests. Figure IV.58 shows the concentration contours

downwind of the tank vent at a height of 1.07m (3.5 ft) above the deck pre-

dicted for a wind speed of 1.41 m/s and a value of a3 " tlv equal to 0.61.

The contour lines are shown superposed onto an outline sketch of the barge.

It is interesting to note that the concentration contour line corresponding

to the 200 ppm STEL and TLV-TWA limit values extends beyond the side of the

barge, and nearly reaches a walkway on shore.

Vinyl Acetate Loading into a Washed and Ventilated Tank

Tests 29 and 31

These tests were performed during a loading of vinyl acetate

into tank 10CP, close to the deckhouse, on a chemical product tanker. The
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7

DECK TANK #3

PLATFORMSTIO

0 L3 TRUNK ,1,,

IULLAE'~' L DECK

11n9l'9" L5@ L6 -7

LL7

WALKWAY * L9 OLI

7' 1 7'-)

NOTE: Receptors Li through L7 were situated on a platform

raised above the top of the trunk deck. The pump

noses were all at 5'6" above the platform.

Receptor L8 was placed on the sloping trunk deck

next to an eyewash station.

Receptors L9 and L10 were placed on a walkway above

the platform. Pump nose elevation was 11'3" above the

platform.

FIGURE IV.60. SKETCH OF RECEPTOR LOCATIONS FOR VINYL ACETATE
LOADING IN TANK 10 CP
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starboard through the passage between deck tank #3 and the deckhouse. Thus,

receptor Li was in a nominally upwind location, and the other nine receptors

* were downwind of the ullage hatch. Vapor concentration measurements at loca-

tion Li serve to indicate reversals in wind direction.

Figure IV.61 shows the vinyl acetate vapor concentration mea-

sured at the ullage hatch during loading. The concentration remained below

* 1000 ppm until 2:00 PM when the vapor blanket began to appear at the vent.

* From then until the end of loading at 3:15 PM, the source concentration varied

quickly, reaching a peak of approximately 8% at 2:55 PM, then decreasing when

* some air entered the tank as the loading rate was decreased.

Table IV.ll lists the vinyl acetate concentration values

determined at receptors Li through L10 for observations 28- 31. A blank entry
* indicates that the bag had become deflated before it could be sampled. All

concentration values in this table were determined from the measurement of

peak height on an Organic Vapor Analyzer used in its gas chromatograph mode.

The vapor concentration data measured during test 28 are relatively low,

and the data for test 30 was incomplete. Therefore, only tests 29 and 31 have

been used for comparison with plume model predictions.

Tests 24- 26 had indicated that the value of at.l the turbu- -

lence entrainment parameter, should be increased in order to properly account

for the effects of upwind structure. However, for tests 29 and 31, the pri-

mary effect of structure was to make the wind speed through the passage very

unsteady in speed and direction.

A special version cf the plume dispersion model was pre-

pared to determine least square error estimates of two parameters, at and

the angle of the wind relative to the longitudinal axis of the ship. The

coordinates and concentration values for receptor stations L2 through L8

* (see Figure IV.60) were used for tests 29 and 31. Receptor Li was not used

* since it was upwind of the ullage hatch and receptors L9 and L10 were not

used because they were at an elevation about 2 meters higher than L2 to L8.

The results from the least squares estimate of cL3 and plume angle for

these tests are:4
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TABLE IV.11. MEASURED VALUES OF VINYL ACETATE VAPOR CONCENTRATION (ppm)

RECEPTOR OBSERVATION NUMBER

NUMBER #28 #29 #30 #31

Li 14 24 158 14

L2 12 16 30 55

L3 17 271 --- 494

L4 26 432 1249 1051

L5 16 133 --- 358

L6 13 57 174 717

L7 14 31 81 340

L8 12 20 --- 148

L9 14 57 531 85

L1O 13 46 --- 222
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Test No. a3  Wind Angle

29 5.55 64.20

31 4.75 70.90

* Figures IV.62 and IV.63 compare the concentration values mea-

sured at the receptors and the concentration contours predicted for tests

29 and 31, respectively. Figure IV.62 shows very good agreement between

predicted and measured concentrations while Figure IV.63 shows general,

order of magnitude, agreement.

A possible explanation for the poorer agreement between actual

and predicted concentrations for test 31 may be due to the wind speed. From

Table IV. 6 , it can be seen that the wind speed was reported to be much higher

for this test than for tests 28, 29, and 30. An artificially high wind speed

could cause the underpredicted concentrations such as those seen in Figure

IV.63.

Nevertheless, these observations demonstrate the usefulness

of the on-deck plume model even in regions between the deckhou-e and on-deck

structures such as deck tanks. In general, we may conclude:

o The local wind speed between the deck tank and deckhouse will

probably be lower and less steady in magnitude and direction

than the wind speed measured by a meteorological tower in the

terminal area.

0 If a "standard" estimate of wind turbulence based upon meteoro-

logical tower readings is used, the appropriate value of t3,

entrainment coefficient for the turbulence, is larger (% 5)

than the usual value of 2 to 3.
4i

o The combined effect of lower local wind speed and higher effec-

tive turbulence level, CL3 U
', serves to make the plume broader

and to increase the width of the deck area within the STEL or

TLV-TWA concentration contour.
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The current accepted values f or the STEL and TLV-TWA inhala-

tion limits are 20 ppm for 15 minutes and 10 ppm, respectively. Table TV.ll

shows that the actual concentration values measured at the ten receptor loca-

tions exceeded one or both of these values during all four tests. Even along

the elevated walkway next to the deckhouse, receptors L9 and L10 indicated

vapor concentrations above the TLV-TWA for test 28 and above the STEL for

tests 29, 30, and 31.

Cargo Loading Simulation Tests with a 1.6m Vent

Tests 45, 47, 48, 50, 53, 55

As discussed in Section IV.3.2, an extensive set of outdoor

* plume dispersion tests was designed and performed to simulate a wider range

of cargo loading rates and tank vent heights than had been encountered in

the marine terminal tests.

The first set of simulation tests used a 1.6m (5.25 ft) tall

vent. All of the field tests on tankerships and barges had observed tank

* venting from low vents less than 2m in height. Therefore, the results from

this set of simulation tests could be compared directly with the field tests.

A total of eleven tests (numbers 45-55 in Table IV. 6) were

performed with the 1.6m vent. Of these, the results of six tests (numbers

* 45, 47, 48, 50, 53, and 55) are presented in this section. Table IV.12

lists the experimental conditions recorded for these tests. For each test

an array of vapor sampling receptors was set up at a radial distance of lOin

(32.8 ft) downwind of the vent. The height of the receptors was

* 1.67m above the ground and the spacing between receptors was lm. Wind mea-

surements were performed with the l1in meteorological tower located less than

20m from the test site.

Tests 45 and 47 were performed with high venting rates, 728

and 734 m /hr, and vent concentrations of approximately 2.5% by volume of

propane. The concentration values measured at the receptors are compared

with plume model predictions in Figures IV.64 and IV.65. The agreement Is
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FIGURE IV.64. TEST 45 - PLUME DISPERSION FROM A 1.6m VENT AT
HIGH LOADING RATE
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FIGURE IV.65. TEST 47 - PLUME DISPERSION FROM A 1.6m VENT AT
HIGH LOADING RATE
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good for both runs. Best fit values of 13 tlv are 0.50 and 0.66, re-

spectively. Since comparisons were made only for integer values of Oi3

for these tests, it will be necessary to calculate an "ensemble" average

for a3  tlv over all tests in this series.

Tests 48 and 50 were performed with medium venting rates,

461 and 455 m3/hr, and vent concentrations of about 2.4% and 2.9% by volume.

Predicted and measured concentration distributions are shown in Figures

IV.66 and IV.67. Again, the agreement is good. Best fit values of (13 .tlv

are 0.46 and 0.60, respectively.

Tests 53 and 55 were performed with low venting rates,

166 m /hr and 222 m3 /hr. To compensate for the reduced volume of gas being

vented, it was necessary to increase the vent concentration to 4.5% and

6.1% of propane. Figures IV.68 and IV.69 compare the predicted and measur-

ed concentration distributions. Again, agreement is good (although a value

of a3 % 2.4 would improve agreement even more in Figure IV.68). Best

estimated values of a3 - tlv are 0.50 and 0.62, respectively.

Taking all six tests together, the average value of a3 " tlv

from Table IV.12 is 0.56. The average value of a3 " tlv for all eleven

tests performed with a 1.6m vent is 0.61. These estimates agree well with

the results of the field tests ( 3. tlv = 0.59 for tests 1- 8, 0.61 for

tests 8- 12, and 0.63 for tests 32-37).

K. Thus, the plume model has been shown to correctly predict

the vapor concentration distribution downwind of low tank vents for venting

rates ranging from 100 to 700 m /hr. The appropriate value of a3 " tlv

is about 0.60 when the wind passing over the vent is not obstructed by

on-deck structures. When the vent is partially shielded from the wind

(as in tests 24- 27 and 28- 31), higher values of a3 • tlv ranging from

0.9 to as high as 1.5 should be used.
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Cargo Loading Simulation Tests With a 4.Om Vent

Tests 61, 67, 71, 75, 77, 79

The next series of outdoor venting simulation tests used

a 4.Om (13.1 ft) tall vent. A total of 27 tests (numbered 56 to 82 in

Table IV. 6) were performed with this vent. In this section the results

of six tests are presented for discussion. Table IV.13 lists the experi-

* mental conditions recorded for these tests. For each test an array of vapor

sampling receptors was set up at a radial distance of l1in (32.8 ft) down-

wind of the vent. Receptor height was 1.67m above the ground and receptor

spacing was lm. Wind measurements were recorded for the l10n meteorological

tower.

Tests 75 and 77 were performed at high venting rates, 915

and 923 m3f/hr, respectively. The propane concentration at the vent exit was

* about 7.1 and 8.1% by volume. The concentration data measured at receptor

locations for these runs are compared with-plume model predictions in

Figures IV.70 and IV.71. The agreement between model predictions and data

* is only fair. Although the concentration distribution data has about the

* same shape as the plume model predictions for at3 =3, the predicted con-

centration values are too high by a factor of about 2.

Tests 67 and 79 were performed at medium venting rates,

528 and 565 m 3 /hr, respectively. The propane concentration at the vent was

8.1% and 10.8%, respectively. Figures IV.72 and IV.73 compare the concen-

4 tration data at receptor locations with plume model predictions. The agree-

muent between the data and the model predictions for a3= 2 is good on the

side of the concentration distribution curve and fair in the center. The

level of concentration was predicted well. The maximum differences were

* within a factor of 2.

V Tests 61 and 71 were performed at low venting rates, 215

and 182 m 3 /hr, respectively. The propane concentration at the vent exit

was about 17.8 and 16.5% by volume. Figures IV.74 and IV.75 compare the

* measured concentration data with plume model predictions. The agreement
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TEST 75 -
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FIGURE IV.70. TEST 75 - PLUME DISPERSION FROM A 4.OmVENT
AT HIGH LOADING RATE
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FIGURE IV.71. TEST 77 - PLUME DISPERSION FROM A 4.Om VENT

AT HIGH LOADING RATE
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between model predictions and data is fair. As in the previous two figures,

the overall shape of the concentration profile is predicted well by a value

of aL3 = 2. However, the propane concentration level predicted for the cen-

ter of the concentration distribution curve is too high by a factor of from

2 to 2.5.

6M ~Taking all six tests together, the mean value of aX3 'tlv

is estimated to be 0.66 with a standard deviation of 0.09. This value is

from 5% to 10% higher than the values obtained from the previous tests,

but cannot be distinguished from them statistically.

M
This series of tests showed that the chemical vapor plume

dispersion model gives a reasonably good simulation of the dispersion of

gas released from a 4m vent. The model predictions were generally conser-

vative. In the central region of the concentration profile (at breathing

height), the concentration level was overpredicted by as much as a factor

of two. In none of the 27 tests performed with the 4m vent was the peak

propane concentration underpredicted significantly.

Cargo Loading Simulation Tests With a 6.Om Vent

Tests 85, 86, 93, 95, 96, 99

The last series of outdoor venting simulation tests used

a 6.0Om (19.7 ft) tall vent. A total of 16 tests (Nos. 83 to 89 and 93

to 101) were performed with this vent. The results of six of these tests

are presented here for discussion. Table IV.14 lists the experimental con-

ditions for these tests. Tests 85 and 86 were performed with an array of

vapor sampling receptors set up at a radial distance of 13m (42.7 ft) down-

wind of the vent with a spacing of 1.3m (4.25 ft) between receptors.

Tests 93, 94, 96, and 99 were performed with the receptor array located

at a radial distance of 20m (65.6 ft) from the vent with a spacing of 2m

(6.6 ft) between receptors. The height of the receptors above ground was

1.67m (5.5 ft) for each test. Wind measurements were recorded from the

A~m meteorological tower.
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Tests 93 and 94 were performed at a high venting rate,

908 m 3/hr. The propane concentration at the vent was about 21.9% and

C11.0% by volume for Tests 93 and 94, respectively. Figures 111.76 and

IV.77 compare the concentration data with plume model predictions. The

agreement is poor for Test 93 in Figure IV.76. The plume model predicted

significantly higher values of concentration than were measured. How-

ever, the agreement in Figure IV.77 for Test 94 is much better for nearly

the same test conditions as in Test 93. The reason for this discrepancy

is not known, but it is probably related to a shift in wind direction away

from the array of receptors during the test.

Tests 96 and 99 were performed at a medium venting rate of

618 m /hr. The propane concentration at the vent was about 12.5% and 7.0%,

respectively for Tests 96 and 99. Figures IV.78 and IV.79 compare the con-

centration distribution data with the plume model predictions. The agree-

ment is fair in both tests. The concentration data lies below the pre-

dicted values in the central region of the plume for Test 99. However,

Test 96 concentration data matches the plume predictions rather well.

Tests 85 and 86 were performed at low venting rates of 272

and 255 m 3 /hr, respectively. The propane concentration levels at the vent

were about 15.4% and 15.7%, respectively for these tests. Figures IV.80

and IV.81 compare the measured concentration data with plume model predic-

tions. The agreement is fair for both tests. The plume model overpredicted

the level of propane concentration by about a factor of two for both tests.

The general shape of the concentration distribution data agrees reasonably

well with plume model predictions for (X3 = 3.

The agreement between the predicted and measured concentra-

tion distributions for these 6m vent tests is not as good as was found for

the other vent heights. There are two plausible reasons for this. The

centerline of a plume emitted from the 6m vent is considerably higher

than the height of the receptors. Thus, the region of the plume being

* sampled at breathing height is at least 4m or more away from the center

of the plume. In this region the instantaneous concentration is subject to
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strong fluctuations caused by fluctuations in wind velocity and direction.

The irregular behavior of the concentration distribution data is an indica-

tion that sampling times longer than 10 minutes might have been needed to

give a true representation of the mean concentration field.

Another possible reason for discrepancies between measured

and predicted concentration profiles may be the assumption of a symmnetric

concentration profile in both vertical and crosswind directions. To vali-

date the plume model, a value of the turbulence entrainment parameter was

determined that gave the best agreement between the measured and predicted

concentration profiles in the crosswind direction. When the plume center-

line elevation and the receptor height are nearly the same (as they are for

low vents close to the ground) this comparison is not sensitive to the spa-

tial variation of concentration in the vertical direction. However, for the

6m vent (and also for the 4m vent, but to a lesser degree), the comparison

of predicted and measured concentration distributions is very sensitive to

spatial variation of concentration in the vertical direction. The fact that

the plume model appears to overpredict the concentration level at breathing

height, but gives reasonable agreement for profile width or shape in the

crosswind direction seems to indicate that the plume radius, b, must be

smaller in the vertical direction than in the crosswind direction. This

conclusion is consistent with the standard estimates of horizontal and

vertical dispersion coefficients that are used in point source air pollu-

tion models. For atmospheric stability Class D, Turner's Workbook (Refer-

ence 31) suggests values of a y 11 8m and clz % 4.7m for the horizontal and

vertical dispersion coefficients at a distance of l00m downwind of an ele-

vated point source.

Therefore, it can be concluded that the plume model gives

a reasonably good simulation of the dispersion of gas released from a 6m

vent. It is anticipated that the concentration distribution predicted at

man breathing height will be conservative. Based upon the tests reported

in this section, the concentration predictions should not exceed the actual

concentration level by a factor of more than 3.
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Gasoline Loading Into a Dedicated Tank

Tests 102 and 103

A final set of plume dispersion tests were performed during

a loading of unleaded grade gasoline into a tanker dedicated to transport-

ing gasoline. This test was selected because gasoline is often loaded at

rates that are higher than those observed for pure chemicals in the previous

marine terminal field tests. Thus, it provided an opportunity to validate

*the plume model during actual loading operations in the higher venting rate

range that had been covered only by the outdoor venting simulation tests at

SwRI.

On this particular vessel an enclosed gauging system was

used to measure cargo level in the tank. The tank gas atmosphere was vented

through both an open ullage hatch on the expansion trunk and a vent line

connected to a mast riser vent common to several tanks. The Chief Mate ex-

plained that their usual practice was to load the cargo tank with the ullage

*cap down on its seat (not propped open on pins). The weight of the cap holds

a small backpressure on the tank and forces the tank gas atmosphere into a

* vent line leading from the expansion trunk to a common header which then

* leads to the mast riser vent. While some of the tank atmosphere did escape

from beneath the ullage hatch cap, most of the gas appeared to be discharged

from the mast riser. This method of tank venting had not been observed on

other gasoline tankers, but it did seem to be an effective method for mini-

mizing gasoline vapor concentration levels near the deck.

The cargo loading rate was determined to be about 591 m3 /hr

(3723 bbl/hr) from ullage measurements. The wind speed and direction were

fairly steady during loading operations, and the wind was unimpeded by on-

* deck structure as it passed across the vessel from port to starboard.

Vapor sampling receptors were arranged 0.46m (18 inches)

apart along a circular arc at a radial distance of 4.6m (15 ft) from the

vent. One vapor sampling run was performed with the ullage hatch cap down,

and the hydrocarbon vapor concentration in the vapor sampling bags was
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measured and recorded. Not surprisingly, the vapor concentration levels

were low, and of the same order of magnitude as the "background" concentra-

tion in the terminal area. This supported the observation that most of the

tank gas atmosphere was being diverted to the mast riser vent when the ullage

hatch cap was resting on its seat.

At our request, the Chief Mate permitted us to lift the ullage

hatch cap for vapor sampling tests of 10 minutes duration. Two tests were

performed with the hatch cap open, and they gave readings of total hydrocarbon

vapor concentration at the receptors that are 10 times higher than the values

obtained with the hatch cap down. The test conditions for these two tests
(Nos. 102 and 103) are listed in Table IV. 6

Wind speeds were measured both at the meteorological tower

located on shore about 50m upwind of the vessel, and with a hand-held wind

meter on the deck of the vessel. The wind speeds measured by the wind meter

were higher than the wind speed values calculated from the meteorological

tower readings for both tests. For Tests 102 and 103, the wind speeds re-

corded by the tower were 1.64 rn/s with a turbulence level of 0.34, and 1.50

m/s with a turbulence level of 0.45, and the wind meter values were 3.32 m/s

* and 3.75 m/s, respectively.

During each test, a sample of the tank gas atmosphere at the

ullage hatch was drawn off and stored in a bag. These source concentration

samples were analyzed together with the receptor samples with a F.I.D. gas

chromatograph. A value of 68 for the average molecular weight for gasoline

6 vapor was estimated from the G.C. traces.

Plume model computations were performed for both tests using

(1) both the on-deck and meteorological tower values for wind speed, and (2)

* both the measured value of vent velocity and the value determined from the

loading rate. The difference in wind speed values proved to be significant

while the differences in venting rate measurements were of minor importance.

Therefore. results are presented for both wind speed values for each test.
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Figure IV.82 compares the measured concentration distribu-

tion along the arc of receptors at a height of 1.67m (5.5 ft) above the

deck for Test 102 with t1 predicted concentration distribution for 03 = 1

and L3 = 2 when the on-deck value of wind speed is used. The predicted

concentration distribution for (3 = 2 comes closest to the data, but the

level of concentration is underpredicted. Figure IV.83 shows that the pre-

dicted concentration distribution for L3 = 2 matches the data quite well

when the meteorological tower value of wind speed is used. The value of

CL3 "tlv for this run is 0.68, which is very close to the values ranging from

0.59 to 0.66 that were determined from the previous tests.

Figure IV.84 compares the measured concentration distribu-

tion for Test 103 with the predicted concentration distribution for 3= I

and x3 = 2 using the on-deck value of wind speed. In this figure, the con-

centration data come quite close to the predicted concentration distribu-

tion for a3 = 1. However, the profile width predicted with a3 = 1 seems

too narrow. Figure IV.85 shows that the predicted concentration level for

a3 = 2 comes close to many of the data points when the meteorological tower

value of wind speed is used. However, the profile width predicted for

cL3 = 2 in Figure IV.85 is too wide. A value of U3 between 1 and 2 is

needed to match the concentration data in both Figure IV.84 and IV.85.

Since the estimated value of tlv for this test was relatively high (0.45),

the proper value of a3 " tlv must be between 0.45 and 0.9. The average of

these two values is 0.68; this is also the value determined from Test 102.

This test series confirms the validity of the chemical plume

dispersion model for predicting the vapor concentration distribution down-

wind of tank vents during loading. Based upon the results of the plume dis-

persion tests the following values of a3 " tlv are recommended:

o a3 "tlv = 0.6 - This combination of values should be used

whenever the wind speed and wind direction are not altered

by on-deck structure.

o 3 tlv = 0.9 - This value should be used when on-deck struc-

ture partially shields the vent from the wind, but does not

alter the wind direction significantly.
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0o L tlv =0.9 to 1.5 - These values can be used when the

on-deck structure alters the wind direction and enhances the

unsteadiness of both the wind direction and wind speed.

IV.3.4 Results of Parametric Computations

The validated model for chemical plume dispersion was ex-

ercised in a set of parametric computations. The purpose of these compu-

tations was (1) to test the sensitivity of the model to changes in the values

of the model variables, and (2) to demonstrate the utility of the model in

assessing the effects of different operational and geometrical conditions on

the level of chemical vapor concentration downwind of tank vents.

The computations were performed to simulate the venting of

vinyl acetate vapor during cargo loading. Vinyl acetate was selected be-

cause it is a hazardous chemical cargo that is regulated by U. S. Coast

* Guard regulations in Title 46, Subchapter 0. These regulations require the

* installation of a 4m high vent for tanks containing vinyl acetate on self-

propelled vessels. Vinyl acetate is a volatile chemical with a vapor pres-

sure of 1.65 psia at 20*C, and has low threshold concentration levels for

* toxicity, 20 ppm for the STEL and 10 ppm for the TLV-TWA.

Three sets of parametric computations were performed. These

*consisted of (1) variation of the cargo loading rate, (2) variation of the

ambient wind speed, and (3) variation of the height of the vent used to re-

lease the tank gas atmosphere. One coimmon base scenario was included in each

6 set of parametric computations. The base scenario is

o Vent height = 4m above the vessel deck.

0 Ambient wind speed = 2.24 m/s (5.0 mile/hr).

0 Venting rate = 159 m 3/hr (700 gallon/minute or 1000 barrel/hr)

0 Vinyl acetate vapor concentration = 0.41 kg/in3 (11.3% by

volume, equal to the saturation concentration of vinyl acetate

vapor in air at 20*C).
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This vapor concentration is the maximum concentration when air and vapor are

in equilibrium at a temperature of 20*C. Measurements of vent concentration

during cargo loading for Tests 28- 31 indicated that the vent -oncentration

came very close to this value near the end of loading. The cargo loading

rate of 159 m3 /hr is lower than the actual loading rate of 228 m /hr ob-

served during Tests 28- 31.

The results of the parametric computations are shown as graphs

of the maximum vapor concentration at breathing height (1.67m above the deck)

as a function of distance downwind of the vent, and as graphs of vapor iso-

concentration contour curves at breathing height downwind of the vent.

Figures IV.86 through IV.90 show the results for vapor concentration at breath-

ing height as a function of venting rate. The following variables were held

constant

o vent height = 4m above the deck

o wind speed 2.24 m/s

o vent concentration = 0.41 kg/m 3

* while the venting rate was given values of 79 m 3/hr, 159 m 3/hr, 318 m 3 /hr,

and 794 m /hr. Figure IV.86 shows that the maximum vapor concentration

downwind of the vent exceeds both the STEL and TLV-TWA level for all four

venting rates. Figure IV.87 shows that for the lowest venting rate the deck

region lying within the STEL = 20 ppm contour is relatively small, less than

4 m in width and 10m in ngth. However, at higher venting rates the deck

area within the toxicity threshold concentration levels grows progressively

larger, as shown in Figures IV.88 through IV.90. At the highest venting

rate of 794 m 3/hr, breathing height concentrations can exceed 100 ppm, 5

times the STEL level, at distances from 8 to 18m from the vent.

These examples show that venting rate is an important vari-

able that affects vapor concentration levels in the breathing zone downwind

of tank vents. By itself, the 4m vent height required by current regula-

tions is not sufficient to prevent vapor concentration levels from exceed-

ing toxicity threshold levels downwind of the vent. However, reduced
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CONDITIONS

0 Vent Height 4 m Above Deck Level

10 * Vent Diameter 0.lm

0 Wind Speed 2.24 rn/s

* Vent Concentration 0.41 kg/rn3
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Figure IV.89- LOCATION OF VINYL ACETATE VAPOR CONCENTRATION CONTOURS

AT MAN BREATHING HEIGHT FOR A VENTING RATE OF 318 rn3/hr
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CONDITIONS

* Vent Height 4m Above Deck Level
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FIGURE IV.90 LOCATION OF VINYL ACETATE CONCENTRATION CONTOURS AT

MAN BREATHING HEIGHT FOR A VENTING RATE OF 794 m'/hr
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loading rates, of the order of 80 m3l/hr, together with the use of a 4m

vent will minimize the concentration level, and the potential risk of vapor

inhalation to crew members.

Figures IV.91 through IV.95 show the results for vapor

concentration at breathing height for the set of variable wind velocity

computations. For this set the vent height, vent concentration, and vent-

ing rate were held constant

o vent height = 4m above the deck

0 vent concentration = 0.41 kg/in3

o venting rate = 159 m3/hr

while the wind speed was given values of 1.12, 2.24, 4.47, and 6.71 m/s.

Figure IV.91 shows that the maximum vapor concentration downwind of the

vent exceeded the TLV-TWA at all wind speeds and the STEL at all wind speeds

except the highest value of 6.71 rn/s. Figures IV.92 through IV.95 show

* that the area of the deck contained within the STEL = 20 ppm contour curve

shrinks noticeably as the wind speed increases from 1.12 to 6.71 m/s. Al-

though the ambient wind speed cannot be controlled during cargo loading

operations, it is still an important variable to consider when trying to

minimize the risk of vapor inhalation exposure to crew members.

These results suggest that on-deck structures that may shield

* the tank vent from the wind and reduce the effective wind velocity will ad-

* versely affect plume dispersion and lead to higher vapor concentration levels

in the breathing zone downwind of the vent. Therefore, tank vents ought to

be located away from on-deck structures whenever possible. Vents for tanks

located close to the deckhouse should be located forward of the deckhouse

and above other deck level structures. In this way the maximum effect of

wind velocity in promoting dispersion of the chemical vapor plume may be

realized.

The final set of parametric computations shows the direct

effect of tank vent height on the vapor concentration level at breathing
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CONDITONS

* Vent Height 4 m Above Deck Level

12 0 Vent Concentration 0.41 kg/rn3

* Venting Rate 159 m /hr
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FIGURE IV.92 LOCATION OF VITNL ACETATE CONCFNTHMTION CONTOURS AT
M4AN BREATHING; HEIGHT FOR A WIND SPED OF 1.12 rn/s
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FIGURE IV.93 LOCATION OF VINYL ACETATE CONCENTRATION CONTOURS AT
14AN BREATHING HEIGHT FOR A WIND SPEED OF 2.24 rn/s
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0 Vent Height 4m Above Deck Level
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FIGURE IV.94 LOCATION OF VINYL ACETATE CONCENTRATION CONTOURS AT
MAN BREATHING HEIGHT FOR A WIND SPEED OF 4.47 m/s
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height downwind of a tank vent. For these computations the venting rate,

wind speed, and vent concentration were held constant

o venting rate = 159 m 3 /hr

o vent concentration = 0.41 kg/m 3  7

o wind speed = 2.24 m/s

while the vent height was given values of 1 m , 4 m , and 6 m above the deck.

Figure IV.96 shows that the maximum vapor concentration at breathing height

exceeds 7.2x 10- 3 kg/r3 (2000 ppm) within one meter downwind of the Im high

vent, and exceeds 3.6x10
-4 kg/r3 (100 ppm) for the first lOre downwind of

this vent. On the other hand, the highest concentration level at breathing

height downwind of the 4m vent is about 1.8x 10-4 kg/m 3 (50 ppm), and for

the 6m vent only 5.4x10-5 kg/M 3 (15 ppm). Figures IV.97 through IV.99

show the concentration contours corresponding to the STEL and TLV-TWA

toxicity threshold limit values for vinyl acetate vapor. As expected, a

greater area of the deck lies within the toxicity threshold values for the

im vent than for the 4m or 6m vent.

These results show that the most significant effect of vent

height is to raise the chemical vapor plume above the heads of crew members

standing on deck. Very far downwind (greater than 20m , the maximum dis-

tance shown on these figures) the plume radius becomes much larger than the

vent height and the breathing height concentrations for all three vent heights

merge together. However, when this occurs the plume will have been diluted

* by a factor of 10,000 or more, and vapor concentration levels will be on the

order of 10 ppm or less.
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IV.3.5 Model Limitations

Despite the success in validating the chemical plume dis-

persion model shown in Section IV.3.3, the model does have some important

* limitations as outlined below.

o Asymmetry of plume concentration profile - One important limita-

tion of the plume model is that it assumes the time average con-

centration profile is axisymmetric. This assumption is fairly

good close to a vent, and may also be good further downwind for

3 short averaging times. However, fluctuations in wind direction

with periods of a minute (more or less) cause the plume to change

direction and disperse over a larger arc than if the wind direc-

tion were fixed. Thus, far downwind the standard deviation of the

Gaussian concentratior distribution (called the dispersion coeffi-

cient) will be greater in the crosswind, y, direction than in the

vertical, z, direction.

The plume validation test program was designed to match the pre-

dicted concentration profile in the crosswind direction to the

experimental data measured in outdoor tests. For all tests with

vent heights within lm of breathing height, this comparison was

not sensitive to the vertical dispersion coefficient. However,

the tests performed with 4m and 6m vents showed that the plume

model predictions for distances from 10 to 20m from the vent

overestimated the concentration distribution data by a factor of

* 2 or 3. This indicates that the predicted value of the vertical

dispersion coefficient is slightly too large. Still farther down-

wind the sensitivity to the vertical dispersion coefficient dimin-

ishes when the value of the plume radius becomes as large as the

* vent height.

Thus, for practical vent heights between 4m and 6m above the

deck, the assumption of plume symmetry could lead to overpredic-

tion of the concentration level at breathing height by less than
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a factor of 3. For vent heights of from lm to 2.5m above the deck,

the error caused by the plume symmetry assumption should be negligible.

o Isothermal plume dispersion -In developing the set of conservation

equations to be solved in computing plume dispersion, it was assumed

that the vapor plume emitted from the tank vent was at essentially

the same temperature as the ambient air. This assumption was true

for all of the cargo loading tests performed on this project. How-

ever, it need not be true in all cases. If the cargo is heated be-

f ore transfer to the vessel, or if the cargo tank is being washed

with hot water during ventilation, the vapor plume could have a tem-

perature significantly higher than the ambient temperature.

The plume temperature may be significant if it changes the plume den-

sity, and the buoyancy force. The plumes emitted during cargo load-

ing are often negatively buoyant because the density of the chemical

vapor is greater than the density of air. Increasing the plume tem-

perature decreases the plume density and offsets the buoyancy force

produced by the dense vapor concentration.

