
AD A 42 821 HEAT RECOVERY FROM KETENE GAS COOLDOWN(U HOLSTON
DEFENSE CORP KINGSPORT TN L E WOLVERTON dUN 84

HDC-64-82 ARLCD-CR-83051 DAAA09-78-C-3000

UNCLASSIFIED F/G 20/13 NL

sommmmmiioui
smEohhhhhohEE
mohhEmhhEEmhhI
EhEEohhhEohEEE

ElEEl//I//EI/E
EHEEHEIIEEIIII



4-1 L2 I
L 3 12.2

V.30 [120

11111 
-L25.--

MICROCOPY RESOLUTION TEST CHART
INAL BUREALI T -ANbAD[ A

-7*



AD

AD-Ed01 Ift

CONTRACTOR REPORT ARLCD-CR-83051

HEAT RECOVERY FROM KETENE GAS COOLDOWN

C4 LARRY E. WOLVERTON

N HOLSTON ARMY AMMUNITION PLANT
HOLSTON DEFENSE CORPORATION

KINGSPORT. TENNESSEE 37660

JUL 2 8

JUNE 1984

U.S. ARM ARMENT RESEARCH AND DEVELOPMENT CENTER
ArA ME cmDE wAUm SSMS Long"SR -

APPYEDFOR PUC UMIZS DWSRIDUTION UNUMITED. -,

.~ 06- 29p



The views, opinions, and/or findings contained in
this report are those of the author(s) and should
not be construed as an official Department of the
Army position, policy, or decision, unless so
designated by other documentation.

The citation in this report of the names of
commercial firms or commercially available
products or services does not constitute official
endorsement by or approval of the U.S.
Government.

Destroy this report when no longer needed. Do
not return to the originator.

leiP

•',,- , r, C



LNI.A~b/ - ltu

SECURITY CLASSIFICATION OF THIS PAGE (oien Date Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

1. REPORT NUMBER 12. GOVT ACCESSI NNO 3. RECIPIENT'S CATALOG NUMBER

Contractor Report ARLCD-CR-83051 JA /- ,/ 6' i
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERICO COVERED

HEAT RECOVERY FROM KETENE GAS COOLDOWN 
Final
July 80 - August 82

6. PERFORMING ORG. REPORT NUMBER

HDC-64-82
7, AUTHOR(*) S. CONTRACT OR GRANT NUMBER(a)

Larry E. Wolverton DAAA09-78-C-3000

9, PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

Holston Army Ammunition Plant AREA & WORK UNIT NUMBERS

Holston Defense Corporation MMT-5XX4281

Kingsport, Tennessee 37660

It. CONTROLLING OFFIC*E NAME AND ADDRESS 12. REPORT DATE

ARDC, TSD June 1984
STINFO Div [DRSMC-TSS(D)] 13. NUMBER OF PAGES

Dover, NJ 07801 76
T. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Ofice) IS. SECURITY CLASS. (of thl report)

ARDC, LCWSL
Energetic Systems Process Div [DRSMC-LCM-SE(D)] Unclassified
Dover, NJ 07801 1s. DECL ASSI FIC ATION/DOWN GRADI NG

SCHEDULE

I. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the absirect enteredIn Block 20, II dlfferent from Report)

IS. SUPPLEMENTARY NOTES

This project was accomplished as part of the U.S. Army's Manufacturing Methodq
and Technology Program. The primary objective of this program is to develop,
on a timely basis, manufacturing processes, techniques, and equipment for use

in production of Army materiel. (cont)

19, KEY WORDS (Continue on revere aide It nocoasary mid Identify by block number)

Energy conservation MMT-Energy conservation
Ketene gas Gas-to-gas heat exchanger
Acetic anhydride Ketene cracking furnace
RDX Waste heat recovery
HMX

2&, ABSTRACT (Carteu - revere at N neasemy and Idenlfj by block number)

A gas-to-gas heat exchanger was installed to recover a portion of the heat
from the ketene vapor stream leaving a cracking furnace to preheat the combus-

tion air. Results of the evaluation indicated that combustion air temperature

increased an average of 344 C. The final temperature of the ketene gas leaving

the heat exchanger averaged 467 0C and never dropped to the critical 350 C
temperature at which recombination of the ketene/water and conversion to acetic
acid occurs. There was no significant fouling inside the beat exchanger tube

(cont)

* Op ~,A s 3473 COTOW OF I NOV 6s IS oUSOLELTE UNCLASSIFIED
SECUITY CLASSIIPCATION OF TilS PAGE ( Date S3nee*



UNCLASSIFIED
SECURITY CLASSIPICATION OF THIS PAGE(IUn Date Eateat.

20. ABSTRACT (cont)

bundle and the rate and quality of crude acetic anhydride production were not

affected. The amount of combustion air supplied to the furnace burners was

about half the theoretical amount because of the draft air introduced to the

furnace. Economic evaluation shows that the profitability index and payback

period at the current production level is insufficient to justify the expense of

installing the heat recovery systems on all the ketene cracking furnaces.

18. SUPPLEMENTARY NOTES (cont)

S. Moy, Energetic Systems Processing Division, is the project engineer and

coordinator for this project.

UNCLASS IFIED
56CURITY CLASSIPICATION OF THIS PAGE(*IWhn Dot Enteted)



CONTENTS

Page

Introduction

Experimental 2

Experimental: Pre-Operational Information 2

Acetic Anhydride Manufacturing Process Description 2
Heat Recovery Process nescription 2
Equipment Procurement and Installation 3
Hazards Analysis 4
Ketene Cracking Furnace Process Control 4

Experimental: Operational Evaluation 5

Initial Heat Exchanger Start-Up Problems 5
Operation of Ketene Furnace No. 23 Without the Heat Exchanger 6

Restart/Line-Out Operation of the Ketene Furnace and Heat Exchanger 6
Ketene Furnace/Heat Exchanger Operation 7
Discussion of the Operational Results 8
Economic Analysis of the Ketene Cooldown Process 10

Conclusions 12

Recommendations 13

References 15

Appendixes

A Calculations for Heat Exchanger Operation 49

B Theoretical Oxygen Required to Burn Producer Gas Manufactured 65
at HSAAP on 25th Day of Test No. 2

C Economic Evaluation 69

Distribution List 75..

;1



TABLES

I Operating data for Ketene Furnace No. 23 (baseline test no. I - 17
first month)

2 Operating data for Ketene Furnace No. 23 (baseline test no. 2 - 18
second month)

3 Effects of air valve adjustments on temperatures of the combustion 19
air and ketene streams leaving the heat exchanger

4 Operating data for Ketene Furnace No. 23 - test no. 1 20

5 Ketene/air heat exchanger temperature data - test no. 1 21

6 Ketene/air heat exchanger flow data - test no. 1 22

7 Operating data for Ketene Furnace No. 23 - test no. 2 23

8 Ketene/air heat exchanger temperature data - test no. 2 24

9 Ketene/air heat exchanger flow data - test no. 2 25

10 Operating data for Ketene Furnace No. 23 - test no. 3 26

11 Ketene/air heat exchanger temperature data - test no. 3 27

12 Ketene/air heat exchanger flow data - test no. 3 28

13 Crude acetic anhydride production data for Ketene Furnace No. 23 29
(baseline test no. I - first month)

14 Crude acetic anhydride production data for Ketene Furnace No. 23 30
(baseline test no. 2 - second month)

15 Crude acetic anhydride production data for Ketene Furnace No. 23 - 31
test no. I

16 Crude acetic anhydride production data for Ketene Furnace No. 23 - 32
test no. 2

17 Crude acetic anhydride production data for Ketene Furnace No. 23 - 33
test no. 3

18 Data summary of the operational effects of draft air usage in 34
Ketene Furnace No. 23

19 Data summary of the water/glycol cooler operation with 35
Ketene Furnace No. 23

ii



20 Material balance for the ketene cooldown heat exchanger (English 36
units)

21 Material balance for the ketene cooldown heat exchanger (SI units) 37

22 Energy balance for the ketene cooldown heat exchanger (English units) 38

23 Energy balance for the ketene cooldown heat exchanger (SI units) 39

FIGURES

1 Flow diagram for the manufacture of crude acetic anhydride 41

2 Flow diagram for ketene cooldown heat exchanger evaluation project 42

3 Heat exchanger construction data 43

4 Identification code for modifications of the ketene cooldown heat 44
exchanger installation prior to restart of the evaluation

5 Heat content of producer gas manufactured at building 10A 45

6 Graphical solution for determining maximum heat transfer rate 46
and final stream temperature for combustion air at test no. 1
process conditions

7 -Variation of heat transfer coefficient with changes in logarithmic 47
mean temperature difference at constant heat transfer rates of
212,000 BTU/hr, 137,133 BTU/hr, and 100,000 BTU/hr

8 Stream identification code for material and energy balances for the 48
ketene cooldown heat exchanger

iia



INTRODUCTION

High energy costs make it essential that energy resources be managed carefully
and with economy to achieve cost effective chemical plant operation - an objective

for Holston Army Ammunition Plant (HSAAP) that is shared by the management of
Holston Defense Corporation (HDC) and the Department of the Army. In pursuit of
this objective HDC actively participated in an energy management study conducted

at HSAAP in August 1975 by consultants from DuPont's Applied Technology Division.
The purpose of the study was to assist HDC in identifying and evaluating the energy
savings potential available at HSAAP. One of the cost savings measures recommended
as a result of the DuPont study involved the recovery of heat from the acetic
anhydride manufacturing process at HSAAP's Area A by preheating the combustion
air supplied to the ketene furnace burners.1 A subsequent study, contracted by
the Army from the Defense and Space Systems Group of TRW, Inc., recommended that
this heat recovery technique be applied to both the producer gas and combustion
air streams being fed to the furnace burners.2

A review of the TRW proposal with Tennessee Eastman Company (TEC) personnel having
experience in this area indicated that any heat exchanger arrangement involving
producer gas would probably be unsuccessful because ot producer gas decomposition
with a resulting carbonaceous buildup on the heat exchanger tubes. 3 As a result
of this review, HDC proposed to the Army that the heat exchanger evaluation in-
clude only pre-heat of the combustion air stream.4 The proposal was accepted by
the Army and the authorization/funding documentation was prepared on this basis.5' 6'"

Subtask No. 4 of MM&T Project No. 5804281 was funded on June 10, 1980, to perform
the energy conservation work as proposed. Design and installation of a heat
exchanger and its related equipment was included in the project scope-of-work
along with the heat exchanger evaluation effort. The project objective was to
determine the feasibility and economics of using a gas-to-gas heat exchanger to
recover a portion of the heat from the hot ketne vapor stream leaving a ketene
cracking furnace.

This Final Engineering Report includes pre-operational and standard processing
information to provide the background information necessary to understand the
procedure used to analyze the project results. Operational data are included in
the report in tabular form to permit easy comparison of ketene furnace performance
data both with and without the heat exchanger in service, and evaluational results
are discussed in the Experimental Section. Results of the evaluation are contained
in the Conclusions Section of the report, and the Recommendations Section contains
an interpretation of the results with respect to the projected application of the
heat recovery process at HSAAP.



EXPERIMENTAL

Subtask No. 4 of MM&T Project No. 5804281 is an energy conservation project
involving the partial recovery of heat from the hot ketene/acetic acid vapor
produced at Holston Army Ammunition Plant (HSAAP) during the manufacture of crude
acetic anhydride. The objective of the project was to determine the feasibility and
economics of using a gas-to-gas heat exchanger to recover a portion of the heat
from the hot ketene vapor teaving a cracking furnace by using the hot stream to
preheat combustion air used in the furnace burners. The scope of work included
design, procurement, installation, and evaluation of a heat exchanger and related
equipment to assess the potential benefits of the heat recovery process for HSAAP.
The results of the evaluation work and the economic analysis of the process are
included in this report.

EXPERIMENTAL: PRE-OPERAT I ONAL INFORMATION

Acetic Anhydride Manufacturing Process l)escrijptlin.

Crude acetic anhydride is manufactured at HSAAP by thermally (rackP'g glacial ac,.t Ic
acid in producer gas fired furnaces to form ketene and water. The pyrolytic conversion
of acetic acid to ketene is carried out under reduced pressure at a temperature of
700-8000 C (973-1073 K). An acidic catalyst and a stabilizer are added to the
vaporized acetic acid feed to promote the pyrolysis and Inhibit the recombination of
ketene and water. The vaporized ketene-acetic acid-water stream is pulled by the
vacuum directly from the cruicible coil of the furnace through a quick cooling train
consisting of one water-cooled condenser and three glycol condensers to rapidly cool
the product gases to remove water and acetic acid. The ketene, still in the gaseous
state, is then reacted directly with acetic acid in the scrubber system on a mole-per-
mole basis to produce an anhydride/acid mixture of approximately 82% anhydride
concentration. Figure 1 shows a flow diagram of the crude anhydride manufacturing
process.

