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FOREWORD 

The ventilation equipment optimization study reported herein was conducted 

by the General American Research Division (GARD) of the General American Trans¬ 

portation Corporation, Niles, Illinois. The objective of this program was to 

identify the best ventilation equipment for use in the identified NFSS (National 

Fallout Shelter Survey) basemeut shelters based on an analysis of representative 

sample shelters, equipment performance, equipment designs, cost and physiological 

factors. The methodology was initially developed during the period of March, 

1965 to October I965 under Stanford Research Institute (SRI) Subcontract No. 

B-70925(4949A-28)-US, and the results presented herein were accomplished under 

a continuation of this contract during the period of January 1966 to February 

1967. During the past twelve months, the results have been rev .ewed exten¬ 

sively by the Shelter Research, Division of the Office of Civil Defense. 

Mr. C. A. Grubb of SRI monitored the project for the Office of Civil Defense 

under Work Unit 1423A. 

The authors wish to acknowledge the assistance of Mr. David F. Liddell 

of Northwestern University. He was primarily responsible for the analysis 

of the shelter characteristics and preparation of the illustrations. The 

ventilator designs and cost analysis were prepared by Messrs. Basil A. Libovicz 

and Robert B. Neveril of GARD. 
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ABSTRACT 

Shelter and ventilator equipment analyses were performed to determine 

the best ventilator kits for the 138,000 below-grade fallout shelters identi¬ 

fied during the second phase of the National Fallout Shelter Survey (NFSS). 

The basis for the study was a random sampling of l60 facilities. Sketches of 

these shelters were analyzed for basic characteristics that define the ventila¬ 

tion requirements, and by matching the performanre of over 600 fans to the 

shelter requirements the best seven kits were chosen based on a least-cost 

ventilation system. The final selection of kits to be stocked depends on 

considerations other than engineering, primarily human factors. 

Based on shelter conditions not exceeding a daily average effective 

temperature of 82°F for all but 10 percent of '.he days of the year, the best 

three ventilators, when power is available, are as illustrated on the facing 

page. The Unitary Ventilator is driven by one man and is packaged completely 

assembled in one container. The Modular Unit requires four operators, and the 

Power Unit is driven by a 5-horsepower motor. The kit for the electric motor- 

driven ventilator includes an engine-generator set. These units will provide 

adequate ventilation for 98.6 percent of the basement shelter-parts identified 

in the NFSS at an average per-capita cost of $0.56. 

For an exclusively manual system, the best two kits are the Unitary 

and the four-man Modular Units, both of which are again shown on the facing 

page. The best three kits would be these same two units plus the one-man, 

20-i.nch diameter unit described by Specification MIL-V-4o645. With this 
a 

equipment, 93*5 percent of the shelter-parts accommodating 65,353^075? people 

can be adequately ventilated. These shelters accommodate 8I.9 percent of the 

total shelter spaces available, as compared to 90.2 percent when the Power 

Unit is used. 
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SECTION 1 

INTRODUCTION 

In January 1963 an OCD Task Group conducted a one-week study to consider 

the feasibility of using ventilation and/or cooling units in spaces identified 

under the Shelter Survey Program for the purpose of maintaining a habitable 

shelter environment during emergency conditions. As a result of this study, 

the following recommendations were made (Ref. l): 

I. "That decision be made to stockpile packaged ventilation units in 

selected Identified shelter spaces". 

II. "An inr.ediate development and testing program be initiated covering 

the mounting, manual drive and other necessary components for best 

utilization of currently available ventilation fans". 

III. "A study-development program be initiated at the earliest possible 

date to (1) survey available components, (2) test prototype units, 

(3) perform cost-effectiveness analyses to select optimum designs 

to meet OCD requirements, (4) prepare detailed purchase specifica¬ 

tions, and (5) study and review typical types of shelters and pre¬ 

pare necessary instructions for the use of packaged ventilation units". 