Qoms, et al. (Reference 15) include the temperature as a plume model

variable and present an equation for the conservation of energy that

may be solved together with the conservation equations for mass,

momentum, and chemical species. For situations where the plume con-

centration and temperature both affect the plume buoyancy signifi-

cantly, it might be necessary to incorporate the additional equation

into th~u chemical vapor plume model.

o Effect of on-deck structure on plume dispersion - The field tests

performed on tanker ships provided some examples of situations where

the wind speed was reduced and the wind direction was made unsteady

by on-deck structures lying upwind of the vent. However, we did not

observe another possible situation where the vent was completely

shielded from the wind by on-deck structure. The latter situation

almost occurred in Test 30 during the vinyl acetate loading. Dur-

ing this test the wind direction was more closely aligned with the

axis of the vessel, and the wind speed through the passage between

the deck tank and the deckhouse dropped to neatly zero for part of

the 10-minute sampling period. Thus, there was no wind to disperse

the vented gas stream and it began to accumulate in the vent region.

The dispersion of chemical vapor plumes in a wind of less than about

0.5 m/s cannot be modeled accurately with this plume dispersion model.
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6 Ideally, gas atmosphere venting operations should be halted, if pos-

sible, when the ambient wind velocity becomes still and/or less than

0.5 m/s.

0 Uncertainty in Estimating Plume Variables - In practice, the ac-

curacy of the plume model predictions for chemical vapor concen-

tration profile is limited by the uncertainty in measuring or es-

timating the actual values of (1) cargo loading rate, (2) vapor

concentration at the tank vent, and (3) time average wind speed

close to the tank vent. It is possible to estimate the uncertainty

in the model predictions for vapor concentration by means of a sen-

sitivity analysis. For example, consider the sensitivity analysis

results in Figure IV.91. Assuming the actual mean wind speed to be

2.24 m/s, errors of +100% and -100% in the estimated value of wind

speed would lead to errors of -45% and +40%, respectively in the

predicted values of vapor concentration at breathing height and a

distance of l1in downwind of the tank vent. Similar results can be

determined for uncertainty in the estimation of the other model

variables for other chemicals and other operational conditions.

In summary, the validated plume model predictions for the "near-

field" chemical vapor concentration distribution may be used with

confidence in health and safety analyses. In particular, the plume

model validation experiments have shown that the model predictions

for vapor concentration distribution are good for the following

range of conditions:

o cargo loading rates from 100 to 90 m3 /hr

o tank vent heights from 0.5 to 4m above the deck

0 vent concentrations from 0.01 kg/m 
3 to 0.3 kg/rn 3

o wind speeds from 0.5 m/s to 6.0 in/s

o downwind distances from 3m to 20m from the tank vent.

(The model predictions may also be good for conditions outside

the range of the model validation experiments).

The validation experiments have also shown that

4o for vent heights of 6m or more above the deck, the model

overpredicts the vapor concentration at breathing height

(1.67m) by approximately a factor of 2.

o the effect of on-deck structure is generally to increase the

effective level of wind turbulence and reduce the mean wind
speed. These effects enhance plume dilution, except as de-

scribed above when the vent is shielded from the wind.
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IV.4 Hazardous Chemical Vapor Hand book for Marine Tank Vessels-

User's Manual

To facilitate the use of the analytical models that were developed

on this project, a step-by-step guide to the structure and usage of the
L

K three computer programs

0 ONDEK -Atmospheric dispersion of cargo vapor that is discharged

from a tank during product loading or gas freeing,

0 TANKP -Gas freeing of a tank in the presence of evaporation

of pure product residues,

o TANKM -Gas freeing of a tank in the presence of evaporation

of residual chemical from a water solution,

is provided in Reference 3 ,"Hazardous Chemical Vapor Handbook for Tank

Vessels - User's Manual."

This manual is organized in the following format:

o Model Description Summary - This section describes the model,

the technical basis for the model both in theory and practice,

the scenarios for which the model is designed and the model

limitations. Detailed analytical derivations and sets of

governing equations are not contained in this manual but are

presented in this Final Report.

0 Input Data Requirements - All input data are presented in tabular

form in the order that they are requested of the user by an inter-

active driver. The tabulation includes the physical variable name,

the equivalent program code and the expected units.

0 Default Options - Certain pieces of input data are assumed to be

known, e.g., chemical properties. Other inputs that pertain to

ship/barge operations may or may not be available. In these

latter cases, the interactive driver asks the user a question

regarding the availability of data. If the user responds nega-

tively, the interactive driver will present a series of default
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options from which the user can make a selection. These sections

of the manual present the various default options and their basis

in the order in which they may be encountered.

0 Program Output - Program output consists of tabular data and

computer-generated graphs. The tables may contain the plotted

variables and other internally computed variables. In this

section of the manual, the output variables are defined by

physical name, corresponding program code and the applicable

units.

0 Hazard Assessment - The basic program outputs are either chemical

vapo-. concentration-time histories or vapor concentration pro-

files ii space. In the case of tank entry following tank clean-

ing, the programs make an interpretation of the in-tank work

environment based on accepted occupational exposure guidelines.

A similar assessment of the on-deck environment is neither

warranted nor entirely feasible due to the unconstrained, random
nature of deck work.

0 Examples - Each program description includes a computer-

generated example. Each example is preceded by a brief dis-

cussion of the problem that is being simulated, followed by

an 1/O listing and finally discussion of the results as

appropriate.

0 Flow Charts - Each program is flow-charted to indicate primary

decision points and the major program operations. For clarity,

minor IF statements and DO loops have been omitted.

0 References - Primary references are cited to support the model

description.

o Program Listings - Hard copy listings of all programs are pre-

sented in the appendices.

The manual was written specifically for the USCG Hazardous Material

Specialist. However, the manual is intended to provide both the USCG and

marine industry personnel with analytical tools to evaluate potential hazards

for actual and hypothetical operations. To this end, the manual will allow:
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o The USCG to evaluate the effectiveness of proposed engineer-

ing controls and operational practices to minimize marine

hazards.

o Industry to evaluate current company operational practices

and engineering controls for their affect on worker exposure

and flammability hazards.

0 USCG and industry field personnel to assess the hazard potential

before responding to routine inspections or emergencies.

I
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V. OCCUPATIONAL EXPOSURE MONITORING

AND BIOLOGICAL MONITORING

The occupational exposure environment in the marine chemical trans-

port industry differs substantiall, from that in most land-based industries.

In a land-based industry, the exposure environment is relatively constant

from day to day; process-related fluctuations about some norm are recog-

nized. In addition, the number and types )f chemical substances in the

land-based work environment is process-dependent, but within a given pro-

* cess some stability of contaminant composition would be anticipated. Con-

versely, on a parcel chemical or product tanker, the exposure environment

is not constant either in concentration level or composition. The composi-

tion may vary with each voyage in accordance with the mix of chemical pro-

ducts that are transferred to and from the ship. Within a given voyage,

short-term, high-level exposures may be combined with longer-term, low-

* level exposures to multiple product vapors followed by periods of non-

detectable exposures. The occupational exposure environment on chemical

* tank vessels and its impact on the seafarer's health is of primary con-

cern to the U. S. Coast Guard.

This project included both occupational exposure monitoring and bio-

logical monitoring. The measured occupational exposures, which were col-

lected using accepted industrial hygiene monitoring techniques, represent

a wide range of chemicals, work activities, vessel operations and ship

equipment. This broad data base assists in identifying those activities,

operations or equipment items that enhance or reduce the potential for

vapor exposure.

Existing exposure limits, principally the TLV-TWA, reflect conven-

*tional land-based work schedules, i.e., 8-hour days and 40-hour weeks.

Maritime work schedules do not follow this convention; they may be classed

as novel or unusual work schedules. A series of biological monitoring

tests was conducted to obtain data to aid in interpretation of vapor ex-

posures during the novel work schedules of the maritime industry.
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V.1 Occupational Exposure Monitoring

V.1.1 Philosophy and Scope

As discussed previously in Section I, the U. S. Coast Guard

has formulated and Tiplemented a multi-element program regarding the occu-

pational health and safety of maritime workers which is summarized below:

Element No. Project Title

1 Investigation of the Hazards Posed by Chemical

Vapors Released in Marine Operations - Phase I

(Complete).

2 Investigation of the Hazards Posed by Chemical

Vapors Released in Marine Operations - Phase II

3 A Crew Exposure Study - Phase I (Complete)

4 A Crew Exposure Study - Phase II (Current)

5 A Study to Improve the Health and Safety of

the Marine Hazardous Chemical Worker (Current)

The emphasis in the first four program elements has been

on characterizing the work/exposure environment so that control method-

ology, be it engineering, administrative or protective, can be adequately

considered in the fifth element.

The project reported here is Element No. 2, Investigation

of the Hazards Posed by Chemical Vapors Released in Marine Operations -

Phase II. The occupational exposure data that are presented in this re-

d port were collected in Elements Nos. 1, 2, and 3. The Crew Exposure

Study - Phase I was conducted concurrently with this project, and it af-

forded opportunities to monitor exposures to a larger number of chemical

cargo vapors, thereby expanding the data base of this project for inter-

pretation or characterization purposes. These data represent chemical
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vapor exposures received by Deck Department personnel on tankers and

tankermen involved in barge operations.

The monitoring philosophy is summarized below.

0 Element No. 1 emphasized monitoring during single event or

short duration work activities. This class of activity,

which includes tank top-off and tank entry, was defined as

having a high probability of exposure.

0 In Element No. 2, exposure monitoring was expanded to

include longer duration sampling during single shift

or operations oriented to work activities. Tank cleaning and

periodic tank gauging through top-off are represented in

this exposure class. The occupational exposures during the

7biological monitoring tests are also included in this category.

0 Element No. 3 expanded the scope of the monitoring efforts and

emphasized characterization of exposure profiles of selected

crew members over a period of several days that included

multiple loading, discharging, tank cleaning and ballasting

operations.

The merchant marine tankerman does not have a fixed work sta-

tion on a tanker or barge. His work station may include all or a large

part of the deck area depending upon the phase of vessel operations. As a

result of this requirement for mobility and his responsibilities, the

tankerman may be directly exposed to the cargo vapors from multiple work-

related sources, e.g., periodic gauging of cargo ullage on several tanks.

He may also be indirectly exposed to the chemical vapors from sources that

are not related to his work activity, e.g., setup of tank washing equip-

ment downwind of vapor discharge ports on tanks that are being loaded.

Because of this complex interaction between the work activities and the

exposure sources, documentation is required which will facilitate an
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understanding of the cause of the exposures. The following documentation

was collected during exposure monitoring.

0 Work activity

0 Duration of work activity

* 0 Source of exposure

0 Proximity of the tankerman to the vapor source.

Without this information, the work activity that produced the exposure could

not be adequately defined.

V.1.2 Sampling and Analytical Methods

Tankers and barges transport a wide range of liquid cargos.

The following guidelines or criteria were employed in selecting the cargos

for occupational exposure or area monitoring.

0 Products that represented proprietary blends or mixtures were

excluded from consideration. The only exception was moni-

toring of vapor exposures to the benzene fraction in gasoline.

This criterion eliminated those products that could require

development of sampling and analysis methods or extensive

analytical chemistry.

0 Chemicals that require liquid impinger collection equipment

were excluded because this sampling system is not compatible

with a crew member's cargo-related work activities. Toluene

diisocyanate is an example of a chemical in this category.

0 Chemicals were excluded where published sampling and analysis

methods required special, high-cost equipment that did not

have a broader application beyond one specific chemical.

Vinyl acetate (VAN) Is an example of this type of chemical.

It should be noted that, in the future, this criterion need

not apply to VAM as more cost effective methods have recently

been published.
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Those chemicals that were not excluded according to the above criteria were

sampled using intrinsically safe, battery-operated pumps and solid sorbent

collection tubes. For each chemical, sampling flow rate and sorbent type

was based on NIOSH-recommended methods. Pre- and post-test pump calibration

included five replicate determinations of flow rate using a bubble meter with

a representative load in-line.

Three solid sorbents were used during the study: activated

charcoal, silica gel and XAD-2 resin. Activated charcoal was indicated for

the majority of the chemical vapors. Where high tube loading was antici-

pated, the large charcoal tube (400/200) was used; the smaller NIOSH-

approved tube (100/50) was used when lower loading levels were anticipated.

The recommended tube size was used when samples were collected with silica

gel and XAD-2. For each sampling scenario, a blank tube was broken, capped

and submitted with the exposed tubes for analysis.

All samples were refrigerated from the time of collection

through analysis. This time frame was governed by the requirements of the

field test, which ranged from roughly three days for a terminal test to

nearly three weeks for an at-sea voyage.

Chemical analysis of adsorbed vapors were based on NIOSH-

recommended desorption and gas chromatography methods. Samples of the

liquid chemicals, which were collected during cargo transfer, were used

for determination of desorption efficiencies and preparation of calibration

standards. Desorption efficiencies were determined analytically for each

combination of chemical, adsorbent, adsorbent size, and lot number that was

used. Desorption efficiency was determined at two loading levels (one-half

and two times the TLV-TWA for a representative sample volume) with three

recplicates at each level.

All vapor concentrations were calculated by the following

equation:
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W2/ + WCB) (WBF + WBB) (24 (54)nQt P(4

where WCF = analyte weight on front section of sample tube, Vg

WCB = back ",g

WBF front " " blank tube, Vg

WBB = " " back " " " " g

n = desorption efficiency

Q = average sample flow rate, L/min

t = sample duration, min

MW = analyte molecular weight

T = sampling temperature, 0C

P = atmospheric pressure, mm Hg

Sampling temperature was routinely documented. The pressure correction was

applied where such data were readily accessible.

All samples were assessed for possible analyte breakthrough,

i.e., WCB > 0.3 (WcB+WCF). In the majority of the samples, breakthrough

was not indicated. However, breakthrough was suspected on a small number of

samples. For this group of samples, the indication is not conclusive be-

cause of the potential for analyte migration during the period between sample

collection and analysis.

On two occasions, exposure monitoring was conducted for methanol

*I vapors. The recommended procedure uses a silica gel trap; this material in

combination with the high humidity marine environment can impose severe con-

straints on sampling duration. In an attempt to avoid this constraint, a

sampling and analysis method was used, which was developed by the E. I.

* DuPont Company. The method, which employs conventional large charcoal tubes

and desorption with acetonitrile followed by GC analysis, is used by this

company for internal methanol monitoring.

* Pre-test preparations included identification of the chemicals

that were to be handled and calibration of pump/tube combinations at flow

rates that were appropriate to these chemicals. During these preparations,

228



details of the cargo transfer plan are not known, i.e., the sequence in

which the chemicals will be loaded or discharged from the ship. This in-

formation is developed by the ship in coordination with the terminal. Many

factors influence this plan, e.g., ship trim, availability of product from

shore tanks, etc., and it is not uncommon for the plan to change during

the docking. Consequently, the mix of cargo vapors in the work place is

not known apriori. As a consequence, two situations may arise.

0 A crew member can be conveniently instrumented with up to two

pump/tube combinations without interfering with his work. The

adsorptive medium and sampling rate for one pump/tube combination

may be appropriate for several cargo vapors that are present in

the work place, but the procedures for desorbing the analytes

may be different. In these cases, a decision must be made as to

the analytes that will be retained and those that will be sacri-

f iced with due regard for toxicity and maximizing data output.

This situation was encountered during one monitoring activity.

To avoid such situations, it would be necessary to use a third

pump/tube combination, which may interfere with the crew member's

ability to work efficiently.

o A similar situation exists when the sample collection medium and

desorptive methods are appropriate for a subset of the vapors

that coexist in the work environment, but the recommended samp-

ling rates are different. The crew member may already be wearing

a full complement of sampling equipment, and it would be prohibi-

tive to add another device. In these cases, a primary compound

that had a consistent set of sampling requirements was identified.

Other vapors that had the same collection medium and desorption

method were sampled at the primary rate, but were identified as

secondary analytes for chemical and computational analysis purposes.

V.1.3 Single Event Exposures

Table V.1 summarizes a series of single event exposures. The

work activities that resulted in these exposures meet one or more of the

229



-C 0

N4 0 0 C

E 44

c c cc

f-I-I-O I--I CocoI- 00 IC

ID W

I-I I I EllU I"U I rI I

I- II~~4% 00 0-

01- 1. 1

COC

wc uo L u w 00

-I IN 230



mS 0

z Z

u z C, 
'

08 z z

ccc

uE c CZ w~

0~ r Cc C - c

:<O ~0(
Er . ccS'

1 CD

cc

- - - - - - -

toco

< E0 C; -C.' cc ca C
I-~ ~ z- - II

I; 4 I IE
I I I I I I I I

C~~ M. M, W.r0 0 00 0 0 0
L. Uu u

-- 0 - 00 .-~00 Oe ~ 0 0 000 000

N - 0 0

0=
vSE S N -' -S S~ S '' '

00 .0 0 NO231



following criteria.

o The work activity is relatively short in duration.

o The work activity was suspected apriori of having a high

probability for elevated exposure levels.

o The work activity was confined to a single work station

during the exposure period.

A comparison of these criteria with the data in Table V.1 indicates that the

*: majority of the exposures involved confined space entry and tank top-off.

In general, the work activity involved a single chemical or product.

Confined spaces include both product/ballast tanks and pump-

rooms. Tank entry on product/chemical tankers and barges is an integral

part of normal operations. Following cleaning (washing and gas freeing),

product tanks are entered to accomplish one or more of the following ob-

jectives:

o Sweep debris from the tank floor.

o Hand-muck residual chemical/water solutions that could

contaminate the next cargo.

0 Inspect a tank for dryness and odor before loading the next

cargo.

0 Check condition of tank coatings and measure coating thickness.

* Non-routine entries may be reguired if there is a question of tank integrity,

'6 i.e., leaks that may result in subsequent product contamination or other

difficulties. The trend in ship design and retrofit is to eliminate the

decentralized discharge of products through a pumproom by installing indepen-

dent deepwell pumps on cargo tanks. Some older vessels contain pumprooms,

*and cleaning product leaks from the pumproom bilge is an accepted operation.

If more than one crew member enters the confined space at the same time, the

exposure levels will not necessarily be constant; they reflect the work that

each individual performs.

I
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Each entry or group of entries in Table I bears a sequence

*number. The remainder of this subsection consists of brief descriptions of

the work scenarios corresponding to each sequence number. These scenario

* descriptions are included as aids in interpreting the exposure environment.

The chemical names correspond to the USCG CHRIS abbreviation system.

Sequence No. 1

The scenario far the in-tank vapor exposures was as follows. The

vessel arrived in port with two tanks that had been washed, ventilated, and

manually cleaned during the ballast voyage. Other than identification of

the previous contents of the tank and the fact that the clean tanks had been

sealed for five days prior to docking, there was little documentation of the

particulars of washing and ventilating. Before sealing the tanks, the Chief

* Mate had sampled the tanks with an explosimeter and had determined that the

* vapor concentrations were zero on the instrument scale. Upon opening, the

- tanks appeared to be clean and void of any liquid residual. The Chief Mate

again tested the tanks with an explosimeter; the vapor sampling line was

introduced into the tank through an open hatch, and it terminated near the

* tank bottom. A zero concentration was again indicated on the tanks of

* interest-one had carried toluene and the other methyl isobutyl ketone.

-Two SwRI personnel entered both tanks along with the Third Mate. In both

instances, each individual wore personal sampling equipment (pump and char-

* coal tube). In addition, a portable organic vapor analyzer (OVA) and re-

* corder were also taken into each tank.

The lower exposure level of PS-2 (SwRI) relative to PS-l (SwRI) and

* PS-3 (Third Mate) is attributed to the fact that, while in the tank, these

personnel performed individual familiarization and inspection activities,

but not as a group. This diversity of movement is reflected in the varia-

tion of exposure concentration. The OVA instrumentation that accompanied

this man-entry recorded a mean MIK concentration of 67 ppm with excursions

to 47 and 96 ppm. The Third Mate did not perform any sweeping or mucking

operations. Man-entry into the toluene tank indicated that all three per-

sonnel were exposed to vapor concentrations that exceeded the STEL by 46%
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on the average. The OVA instrumentation substantiated these levels with

a mean recorded toluene concentration of 240 ppm and excursions to 200 and

273 ppm. These results are particularly interesting because concentration

levels were apparently below the detection limit of the explosimeter whose

readings are used as a basis for decisions regarding man-entry. In the

case of this toluene tank, the explosimeter was insensitive to vapor con-

centrations that were hygienically significant. Sample No. PS-6 was col-

lected on the Third Mate while PS-4 and 5 represent samplers worn by SwRI

personnel.

Sequence No. 2

This sequence includes two tank entries on the same vessel in port.

Both tanks had been washed and gas freed on the ballast voyage. Two crew

members entered a tank that had carried butanol. A third crew member en-

tered an acetone tank.

The butanol tank was entered to remove any debris and wash residue

from the tank bottom prior to backloading of another chemical. The tank

bottom was essentially dry upon entry except for a small amount of wash

residue beneath the product drop line. The terminus of the drop line was

directly beneath the open expansion trunk. One crew member (UCC-lI0) wiped

this residue with rags. His exposure level agreed quite closely with OVA

vapor concentrations measured at the expansion trunk and 30 feet into the

tank prior to entry. The second crew member (UCC-100) used an eductor

vacuum to remove debris from the tank bottom. This activity was performed

*, in an area of the tank beneath the on-deck blower.

The work performed by the third crew member in the acetone tank was

the same as in the butanol tank.
4

Sequence No. 3

This sequence involved entry by two crew members into the same butanol

4 tank as in Sequence No. 2 but on a different voyage. The tank had again
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been washed and ventilated at sea. The work activities did not include

debris removal; entry was accomplished to inspect the tank for product-

contaminating rust on the internal structure which included wall buttresses

and longitudinal stringers.

Sequence No. 44

An EDC barge tank had been washed and partially ventilated by the end

of the work shift on Day 1. At that time, a considerable amount of residue

remained on the tank floor. The following morning, two workers entered the

tank at 0700 to perform cleanup operations. The tank was tested via drop-

line through the hatch and was certified gas free (0% LEL and 21% 02) by

Marine Department personnel. Cleaning consisted of mopping the main tank

floor with towels and removing buckets of EDC/water/rust sludge from the

pump sump. In all, 18 five-gallon buckets of sludge were removed from the

tank. The in-tank workers wore neither respirators nor protective gloves.

An intense odor of EDC was present in the sludges that were dumped on deck.

During the mucking operation, the Goppus blower was positioned over the aft

butterworth opening, but it was not operating. The only ventilation was

provided by the shore-based air system through the loading line. The workers

exited the tank at 0825 for a total in-tank work time of 85 minutes.

As the project team was detained at the main terminal gate, there was

no opportunity to monitor exposures with personal dosimeters. As an alter-

native, the cleaning and residue removal operations were observed as indi-

cated above. Following worker egress from the tank, project personnel en-

tered the tank with an OVA, chemical goggles and respirators. During a 25-

minute survey of the tank, the following EDO vapor concentrations were re-

corded:

0 700 ppm top to bottom of tank during descent.

0 1170-1780 ppm directly above a wet spot along a wall-floor

seam on one side of the barge.

0 20,763 ppm directly above a wet spot along a wall-floor seam

on the other side of the barge.
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o 2000-6000 ppm directly above a fore-aft weld bead on the tank

floor.

At the time of this test, the ACGIH TLV-TWA and TLV-STEL were 50 and 75 ppm,

respectively. The ACGIH now recommends limits of 10 and 15 ppm. It is

probable that these measured concentrations, particularly the 700 ppm, repre-

sent a lower bound on the exposure levels that the two employees encountered.

Sequence No. 5

Many of the tanks on the 17,272 Dwt drugstore tanker had been cleaned

at sea during the ballast voyage. The hatches on these tanks had then been

dogged down for periods of five days or more. The tanks may have been tested

for a gas free condition at sea, but vapor regeneration during the time that

the hatches had been dogged down had altered the tank gas concentrations.

Upon docking at the terminal, the cleaned tanks were entered by dock per-

sonnel for the purpose of inspecting the tanks for cleanliness and ability

to receive the next cargo.

For each tank inspected, the dock inspector requested that the tank

hatch be opened. Using a combination 02/combustible gas indicator, he sampled

the tank atmosphere with a dropline that was 7 ft long, even though the tank

was 40 ft deep. If acceptable 02 and combustible vapor concentration levels

were found, the inspector attempted entry with a helper remaining on deck.

If irritating or objectionable odors were encountered, he exited the tank,

* requested that it be further ventilated, later repeated the testing proce-

4 dure, and then entered the tank if the situation had been remedied. Tank

entry took place without the wearing of a respiratory protective device, or

the availability of such a device close to the point of tank entry. Also,

toxic gas detector tubes were not taken into the tanks. The entries into

the EDC and TCE tanks were standard entries as described above with no

further ventilation necessary. When the inspector went down only a few

steps into the TCL tank, he quickly came back out and requested that the

tank be further ventilated. Although the tank had passed the test with the

02/combustible gas indicator, the inspector said he could not inspect the
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tank because the smell of chemical was too strong. In this case, the addi-

* tional ventilation and entry criterion of odor did produce an acceptable

tank environment, but odor is not a primary indicator of concentration level.

This scenario, which is frequently encountered with terminal per-

*sonnel, indicates the need for snecifying and using instrumentation that is

reliable and sensitive to vapor concentrations that are hygienically sig-

nificant. That two of the three tanks had acceptable atmosphere on this

* observation may not be representative.

Sequence No. 6

This sequence describes entry into three consecutive tanks on a tanker

that transports mixed grades of motor gasoline.

Upon docking, a Marine Chemist boarded the ship and tested the atmo-

sphere in Tank Nos 2P, 2C, 2S, 3C, 4P, 40, and 4S, which had been either

washed and ventilated or deballasted at sea. Testing consisted of in-tank

measurements of 02 level and % LEL (as methane) using a combination oxygen

meter and explosimeter and a dropline that was inserted into the tank through

the open expansion trunk. A gas free certificate was issued for these tanks.

Two SwRI personnel accompanied three ship's personnel into Tank Nos.

* 3C, 2C, and 2S. The purpose of the entry was to inspect the condition of

tank coatings and measure their thicknesses. OVA surveys were made of the

tank atmospheres and a charcoal tube dosimeter was worn by one of the SwRI

project team members. The duration of each inspection and elapsed time be-

* tween entries is given below. The dosimeter pump was turned off between

* entries, and the personal exposure sample was analyzed for benzene.

Tank No. Inspection Time (min.) Pump Of f Time (min.)

3C 45 4

2C 22 5

2S 15

82 min. total sample time
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The results of the OVA surveys produced the following total gasoline

vapor concentrations. All concentrations are referenced to breathing zone

height unless otherwise noted.

Tank 3C First level into tank = 390 ppm

Second level into tank = 355 ppm

Tank bottom = 395 ppm

Above wet spot on floor = 430 ppm

Deposits on web frames = 660 ppm

Tank 2C First level down = 300 ppm

Second level down = 320 ppm

Tank bottom = 355 ppm

Above wet spot on floor = 1600 ppm

Above wet spot after disturbing it = greater than 4200 ppm

Behind loose chip of coating material on wall = greater

than 4200 ppm

Deposits on hand rail = greater than 4200 ppm

Tank 2S First level down = 110 ppm

Second level down = 118 ppm

Tank bottom = 220 ppm

Mud on bottom = 1150 ppm

Sequence No. 7

This scenario describes top-off of two product tanks on the same

vessel, i.e., the final phase of loading where ship personnel control

the cessation of product delivery. Both tanks were loaded to near capacity,

and the top-off was accomplished by open gauging. In this phase of the

operation, the concentration of vapor that is discharged from an open ullage

port on an expansion trunk increases rapidly and approaches a saturation

level. During these latter stages of loading, a deck officer is assigned

the responsibility of visually gauging the ullage depth through an open

"t ullage port. The breathing zone may be located two feet or less from the
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vapor discharge port and directly in the vapor plume, as illustrated in

Figure V.1. If the ship has a list or pitch as a result of differential

product loading, the deck officer may be assisted by a deckhand whose job

-* is to call out indicated ullage from a tape gauging system that is located

some distance from the expansion trunk. The perceived ullage is then a

mean of the two indications.

Shortly after hexane loading had commenced in Tank 3C, the shore-

based pump was shut down. Loading of toluene in Tank 4C was initiated and

proceeded without interruption to tank top-off. The topping operation was

*monitored continuously by the Third Mate (PE-I) beginning at an indicated

tape ullage of 10 ft (3.05m) and ending at an approximate ullage of 4.5 ft

(1.37m). Although the primary exposure was to toluene, the sample was

analyzed for the presence of hexane from the adjacent tank.

-Following top-off of Tank 4C, the hexane loading was completed.

- Since the ship had a port list, the Second Mate was assisted in the topping

* .operation as described above. The Second Mate (PE-5) performed the topping

* operation in the same fashion as had been done on the toluene tank. The

Mate's assistant (PE-4) manned the closed gauging system that was located

roughly 10m downwind of the open ullage port where the Mate was positioned.

It is noteworthy that both of these tanks were open-loaded, but with

vent covers on their pins. The hinge line was on the starboard side of the

vent cover. This reduction of discharge area relative to a full open vent

produced a jet of high velocity, high concentration vapor that was projected

upwind at the Mate when the vent cover was opened and reseated.

The duration of all personal exposure samples coincided with the

length of the topping operation.

L

Sequence No.'8

The Port Relief Officer (PRO) was monitored during top-off of a de-

natured ethanol loading. The top-off was accomplished by open gauging the

product ullage. While gauging, the PRO took up a position that was down-

wind and slightly to the port side of the ullage hatch where the vapor

239



1

(

~L1

A

U

z
C

q

z
C

U

'-4
U

U

C

C

-4

U
4 '-4

240



r was being discharged from the tank. In this position, his breathing zone

was removed from direct exposure to the vapor plume. His exposure sample,

UCC-104, was also analyzed for acetone content as this product was stored

in an adjacent tank with the ullage cap open. This sequence demonstrated
that other peripheral vapor sources can contribute to a simultaneous,

multiple exposure.

Sequence No. 9

Tank washing, which is normally the first step in the cleaning op-

eration, involves manual lowering of water washing machines into the tank

through one or more access openings on the deck. Each machine may be posi-

tioned at various depths in the tank for specified periods of time.

This scenario involves two crew members who were responsible for

lowering the washing machines and attached hoses into the tank according

to specified depth-time plan. The actual lowering of the machines is

accomplished quickly; i.e., within one minute. When the crew members

were not performing this manual operation, they took up positions well

away from the butterworth openings and the open expansion trunk, but they

remained on the deck area over the tank being washed.

The tank contains the vapor of the previous cargo, which is dis-

charged at a low flow rate through the on-deck tank openings during the

* washing operation. The low vapor discharge rate coupled with rapid atmo-

spheric dilution and the worker locations produced the measured exposures.

Sequence No. 10

In transit, cargo tanks are sealed. Upon docking, certain access

ports on each tank are manually opened in preparation f or cargo sampling

and product discharge. These ports are opened on slack a.2 empty tanks

as well. Before opening these ports, the pressure in the ullage space

above the cargo may range essentially from atmospheric pressure up to a

pressure that is controlled by a relief valve on each tank venting system.
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As these access ports are opened and the pressure is relieved, there may be

a transient release of cargo vapor that could pose a potential inhalation

exposure.

The samples in this sequence were collected on the same crew member

who opened the ullage ports and gauging tubes on all tanks at two consecu-

tive discharge terminals. At the first terminal, all tanks were full; at

the second terminal, the majority of the tanks were either full or slack.

The sample durations include both the time required to open the ports on

18 tanks and the walking time between tanks. These samples indicate a

non-detectable exposure to the benzene fraction in gasoline during this

specific observation.

SequenceNo. 11

This sequence was observed on a tanker on which gasoline products

* are normally discharged through a pumproom. Two members of the Deck Depart-

* ment entered the pumproom to muck bilge residues with buckets and shovels.

Ventilation of this confined space consisted of an on-deck blower that oper-

ated in suction mode. Attached to the blower suction inlet was an "elephant

trunk" that extended down into the pumproom and terminated at the bilge level.

One additional crew member stood safety watch on deck. The occupational ex-

* posure samples that were collected during this brief work period were ana-

lyzed for the benzene fraction in gasoline.

Sequence No. 12

Prior to product discharge, a quality control sample of the bulk

liquid was obtained from the tanks that were to be off-loaded. Before these

samples could be retrieved, the tank P/V valves were opert.d. Once pressure

was relieved, the pins on the ullage ports were removed, and a quart sample

* bottle connected to a chain was lowered through the ullage port to withdraw

the sample. Dermal exposure occurred ..uring this activity. The dermal ex-

posure occurs as a result of skin contact with the chain and bottle which

have been immersed in the chemical and are then withdrawn from the tank.
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No gloves or protective clothing were worn by the crewmen performing this

activity.