Heat Recovery Process Description

The heat recovery process evaluated in this project involves the addition of a gas-
to-gas heat exchanger to the standard acetic anhydride manufacturing process to preheat
furnace combustion air with the hot ketene stream produced in the cracking furnace.
The heat exchanger was installed In the ketene line between the crucible coil of
Ketene Furnace No. 23 and the water/glycol condensers used by the furnace to remove
water and acetic acid (see Figure 2). The heat recovery process simply reroutes
ambient temperature air being fed to the furnace burners through the heat exchanger on
the shell side in counter-current flow to the flow of hot ketene (tube side). Both
the air and ketene streams flow through the heat exchanger in a single pass, but the
heated air is divided into two streams as it exits the heat exchanger in order to
accomodate the expanded volume and to provide separate service to the two burners,

2



An ambient air by-pass line permits air flow to be directed to the burners without
pre-heating. It was included primarily, however, to permit blending of ambient
air with heated air to control both air temperature and the heat transfer rate
affecting the temperature of the ketene exiting the heat exchanger - a temperature
that has to be maintained at a minimum of 350 0C (623 K) to avoid corrosioi. problems
and to maintain furnace yield.

The initial installation used special high-temperature gages (427 0C/700 K) to indicate
temperatures of the heated air streams leaving the heat exchanger and a standard-range
gage to measure ambient air temperature. (Note: Operational problems during the
initial start-up required that the high-temperature gages be replaced with thcrmo-
couples.) A flowmeter with rate indicator was used to measure ambient air flow
rate and to totalize air usage. The available air flow manometers were used to
indicate volumetric flow rate of heated combustion air. Producer gas flow rates were
measured using orifice meters with the converted signals recorded on a two-pen flow
recorder. The remaining process data, i.e., ketene mass flow rate and inlet/outlet
heat exchanger temperatures were included in the standard furnace operational data
monitor maintained by the operating personnel to control the ketene cracking furnace
process.

Equipment Procurement and Installation

The project scope of work provided for the design and purchase of a gas-to-gas heat
exchanger to evaluate heat recovery from the acetic anhydride manufacturing process.
However, a review of excess inventory at HSAAP indicated that a heat exchanger for
high temperature service was available on site that could potentially be used. An
analysis of the heat transfer characteristics and pressure drop calculations for the
heat exchanger confirmed that it was suitable for use in the ketene cooldown evaluation.
Use of the heat exchanger in the project was approved, and piping design was based on
the dimensional data of the exchanger. Use of the HSAAP heat exchanger precluded the
need for a DIPEC (Defense Industrial Plant Equipment Center) search for a potentially
suitable heat exchanger somewhere else in the government inventory system, but the
anticipated shortening of the equipment procurement phase of the project was later
nullified when the vortex flowmeter (for measuring air flow) and the special high-
temperature gages proved to have much longer delivery times than expected.

A local firm, Midwest Technical Incorporated (MTI), was subcontracted by Holston
Defense Corporation (HDC) to perform the engineering design and drafting work for
the project. HDC Engineering supplied dimensional and structural data for the heat
exchanger (see Figure 3) and site location data. MTI's drawing package was
approved, and the materials list (stores items) and purchase requisitions (non-stores
equipment and materials) were issued to procure instruments and installation materials.

Installation work began when the heat exchanger was mounted above Ketene Furnace
No. 23 in Building 7A. Fabrication of the piping also began and continued
intermittantly. The fabrication/installation work effort was hindered
throughout this time period by the slow delivery of non-stores equipment
(instruments) and materials (flexible SS piping). The vortex flow meter

3
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and high-temperature gages were finally received and installed.

With their installation and the completion of insulation work on the hot process

lines that were reasonably accessible to the operating personnel, installation work

on the ketene cooldown heat exchanger was completed.

In addition to the heat exchanger installation, piping connections were

installed to permit separate collection of the crude acetic anhydride produced in

Ketene Furnace No. 23 and its associated scrubber system. This was done to allow

quality and quantity comparisons between the furnace using pre-heated combustion aii

and the furnaces using ambient temperature air - an important processing assessment

required for the heat recovery process evaluation.

Hazards Analysis

A preliminary Hazards Analysis (PHA) for the ketene cooldown heat exchanger and
process was performed to identify and evaluate the potential safety problems
associated with the project. 9 The primary problem area was considered to be the

increased exposure of operators to thermal burn hazards because of the increased
hot surface areas involved. The use of insulation to minimize this hazard was

recommended in the PHA, and the recommendation was implemented during installation
of the process equipment and piping, The safety hazards associated with ketene
toxicity and ketene/air flammable mixtures were considered to be essentially unchanged

by using the heat exchanger with the standard ketene furnace process. Special safety
requirements were not considered necessary and none were recommended.

Ketene Cracking Furnace Process Control

Process control of the ketene furnaces requires constant operator attention. All
process control instrumentation is monitored continuously and the data recorded

hourly. The recovered weak acid that is condensed in the water/glycol coolers
is analyzed hourly, and the acid concentration is used as the primary control
parameter for the process. The control standard is an acid concentration of
approximately 40 percent, and higher concentrations indicate either inadequate
ketene conversion because of low crucible coil temperature or reconversion of
ketene to acetic acid because of a slowed cooling rate of the ketene stream.

Fluctuations in producer gas fuel quality and pressure necessitate frequent furnace
temperature adjustments to maintain the desired weak acid concentration. The
temperature adjustments are made by manually resetting the flow control valves for

producer gas, combusti8 n air and draft air to maintain a crucible coil temperature
-of approximately 1,000 C (1273 K). The frequency of adjustment and the relatively

slow response of the process to control adjustments made direct cause/effect data
assessment impossible during The evaluation. For this reason process temperature
and flow data had to be averaged to permit comparisons between the standard process
(ambient combustion air) and the modified process (pre-heated combustion air).
Monthly data averages are presented in tabular form in this report to clearly show
the operational and economic potential of the ketene cooldown heat exchanger
process for HSAAP. However, r,,ution must be used when interpreting the data since
the frequent process adjustments and resulting process fluctuations can easily cause
data to vary + 5 percent.

4
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EXPERIMENTAL: OPERATIONAL EVALUATION

Initial Heat Exchanger Start-Up Problems

When ketene furnace operations were transferred into the 8-f irr~ic. ,nAting
quadrant where the heat exchanger installation was loc(ited, pr~heat of Kutene
Furnace No. 23 began but start-up of the furnace wi dlayed because - jea :s
in the vacuum scrubber system that prevented sufficient vacuum from 1l, inc main-
tained on the system.

Start-up of the furnace proceeded normally with the introduction of partial feed
to the coils, but problems with the heat exchanger system were immediately
encountered. An imbalance of air flow caused severe overheating in one of the
combustion air lines. The "cherry red" condition of the overheated line was not
eliminated by opening the air by-pass valve to blend hot and cold air being fed
to the burners. As a result, one of the special high-temperature gages was ruined
when it exceeded its maximum scale reading of 427°C (700 K), and the hot line caused
the paper backing on the aluminum insulation covering to ignite. The small flame
was quickly extinguished, but the conditions and controls for meaningful data
collection were obviously absent and the furnace was shut down within 20 minutes
after start-up. The furnace was restarted using normal ketene/air flow conditions
(without the heat exchanger) to compile baseline data for product quality while
specific modifications to the evaluational equipment were being planned and
implemented.

The following modifications to the ketene cooldown heat exchanger process were
approved for installation prior to re-start of the heat exchanger evaluation
(See Figure 4 for identification coding of these modifications):

1. Installation of a blocking valve to allow complete by-pass of the air

stream.

2. Installation of a throttling valve in the "high-flow" heated combustion
air line.

3. Installation of new high temperature gaskets on the heat exchanger.

4. Rerouting of the inlet air line to isolate it from the heated air lines.

5. Connect inlet air line to a :'sole-source" air supply fan.

6. Installation of thermocouples to the temperature recorder for Furnace 24
(not in service) to replace temperature gages damaged during initial
startup.

7. Replacement of improper insulation on the ketene line from furnace.

8. Install a blank in the acid return line.
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These modifications were designed to permit the ketene furnace to reach steady-
state conditions before controlled pre-heating of combustion air was attempted.
In addition, it permitted adjustment of the air flow rate in the hot air lines to
balance the air flow to the two burners and thus prevent the overheating situation

that occurred during the initial start-up. The modifications also added considerable

flexibility to the operational design since they allowed shutdown and re-start of

the heat exchanger evaluation without having to stop and re-start furnace operations.
The modifications proved to be successful when the re-start of the heat exchanger
evaluation was accomplished without incident.

Operation of Ketene Furnace No. 23 Without the Heat Exchanger

Ketene Furnace No. 23 was restarted within 4 hours after the heat exchanger
evaluation was stopped. Operational "baseline" data was (ollec ted to use in
comparing standard furnace operating performance with furnace operation when
using the heat exchanger to preheat combustion air.

Tables I and 2 give the pr[mar," operating data for Ketene Furnace No. 23,
baseline tests no. I and no. 2, respectively. The data is provided in daily
averages and summarized on a monthly basis in the form of a 24-hour average.

Restart/Line-Out Operation of the Ketene Furnace and Heat Exchanger

The required modifications to the heat exchanger process were delayed because
of delivery problems associated with the special high temperature-resistant
insulation material ordered to replace the inadequate insulation used during
the initial start-up. After iustallation work was completed, Ketene Furnace
No. -' tas restarted. Ambient temperature combustion air was used
unti: furnace conditions were stabilized with a reduced feed rate of 800 lbs/
hr (1.01 E-01 kg/s). Then controlled blending of ambient and heated com-
bustion air was initiated to control the air temperature, A blended

air temperature of 1590C (432 K)was obtained by opening the air blocking valve one

notch (see adjustment number 2 in Table 3). This temperature was maintained
throughout the transition period from partial to full feed rate at standard furnace
conditions. Then, after furnace feed and temperature controls were stabilized,
additional air blending was tried on a graduated basis until
heating of the total combustion air stream was reached.

Table 3 shows the effects of the various air valve adjustments on the temperatures
of both combustion air and ketene as these streams exited the heat exchanger. The
maximum resulting combustion air temperature of 360 0C (633 K) produced a
corresponding reduction in ketene temperature to 4600 C (733 K) - a temperature
well above the minimum 350"C (623 K) temperature level that was considered critical
for maintaining furnace yield and preventing excessive corrosion. Since this

temperature "balance" was reached at stable furnace operation at full feed rate,
the data showed that a wide disparity existed between actual performance data and

the theoretical data used to project economic benefits. Subsequent data analysis

!1
-" .... . .... ... . .. . __ t



showed that only one-third as much combust ion .ii r was bt.in. Icd to the furnace

burners, i.e. controlled air usage, as the DuPont report hld nriginal lv

projected.'

Controlled blending of ambient air with the air heated via 
flow through the heat

exchanger was very effective in controlling the combustion air temperatures.

Adjustment numbers 13-16 in Table 3 show that abrupt adjustments were made to

test the technique, and the effects on furnace control were easily handled by

normal operator monitor of the furnace conditions.

I'he primary furnace operating data for the first month ( Vest no. 1 1i, hown in

able 4. The temperature and flow data for the ketene/air heat .i hancr
are providd in Talles 5 and 6, respectively. Again, for : iv purpses,

the data is provided in daily averages and summarized on a n~ot hva-is in

the form of a 24-hour average. Calculations for heat exchnanr , pcrition are

included in Appendix A, Section II.

Ketene Furnace/Heat Exchanger Operation

Operation of Ketene Furnace No. 23 with maximum pre-heat of combustion air

continued without problems. Normal operational dat-I for the furnace and

heat exchanger was collected for comparison with the "baseline" data 
to determine

if furnace rates and product quality were being adversely affected by preheat 
of the

combustion air. However, additional data was nepded to relate producer gas quality

to furnace operational data and to confirm directly the apparent energy 
savings

afforded by the heat exchanger. The second month's operations were directed

toward obtaining this additional process data.

To obtain direct confirmation of the energy savings calculated on the basis of

heat transfer from the ketene stream to combustion air, furnace operation using

ambient temperature air was conducted during; a one week time period

and the producer gas usage data was compared to The producer gas usage with combustion

air preheat. The 24-hour data averages from Table 7 indicated a reduction in gas

usage of approximately 4.5 percent when using preheated combustion air. The gas

usage reduction calculated from heat transfer data was 1.85 percent (See Appendix

A, page 57) - a reasonably close correlation when considering the potential for

error in obtaining the raw data. The direct-source data confirmed what the low

air flow data had earlier indicated - that cost savings were significantly lower

than the original estimates projected.