IV. "Further study of the ventilation capabilities of identified shelter 

spaces be made to determine what capacity must be added to insure 

a habitable environment. If existing survey data do not provide 

such information, additional surveys will be required". 

V. "A study of the availability of well water for possible use in 

cooling shelter areas*, as well as furnishing drinking water and 

meeting sanitary requirements, be instituted". 

*According to Stanford Research Institute (Ref. 2), post-attack, in-shelter 
well construction is not feasible. 
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Items II and III.2 resulted in the development and testing of a one-man and 

a two-man pedal-driven ventilator kit (Refs. 3, and 5) as shown in Figure 1 

and described by Specification MIL-V-4o645, "Package Ventilation Kit, 20-Inch Fan, 

Modular Drive (Civil Defense)", dated 16 August 1965- This unit can be readily 

operated by most adult shelterees for periods of at least three hours each day 

with 7-.1./2 minutes rest each half-hour at pedal speeds from 45 to 62 rpm. The 

optimum power input was found to be .10 horsepower per operator. The instructions 

for this unit and other Civil Defense equipment is being studied and reviewed 

under another program by GARD (Ref. 6). This preliminary hardware development 

effort has proven the feasibility of the pedal-driven ventilator to exhaust air 

from shelters. 

The exhaust method of ventilation, as opposed to the supply method, was 

adopted for use in the mass shelter program because the least cost ventilation 

system could be designed. In this type of system, rigid ductwork and filters are 

not necessary since interior stairwells and elevators are used as the air source, 

and consequently, the stories of the building above the basement act as a settling 

chamber for fallout. When air is introduced by necessity directly into the shelter 

through exterior windows and doors, the velocity of the incoming air stream reduces 

immediately after it passes through the opening, and the particles tend to drop-out 

in the vicinity of the aperture. The vicinity of the aperture, an area of roughly 

22 square feet, has a considerable reduction in protection for either air intro¬ 

duced naturally or ai’:’ introduced at velocities up to 425 feet per minute, and 

therefore should not be used as a shelter area (Ref. 7). 

To develop confidence in a ventilating system for the NFSS basement 

shelters, and to minimize the cost for the system, an analysis of shelter 

characteristics, impeller performance, and design costs is required to 

determine the best kits and their capability- Our approach to gain this 
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confidence, and to identify the best ventilators, is shown by Lhe program 

flow diagram, Figure 2. Simply, the characteristics of a random sample 

of shelters were matched to the performance of the family of ventilators con¬ 

sidered, and by a process of elimination, the number of ventilators was reduced 

from the 636 units considered to a maximum of 28 units. Based upon purely 

engineering considerations, there should be as many different ventilation 

systems as there are different shelters, in order that each unit will operate 

at maximum efficiency and the overall cost of the system minimized. From 

inventory and human factors considerations, there should be as few types as 

possible. The number of kits to be stocked depends on considerations other 

than engineering, primarily human factors. These considerations are as follows: 

• What is the maximum diameter of the duct system allowable 

in shelters? 

• What is the maximum number of operators that can be utilized 

efficiently with each candidate ventilator? 

• What is the allowable complexity of the equipment? 

• What is the necessary instructional detail required to assure 

adequate deployment of the units, assembly of the hardware, 

fabrication of the duct system, and operation of the equipment? 

The selection of the shelter characteristics is discussed in Section 2, 

and a design, performance and cost analysis of the 636 ventilation units con¬ 

sidered is presented in Section 3* The screening procedure and selection of the 

best ventilators, based on engineering considerations only, is discussed in Sec¬ 

tion 4. Also in Section 4, predictions are presented for the National coverage, 

the number of kits required, and the cost for any combination of units up to 

seven, including the Package Ventilation Kit described by Specification MIL-V- 

4064?. The coverage predictions, both shelter-parts and shelter spaces, were 

generated by applying the results of the sample shelter analysis to the actual 

distribution of the NFSS facilities throughout the isoventilation zones for the 

50 states. 
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Figure 2 APPROACH FOR THE OPTIMIZATION ANALYSIS STUDY AND AN OPERATIONAL 
SYSTEM FOR VENTILATING THE NFSS BASEMENT SHELTERS 
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SECTION 2 