The inhalation exposures that were monitored on one crew member,

who sampled two tanks, were quite low because passive diffusion is the pri-

mary mechanism for vapor discharge under these circumstances; the vapors

are not forceably discharged from the tank.

Sequenue No. 13

Some tankers, by design or retrofit, have segregated, fresh water,

ballast tanks. Because these tanks do not carry products, there is rela-

tively infrequent need to discharge the ballast for the purpose of tank

entry. This particular sequence did require entry for two reasons. The

tank was entered to accomplish a needed cleaning and to inspect the tank

for a suspected gasoline leak from an adjacent tank. Consequently, the

exposure sample was analyzed for benzene in gasoline, but none was detected.

During entry, a deck ventilator was in operation, and there was a

safety watch at the tank hatch.

Sequence No. 14

An ethanol tank that had previously been ventilated but not washed

was entered by one crew member. The in-tank work activities consisted of

placing a portable stripping line in the sump of the main cargo pump and

removing a vertical coverplate that provided access to the double bottom

for the adjacent epichlorohydrin tank. This plate was removed to facili-

tate gas freeing of the double bottom beneath the EPC tank prior to biennial

inspection.

Respiratory protection was not worn. Tank ventilators were in opera-

tion, and there was a deck safety watch as illustrated in Figure V.2.

The analytical analysis of the charcoal tube indicated possible

ethanol breakthrough. Given the low exposure level relative to the TLV-TWA,
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the perceived breakthrough is believed to represent, in actuality, migra-

tion of the analyte between sample collection and chemical analysis.

Sequence No. 15

One crew member entered an ethanol wing tank to mop up residual

pure chemical on the tank floor. The tank had not been washed, but had been

ventilated. At the end of pre-entry ventilation, the ethanol concentration

at the hatch and throughout the tank was 132 ppm as determined by OVA sur-

veys. The increase in exposure level above this background is a result of

localized evaporation of ethanol during the mopping operation.

The comments in Sequence 14 that pertain to respiratory protection,

ventilation during work, safety watch and analyte breakthrough are also

applicable to this scenario.

Sequence No. 16

This sequence is similar to Sequence No. 13 in that another ballast

tank was entered for cleaning and inspection for gasoline leaks from adja-

cent tanks. The entry, which involved two crew members, lasted roughly

1.5 hours. During this time, no detectable benzene from gasoline leaks

was found.

Sequence No. 17

This sequence is concerned with two separate entries into the same

tank separated by approximately 19 hours. All tank entries were permitted

without prior testing of the tank atmosphere for oxygen and combustible gas

levels or potentially toxic levels. It should be noted that the combustible

gas test would have been irrelevant because chloroform is not combustible.

The purpose of these entries was to clean up any solid debris and/or liquid

residues on the tank floor and in the pump sump. Cleanup materials in-

cluded a broom, shovel, dust pan, bucket, and rags.
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Two crew members made the first entry immediately after the tank

had been washed and ventilated. Both of these crew members wore full-face

respirators with organic vapor cartridges, rubber boots, and cotton cover-

K ails, but did not wear gloves. one individual (Sample Nos. 524-526) was

* primarily concerned with sweeping dry debris on the tank bottom; the other

individual (Sample Nos. 107-109) concentrated on shoveling wet debris from

the pump sump and mucking the remaining liquid by hand with the rags.

* This latter activity resulted in definite dermal contact with the liquid

residue. Despite the fact that respirators were being used, potential en-

* vironmental exposure levels were monitored; the NIOSH procedure for collect-

4 ing "ceiling concentration" samples was used. Deck blowers were operating

during this entry. For each of the two crew members, the samples were col-

lected sequentially in time. The decline in vapor concentration during the

* 40-minute work period reflects the expected dilution effect of the on-deck

tank ventilation blower.

C The second entry into the chloroform tank was made by a third crew

* member. His clothing complement was the same as that which the previous

two crew members had used with the exception that he did not use a respirator.

During this entry, vapor concentrations were nearly the same as were encount-

* ered at the beginning of the preceding entry. This situation is indicative

of chemical vapor regeneration over a prolonged period of time (19 hours)

when the tank is not continually ventilated between entries.

Sequence No. 18

Following exit from the chloroform tank (Sample Nos. 110 and 112),

the same crew member entered a tank that had carried mixed xylenes (Sample

No. 113). He wore a respirator in addition to the other items cited in

Sequence No. 17. The in-tank time was minimal and indicates that there was

little need for additional cleanup as the primary manual cleaning had been

performed five days earlier on the ballast voyage.

Sequence No. 19

Before a tank is loaded with a given chemical, the usual procedure
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is that a cargo surveyor, who is retained by and represents the purchaser

7! of the chemical, will enter and inspect the tank for the presence of moisture,

debris, odor, or previous product residues. All of these factors can influ-

ence the product purity and its compatibility with its intended use.

Two surveyors boarded the ship for a pre-loading inspection of two

tanks, both of which had previously held m-xylene. These tanks had been

cleaned prior to docking. The inspectors tested each tank atmosphere with

an 0 2 /combustible gas indicator before entering. These tests were made at

one location in the tank with a drop line through the open dome on the ex-

pansion trunk. Vessel personnel witnessed the tests, but did not conduct

an independent evaluation.

One inspector entered each tank and was accompanied by one member

of the project team who wore personal dosimeters and walked with the in-

spector during his survey. Ventilating blowers were not operated during

entry; the Second Mate and the remaining surveyor stood safety watch at the

expansion trunk. The duration of each entry is fairly representative of

this class of work activity.

V.1.4 Single Shift or Operations Oriented Exposures

The exposures in this category resulted from work activities

associated with operations, in general, that are somewhat longer in duration

than those that produced the single event exposures. Certain ship opera-

tions may extend over one or more deck watches. For example, tank cleaning

or the loading of several large parcels of chemicals may include one 4-hour

watch and part of the succeeding watch. Deck watch personnel changes may

be made on schedule or certain crew members will continue to work until the

operation is completed. A barge loading or cleaning operation can normally

be accomplished within a conventional 8-hour workday.

The occupational exposure data for this exposure category are summar-

ized in Table V.2. In the aggregate, these data reflect operations that re-

sult in exposures to single chemicals as well as mixtures of several chemical
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vapors. The data are indexed by a sequence number. For each sequence number,

a work activity/operation description is included in this subsection. Stan-

dard atmospheric pressure was assumed during sampling when actual pressure

was not available. Relative humidity determinations were made where they

were compatible with the sampling and work documentation activities.

Sequence.No. 1

The loading of a methanol barge was accomplished by two workers that

will be referred to as Worker No. 1 and Worker No. 2. Worker time on deck

was minimal. There were three principal boardings for the purpose of collect-

ing initial and final product samples and final tank top-off. At all other

times during the loading, both individuals remained in the dock house. A

description of work activities is indicated below.

METHANOL BARGE LOADING

TIME ELAPSED TIME EVENT
(min)

0919 0 Worker No. 1 boards barge to open tank hatches and deck
valves.

0925 6 Worker No. 1 disemibarks to dock house.
0930 11 Standby in dock house for delivery of product from

tank farm.
0952 33 Loading of tank heels commences.
0953 34 Worker No. 1 boards barge; -Worker No. 2 in dock

house.
1007 48 Heel loading terminates.
1008 49 Worker No. 2 boards barge to collect liquid heel

samples from three tanks and is assisted by Worker No. 1
1017 58 Sample collection completed, and both workers disembark

to dock house. Samples sent to laboratory for purity
analysis.

1103 104 Product purity verified; pumping resumed. All personnel
in dock house.

1351 272 Worker No. 1 boards barge and commences to top-off all
three tanks.

1403 284 Worker No. 1 disembarks.
1419 300 Worker No. 2 boards barge, disconnects hoses at barge

manifold, and prepared to collect final product sample
1420 301 Worker No. 1 disconnects loading hoses on dock,

boards barge and assists Worker No.,,2 with sample
collection.

1440 321 Sample collection and loading complete; workers
disembark to dock house.
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Since Worker No. 2 performed the actual collection, his exposure

level is consistently higher than that of the assistant (Worker No. 1).

The exposure concentrations for both workers at the final sampling are

higher, as expected, than at the initial product sampling. The final

sampling reflects the discharge of a rich vapor blanket, whereas the ini-

tial sampling reflects a nearly empty tank and the arrival concentration.

The sampling intervals for exposure monitoring are given below.

PERSONAL SAMPLING FOR METHANOL

TAK WORKER SAMPLE TIME TIME

I AKNO. NO. START STOP
Initial 1 DD-l 0919 1017
Tank 2D- 9111
Sampling 2D- 9111

Tank 1 DD-3 1351 1403
Top-off

Final 2 DD-4 1419 1440
Tank
Sampling 1 DD-5 1420 1440

Sequence No. 2

Restricted tank gauging systems differ from the open gauging methods

that were described in the previous section. The restricted system is

basical', a small diameter sounding tube or standpipe that extends from

roughly two feet above the deck, through the weather deck and terminates

approximately one foot above the tank bottom. Because this tube penetrates

the product liquid surface during all but the initial stages of loading,

there is a minimal chemical surface area in the tube for product evapora-

tion. Thus, vapor discharge concentrations and flow rates are lower than

in open gauging systems. The exposure data for this sequence and subse-

quent restricted gauging sequences clearly indicates that this gauging

system results in lower exposure levels than does the open gauging method.

This scenario includes restricted tank gauging by two crew members

during loading of four products. The time frame for loading of each tank

is summarized below.
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TANK LOADING TIME
NO. CONTENTS START STOP RESUME FINISH

2A Perchloroethylene 0820 0830 1112 1400
2F Perchloroethylene 0820 0830 1115 1400
2B Perchloroethylene 0820 0830 1115 1235
2C Trichloroethylene 0720 0730 0820 0909

2E Trichloroethane 0705 0715 1008 1245
3A Styrene 0520 0535 0900 >1400*

3B Styrene 0520 0535 0900 >1400*

4A Trichloroethane 0705 0715 1125 1525

Loading rate reduced to correct trim.

In general, each of these two crew members gauged product ullage on each

. tank in a regular rotation. This gauging, which included tank top-off, was

performed by inserting a Lufkin tape into the sounding tube as shown in

Figure V.3. Approximately 20 to 30 seconds was needed to gauge each tank;

during this time the breathing zone was two to three feet directly above the

end of the standpipe. Both crew members worked independently; roughly 10

minutes separated the gauging round of one crew member from the gauging

round of the second crew member.

The styrene tanks, which were adjacent to the chlorinated hydrocarbon

tanks, had been retrofitted with a vapor return system. Simplistically, this

system consisted of aluminum housings that rested on the riser plates of

butterworth openings on each tank. Attached to these castings were flexible

conduits that manifolded together into a common line that returned the vapor

to shore via an air eductor. The principal point of interest is that the

flex-lines had leaks and the housings were not positively seated on the riser

plates. These conditions permitted escape of styrene vapors into the tank

gauging area. All product tanks were loaded with the expansion trunk hatch

covers cracked.

During the nearly seven-hour monitoring period, one crew gauged the

perchloroethylene tanks a total of 10 times, styrene tanks 10 times, tri-

chloroethane tanks 15 times and trichloroethylene tank twice. This encounter

frequency was also representative of the second crew members gauging activities.
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FIGURE V.3. EXAMPLE OF RESTRICTED TANK GAUGING THROUGH A SOUNDING TUBE
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Sequence No. 3

Normally, with clean petroleum products such as gasoline, there is

tot a recurring need to clean product tanks on every ballast voyage. In

this sequence, nine gasoline tanks were cleaned in preparation for hotwork

on the hull exterior during the next docking, and the exposure samples were

collected on the Chief Mate.

The Chief Mate has responsibility for all tank cleaning. Because

of this responsibility, he was present continuously during the cleaning of

seven tanks with the exception of a 4-hour navigation watch. The work unit

consisted of the C!M, an A/B, and an O/S. The A/B's and the O/S's rotated

watches with their counterparts so that no individual A/B or O/S was pre-

sent continually during tank cleaning.

The tank cleaning operation can be characterized by major work tasks,

but the duration and frequency of the elements of these work tasks may vary

in a random fashion. The following scenario is a composite of the work acti-

vities that were observed during the tank cleaning period.

o The initial activity involved hookup of the water hoses to the

main supply line and the washing head. The blower was positioned

near the butterworth opening that would be used.

o The expansion trunk hatch was opened, as was the butterworth

opening for the first drop of the washing machine.

o The wash water was then turned on.

o At this point, the Chief Mate's position was at the open expan-

sion trunk. The other two members of the work crew may man the

deck valve that controls pump discharge, or one member may be

on that valve with the other member on the water supply valve.

o During the initial stages of washing, it is important to balance

the water inflow rate with the water discharge rate to yield a
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liquid free surface level on the tank bottom slightly above the

inlet of the product discharge nozzle. If the liquid surface

is too high, the pump will remove only water since the gasoline

rides on the water surface. If the liquid level is too low, the

pump may cavitate and lose suction head.

o To achieve this balancing, the C/M used a flashlight (night) or

mirror (day) at the open-expansion trunk to view the location

of the liquid surface. This viewing was accomplished, gener-

ally, with the neck resting on the expansion trunk rim and the

head over the open trunk. He remained in this position for two

to three minutes, during which time he gave hand signals to the

A/B and O/S to indicate the amount and direction of movement of

deck valve or water supply valve. The C/M may alternate between

two tanks being washed, spending two to three minutes viewing

into each tank trunk. The time duration between successive view-

ings is a random variable that is governed by his experience,

the distance between tanks, and the indicated need for additional

balancing.

o Characterization of the C/M exposure presents some practical pro-

blems. Lapel-mounted sa zrs are an approximation to the breath-

ing zone. With his head in the indicated position, the sampler is

outside of the expansion trunk and is not exposed to the breathing

zone atmosphere. Shirts are frequently not worn during warm

weather, and this presents an additional monitoring problem.

4These considerations are important because the total vapor con-

centrations are significant during washing.

o After the water balance had been set, the three crew members work-

ed together to lower the washing head according to the washi ,g

plan and switch the head to the next deck opening for the second

drop.

o During the intermediate stages of washing a tank, there is con-

siderably less emphasis on viewing the liquid surface through
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the expansion trunk. The work crew tended to stand upwind of

the expansion trunk during thi3 time.

o Toward the end of washing, the viewing frequency increases, but

viewing duration decreases. This increased activity by the C/M

is needed to ensure that the maximum amount of liquid is stripped

from the tank before gas freeing is initiated. A portion of this

activity was conducted after the wash water was turned off. View-

ing durations ranged from 22 seconds to 70 seconds, with an aver-

age of 54 seconds. In between viewings, the C/M may take charge

of discharge valve adjustments.

o The A/B and O/S normally do not take part in the tank viewing

activity. Their potential for high concentration exposure is

reduced significantly. Their low level exposure is dictated by

whether the deck valves are downwind or upwind of the expansion

trunk.

o At the conclusion of washing, the C/M, A/B, and O/S remove the

washing hoses, install the blower in a deck opening, attach the

water hose to the blower, and turn the water on.

o After ventilation is initiated, the three-man work crew may begin

a washing operation on another tank. The above description of

work activities would be appli-able to all tank washings.

o The C/M continues his in-tank observation during ventilation.

He assumes the previously described position at the expansion

trunk or he lays on the deck to view through an open butterworth

plate using a flashlight or mirror. Thepurpose of this viewing

is to observe the status of the residual liquid and the state

of dryness of the tank walls. The frequency and duration did

not appear to be predictable. In one instance, four viewings

were conducted within a five-minute period, with an average view-

ing time of 39 seconds. Earlier, three viewings were conducted
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in roughly two minutes with an average viewing time of 20

seconds.

o The potential for exposure during these viewings is greatest

during the initial stages of ventilation.

Sequence No. 4

This sequence is concerned with open tank gauging and exposure to

the benzene fraction in motor gasoline. The entire ship was loaded with

three grades of gasoline.

Normally, open gauging is accomplished through the ullage port on

the expansion trunk. On this vessel, the gauging was performed through a

tube that had the appearance of a restricted gauging system, but the tube

terminated at deck level and did not penetrate into the tank. Thus, this

tube constitutes an open gauging system that poses the same exposure poten-

tial as the more conventional open gauging method. Figure V.4 illustrates

this method of open gauging at tank top-off.

The exposures in this sequence were collected on three Mates whose

responsibilities included periodic ullage gauging of the tanks being loaded

*and tank top-off. Where more than one sample is indicated for a given em-

ployee, the samples were collected on consecutive deck watches.

Routine or periodic gauging was performed with a Lufkin tape inserted

into the tube, and it necessitated direct viewing into the open tube. The

breathing zone was immersed in the vapor discharge plume approximately two

to three feet above the discharge point.

This periodic gauging was a definite pattern that is characterized

by the "gauging round." The gauging round consists of sequentially measur-

ing and recording the ullages on all tanks that are being loaded. Initially,

the gauging rounds are performed on almost an hourly basis. The ullage mea-

surements were used to calculate loading rates and to estimate the times to

complete tank filling. The frequency of periodic gauging increased as the
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time approached to top off selected tanks. In this case, the emphasis was

placed on the tanks that were iearly full, and the other tanks were tempo-

rarily eliminated from the gau~,ing round. A summary of the observed peri-

odic gauging frequency is tabulated below. The elapsed time for a gauging

round is a function of the number of tanks to be gauged and the distances

between the gauging ports. Within a gauging round, each ullage measure-

ment takes approximately one minute, which includes walking time between

tanks. Actual gaugiing time is also variable, but it is roughly 30 seconds

per tank. Interspersed between gauging rounds is random gauging of indi-

vidual tanks.

FREQUENCY OF PERIODIC GAUGING ROUNDS

CLOCK TIME NO. OF APPROXIMATE ELAPSED TIME
START TANKS (min.)

0030 11 10
0100 3 5
0130 9 7
0200 3 5
0309 11 16
0500 3 10
0900 3 5
1000 3 10
1230 4 4
1311 22
1321 2 2
1330 4 4
1334 3 3
1340 9 9
1355 2 2
1415 6 5

*1615 3 3
1800 3 3

A single product may eventually be loaded into as many as nine tanks.

0 Normally, the product flow rates are adjusted so that the wing tanks (port

and starboard tanks) are filled first, but at different rates. This stagger-

ing of delivery rates eliminates the possibility that two tanks will top off

at identically the same time. Top-off of a single tank requires two workers.

* The Mate gauged the tank using a crucifix, and the gauging frequency was

every minute initially and increased to every 15 seconds as the final ullage

was approached. The Mate was assisted by an A/B or an 0/S who manned the
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deck valves. Either of these two workers closed the valve to reduce product

flow in response to the Mate's directions. When two wing tanks were being

topped, the Mate gauged the tank that would finish first while the A/B gauged

the other wing tank. When the first wing tank had been filled, the Mate re-

* lieved the A/B on the other tank. The 0/S's function was to again man the

* delivery valves to each tank. The duration of crucifix gauging on selected

tanks is summarized below. The duration of final top-off gauging was quite

variable and ranged from 5 to 37 minutes per tank.

DURATION OF CRUCIFIX GAUGING DURING TANK TOP-OFF

TANK CLOCK TIME/DURATION INDIVIDUAL
NO. (min.) INVOLVED

5S 0928-0933 = 5 min. 3M
5P 0928-1005 = 37 min. AB

is 1045-1115 = 30 min. 3M
lP 1045-1118 =33 min. AR

2S 1250-1300 = 10 min. 2M
2P 1250-1307 = 17 min. AB

3S 1420-1445 = 25 mmn. 2M
3P 1420-1447 = 27 min. AR

1447-1457 = 10 min. 2M

4S 1519-1526 = 7 min. 2M
4P 1519-1526 = 7 min AB

During both periodic gauging and top-off, no consistent attempts

were made to stand upwind or crosswind of the vapor plume so as to mini-

mize exposure. Consequently, there were direct, downwind exposures to the

product vapors. Neither respiratory protection nor goggles were worn during

gauging.

Sequence No. 5

During product discharge, ambient air is ingested into the tank.

If the discharge proceeds without interruption, vapor concentrations at :he

ullage ports are insignificant compared to the levels during loading. After

the pumps are shut down, either because discharge is completed or there is a

need to correct the ship's trim, ullage port concentrations will rise as a
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* result of product evaporation and the mechanisms of molecular diffusion and

* free convection that work to equilibrate ullage space vapor levels. There-

fore, vapors can be passively discharged on deck.

In this sequence, the occupational exposures of two unlicensed crew

*members were monitored for the benzene fraction in gasoline during product

discharge. Their responsibilities, which were substantially the same, were

* to man the deck valves on each tank that control bulk discharge rate and the

* stripping suction. These valves are located several feet from the expansion

* trunk. As they do not visually site into the tank, their exposures reflect

the cumulative effect of the deck environment and cannot be associated with

* high level vapor sources.

Sequence No. 6

The work scenario during loading of MEK into Tank 7CP was consider-

* ably different from the scenarios that were observed on previous loadings.

- The entire loading was under the control of the tank farm. As such the

termination of product delivery was based upon flow totalizers in the tank

- farm metering station. This loading method contrasts with the more common

- procedure where the ship has control of the loading including the signal

for termination of delivery. In the "ship stop" loading method, there is

more emphasis on tank gauging particularly as the tank is topped-off to the

- final ullage. Conversely, in this "shore stop" method of loading the MEK,

- tank gauging does not follow an observable pattern, and there were no ullage

* readings taken during the latter stages of loading. In addition, the tank

was loaded to only 80 percent of capacity; thus, the majority of the vapor

blanket above the liquid remained in the tank and was not discharged to the

atmosphere at the end of loading.

The bulk of the MEK was loaded during the 6-hour period from 1200 to

- 1800 hours. On four occasions, the tank was either manually gauged or the

- liquid level was sited visually by the Ordinary Seaman on duty. The dura-

- tion of these activities were as follows:
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TIME DURATION ACTIVITY

1346 10 sec view liquid with mirror
1358 90 sec manually gauge ullage with

tape
1437 3 sec view liquid with mirror
1456 37 sec manually gauge ullage with

tape

The loading overlapped two deck watches. The individuals that were

* monitored were selected on the basis that their work stations included the

deck area of the tank being loaded with MEK. Because this was a "shore

stop" loading, the majority of their time was devoted to activities that

were unrelated to Tank 7CP. The first four exposure samples in this se-

quence were collected on two crew members that worked on the port side of

the ship. Two additional crew members (SS-30 and SS-40) worked on the

starboard side of the vessel during the final stages of loading which

included blowing of the loading lines with nitrogen from the dock. Their

exposure levels reflect a port-starboard wind that diluted and transported

the vapors to their work area.

Sequence No. 7

This sequence includes restricted tank gauging of two product tanks

by three crew members. Each indiv'idual performed his duties independently

of the other crew members. Two of the exposure samples were collected over

a 4-hour watch, and the third sample was collected during the latter half

of the shift. The actual gauging method and the equipment involved were

described in a previous sequence.

During the monitoring periods, each individual did not perform gaug-

ing rounds; the majority of their deck watch time was spent upwind of the

loading tanks in the vicinity of the manifold with brief excursions to gauge

* a tank and then return to the manifold area.

MEK and TOL were the products being loaded. EAL was included in the
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analysis because this chemical had been carried in the tank in which MEK

was being loaded.

Sequence No. 8

This sequence involves the cleaning of one tank on a 3-tank chloro-

form barge. The cleaning procedure consisted of a 67-minute stripping oper-

ation followed by a 64-minute ventilation period. Stripping of residual cargo

was accomplished using a hand-held vacuum line inserted through the open hatch

and extending into the pump sump. Two workers were involved in this operation.

At the beginning of stripping, the residual liquid depth on the tank bottom

was approximately 0.125 inches as determined by using a dipstick from the

deck. At the end of stripping, the residual depth could not be measured;

the tank bottom had the appearance of wet sidewalk, and the liquid layer

was estimated to be 0.1 cm or less. The presence or amount of unstripped

cargo in the pump sump could not be determined.

The tank was then gas freed using a Coppus CP-20 blower on the aft

Butterworth opening plus auxiliary ventilation through the product dis-

charge line into the pump sump. Vapors were exhausted through the open

hatch and also through an open gauging standpipe during the latter half

of gas freeing. The latter half of the gas freeing was characterized by

one worker on deck at the open hatch. His primary presence on deck was to

monitor the odor of the discharged vapors. The termination of odor was his

signal that the tank had been gas freed and that it could now be tested for

man-entry by responsible marine department personnel. This procedure is

faulty because, in the case of chloroform, the odor threshold, (205-307

ppm per Verschueren) is substantially above the ACGIH/TWA-TLV and STEL-TLV

of 10 and 50 ppm, respectively. The tank was subsequently tested for 02

and combustible gas levels using a combination 0 2 /CGI and a dropline and

was found to be "acceptable". The zero combustible gas reading is mis-

leading because (1) chloroform is non-combustible and (2) the instrument

that was used is based upon the principle of catalytic combustion on a wire

wound filament and the corresponding increase in electrical resistance of

e the wire at elevated tamperatures. Thus, the instrument is inappropriate
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for use with chloroform, and zero readings would be obtained regardless of

concentration level.

Following marine department approval, two workers entered the tank

for three and five minutes, respectively, which included descent and ascent

times. Entry activities consisted of a brief inspection of tank surfaces;

no cleanup activities were conducted. The workers did not have respirators

available during entry, and there was no standby worker on deck.

Chloroform concentrations at the open hatch during stripping, as

measured with an OVA, are summarized below:

TIME (min) CONCENTRATION (ppm)

0 26,500
5 26,500

10 68,000
15 62,000
21 39,000
29 39,000
31 34,500
36 39,000
41 39,000
48 34,500
54 41,000
66 30,000

The concentrations are reasonably constant in time with the excep-

tion of the excursion at 10 to 15 minutes into the stripping. This fluctu-

ation is believed to be the result of agitation of the sump contents by the

stripping line as the workers attempted to ensure that the suction inlet

was actually positioned in the sump. This positioning was accomplished by

feel since the inlet position could not be observed visually.

It is interesting to note that termination of ventilation at 64

minutes was based on the absence of vapor odor. The discharge concentra-

tion, measured with the OVA, was less than 200 ppm which in turn is slight-

ly less than the odor threshold for chloroform.

265



Employee No. 1 did receive detectable exposures during stripping

and ventilation. These exposures are quite probably lower than the actual

exposures that were received for the following reason. The OSHA/NIOSH

representative breathing zone sample is obtained with the collector inlet

located on the shirt lapel not at the nose. The work pattern of Employee

No. 1 included frequent visual sightings into the tank. During these sight-

ings, his head was over the hatch while his chin rested on the hatch riser.

In this position, the collector inlet was outside the hatch and was shielded

from the high concentration exhaust.

The exposure levels during tank entry were not detectable. The

explanation is that the exposure time was insufficient to yield an adsorbed

weight greater than the detection limit. This situation may also have been

influenced by a sampling rate that was less than the recommended rate of

1.00 Lpm. Even at the recommended rate, the entry duration would not have

satisfied the sample volume requirements.

Following the brief tank entry by the barge workers, SwRI personnel

entered the tank with an OVA and appropriate respiratory protective devices.

Another SwRI team member stood watch at the open tank hatch. The measured

chloroform concentrations were:

o 57-65 ppm from top to bottom of the tank

o 49-65 ppm at breathing level on the tank bottom

o 820-2400 ppm above rust piles in the pump sump.

As was noted above, the sampling time for the in-tank occupational exposures

was insufficient to adsorb a weight of chloroform vapor that exceeded the GC

threshold of sensitivity. The in-tank OVA data, however, suggest the likeli-

hood that both workers received chloroform exposures that exceeded the ACGIH

TLV-STEL.

Sequence No. 9

This sequence involves exposure monitoring of one crew member on two

consecutive deck watches during product loading. Work activities during
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collection of the first sample, VF-5, included restricted tank gauging of

* two Subchapter D chemicals, MEK and EAL; and closed gauging of EPC, which

is a Subchapter 0 chemical. The equipment and techniques that are used in 4

restricted gauging have been described earlier.

For certain hazardous materials, the USCG specified minimum equipment

or procedure requirements for ullage gauging and vapor venting during load-

ing. EPC is a chemical that requires closed gauging; vented vapors must be

released at a minimum distance of B/3 (one-third the width of the ship's

beam) above the deck. With a closed gauging system, the ullage can be read

without directly exposing the tankerman to vented tank vapors; in this ex-

ample, the closed system consisted of a sealed, flotation tape device.

The exposure levels for MEK and EAL on Sample No. VF-5 are consistent

with the concentrations that were for other restricted gauging activities.

The EPC concentration represents the contribution to the deck work environ-

ment that results from EPC vapor discharge at elevation and the subsequent

atmospheric dilution.

The second sample, VF-6, represents the integrated exposure to a

mixed xylenes chemical during restricted gauging on the subsequent deck

watch.

Sequence No. 10

The sequence of work activities during discharge is initiated with

the hookup of the loading hoses by the dock crew. While this is being

performed, one of the dock inspectors comes aboard to obtain tank samples,

initial ullage readings and tank temperatures, for each of the product

tanks. This activity is accomplished in the presence of the mate on watch.

Sample No. VF-14 represents the integrated exposure of this mate as

he accompanied the dock inspector. The sampling duration included not only

the contact time with the indicated chemical tanks but also the time needed

to perform the same operations on the majority of the tanks that contained

.1
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proprietary solvents and gasolines. Similar operations were conducted on

an n-butanol tank, but the exposure sample was not analyzed for this chem-

ical because it required a different desorption procedure than did the four

indicated chemicals.

As during loading, restricted tank gauging became the dominant work

activity once discharging operations were underway. Gauging rounds were

performed in the same way as observed for loading. The personnel involved

in gauging consisted of the pumpman and the mate. In some cases, the AB

on watch was allowed to take ullage measurements. Sample No. VF-12 repre-

sents the pumpman's exposure during restricted discharge ullage gauging.

The four chemicals on this sample are the same as on Samp' 'o. VF-14.

As anticipated, the exposure to chemical vapor was w during gaug-

ing or discharging tanks because of the inflow of fresh a o the tanks

as the product level drops. Elevated chemical concentrat ±evels were

measured with an OVA on deck during discharge, and the source was traced

to a number of leaking drain valves located in various product lines.

During product discharge, the line pressure is much higher than during

product loading. As opposed to seeing near atmospheric pressures during

loading, the product line pressures reach upwards to 100 psig because they

are just downstream of the cargo pump discharge. The leaks from the drain

valves fall to the deck where they may accumulate and evaporate. The mate

on watch indicated that leaks are typical during discharge. They are

usually contained by placing a coffee can under the leaking valve. Accumu-

lation of raw product on the deck could contribute substantially to local-

.4 ized high vapor concentrations and potentially the breathing environment.

The measured exposure levels suggest that in this case, the leaks, while

important, did not result in a quantitative increase in the exposure during

the pumpman's gauging activities. Rapid evaporation and atmospheric dilu-

tion probably negated a higher exposure level.

Sequence No. 11

This sequence is a continuation of the restricted tank gauging during

discharge aboard the same vessel that was represented in Sequence No. 10.
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As mentioned previously, gauging rounds may overlap; two crew members may

each begin an independent round but the rounds are separated in time by

roughly one-half hour.

Sample No. VF-20 was collected on the Third Mate who gauged the same

* tanks as the Pumpman (Sample No. VF-12) in the previous sequence. The con-

sistent trend toward low exposure levels with restricted tank gauging is

again apparent in Sample No. VF-20.

Sample No. VF-18 was collected on the same Third Mate when n-butanol

and other products were discharged at a second terminal. His gauging rounds

included the butanol tank as well as the other tanks that were being dis-

charged. The exposure level was low, but it was slightly higher than would

be expected based on vapor pressure considerations and the other restricted

gauging results. The reason is not conclusive, but on-deck leakage from

product line valving may have contributed to the exposure level.

Sequence No. 12

Following product discharge, two center tanks and two wing tanks

were ballasted. These tanks had previously carried motor gasoline; the

tanks were not washed and ventilated prior to ballasting. During ballast-

ing, product vapors are discharged from the tanks into the work place.

* The concentration-time history is influenced by:

o the extent to which a tank is ballasted, i.e., the volume

of ballast introduced relative to tank capacity, and

o the elapsed time from completion of product discharge to the

beginning of ballasting. The longer this elapsed time, the

more homogeneous will be tha concentration profile in the

tank during ballasting.

In this sequence, the tanks were not completely ballasted, and discharge

gasoline vapor concentrations ranged from 2.5 to 6.0 percent by volume.

Complete ballasting would likely have resulted in final vapor concentrations

that approached the maximum values encountered at the end of product loading,
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i.e., upwards of 40 percent by volume.