A considerable effort was made during the second month's opcrations to obtain

producer gas quality data for correlation with gas usage. An initial attempt

to obtain gas quality data resulted in an abnrmally 
low average heating

value for four producer gas samples of 141.28 BTU/ft 3 (4.22 E+03 J/u
3).IU Two

additional series of analyses resulted in even lower heating values for producer

gas than the first. None of these analyses were (onsidered reliable since the

heating values were so much lower than those obtained in earlier producer gas

characterization studies conducted at HSAAP.
11 '1 2 Useful producer gas heat value

data was finally obtained when a new gas chromatograph that had just been

calibrated was operated for a period of more than 24 hours. Figure 5

provides a data plot of the producer gas heat values versus time for the

24-hour period. The average heat content value of 153.12 BTU/ft (4.57 E +

03 J/m3) was used in calculations for heat exchanger operation to provide a

7



comparison with calculations using an assumed average heat content value throughout
the evaluation period of 156 BTIJ/ft 3 (4.66 E + 03 I/m3). Thp calculations are

included in Appendix .\, Section V.
L

The furnace operating data for the second month (Test no. 2) is included in Table 7.
Temperature and flow data for the ketene/air heat exchanger operations are

provided in Tables 8 and 9, respectively. The tabular format with daily averages

and the monthly data summary as a 24-hour average has been retained. Calculations
for heat exchanger operation are included in Appendix A, Section III. Calculations
for operating conditions when the heat exchanger was not used to prcheat combus-

tion air are included in Appendix A, Section Vl.

Ketene Furnace No. 23 opercitd without problems using full combustion air preheat
for a third mouth when data collection for the ketene cooldown project was
terminated. Efforts to obtain additional producer gas quality versus usage data

were unsuccessful because the gas chromatograph in Building IOA was inoperative

throughout the month.

The operating data for Ketene Furnace No. 23 for the third month (Test no. 3)
Table 10. The temperature and flow data for the ketene/air heat exchanger during

the third month operations are provided in Tables 11 and 12, respectively. The
averaged-data format is again used to summarize the data. Calculations for heat
exchanger operation are included in Appendix A, Section IV.

Discussion of the Operational Results

The first part of the project objective was to determine the feasibility of using

a gas-to-gas heat exchanger to recover a portion of the heat from the hot ketene

vapor stream leaving a ketene cracking furnace by preheating combustion air being

used in the furnace burners. The operational results will be discussed within the

context of this part of the project objective.

1. Production Data - Feasibility of the heat exchanger process was dependent
upon whether or not heat recovery could be accomplished without decreasing pro-

duction rate or causing equipment corrosion problems due to the slower ketene
cooling rate associated with flow through the heat exchanger. A comparison of
the hasel ine production data (Table 13) and (Table 14) with production (Table 15),
(Table 16), ind (Table 17), when the heat exchanger was being used to preheat
combustioa, air, reveals that the 24-hour data averages for acetic anhydride
production (100/ basis) were higher during the months when the heat exchanger
proceo;a; was being used. While the 24-hour averages for anhydride concentration

are lower for the heat exchanger evaluation period than for the standard furnace
operating, , onths, they were directly in line with established operating specifi-
catiouti. The operational data, therefore, indicates that furnace rates and
product qutl ity were not adversely affected by preheating the combustion air.

8



2. Corrosion/Fouling of the Heat Exchanger - An inspection of the heat exchanger's
tube bundle after the heat exchanger was removed from service
indicated that neither plugging nor corrosion of the 1-inch (3-cm) tubes had
occurred during the 3-month evaluation period. This information, coupled with
the yield/quality data, confirms the technical feasibility of using a heat
exchanger to preheat combustion air being fed to the furnace burners.

3. Combustion Air Usage - The flow data for combustion air usage during the heat
exchanger evaluation period revealed that the quantity, or mass, of air being
fed to the burners, i.e., controlled air flow, was significantly lower than
the mass flow rates estimated In the initial project planning - approximately
one-third of the projected usage and only slightly better than one-half of the
theoretical oxygen requirement for burning HSAAP's producer gas (See Appendix
B for theoretical oxygen calculations). The result of this reduced usage of
controlled combustion air was lower heat recovery and, therefore, reduced cost
savings (see the following section for a discussion of the economic analysis
of the process).

The reduced heat recovery provided one positive aspect, however, since the
temperature of the ketene stream leaving the heat exchanger never fell below
4600C (733 K) during furnace operation at full feed rate and maximum preheat
of combustion air. The absence of plugging and corrosion problems is directly
attributable to this process temperature remaining substantially higher throughout
the evaluation period than the critical minimum temperature of 350 0C (623 K)
at which product yield losses and corrosion occur.

4. Draft Air Usage - The low flow rate of controlled combustion air leads to the
conclusion that the remainder of the oxygen used to burn the producer gas
fuel comes from the draft air supplied to the furnace to influence flue gas
removal and to balance the heat loading within the furnace to assist in
furnace temperature control. Previous analyses of furnace flue gas indicated
an excess of oxygen rather than an oxygen-starved system in which only partial
combustion could occur. Since the controlled combustion air flow was only
approximately one-half of the theoretical quantity needed for stoichiometric
combustion, draft air must be the source of the additional oxygen.

Table 18 provides a data summary of the operational effects of draft air
usage in Ketene Furnace No. 23. The data shows that more draft air was used
during standard furnace operation than when heated combustion air was being
used. The data also indicates an inverse relationship between draft air usage
and combustion (ambient) air usage. This suggests that some overall air usage
balance does exist for steady-state furnace operation, and it appears to confirm
that draft air is the source of the additional combustion air used to burn
producer gas.

5. Water/Glycol Condensers - Table 19 provides a data summary for the water/glycol
cooler operation with Ketene Furnace No. 23. The data shows that the cooling

9



water and glycol removed less heat when the heat exchanger was being used to
pre-heat combustion air than during standard operations - a predictable result.
The temperature of the cooling water averaged 120 C lower and the glycol
temperature averaged 101C lower than during standard processing. The cost
savings associated with the reduction in cooling water and glycol usage was
found to be negligible at current 5-furnace operation because of the minimum
refrigeration capacity available to provide cold glycol to the ketene quick
cooling trains. A single refrigeration unit provides more than enough glycol
for the 5-furnace operation. Since cooling water costs are quite low and there
were no savings associated with the reduced glycol requirement, no cost savings
from this source were considered in the economic analysis.

6. Material/Energy Balances - Material and energy balances for the ketene/air

heat exchanger procesp are contained in Tables 20 - 23 of this report. The

best operating data obtained during the evaluation period was used to prepare

the balances. The same data was used to prepare the economic evaluation (see

Appendix C).

Tables 20 and 21 provide the material balance data for the heat exchanger in

English units and in the International System of Units (SI), respectively.
Stream codes used in the tables are letters that are identified in Figure 8

Tables 22 and 23 provide the energy balance data for the heat exchanger in

English and SI units, respectively. The tables, again, are letter coded for

reference to Figure 8.

The information contained in the material/energy balance tables is straight-

forward, but a comment concerning the radiation/convection heat losses from
the shell of the heat exchanger as shown in Tables 22 and 23 should put the

heat-loss data in perspective. The rather large heat loss of 156,000 BTU/hr

(45.7 kJ/s) was initially entered in the tables on a "difference" or "remaining

balance" basis. However, a subsequent review of technical literature with

respect to heat losses from bare iron pipe for combined radiant and convection

heat losses confirmed the magnitude of heat loss for similar diameter pipin-g 13

A sensitivity analysis of the economic evaluation in the following section of

this report will show that full insulation of the heat exchanger could not
have sufficiently increased heat recovery to alter the economic attractiveness
of the process (see Economic Analysis of the Ketene Cooldown Process).

Economic Analysis of the Ketene Cooldown Process

The second part of the project objective was to determine the economics of the

ketene/air heat exchanger process and to assess the cost savings potential for

installation of similar, or modified, heat recovery systems on all the production

ketene furnaces at HSAAP. An economic analysis of the heat recovery process has
been prepared on the basis of producer gas savings projected from the heat

recovery associated with the best operating data obtained during the evaluation
period--the data from the first month operations. The cost effectiveness of using

similar heat exchanger installations at HSAAP was assessed in terms of Profitability

Index (10%, 10 years) and Payback Period for both current (5-furnace) and mobilization

10



(46-furnace) levels of acetic anhydride production. The economic evaluation of
the heat recovery process is included in Appendix c of this report.

The significant data from the first month's operations with respect tk) the cconomi(
evaluation were (1) heat exchanger size (246 ftz; 23 m2) and (2) quantity of
heat saved (137,133 BTU/hr; 40,188 J/s). An estimate of the current installed
cost of a heat exchanger of the same size was then obtained from a current cost
estimating textbook.lt The remaining costs for instruments, installation materials
and labor were based on actual costs of like kind incurred for the heat exchanger
evaluation project. The cost savings were calculated by applying the current
cost of producer gas per million BTU's of heat value to the annualized heat savings.
The cost savings used in the Profitability Index and Payback Period calculations
were adjusted to account for furnace utilization time and equipment service factors.
The results of the economic evaluation indicate that the cost savings associated
with this heat recovery process do not justify the expense for installation of
similar systems at either the current (5-furnace) or mobilization (46-furnace)
level of operation at HSAAP.

Cost calculations attendant with a sensitivity analysis of the economic evaluation
have not been included in the report, but consideration was given to the potential
impact on the cost data if a much higher heat transfer rate could be obtained -

perhaps by using a heat exchanger with a much higher heat transfer coefficient
that would correspondingly reduce the size and cost of the heat exchanger.

Figure 6 shows a graphical solution for determining the maximum heat transfer rate
possible with a 246 ft (23 m 2) heat exchanger. The value obtained, 212,000
BTU/hr (62.128 J/s), is theoretical and represents a heat transfer rate approximately
55 percent higher than the actual rate experienced in the firi;t munth's, opCrtions
(137,133 BTU/hr; 40,188 J/s). The value is unobtainable, but it serves the point
of hypothetically determining optimum cost savings and the resulting impact on
the Profitability Index. This maximum heat transfer rate, if obtainable, would
provide a PI for the current operational level of 1.007 and a PI for mobilization
of 1.544. The Payback Period at mobilization production levels would be 4.2 years.
These numbers are obviously unattractive and they are based upon optimum, and
unrealistic, data.

Figure 7 shows that significant improvements in heat transfer coefficients are
equally unrealistic. The calculated value for the heat transfer coefficient
available with the evaluational heat exchanger was 0.94 BTU/hr - ft2 -OF at a
log mean temperature difference of 586 K. Since optimum heat transfer only
improves the heat transfer coefficient to approximately 1.5 BTU/hr-ft 2°F, it
can only be concluded that a heat transfer area in excess of 246 ft2 (23 m2) would
be required to provide the heat savings needed to approach economic justification.
Such savings would, however, be nullified by the increased cost of the larger heat
exchanger.

In summary, economic justification for installing heat exchangers on the ketene

furnaces at Area A was not supported by either the actual operating data or the

optimum data considered in the sensitivity analysis.

11
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CONCLUSIONS

1. A gas-to-gas heat exchanger can safely be used to recover heat from the
hot ketene stream leaving a ketene cracking furnace without decreasing
the rate or quality of crude acetic anhydride production. Results of the
3-month evaluation indicated that combustion air temperature increased
an average of 344 0 C with a corresponding decrease in temperature of the
ketene stream of 2910 C. The final temperature of the ketene gas exiting
the heat exchanger averaged 4670C (740 K) and never threatened to drop
to the critical 3500C (623 K) temperature at which recombination of the
ketene/water to acetic acid would detrimentally affect yield. An inspec-
tion of the heat exchanger at the end of the evaluation confirmed, as
expected, that the high final temperature of the ketene stream also
prevented any significant occurrence of fouling inside the heat exchanger
tube bundle during the 3-month project life. This indicates that a heat
exchanger should be able to operate at near optimum heat transfer condi-
tions throughout the on-stream operational period of a ketene cracking
furnace - normally between six and eight months.

2. The quantity of oxygen supplied to the furnace burners by combustion air
was determined to be approximately one-half of the theoretical amount
required to completely burn the producer gas fuel. The remainder of the
oxygen needed for combustion is apparently supplied by the draft air
introduced to the furnace to provide temperature control within the
furnace and to provide a slight negative pressure to influence flue gas
removal from the furnace. The result of this situation is that the mass
of combustion air available for preheat in the heat exchanger by the
ketene is considerably lower than anticipated in initial projections of
potential project benefits.