SHELTER CHARACTERISTICS 

In order to provide ventilation for identified fallout shelters throughout 

the country, a random sample of basement shelters was analyzed to determine the basic 

descriptors necessary to adequately describe the NFSS shelters. With the shelter 

descriptors and the performance characteristics of ventilators, the equipment was 

screened and thr. best units identified for further design analysis and human factors 

evaluation. The selection of the shelter characteristics is discussed in this sec¬ 

tion, and an engineering and cost analysis of the ventilator units are presented 

in Section 3- The screening procedure and selection of the best ventilators is 

discussed in Section 4. 

2.1 National Fallout Shelter Survey 

The Office of Civil Defense called on the Bureau of Census, the National Bureau 

of Standards, the Army Corps of Engineers, and the Navy Bureau of Yards and Docks 

to locate fallout shelter space in existing structures. The latter two groups, in 

turn, contracted with consulting engineers throughout the country to conduct the 

field work. The survey methods ranged from visual inspection to detailed examina¬ 

tions of building plans. A facility was considered elegible to be surveyed if it 

was estimated to provide a protection factor (PF) of at least 20 (i.e., capable of 

reducing radiation intensity inside the shelter to l/20 of that outside). 

The survey developed into Phase 1 and 2. The basic function of the first phase 

was to identify and classify potential shel^r spaces as they currently existed. 

In Phase 2, feasibility and cost estimates were made both for ventilation improve¬ 

ments and shielding modifications to increase the total number of spacer available. 

In addition, special shelters such as mines, caverns, caves, tunnels, subways, and 

underpasses were surveyed, and some of the qualified buildings were marked and 

stocked with food, sanitation kits and water containers (Refs. 9 and 10), medical 
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supplies, and radiological equipment (Refs. 11 and 12), if a licence was obtained 

from the owner by the Gov rnment. summary on the National level of all the 

NFSS facilities surveyed is presented in Table I (Ref. 13). Data recorded in 

the second National Fallout Shelter Survey are presented on DD Form 1356-I, 

dated 1 February I962 (see Figure 3). 

2.2 Ventilation Requirements 

In the "pilot-lot" distribution of the MIL-V-40645 Ventilation kits it 

was specified that the quantity of ambient air shall be sufficient to limit 

the daily average effective temperature to 82°F for all but 10 percent of 

the days of the year (90 percent adequacy). A comparison of the experimentally 

determined environmental data for below-grade shelters and the analytical 

prediction of these environmental data for a shelter model with adiabatic- 

boundary surfaces showed that the effective temperature for the analytical 

results are about 1°F higher than the experimental results, hence the en¬ 

vironment for below-grade shelter can be analytically predicted by consider¬ 

ing the results for 83°F effective temperature. Combining the analytical 

shelter model with climatological studies (Ref. 15) has produced county 

tabulations and maps for the Natioi.al ventilation air requirements (see Figure 4) 

which we have adopted for this study. These county tabulations and maps have 

some few minor variations from the Corps of Engineers Regulation No. II9O-I-2, 

dated 18 March I966, for the Packaged Ventilation Kit Surveys. 

Using the 83°F ET, 90 percent adequacy factor, air flow-county tabulations 

from the weather analysis-adiabatic model report (Ref. 16), and the county listing of 

facilities for the below-grade shelters, the distribution of shelter facilities 

in the isoventilation zones was determined for use in this equipment optimization 

study. As can be noted in Figure 5, less than 3 percent of the facilities are 
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Indicates Isoventilation Zone, cí’m per occupant 

III ■■ lili 
Figure 5 GEOGRAPHICAL DISTRIBUTION OF NFSS BASEMENT SHELTERS 
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in the zones 25 cfm per occupant or greater, and that 78 percent of the facilicies 

require 10 cfm per occupant or less. 