This sequence involved restricted tank gauging during the ballasting

operation. The frequency of gauging is reduced during ballasting in com-

parison to loading because the exact quantity of ballast is not critical.

The pumpman gauged the ullage on each tank approximately once an hour. In

between gauging rounds, the pumpinan either checked the operation of the

ballast pump in the pumproom or was idle.

The measured exposure during restricted gauging of ballasting opera-

tions is consistent with other measured exposures during loading where the

same gauging system is used,

V.1.5 Sequential and Simultaneous Exposures During Multiple

Terminal Loading Operations

The occupational exposure data that are presented in Table

V.3 were collected over a 7-day period that included eight terminal dock-

ings during which 19 chemicals were loaded and one chemical was discharged

from the tanker. These data were obtained in support of another USCG-

sponsored research project, and complete documentation is contained in

Reference 2. Over the 7-day period all of the operations that were

monitored could be classed as marine terminal operations as opposed to

those operations that are more normally conducted at sea. Therefore, in-

clusion of the data in this report is appropriate because

0 it reflects a variation in ship operations that had not been

observed on previous monitoring tests,

0 the majority of the chemicals had not been encountered on

previous tests,

0 it provides a broader perspective of ship operations from the

standpoint of data interpretation, and

o it represents a substantial contribution to the exposure data

base at the time that this report was written.
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A significant expansion of the data base will be generated under the pro-

ject in Reference 30.

As in previous monitoring tests, the data in Table III are

supported by the following documentation:

o identity of vapor sources,

" work activities and their proximity to the sources, and

o the duration of these work activities.

* Detailed documentation appears in Reference 2. Due to length, it is not

* practical to reproduce that documentation in this report; therefore, the

* reader should consult Reference 2.

The following narrative provides a perspective on ship operations

and work practices during the 7-day monitoring period.

The data that were presented in previous sections indicate that

occupational exposure potential is reduced when ullage gauging is perform-

ed through restricted gauging systems as opposed to the open gauging method.

* This statement applies generally to all phases of loading, especially tank

top-off. The vast majority of the data in Table III were collected duiing

tank gauging. As with restricted gauging exposures, the data in Table III

tend toward low, frequently non-detectable levels. However, this vessel

* did not have restricted gauging systems; tanks were open-loaded and open-

gauged. These low level exposures are attributed to three factors:

o Shore-stop loading

0 Short-loading, and

o Work practices.

The first factor was "shore-stop" loading. In this loading

method, the tank farm has responsibility for terminating product delivery

when the scheduled quantity of a cargo has been taken aboard. This mode of

operation relieves the crew from the necessity of continuously gauging a
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tank to its final ullage, as is the procedure for "ship-stop" loading where

the crew assumes the responsibility for terminating delivery. This scenario

would apply to either a tank that is loaded to capacity or a tank that is

"short-loaded."

The second factor is "short-loading." This term indicates

that the volume of product that is loaded into the tank is intentionally less

than the rated capacity of the tank, which is usually 95 to 98 percent full.

The majority of the chemicals on this vessel were short-loaded. The average

fill fraction was 54 percent with a range of 30 to 78 percent. As such, the

U loading is terminated before the high concentration vapor blanket above the

liquid surface is vented from the tank. These first two factors combined to

produce a reduced exposure potential.

The third factor pertains to the procedure that was used in open

gauging the tanks. Normally, a crew member stands on the deck when the

tank is gau .,ed. At this location, his breathing zone would be roughly one

to two feet above the open ullage port. During this 7-day period, the crew

members stood on top of the expansion trunk when gauging, as shown in Figure

V.5. In this practice, the separation distance of the breathing zone from

the ullage port is increased to three to five feet. Over this increased

distance, there is additional time for dispersion and dilution of the dis-

charged vapors, and the breathing zone may be totally removed from the vapor

plume. If the tanks had all been loaded to capacity (no short-loading), then

It would be expected that open-tank gauging from on top of the expansion trunk

would have produced higher occupational exposures but which would be less

6 than if the tank was open-gauged from deck level.

Finally, on this vessel, gauging rounds were conducted every 30

minutes, which is representative of the practice on other vessels. The

time required to gauge each tank was also consistent with gauging operations

that had been observed previously.

The data in Table III reflect the operational and work practice pro-

6 cedures on one vessel. These procedures consistently resulted in analyte
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weights that were not detectable analytically; where this situation occurred,

concentrations were quantified at the detection limit of the gas chromatograph

for the sampling duration.

V.1.6 Occupational Exposures During Biological Monitoring Tests

One aspect of this program included concomitant biological and

occupational exposure monitoring over 24-hour period during which two pre-

selected chemicals were loaded onto different tankers. The specific details

pertaining to rationale, methodology and results are presented in Section

V.2.

Each of the two biological monitoring tests involved three

crew members whose job functions indicated the highest potential for expo-

sure during the loading operations. The objective of this section is to

summarize their occupational exposures to the chemical vapors and to dis-

cuss the work activities that occurred in each sampling interval.

The environmental monitoring data are presented in Table V.4.

Sequence Nos. 1, 2, and 3 pertain to three separate crew members on a

methanol loading while Sequence Nos. 4, 5, and 6 were collected on three

different crew members during a toluene loading.

Methanol Loading

Two wing tanks of methanol were open-loaded onto a vessel.

.6 The starboard tank was filled to 95 percent of capacity while the port wing

tank was loaded to 82 percent of capacity. This differential in loading

resulted in maximum vapor discharge concentrations at top-off of roughly

85,000 ppm on the starboard tank and 70,000 ppm on the port tank. Both

* tanks were located directly forward of the deckhouse.

The crew member in Sequence No. 1 open-gauged product ullage on

both wing tanks during loading and was involved in the entire top-off opera-

*I tion on the port tank. His pre-top-off contact time, during periodic gauging
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of each tank, is summarized below. The gauging activities occurred during

collection of the indicated gauging sample numbers.

TANK BEGIN TIME DURATION (see) SAMPLE NO.

P 1901 140 01-Pi
P 1934 60 01-P2
S 1935 60 01-P2
P 2028 86 OI-P2
S 2030 60 01-P2

In performing these tank gaugings, the crew member stood on

the hatch cover with his breathing zone three to four feet above the ullage

port in the vapor plume. The top-off operation on the port tank commenced

at 2136 and lasted for 16 minutes. Sample No. 01-P3 was collected during

the top-off operation. The tank was gauged seven times in 16 minutes.

Gauging time ranged from 10 to 88 seconds with an average of 37 seconds.

Because top-off gauging is a critical part of the loading, the crew member

remained on the tank hatch for the entire 16 minutes. While performing

the top-off gauging his breathing zone was one to two feet above the ullage

port in the vapor plume. In between gaugings, his breathing zone was

roughly five feet from the ullage port and out of the main vapor plume.

There was minimal wind movement in the vicinity of the port tank due to

shielding by the deckhouse, deck piping and deckside tank reinforcement

structure. The last three samples in Sequence No. 1 indicate that there

were no further exposures to methanol for the remainder of the 24-hour

period. Samples bearing the "less than" symbol were quantified at the

detection limit of the analysis equipment.

The crew member in Sequence No. 2 also periodically gauges

both the starboard and port wing tanks during loading, and he was the

individual that was most involved in the top-off of the starboard tank.

The pre-top-off gauging times are summarized below along with the sample

numbers. The sampling durations are shown in Table IV.4.
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TANK BEGIN TIME GAUGING SAMPLE NO.
DURATION (sec)

S .857 120 02-P2
P 1954 30 02-P3
S 1956 30 02-P3
S 2100 60 ---

P 2110 60 ---

This crew member did not wear a monitor during the last two gaugings be-

cause of logistics related to the biological monitoring effort. Each

ullage reading was obtained in the same manner as described in Sequence

No. 1 including the proximity of the breathing zone to the ullage port.

Top-off of the starboard tank began at 2156 and continued for 30 minutes.

During that period, the tank was gauged five times. Gauging time ranged

from 10 to 50 seconds with an average of 24 seconds. For all but two of

the 30 minutes the tankerman stood on the expansion trunk hatch cover.

From this location, the majority of the top-off ullage measurements were

made with the breathing zone three to six feet from the ullage port and

out of the main vapor discharge plume. Following top-off of the starboard

tank, this individual's work activities did not result in any further ex-

posure to methanol as indicated by the last five personal samples.

Sequence No. 3 contains the exposure monitoring results for

* the pumpman whose work responsibilities did not include gauging and top-off

of the methanol tanks. His work activities, which posed a potential for

methanol exposure, are summarized below. Each of the indicated activities

took place during a sampling interval.

SAMPLE NO. ACTIVITY DURATION (min)

03-P3 In pumproom adjacent to starboard
* methanol tank 10

03-P2 On deckhouse walkway above port
methanol tank 4

On deckhouse walkway above star-
board methanol tank 2

In pumproom adjacent to starboard

• methanol tank 4

(continued on next page)
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SAMPLE NO. ACTIVITY DURATION (min)

03-PlO On deckhouse walkway above
port methanol tank 3

On deckhouse walkway above
port methanol tank 5

Collect methanol sample from
product line drain valve
near port methanol tank 2

03-P8 On deckhouse walkway above
port methanol tank 1

On deck near starboard
methanol tank 2

Near methanol loading hose
on starboard manifold 1

In pumproom adjacent to star-
board methanol tank 4

Standby at starboard manifold
for disconnect of methanol
loading hose 10

Remove loading hose and secure
flange blind to manifold 9

03-Pl Disconnect and remove cross-
over piping from methanol
loading; stand on drip pan
grating; stand on manifold
walkway above drain valve 24

03-P7 Standby adjacent to starboard
manifold drip pan 4

03-P12 Make ready cross-over piping
on starboard manifold in
preparation for next loading
terminal 22

Where samples indicated a non-detectable level of methanol, the concentra-

tion was quantified at the detection limit of the analytical instrumentation.

Toluene Loading

Toluene was loaded simultaneously into a port and a starboard

tank through one loading hose. Both tanks had been cleaned prior to docking.

The port tank was manually gauged through top-off. When the desired final

ullage had been reached on the port tank, the entire flow of toluene was

diverted into the starboard tank. Manual top-off gauging was not conducted

on the starboard tank because product delivery to the ship was terminated
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by the tank farm (this type of loading control is known as a shore-stop).

The port tank was loaded to 85 percent capacity while the starboard tank

contained 73 percent of rated capacity. Thus, both tanks were short-loaded;

a full load would occupy 95 to 98 percent of rated tank capacity. When a

clean tank is short-loaded, the concentration of the vapor that is dis-

charged from the tank at the end of loading is less than the nearly satu-

rated vapor concentration that would exist if the tank was fully loaded.

Consequently, the potential for occupational exposure is reduced under

short loading conditions. The monitoring results substantiate this con-

clusion.

During loading, vapors were vented through an ullage port

and a butterworth plate, both of which rested on their pins in between

ullage measurements. The ullage port was opened when the tank was gauged.

0 If a crew member felt that the vapor concentrations were objectionable, the

butterworth plate was also opened.

The crew member in Sequence No. 4 gauged both port and star-

board tanks during the initial stages of loading. He also performed the

top-off on the port tank. He spent most of his time on the deck just up-

wind of one cf the tanks being loaded. Very rarely he would go on the

center walkway or stray from the tanks being loaded. Gauging was accom-

plished from deck level. While not gauging, he stood to one side of the

expansion trunk separated from the ullage port by a diagonal distance of

approximately 5 feet. When gauging, the crew member's breathing zone was

about 2 feet above the ullage port and slightly off to one side. After

loading had been terminated on the port tank, the crew member gauged the

tank three additional times ostensibly to check the validity of the final

ullage. Three sequential occupational exposure samples were collected

during the period when the crew member in Sequence No. 4 performed the

ullage measurements. A record of his gauging activities is summarized

below. Note the increase in gauging frequency as top-off is approached.
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SAMPLE NO. BEGIN TIME DURATION (sec)

06-P2 2114 20
L2218 30

2130 120
2133 60

06-P3 2215 60
2222 40
2227 30
2237:20 20
2238:20 13
2238:23 5
2239:38 11
2240:10 7
2241:00 6
2241:21 7
2241:38 6
2242:05 3
2242:16 11
2242:45 5

06-P4 2256 20
2315 60
2330 10

The crew member in Sequence No. 6 was also actively involved

in periodic gauging of ullage on both toluene tanks. His gauging activities

are summarized below.

SAMPLE NO. BEGIN TIME DURATION (sec)

08-Pl 2048 5
2049 30
2058 5
2100 10

08-P2 2145 20
2148 15
2148 30
2151 20
2157 180
2210 18

08-P3 2247 52
2258 480
2307 45
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Recall that termination of loading was controlled by shore stop. During

the latter stages of loading of the starboard tank, the crew member gauged

this tank on three occasions (Sample No. 08-P3) even though he had no con-

trol over the termination of loading. On all of these gauging encounters,

he consistently stood upwind of the ullage port with his breathing zone

18-24 inches from the vapor source.

Note that the loading-related exposures to toluene are quite

low for both Sequence Nos. 4 and 6 because of the lower concentration levels

associated with short loading. After the toluene loading was completed,

their work continued on other parts of the ship, and in this time there was

no meaningful encounter with toluene. Large quantities of ethyl benzene

were loaded after the toluene. The ethyl benzene did not interfere or

interact with the environmental or biological samples for toluene.

The occupational exposure samples in Sequence No. 5 were

collected on the pumpman. He has a wide range of responsibilities during

a loading operation; he may gauge tanks occasionally, but this is not his

main function. Initially, his main task is to participate in hose hookup.

Exposure monitoring was not practical during this activity as it would have

interrupted and interf erred with his work. There is some evidence in the

biological monitoring data to suggest that a toluene exposure may have

occurred during hose hookup or the loading of the heel. Exposure moni-

toring was initiated with Sample No. 07-Pl at the first practical oppor-

tunity after hose hookup. Summarized below are the pumpman's work activ-

ities that posed a potential exposure to toluene.

SAMPLE NO. ACTIVITY DURATION (min)

07-Pl Gauge port toluene tank 0.67

07-P5 Man product deck valve
near port toluene tank 9

07-P9 At starboard drip pan
grating 2
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V.1.7 Area Monitoring

The results obtained from area monitoring cannot be used to

infer occupational exposure levels. The results can, however, provide an

insight into (1) vapor concentrations at various locations on a vessel,

and (2) the potential for contribution to the overall exposure if work is

performed in the vicinity of a stationary monitor.

Table V.5 summarizes the results from several area samples.

* The remainder of this subsection contains a brief description of each

monitoring sequence. In each of these descriptions, no attempt should be

made to correlate employee contact time with the duration of the monitor-

ing interval.

Sequence No. 1

At the end of a loading operation, raw product may collect in the

*drip pan when hoses are disconnected from the manifold. Generally, this pro-

duct will remain in the pan during the laden voyage. Additional quantities

of product may collect in the pan when the manifold flanges are subsequently

removed in preparation for hose hookup at the discharge port. Evaporation

of the product in the drip pan represents a potential source of exposure.

Figure V.6 illustrates a hose hookup crew working at the manifold above the

drip pan that contained product accumulations.

During discharge, there is a tendency for crew members on watch to

congregate near the drip pan as they can communicate with and have access

to the dock from this location.

Sample No. EX-11 was collected during a gasoline discharge opera-

tion in which there were product accumulations in the drip pan. The samp-

ling equipment was located at breathing zone height on the aft end of the

starboard manifold and above the product drip pan. This location was on

the downwind end of the drip pan and in the proximity to the site where

crewmen congregated. The sample was analyzed for the benzene content in

gasoline.
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Sequence No. 2

Epichlorohydrin is a Subchapter 0 chemical that requires closed load-

ing, closed gauging and venting of product vapors at a minimum height of

B/3 above the deck. The objective of B/3 venting is to promote rapid atmo-

spheric dilution and dispersion of potentially hazardous vapors, thus pre-

venting high level concentrations in the workplace, i.e., at deck level.

The area sample in this sequence was collected roughly 5m downwind

of the expansion trunk on the EPC tank and on the ship's elevated longitud-

inal catwalk (wind starboard to port). There is generally a considerable

amount of fore-aft foot traffic on the catwalk. Two sources may have con-

tributed to the measured EPC concentration.

0 The most probable source was vapor leakage past the sealed

expansion trunk and ullage port.

o The least probable source would be the vapors that were diluted

after being vented through the B/3 riser. This contribution

could occur if the diluted vapors were entrained in a recircu-

lating flow field and were transported upwind toward the samp-

ling station as a result of an air flow separation on the star-

board side of the vessel.

Sequence No. 3

The pumproom is used primarily during product discharge, ballasting,

*I and tank cleaning. The large centrifugal pumps in this room may develop

cargo leaks that accumulate in the bilge. Bilge cleaning is generally

performed when the leaks are substantial or the ship is scheduled for in-

spection. The pumpman's responsibilities require that he enter this con-

fined space during product discharge, and the bilge accumulations and leaks

can generate a work atmosphere that is a potential source of exposure. Area

Sample VF2 was collected to characterize the benzene vapor environment in

the pumproom. This sample was collected during gasoline discharge and at a

* location where the pumpman would work. Although the pumpman spends a small
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* •portion of his time in this space, the measured benzene level of 4 ppm is

meaningful because it is of the same order of magnitude as the exposure

levels that were monitored during open gauging of gasoline tanks during

loading. While the 4-ppm level is below ACGIH TWA and STEL limits, it

*- would represent a contribution to the pumpman's total occupational exposure.

Sample No. VF2 represents conditions when products are flowing through

the pumproom. The pumproom has its own mechanical exhaust ventilation sys-

tems. The ventilation discharge was located on deck adjacent to the deck-

house superstructure and near the walkway that provided access to the second

level of the deckhouse. Crew members, specifically the Mate on watch, fre-

quently walked past this pumproom ventilation discharge. Sample No. VFl was

collected in the vicinity of the pumproom exhaust and walkway. The measured

area concentration of 5 ppm benzene with gasoline flowing through the pump-

room is consistent with the benzene level of 4 ppm (Sample No. VF2) in the

pumproom during this same operation.

Possible BNZ breakthough is indicated on Sample No. VFI because ana-

lyte loading on the backup section of the charcoal tube exceeded 30 percent

of the total loading. As gasoline vapor has multi-components, the break-

through may have resulted because of adsorption of other vapor components.

The breakthrough may also be an artifact that resulted from post-collection

analyte migration.

Sequence No. 4

Sequence No. VF-16 was collected in the pumproom after the bilge

had been cleaned. As gasoline was the only product that was transferred

through the pumproom the sample was analyzed for the benzene component in

gasoline. A comparison of this sample with Sample Nos.VF-7 and 8 (see

Table V.1 in Section V.1.3) indicates that the manual cleaning reduced the

BNZ level in the pumproom by an order of magnitude.
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Sequence No. 5

This sequence was monitored during preparations for CRF discharge.

At 1235, the starboard manifold flange to the CRF tank was removed, and

hose hookup proceeded. During this operation, the wake from a passing

vessel caused a stern spring line to snap and the ship to move away from

the dock. As the ship recoiled toward the dock, the discharge hose was

damaged when it became trapped between the hull and the dock bumper. The

damaged hose was removed from the ship's manifold at 1340. During this

period of time, an area sample (Sample No. 513) was collected by taping

the pump and samplig medium to the manifold flange for Tank 4S, which was

located directly adjacent to the CRF flange. The separation distance be-

tween flanges was approximately 2 feet. This sampler was placed in that

work location because of the presence of CRF odor from the exposed manifold

ball valve and the presence of EAC odor from Tank 9S, which was adjacent to

. the manifold. A new hose was then delivered to the dock; reconnect was re-

sumed at 1413, and the discharge began at roughly 1500. Sample No. 514 was

collected during this 43-minute period and at the same location as Sample

No. 513. Between 1239 and 1500, a Mate and an A/B were present in that work

area for a majority of their time.

The odor of a chemical vapor is not a reliable indicator of exposure

potential or concentration. This is clearly demonstrated by the low EAC

concentrations and the fact that the EAC odor threshold is in the sub-ppm

* range. CRF, on the other hand, has an odor threshold of 200-300 ppm, and

that odor was perceived only at the valve ball and flange directly adja-

cent to the sampler location. A low vapor release rate coupled with rapid

atmospheric dilution resulted in the measured sub-ppm concentrations of CRF,

which are not detectable by odor alone.

Sequence No. 6

During a discharge operation, a record is normally kept of tank

ullage vs. time. This record is used by the deck watch crew to estimate

the time when the discharge will be completed. On this particular tanker,
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the record was kept on a chalkboard that was located on the ship's longi-

tudinal catwalk. An area sampler was placed at the chalkboard because

o . it was an established work station between tank gauging,

o the catwalk was a main fore-aft traffic lane for loading

stores onto the ship,

o the ullage board was directly downwind of the CRF discharge

pump and manifold, and

o there was a perceptable EAC odor from a previously-loaded

tank that was located adjacent to the catwalk.

Low level concentrations of EAC and CRF were obtained at this moni-

toring location. These results suggest that the sources were primarily fugi-

tive emissions as opposed to sustained releases at elevated concentrations.

Sequence No. 7

The nature of tanker operations dictates that many activities be

conducted simultaneously. In this sequence, the watch crew performed a

variety of tasks on the forward half of the deck. These tasks required

crew members to make several trips to a deckhouse storeroom in the aft end

of the vessel to retrieve equipment and supplies. The traffic lane that

was used passed adjacent to and downwind of a DBO/DBP tank that was being

open-loaded. The contact time with the dichlorobenzene vapor was minimal

and was limited to the time to walk through the plume.

To characterize the environment in the vicinity of this traffic lane,

monitoring equipment was taped to the tank hatch structure at breathing

zone height. In this position the sampler was located between the open

ullage port and the traffic lane. Two sequential samples were collected,

i.e., Sample Nos. 520 and 522, and analyzed for both the ortho and para

isomers.

Sequence No. 8

Many first generation product/parcel tankers have a midship deckhouse
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in addition to an aft or stern deckhouse. Deck level passageways in the

midship deckhouse provide access to the forward and aft sections of the

deck. In addition, it is not uncommon for an expansion trunk on a tank to

be located within a few feet of the deckhouse structure and in proximity

to the passageways. In this position, the deckhouse may shield the expan-

sion trunk from the ambient wind; high concentration vapors that are dis-

charged during loading may be retained in the vicinity of the expansion

trunk without substantial dilution. This situation could result in a poten-

tial exposure to crew members working in the area of that expansion trunk

or using the passageway next to the trunk.

The above situation was encountered during loading of DCM4 into a

tank whose expansion trunk was next to the deckhouse and adjacent to the

passageway. The tank was open-loaded. DCM is extremely volatile; to avoid

any possibility of overpressuring the tank, vapors were vented through the

open ullage port, and the hatch cover was cracked. Area Sample No. UCG-

117 was collected in ant'cipation of work activity and foot traffic in

the area. As there was no convenient location at breathing zone height,

the sampling apparatus was set up on the expansion trunk flange roughly

2.5 feet above deck level. The sample was collected during the latter

stages of loading when vapor discharge concentrations approach the satura-

tion level.

In the final analysis, there was little work activity in the area

on this particular observation. However, the concentration level that was

monitored should be recognized for its exposure potential.

The analytical results from this sample suggest that both break-

* through and post-sampling analyte migration may have occurred.

4 V.1.8 Equipment, Cargo Transfer Procedures and Work Practices

That Influence Exposure Levels

The objective of this section is to present and discuss var-

ious aspects of cargo transfer and tanker/barge operations that impact on
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the potential for occupational exposure. This presentation is based on

field observations and measurements, and no attempt is made to generalize

beyond actual experience to situations that have not been encountered to A
* date, nor is it implied that all operations are consistently conducted as

* described.

The minimum venting and gauging requirements for Subchapter 0

chemicals are identified in 29CFR, Parts 151 and 153 for unmanned barges

and tankships, respectively. To be licensed to transport this class of

chemical, the vessel must be equipped with venting and gauging systems

q that meet or exceed these minimum requirements. These requirements repre-

sent engineering controls that are intended to minimize exposure potential.

Restricted and closed gauging systems avoid the direct exposure to high

concentration vapors that exist during open gauging. Venting at elevation

allows product vapors to be diluted and dispersed, thus reducing the poten-

tial for vapor concentrations of health significance to occur in the work-

?ilace. In practice, however, the requirements may be circumvented for a

variety of reasons. For example, chemicals in this category may be inten-

tionally open-loaded (vented) and open-gauged even though minimum equipment

is available for closed gauging and P/V venting at 4m or B/3 above the deck.

Open gauging of these cargos cannot be justified from an occupational health

standpoint, but it can be justified on operational grounds since closed

gauging systems frequently malfunction, respond sluggishly or are inoper-

able. For these reasons, the tankerman will rely on open gauging so as to

avoid a deck spill and ensure that the correct quantity of cargo is loaded

aboard the ship. The use of open loading (venting) may be (1) the result

of an inoperable P/V valve, (2) a precaution against overpressuring a tank,

or (3) due to the fact that the minimum requirements do not clearly state

if P/V venting at elevation applies during loading, while the ship is

underway, or both. On one occasion, the operational variances described

above existed for four out of eight Subchapter 0 chemicals that required

at least restricted gauging and venting at elevation. A more uniform ad-

herence to these minimum requirements would contribute to a reduced expo-

sure potential.
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Minimum gauging requirements are not specified for Subchapter

D chemicals. Depending upon the vessel's equipment, ullages will be gauged

through restricted sounding tubes, open ullage ports or gauging tubes that

terminate at deck level. The occupational exposure data that were pre-

sented in the preceding sections confirm the ability of restricted gauging

systems to minimize exposure to Subchapter 0 chemicals relative to either

of the open gauging methods. Therefore, a phased retrofit program to in-

stall restricted gauging systems would be beneficial.

Tankships and barges have drip pans beneath the manifold.

Raw products can accumulate in the pan beneath an open grating during hose

connect/disconnect or as a result of flange leaks during pumping. Single

products and mixtures can evaporate and result in an inhalation exposure

potential to the crew members that are involved in manifold-related work.

Depending upon the number and size of hoses to be handled at a single

docking, as many as six crew members may be exposed to these product accu-

mulations. In addition, ship procedures may or may not require that the

drip pan be drained and flushed with water between consecutive dockings.

In the latter case, there may be a continued accumulation of products on

successive dockings that would compound the inhalation exposure potential.

This overall situation could be addressed from two directions:

0 As an administrative control, the drip pan could be drained and

flushed at sea between dockings. This procedure would minimize

the initial exposure potential from past cargos at the next

terminal. Permanently installed water wash equipment is current-

ly available and in use on some vessels for flushing the manifold

and drip pan areas.

o Currently, raw products accumulate in the pan beneath an open

grating. Installation of a funnel-shaped insert between the

grating and the pan would permit liquids to drain into the pan

and would reduce the evaporation potential. The contents could

be drained during the above water flush operation.

During open gauging of product ullage, there does not appear

to be a consistent awareness among the deck crew of the exposure potential
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and a work practice that could reduce that potential. An integral part of

a training program should stress standing upwind or at least crosswind of

the ullage port, if it is possible. Gauging from a downwind position will

enhance the exposure potential. In some cases, there may be no wind or it

* may not be possible to stand upwind because of the expansion trunk configu-

ration or adjacent deck piping. For these situations, protective equip-

ment should be considered. Those crew members that do stand upwind appear

* to have learned through experience rather than training.

Man-entry into cargo tanks occurs frequently on board chemical

tankers and barges. Tank entry also occurs on product and crude oil tankers,

* but the necessity is much less frequent than on chemical tankers. Under

normal operations, the tank will have been washed and ventilated before

* entry is considered. The decision to permit entry should be based on tank

atmosphere tests for oxygen deficiency, vapor explosibility and toxicity.

The following discussion pertains to these three tests and the safety pro-

cedures during man-entry.

Oxygen Deficiency and Explosibility

Excluding the Marine Chemist's activities, these two tests are usually

performed by the "responsible individual" who may be a member of the ship's

* crew, an independent cargo surveyor, or an employee of the marine terminal.

* Separate or combined 02 /CGT (combustible gas indicator) instruments may be

used. The determinations are usually made with a drop line through an open

tank hatch and at one depth into the tank. In some cases the drop line

length is considerably less than the tank depth. As this procedure may

erroneously conclude that the tank atmosphere is homogeneous, additional

determinations at various depths into the tank through both the expansion

trunk and a butterworth opening at the opposite end of the tank would appear

to be in order. Such a modified procedure would require a drop line length

of the order of the tank depth, but that procedure would provide additional

* assurance that the tank has sufficient oxygen throughout and that there are

no high concentration pockets of vapor particularly on tanks that have in-

ternal structure.
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Toxicity

Assessment of toxic vapor levels sh~uld include sampling at several

depths into the tank and through multiple openings as suggested above. In

practice, assessment of toxic vapor levels is made with the CGI at one loca-

tion in the tank. The CGI is not suited for toxic concentration measure-

ments for two reasons.

0 The CGI can provide a measurement of high concentration levels

in the percent LEL range, which would indicate that additional

*1 ventilation is required. However, from a health standpoint,

the potential exposure concentrations should be less than the

TLV-TWA, TLV-STEL, or TLV-C, but the CGI is insensitive to these

very low level concentrations. The result is a zero concentra-

tion reading that may provide a false indication of the accept-

ability of the tank atmosphere. Situations have been encounter-

ed in the field where entry was permitted on the basis of a non-

detectable CGI reading, but subsequent occupational exposure

monitoring and OVA vapor concentration measurements during entry

indicated that concentrations were not acceptable.

0 In addition to the above limitation of the CGI, on occasion it is

used to test atmospheres that are not combustible, e.g., chloro-

form. In this situation, the CGI gave a non-detectable reading

that would have been the same regardless of the actual vapor con-

centration. This practice, which could result in a high risk

exposure, should be addressed through administrative controls.

More definitive determinations of toxic vapor levels can be made with coloni-

metric indicator tubes where they are available for specific chemicals. Use

of this equipment for pre-entry assessments was not observed at any time

even though the equipment may be available on the ship. Administrative con-

trols, Including training, would promote use of this equipment and increase

the probability of an acceptable in-tank work environment.

Tank entry by ship personnel and cargo inspectors does occur without

pre-entry testing of the tank atmosphere. The extent of this practice is
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unknown. Cargo inspectors tended to base entry decisions on the presence

or absence of chemical odor. It is widely recognized that odor intensity

or lack of odor are not reliable indicators of concentration level espe-

cially when the odor threshold is above accepted exposure limits. Ship

personnel may wear a cartridge respirator when entering a tank that has

not been tested. Without testing, there is no assurance that the perfor-

mance limits of the cartridge will not be exceeded. It should be noted,

however, that the majority of the observed tank entries were preceded by

pre-entry tests.

Safety Procedures and Work Practices

If a tank is tested and the atmosphere is acceptable, no further

tests are conducted while in-tank work is in progress. This observation

applies only to in-service vessel operation and does not include out-of-

service entry for repairs or inspection. Additional tests during the entry

period, either by deck or in-tank personnel, would indicate the status of

the work environment and whether or not the work activities or chemical

residue evaporation had changed the acceptability of the atmosphere.

Tanks are ventilated in preparation for entry. Following tank entry,

ventilation may or may not continue. Exposure monitoring during tank entry

has indicated, as anticipated, that workplace concentrations continue to

decline with time when the tank is ventilated. The environment becomes

increasingly acceptable. If the tank is not ventilated during entry, the

potential for exposure increases with in-tank work time as a result of

evaporation of product residues from the tank walls and bottom. Any muck-

ing or sweeping operations can enhance the vapor generation rate. This

situation is similar to the buildup of vapor concentration that occurs in

a tank that has been sealed after cleaning; as a result of experience,

nearly all Deck Department personnel recognized this phenomenon. Ventila-

tion during tank entry should be a standard operating procedure.

Cartridge and canister respirators provide a means of reducing expo-

sure potential. In actual usage, these devices may not provide the anticipated
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protection and may enhance the exposure potential.

o Respirators and attached cartridges that are stored on deck

are subjected to a wide range of chemical vapors. When needed,

the integrity of the cartridge (prior loading, breakthrough) is

unknown, and the cartridge may not have been replaced on a

regular basis.

o One respirator may be used by several crew members. Incom-

patabilities in fit can nullify respiratory protection.

v.2 Biological Monitoring

V.2.1 Background and Scope

Background

Historically, the Coast Guard's efforts to promote safety and

health in worker populations have focused on the prevention of explosive and

oxygen deficient atmospheres as well as acute exposures to toxic chemicals

that can result in an immediate hazard to life or health. Relatively little

attention has been given to the health impact of chronic low to moderate

level exposures. Nor has there been a great deal of concern about the

health effects due to synergism or additive effects of low level multiple

chemical exposures.