3. The current production level requires only 5 furnaces at any one time;
however, in order to insure production readiness and any production
surge, rotation of all 8 furnaces within the quadrant are required.
Therefore, in order to implement the waste heat recovery system, all
8 furnaces must be equipped with heat exchangers. The total installation
cost would be about $276,400 per quadrant (8 furnaces) while the annual
savings would amount to only $27 ,900/yr. This corresponds to a payback
of approximately 10 years.

12



RECOMMENDATIONS

It is recommended that heat exchangers not be purchased and installed at
HSAAP to preheat combustion air being fed to the burners on ketene cracking
furnaces at Area A. While the ketene cooldown heat exchanger process proved
to be technically feasible, the quantity of combustion air being directly
supplied to the burners was insufficient to obtain enough transfer of heat to
recover the cost of implementing the heat exchanger process in a reasonable
time. In addition, because of service rotation between furnaces, the projected
economic benefits from this heat recovery process do not justify the expense
of installation at current (5-furnace) levels of operation at HSAAP (See
Economic Evaluation in Appendix C).
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Table I. Operating data for Ketene Furnace No. 23 (baseline test no. I - first
month)

Day Acetic Acid Feed Operating Temperatures, 0C Producer Gas Usage Weak Acid
Rate heating crucible ketene/ 3 Cone.

ibs/hr kgs chamber coil acid ft /min M/s %

1-6 - -- - -
7 1228 1.55 E-01 1114 999 715 * * 40.48 1226 1.54 E-01 1108 1000 720 * * 40.29 1225 1.54 E-01 1121 1001 719 * * 40.810 1225 1.54 E-01 1129 1008 720 * * 40.6

11 1226 1.54 E-01 1111 998 719 * * 40.412 1238 1.56 E-01 1121 998 721 * * 40.4
13 1225 1.54 E-01 1127 1002 720 * * 40.6
14 1224 1.54 E-01 1132 1005 723 * * 41.015 1225 1.54 E-01 1132 1006 722 * * 41.016 1225 1.54 E-01 1142 1006 722 * * 41.217 1220 1.54 E-01 1122 1003 725 * * 40.118 1223 1.54 E-01 1136 1005 726 * * 40.419 1220 1.54 E-01 1134 1010 724 * * 40.220 1220 1.54 E-01 1115 1000 722 * * 40.521 1220 1.54 E-01 1103 990 722 * * 39.722 1220 1.54 E-01 1126 998 720 * * 41.023 1220 1.54 E-01 1135 1001 722 * * 40.024 1220 1.54 E-01 1108 991 722 * * 39.725 1220 1.54 E-01 1119 995 720 * * 40.926 1220 1.54 E-01 1093 989 721 * * 41.027 1220 1.54 E-01 1134 1000 721 * * 40.928 1220 1.54 E-01 1139 1000 721 * * 40.629 1220 1.54 E-01 1133 1000 722 * * 40.030 1220 1.54 E-01 1146 999 722 * * 40.331 1220 1.54 E-01 1132 1000 723 * * 40.1

24-hr.avg. 1223 1.54 E-01 1124 1000 721 40.5

• Producer gas flow indicators were not functioning properly so reliable data
was unobtainable.
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Table 2. Operating data for Ketene Furnace No. 23 (baseline test no. 2 - second
month)

Day Acetic Acid Feed Operating Temperatures, 0C Producer Gas Usage Weak Acid
Rate heating crucible ketene/ Conc.

lbs/hr T s~ chamber coil acid ft3 /min m3 /s %

1 1220 1.54 E-01 1133 1003 723 392 1.85 E-01 40.4
2 1220 1.54 E-01 1144 1006 724 391 1.85 E-01 40.2
3 1220 1.54 E-01 1153 1011 724 388 1.83 E-01 40.8
4 1220 1.54 E-01 1158 1020 723 385 1.82 E-01 41.1
5 1220 1.54 E-01 1180 1034 727 388 1.83 E-O1 40.9
6 1220 1.54 E-01 1137 1020 723 380 1.79 E-01 40.7
7 1220 1.54 E-01 1128 1007 724 381 1.80 E-01 39.7
8 1220 1.54 E-01 1128 1008 723 372 1.76 E-01 39.4
9 1220 1.54 E-01 1117 1006 720 373 1.76 E-01 40.3

10 1225 1.54 E-01 1140 1008 720 378 1.78 E-01 40.2
11 1187 1.50 E-01 1153 1018 722 374 1.77 E-01 39.5
12 1220 1.54 E-01 1150 1013 722 371 1.75 E-01 39.7
13 1220 1.54 E-01 1155 1015 721 372 1.76 E-01 40.1
14 1220 1.54 E-01 1149 1018 723 362 1.71 E-01 40.3
15 1220 1.54 E-01 1120 1005 723 368 1.74 E-01 40.5
16 1220 1.54 E-01 1116 1001 718 377 1.78 E-01 40.1
17 1220 1.54 E-01 1124 1003 717 387 1.83 E-01 40.0
18 1220 1.54 E-01 1120 1006 717 389 1.84 E-01 40.0
19 1220 1.54 E-01 1134 1009 717 376 1.77 E-0l 40.3
20 1220 1.54 E-01 1133 1011 717 342 1.61 E-01 40.0
21 1220 1.54 E-01 1128 1010 717 360 1.70 E-01 39.8
22 1220 1.54 E-01 1122 1010 716 364 1.72 E-01 40.6
23 1220 1.54 E-01 1123 1010 719 356 1.68 E-01 40.5
24 1220 1.54 E-01 1125 1009 719 362 1.71 E-01 39.7
25 1220 1.54 E-01 1123 1012 718 356 1.68 E-01 39.8
26 1220 1.54 E-01 1108 1002 717 360 1.70 E-01 40.6
27 1220 1.54 E-01 1085 997 720 348 1.64 E-01 37.7

28-30* - - - - - -

24-hr.avg. 1219 1.54 E-01 1133 1010 721 372 1.76 E-01 40.1

* Baseline data collection ended on the 27th day of the month, with the shlitdownl

of Ketene Furnace No. 23.
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Table 3. Effects of air valve adjustments on temperature., of the rombust ion air
and ketene streams leaving the heat exc'hanger

Adjustment Air Blend Valve Air Block Valve Air Temperature Ketene Temperature
Number Position % Open Position % Open °c C

1 FO 100 FC 0 24 435

2 FO 100 5 36 159 461

3 FO 100 6 50 185 500

4 FO 100 7 66 202 498

5 FO 100 8 83 216 497

6 FO 100 FO 100 212 492

7 5 74 FO 100 212 496

8 4 50 FO 100 220 496

9 3 29 FO 100 237 490

10 2 13 FO 100 265 480

11 1 3 FO 100 329 469

12 FC 0 FO 100 360 460

13 FC 0 FO 100 362 470

14 FO 100 FO 100 218 499

15 FO 100 FC 0 30 540

16 FC 0 FO 100 357 464

Note: FO - Full Open
PC - Full Close
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Table 4. Operating data for Ketene Furnace No. 23 - test no. I

Day Acetic Acid Feed Operating Temperatures, 
0 C Producer Gas Usage Weak Acid

Rate heating crucible ketene/ 3 Conc.

lbs/hr kg/s chamber coil acid ft /min m s %

1-13 - - - - - -

14* 1225 1.54 E-01 1174 1016 746 - - 40.2

15* 1232 1.55 E-O1 1167 1004 752 - - 40.1

16* 1233 1.55 E-O1 1174 1004 752 - - 40.8

17* 1232 1.55 E-O 1164 1001 754 379 1.79 E-01 40.9

18* 1231 1.55 E-01 1156 1001 759 362 1.71 E-01 40.4

19* 1234 1.55 E-01 1157 999 758 364 1.72 E-01 40.8

20 1235 1.56 E-01 1154 1000 759 362 1.71 E-01 41.0

21 1237 1.56 E-01 1159 1001 755 356 1.68 E-01 40.5

22 1236 1.56 E-01 1140 994 757 355 1.68 E-01 40.3

23 1239 1.56 E-01 1149 1000 763 361 1.70 E-01 39.7

24 1240 1.56 E-01 1157 1001 762 350 1.65 E-01 39.8

25 1240 1.56 E-01 1172 1004 763 344 1.62 E-01 40.3

26 1240 1.56 E-01 1149 997 764 352 1.66 E-01 40.2

27 1240 1.56 E-01 1164 999 761 347 1.64 E-01 40.3

28 1240 1.56 E-01 1160 999 760 351 1.66 E-01 40.0

29 1240 1.56 E-01 1151 999 760 361 1.70 E-01 40.2

30 1240 1.56 E-01 1133 993 759 359 1.69 E-O1 40.3

31 1240 1.56 E-01 1150 999 760 356 1.68 E-O1 40.4

24-hr.avg. 1239 1.56 E-O1 1153 999 760 355 1.68 E-01 40.3

* Data collected during the 14th - 19th day of the month, time period was not used

in determining the 24 hour data average since steady-state operation of the heat

exchanger (with total combustion air flow being heated) was not reached until the

19th day.
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Table 5. Ketene/air heat exchanger temperature data - test no. 1

Ketene/Acid Temp., C Ambient Air Air Temperatures, 0C
Day enter exchanger exit exchanger Temp.,°C Burner #1 Burner #2

1-14 - - -

15 752 495 9 202 370
16 752 495 8 206 370
17 754 494 6 210 368
18 759 490 8 246 364
19 758 464 10 337 352
20 759 464 14 363 357
21 755 464 14 364 356
22 757 470 16 364 359
23 763 467 19 365 359
24 762 465 9 362 355
25 763 468 10 361 354
26 764 469 8 360 354
27 761 465 11 359 353
28 760 466 9 360 354
29 760 473 9 361 357
30 759 471 18 362 356
31 760 466 20 363 355

24-hr.avg.* 760 467 12 362 356

* The 24-hour data average reflects the 20th - 31st day operating data. Total
combustion air flow was being directed through the heat exchanger during this
operating period.
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Table 6. Ketene/air heat exchanger flow data - test no. I

Day Ketene/Acetic Acid Ambient Air Hot Air Flow Rate Air Usage
Flow Rate, Flow Rat_ Ratio

bs/hr kg/s ft /min m /s ft/min m is (hot/cold)

1-14 0 0 0 0 0 0 0
15 1232 1.55 E-01 240 1.13 E-01 290 1.37 E-01 1.2083
16 1233 1.55 E-01 225 1.06 E-O 268 1.26 E-01 1.1911
17 1232 1.55 E-01 214 1.01 E-01 264 1.25 E-01 1.2336
18 1231 1.55 E-0l 204 9.63 E-02 256 1.21 E-01 1.2549
19 1234 1.55 E-01 208 9.82 E-02 276 1.30 E-01 1.3269
20* 1235 1.56 E-01 201 9.49 E-02 274 1.29 E-01 1.3632
21* 1237 1.56 E-01 200 9.44 E-02 272 1.28 E-01 1.3600
22* 1236 1.56 E-01 193 9.11 E-02 252 1.19 E-Ol 1.3057
23* 1239 1.56 E-01 202 9.53 E-02 256 1.21 E-01 1.2673
24* 1240 1.56 E-01 199 9.39 E-02 256 1.21 E-01 1.2864
25* 1240 1.56 E-01 190 8.97 E-02 246 1.16 E-01 1.2947
26* 1240 1.56 E-01 188 8.87 E-02 244 1.15 E-01 1.2979
27* 1240 1.56 E-01 191 9.01 E-02 252 1.19 E-01 1.3194
28* 1240 1.56 E-01 190 8.97 E-02 252 1.19 E-01 1.3263
29* 1240 1.56 E-01 176 8.31 E-02 238 1.12 E-01 1.3523
30* 1240 1.56 E-01 185 8.73 E-02 242 1.14 E-O1 1.30f.
31* 1240 1.56 E-01 200 9.44 E-02 258 1.22 E-01 1.2900

24-hr.
avg.* 1239 1.56 E-01 193 9.11 E-02 254 1.20 E-01 1.3161

* The 24-hour data average reflects the 20th - 31st day operating data. Total
combustion air flow was being directed through the heat exchanger during this
operating period.
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Table 7. Operating data for Ketene Furnace No. 23 - test no. 2

Day Acetic Acid Feed Operating Temperatures, 0C Producer Gas Usase Weak Acid

Rate heating crucible ketene/ 3 Conc.

lbs/hr kg/s chamber coil acid ft 3/mn m s %

1 1240 1.56 E-01 1163 999 760 351 1.66 E-01 41.0

2 1240 1.56 E-01 1141 999 762 353 1.67 E-01 40.4

3 1240 1.56 E-01 1149 999 756 356 1.68 E-01 40.4

4 1240 1.56 E-01 1170 1003 758 364 1.72 E-01 39.8

5 1240 1.56 E-01 1164 999 758 356 1.68 E-01 42.0
5* 1240 1.56 E-01 1195 1006 759 364 1.72 E-01 40.7

6* 1240 1.56 E-01 1200 1004 759 362 1.71 E-01 39.9

7* 1240 1.56 E-01 1174 1001 758 357 1.68 E-01 40.3

8* 1240 1.56 E-01 1169 998 761 378 1.78 E-01 40.4

9* 1240 1.56 E-01 1158 997 758 379 1.79 E-01 40.6

10* 1240 1.56 E-01 1162 1000 758 396 1.87 E-01 40.5

11* 1240 1.56 E-01 1176 1006 757 405 1.91 E-01 40.2

12* 1240 1.56 E-01 1147 997 758 424 2.00 E-01 41.0

12 1240 1.56 E-01 1156 999 758 385 1.82 E-01 40.2

13 1240 1.56 E-01 1161 1003 761 399 1.88 E-01 40.3

14 1240 1.56 E-01 1163 1000 761 387 1.83 E-01 40.2

15 1240 1.56 E-01 1156 999 751 371 1.75 E-01 40.4

16 1240 1.56 E-01 1170 998 755 373 1.76 E-01 40.4

17 1240 1.56 E-01 1194 1008 757 345 1.63 E-01 40.1

18 1240 1.56 E-01 1202 1007 752 354 1.67 E-01 40.6

19 1240 1.56 E-01 1226 1009 752 351 1.66 E-01 40.9

20 1248 1.57 E-01 1209 1006 753 351 1.66 E-01 40.6

21 1240 1.56 E-01 1211 1008 754 349 1.65 E-01 40.2

22 1240 1.56 E-01 1206 1005 754 354 1.67 E-01 40.3

23 1240 1.56 E-01 1200 1005 753 360 1.70 E-01 40.0

24 1240 1.56 E-01 1200 1005 753 361 1.70 E-01 40.6

25 1240 1.56 E-01 1198 1007 757 354 1.67 E-01 39.8

26 1240 1.56 E-01 1211 1006 757 358 1.69 E-01 39.9

27 1240 1.56 E-01 1197 997 756 368 1.74 E-01 40.6

28 1240 1.56 E-01 1215 1004 757 372 1.76 E-01 40.0

24-hr.avg. 1240 1.56 E-01 1185 1003 756 362 1.71 E-01 40.4

24-hr.avg.* 1240 1.56 E-01 1173 1001 759 379 1.79 E-01 40.5

*Data reflects operation with combustion air by-passing heat exchanger.
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Table 8. Ketene/air heat exchanger temperature data - test no. 2

0 0
Ketene/Acid Temp., C Ambient Air Air Temperatures, C

Daya enter exchanger exit exchanger Temp., C Burner #1 Burner #2

1 760 472 12 362 357
2 762 469 12 362 354
3 756 466 19 362 356
4 758 466 14 361 357
5 758 469 15 359 358
5 759 539 15 32 404

6 759 540 11 29 403
7 758 540 7 30 403

8 761 539 12 30 401
9 758 538 14 31 405

10 758 539 9 32 407
11 757 539 12 34 406

12 758 540 12 30 404
12 758 462 12 357 355
13 761 464 9 357 356
14 761 467 13 357 358
15 751 463 17 358 357
16 755 463 18 359 358
17 757 465 19 360 359
18 752 461 17 357 357
19 752 462 15 356 356
20 753 464 17 358 358
21 754 465 17 358 359
22 754 466 12 359 359
23 753 465 17 359 356
24 753 466 22 360 360
25 757 467 14 360 359
26 757 467 11 359 359
27 756 468 12 360 360
28 757 468 16 361 360

24-hr.avg. 756 466 15 359 358

24-hr.avg. 759 539 12 31 404

a Reflects operation with combustion air by-passing heat exchanger for days 5 - 12.

b The thermocouple for measuring temperature in the air line to Burner #2 was

located in the section of line between the heat exchanger and the tie-in with

ambient air for days 5 - 12. As a result, this thermocouple was measuring the

temperature of stagnant air in the line near the heat exchanger during this

operating period where combustion air was by-passing the heat exchanger. The

air temperature for both burners was essentially the same as shown for Burner

#I where the temperature was measured in the piping downstream from the ambient

air tie-in. Air tcmperatures for both burners were accurately reflected by

the thermocouples during all variations of hot/cold air blending.
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Table 9. Ketene/air heat exchan!,. r I low d I t - Lest :1,.

Day Ketene/Acetic Acid Ambient Air Hot Air Flow Rate Air Usage
Flow Rate, Flow Rate Ratio

lbs/hr kg/s ft3/min mss ft3 /min M3 /s (hot/cold)

1 1240 1.56 E-01 177 8.35 E-02 236 1.11 E-0] 1.3333
2 1240 1.56 E-01 191 9.01 E-02 246 1.16 E-01 1.2890
3 1240 1.56 E-01 201 9.49 E-02 256 1.21 E-01 1.2736
4 1240 1.56 E-01 193 9.11 E-02 248 1.17 E-0 1.2850
5 1240 1.56 E-01 177 8.35 E-02 226 1.O7 E-01 1.2768
5* 1240 1.56 E-01 207 9.77 E-02 222 1.05 E-01 1.0725

6* 1240 1.56 E-01 205 9.67 E-02 218 1.03 E-01 1.0634
7* 1240 1.56 E-01 185 8.73 E-02 206 9.72 E-02 1.1135

8* 1240 1.56 E-01 170 8.02 E-02 200 9.44 E-02 1.1765
9* 1240 1.56 E-01 199 9.39 E-02 208 9.82 E-02 1.0452

10* 1240 1.56 E-01 193 9.11 E-02 208 9.82 E-02 1.0777
11* 1240 1.56 E-01 191 9.01 E-02 208 9.82 E-02 1.0890
12* 1240 1.56 E-01 177 8.35 E-02 200 9.44 E-02 1.1299
12 1240 1.56 E-01 197 9.30 E-02 262 1.24 E-01 1.3299
13 1240 1.56 E-01 193 9.11 E-02 248 1.17 E-01 1.2850
14 1240 1.56 E-01 184 8.68 E-02 240 1.13 E-01 1.3043
15 1240 1.56 E-01 201 9.49 E-02 254 1.20 E-01 1.2637
16 1240 1.56 E-01 203 9.58 E-02 258 1.22 E-01 1.2709
17 1240 1.56 E-01 203 9.58 E-02 260 1.23 E-01 1.2808
18 1240 1.56 E-01 204 9.63 E-02 260 1.23 E-01 1.2745
19 1240 1.56 E-01 202 9.53 E-02 258 1.22 E-01 1.2772
20 1248 1.57 E-01 196 9.25 E-02 250 1.18 E-01 1.2755
21 1240 1.56 E-01 200 9.44 E-02 250 1.18 E-01 1.2500
22 1240 1.56 E-01 194 9.16 E-02 250 1.18 E-01 1.2887
23 1240 1.56 E-01 199 9.39 E-02 250 1.18 E-01 1.2563
24 1240 1.56 E-01 196 9.25 E-02 250 1.18 E-01 1.2755
25 1240 1.56 E-01 188 8.87 E-02 246 1.16 E-01 1.3085
26 1240 1.56 E-01 190 8.97 E-02 250 1.18 E-01 1.3158
27 1240 1.56 E-01 185 8.73 E-02 244 1.15 E-01 1.3189
28 1240 1.56 E-01 190 8.97 E-02 250 1.18 E-01 1.3158

24-hr.avg. 1240 1.56 E-01 194 9.16 E-02 250 1.18 E-01 1.2887

24-hr.avg.*1240 1.56 E-01 192 9.06 E-02 209 9.86 E-02 1.0885

*Reflects operation with combustion air by-passing heat exchanger.
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Table I0. Operiting data for Ketene Furnace No. 23 - test no. 3

Day Acetic Acid Feed Oprating Temperatures, C Producer Gas Usa=e Weak Acid

Rate heating crucible ketene/ 3 Conc.

lbs/hr kg/s chamber coil acid ft 3/min m s Z_

1 1240 1.56 E-01 1204 1001 756 361 1.70 E-O1 40.5

2 1240 1.56 E-01 1189 995 760 363 1.71 E-01 40.1

3 1240 1.56 E-01 1194 999 760 364 1.72 E-01 40.9

4 1240 1.56 E-01 1181 996 758 370 1.75 E-01 40.1

5 1240 1.56 E-01 1204 1000 760 361 1.70 E-01 40.3

6 1240 1.56 E-01 1217 1003 762 362 1.71 E-01 39.8

7 1240 1.56 E-01 1243 1017 760 349 1.65 E-01 39.8

8 1240 1.56 E-01 1241 1017 760 356 1.68 E-01 39.7

9 1240 1.56 E-01 1227 1011 758 358 1.69 E-01 40.0

10 1240 1.56 E-01 1226 1008 756 360 1.70 E-01 39.9

11 1230 1.55 E-01 1213 1004 755 361 1.70 E-01 40.4

12 1230 1.55 E-01 1206 1002 757 364 1.72 E-01 40.2

13 1240 1.56 E-01 1214 1001 759 361 1.70 E-01 40.1

14 1240 1.56 E-01 1207 1000 758 353 1.67 E-01 40.4

15 1240 1.56 E-01 1203 994 755 364 1.72 E-01 40.6

16 1240 1.56 E-Ol 1173 992 758 373 1.76 E-01 40.2

17 1240 1.56 E-01 1177 987 754 377 1.78 E-01 40.4

18 1240 1.56 E-01 1222 1004 756 355 1.68 E-O1 40.0

19 1240 1.56 E-01 1186 994 754 360 1.70 E-01 40.7

20 1240 1.56 E-01 1197 995 754 388 1.83 E-01 40.9

21 1240 1.56 E-01 1229 1002 757 398 1.88 E-01 40.3

22 1240 1.56 E-01 1222 1004 758 366 1.73 E-01 40.2

23 1240 1.56 E-01 1201 999 757 381 1.80 E-01 40.3

24 1240 1.56 E-01 1215 1001 757 379 1.79 E-01 40.8

25 1240 1.56 E-01 1227 1002 758 390 1.84 E-01 40.9

26 1240 1.56 E-01 1241 1016 760 359 1.69 E-01 40.6

27 1240 1.56 E-01 1214 1005 760 372 1.76 E-01 40.3

28 1240 1.56 E-01 1223 1003 753 389 1.84 E-01 41.2

29-31* - - - - -

24-hr.avg.1239 1.56 E-01 1210 1002 758 370 1.75 E-01 40.3

Data collection for the heat exchanger project was completed as of the 28th day

of thu month.
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Table 11. Ketene/air heat exchanger temperature data - test nc. 3

Ketene/Acid Temp., C Ambient Air Air Temperatures,°C
Day enter exchanger exit exchanger Temp., C Burner #1 Burner #2

1 756 465 16 360 360
2 760 470 17 361 361
3 760 468 19 360 361
4 758 468 23 362 361
5 760 466 18 361 360
6 762 469 17 361 361
7 760 466 12 360 360
8 760 467 11 359 359
9 758 467 16 360 360

10 756 469 20 361 361
11 755 469 20 361 361
12 757 469 24 362 362
13 759 471 21 363 363
14 758 473 15 361 363
15 755 475 18 360 362
16 758 472 19 362 362
17 754 466 24 361 360
18 756 465 24 360 360
19 754 466 23 360 360
20 754 466 25 361 361
21 757 467 22 360 360
22 758 464 17 358 358
23 757 465 16 359 359
24 757 464 18 358 358
25 758 464 21 359 359
26 760 466 13 358 357
27 760 475 10 360 360
28 753 475 12 359 360

29-31* .....