Some of the bulk chemicals carried in the marine trade are in-

* organic chemicals such as sulfuric acid. Some are highly corrosive acid or

caustic agents and many are highly reactive. Health effects related to

* spills or respiration of fumes from such chemicals tend to be acute in nature

for which safety procedures and protective gear are well understood and are

4 generally adequately employed. The least well understood hazard is that re-

lated to low level exposure potentially related to chronic effects, where no

apparent acute effect occurs. The majority of the chemicals carried in bulk

are liquid organic solvents which tend to produce significant vapor levels

at ordinary temperatures. Some have fairly low TLV-TWA's of 10 ppm or less.

Examples include benzene, phenol, formaldehyde, and vinyl chloride.
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As documented in Section V.1, levels in the air can exceed

accepted TLV and STEL values for workplace environments. These TLV values

are based on health effects determined from land based operations. Concern

about chemical exposures is certainly not limited to maritime operations.

As an example, acrylonitrile, one of the substances carried in bulk, has .
recently been reported to be related to respiratory cancer among workers

employed in rubber manufacturing plants (Reference 19). Continuing research

in land based occupational environments serves as major input to evaluation

of the maritime occupational environment. Unfortunately, however, that re-

search deals largely with hazard control in an industrial situation, not in

the unique environment of maritime transportation. "Because of the vastly

different hazards and working conditions of the maritime industry, the marine

* environment does not compare with that of shore-based industry, and the direct

* adoption of the standards of the Occupational Safety and HealLh Administra-

* tion would seem inappropriate. Recognizing that many of the chemicals rou-

tinely shipped pose substantial risks to the members of the maritime commun-

ity, the Coast Guard has decided that these risks must be systematically

evaluated." (Reference 32).

Traditional occupational studies in the marine industry have

examined only the environmental concentrations of hazardous substances.

Unusual work conditions in the marine chemical industry make it desirable

to assess biological concentrations simultaneously with environmental concen-

trations. These unusual work conditions include the workplace itself, the

frequent occurrence of multiple exposures, and the duration of exposures.

The workplace is typically the open deck of a ship or a closed compartment

which needs cleaning or inspection. During a shift, a worker may be in-

volved in the loading of several chemicals, all having different properties,

and the worker's shift may extend from 4 to 24 hours and include different

types of duties and different types of exposures. Because of these com-

plexities in the working conditions in the marine chemical industry, hazard

evaluation based on environmental data alone is incomplete. The augmentation
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of environmental sampling with biological sampling provides additional data

to enhance the hazard assessment process.

Scope

The biological monitoring study reported here is a pilot -study

to better define occupational hazards with respect to exposures to hazardous

chemicals in the marine chemical industry. The objectives of this pilot study

are: (1) to determine whether reliable measurements of the test substances

* can be obtained under practical conditions, (2) to provide data for correla-

tion of blood, urine, and breath concentrations with environmental concen-

trations, and (3) to provide a basis for estimating biologic effects utiliz-

* ing existing information as available in literature. In order to focus the

study efforts, three specific chemicals were selected from the broad range

of hazardous chemicals carried in the marine chemical industry. Some key

* considerations which entered the selection of chemicals are discussed as

* follows. The chemical should be important in terms of volumes shipped, and,

therefore, significant in terms of potential shipboard personnel exposures.

The chemical should be one for which metabolic pathways are known, thus

* enhancing the likelihood of obtaining reliable analytical data. Analytical

* methods of reasonable precision and accuracy should be available for the

chemicals and/or metabolites. The several chemicals selected should present

a range of structural types and a range of toxic manifestations.

Based on the general considerations in the foregoing, the

* chemicals selected for the pilot program were toluene (C6H5CH3), methanol

;4 (CH3OH), and dichloroethane (ethylene dichloride), ClCH2CH2Cl. All three

chemicals have been characterized toxicologically to a substantial degree

in that metabolic pathways and excretion rates are known with some preci-

sion. Suitable analytical methods for tb- !hemicals and metabolites (or

4 at least the principal metabolites) are known. Toluene is a widely used

aromatic. The volume shipped in 1977 was well over a billion pounds.

Toluene is a central nervous system depressant. Methanol is the first

member of a series of aliphatic alcohols (alkanols) that are widely used

in industry in large amounts. The 1977 quantity of this chemical shipped
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by water exceeded 300 million pounds. Methanol is neurotoxic, with special

activity in the optic system. Ethylene dichloride is a chlorinated aliphatic,

with a 1977 water shipment quantity approaching 400 million pounds. In addi-

tion to a number of systemic effects, it is strongly hepatotoxic, and renal

toxicity has been documented.

The general design of this pilot investigation has been to

obtain environental (workplace) measurements and personal dosimetry under

various work activities for two of the three chemicals listed previously.

Work conditions considered of highest interest include (1) loading of a

significant amount of cargo (duration of several hours) with ship-stop,

open manual gauging, and full tank loading, and (2) entry of tanks for tank

cleaning operations over an extended time period. These work conditions

were considered to offer potentially high exposures and present a worst

case for study observation. For each of two selected chemical/work

activity combinations, the experimental design required environmental and

biological sampling operations for 24 hours after the initiation of chem-

ical exposures. During this 24-hour period, blood, urine, and breath

samples were collected at designated times from each of the three persons

most highly exposed and personal dosimetry was obtained continuously for

* the same 24 hours. In addition, environmental measurements were also ob-

tained in the workplace, and background health history information was

collected from the subjects. Blood, breath, urine, and personal dosimetry

* samples were analyzed for the specific chemical compound of exposure;

* additionally, urine samples were analyzed for a pertinent metabolite. A

more complete description of the sampling and analysis design is presented

in the discussion of experimental protocol.

V.2.2 Experimental Protocol

Human Subjects

The subjects of this experiment were human volunteers who

were members of the ship's crew, i.e., deck officers and seamen. The ob-

jective was to recruit and obtain participation of those individuals most

closely associated with activities with the highest exposure potentials.
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* The volunteers were recruited freely in a manner so situated that the

individual was able to exercise free power of choice without undue in-

ducement or any element of force or any other form of constraint or coer-

cion. Informed consent was obtained and documented on a written consent

form, properly developed and approved specifically for this purpose. The

* subject was not made to waive any of his legal rights or release the con-

ducting institution from liability for negligence.

Volunteers were informed that blood, urine, and breath samples

would be collected over a 24-hour period from three workers on their vessel

and that compensation would be provided, based on the number of blood samples

obtained from the volunteer. Volunteers were further informed that if they

decided to participate, they were free to withdraw consent and discontinue

participation at any time, without prejudice. Payment would be based on the

number of samples provided prior to withdrawal.

Personal Factors

Personal factors which could have an impact on the investi-

* gation of biological sampling results were obtained through informal con-

versation with the workers. Topics of interest include medical history,

* medication usage, smoking, alcohol and caffeine consumption patterns,

personal hygiene habits, exercise program, avocations or hobbies that may

involve use of chemical substances such as solvents and volatiles, length

of time in present occupation, and occupation previous to present employ-

* ment. A more detailed breakdown of the topics covered is presented in

the table on the following page.

Work Practices

The activities of the experimental subjects were recorded

chronically to provide data relating to exposure characterization and

interpretation. This documentation was obtained by a dedicated one-on-one

observer, and provides a time-motion analysis for the monitoring period.

Specific attention was directed to the identity and duration of high-

interest work tasks such as tank top-off and tank entry. The duration and
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PERSONAL FACTORS AND HEALTH HISTORY

History of Medical Problems

- liver
- kidney

- respiratory
- other

Use of Medicine

- prescription drugs

Smoking History

- ever smoked
- now smoke
- quantity (packs per day)

Alcohol Consumption

- ever consumed
- now consume

- quantity (amount per day - beers, drinks)

* Caffeine Consumption

- ever consumed
- now consume

- quantity (cups per day)

Personal Hygiene Habits
- wash hands before eating

- frequency of baths

Exercise Program

- ever exercise
- frequency (times per week)

- type of exercise

Hobbies/Avocations
i - solvents

- volatile chemicals

Occupation

- length of time in present occupation
- previous occupations and lengths of time employed.
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proximity of the worker to other sources of chemical vapors was also noted,

e.g., open hatches during tank ventilation, steam eductors used for sump

pumping. Any situations that could enhance the overall exposure charac-

terization, e.g., handling of food following skin contact with a chemical,

* infrequent changes of clothing, etc., were documented.

Sampling Schedules

In order to obtain information relating to the absorption and

excretion of a volatile cargo material, a planned schedule of sampling was

followed. The time intervals used were based on the assumption that the

test chemical of interest is rapidly absorbed and that a majority of it will

* be excreted within a 24-hour period. Also, compounds can be excreted un-

changed or as one or more metabolites. This study measured the compound

and/or the metabolite(s) in three major body systems: breath, blood, and

*urine. In addition, ambient concentrations (occupational exposures) of the

test material were measured by accepted active dosimetry procedures at fre-

quencies at least as often as when body fluid samples are obtained. Ambient

concentrations were also measured by the use of passive dosimeters attached

to the subject's clothing.

Whole blood samples were obtained, ideally, at 30 to 60 minutes

* prior to an exposure, and then at 1, 2, 4, 6, 12, 18, and 24 hours after the

* subject was first exposed. Two urine aliquots were collected at each urina-

* tion during the 24-hour period following initial exposure. Breath samples

were collected at the same time as the blood samples. In general, occupa-

* tional exposure samples covered the intervals between the blood samples.

Sampling and Analysis

Blood Blood samples were collected, ideally at intervals of 1, 2, 4,

6, 12, and 24 hours after initial exposure. A baseline blood sample was

* also collected prior to exposure. The blood samples were collected by veni-

puncture in 10 ml vaccutainer tubes containing anticoagulant. One 10 ml

vacutainer tube was utilized at each sample collection, and the tube was
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filled as completely as possible, with a minimum of at least one-third full

(at least 3 ml blood). Vacutainers containing blood samples were imme-

diately stored at 4°C and transported to the laboratory in this refrigerated

condition. At the laboratory, the blood samples were frozen until analyzed.

Blood samples containing methanol were analyzed by direct in-

jection of 5 pZ of the whole blood into a gas chromatographic column. A

mass spectrometer was used for detection of the methanol.

For toluene, 0.5 cc of the whole blood was mixed with DI

water and a dilute antifoam silicon emulsion. The mixture was injected

into a purging chamber, sparged with helium, trapped in tenax absorbent,

and thermally desorbed for injection into a gas chromatograph. A photo-

ionization detector was used to detect the toluene.

Urine Urine samples were collected over the same 24-hour period

in which blood and breath samples were obtained. Immediately after col-

lection in a beaker, urine samples were transferred into a graduated

cylinder and volume was recorded. Two subsamples were placed in pre-

acidified (0.1 ml nitric acid) l0-ml vials and septum sealed with a

crimping tool. Specific gravity was determined and recorded with the

use of a hydrometer and pH was measured and recorded with use of Hydrion

paper. The two 10-ml septum sealed vials were stored at 4C and trans-

ported to the laboratory in this refrigerated condition. At the labora-

tory, urine samples were frozen until analyzed.

For the urine samples, analysis procedures for methanol and

for toluene were identical to those for blood samples, discussed, sepa-

rately for methanol and for toluene, in the previous section.

The urine samples were also analyzed for metabolites of

methanol and toluene, formic acid and hippuric acid, respectively. For

formic acid, the method was similar to that presented for methanol analysis

in blood and urine samples: direct injection of 2 Pt of preserved urine

into a gas chromatographic column with mass spectrographic detection. For

305

H



hippuric acid, the preserved urine was processed to yield a hippuric acid

ester, methyl hippurate. The derivative was injected into a gas chromat-

ograph with flame ionization detection. A more detailed discussion of the

procedure for the hippuric acid analysis is presented in Appendix B.

Breath Breath samples were taken at the same intervals as blood

samples and were generally obtained immediately before or immediately

after completing the blood sample. End tidal breath samples were collect-

ed using Looman's method (Reference 20). In brief, the subject blew into a

mouthpiece having a Y-tube fixed to an exit bypass and an inert bag. The

first two-thirds exhalation was allowed to bypass the collection bag. In

the last portion of the exhalation, the bypass was closed and expelled air

was collected in the inert bag. The process was repeated until the bag was

slightly puffed so that it contained in excess of 100 cc of expelled air.

The bag was then closed off (by rotating a valve) and the air-filled bags

were stored at room temperature during transport to the analytical labora-

tory.

Air sample bags were analyzed for methanol by first heating

the bag to 90C and withdrawing 50 cc of the air mixture through a septum

seal by syringe. The sample was injected into a purging chamber, sparged

with helium, trapped on a combination of silica gel and tenax absorbent,

and thermally desorbed for injection into a gas chromatographic column.

A mass spectrometer was used for detection of the methanol.

For toluene, 30 cc of the air mixture were withdrawn at ambient.4
temperature (23-240 C) through the septum seal by syringe. The sample was

injected into a purging chamber, sparged with helium, trapped in tenax

absorbent and thermally desorbed for injection into a gas chromatograph.

A photoionization detector was used to detect the toluene.
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V.2.3 Methods and Procedures

Informed Consent

Two forms were developed to obtain and record informed con-

sent of the human subjects in this pilot test: a subject consent form to

record the informed consent of each participant, and a participation dis-

cussion form used during recruitment activities. Each of these forms is

presented and discussed as follows.

The subject consent form shown in Figure V. 7 was developed

to document the informed consent of each participant. The form was designed

to provide potential participants with a brief summary of the study purpose,

a description of the study requirements for information and biological samp-

ling from each participant, and an indication of any potential risk or

hazard to the individual. The form is self-explanatory and was reviewed in

* person with each participant at the time of their enrollment into the study

to ensure their understanding of the study requirements and hazards. A sign-

* ed and witnessed informed consent was obtained from all participants in this

study. A copy of the consent form was given to each participant.

The participant discussion form shown in Figure V.8 was

developed to use during recruitment activities. The form was designed to

be used during informal discussions with potential recruits and was also

provided prior to recruitment meetings to provide a general description of

the study and, hopefully, generate interest in participation.

Review Committee Regarding Human Subjects

Because the pilot test documented here involved use of human

subjects, the experimental protocol and the forms used to collect information

were subject to review and approval by an appropriate review committee.

Accordingly, the study protocol and copies of the consent form and partici-

pation discussion form were submitted to the Institutional Review Board of

the University of Texas Health Science Center at San Antonio, Texas.
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U.S. COAST GUARDf
SOUTHWEST RESEARCH INSTITUTE, SAN ANTONIO, TEXAS, USA

UNIVERSITY OF TEXAS SCHOOL OF PUBLIC HEALTH, HOUSTON, TEXAS, USA

SUBJECT CONSENT FOR PARTICIPATION IN AN INVESTIGATION OF "HAZARDS
POSED BY CHEMICAL VAPORS RELEASED IN MARINE OPERATIONS: TASK V,

BIOLOGICAL SAMPLING--A PILOT STUDY"

*You are invited to participate in an investigation of the chemical vapor
exposures in your work environment. The study in which you are being asked to

*participate is designed to evaluate your exposure to certain chemical vapors during
your work and the amount of that exposure that Is absorbed by your body. You were
selected as a possible participant in this study because your job is representative
of tanker or barge operations and may include exposure to chemicals and their vapors.

If you decide to participate, a registered nurse will draw up to eight blood
samples from a vein in your arm during a 24-hour period. The procedure for drawing
blood is called venipuncture, and it is routinely used in medical and scientific
practice. The procedure involves placing a tourniquet a few Inches above your elbow
and then withdrawing 10 nL of blood through a needle into a vacuum container. A
small amount of pain may be felt, typical of what is involved in the insertion of a
needle. Blood will be drawn while you are in a sitting position, and you will be
instructed to remain seated for one to two minutes after the sample has been drawn so
as to avoid any possible dizziness. After the needle is withdrawn from the vein,
pressure will be applied to the point of needle Insertion. Venipuncture may produce
a local bruise that is temporary and will disappear in a few days. After each blood
sample, you will blow into a balloon-like bag so that a sample of the air in your
lungs can be collected. Approximately five minutes will be needed to collect both a
blood and breath sample. You are requested to urinate Immediately before the study

* begins and then to collect all urine during the 24-hour period in containers that
will be provided.

The blood, urine, and breath samples will be analyzed to estimate the amount of
your exposure that is absorbed by your body and the amount that is excreted in your
urine and exhaled in your breath. We cannot and do not guarantee or promise that you
will receive any benefits from this study.

Any information that is obtained in connection with this study and that cam be
identified with you will remain confidential and will be disclosed only with your
permission. If you give your permission by signing this document, the information
that we obtain will be reported to the U.S. Coast Guard as a contractual1 requirement
and may be published In the scientific literature. The information will be the
result of chemical analyses of your blood, breath, and urine samples . This
information will be reported In a form that will not divulge your identity.

Your decision whether or not to participate will not prejudice you with
Southwest Research Institute, your employer, or other interested parties. If you
decide to participate, you are free to withdraw your consent and to discontinue
participation at any time without prejudice.

You will receive a cash compensation for your participation, and that
* compensation will be based on the total number of blood samples that you give. The

compensation schedule is as follows.

S

FIGURE V.7 SUBJECT CONSENT FORM
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Number of Blood
Samples Given Compensation

1 $ 10.00
2 22.50
3 37.50
4 55.00
5 75.00
6 97.50
7 122.50
8 150.00

The compensation will be distributed at the end of the 24-hour study period.

In the unlikely event of physical injury resulting from the research procedures,
emergency medical treatment will be provided without cost. Continuing medical care
and/or hospitalization for that injury will not be provided free of charge, nor will
financial compensation be available.

If y ou have any questions, we expect you to ask us. If you have any additional
questions later, we will be happy to answer them. You may write to the following
persons:

Dr. Stanley M. Pier Mr. William J. Astleford
5326 Dora Street Southwest Research Institute
Houston, Texas, 77005, USA 6220 Culebra Road

San Antonio, Texas, 78284, USA

You may also contact the Institutional Review Board of the University of Texas Health
Science Center at San Antonio (512/691-6872) If you have any questions, comments or
concerns about the study or your rights as a research subject. You will be given a
copy of this form to keep.

You are making a decision whether or not to participate. Your signature
indicates that you have decided to participate, having read the Information provided
in this form as well as in the "Participation Discussion," a copy of which has been
given to you.

Date Signature

Signature of Witness Signature of Investigator

SThis research study has been reviewed by the Committee for the Protection of Human
Subjects (Institutional Review Board of the University of Texas Health Science
Center at San Antonio), and it was approved on February 16, 1982.

10-21-82

FIGURE V.7 (CONTD.)
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PARTICIPATION DISCUJSSION4

TITLE OF PROGRAM4

investigation of the Hazards Posed by Chemical Vapors in Marine
Operations--Phase II: Taskc V, Biological Sampling--A Pilot Study

The United States Coast Guard has responsibility for the safety and health of
workers in the marine chemical industry. In order to meet this responsibility, the
USCG has begun a series of studies to define the occupational exposure to chemical
vapors and to develop methods to minimize such exposures. Inasmuch as environmental
sampling may not provide all the information necessary to evaluate the exposures,
biological sampling is needed to provide the complementary data necessary for this
assessment. Traditional occupational studies have examined the environmental
concentrations of hazardous substances. Because of the unusual work conditions--the
workplace, the multiple exposures, duration of exposures--it is desirable to assess
the biological concentrations simultaneously with the environmental concentrations.

Because of the complexities in the working conditions in the marine chemical
industry, a meaningful evaluation based on environmental data would be very
difficult. The augmentation of environmental sampling with biological sampling in
this project will provide additional data that will complement the environmental
data, and thus, enhance the assessment process.

The objectives of this study are

to determine whether reliable measurements of the test substance can be made
under practical conditions,

to provide data for correlation of blood, urine, and breath concentrations
with environmental concentrations, and

to provide a basis for estimating biological effects utilizing existing
information as available in literature.

The portion of the study in which you are being asked to participate is desired
to evaluate the absorption of and excretion from your body of chemical vapors to
which you may be exposed during the handling of selected solvent materials.* The ship
or barge on which you work has been selected because certain chemicals are frequently
transported in it. In turn, you have been asked to consider participating in this
program because the job you perform is representative of marine operations and
involves these chemicals. Your participation will provide information that will be
useful in determining the degree, if any, of your exposure to these chemicals and the
pattern to which you are exposed.

This program has been discussed with the U.S. Coast Guard and your employer, and
they agree that it would be desirable to obtain the information that is to be
collected by this study. First and foremost, it will be advantageous to you and your
fellow workers to measure the exposures to solvent vapors during your work
activities. Secondly, information that is gained from this study will be useful in
order to intelligently set health exposure standards. For these reasons, your
employer has given his permission for us to talk to you and describe the program and
for you to participate in the study if you wish.

S4

FIGURE V.8 PARTICIPATION DISCUSSION FORM
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You will be asked to give up to eight small blood samples during the study at
times that will be determined by your work schedule and your solvent exposure
potential. You will also be asked to provide samples of air from your lungs by
breathing into a balloon-like bag after each blood sample. Finally, you will asked
to collect all urine that is voided during the study. Typically, you will be asked
to urinate immediately before the study begins and then to colle-,t a .1 urine during
eight-hour intervals for 24 hours. These urine samples will be col.iLected in plastic
bottles that will be provided.

A registered nurse will draw blood samples from a vein in your arm. This Is
known as venipuncture, a procedure that is routinely used in medical and scientific
practice. The procedure involves placing a tourniquet a few inches above your elbow
and then withdrawing 10 mL of blood through a needle into a vacuum container. A
small amount of pain may be felt, typical of what is involved in the insertion of a
needle. Blood will be drawn while you are in a sitting position as a safety measure,
and you will be instructed to remain seated for one to two minutes after the
collection to avoid effects, if any, of dizziness. After the sample is collected,
pressure will be applied to the point where the needle was inserted. should the
needle produce any local bruise, it will be of temnporary duration and will go away in
a few days. Before you agree to participate in this study, you should inform the
investigator if you are taking any blood thinning medication or have a tendency to
bleed.

If you agree to participate in this study, you will receive an incentive based
on the number of blood samples you agree to have taken. This incentive will be $10
for the first sample, with an increase for each subsequent sample so that you have
the overall potential of receiving $150 for completion of the entire study.

Thank you for participation in this study. A written report of results will be
available following the completion of the program. Any abnormal results detected
during the course of the study will be given to you as soon as possible.

FIGURE V.8 (CONTD.)
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Southwest Research Institute is one member of a consortium of research es-

tablishments and universities in the San Antonio area which coordinates

all review and approval of human research projects through the referenced

* -. review board. Approval of the study protocol was granted by the review

board on February 16, 1982.

Chemicals and Work Activities Observed

The pilot test was designed to include two specific chemical/

work activity combinations. As discussed previously, the chemical cargos

of interest included toluene, methanol, and ethylene dichloride and the

work activities of highest interest were loading operations or tank clean-

ing operations. Loading operations with ship-stop, open manual gauging,

and full tank loading were selected for the pilot test. A shipping company

which routinely loads the chemicals of interest at ports on the U. S. Gulf

Coast was recruited and permission to perform the study aboard ship was

obtained. Opportunities for observing a loading operation were monitored

over a period of months. During the summer and fall of 1982, opportunities

for such observations occurred and pilot test activities were accomplished

* for loading of 1500 metric tons of methanol during the period May 29 to

June 2, 1982. A second biological monitoring test was accomplished for

loading of 1000 metric tons during the period September 28 to October 1,

1982. A more detailed description of the field a-tivities and procedures

for each of these two biological monitoring tests is presented in Appen-

dix C.

Participant Recruitment

Volunteer participants in this study were recruited freely

from the crew aboard vessels selected for study. Recruitment was accom-

plished in the following manner. After selection of a particular ship and

* scheduled loading activity, a package of study materials was forwarded to

the ship's captain at a port of call prior to the port at which pilot test

activities were scheduled. The package contained copies of the subject

consent form and the participation discussion form presented previously.
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In addition, copies of the hand-out information sheet shown ineFigure V.9

* were also included. The ship's captain was requested to make the materials

available to the crew and to post the hand-out information sheet and parti-

* cipant discussion form, if possible.

At a docking prior to the docking where the pilot test was

scheduled, the project team member responsible for recruitment and a

registered nurse boarded the vessel to begin recruitment activities. After

meeting with the ship's captain and principal officers, the recruitment

team began to meet with potential subjects. Presentations were given in

the crew's lounge to instruct the crew regarding all aspects of the study

* and questions of the crew were answered by the recruitment team. Informal

conversations were held with the potential subjects and copies of the

participation discussion form and the informed consent form were provided

to interested parties. The requirements for blood, breath, and urine

* samples from subjects and compensation based on the number of blood samples

provided were clearly described and discussed. The value of the pilot test

* to themselves and to maritime workers in general was stressed during re-

cruitment. It vas pointed out that provision of samples, particularly

blood samples, by the participants was a significant inconvenience. The

reason for provision of samples by a participant must clearly be that he

was convinced that he was doing a service to his own health and to that

of his fellow workers. Compensation was offered, not as payment for such

services, but as a token reward for the valuable services rendered by the

* ~ articipant.

During recruitment, it was stressed that the volunteers of

interest to the study were those most likely to encounter the highest ex-

posures during cargo transfer. It was pointed out that only three of the

volunteers would be selected for the study, and that the basis for selec-

* tion was exposure potential. It was further pointed out that limiting

the study to only the three subjects with highest exposure potential did

not imply that the study was not concerned with the health of all persons

* aboard the vessel. Potential subjects were told that the study was con-

cerned with the health of all aboard the vessel but was limited to the
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HOW ABOUT AS MUCH AS $150

SUMMARY

To evaluate exposure to certain chemical vapors a study is being
conducted for the U.S. Coast Guard. You were selected as a possible
participant because your job is representative of tanker or barge
operations and may include exposure to chemicals and their vapors.

PARTICIPANTS NEEDED

3 members of the crew of a tanker or barge who perform tank loading
or tank cleaning operations

SAMPLES NEEDED FROM EACH VOLUNTEER PARTICIPANT

as many as 8 blood samples
as many as 8 breath samples
as many as 3 urine samples

SAMPLE COLLECTION

These samples will be collected during a normal tank loading or tank
cleaning operation by a registered nurse trained in taking blood
samples. The total of 8 samples would be needed over a 24 hour period
beginning at the start of the loading or cleaning operation.

PAYMENT FOR VOLUNTEER PARTICIPANTS

Participants will be compensated according to the total number of
blood samples given:

No. of Blood Samples Given Compensation

1 $10.00
2 22.50
3 37.50
4 55.00
5 75.00
6 97.50
7 122.50
8 150.00

The compensation will be immnediately provided at the end of the 24-
hour study period. If you decide to participate, you are free to

* withdraw your consent and to discontinue participation at any time
without prejudice. You would be paid according to the number of
samples provided prior to your withdrawal.

*MORE COMPLETE INFORMATION

For more details see the accompanying written materials. For those
who might prefer, the materials have been translated into Tagalog and Spanish
languages.

* FIGURE V.9 HAND-OUT INFORMATION SHEET
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worst exposures in order to focus the study to make the results more easily

understood.

Subject consent forms were completed for all persons who

volunteered for the study. The completed forms bear the signature of the

volunteer and that of a witness on the project team. Health and personal

factors information which could have an impact on interpretation of bio-

logical sampling results was obtained through informal conversation with

* each volunteer. Once docking had been accomplished f or the scheduled

cargo loading and specific crew assignments during the actual loading

operation were known, a specific set of participants was selected from the

* list of volunteers. The participants were notified of their selection and

enrolled as study subjects by obtaining an initial set of biological

samples.

Biological and Occupational Exposure Monitoring

Immediately before cargo transfer operations began for load-

ing of the cargo of interest to this study, biological sampling and occupa-

tional exposure monitoring operations were initiated for the study subjects.

For each subject, a project team member was assigned to follow and record

all pertinent activities of the subject which might relate to occupational

exposures. A personal dosimeter was placed on the subject with the sample

pickup attached to the shirt lapel in the breathing zone. The personal

* dosimeter was monitored routinely by the project team member assigned to

the subject. Sample tubes were changed and readings were recorded at in-

tervals which coincided with the biological sampling periods.

Biological sampling activities were conducted in the ship's

* hospital. A blood sampling area was set up with a table and two chairs,

one for the subject and one for the nurse. Supporting materials including

vacutainers and holders, disposable needles, antiseptic and cleansing mater-

ials, and band-aids were laid out, and the area was made as comfortable and

private as possible. Apparata for obtaining the breath samples were laid

out on a nearby hospital bed so as to be convenient during the sampling
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operation. The hospital bathroom was set up for collection of the urine

samples. A collection beaker was marked for each of the participants and

placed in the bathtub with a graduated cylinder and the hydrometer equip-

ment needed for the specific gravity measurement.

Procedures for collection, preparation, labeling, and storage

of biological samples are shown in Figure V.10. At the initial sampling

period, the subject was instructed to enter the bathroom and provide a urine

sample in the beaker marked with his name. For the next 24 hours, the sub-

ject was asked to proceed to the hospital bathroom and urinate in the beaker

marked with his name each and every time he urinated. The subjects were re-

minded again and again about this need for urine sample collection for all

urinations over the 24-hour test period. At each sampling period, a breath

sample was taken from the subject by either the nurse or a properly trained

member of the project team and a blood sample was obtained by the nurse.

If the nurse experienced difficulty in obtaining an adequate blood sample

(10-ml vacutainer, one-third full or more) with a given venipuncture, she

was instructed to tr further only if the subject did not object. In most

cases the subject readily allowed a second try for the few times this

occurred. If there was an obvious problem with obtaining an adequate sample,

the subject was given full credit for participation once a venipuncture was

initiated.

The urine samples were processed immediately after the sample

was provided in the beaker marked with the aubject's name. The urine sample

was transferred into a graduated cylinder and the volume was observed and

recorded. Acid was added to each of two lO-ml septum vials and the two vials

were filled completely with urine and sealed with the crimping tool. The

sample vials were labeled, stored in ice chests, and maintained in refrig-

erated condition until transfer to the analytical laboratory. Remaining

urine was poured into a hydrometer cylinder and specific gravity was ob-

served and recorded. The pH was measured with hydrion paper and recorded.

After completion of the measurements, excess urine was discarded in the

toilet and the equipment was cleaned and rinsed with deionized water.
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PROCEDURES FOR COLLECTION. PREPARATION, LABELING, AND
STORAGE OF BIOLOGICAL SA.MPLES

BLOOD SAMPLES

1. Use vacutainer to collect sample

2. Obtain a minimun of 3 cc blood sample

3. Label and store in refrigerated space

BREATH SAMPLES

1. Attach bag valve to end of rubber tubing of samplerT

2. Turn valve on bag full counter clockwise to open

3. Place removable mouthpiece in subject's mouth

4. Instruct subject to exhale

5. Place thumb over fixed end of tee after subject has exhaled
about 60% of his lung capacity

6. Repeat 4 and 5 until sample bag is slightly puffed

7. Close bag valve by turning valve clockwise until it offers
resistance to turning

8. Remove rubber tubing by twisting clockwise

9. Label and store bag - do not refrigerate, store in shaded area

10. Remove movable mouthpiece and replace with clean unit

URINE SAMPLES

1. Collect urine in beaker

2. Pour sample into graduated cylinder - measure and record volume

3. Add two drops of acid to each of 10 ml septum vials

4. Fill the two vials completely full with urine -seal with septum
using tool provided, black side of seal inside

5. Label and store in refrigerated space

6. Pour remaining urine into hydrometer cylinder

7. Measure and record specific gravity

8. Measure and record pH with Hydrion paper.

FIGURE V.10 PROCEDURES FOR COLLECTION, PREPARATION,
AND STORAGE OF BIOLOGICAL SAMPLES
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Blood samples in the 10-mi vaccutainer were labeled and

stored in ice chests immediately after collection. The blood samples were

maintained in refrigerated condition until transfer to the analytical lab-

oratory. Breath samples collected in the air bags were labeled and main-

tained at room temperature so as to minimize condensation inside the bag.