24-hr.avg. 758 468 18 360 360

* Heat exchanger operational data was not recorded after the 28th day of the

month.
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Table 12. Ketene/air heat exchanger flow data - test no. 3

Day Ketene/Acetic Acid Ambient Air Hot Air Flow Rate Air Usage
Flow Rate, Flow Rate Ratio

Ibs/hr kg/s ft3 /min m3/s ft3 /min m37 (hot/cold)

1 1240 1.56 E-O1 195 9.20 E-02 250 1.18 E-01 1.2821
2 1240 1.56 E-01 198 9.34 E-02 250 1.18 E-01 1.2626
3 1240 1.56 E-O 193 9.11 E-02 250 1.18 E-01 1.2953
4 1240 1.56 E-O1 208 9.82 E-02 254 1.20 E-01 1.2212
5 1240 1.56 E-01 198 9.34 E-02 260 1.23 £-01 1.3131
6 1240 1.56 E-01 203 9.58 E-02 260 1.23 E-01 1.2808
7 1240 1.56 E-01 201 9.49 E-02 258 1.22 E-01 1.2836
8 1240 1.56 E-01 196 9.25 E-02 250 1.18 E-01 1.2755
9 1240 1.56 E-01 196 9.25 E-02 250 1.18 E-01 1.2755

10 1240 1.56 E-Ol 198 9.34 E-02 250 1.18 E-01 1.2626
11 1230 1.55 E-01 198 9.34 E-02 250 1.18 E-01 1.2626
12 1230 1.55 E-O1 195 9.20 E-02 250 1.18 E-01 1.2821
13 1240 1.56 E-01 197 9.30 E-02 248 1.17 E-01 1.2589
14 1240 1.56 E-01 177 8.35 E-02 234 1.10 E-01 1.3220
15 1240 1.56 E-01 173 8.16 E-02 220 1.04 E-01 1.2717
16 1240 1.56 E-01 188 8.87 E-02 238 1.12 E-01 1.2660
17 1240 1.56 E-01 202 9.53 E-02 256 1.21 E-O1 1.2673
18 1240 1.56 E-01 198 9.34 E-02 250 1.18 E-01 1.2626
19 1240 1.56 E-01 201 9.49 E-02 246 1.16 E-01 1.2239
20 1240 1.56 E-01 203 9.58 E-02 250 1.18 E-01 1.2315
21 1240 1.56 E-01 204 9.63 E-02 250 1.18 E-01 1.2255
22 1240 1.56 E-01 203 9.58 E-02 260 1.23 E-01 1.2808
23 1240 1.56 E-01 202 9.53 E-02 260 1.23 E-01 1.2871
24 1240 1.56 E-01 203 9.58 E-02 260 1.23 E-01 1.2808
25 1240 1.56 E-01 203 9.58 E-02 260 1.23 E-01 1.2808
26 1240 1.56 E-01 204 9.63 E-02 260 1.23 E-01 1.2745
27 1240 1.56 E-01 168 7.93 E-02 228 1.08 E-01 1.3571
28 1240 1.56 E-01 166 7.83 E-02 220 1.04 E-01 1.3253

29-31* - - - -

24-hr.avg. 1239 1.56 E-01 195 9.20 E-02 249 1.18 E-0l 1.2755

H Heat exchanger operational data was not recorded after the 28th day of the month.
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Table 13. Crude acetic anhydride production data for Ketee ,lrII. No. tc
(baseline test no. 1 - first month)

Day Production Time, Daily Anhydride Production Average Daily

(100% basis) Anhydride Conc.

hrs. lbs kg %

1-6 0 0 0 0

7 12 16,746 7,596 83.7
8 24 30,416 13,797 83.2

9 24 30,069 13,639 83.6

10 24 30,141 13,672 83.8

11 24 30,932 14,031 83.9
12 24 31,153 14,131 84.5
13 24 31,610 14,338 83.7
14 24 31,346 14,219 83.0

15 24 31,157 14,133 82.5
16 24 31,079 14,097 83.6

17 24 32,518 14,750 84.1
18 24 31,989 14,510 83.4

19 24 32,021 14,525 84.1
20 24 31,614 14,340 84.4
21 24 32,479 14,732 84.0
22 24 32,021 14,525 84.1

23 24 31,686 14,373 83.9
24 24 31,907 14,473 83.8

25 24 31,352 14,221 83.7
26 24 31,005 14,064 84.1
27 24 31,389 14,238 83.8
28 24 31,314 14,204 83.6

29 24 31,314 14,204 83.6

30 24 31,154 14,131 83.8
31 24 31,042 14,081 83.5

Totals 588 769,454 349,024 -

24-hr avg. - 31,406 14,246 83.7
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Table 14. Crude acetic anhydride production data for Ketene Furnace No. '13

(baseline test no. 2 - second month)

Day Production Time, Daily Anhydride Production Average Daily

(100% basis) Anhydride Con-c.

hrs. lbs kg %

1 24 31,539 14,306 84.2

2 24 31,577 14,323 84.3

3 24 31,427 14,255 83.9

4 24 31,983 14,507 84.0

5 24 32,450 14,719 84.6

6 24 31,907 14,473 83.8

7 24 32,258 14,632 84.1

8 24 32,296 14,649 84.2

9 24 32,098 14,560 84.3

10 24 32,595 14,785 84.3

11 24 31,799 14,424 84.2

12 24 32,174 14,594 84.5

13 24 31,950 14,493 84.6

14 24 32,136 14,577 84.4

15 24 31,799 14,424 84.2

16 24 31,762 14,407 84.1

17 24 32,060 14,542 84.2

18 24 31,913 14,476 84.5

19 24 32,739 14,850 83.4

20 24 31,881 14,461 81.8

21 24 32,386 14,690 82.5

22 24 32,193 14,603 82.6

23 24 31,899 14,469 82.5

24 24 32,232 14,620 82.7

25 24 32,310 14,656 82.9

26 24 32,681 14,824 82.6

27 2.5 3,448 1,564 81.8

28-30 0 0 0 0

Totals 626.5 837,492 379,883 -

24-hr.avg. 32,083 14,553 83.7
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Table 15. Crude acetic anhydride production data for Ketee ie rnao'o. :, i
test no. I

Day Production Time, Daily Anhydride Production Average Daily

(100% basis) Anhydride Conc.
hrs lbs Z

1-13 0 0 0 014 16 14,433 6,547 84.2
15 24 32,936 14,940 82.616 24 32,776 14,867 82.217 24 31,803 14,426 81.618 24 32,229 14,619 82.119 24 32,694 14,830 82.420 24 32,816 14,885 82.321 24 31,959 14,497 82.022 24 32,464 14,726 82.723 24 32,736 14,849 82.124 24 33,475 15,184 82.125 24 32,816 14,885 82.326 24 34,296 15,557 82.327 24 33,019 14,977 81.628 24 34,046 15,443 81.729 24 34,042 15,441 82.330 24 34,486 15,643 82.231 24 34,296 15,557 82.3

Totals 424 577,322 261,873 -
24-hr.avg. 

32,679 14,823 82.2
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Table 16. Crude acetic anhydride production data for Ketene Furnace No. 23 -

test no. 2

Day Production Time, Daily Anhydride Production Average Daily
(100% basis) Anhydride Conc.

hrs lbs kg %

1 24 34,338 15,576 82.4

2 24 34,213 15,519 82.1

3 24 34,360 15,586 81.9

4 24 34,213 15,519 82.1

5 24 32,115 14,567 82.4

6 24 33,515 15,202 82.2

7 24 33,746 15,307 82.2

8 24 32,697 14,831 82.0
9 24 31,491 14,284 82.1

10 24 32,657 14,813 81.9

11 24 32,847 14,899 81.8

12 24 32,657 14,813 81.9

13 24 32,927 14,936 82.0

14 24 33,007 14,972 82.2

15 24 33,261 15,087 82.2

16 24 33,047 14,990 82.3
17 24 33,383 15,143 82.5

18 24 32,562 14,770 82.3

19 24 33,541 15,214 81.7

20 24 33,623 15,251 81.9

21 24 33,794 15,329 81.7

22 24 34,380 15,595 82.5

23 24 33,180 15,050 82.0

24 24 32,856 14,903 82.4

25 24 33,088 15,009 82.4

26 24 33,597 15,240 82.4

27 24 34,166 15,498 82.6

28 24 33,342 15,124 82.4

Totals 672 932,603 423,027 -

24-hr.avg. 33,307 15,108 81.9
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Table 17. Crude acetic anhvdride product ion data t or Ke, "r'ii..

test no. 3

Day Production Time, Daily Anhydride Production Average Daily

(100% basis) Anhydride Conc.

hrs. lbs kg

1 24 32,856 14,903 82.4

2 24 33,719 15,295 82.7

3 24 33,383 15,143 82.5

4 24 33,597 15,240 82.4

5 24 33,638 15,258 82.5

6 24 33,208 15,063 82.7

7 24 33,475 15,184 82.1

8 24 33,794 15,329 81.7

9 24 33,911 15,382 82.6

10 24 33,221 15,069 82.1

11 24 33,541 15,214 81.7

12 24 33,047 14,990 82.3

13 24 34,130 15,481 81.9

14 24 32,887 14,918 81.9

15 24 33,047 14,990 82.3

16 24 33,556 15,221 82.3

17 24 34,951 15,854 82.1

18 24 30,410 13,794 81.8
19 24 32,537 14,759 81.6
20 24 33,418 15,158 81.4
21 24 33,515 15,202 82.2

22 24 32,847 14.899 81.8

23 24 33,352 15,128 81.8
24 24 33,302 15,106 82.3
25 24 32,967 14,954 82.1

26 24 33,221 15,069 82.1

27 24 33,434 15,166 82.0

28 24 33,088 15,009 82.4
29 24 33,638 15,258 82.5
30 24 33,788 15,326 82.3
31 24 33,664 15,270 82.0

Totals 744 1,033,142 468,632 -

24-hr.avg. - 33,327 15,117 82.2
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Table 20. Material balance for the ketene cooldown heat exchanger (English

units)

Basis: I hour of operation

Acetic

Stream Ketene, Water, Acid, Air

Code* Stream Description lbs lbs lbs Ibs

A Ketene/Acetic Acid from 699 300 240 -

Ketene Furnace No. 23

B Ketene/Acetic Acid to 699 300 240 -

Quick Cooling Train

C Ambient Air From Blower - - - 897

D Hot Combustion Air to - 448.5

Burner No. I

E Hot Combustion Air to - 448.5

Burner No. 2

*See Figure 8 for stream identification codes and their relation to

the Ketene Cooldowu Heat Exchanger.
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Table 21. Material balance for the ketene cooldown heat exchanger (S] units)

Basis: 1 hour of operation

Acetic
Stream Ketene, Water, Acid, Air,
Code* Stream Description kg k& kg kg

A Ketene/Acetic Acid from 317 136 109
Ketene Furnace No. 23

B Ketene/Acetic Acid to 317 136 109

Quick Cooling Train

C Ambient Air from Blower - - - 407

D Hot Combustion Air to Burner 203.5
No. 1

E Hot Combustion Air to Burner 203.5
No. 2

*See Figure 8 for stream identification codes and their relation to the
Ketene Cooldown Heat Exchanger.
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Table 22. Energy balance for the ketene cooldowf heat exchanger (English units)

Basis: 1 hour of operation

Stream 
Heat Added Heat Removed

Code* Stream Description 1000 TU/hr source 1000 BTU/hr source

A Ketene/Acetic Acid 
from -

Ketene Furnace No. 23

B Ketene/Acetic Acid to

Quick Cooling Train 
293.2 air

C Ambient Air from Blower 
-.

D Hot Combustion Air to

Burner No. 1 68.6 ketene

E Hot Combustion Air to

Burner No. 2 
68.6 ketene

F Radiation/Convection
Heat Loss rrom Shell 

- (156.0) shell loss

Totals 137.2 _ 137.2

*See Figure 9 for stream identification codes 
and their relation to

the Ketene Cooldown Heat Exchanger.
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Table 23. Energy balance for the ketene cooldown heat exchir 'er (SI unit,)

Basis: I hour of operation

Stream Heat Added Heat Removed
Code* Stream Description kJ/s source kJ/s source

A Ketene/Acetic Acid from -

Ketene Furnace No.23

B Ketene/Acetic Acid to
Quick Cooling Train 85.9 air

C Ambient Air from Blower - -

D Hot Combustion Air to
Burner No. 1 20.1 ketene

E Hot Combustion Air to
Burner No. 2 20.1 ketene -

F Radiation/Convection
Heat Loss From Shell - - (45.7) shell loss

Totals 40.2 - 40.2

*See Figure 8 for stream identification codes and their relation to the

Ketene Cooldown Heat Exchanger.

39



1 0 1

PCC

-C:

u -c'

C-41



Ketene Gas to
Scrubbers

Weakk Acid

Ambient AirC>-----b-atls
Stabilizer

Feed

0 PG
.9-4
4.54

00

L -L No. 1

, so

No.2

P.G.

Ketene Furnace No. 23 Fu a

Figure 2. Flow diagram for keteiie cooldown heat exchanger evaluation project



00- M 0.

cdW 00mV

Q(j Q) 14 Q) a) CN
N -4 Ln

-4. r4 0 A.-4 1

w En:3 0 co

co

:3 Q .

0 00

.Cir -4

0

0' th 1 C'J4 3c

43 I I



00

4.1

4.1

41.

w
r. 0

C4C

444



'3

C

II

32*1 3
C'4 -~

-~

3
3-

U

3
I-

2

3-
o C.,

C.)
3

3
3-
C-

0

0
U
-4

C-

4-4
0
C.)

C.)
I-
3

-4

0

C
0 - -~

'.0 -~ -

£

45



1150 - - - theoretical data P

1100 Ketene /
/

/

1050 /
/

/
/

1019

0
1000

W

950

rAir

900

850

212

800

0 150 170 190 210 230 250

Heat Transfer Rate, BTU/hr (XlO3 )

Figure 6. Graphical solution for determining maximum heat transfer rate

and final stream temperature for combustion air at test no. I

proc(.ts conditions

4b



co~

W0

41-

Q 0

00

0 0

00 -

CD

o I2TTIO aSPIIO



.H

-4

U 4
.4 0

w 0-

QJO

0) 0

00

.00U

-44 U M

V0



APPENDIX A

CALCULAT IONS FOR HEAT EXCUAN 6;ER OPERATION
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CALCULATIONS FOR HEAT EXCHANGER OPERATION

I. Formulas Used in Calculations:

A. Gas Volume Correction for Change in Temperature (V
T2-

V2 = x T

Where V = final volume, ft
3

V = initial volume, ft
3

T = final temperature, OR

T = initial temperature, OR

B. Quantity of Heat in Process Streams (Q)

Q = mCp (T2 - T1 )

Where Q = quantity of heat, BTU

m = mass of substance, lbs

Cp = average heat capacity at constant

pressure, BTU/lb - F

T2  = final temperature, 0F

TI  = initial temperature,0 F

C. Logarithmic Mean Temperature Difference ( TL)

AT = T -t )- CTou t - tou t )STin otin

i Tout _ tout)

WhereA TLM = logarithmic mean temperature difference, OF
Tin a temperature of hot stream (in), F

tin = temperature of cold stream (in), 0F

Tou t = temperature of hot stream (out), OF

tou t = temperature of cold stream (out), OF

In = natural logarithm

PREVIOUS PAGE
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D. Heat Transfer Coefficient (U)

q - UA ".T or I q

LMA .' , T1

2 o
Where U = heat transfer coefficient, BTU/hr - ft - F

q = heat transferred, BTU/hr

9

A = heat exchange area, 
ft2

. = logarithmic mean temperature difference, F

II. Calculations for Heat Exchanger Operation During January 1982:

A. Process Data (See Tables 5 and 6)

1. ass flow rate of ketene stream = 1,239 lbs/hr

2. Temperature of ketene into heat exchanger = 1,400 F (760 C)

3. Temperature of ketene out of heat exchanger3 = 873 F (467 C)

4. Volumetric flow rate of air stream - 193 ft /min 0

5. Temperature of air into heat exchanger = 54 F (12 C)

6. Temperature of air out of heat exchanger = 678 F (359 C)

7. Cp of ir stream = 0.245 BTU/lb -OF

8. Cp of ketene stream = 0.449 BTU/lb - F
9. Mass if 1.0 lb - mole air at standard conditions (60°F, I atm) =

29 lbs/lb-mole 3

10. Volume of 1.0 lb-mole air at standard conditi2ns = 378.7 ft /lb-mole

11. Heat transfer area of heat xchanger = 246 ft

12. Producer Gas Usage = 355 ft /min

B. Mass Flow Rate of Air at Standard Conditions

1. Volume correction to standard conditions -
T2

V2 = V 2

V2  = 193 f 3/min x (54 + 460)R
2 (54 + 460)°R

V2  = 193 ft 3/min x (520)'R
2 (514)°R

3
V) = 195.3 ft ,mmn

2. Mass flow rate of air per hour -

3 1 lb-mole air 29 Ibs
m = 195.3 ft , in x 60 min/hr x 378.7 ft 3  X lb-mole air

m = 897 lbs/hr
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C. Quantity of Heat Transferred to Air Stream

Q - mCp (T2 - T1 )

Q 897 lbs/hr x 0.245 BTU (678 54)°F
lb-OF x(7 4

Q = 137,133 BTU/hr

D. Logarithmic Mean Temperature Difference

ATLM = (Tin - in (Tout - out
(Tin - t in)
in i

(Tout- tout)

ATLM = (1,400 - 54)°F - (873-678)'F

(1346)-F
(195)oF

ATLM M (1346 - 195)OF 11510F
LM ln(6.90)- 1.932

ATLM = 596 0 F

E. Heat Transfer Coefficient of Heat Exchanger (shell side)

U q
A ATLM

137,133 BTU/hr
(246 ftZ) (5960 F)

U 0.94 BTU/hr - ft2 - oF

F. Apparent Heat Loss From Ketene Stream

Q - mCp (T2 - T1 )

Q - 1,239 lbs/hr x 0.449 BTU/lb -OF x (1,400 - 873) F

Q - 293,176 BTU/hr

G. Calculated Producer Gas Reduction (PGR)

PGR heat saved ,
heat content of PG

*Average heat content value of producer gas (PG) is approximately 156 BTU/ft3
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PGR = 137,133 BTU/hr
156 BTU/ft 3*

PGR = 879 ft 3/hr

PGR = 14.7 ft 3/min

*Average heat content value of producer gas (PG) is

approximately 156 BTU/ft 3 .

H. Percertage of Reduction in Producer Gas (PG) Usage

% Reduction = 14.7 ft3/min 3 100
(355 + 14.7)ft /min

% Reduction = 14.7
369.7

% Reduction = 3.98%

I. Estimated Annual Cost Savings Per Furnace

1. Heat saved per year -

Q - 137,133 BTU 8,760 hr
hr x yr

Q - 1.20 x 109 BTU/yr

2. Cost of Producer Gas (PG) per 106 BTU -

Cost 106 BTU x 1 ft3(PG) x .726
156 BTU 10- ftJ (PG)

Cost u $4.65/106 BTU

3. Annual Cost Savings (CS) -

CS - 1.2 x I09BTU x $4.65
yr I0b BTU

CS - $5,580/year
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III. Calculations for Heat Exchanger Operation During Test No. 2

A. Process Data (See Tables 8 and 9)

1. Mass flow rate of ketene stream = 1,240 lbs/hr
2. Temperature of ketene into heat exchanger = 1,393 F (756°C)
3. Temperature of ketene out of heat exchanger3 = 8710 F (466°C)
4. Volumetric flow rate of air stream = 194 ft /min
5. Temperature of air into heat exchanger = 590 F 15°C)
6. Temperature of air out of heat exchanger = 678 F (359"C)
7. Cp of air stream = 0.245 BTU/Ib - OF
8. Cp of ketene stream = 0.449 BTU/]b - 'F
9. Mass of 1.0 lb-mole !ii at standard

conditions (600 F, 1 atm) = 29 lbs/lb-mole
10. Volume of 1.0 lb-mole air it standard

conditions = 378.7 ft /lb-mole 2
11. Heat transfer area of heat 5xchanger = 246 ft
12. Producer Gas Usage = 362 ft /min

B. Mass Flow Rate of Air at Standard Conditions

1. Volume correction to standard conditions -

V = V1 x T2
T1

= 194 ft3  (60 + 460)°R

V2  9 mi (59 + 460)°R

V = 194 ft3/min x (520)°R
(519)°R

V2  194.4 ft 3/min

2. Mass flow rate of air per hour -

m = 194.4 ft3 /min x 60 min 1 lb-mole air
hr x 378.7 ft3

29 lbs
X lb-mole air

m - 893 lbs/hr

C. Quantity of Heat Transferred to Air Stream

Q = m Cp (T2 - T)

Q 893 Ibs BTU 0
- x 0.245 -1--oF x (678-59)°F

Q - 135,428 BTU/hr
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D. Logarithmic Mean Temperature Difference

AT (T in - in )-(Tout - out
LM (T n-t in)

in i
(TO t )uTout-tout)

AT LM (1,393 - 59)'F - (871 - 678)0FIn (1,334)-F

(193)OF

ATLM (1,334 - 193)° =F 1,141 'F

in 6.912 1.933

AT1  L 590°F

E. Heat Transfer Coefficient of Heat Exchanger (shell side)

U = q
A LTLM

U = 135,42§ BTU/hr

(246 ft ) (590"F)

U = 0.93 BTU/hr - ft 2 -oF

F. Apparent Heat Loss From Ketene Stream

Q = mCp (T2 - TI )

Q = 1,240 lb/hr x 0.449 BTU x (1,393-871) OF

Q 290,629 BTU/hr

G. Calculated Producer 6as Reduction (PGR)

heat saved
PGR

heat content of PG*

PGR 135,428 BTU/hr
156 BTU/ftS*

PGR = 868 ft 3 /hr

PGR = 14.5 ft 3 /min

*Average heat r,tent value of producei gas (PG) is approximately

156 BTU/ft 3.

-_---------



H. Percentage of Reduction in Producer Gas (PG) Usage

% Reduction = 14.5 ft3 /min 3 100
(362 + 14.5) ft /min

% Reduction = 14.5
376.5 x 00

% Reduction 3.85%

I. Estimated Annual Cost Savings Per Furnace

1. Heat saved per year-

Q = 135,428 BTU x 8,760 hr
hr yr

Q = 1.19 x 109 BTU/yr

2. Cost of Producer Gas (PG) per 106 BTU-

Cost 106 BTU x I ft3(PG) $.726
156 BTU x 103 ft3(PG)

6
Cost $4.65/10 BTU

3. Annual Cost Savings (CS) -

CS = 1.19 x 109 BTU x $4.65
yr 106BTU

CS = $5,534/year

IV. Calculations for Heat Exchanger Operation During Test No. 3

A. Process Data (See Tables 1i and 14

1. Mass flow rate of ketene stream = 1,239 lbs/hr
2. Temperature of ketene into heat exchanger = 1,396 F (758°C)
3. Temperature of ketene out of heat exchanger3= 874 0F (4680C)
4. Volumetric flow rate of air stream = 195 ft /min
5. Temperature of air into heat exchanger - 640F 180C)
6. Temperature of air out of heat exchanger - 680 F (360 C)
7. Cp of air stream -0.245 BTU/lb-0F
8. Cp of ketene stream - 0.449 BTU/lb-°F
9. Mass of 1.0 lb-mole air at standard conditions (60 F, 1 atm) -

29 lbs/lb-mole 3
10. Volume of 1.0 lb-mole air at standard conditions - 378.7 ft3/

lb-mole
11. Heat transfer area of heat 9xchanger - 246 ft2

12. Producer Gas Usage = 370 ft /min
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B. Mass Flow Rate of Air at Standard Conditions

1. Volume correction to standard conditions-

V2  =V I  x T2

3 (60 + 460)°R
V2  = 195 ft3/min x (64 + 460)R

V 195 ft3 /min (520)°R

2 x (524)oR

V2  = 193.5 ft3 /min

2. Mass flow rate of air per hour -

m = 193.5 ft 3/min x 60 min lb-mole air 29 lbs
hfr- x 378.7 ft- lb-mole air

m = 899 lbs/hr

C. Quantity of Heat Transferred to Air Stream

Q = mCp (T2 - T1 )

Q = 889 lbs x 0.245 BTU x (680-64) F

hr lb-°F

Q = 134,168 BTU/hr

D. Logarithmic Mean Temperature Difference

ATLM = (T in-t in) - (Tout-t ou t )

(T in-t in)
in inin Touttout)

ATM = (1,396-64)°F - (874-680) F
LMin(1,332)-F

ln (194)-F

ATLl = (1,332-194) °F 1,138

In 6.866 - 1.927

0
ATLM 591 F
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E. Heat Transfer Coefficient of Heat Exchanger (shell side)

U = q

A IT1LM

U - 134,168 BTU/hr

(246 ft2 ) (591°F)

U = 0.92 BTU/hr-ft 2- F

F. Apparent Heat Loss From Ketene Stream

Q = mCp(T 2 -T1 )

Q = 1,239 lb/hr x 0.449 BTU x (1,396-87')°F
lb- F x(,9-h

Q = 290,394 BTU/hr

G. Calculated Producer Gas Reduction (PGR)

PGR heat saved
Heat content of p(;*

PGR 134,168 BTU/hr
156 BTU/fti*

PGR = 860 ft 3/hr

PGR 14.3 ft 3/mn
*Average heat content value of producer gas (PG) is approximately