Pre-coded, peel-off labels were used to label the blood, urine

and breath samples. A set of labels such as that shown in Figure V.11 was

prepared in advance for each participant. The label coding included a two-

digit participant identification number followed by a sample type and se-

quence code. The sample type was indicated by a single letter: B = Breath,

S =Blood/Serum, and U = Urine. A one- or two-digit sample sequence number

completed the label coding. The labels shown in Figure V.11 are a complete

* set for participant number 09 and include eight blood/serum sample labels,

eight breath sample labels, and ten duplicate urine sample labels.

For ease of record keeping purposes and, ultimately, to in-

sure confidentiality of individual data, a two-digit participant identifi-

cation number was assigned to each participant upon enrollment as a study

subject. This identification number was used in all records maintained

for the specific subject and provides an anonymous cross-reference among

the various records. A complete record of the blood and breath sampling

activities for each participant was maintained with the sampling log shown

in Figure V.12. At a convenient time, the participant was weighed and his

height and girth were measured and these measurements were recorded on the

* log. A sampling schedule was developed for each participant and entered

into the log. The actual time of collection was recorded immediately after

each sample collection. The log also specified the sample label identifi-

cation to be used with the sample and provided a record check mark to indi-

* cate that the label had indeed been attached to the sample container.

Because the log form served as a record for purposes of determining the

compensation due each participant, initials of the participant and of a

witness (usually the nurse who obtained the sample) were included for each

blood sample.
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49s 9S 9S

09-S4 09-S5 09-S6

09-S7 09-S8

09-Ri 094B2 09-B3

09-B4 09-B5 09-B6

09-B7 09-B8

09-Ul 09-U2 094U3

094U4 094U5 094U6

094U7 09-U48-U

09-Ulo 09-U11 09-U12

094U13 09-414 0941i5

0941i6 0941i7 09-U18

094Ui9 094U20

FIGURE V.11 PRE-CODED SAMPLE LABELS
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BIOLOGICAL. SAMPLING LOG
SwRI Project 02-5686

PARTICIPANT 1I NO. LOCATION/CITY

NAME OF PARTICIPANT TERMINAL/COWANY

WORK XLASSIFICATION (CIrcle One) VESSEL/COMPANY
mate AJ's 0/S Otr

AGE/SEX/EOUCATION (YRS) NORMAL WATCH SCHEDULE

WEIGHT (LBS)/HEIGHT (IN)/GIRTH (IN)

ISMOKER NONSMOKER I NFORMED CONSENT ON F ILE YES

HOURS SAPL I NG ACTUAL SAMPLE LABEL PART IC I-
SNPLE SEQUENCE FROM SCHEDULE TI ME OF LABEL A77AC-.D PANT WI TNESS
TYPE NO. START TI HE DATE SAMPLE NO. ('/) INITIALS INITIALS
BLOO I _____ SI

2 S2
3S3

4 S4

6 S6
• 7 S7

""8 $8

BREATH 1 81_
__2 _ _ B2

3 83
4 B4

-. _ 6 B6

7 B7
______I 8 ,________ 9 _____ _____ ____

PAYMENT RECORD: NUMBER OF BLOOD SAMPLES PROYIDED

CASH PAYMENT DUE PARTICIPANT ($ US)

CASH PAYMENT RECEIVED BY PARTICIPANT

SIGNATUPE OF PARTICIPANT SIGNATURE OF WITNESS

4

FIGURE V.12 BIOLOGICAL SAMPLING LOG
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A record of the urine sampling activities was maintained with

the form shown in Figure V.13. The time of sample collection was recorded

immediately after collection and the volume, specific gravity, and pH mea-

surements were recorded for each sampling sequence. The form specified the

sample label identifications to be used with each sample sequence and pro-

vided a record check mark to indicate that the proper labels had been at-

tached to each of the two 10-ml subsample containers. Provision was also

made on the form for initials of the person responsible for labeling and

storing the samples after each collection sequence.

V.2.4 Results

Recruitment and Sampling

The results of the recruitment and sampling operations may

be summarized as follows. Two ships were visited and two different chem-

icals were monitored during loading: methanol and toluene. Nineteen volun-

teers were recruited and eight participants were selected and sampled:

five for the methanol loading and three for the toluene loading. Two of

the five participants during the methanol loading were sampled only at an

initial sampling and were subsequently terminated from active participation

due to a change of watch at which they were relieved by the remainder of

the participants. The participant identification number assigned to these

study subjects and the number of samples obtained from each are presented

in Table V.6.

A summary of important personal characteristics of the study

subjects is presented in Table V.7. No data are presented for participants

01 and 02 because of their involvement in so few samples. From the table,

it is observed that the study subjects were relatively young seamen with

average age of 30 years. Only one of the participants had been a seaman

for more than five years. The group was relatively well educated with

four of the six having completed high school and some formal education be-

yond high school. One-half of the group were current smokers and the pre-

ponderance indicated occasional or daily use of alcohol.
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URIIE SAMPLING LOG
SwRI ProjeCt 02-5686

PARTICIPANT ID NO. LOCATION/CITY

NAME OF PARTICIPANT WCRK CLASSIFICATION (Circle One) (Speclfy)

-Mate A/B_ 0/S Other

TIW OF TOTAL 10 ML 10 ri. LABELS1

SEQUENCE SAM4PLE VOLUME SPECIFIC SUBSAMPLE SUSSAMPLE ATTACHED WITNESS

NO. TIINE DATE (MIL) GRAVITY PH LABEL NO. LABEL NO. ( NITIALS
I U I U2

2 U3 U4
3 U5 U6

4 U7 u8

5l U9 u O

6 Ul U12

7 U13 U14

8 U15 U16

9 U17 U18
10 _19 U20

11 U21 U22

12 U23 U24

13 U25 U26

14 U27 U28

15 u29 U30

FIGURE V.13 URINE SAMPLING LOG
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TABLE V.6. BIOLOGICAL AND OCCUPATIONAL
EXPOSURE SAMPLES COLLECTED

PARTICIPANT NUMBER OF SAMPLES COLLECTED
CHEMICAL I.D. BLOOD BREATH URINE OCCUPATIONAL

Methanol 01 1 1 0 0

02 1 1 0 0

03 6 8 9 6

04 8 8 6 8

05 8 8 6 8

TOTAL 24 26 21 22

Toluene 06 8 10 6 6

07 8 8 6 8

08 8 8 4 7

TOTAL 24 26 16 21

GRAND TOTAL 48 52 37 43
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Biomonitoring

Analysis reports prepared by the analytical laboratory for

* chemical analysis of blood, breath, and urine samples are presented in

Appendix D. These results have been summarized for each of the study

participants and the summary data are presented in Tables V.8 through

V.13. The format of these tables is designed to display data for air

(occupational), breath, blood, and urine samples chronologically for each

of the participants. The intent is to provide a visual display of the

interrelationship between exposure (air) and response (breath, blood, and

* urine). It is significant to note that for participant 07, the initial

* sampling occurred after, rather than before, initiation of his work

* activities in which exposure may have occurred. This was inadvertently

due to his being called to work before the initial sampling could be

performed and the passage of more than thirty minutes before he was free

* to provide the initial samples.

Discussion

The results of the Phase I, pilot study recruitment and

sampling activities have demonstrated the feasibility of biomonitoring of

marine operations. The response of the marine workers was overwhelmingly

positive toward the study and a more than adequate participation rate was

provided for study purposes.

The exposure levels encountered during the Phase I biomoni-

toring activities were generally low. The biological sample analyses were

consistent with low exposure levels. A short term higher exposure to

methanol (33 minutes; 850 ppm air; participant 03) produced no obvious

excursions in the biological data. Previous methanol monitoring data as

presented in Section V.1 were of the same order of magnitude as those

collected in the biomonitoring test. Higher exposure levels to toluene

have been observed in previous occupational exposure studies as presented

in Section V.1.
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4

V.2.5 Plan for Additional Tests

Phase II biomonitoring efforts will focus on operations where

higher exposures are anticipated over longer periods of time. Extended ex-

posures at or above the accepted 8-hour time weighted average TLV will be

sought. A high priority will be placed on monitoring short-term (or longer)

high exposure levels if appropriate occupational activities can be located.

Plans for additional tests include observation of tank entry and cleaning

operations involving exposures to methanol, toluene or ethylene dichloride

and observation of a loading operation of ethylene dichloride which in-

cludes ship-stop, open gauging, and full tank loading.

Because of the generally low exposure levels encountered in

Phase I biomonitoring, it is imperative that higher exposures be monitored

in Phase II. A preliminary determination will be made prior to any scheduled

biomonitoring field activities to insure a high likelihood of finding ade-

quately high exposure levels to provide the study with meaningful data.

V.3 Evaluation of the Data

The work environment in the marine chemical transport industry differs

substantially from that of land-based industries. Work schedules do not con-

form to the conventional 8-hour day and 5-day week that typifies most in-

dustries and which forms the work/rest basis for current occupational expo-

sure guidelines. The traditional maritime work schedule consists of 4-hour

watches separated by 8-hour rest periods seven days per week. A variation

on this schedule is the 6-hours-ON, 6-hours-OFF routine. The exposure en-

vironment, during these novel work schedules, is quite variable. Product

loading poses the potential for exposure to both low level concentrations of

vapor mixtures with higher level excursions for individual chemical vapors.

As the loading may encompass more than one deck watch, the composition of

the vapors in the work environment may be different on each watch. Similar

considerations apply during product discharge. These marine terminal opera-

4 tions may be separated by extended periods of time where the potential for

exposure is minimal except during tank cleaning, which is normally performed

at sea.
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These novel work schedules and the day-to-day variability of the

exposure environment are issues that must be considered in interpreting

- the occupational exposure data. The occupational exposure data that are

*presented in this report were collected on individual vessel loadings, but

it must be recognized that exposure to other combinations of these same

chemicals could also occur in response to changing ship operations. While

evaluation of the data relative to existing exposure guidelines can provide

* a first level of interpretation, a more in-depth, second level of toxi-

cological interpretation was indicated. To this end, a panel of project

consultants identified the toxicological factors and issues that are rele-

vant to chemical exposures. Their report entitled "Perspective on the

Toxicology of Chemical Exposures" is presented in Appendix E . Using that

report as a starting point, a detailed toxicology-industrial hygiene data

assessment effort was undertaken, and the results of that interpretation

* will be published as an addendum to this final report.

In order to assess the results of the occupational and biological

exposure monitoring data presented in this report, the concept of what com-

* prises a hazard in the maritime occupational environment must be addressed.

The specification of a hazard level for a given chemical substance and a

* given exposure scenario is a complex task. In his text on safety (Ref er-

ence 21), the author, William A. Lowrance, presents the idea that an opera-

tion or environment is said to be safe if its risks are Judged to be accept-

* able. Because nothing can be said to be absolutely free of risk, nothing

can be said to be absolutely safe. Determination of a specific level of

risk which is judged to be unacceptable, and thus a hazard, is a subjective

* judgement.

Evaluation of the hazard of occupational exposures to toxic chemical

* substances requires consideration of three basically different types of

potential toxic response: acute health effects, chronic health effects,

and carcinogenic effects. Acute effects are those which yield no long

* term health effects. Examples include irritants or intoxicants which cause

irritation or narcosis during or immediately after exposure, but which tend

* to require only removal of the insult to mediate the effects. Chronic
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health effects deal with insults which cause organ damage, either reversible

or irreversible, and require not only removal of the insult but other health

measures to mediate the effects. Carcinogenic effects are a very special

case of chronic effects, where the insulting substance is known or suspected

to be a carcinogen. A given chemical substance can induce one or more of

* these three major toxicological responses and all three must be considered

in establishing an acceptable or a hazard level for a given chemical. In

evaluating the hazard level of acute effects in the occupational setting,

an additional concept must be considered. The comfort level of the environ-

ment can and does affect productivity and efficiency. Allowable levels of

irritant substances or narcotic substances which can affect the worker's

ability to function must be accounted for.

In general the TLV and STEL levels established by ACGIH, NIOSH, and

OSHA consider the potential for acute, chronic, and/or carcinogenic effects.

In evaluating the maritime exposures reported in this document, the specific

*basis of the TLV and STEL levels for given substances will be examined re-

garding the potential for application to the circumstances existing in the

marine environment. This evaluation and assessment will be accomplished on

a one-by-one basis for each chemical substance where significant exposures

have been observed.

The remainder of this section provides some preliminary observations

regarding both occupational and biological exposures as well as an overview

of the evaluation plan. Interpretation of the results of this project must

always keep in mind that the observations reported here are but a sampling

of the real world. That sampling may not include many important exposure

events which simply did not occur during the operations observed by the

study team. Although it is impossible to completely sample the entire pop-

ulation, an attempt must and will be made to extend the conclusions and

comments to include other aspects not observed but known to occur.
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V.3.1 Preliminary Observations Regarding Occupational Exposure Levels

Discussion

Occupational exposures were monitored either indirectly using

conventional dosimetry techniques or directly using continuous, direct read-

ing instrumentation, i.e , the OVA. A wide range of exposure levels was

measured, and the equipment, work practice and operational procedure factors

that account for this variability have been documented. Independent of

these factors, the following observations can be made regarding the expo-

sure environment.

A total of 36 confined space exposures were monitored. These

confined spaces included entry into cargo tanks, ballast tanks and pumprooms.

Of this number, 28 percent of these entries resulted in exposure concentra-

tions that exceeded the TLV-STEL or TLV-C. In 14 percent of the entries,

the exposure level was between 1/2 TLV-STEL (or TLV-C) and the TLV-STEL

(or TLV-C). The majority or 58 percent of the entry exposures were less

than 1/2 TLV-STEL (or TLV-C). In two of the 36 entries (5.5 percent), the

exposure dose was sufficient to produce an 8-hour TWA exposure that ex-

ceeded the appropriate TLV-TWA.

Qualitatively, the exposure environment during cargo loading

operations consists predominantly of low level concentrations of one or more

chemical vapors, e.g., sub-TLV levels that may approach the limits of detec-

tion. High level concentrations do not persist through terminal operations.

Where high concentrations are encountered, they are short-term in nature

and are superimposed upon the low level profile. Excursions above the

TLV-STEL were observed during cargo loading operations when tank top-off

and certain other equipment and operational criteria were met.

The mixture TLV for multiple chemical vapors, based on the

ACGIH additive effect formula, was exceeded in a limited number of instances.

In these cases there was one predominant mixture component, and the expo-

sure scenario involved gauging or sampling of fully loaded tanks. On multi-

product tankers, the specific compounds of vapor mixtures vary with each

deck watch as a result of sequential cargo loading.

The occupational exposure data discussed in the foregoing

indicate that tank entry and tank top-off both present a potentially toxic
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* hazard to maritime worker.s. During these activities, personnel were some-

* times exposed to chemicals at average concentrations in excess of ACGIH STEL

values. Even when concentrations only approached STEL values, such expo-

sures should not necessarily be considered "safe" because of the possibility

of biological interactions of these chemicals with others to which the per-

* sonnel were also exposed.

For certain of the chemicals, the data indicate that in-depth

toxicological assessment is warranted. For others, the observed concentra-

tions were generally low, and apparently below levels at which any toxic

effects or symptoms would be anticipated unless the potential additive ef-

fects are considered. Those chemicals whose concentrations were sufficient-

ly high during tank entry or tank top-off to warrant an in-depth toxicolog-

*ical assessment on the basis of the single chemical substance include methyl

isobutyl ketone (MIK), toluene (TOL), ethylene dichloride (EDC), chloroform

* (CRF) and hexane (HXA). The assessment should consider the potential hazard

* of exposure to the individual chemicals and, also, to mixtures of these

* chemicals and others whose toxic effects and concentrations, as indicated

by the occupational exposure data, might result in potentiating interactions.

A further analysis of additive effects is warranted by the

potential for hazards due to mixtures. Those substances for which the ob-

served concentrations were below levels at which any toxic effects or symp-

* toms would be anticipated when the substance is considered alone will be re-

- evaluated under the consideration of simultaneous exposures with one or more

other substances for which concentrations have been observed. The combina-

* tions will include combinations actually observed, and other combinations

not observed during this study but known to occur at times in the maritime

* industry. Analysis and interpretation of the results of this study must

* always bear in mind that the occurrences observed are but a sampling of

those actually occurring in the industry.

An assessment of only single exposures to individual chem-

icals has been initiated and is presented in the following section. Anal-

ysis of the potential effects of mixtures will await further progress in

* the study activities.
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Assessment

In-depth toxicological assessments of single exposures to indi-

vidual chemicals have been initiated for those chemicals for which signifi-

cantly high concentrations were observed. Preliminary assessments of the

occupational exposure data relevant to single exposures to MIK, TOL and EDC

are given below. Analysis of the effects of successive or repeated exposures

to single chemicals and of single and repeated exposures to mixtures of chem-

icals are also underway. These types of exposure may represent a greater

hazard to the health of maritime workers than single exposures to a chemical,

even at elevated concentrations, because of possible cumulative effects and

biological interactions. However, analyses of effects of repeated exposures

and of mixtures are more complex and require an integrated application of

relevant toxicological, pharmacological and toxicokinetic data. Therefore,

in the following preliminary assessments of MIK, TOL and EDC, discussions

are limited to single exposures of personnel to these chemicals at the sig-

nificantly high concentrations encountered during tank entry and top-off.

Methyl Isobutyl Ketone (MIK)

Entry of personnel into tanks containing residual MIK resulted

in exposures of 111, 47 and 85 ppm of MIK for approximately 20 minutes. Thus,

two of the concentrations (111, 85 ppm) for these time periods exceeded the

ACGIH STEL value of 75 ppm. Since the exposure values are averages for samp-

ling periods, it is likely that initial MIK concentrations were even higher

than the sampling period averages.

The exposure of maritime personnel to concentrations of MIK,

or of any chemical, in excess of the STEL value should be regarded as

"potentially toxic." STEL values are recommended by the ACGIH to ensure

that workers do not suffer from (1) irritation, (2) chronic or irreversible

tissue damage, or (3) narcosis of r,,ficient degree to increase the likeli-

hood of accidental injury, impair self-rescue or materially reduce work

efficiency. MIK is an irritant and is also capable of producing central

nervous system depression and narcosis, although at relatively high
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concentrations, i.e., approximately 1000 ppm (Reference 22). Silverman, et

al. (Reference 23) reported that 12 persons exposed to MIK for 15-minute

periods found that 200 ppm had an objectionable odor and definitely caused

eye irritation. These findings have been supported by other studies (Refer-

ence 22) in which 200 to 400 ppm produced eye irritation in 50 percent of

exposed volunteers and 400 ppm caused nasal irritation in 50 percent. In

recognition of the irritating effects of MIK and possible nephrotoxic ef-

fects from chronic exposure, the TLV for MIK was recently reduced from 100

ppm to 50 ppm and an STEL value of 75 ppm was adopted (Reference 22).

Although inhalation of MIK vapors is the most likely route

of exposure of maritime personnel, exposure by skin and/or eye contact may

be possible. Skin contact should be avoided because the defatting property

of MIK produces a dermatitis. Also, direct contact of the eyes with this

chemical may produce painful irritation.

Conclusion

The occupational exposure data for MIK indicate that even

single exposures of workers, for relatively short periods, to the concen-

trations encountered during tank entry and tank top-off are potentially

toxic. The primary toxic effect anticipated at these concentrations is

eye irritation, the severity of which would depend on the exposure concen-

tration and duration. Although a single exposure nay not by itself be con-

sidered hazardous, the activities of maritime workers may involve repeated

exposures to MIK and/or exposures to other chemicals. In such exposure

'I sequences, the toxicity of MIK encountered during tank entry or top-off

may be considerably exacerbated by cumulative effects and/or biological

interactive effects and result in a potentially hazardous environment.

Therefore, it is most important that a toxicological assessment of MIK

address the effects of repeated exposures and of mixtures in addition to

those of single exposures.

Toluene (TOL)

Entry of personnel into tanks containing residual toluene
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resulted in exposures of 230, 197 and 229 ppm average concentrations for

periods from approximately 36 to 38 minutes. All of these averages exceed

the ACGIH STEL level of 150 ppm. Since these values are averages, it is

likely that initial concentrations exceeded these average concentrations.

Toluene, at high concentrations, is a narcotic and may pro-

duce parethesia, disturbances of vision, dizziness and nausea, narcosis and

collapse (Reference 24). Such effects are generally associated with expo-

sures to concentrations of approximately 1000 ppm or greater. Symptoms

reported at various concentrations are: psychological effects and transient

irritation at 100 ppm; transitory mild upper respiratory tract irritation

and central nervous system effects at 200 ppm; mild irritation, lacrimation

and hilarity at 400 ppm; lassitude, hilarity and slight nausea at 600 ppm;

and rapid irritation, nasal mucous secretion, metallic taste, drowsiness

and impaired balance at 800 ppm (References 25, 26). Because of the irri-

* tant effects of toluene, NIOSH (Reference 27) recommended a ceiling of 200

ppm for toluene for a 10-minute sampling period.

Chronic exposure to toluene has been reported to affect a

number of organ systems and produce a variety of symptoms and effects.

Thus, the literature contains reports of cardiotoxic, hepatotoxic, nephro-

totoxic and neurotoxic effects as well as hemotologic abnormalities. These

effects have generally been limited to industrial workers and habitual

"glue sniffers."

Chemical-biologic interactions of toluene with other chemicals,

*including trichloroethylene, tetrachloroethane, benzene and xylene, have

been reported in the literature. The significance of these interactions to

maritime worker exposures needs to be assessed.

Conclusions

The occup ional exposure data indicate that tank entry and

top-off may result in exposures of workers to toxic concentrations of

toluene. Effects and symptoms that may be anticipated at the concentrations
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measured during these activities include eye and upper respiratory tract

irritation, headache and nausea. In the event of repeated exposures to

this chemical and its accumulation in the body, pronounced central nervous

system (CNS) effects may result. Additionally, exposures to other chem-

icals, particularly other CNS depressants, may potentiate the narcotic ef-

fects of toluene. Therefore, an in-depth toxicological assessment should

include detailed analyses of cumulative effects from repeated exposures

and interactive effects of exposures to toluene and other chemicals.

There is no evidence that suggests that chronic effects ob-

served in industrial workers would result from the intermittent expozuras

encountered by maritime workers. However, periodic medical examinations

and laboratory tests recommended for industrial workers may be advisable

for those maritime workers who are frequently exposed to toluene vapors.

Ethylene Dichloride (EDC)

Average concentrations of ethylene dichloride during two tank

entries were greater than 700 ppm (85 minutes) and 138 ppm (7 minutes),

which are in excess of the ACGIH STEL value of 15 ppm. The latter concen-

tration is also the 15-minute ceiling value recommended by NIOSH as a work-

place air standard (Reference 27). NIOSH subsequently revised its recom-

mendation to a TWA of 1 ppm, with a 2-ppm ceiling for a 15-minute exposure

in consideration of possible carcinogenic effects (Reference 27).

Although the concern with this chemical is its toxic effects

from chronic exposure in the industrial workplace, EDC is considered one

of the more toxic of the common chlorinated hydrocarbons. EDC is irritat-

ing to the eyes, nose and throat and produces symptoms related to CNS de-

pression or gastrointestinal upset, such as mental confusion, dizziness,

4| nausea and vomiting. Definite liver, kidney and adri nal injury may also

result from exposure to EDC. These effects have been reported in litera-

ture reviews of EDC toxicity as resulting from "very high concentrations"

or "subacute" levels without specific data as to the actual concentrations

and durations of exposure (Reference 28). A review of reports of human

exposures to EDC needs to be conducted before an assessment can be made

of the potential toxicity of exposures during tank entry.
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Several studies of the toxic effects of repeated exposures

of animals to EDC have been reported. The findings from these studies

should also be reviewed in order to assess the potential toxicity of re-

peated exposures of maritime workers to EDC.

Conclusions

The occupational exposure data indicate that the potential

exists for exposure of maritime workers during tank entry to significantly

high concentrations of EDC. The measured average concentration of 700 ppm

EDC for 85 minutes is considerably higher than the STEL value and repre-

sents a toxic, and possibly hazardous, environment. Toxic effects of at

least eye and upper respiratory tract irritation may be anticipated at this

concentration. Of more importance are possible carcinogenic effects asso-

ciated with this chemical. Therefore, an in-depth toxicological assessment

of various exposure sequences to EDC during maritime operations is warranted.

V.3.2 Preliminary Observations on the Toxicology of Biological

Monitoring

Loading of 1500 Metric Tons of Methanol

With one exception, all exposures were measured to be less

than the eight-hour time weighted average TLV of 200 ppm air. One short

term (33 minute) exposure was observed at 850 ppm. The ACGIH has established

an STEL of 250 ppm. NIOSH, however, has recommended a 15-minute ceiling of

800 ppm, which is considerably higher than the STEL.

Although review of the literature is not complete, there ap-

pears to be little information relevant to acute human inhalation exposures

to methyl alcohol (MAL). There are many reports of injuries or fatalities

from the chronic inhalation of high concentrations of MAL by persons engaged

in a variety of industries. These reports often differ considerably as to

the concentrations of MAL at which symptoms occurred. These differences are

probably due to the fact that concentrations in these work environments vary

greatly and reported concentrations were often estimated values. In a stucy
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of the wood heat industry in Massachusetts, vapor concentrations ranged from

160 to 780 ppm, with no evidence of injury to exposed workers (Reference 27).

A report by Kingsley and Hirsch (Reference 27) indicated headaches in workers

exposed to MAL in concentrations between 200 and 375 ppm and diminution of

vision at 1200 to 8300 ppm. In a fatal case of occupational MAL intoxica-

tion by inhalation, it was estimated that the individual was exposed to vapor

concentrations ranging from 4000 to 13,000 ppm for about 12 hours (Reference

27). In a controlled human experimental study, Leaf and Zatman (Reference 29)

exposed individuals to 500 ppm to 1100 ppm for periods of 3 to 4 hours in

order to study the metabolism of methanol. In another study, headache, eye

irritation and fatigue have been reported (Reference 29) for one hour expo-

sures at 1000 ppm.

In the biological samples, measurable levels of methanol were

found in breath, blood, and urine. Values as high as 4.7 pg/k were found in

breath samples; no data for comparison we-e located in the literature sources.

In blood samples, values as high as 3.3 pg/mk were observed. These values

compare favorably with 2-5 pg/mk reported (Reference 29) for exposures to

125 ppm air. In urine samples, values as high as 2.8 pg/mk were found.

These compare with 3-6 pg/mZ reported (Reference 29) for exposures to 125

ppm air. Formic acid levels in urine were measured as high as 180 pg/mk.

In summary, generally low exposure levels were encountered,

with one short term higher exposure. The biological sample analyses were

consistent with low exposure levels. Preliminary indications are that

49 methanol levels found in biological samples were within normal, acceptable

limits.

Conclusions

Although the 850-ppm exposure to MAL for 33 minutes exceeds

the ACGIH STEL value, available data indicates that this single exposure

would not cause serious toxic effects. Methyl alcohol is slowly eliminated

from the body so that, under repeated or chronic exposure conditions, accu-

mulation of the chemical or metabolites could occur. However, the basis of
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the TLV-STEL was prevention of toxic effects. Therefore, the observed ex-

posure should be considered a potential toxic exposure when other factors

such as multiple exposures or exposures to mixtures are considered.

Loading of 1000 Metric Tons of Toluene

All exposures were measured to be less than the eight-hour

time weighted average TLV of 100 ppm air. All personal dosimetry samples

were found to be less than 13 ppm time weighted average durations ranging

24- 473 minutes. Literature for toluene toxicology was discussed earlier

in Section V.3.1. From that discussion the 13 ppm exposure measured during

*- the biological monitoring would be considered to be quite low.

In the biological samples, measurable levels of toluene were

found in breath, blood, and urine. Values as high as 1.8 pg/k were found in

breath samples; no data for comparison were located in the literature sources.

In blood samples, values as high as 104 pg/k were observed. These compare

with values in excess of 2000 pg/Z reported (Reference 24) for exposures to

100 ppm air, and 5,500 pg/i for exposures to 200 ppm air. In urine samples,

values as high as 7.1 pg/t toluene were found. No data for comparison were

located in the literature sources. With one exception, hippuric acid levels

in urine were measured to be less than 975 pg/mi. In one case, a value of

1780 pg/mk hippuric acid was observed. The urinary biologic threshold for

hippuric acid has been reported (Reference 24) to be 1100 pg/mi. This is

the level used to check exposed workers. At urine levels of 4000 pg/mi,

increased coagulation time and decrease in prothrombin level has been re-

ported (Reference 24).

In summary, the biological sample analyses were consistent

with low exposure levels. Preliminary indications are that toluene levels

found in biological samples were within normal, acceptable limits. In one

case, hippuric acid levels in urine were above the reported biologic thresh-

hold level: 1780 pg/mi measured versus biologic threshold of 1100 pg/mi. The

biologic threshold level is used as an indication of exposure and not neces-

sarily an indication of detrimental health effects. Known health effects

associated with urinary hippuric acid levels are generally at levels greater

than the values observed here.

343



Conclusions

Hazardous concentrations of toluene were not encountered during

the biological monitoring and there is no evidence in the biological data to

suggest concern for chronic health effects from the exposures measured. How-

ever, occupational toluene exposure levels significantly higher than those

observed during the biomonitoring activities have been observed and are re-

ported and discussed in Section V.1.

V.3.3 Plan for Comprehensive Assessment

The comprehensive toxic assessment of occupational exposure

and biological monitoring data from maritime operations will make use of

all available and pertinent toxicity data, both from animal experimentation

and human exposures. Toxicity data from human exposures will, naturally,

be of major importance. However, most of these data have been obtained from

exposures of workers in the industrial environment, typically 8-hours per

day, 5 days per week. ACGIH limit values were established principally from

these industrial data, under the assumption of daily, continuous 8-hour ex-

posures or frequent repeated exposures. In contrast, exposures of maritime

workers may be to single and/or mixtures of chemicals at frequent and in-

frequent intervals or continuously for prolonged periods of time. This does

not mean that these toxicity data and ACGIH values cannot or should not be

used for assessing the toxic hazards of chemical exposures of maritime work-

ers. On the contrary, this information must be used in these assessments.

However, application of these data and values and their interpretations,

* must be made with caution in view of the considerable differences in expo-

sure conditions between the industrial workplace and the maritime environ-

ment.

The toxicological assessment of maritime occupational and

biological exposure data will consist of a two-tier approach. In the first

phase, ACGIH limit values will be used to identify those chemicals and ex-

posure activities/sequences which can unequivocally be considered nontoxic.

AGGIR values are set for the chronic 8-hour exposure conditions of the in-

dustrial workplace; maritime exposure concentrations and durations below
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these values will be regarded as safe exposures. For those activities in-

volving exposure of workers to mixtures of chemicals, the ACGIH additive

effect formula will be used to determine whether the exposure can be con-

sidered safe. It is anticipated that exposure concentrations/durations of

* chemicals during many shipboard activities will fall into this category and

will require no further evaluation.

Those exposures which exceed ACGIH limit values of either

individual chemicals or mixtures of chemicals will require further evalua-

tion in a second phase. In this phase, all available and relevant toxicity

and chemical information will be applied to the occupational and biological

monitoring data for an assessment of toxicological hazard. Relevant infor-

mation will include chemical and physical properties of the chemicals, re-

ported toxic effects in humans and in animal studies, biological inter-

* actions with other chemicals, effects of these chemicals on metabolizing

enzymes, biological half-lives of the chemicals, routes of metabolism and

elimination, target organs and mechanisms of action, correlation of concen-

-tration-time constants with toxic effects and correlation of concentrations

in biological fluids with exposure concentrations and symptomatology.

It is anticipated that for many of the documented exposures,

the second phase assessment will enable the determination of whether an ex-

posure is potentially hazardous, toxic and to what degree, or wifhout ad-

verse effects. The rationale for this assessment, including relevant liter-

ature toxicity data and sources, will also be presented. However, it is

also anticipated that, for some exposures, sufficient relevant data will not

be available to enable a definitive toxicological assessment. In such cases,

available information will be presented and the reasons why this informa-

tion does not allow an assessment will be discussed.
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F VI. ENUMERATION OF AREAS OF CONCERN-

POTENTIALLY HAZARDlOUS SITUATIONS

Hazards may be rated and ranked by degree. Throughout this project,

* on only one occasion was there an operation that could be classed as ap-

* proaching an immediately dangerous to life or health situation. This iso-

lated event involved hand mucking of chemical residues in an EDC barge tank

without protective clothing, respiratory protection or adequate ventilation

of the confined space. In-tank concentrations were of the order of 70 per-

* cent of the 1000 ppm IDLH level. This concentration, which is roughly one

percent of the LEL for EDC, could have been detected with a combustible gas

indicator even though 700 ppm is on the low end of the instrument scale.