156 BTU/ft3 .

H. Percentage of Reduction in Producer Gas (PC) Usage

% Reduction 14.3 ft 3/min
(370 + 14.3) ft/min x 100

% Reduction = 14.3

384.3

% Reduction = 3.72%

I. Estimated Annual Cost Savings Per Furnace

1. Heat saved per year-

Q = 134,168 BTU/hr x 8,760 hr
yr

59



Q = 1.18 x 109 BTU/yr

2. Cost of Producer Gas (PG) per 106 BTU -

Cost = 106 BTU x I ft 3 (PG) _$.726

156 BTU x 103 ft(PG)

Cost = $4.65/106 BTU

3. Annual Cost Savings (CS) -

CS = 1.18 x 109 BTU $4.65- x
yr lOb BTU

CS = $5,487/year

V. Calculations for Heat Exchanger Operation Test No. 2: 25th Day

A. Process Data

1. Mass flow rate of ketene stream = 1,240 lbs/hr
2. Temperature of ketene into heat exchanger = 1,395 F(757°C)
3. Temperature of ketene out of heat exchanger = 873 0 F (467 0C)
4. Volumetric flow rate of air stream = 188 ft /min

5. Temperature of air into heat exchanger 57 0F (14 0C
6. Temperature of air out of heat exchanger = 680 0 F (360 C)
7. Cp of air stream = 0.245 BTU/lb-°F
8. Cp of ketene stream = 0.449 BTU/lb-°F
9. Mass of 1.0 lb-mole of air at standard conditions (60 F, 1 atm) =

29 lbs/lb-mole

10. Volume of 1.0 lb-mile of air at standard conditions =

378.7 ft /lb-mole
11. Heat transfer area of heat exchinger = 246 ft2

12. Producer Gas Usage = 354 ft /min
13. Heat content of PG on February 25, 1982 153.12 BTU/ft 3

B. Mass Flow Rate of Air at Standard Conditions

1. Volume correction to standard conditions-

V = V I x T2

(60 + 460)°R

2  188 ft/mn x (57 + 460)5R

188 ft3 /m (520)°R

2  = 8f(517)-R

V2  - 189.1 ft 3/min
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2. Mass flow rate of air per hour-

3
m = 189.1 ft /min x 60 mii,/hr x I lb-mole air x

378.7 ftT

29 lbs

lb-mole air

m = 869 lbs/hr

C. Quantity of Heat Transferred to Air Stream

Q = mCp (T, - T1 )

Q = 869 lbs 0245 BT x (680-57) F
hr 04 b_-F

Q = 132,640 BTU/hr

D. Logarithmic Mean Temperature Difference

ATLM (Tin -tin) - (Tout- tout
(T. -t. )

in' in in

(T out- tout )

ATLM (1,395-57)°F - (873-680)'F

in (1,338)F(193)°F

ATLM (1,338 - 193)°F 1,1450F
in 6.933 1.936

TLM = 591 0 F

E. Heat Transfer Coefficient of Heat Exchanger (shell side)

U =

A LT
ATLM

U = 132,640 BTU/hr

(246 ftz) (5910 P)

U - 0.91 BTU/hr-ft 2-oF

F. Apparent Heat Loss From Ketene Stream

Q mCp (T-T)
2 1

Q = 1,240 lb/hr x 0.449 BTU/lb-°F x (1,395-873) F

Q - 290,629 BTU/hr

61

-- ------- ----- --- 00



G. Calculated Producer Gas Reduction (PGR)

PGR = heat saved
heat content of PG

PGR = 132,640 BTU/hr
153.12 BTU/ft3

3
PGR = 866 ft /hr

3
PGR 14.4 ft /min

H. Percentage of Reduction in Producer Gas (PG) Usage

14.4 ft3 /min
% Reduction = (354 + 14.4) ft3 /min x 100

% Reduction 14.4
368.4

% Reduction = 3.91%

I. Estimated Annual Cost Savings Per Furnace

1. Heat saved per year -

Q = 132,640 BTU/hr x 8,760 hr/yr

Q = 1.16 x 10 9BTU/yr

2. Cost of Producer Gas (PG) per 106BTU -

6 1 ft3 (PG) $ .72
Cost 10 BTU x 153.12 BTU 103ft (PG)

Cost = $4.74/I06BTU

3. Annual Cost Savings (CS) -

CS 1.16 x 109BTU $4.74

yr I0 BTU

CS = $5,498/year

VI. Calculations for Operating Conditions During Test No. 2: 5th - 12th Days
When Heat Exchanger Was Not Used to Preheat Combustion Air.

A. Process Data (See Tables 8 and 9 )

1. Mass flow rate of ketene stream 1,240 lbs/hr
2. Temperature of ketene into heat exchanger - 1,3980 F (759°C)
3. Temperature of ketene out of heat exchanger a l,0020 F (5390 C)
4. Cp of ketene stream = 0.449 BTU/lb - OF 3
5. Volumetric flow rate of air stream = 192 ft3 /min
6. Temperature of combustion air - 540 F (120 C)
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7. Producer Gas Usage (Without Air Preheat) = 379 ft3 /min

8. Producer Gas Usage (With Air Preheat) = 362 ft3 /min

B. Apparent Heat Loss From Ketene Stream

Q = mCp (T2-T I)

Q 1,240 lbs/hr x 0.449 BTU
lb_---F x (1,398-1,002)

Q 220,477 BTU/hr

C. Apparent Producer Gas Usage Increase Without Preheat of Combustion
Air

3PG Increase (379-362) ft /min

PG Increase = 17.0 ft3 /min

D. Percentage of Increase in Producer Gas (PC) Usage

% Increase = 17.0 ft 3/min
(362 + 17) ftT/min X 100

% Increase = 17.0
379.0 x 100

% Increase = 4.49%

E. Estimated Annual Cost Increase Per Furnace

1. Heat increase per year -

Q 17.0 ft3  156 BTU* 60 min
--n X ft 3  X - x 8,760 hr

yr

Q = 1.39 x 109 BTU/yr

2. Cost of Producer Gas (PG) per 106 BTU -

Cost = 06 BTU x 1 ft3 (PG)* $.726
156 BTU 103 ft3(PG)

Cost = $4.65/106 BTU

3. Annual Cost Increase (CI)-

CI - 1.39 x 109BTU $4.65
yr 10b BTU

CI - $6,464/year

*Average heat content value of producer gas (PG) is approximately 156 BTU/ft3
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APPENDIX B

THEORETICAL OXYGEN REQUIRED T'O BURN PRODUCER GAS

MANUFACTURED AT HSAAP ON 25Tlt DAY OF TESl1 NO. 2
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1. Producer Gas Analysis (Basis: 1.0 mole)*:

Molecular Weight, W.ighi

Component Volume % Weight lbs/molt Fraction

H2  18.96 2 0.38

02 0.77 32 0.25 0.011

N2  51.11 28 14.31 0.599

CH4  2.04 16 0.33 0.014

CO 20.50 28 5.74 0.240

CO2  6.32 44 2.78 0.116

C2 H4  0.24 28 0.07 0.003

C2H6  0.06 30 0.02 0.001

Totals 100.00 - 23.88 1.000

*Heat content of producer gas with this analysis is 153.12 BTU/ft3

A pound mole of producer gas weighs approximately 23.88 pounds.

II. Chemical Equations for Combustion of the Combustible Components of Pro-
ducer Gas:

A. H + 0.5 0 H0
2 2 2

B. CH 4 + 2.0 02 - CO + H0
4 2 2

C. CO + 0.5 0 2 CO 2

D. C2 H4 + 3.0 0 2 2.0 CO2 + 2.0 H0

E. C2H 6 + 3.5 02 - 2.0 CO 2 + 3.0 H20
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Il. Theoretical Oxygen Requirement:

Volumetric Calculations:

Basis: 1.0 mole Producer Gas (PG)
Mole Ratio

Component Moles (Comp.: O Theoretical Moles 02

0.1896 0.5 0.0948
CA4 0.0204 2.0 0.0408
CO 0.2050 0.5 0.1025
C H4 0.0024 3.0 0.0072

--2-6- 0.0006 3.5 0.0021

Totals 0.4180 - 0.2474**

**This figure must be corrected (reduced) to account for the oxygen

content of the producer gas. In this case, the additional oxygen
required for theoretical combustion is the quantity of oxygen being
sought.

Additional Oxygen Needed = Total 02 - 02 in Producer Gas

= (0.2474 - 0.0077) moles 02/mole PG

= 0.2397 moles 02 /mole PG

IV. Combustion Air Requirement (Theoretical):

A. Volume of Air at Standard Conditions (60 F, 1 atm) -

Vol. of Air 0.2397 moles 02 1 mole air
mole PG 0.21 moles 02

Vol. of Air 1.141 moles air/mole PG

1.141 ft3 air/ft 3 of PG

B. Weight Ratio of Air to Producer Gas (PG) -

1.141(29)
Weight Ratio 1.(2 )

1 (23.88)

33.09
Weight Ratio 23.88

23.88

Weight Ratio 1.386 lbs air/lb of PG
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I
ECONOMIC EVALUATION*

I. Cost of Heat xchangvr Process Equipment and Installat in r lurnace)

2A. Heat Exchanger (246 ft , Type BEM)

1. Base Price, P = 125 (18) 1  ..0 3 7 .. .

2. Shell ............... ............. 70"
3. Expansion Joint ....... ................ .
4. Nozzles ........ ....................
5. Tubes ........ .....................
6. Tubes Material Correc!tion (304S5) ...... . ,
7. Support Plates ........ ................ 100
8. ASME Code Stamp, etc ..... ........... . 130

Base Cost 6,493

+Installation Cost (25K) 1,623

$8,116

+ Cost Adjustment from 1977
estimate (49%) $3,984

$12,100 1 or-)

B. Instruments, Valves. and Installation Materials

1. 4-Point Temperature Transmitter/Recorder (1) .$ 2,250
2. Flow Transmitter/Recorder (1) .............. 1,750
3. 5-inch Butterfly Valves (2) ............... 900
4. Piping, elbows, etc ....... .............. 2,550
5. Insulation ...... .................. 200
6. Miscellaneoui Installation Materials ..... . 400

$ 8,050 $ 8,0b0

C. Labor

1. Fabrication (240 hrs.) ............ $ 9,600
2. Installation (excluding Heat Exchanger)(80hrs) 3,200
3. Electrical (40 hrs.) .... ............. . 1,600

$14,400 $14,400

TOTAL COST $34,550

II. Cost Savings Calculations (per furnace):

A. On Basis of Best Operating Data During Evaluation
(Test No. 1)

1. Heat Saved (See Calculations for Heat Exchaneer
Operation in January 1982 , pp 52-54) -

• 1982 dollars. 71I .......I.. .....



137,133 BTU/hr

Q = 137,133 BTU/hr x 8,760 hrs/yr = 1.2 x 109 BTU/yr

2. Cost of Producer Gas per 106 BTU's -

Cost = 106 BTU x 1 ft3  x $.726
156 BTU 10 ft3

= $4.65/106 BTU

3. Cost Savings (one furnace - one year) -

Savings = 1.2 x 109 BTU/yr x $4.65/106 BTU

= $5,580/year

III. Profitability index (PI) and Payback Calculations:

A. Current Operational Level (5 Furnaces) -

Note: To fully realize the calculated cost savings of $5,580/year for
each of the 5 ketene furnaces being used at the current operational
level, all furnaces within the operating quadrant (8 furnaces)
must be equipped with heat recovery systems to compensate for the
service rotation between furnaces during the payback period that
is associated with maintenance of the furnaces and their cooling/
scrubbing systems. As a result, the PI and Payback calculations
for the 5-Furnace (current) operational level reflect cost
savings for 5 furnaces and implementation costs for 8 furnaces.

1. PI = Annual Cost Savings (6.447)*
Cost to Implement Project

PI = $27,900 (6.447) $179,871
$276,400 $276,400

PI = 0.651

* Present Worth Factor, 10%-10 years

2. Payback Period = Cost to Implement Project
Annual Cost Savings

Payback Period = $276,400
$27,900/year

Payback Period = 9.9 years
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B. Mobilization Operational Level (46 Furnaces) -

Note: Because of the 96% service factor for furnace operations,
heat exchangers would have to be installed on all 48 furnaces
but only 46 furnaces would operate at any given time. The
cost savings calculations below reflect this fact.

1. PI = Annual Cost Savings (6.447)*

Cost to Implement Project

= $256,680 (6.447) $1,654,816
$1,658,400 $1,658,400

= 0.998

*Present Worth Factor, 10%, 10 years

2. Payback Period = Cost to Implement Project
Annual Cost Savings

= $1,658,400
$256,680

= 6.5 years
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