* The tank atmosphere was tested with such an instrument and was approved for

man-entry.

The above scenario demonstrates that the extent to which work prac-

tices, protective equipment, engineering controls and instrumentation are

effectively implemented can have a profound impact on the exposure poten-

tial. These same factors interacted to varying degrees on other observed

operations that were not life-threatening but nevertheless were capable of

posing a potential exposure hazard. These operations or areas of concern,

* which have been noted in this report, are summarized below.

0 Open gauging of open loaded (vented) tanks results in a poten-

tial exposure hazard particularly when the tanks are filled to

near capacity. The potential is greatest when the tank is gauged

from deck level where the separation distance between the breath-

ing zone and the open ullage port is minimum. The potential can

be reduced by standing on the expansion trunk which effectively

increases the breathing zone separation distance. From each of

the positions, an additional relative reduction in exposure po-

tential can be achieved by standing upwind or crosswind of the

ullage port, if possible, as opposed to downwind. Work practices

during open gauging would be most effectively addressed through

training and administrative controls. Alternatively, retrofit

installation of restricted gauging systems can significantly re-

duce potential exposures during all phases of tank loading.
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o Dress codes in the Deck Department vary from ship to ship, and

they are somewhat seasonal in nature. In the aggregate, work

clothing is not uniformly consistent with the potential for

occupational exposure to chemical cargos. For many chemicals,

the primary route of entry into the body is through the skin.

Therefore, clothing that is worn should reflect an awareness of

the potential for cutaneous absorption. Working without a shirt

'* and in shorts is not appropriate. Footwear, such as sandles,

*that does not have chemical-resistant soles ignores another site

of dermal exposure.

o Single cargos and mixtures of chemicals do accumulate in manifold

drip pans. As these products evaporate, there is a potential in-

halation exposure to personnel working in the area. A reduction

in this potential may be feasible through a combination of (1)

administrative controls that define draining and flushing pro-

cedures, and (2) engineering controls to effect a low-cost re-

..design of the pan configuration.

0 There are several aspects of the tank entry procedure that could

be modified to reduce exposure potential.

(1) Tanks should not be entered until the tank atmosphere has

been thoroughly tested and evaluated.

(2) Product odor is not a reliable indicator of a safe or unsafe

condition. Therefore, odor should be used as a supplemental

piece of information to instrument evaluations.

(3) The instrumental pre-entry testing procedure should be ex-

panded to include additional tests at multiple depths into

the tank and through multiple deck openings. The current

procedure of single opening-single depth testing assumes

that the tank atmosphere is homogeneous, which may not be

the case.
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(4) The combustible gas indicator is not accurate at low vapor

concentrations. Colorimetric detector tubes should be used

where appropriate to assess toxic vapor levels. Similarly,

the CGI is ineffective when the products are not flammable.

(5) Tank atmosphere testing should be expanded to include addi-

tional tests during in-tank work. Under current methods,

an increase in tank atmosphere concentrations would go un-

detected.

(6) Ventilation of a tank should be a standard operating pro-

cedure while in-tank work is in progress. Without ventila-

tion, regeneration of product vapors from residues will

occur, and these vapors will not be diluted and removed

from the tank.

Tank entry is an area of concern because in each of the above six

categories operations have been observed which enhance the expo-

sure potential.

o Present usage of organic vapor cartridge respirators is not con-

ducive to reducing exposure potential. When needed, the level

of protection may be unknown because respirators stored on deck

can adsorb product vapors to the extent that the service life

may be exceeded and respirators are not fit-tested to the in-

dividual but are shared by several crew members.

o Current regulations define the minimum requirements for gauging

and venting of Subchapter 0 chemicals. In practice, open gaug-

ing and open venting is conducted during loading even though

equipment is available to meet a minimum requirement of closed ]
gauging and venting at elevation. Circumventing the minimum

requirements enhances the exposure potential. Monitoring of

loading operations would be one means of promoting a more uni-

form adherence to these minimum requirements and a reduction in

this area of concern. j
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F For certain Subchapter 0 chemicals, open gauging is permitted,

but the minimum requirements call for P/V venting at elevation.

It is not clear if the P/V venting requirements apply to load-

* ing and the laden voyage or if open venting is acceptable during

loading. If the former interpretation is correct, then the

ullage port must be opened during gauging. The pressure relief

on the tank when the ullage port is opened could enhance the

potential for a short-term high concentration exposure.

!I
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VII. RECOMMENDATIONS

1' Based on work reported herein, the following recommendations are

appropriate.

o The minimum gauging and venting requirements for Subchapter 0

chemicals should be reviewed for continuity and their impact

on occupational exposure potential. To this end, the plume

dispersion model in this report would be a useful tool in as-

sessing the trade-off between vent height and deck level con-

centrations during loading under a range of atmospheric condi-

tions.

" In parallel with the above review, the minimum venting and gaug-

ing requirements for unmanned barges should be consistent with

the tankship requirements.

o Subchapter D commodities should be reviewed as new health effects

data become available. Where such data support a reduction in

the applicable exposure limits, these commodities should be

considered for inclusion in Subchapter 0.

" The benefits-of restricted gauging systems in reducing exposures

have been demonstrated. Consistent with a vessel's intended

service, future ship designs could incorporate restricted sys-

tems for tanks that will carry Subchapter D and certain Sub-

chapter 0 chemicals. The cost savings relative to closed sys-

tems on all tanks, where they are not needed or used, would be

appreciable. For current tonnage, the estimated cost of retro-

fitting a barge tank with a restricted gauging tube is roughly

$500; the cost per ship tank would be slightly higher. Devel-

opment of a time-phased retrofit program should be investigated.

" Cargo tanks on pure parcel chemical carriers are independent as

opposed to integral. Structural rigidity and support for inde-

pendent tanks are provided by external members in cofferdams,
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double bottoms, and on deck. The tank ventilation model is well

suited to this clean structural configuration. A method has been

developed for estimating the ventilation delay time for tanks

with internal structure. The model is based on the incremental

time required to achieve a local concentration equal to 20 per-

cent of preventilation concentration. As this level may locally

exceed current exposure limits, it is recommended that this

delay time model be investigated further to extend its appli-

cability to sub-TLV concentrations. The anticipated results

would be recommended incremental ventilation times for in-

ternally-structured tanks relative to structureless tanks.

0 A preliminary design study should be initiated to investigate

alternative designs for the manifold drip pan that would mini-

mize product evaporation and exposure potential.

0 A major recommendation pertains to crew training, which is an

administrative control function. For crew members in the Deck

Department of chemical tankers, it is recommended that study

materials for licensing include sections that emphasize an in-

creased awareness and appreciation of chemical hazards, work

practices and procedures that reduce exposure potential and

the applicability and limitations of vapor detection equipment.

This recommendation is based on an accumulation of observations.

.40 The marine work environment includes the potential for both

short-term, high-level exposures to single chemicals as well as

low level exposures to several chemicals, either sequentially or

simultaneously. As the long term health effects of this work en-

vironment are not completely known, it is recommended that con-

tinued environmental monitoring be complemented by a well-designed,

concomitant medical monitoring program. The combination of these

two programs would aid in early identification of cause-effect re-

lationships that could be attributed to the work environment and

which indicate the route for remedial medical treatment.
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APPENDIX A

DATA COLLECTION FORMS

FOR

TANK WASHING, GAS FREEING,

AND MAN ENTRY
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TANK WASHING

1. Tank No. Voyage No. Date

Vessel__

2. Contents Being Washed

3. Prewash Measurements

a. ,
Time FtJ, CH4 (PPM) Diluter I.D. Bag No.

0

Drop Line Length from Measurement Point

b. Measurement Point (Circle One)

Ullage Point Standpipe Expansion Trunk

c. Distance of Measurement Point Above Deck Inches

4. Wash Profile

Time Feet Down Wash Liquid T(_F )  Detergent Surfactant
Begin End Into Tank Hot Cold Fresh Sea Type Type

How Generated

5. Washing Machine Data

a. Make

b. Model No.

c. Optional Equipment

d. No. of Nozzles

e. Nozzle Diameter

f. Water Pressure

g. GPM/Machine
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* 6. Tank Data

a. L

W =

. D

D = Actual Tank Depth or

j4 -- D = Max. True Ullage (ft)

Minus Item 3C (ft)

Show B/W, Expansion Trunk & Pump Locations (ft) on Drawing

b. No. B/W Openings

c. B/W Opening Diameter In.

d. No. Washing Machines , On Which Openings F, C, A

e. Status of Openings with No Wash Machine

f. Blow While Wash (Circle One) Yes No

g. Ullage Cap Open (Circle One) Yes No

h. Hatch Cracked (Circle One) Yes No

If Yes, Crack Gap In.

7. Pump Capacity GPM

* . Eductor Capacity GPM

8. Previous Cargo (This Voyage)

Next Cargo (Next Voyage)

Copy of To/From Wash Procedure Obtained (Circle One) Yes No

9. Previous Cargo Data

* Previous Cargo Voyage No.

10. Tank Coating Material

11. Personnel Locations on Deck WRT B/W, ET, Eductor

12. Personal Sampling Pumps on Wash Personnel
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I
TANK WASHING

Tank No. Contents Date

Vessel Voyage No. OVA ID

Pump Eductor

Time CH4(PPM) Diluter I.D. T(0 F) On/Off On/Off Comments
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6I

GAS FREEING

1. Tank No. Voyage No. Date

2. Chemical Being Ventilated

3. Pre-Vent/Post-Vent Wash Measurements

a.

Time Ft CH4(PPM) Diluter I.D. Bag No.

0

Drop Line Length from Measurement Point

b. Measurement Point (Circle One)

Ullage Cap Standpipe Expansion Trunk

c. Distance of Measurement Point Above Deck Inches

4. Collect Solution Sample from Tank Bottom

a. Drop Line W/Bottle or

b. Slip Stream Off of Pump

5. Blower Data

a. Make

b. Model No.

c. Rating cfm on (Circle One)

Steam Compressed Air

d. Details of Optional Equipment (Modified Nozzle Throat, Etc.)

e. No. of Blowers

f. Blower Locations: F C A

g. Status of Remaining B/W Openings (Circle One)

Open Closed

h. Blower Line Pressure psig (Circle One)

Compressed Air Steam

i. Status of Hatch (Circle One)

Open Closed
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6. Personnel Locations on Deck WRT

- 7. Sampling Pumps on Deck Personnel

A-"7
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GAS FREEING

Tank No. Contents Date

Vessel Voyage No. OVA ID

CH4 (IND) Pump Eductor

Time PPM Diluter I.D. T(0 F) On/Off On/Off Comments
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M)AN-ENTRY

1. Tank No. Voyage No. Date

Vessel

2. Chemical Ventilated

3. Pre-Entry/Post-Vent Measurements

a.
Time Ft CH4(PPM) Diluter I.D. Bag No.

0

Drop Line Length from Measurement Point

b. Measurement Point (Circle One)

Ullage Cap Standpipe Expansion Trunk

c. Distance of Measurement Point Above Deck Inches

4. Safety Checks

a. 02 Level , Sampling Point , Instr.

b. THC Level , Sampling Point , Instr.

5. Purpose of Man-Entry

If No Man-Entry, Criteria for Acceptance

6. Blower On During Entry (Circle One) Yes No

Which B/W Opening; F , C , A

7. Status of Remaining B/W Openings

Status of Hatch

8. Crewman on Deck for Safety (Circle One) Yes No

SwRI on Deck for Safety (Circle One) Yes No

9. Safety Equipment

Crew

SwRI

10. Sampling Pump on Crew (Circle One) Yes No
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11. Intank OVA Readings

a. Down Ladder

Top = PPM CH4

Mid = PPM CH4

Bot = PPM CH4

b. On Bottom

1 0= Reading Locations

Show Pump Sump & B/W Blower Opening

12. Note Details of Tntank Structure

D/B or No D/B, Web Frames, Cutouts, Drain Stringer Holes, Etc.

A01
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APPENDIX B

FULL SCALE TANK VENTILATION TESTS

EXPERIMENTAL DATA AND MODEL COMPARISONS
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S7

Q 40 m3 /min (Cal) -

- V 1903 m

EI - C 750 ppm
• -- " . 210 mg/9.

COLH

'"iS - 0.03 cm (Cal)

-

,-_ F -1
L I
I-- I

.i: ] F! Model and -..
z -Qt/V -'- A

-Cv cov

0, ,C- 25 0, 50. 3 , . i 1 25 1i5, 1-5. 20 0. 225, 50.

FIGURE B.I. VENTILATION TEST NO. 14 CONDUCTED IN A FULL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER

OF CHLOROFORM AND WATER
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I3

Q - 75.6 m3/min

rV -223m 3

LC 89 ppm

- , .COL ' 515 mgIZ

I "-, ... . 6 0.5cm (Est)

.z 0 c \

0G

zS-

= CoveQ/v

88 2.5 5.88 7.58 10.8 12.-5 15.8 17. -2.8 225 258 27.5

TIME (M I W

FIGURE B.2. VENTILATION TEST NO. 15 CONDUCTED IN A FULL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF TOLUENE ANQD WATER
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I ,I ,I I '

_Q - 45.0 m /min

V - 223 m3

C ;or 620 ppm

COL 4 mg9.
> .4 cm (Est)

u

z

ON.

I-

"

z al

0
u C= cove-Qt/v

C

10 I8 I ,,, I , I , I , I , I , I , I

08.0 3.80 6.80 9.68 12.0 15.8 18.0 21.0 24.0 27.8

TIME (MIN)

FIGURE B.3. VENTILATION TEST NO. 16 CONDUCTED IN A FULL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF TOLUENE AND WATER
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Q 63.5 m3/min .

V ' 414 m
3

CL C =58 ppm "CL ov

0 COL 286 mg/

-\ 0. 03 cm

10, -"

~I0 0 'hOo _ )0O ".
I'- .

z0ULLJ - (D

U
z .
0

rr" .Cv =Cove - Q t / V

C.

0.00 3.00 6.80 9.80 12.0 15.0 18.0 21.0 24.0 27.0

TIME (MIN)

FIGURE B.4. VENTILATION TEST NO. 17 CONDUCTED IN A FULL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF ISOPROPANOL AND WATER
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a3

COL j
r o (mg/rn3  (cm)

- -. 2613 x 108i 0.038
\6/2613 x 170.38

z
0 181".

<E
I - " : - Q1i 0 m / m i n

I--
hz " - 1425 m 3

0 292 ppm
0 COL ZAs noted

mAs noted -Qt/V
Cv = Coe

CL

s-1

8.80 10.0 20.8 30.0 48.0 58.0 60.8 78.8 88.0 90.8

TIME (MINI)

FIGURE B.5. VENTILATION TEST NO. 7 CONDUCTED IN A FULL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF NETHYLETHYL KETONE AND WATER
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10 4 = ' , , ¢ , , , I , I ' I , I

V 1903 m3

c - 2950 ppm

6 0.02 cm (Cal)

i- 1W3 -. "-

z .- , ,I

0LUJ
i =vcoe -Qt/v

0
(L

0. 00 10. 0 20.2 300 40. 0 50. 0 60. 0 '70.0 80. 0 90. 0 100

T I ME f( 1 H)

FIGURE B.6. VENTILATION TEST NO. 13 CONDUCTED IN A FULL SCALE TANK
WITHOUT STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER
OF CHLOROFORM
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- _ ' ! ' ' I ' I ' 1 I I ' I ' -

Q m 99.4 m3 /min

-l V 1099m 3 i
. 5000 ppm-

COL - .1000 mg/£ (Est)

-F 6 - .5 cm (Est) 1

--y I

I L_ I,
/-' 'r--.

1)00 100,j 2110 -!J- 0 410. 0 ~30 60. 'FO0 8J. C4 90 c

T- T tAC"T

FIGURE B.7- VENTILATION TEST NO. 1 CONDUCTED IN A FULL SCALE TANK
WITH STRUCTURE IN THE PRESENCE OF A RESIDUAL LAYER OF
ACETONE AND WATER
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03

Q ' Q132.4 m /min

V - 2080 m3

SCov 13980 ppm

COL ' 50 mg/Z (Est)

> - 1.0 cm (Est)

U

U 104 c
0z

0

a-i

I-I

z
0 C CveQ
u

0

02
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APPENDIX C

DETAILED DOCUMENTATION OF BIOLOGICAL MONITORING TESTS

The details of two biomonitoring tests conducted during the pilot

study are documented in this appendix.

Biological Monitoring Test No. 1

The scheduled test on a ship during the period May 12-14 was can-

celled due to terminal rotation changes that precluded boarding the vessel

at a point prior to the terminal where toluene was to be loaded. Accord-

ingly, another ship was selected, and a methanol loading tect was conduct-

ed during the period May 29- June 2. Officers and crewmen on the cargo

transfer watches were recruited and enlisted in the study, and blood, urine,

breath, and occupational exposure samples were collected from the three

* volunteers considered to be the most highly exposed during the loading of

1500 metric tons of methanol. In addition, work scenario activities for

each of the three participants were monitored for a period of 24 hours

after their initial exposure to the methanol transfer activities.

Mr. R. 3. Prevost and a nurse, Ms. T. C. Carter, boarded t he ship

on May 29th at a terminal preceding the methanol loading. Recruitment

activities were initiated on May 30th, and a total of eleven of the ship's

* crew, including one officer, volunteered for the study. An informed con-

* sent form was completed for each of the volunteers, and original copies

bearing the signatures of the volunteer and a witness were placed on record

* in the confidential project files at SwRI.

The watch schedule involved two watches with alternating six-hours ON

and six-hours OFF. Accordingly, volunteers were recruited and obtained for

both watches. Final selection of the principal study participants was not

made until the actual transfer of cargo began and the volunteers with greatest

potential exposures to methanol could be determined. During the recruiting

ef fort, the volunteers were informed that only those individuals that were
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most closely associated with the actual loading of methanol would be selected

for the study.

On June 1, Messrs. W. J. Astleford, R. J. Magott, and 3. C. Buckingham

of SwRI, Ms. M. Hornyack, R.N. (retained through the Milby Clinic, Houston,

Texas), and Lt. G. R. Colonna of the Coast Guard, boarded the ship at the

loading terminal. Once the cargo loading schedule was determined, two crew-

men of the first cargo transfer watch were selected and enrolled in the study

on a tentative basis. it was explained that delays in cargo transfer could

make members of the second cargo transfer watch more appropriate candidates

to study. If such a delay occurred, participation of members of the first
transfer watch would be terminated, and participants would be selected from

the second transfer watch. The participants agreed to this condition, and

initial blood and breath samples were obtained from these participants.

Delays in the methanol loading precluded the use of the participants on

the first cargo transfer watch. Three members of the second cargo transfer

watch (two A/B's and one pumpman) were selected from the list of volunteers

and were enrolled in the study. Blood, urine, breath, and occupational

exposure samples were collected on these three participants over the 24-hour

period beginning with their initial duties at 1800 hours on June 1. The

occupational exposure samples were collected at intervals between successive

blood/breath samples, and a record of the scenario of work activities was

maintained for each participant over a 24-hour period.

Upon completion of the sampling activities, the study team left the

ship, and the biological and environmental samples were transported to the

appropriate analytical laboratories.

The results of the field sampling activities regarding the loading

of 1500 metric tons of methanol can be summarized as follows:

0 11 volunteers

0 5 participants selected and utilized

0 24 blood samples

c-4
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0 26 breath samples

0 42 urine samples (21 duplicate samples)

0 22 occupational exposure samples

0 1500 metric tons of methanol loaded into two tanks filled

to roughly 82% and 95% capacity.

Biological Monitoring Test No. 2

The second of two biological monitoring tests planned for the pilot

study was conducted during the period September 28 - October 1, 1982.

Officers and crewmen on the cargo transfer watches were recruited and en-

listed in the study, and blood, urine, breath, and occupational exposure

samples were collected from the three volunteers considered to be the most

highly exposed during the loading of 1000 metric tons of toluene. En addi-

tion, work scenario activities for each of the three participants were

* monitored for a period of 24 hours after their initial exposure to the

* toluene transfer activities.

Mr. R. J. Prevost of SwRI and a nurse, Ms. T. C. Carter, boarded the

ship on September 28th at a terminal preceding the toluene loading. Recruit-

ment activities were initiated on September 29th, and a total of eight of

the ship's crew, including two officers, volunteered for the study. An in-

formed consent form was completed for each of the volunteers, and original

copies bearing the signatures of the volunteer and a witness were placed on

record in the confidential project files at SwRI.

During the recruiting effort, the volunteers were informed that only

those individuals that were most closely associated with the actual loading

of toluene would be selected for the study. Th1e ship's Captain addressed

the men and informed them that those men who volunteered and were selected

would be assigned to the transfer watch for the duration of the toluene

loading (approximately 3-4 hours) in order to provide no interruption of

the biological monitoring activities. The Captain enthusiastically en-

couraged the men to participate in the study and to provide all the desired
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samples. The deck officer scheduled f or watch during the anticipated load-

ing period volunteered to work with the study team to completion of all

samples and was tentatively selected for the study. On this ship, the deck

* officer personally takes the final ullages during tank topping and therefore

is a prime candidate for study. The deck officer is assisted by a pumpman

* and an 0/S during the loading operations. Accordingly, the two crew members

to be assigned to these positions during loading of the toluene were sought

for the study. Two of the deck crew particularly enthusiastic about the

study volunteered to work with the study team to completion of all samples

and these two men were tentatively selected for the study.

On September 30th, Messrs. J. C. Buckingham, R. J. Magott, J. P. Riegel,

and J. Stout of SwRI boarded the ship at the Loading terminal. once the cargo

loading schedule was determined, the tentatively selected officer and crewmen

were enrolled in the study. These three men (one officer, one pumpman, and

* one 0/S) were on duty throughout the loading of the toluene. Blood, urine,

breath, and occupational exposure samples were collected from these three

participants over the 24-hour period beginning with the initial loading at

approximately 2000 hours on September 30th. The occupational exposure samples

* were collected at intervals between successive blood/breath samples, and a

* record of the scenario of work activities was maintained for each participant

over the 24-hour period. In addition to the scheduled breath sampling, two

additional breath samples were obtained on deck immediately after tank topping.

Upon completion of the sampling activities, the study team left the

* ship, and the biological and environmental samples were transported to the

4 appropriate analytical laboratories.

The results of the field sampling activities regarding the loading of

4 1000 metric tons of toluene can be summarized as follows:

0 8 volunteers

0 3 participants selected and utilized

0 24 blood samples

C-6
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o 26 breath samples

o 32 urine samples (16 duplicate samples)

o 21 occupational exposure samples

o 1000 metric tons of toluene loaded into two tanks filled

to roughly 85% and 73% capacity, the latter of which

was shore stopped.
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APPENDIX D

ANALYSIS REPORTS FOR BREATH, BLOOD, AND URINE ANALYSES

Analysis reports received from the analytical laboratory responsible

for methanol, toluene, and metabolite analyses of the biological samples

are presented in this appendix. Separate reports are presented f or

(1) Methanol content of breath samples

(2) Methanol content of blood samples

(3) Methanol and formic acid content of urine samples

(4) Toluene content of breath, blood, and urine samples

(5) Hippuric acid content of urine samples.
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I. INTRODUCTION AND BACKGROUND

Water transportation is generally recognized as an economical mode

of transport for bulk commodities. Consequently, large quantities of bulk

liquids - crude oil, petroleum products, petrochemical feedstocks and

finished petrochemicals - are moved by water. Movement is accomplished in

vessels of all sizes from small barges to large tankers. Most vessels have

multiple tanks so that a number of quite different products can be trans-

ported at the same time in a single vessel.

A. Activities Offering Exposure Potential

It is possible to distinguish three primary categories of

activities and personnel that might come into contact with chemical vapors

in consequence of these water movements. These are:

1. Deck Department personnel who are involved in the

loading and discharging of the liquid cargoes,

2. personnel who enter tanks for cleaning purposes, and,

3. personnel who enter cleaned tanks for inspection

purposes. This category would also include Marine

Chemists and Coast Guard inspection personnel.

These three major potential exposure situations will be discussed

in more detail.

Cargo Transfer

Several operations in the normal handling of chemical cargoes

offer at least the potential for significant che.mical exposures.

1. Shipboard personnel who handle hoses during loading

and discharging operations may be exposed to vapors

when lines are being coupled or uncoupled, i.e.,

lines from the dock to manifold onboard the ship.

Exposures may involve cargoes left in the lines or

manifold or liquids dripping from lines. Further,

there is always the possibility of line ruptures in

which substantial exposures may be involved to both

vapors and liquids.
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2. Personnel involved in tank gauging operations may

be exposed to appreciable amounts of vapor. It

has been observed that visual observations are

frequently used even when vessels are equipped

with mechanical or electronic automated gauging

sys tems.

Tank Cleaning Personnel

Cleaning of tanks may be undertaken for a variety of reasons.

These include cleaning necessitated by a change of cargo, cleaning to re-

move residues, cleaning required before maintenance operations can be under-

taken, and cleaning required for biennial inspections for certification

purposes.

Cleaning of chemical tanks, which includes washing and gas

freeing, is performed before any human entry is permitted into the tank.

Entry into chemical tanks is frequent, and is generally required after

gas freeing to accomplish additional cleaning because tanks have areas in

which liquids can accumulate and cannot be totally removed by pumps. In

the case of tanks that have held heavy products such as crude petroleum,

heavy fuels, etc., man entry may be less frequent because these tanks

are normally dedicated to carriage of a single product, or compatible

products, and there is a lesser concern for product contamination.

Tank cleaning personnel may obtain exposures to a variety of

chemicals because a given tank may have retained residues of several

chemicals in trace quantities. It has been reported that the rusty scale

that may be present in tanks can absorb chemicals, from which vapors may

be released following gas freeing.

Inspection Personnel i
In many cases, shipboard personnel will enter and inspect a

cleaned tank. The ship personnel may accompany a quality control inspector

or surveyor to inspect the tank for residues and odor of previous cargoes

* before approving the loading. Marine chemists also enter to perform tests

for parameters such as oxygen content, explosive mixtures, and toxic agents.
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These tests are necessary before maintenanct, inisp-ct ion, and similar

activities may be undertaken. Coast (;a~ird ptronnu ' cnter tanks to perform

inspections relating to vessel safetv and suawortiness in connection with

the certification process. It has been indicated that (oast Guard personnel

may enter the tanks some time after the Marine Chemist's measurements have

been made. This offers the possibility that the ltv'l of toxic agents may

be considerably different from values determined at the time of measure-

ments. Indications are that this is particularly a problem when the ambient

temperature is higher at the time of the inspection than when the tank

atmosphere tests were perfornyd.

B. Pathways of Exposure

Chemicals of concern to this study are in the form of liquids,

although some chemicals require pressurization to preserve the liquid state

under ambient conditions. Consequently, the exposures of interest will be

in the form of:

1. Gases, in the case of cargoes that would normally be in

the gaseous state under ambient temperature and pressure,

2. vapors, in the case of cargoes that would normally be in

the liquid state under prevailing environmental conditions,

3. aerosols, in the form of liquid droplets dispersed in air

when a liquid is mechanically agitated by splashing,

bubbling, rapid flowing, etc., and

4. bulk liquids that contact unprotected skin.

Toxic agents enter the body through three primary pathways:

1. Ingestion, in which the contact occurs via the

gastrointestinal tract,

2. inhalation, in which the contact occurs via the

pulmonary system,

3. dermal, in which the chemical comes into direct con-

tact with the skin. A special caa also of interest is

contact of chemicals with the ev, wii icl is an especially

critical and sensitive tissue.
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With respect to ingestion and dermal contacts, bulk materials

are most generally involved. Intoxication by ingestion is not a major

concern with adult occupational exposures, the assumption being that

adults are usually not prone to ingest foreign substances. Therefore, in-

gestion will not be a major consideration in this report.

Dermal contact with bulk liquid or spray may occur during normal

operations and accident conditions. Chemicals vary widely in their ability

to pass through the skin and enter the circulation. Some chemicals which

may not readily pass through the skin may be damaging because of their

lipophilic nature. This results in the removal of protective fats and

oils from the skin, rendering the skin less effective as a defensive barrier.

Eyes and mucous membranes may be especially sensitive to the

whole range of common chemicals. Sensitivity may be due to the acidity or

alkalinity of the chemical. There can be little quarrel with the common

* view that contact between eyes and mucosa and chemicals should be avoided

insofar as possible.

The inhalation contact is generally the pathway of greatest con-

cern because contact with the chemical may be continuous and unrecognized.

In addition, the amount of air inhaled, especially by an actively working

adult, ip, substantial, so that the appeara'ce of a contaminant even at low

concentrations can result in a significant dose.

Inhalation of vapors and gases can result in deep respiratory

*penetration because of the small sizes of the contaminants: atoms and

*molecules. Finely divided aerosols are also capable of deep penetration.

Particles under 10p1 would be expected to penetrate the pulmonary system,

with particles in the range of 1-5pi penetrating to the alveoli where the

* gas exchange process takes place.

When a chemical enters the gastrointestinal (GI) tract, the

pulmonary system, or is in contact with the skin, it is still outside of

* the body. For systemic intoxication to occur, the chemical must be absorbed;

* it must pass the CI, lung, or skin barrier. This absorption process may

involve metabolic or other chemical changes of the contacting chemical, there-

by offering possibilities of intoxication by derivatives or metabolites of the

original chemical. This complicates the problem of assessing the potential

for intoxication.
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C. Exposure Duration

Shipboard work schedules are frequently quite different from

those that are characteristic of land-based industries. This is especially

true for personnel involved in the loading or unloading of cargoes.

The typical industrial worker will work 8-10 hours per shift

each day, working fcur or five days a week for about 50 weeks a year.

Exposures to chemicals will then occur for 8-10 hours each day, with a

"purge time" during the remaining 14-16 hours of each day. This purge

time enables the system to dispose of potentially hazardous agents.

On board vessels, work is much more concentrated during the

critical loading, tank cleaning, and unloading operations. A Deck Depart-

ment crew member may work continuously for an extended period, sometimes

24 hours or more. During the work period, a variety of chemicals may be

contacted as different cargoes are handled, and short-term exposures to

very high levels of chemical vapors may be involved. Once the operation

has been completed and the vessel is in transit between ports, there may

be essentially no exposure. The no-exposure condition may persist for

days or weeks - a very long purge time after several hours of exposure to

varying levels of many substances.

The problem of multiple exposures, i.e., exposure to a variety

of chemicals at varying concentrations in differing sequences, is not

unique to shipboard personnel, but it probably represents an extreme case,

especially when consideration is given to the range of concentrations of

chemicals encountered during certain operations. A deck hand participating

in vessel loading may be exposed to several chemicals at quite high con-

* centrations during peak operating periods.
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*Ii. CONTROL OF EXPOSURES TO CHEMICALS

A. Ass urMptions

Certain basic assumptions are necessary for a rational approach

*to controlling workplace exposures. These have been stated succinctly by

Hatch (see Cralley, et al, 1968):

1. There exists a systemic dose-response relationship

between the magnitude of exposure to the hazardous

agent and the degree of response in the exposed

individual.

2. There is a graded decrease in the risk of injury as

the level of the exposure goes down, and the risk

becomes negligible when exposure falls below a

certain tolerable level.

If these assumptions are correct, then chemicals in the workplace

can be dealt with safely at some acceptable level of exposure to the worker

above zero, and, therefore, it is not necessary to eliminate exposure com-

pletely to assure the worker's health.

Although there has been general agreement within the biomedical

community on the validity of the above assumptions for most substances,

there is continuing concern that these assumptions may not be valid for

materials that produce either direct or secondary effects on genetic

material. The concern is that any exposure to substances that produce such

* effects can initiate a course of action leading, eventually, to a carcino-

genic or mutogenic response, far removed in time from the original insult.

For this reason, it has been proposed by one sector of the biomedical

community to work toward complete elimination of these specific agents

from the working environment.

The converse position, supported by a maturing research base,

is that the assumptions outlined ab-ove hold for all materials and for all

effects, and, therefore, that a safe working environment can be maintained

without complete removal of contaminants.
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B. Sources of Data

K. The data base upon which to establish workplace standards can

be derived from (a) the workplace experience, (b) human and/or animal ex-

perimentation or (c) analogy between chemicals.

When dealing with an unfamiliar chemical, animal or human health

effects data are usually minimal or not available. Therefore, the prevail-

ing principle is that the quality of response of a chemical may be assumed

to be similar to that produced by chemically analogous substances.

It is generally presumed that chemicals that are structurally

q similar should produce similar biological responses so that a first

estimate of toxic potential can be obtained. There are serious limitations

on this procedure. First, there is no assurance that a particular chemical

in a series will respond in a manner consistent with its relatives. An

important example of this is found in the simple aliphatic hydrocarbon

series. Hexane has a spectrum of toxicity that is qualitatively distinct

from either pentane or heptane (Couri and Milks, 1982)*. Prediction of

quantitative effects on the basis of chemical analogy is also difficult

since the differences in the physico-chemical properties conveyed by

addition of even one carbon radical to a molecule can markedly alter the

biochemical availability of this material. However, despite the obvious

limitations of this procedure, almost one out of every four of the Threshold

Limit Values originally adopted for regulation under the Occupational

Safety and Health Administration were based upon chemical analogy (Stokinger,

1970).

Animal experimentation, and to a lesser extent human experimenta-

tion, has formed the basis for the majority of current workplace health

standards. There are, of course, limitations to the use of either of

these approaches for evaluating the toxicity and/or hazard of materials

in the workplace.

*References are presented at the end of each major section.
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First, for ethical considerations, any deliberate human exposures

to foreign materials must be, by definition, at levels that are free from

*producing any permanent or delayed disease, i.e. safe. T7his precludes

most experimentation using humans. However, considerable information can

be obtained for many chemicals on uptake distribution and excretion of

materials that is of vital importance in the establishment of rational

* standards.

Although the ethical consideration is more relaxed in regard to

experimentation with animals, so that the full range of deleterious

*effects can be investigated, two serious limitations exist. First, the

design of animal experiments should reflect the condition of industrial

exposure to the substance in question. Most animal investigation does not

* reflect the expected conditions of industrial usage.

Secondly, there is a probclem of extrapolation of animal in-

formation to man. This problem his been addressed by first seeking

toxicological information on a variety of animal species on the premise

that consistent responses across a variety of species increases the chance

that man will respond in a similar manner. Further, no one species con-

sistently reacts to foreign materials as does man. Therefore, in respond-

ing to a foreign chemical, man should be considered to be at least as

* sensitive as the most sensitive animal model tested. Three problems remain.

1. Whether man will respond as the most reactive or least

reactive species tested cannot be universally predicted.

2. The question as to whether the most sensitive species has

been tested is never completely resolved.

3. The problem of whether the animal response has any

parallel to the human disease process cannot be

completely answered.

Nevertheless, in the absence of data based on appropriate human

experience, extrapolation from animal experimentations must be utilized in

establishing workplace standards.

There remains the need for data on the toxicity of materials in

several areas that cannot be obtained from animal experiments including

assessment of
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1. irritation and nausea,

2. allergic response,

3. odor evaluation,

4. higher nervous function effects, and

5. human metabolic pathways for sp-ecific chemicals.

This information can usually be derived from careful utiliza-

tion of data from the occupational or workplace experience.

C. Standards

Until passage of the Occupational Safety and Health Act, the

majority of workplace standards used in the United States were based on

recommendations from one or more concensus committees (Dinman, 1973).

These organizations, which include the American Conference of Governmental

Industrial Hygenists (ACGIH) and the American National Standards Institute

(ANSI) offered, and continue to offer, recommendations for Threshold Limit

Values (TLV's) for contaminants in the workplace. TLV values refer to

airborne concentrations of substances and represent conditions under which

it is believed that nearly all workers may be exposed eight hours a day

for a forty-hour week over a working lifetime without adverse effect. These

values are established by consensus of a number of experts in industrial

hygiene and toxicology and are reviewed periodically. Information for their

judgment is obtained from available literature data and personal information

known to committee members.

Since adoption of the Occupational Safety and Health Act (OSH Act)

of 1970, the National Institute for Occupational Safety and Health (NIOSH)

has had the responsibility for developing criteria and recommended

standards, and the Department of Labor has the responsibility for enforce-

ment in the majority of work environments through the Occupational Safety

and Health Administration (OSHA).

4 Current standards, whether voluntary or regulatory, still relate

only to the 8-hour a day and 40-hour week, work-rest cycle. They do not

adequately reflect the marine industry from either the work schedule or

work conditions. There is, therefore, considerable need to obtain informa-

tion regarding these "unusual" circumstances so that marine operations

workers can be adequately protected.
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Several methods have been proposed for adjusting the "normal"

workday standards and limits to reflect the novel or unusual work schedule,

i.e., Brief and Scala, Roach, Hickey and Reist, and Mason and Dershin.

These are, for the most part, based on limitation of body burden and

depend on mathematical adjustment of the current standards. However, the

data base from which these proposals have been derived is very limited

and pending verification, these methods should not be relied upon (see

Calabrese, 1977). The occupational exposure data base for the novel

marine work schedule is being developed under U. S. Coast Guard sponsored

research projects*. The merits and limitations of these adjustment models

are also being investigated.

*"A Crew Exposure Study-Phases I and II," USCG Contract No. DTCG23-80-C-20015,

Southwest Research Institute Project No. 06-6177.

E-13



REFERENCES

Cralley, L. V., L. J. Cralley and G. D. Clayton, Industrial Hygiene
Highlights; Industrial Hygiene Foundation of America, Inc., Pittsburgh,
Pa., 1968.

Stokinger, H. E. "Criteria and Procedures for Assessing the Toxic Responses
to Industrial Chemicals in Permissible Levels of Toxic Substances in the
Working Environment." ILO Occupational Safety and Health Series, No. 20,
Geneva, Switzerland, 1970.

Couri and Milks, "Toxicity and Metabolism of the Neurotoxic Hexacarbons
n-Hexane, n-Hexanone, and 2,5-Hexanedione," Ann. Rev. Pharmocol. Toxicol.,
22:145-66, 1982.

Dinman, B. D., "Principles and Use of Standards of Quality for the Work
Environment," The Industrial Environment - Its Evaluation and Control, pp.
75-84, NIOSH, 1973.

Brief, R. S. and R. A. Scala, "Occupational Exposure Limits for Novel
Work Schedules," Am. Ind. Hyg. Assoc. J., 36:467-469, 1975.

Roach, S. A., "Threshold Limit Values for Extraordinary Work Schedules,"
Am. Ind. Hyg. Assoc. J., 39:345-348, 1978.

Hickey, J. L. S. and Reist, P. C., "Application of Occupational Exposure
Limits to Unusual Work Schedules," Am. Ind. Hyg. Assoc. J., 38:613-621,
1977.

Mason, J. W. and Dershin, H., "Limits to Occupational Exposure in
Chemical Environments Under Novel Work Schedules," J. Occup. Med., 38(9),
603-606, 1976.

Calabrese, E. J., "Further Comments on Novel Schedule TLV's," Am. Ind.
Hyg. Assoc. J.,38:443-446, 1977.

I

I

E-1 4

6 - ' -• " - m " •I . . I | -I



III. FACTORS INFLUENCING TOXICITY

A. Physical and Chemical Properties

This section is concerned with chemicals produced in the U. S.

in significant quantities each year. It is presumed that chemicals pro-

duced in such high volume would be most likely to present potential health

hazards under certain conditions of exposure. A recent EPA document,

"Perspectives on the Top 50 Production Volume Chemicals", (July 1980),

lists these chemicals, which are reproduced in Table E.l. Many of these

are recognized as being shipped in bulk by barge or tanker. Thirty-one

of the 50 are organic substances and are mostly monomers of plastics,

rubbers or fibers.

The organic substances in Table E.2 are listed in increasing

order of their boiling points. Only 19 are liquids that may be used as

solvents although that may not be their sole use.

It is important to recognize that chemicals, even when they

* start as relatively pure material, being chemicals or solvents, are

generally contaminated with other material. In use, chemicals or solvents

consist of mixtures of varying composition, and the effects noted in

* studies of single solvent vapor exposure may, at best suggest likely

target organ specificity, or minimal toxicity (Couri and Abdel Rahman,

1977). Furthermore, most of the literature dealing with volatile agents

is derived from studies of single agent exposure (or administration)

aimed at providing safety data and hazard evaluation for the work environ-

ment. Consequently, these studies often describe results of either acute,

high dose mortality data (LD5Q, LC or long-term (chronic) low concentra-
5 C50

tion exposures. In either case, the data provide guidelines for establish-

ing relative hazard indices. Animal studies coupled with any known human

exposures at various safe and sometimes lethal levels of chemicals are

compiled, evaluated and used as a basis for recommended short-term exposure

limits (STEL); or the time weighted average threshold limit value (TLV-

TWA).

Two factors are important in considering chemical volatility.

The vapor pressure determines the maximum concentration that can be

reached at equilibrium; evaporation rates indicate how fast the maximum
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TABLE E.l. CHEMICALS PRODUCED IN EXCESS OF

ONE MILLION POUNDS PER YEAR

1. sulfuric acid 26. ethylene oxide

2. lime* 27. carbon dioxide*

3. oxygen* 28. ethvlene glycol

4. ammonia 29. ammonium sulphate *

5. nitrogen* 30. butadiene

6. ethylene 31. p-xylene

7. chlorine 32. carbon black

q 8. sodium hydroxide 33. cumene

9. phosphoric acid 34. acetic acid

10. nitric acid 35. phenol

11. sodium carbonate* 36. sodium sulfate*

12. ammonium nitrate 37. calcium chloride*

13. propylene 38. aluminum sulfate*

14. benzene 39. cyclohexane

15. urea* 40. acetone

16. ethylene dichloride 41. propylene oxide

17. toluene 42. acrylonitrile

18. ethyl benzene 43. isopropyl alcohol

19. vinyl chloride 44. adipic acid*

20. styrene 45. vinyl acetate

21. formaldehyde 46. sodium silicate*

22. methanol 47. acetic anhydride

23. xylenes (mixed) 48. sodium tripolyphosphate*

24. terephthalic acid* 49. titanium dioxide*

25. hydrochloric acid 50. ethanol

* Not permitted to be transported by water.
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can be reached. Table E.3 compares the TWA in ppm with the concentration

of saturated vapor in ppm as determined by the vapor pressure. The ratio

of saturated vapor concentration to the TWA is a measure of the potential

inhalation hazard. This ratio can be designated as the Inhalation Hazard

Potential (IHP). Note that it varies from 72,000 for acrylonitrile, to

one for ethylene glycol. Note also that vapor pressure correlates well

with boiling point; only ethyl and isopropyl alcohols, acetic acid and its

anhydride are lower than expected.

Although p-xylene is "7-1/2 times as toxic" as acetone, acetone

has 27 times the vapor pressure of xylene and is potentially a greater

hazard. Acetone also evaporates 4.5 times as fast as p-xylene. Evapora-

tion rates vary greatly with ambient conditions, and they depend upon

temperature, air velocity, as well as the vapor pressure and surface

tension of the solvent. In general, evaporation rates correlate well with

vapor pressure. Only methanol and acetic anhydride evaporate slower than

expected from their vapor pressures, while toluene and acetic acid evaporate

faster.,

While focusing on toxicity, the hazards of fire or explosion

should not be ignored. Table E.3 also lists the lower and upper explosive

limits in ppm. All the TWA's are well below the LEL.

B. Host Factors

In the recent literature, there has been extensive research

reported by many investigators to correlate chemical exposure to alterations

in bodily function such as enzyme levels, organ damage, changes in the

central and peripheral nervous system, alterations in bodily fluid components,

urinary component and metabolites, and many other vital functions of the

body. Work has been done to determine the levels of chemical exposure at

which these alterations will occur. Investigators have also attempted to

determine at what levels of exposure the damage is reversible, at what

S levels the damage is not reversible, and the time frame at which point the

damage can no longer be reversed. It has become clear that the status of

the receptor is a factor of major importance.
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1. Age

It is generally felt that as an individual ages there is a

gradual decrement in physiological processes, especially between the ages

of 40 and 70 years. This could result in greater susceptibility to in-

toxication upon exposure to chemicals. Age, in and of itself, is not of

any great significance in the evaluation of an individual's response to

chemical exposure(s) (Couri and Milks, 1982). Yet, of great importance to

the worker is an effect such as the potential impairment of their re-

productive capacities which would result from exposure to certain solvents

or chemicals, e.g. dibromochloropropane (DBCP) and ethylene oxide crown

ethers. Relative to age is the state of preservation of healthy organ

function. Persons beyond 40 years of age develop degenerative disease

symptoms which are sometimes difficult to differentiate from those symptoms

resulting from chemical exposure (Dyro 1978; Browning 1968). For example,

complaints such as weakness, fatigue, headaches, malaise could represent

physiological defects attributable to either natural processes or exposure

to a variety of solvents and/or chemicals (Couri et al, 1976).

2. Health Status

Workers with healthy, well functioning physiological systems

are better able to handle chemical exposures. The uptake, distribution.

metabolism and excretion of most chemical exposures at low to moderate

concentrations are such that they are readily processed and excreted with

little or no consequences (Carpenter et al, 1949). In contrast to this,

individuals exposed to the same chemicals but having impaired respiratory,

hepatic and/or renal function would show severe and possibly irreversible

adverse effects attributable to the decreased organ function(s) (Kleinhnecht

et al, 1980).

There are many solvents capable of altering the rate of

liver biotransformation activity and subsequent excretion of chemicals

(Odkuist et al, 1979). These alterations may then produce an increase or

decrease in the impact of chemical exposure.

The factor of health status can be approached from several

vantage points when discussed in relationship to exposure to chemicals.

First, it can be viewed from the aspect of the ability to metabolize and
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and inactivate compounds that are considered harmful to the body. For

K instance, the inability to metabolize the solvent xylene, would lead to

many complications in an individual such as severe fatigue, weakness,

headache, and G.I. discomfort (Dyro, 1978). Liver function is a very

significant factor in relationship to health status. In conjunction with

liver function, kidney function is also vital and similar in many respects

to liver in relationship to the metabolism and excretion of chemical

compounds. Further important considerations relate to the presence or

exacerbation of disease by exposure to chemicals (Kronevi et al, 1979).

It is possible that a disease that might have been silent for many years

can be induced to surface and cause significant discomfort and illness.

Another possibility is that these compounds may manifest actions via the

CNS and may cause any alteration in the nervous system to proceed to a

higher level of discomfort, agitation or confusion. Thus, it is im-

portant when conducting a study on exposure to chemicals that a complete

history and physical be given to an individual prior to the study. As

would be expected, many alterations in bodily function will bias the data

and yield incorrect conclusions. If any system in the body is not

functioning properly, chemical exposure may or may not cause an increased

alteration in the systems mentioned.

3. Immune System

For many years investigators thought that toluene was the

substance that caused bone marrow suppression. It was not until Hamilton

and Hardy in 1974 proposed from available data that toluene was not the

cause of the bone marrow damage but rather the contaminant benzene which

was present in toluene. This finding spurred many years of research into

the capacity of benzene and analogs to induce damage to the immune system.

Studies have been able to link solvent exposure with leukemia in rubber

workers. McMichael et al, 1975, showed in an epidemiologic study that

there was an association between leukemia and work involving exposure to

chemical solvents. Other studies (Aksoy et al, 1974, Wolf et al, 1981)

have shown that chemical solvents, mainly benzene and its homologues,

were able to cause neutropenia and anemia. Therefore, if an individual

did have any preexisting immune system disturbance, exposure to chemicals

and solvents could exacerbate these disturbances (Moszcynski, 1980).

These individuals would then be more susceptible to microbial infection.
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4. Fatigue

It might be inferred intuitively that a fatigued person

would be more susceptible to chemical intoxication. An individual who

works 12-16 hours might be stressed and fatigued considerably more than

an individual who only worked an 8-hour shift (Gapurro, 1979). An

individual who worked 12-16 hours would be exposed to a chemical for a

longer time and would likely not be able to sense the chemical effects

because of fatigue (Pederson et al, 1980). This is not to say that an

individual who only worked eight hours would not be fatigued; his relative

fatigue would probably be significantly less than the individual who

worked 12-16 hours. Further, the individual who worked more than eight

hours would be proven to have more damage on the whole than the individual

who only worked eight hours in the same chemical environment (Capurro,

1980).

5. Life Style

Life style factors include smoking, drug and other chemical

abuse, alcohol consumption, malnutrition, lack of exercise, and multiple

medication use. The individual who can be characterized by one or more

of these factors would be at a significantly greater risk than the

individual who possesses none of these habits and is in excellent health.

This is similar to many diseases afflicting man such as atherosclerosis,

lung cancer, and cancer in gene-. A smoker has a greater risk of lung

and other organ cancers than the non-smoker. Similarly in atherosclerosis,

the individual who eats less cholesterol is at lesser risk than an

individual who eats foods with very high contents of cholesterol and

saturated fats. The individual who works in chemical processing has a

greater risk of cancer than the individual who works in a non-chemical

occupation, e.g. office worker (Moszczynski, 1980); on the other hand,

the office worker would be at a greater risk of heart disease related to

such sedentary work.

6. Race

A review of the literature with respect to toxicities of

particular chemicals revealed no differences existed in observed effects

among different races from Europe, Asia, Russia and the U, S. A. The

commonality of effects suggests that no differences in response to
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toxicants exist among the races and various ethnic groups. However,

individuals within the races may exhibit differences dependent upon

genetic and epigenetic traits.

7. Sex

There seems to be no difference between males and females

in the relative amounts of chemical retention. A study performed by

Nomiyama and Nomiyama (1974) showed that the retention time of benzene

following exposure was similar in both sexes. After exposure to benzene

* women had a greater blood concentration for the first two hours. Follow-

ing the 2-hour period, men and women converged to identical blood levels.

There is some evidence suggesting that women may have a tendency to have

smaller uptake and excretion of organic solvents than men. This may be

attributed to the difference in adipose tissue and water content between

men and women (Sato et al, 1972, Bartonicek, 1962), but at this time,

there is no hard evidence confirming this suggestion.

8. Genetic History

Individuals that demonstrated toxic responses upon exposure

to chemicals and solvents were once termed "hypersensitive" or "idio-

syncratic". Further studies revealed that these individual susceptibilities

could be explained by genetic makeup, i.e. genetic deficiencies such as

glucose-6-phosphate dehydrogenase deficiency (G6PD). These otherwise

healthy persons, when exposed to aniline or aromatic nitro or amine

(nitrobenzene) derivatives would suffer erythrocytic damage and lysis

resulting in hemolytic anemia, a life endangering condition. Individuals

having the G6PD trait must be identified and protected from such exposures.

Several other enzyme deficiencies can be recognized by pre-employment

history and/or blood tests, e.g. atypical cholinesterases, slow/fast

acetylators, endowing susceptibility to esters and hydrazine derivatives,

respectively.

C. Single and Mixed Chemical Exposures

In reviewing the literature, many investigators have demonstrated

that exposure to a chemical, such as a single solvent, can and may lead to a

variety of alterations in vital bodily functions as mentioned previously.
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In 1978, Engstrom et al, demonstrated that with the solvent xylene,

a component used in paint thinners, there was a high correlation between

urinary methylhippuric acid levels (expressed in terms of mg/g of creatine)

and the time weighted average exposure to xylene, via inhalation. It is

well known that xylene is biotransformed by the body to toluic acid, which

is then conjugated with glycine and excreted in the urine as methylhippuric

acid. Engstrom showed that after three hours following a single exposure

to xylene, a high concentration of methylhippuric acid was present in the

urine, and elimination of methylhippuric acid continued for the next 10

hours following the exposure to xylene. He was able to demonstrate low

levels of excretion of methylhippuric acid for at least 72 hours following

exposure. This indicated that xylene was accumulated in the body and

was slowly released and metabolized for days following the initial

exposure. This behavior suggests a secondary excretion phase of methyl-

hippuric acid and supports the idea that xylene was indeed being accumulated

by the body after the initial exposure.

As mentioned earlier, Engstrom was able to correlate the methyl-

hippuric acid concentration with the amount of creatine present in the

*urine. For example, at 25 ppm of xylene exposure, a level of approximately

350 mg methylhippuric acid per gram of creatine in urine was present. At

50 ppm of xylene exposure, a level of 665 mg/g of creatine in urine was

present. From his data, it can be concluded that the amount of methyl-

hippuric acid per gram of creatine was nearly a linear function of exposure

and can be used as an indicator of xylene exposure. Engstrom was not able

to correlate the blood level of xylene to expired air due to the fact that

xylene is highly soluble in blood, so the exchange was in favor of xylene

entering the blood circulation and leaving insignificant amounts to be

expired into the atmosphere. Exhaled air samples can be used only for

a rough estimation of momentary exposure in the work environment. Since

xylene is highly soluble in blood, this would account for the levels of

accumulation of xylene in the body mentioned earlier. Engstrom was able

to use the blood level of xylene as an indicator of the body burden levels

for different concentrations of xylene. Neither exhaled air samples nor

venous blood taken at given intervals during or after a termination of

*i exposure in a work day produced particularly accurate information on the
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average amount of xylene in ambient air. The best indicator for xylene

exposure was the level of excreted methylhippuric acid expressed as mg

per gram of creatine.

Having now discussed the effects of a single solvent, attention

should now be focused on two or more chemicals and/or solvents interacting

together. In recent years, investigations have been conducted of poly-

neuropathies in acute and chronic inhalers of glues and paint thinners

in industry. Dyro (1978) investigated solvents acting independently

of other solvents and then acting together. His objective was to determine

whether or not solvents acting together will cause more damage than either

solvent acting alone. He established the fact that many agents such as

n-hexane, acrylamide, and methylbutyl ketone will cause nerve damage,

thus effecting nerve conduction velocities and prolonged distal motor

latencies (Allen et al, 1975; Herskowitz et al, 1971; Garland et al, 1968).

Duro investigated the mixed solvent effects of methylethyl ketone (MEK)

with acetone and toluene via the inhalation route. He based his studies

on the finding of Altenkirch et al (1979) which showed that methylethyl

ketone was capable of synergizing the effects of methylbutyl ketone and

n-hexane in sufficient concentration. Dyro first studied a glue composed

of 51% MEK and 27% toluene as the solvents. The patients he studied were

exposed to 10 ppm MEK and 25 ppm toluene. The threshold limit values (TLV)

for MEK and toluene were then 100 ppm and 200 ppm, respectively.

Dyro found that workers had significant neuropathies. Dyro proposed that

MEK was not the cause of neuropathy. He suggested that MEK was enhancing

the effects of toluene, an agent known to cause neuropathies. It was noted

that when the workers ceased employment, the symptoms persisted for a

year. On follow-up examinations, the majority of the symptoms gradually

disappeared within two years with the exception of a few symptoms, which

could be attributed to other sources. It should be stated that the values

for MEK and toluene were estimated and that the solvent concentrations at

times reached the TLV.

In a second study, Dyro examined a glue composed of MEK and

acetone. The workers were exposed to 21-180 ppm MEK and 36-250 ppm acetone.

The TLV limits were then 200 ppm for MEK and 1000 ppm for acetone. From the
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study of these workers Dyro was able to show that an MEK and acetone

combination caused more neurological damage than either solvent acting

independently. Two years after cessation of exposure to these solvents,

*some workers still showed mild neuropathy, suggesting that the combination

of MEK and acetone was more damaging than the combination of MEK and

toluene. There have been several other reports of industrial toxicities

which involved the presence of MEK in a mixture with other solvents;

examples include (1) 10% 2-nitropropane and MEK (Elkins, 1959) and (2)

MEK and an unsaturated ketone impurity (Smyth, 1956). In each of these

cases, workers presented symptoms which were of greater severity than could

be accounted for by any of the individual components.

Similar findings have been reported for ketones in combination

aith butyl, ethyl, and amyl acetates and other solvents (cited in Browning,

1965, Couri et al, 1974, Couri et al, 1976). Other studies have indicated

that workers exposed to 1000 to 2000 ppm acetone for many years show no

injury or, at worst, a dull headache with temporary anorexia. The well-

known bone marrow injury related to benzene exposure was in some reports

also thought to be a toxicity of toluene. It was later proven to be the

presence of benzene contamination in toluene which was responsible for

the myelotoxic events (Hamilton and Hardy, 1974). This example of marrow

toxicity caused by very low levels of benzene in toluene can be looked

upon as an enhanced toxicity of low concentrations of benzene when combined

with toluene.
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IV. POTENTIAL CHEMICAL AND ENVIRONMENTAL INTERACTIONS

A definition of toxicological interactions, accepted by many in-

vestigators is as follows: "A toxicological interaction is a circumstance

in which exposure to two or more chemicals results in a qualitatively or

quantitatively altered biological response, relative to that predicted

from the actions of a single chemical acting alone." Multiple-chemical

exposures may be simultaneous or sequential in time while the altered re-

sponse may be greater or smaller in magnitude."jlI

Injury produced by a chemical in a living organism is proportional

to the quantity of the biologically active form of the chemical that is

available for reaction with critical responsive sites, i.e., the targets.

Thus, toxicological interactions can be considered as taking two forms:

1. The quantity of an active form of one or more chemicals

which will be available for target-site interaction may

be altered by the presence of one or more other chemicals,

or

2. the reactivity of the target molecule with the active form(s)

of one or more chemicals may be altered by the presence of

one or more other chemicals that may or may not be capable of

causing a response.

The first form cited above primarily involves sites of activation or

loss of a chemical (i.e., sites of detoxification, excretion, storage,

or neutralization). The second form involves interaction at sites of

action. Here, either affinity for or intrinsic activity at the site of

action may be altered. Three general reaction mechanisms involved in

toxicological interactions among chemicals are discussed briefly here.

A. Chemical-Chemical Reactions

As a result of a combined exposure, one chemical may react

with another in such a way that potentially injurious chemicals never

reach target sites in an active form. Examples of such interactions

might include:

4 1. Neutralization reactions among acids and bases,

2. chelation reactions, such as those with heavy metals, and

3. direct reactions between organophosphates and aldoximes.
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Here, reduced injury might be expected if workers were exposed to com-

binations of such chemicals in relation to the effects produced by a

single chemical.

On the other hand, enhanced injury might arise from these types

of chemical-chemical reactions. An example is the formation in the stomach

of nitrosamines from secondary amines and nitrites. Because certain nitro-

samines are carcinogenic, this chemical-chemical interaction could be

classified as yielding enhanced risk of injury.

B. Chemical Competition at Molecular Sites

This general mechanism of chemical interaction is probably the

most frequently encountered and the most thoroughly studied. It involves

the affinities of foreign chemicals for a limited number of reaction sites

on cellular macromolecules. These may be molecular sites of absorption,

activation, detoxification, injurious action, or excretion. Competition

for binding or reaction at such sites may result in either enhanced or in

reduced toxicity. This type of interaction generally requires that the

interacting chemicals or their reactive derivatives be present in the

organism at the same time.

C. Altered Cellular Reactivity

A third general mechanism for toxicological interaction is one

in which the cells are altered by the first chemical in such a way that

the cells' response to a second chemical is altered, even if the first

chemical is no longer present. The first two classes of chemical inter-

action require concomitant exposure or simultaneous presence of the agents

in order to effect a biological response. In contrast, this third type is

more likely to result when exposures are separated in time, i *e., a

sequential exposure to the chemicals.

D. Time Relationships in Chemical Interactions

When an organism is subjected to multiple-chemical exposures,

the nature and degree of toxicological interaction will be dependent in

part on the temporal relationships between or among exposures. Pre-

treatment with or inadvertent exposure to a variety of agents can pro-

foundly modify the response to a second chemical. Toxic manifestations
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of the second, challenging agent can be enhanced, prevented, or be

shifted from one target to another. Interactions of this type are

most often investigated and interpreted in terms of altered metabolic

pathways.

Although classical considerations of toxicological interactions

have dealt with simultaneous exposures to combinations of two or more

chemicals, an equally likely situation would be that exposures to more

than one chemical would be sequential. The order in which these ex-

posures occur and the length of time between them determine the likeli-

hood of a toxicological interaction.

When exposures occur simultaneously, or very close in time,

the occurrence of toxicological interactions very likely depends upon

competition for sites of absorption, biotransformation, reaction with

target tissue, and excretion. When exposure to different chemicals

are separate in time, the mechanism of the interaction, the biological

half-life of each chemical or its metabolites, the duration of binding

to tissue macromolecules, and the rate at which injury is repaired may

assume a greater importance than their relative binding affinities and

intrinsic activities.

Where exposure to two agents is not necessarily simultaneous,

toxicological interactions may be classified as follows:

1. Interactions where unanticipated biological effects

are the result of altered metabolism, and

2. interactions where cell and tissue responsiveness is

maodified.

In other situations, toxicological interactions occur only when

exposures take place in a certain order. The frequency of an exposure

also can determine whether or not a toxicological interaction will occur.

The more often there is ark xposure to a chemical, the greater is the

statistical probability that it will occur in the presence of or close in

time to the exposure to another, possibly interacting, chemical. Other

factors of importance are the influences of frequency of exposure on the

accumulation of a body burden of a particular chemical, the accumulation

of cellular injury with or without accumulated body burden, and the

opportunity for reversal of action or repair of injury.
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E. Examples of Relevant Chemical Interactions

Increased toxicity to humans from chemical interactions need not

be limited to only the interaction of environmentally present materials.

It also can be a problem when an individual has recently taken a chemical

for health reasons or perhaps as an abused drug. In addition, ethanol has

been shown to potentiate the toxicity of numerous industrial solvents.

Cornish and Adefuin [2] demonstrated in rats the potentiation of toxicity

by ethanol with carbon tetrachloride or trichlorethylene (TCE). This

toxicity has been described as "degreaser's flush" in humans exposed to TCE

and who have recently ingested ethanol. Also, ethanol given orally, followed

18 hours later by an inhalation exposure to the halogenated hydrocarbons,

caused marked increases in serum-oxalacetic transaminase (evidence of liver

damage) when the chemicals were studied in combination, but not when given

singly. However, enhanced toxicity was not noted with combinations of

ethanol and perchlorethylene or l,l,l-trichlorethane. Interactive toxic

effects also can be demonstrated with other aliphatic alcohols. These

same authors [3] produced even greater toxicity when methanol, isopropanol,

secondary butyl alcohol, or tertiary butyl alcohol were administered 16-18

hours before inhalation of carbon tetrachloride. Sequential exposure with

only two hours between alcohol ingestion and carbon tetrachloride exposure

did not produce enhanced toxic effects.

The importance of ethanol as a potentiating agent for halogenated

hydrocarbon toxicity has been demonstrated by Kutob and Plac [4]. These

studies with mice demonstrated that pretreatment with ethanol followed by

a challenge with chloroform caused increased hepatotoxicity and abnormal

liver function. It is surmised that alcohol stress produced higher levels

of liver lipids and thus greater chloroform retention.

Similar potentiation of toxicity in humans from another chlorinated

hydrocarbon, trichlorethylene, has been demonstrated in industrial workers.

Repeated exposure to trichloroethylene can cause vasodilitation of the face,

neck, si.,ulders, and back, and, in some cases, dermatitis. These effects

are sometimes accentuated if a person has been known to consume alcoholic

beverages within a few hours of exposure to the solvent [5,6].
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Numerous studies have demonstrated the to:icity of toluene to

humans. The toxic effects, however, have been shown to be due to the

presence of methylethyl ketone (MEK) in the toluene. Also, enhanced toxic

responses have been demonstrated with combinations of MEK and methylbutyl

ketone (MBK). All of these solvent combinations produce peripheral neuro-

pathy in both animals and humans. A comprehensive review on this subject

has been presented by Prockop and Couri [7]. The same types of nervous

system toxicities have been demonstrated for n-hexane, with enhancement

of the neuropathy when there are combinations or sequential exposure with

MEK or MBK [8,9,10].

Recent clinical studies of the interactions of the solvent

m-xylene, with ethanol, demonstrate the reality of organic solvent ex-

posure and alcohol consumption. Ingestion of ethanol four hours prior

to xylene inhalation caused a 1.5- to 2-fold increase in xylene blood

concentration and decreased metabolite excretion over that of xylene ex-

posure alone. Some of these patients experienced dizziness and nausea

during exposure [11].

Chemical interactions may also pose potential long-term toxicities.

A study conducted by Radike et al [12] showed enhanced incidences of hepatic

angiosarcomas (malignant tumors of the liver) when rats were given drinking

water containing five percent ethanol throughout their life, and were ex-

posed to 600 ppm of vinyl chloride for four hours per day, five days per

week for one year. Although these are laboratory animal studies, vinyl

chloride is a known human carcinogen and alcohol is a known enhancer of

toxic responses in other chemical toxicity situations.

These examples of chemical-chemical or chemical-modified target

interactions were selected for presentation here since all of these

chemicals are frequently transported by water. The demonstrated toxic

effects of these materials in mammalian systems strongly suggest that safe

work practices and control methods should be implemented to minimize human

exposure.
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