The tabulation shown in Table II is limited to below-grade shelters greater 

than 500 square feet (50 people at 10 square feet per person). Subways, tunnels, 

caves and mines were excluded. The number of spaces shown is the sum of the 

"existing spaces" and the "added vent, spaces" (see Figure 3» colums 16-20 and 

31-35)* Because of the lack of data for the ventilation requirements of the 

Virgin Islands, Puerto Rico, Canal Zone, American Samoa and Guam, the I98 facilities 

identified in these possessions were excluded from the tabulation. 

2.3 Random Sample of Shelters 

Although a great deal of data pertaining to the ventilation problem was 

generated in the NFSS (see Figure 3), not all of the data necessary to determine 

the ventilation equipment requirements were obtained. Such critical data as 

how the shelters are partitioned, room size, location and physical area of 

apertures in the exterior walls of the shelter, and the location of interior 

stairwells and elevator shafts (which could be used as the air supply or exhaust) 

were not provided. All of these data are required to define the shelter 

descriptors for use in the optimization study. 

To limit the number of shelters analyzed, a statistical random sample 

of I60 facilities was taken to represent the NFSS shelters. The statistical 

sample of facilities, designed and surveyed by the Research Triangle Institute 

(Ref. I?), was drawn from a universe consisting of all facilities surveyed in 

Phase 2 of the NFSS in the 216 Standard Metropolitan Statistical Areas (SMSA*) 

of the United States. The master sample consisted of four SMSA's in each of the 

0CD Regions plus the New York City, Philadelphia, Chicago, and Los Angeles areas 

*An SMSA is generally an urban county or group of counties, combined by the 

Bureau of Census for statistical purposes. 
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(see Table III). For the sub-sample to be surveyed by RTI, eight facilities 

were selected in each of two SMSA’s for each OCD region and the four cities. 

The floor plans prepared for these facilities are presented in Appendix B. 

Since entry was denied in two facilities in Seattle (no substitute facilities 

were available in the master sample), and since one San Francisco building 

(Facility No. 103) was determined to have no usable fallout shelter space, the 

sub-sample finally consisted of 157 facilities. These 157 facilities consisted 

of 175 parts; hence, the ratio of shelter-parts to facilities is 1.115. The 

significant characteristics of the random sample facilities are presented in 

Figures 6 through 8. For example, 50 percent of the shelter-parts have a 

floor area less than 4,000 square feet, and 13 percent have an area greater 

than 15,000 square feet (see Figure 6). Approximately 70 percent of the 

shelter-parts have less than 9 rooms,and less than 9 percent have more than 

20 rooms (see Figure 7). Roughly, 67 percent of the rooms have an area less 

than 5OO square feet, and only 4 percent of the rooms are larger than 4,000 

square feet (see Figure 8). The aperture location and sizes are shown on the 

floor plans (see Appendix B). 

The sampling procedure insured the selection of buildings from all 

geographic areas of the United States. Moreover, the selection of facilities 

from different areas within the sample SMSA's was guaranteed. Results of 

this sample are adequate for making estimates on the National level: however, 

RTI points out that due to the small number of buildings in each OCD region 

and the resulting relative error, Regional estimates should not be made. 

GARD agrees that the sample when broken down by facilities in each region 

or isoventilation zone (see Figure 4, page ll) is too small for accurate 

shelter sampling; however, since larger samples in each region are not 
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Table III 

Master Sample oí' SMSA's and Samnle of SMSA's Surveyed by RTI 

(from Ref. 17, p. B-l) 

PCD Region SMSA 

Rochester, New York 

Bö atou, Ma s s achus e t.t s. 

Providence, Rhode Island 

Newark, New Jersey 

Lexington, Kentucky 

Washington, D C. 

Pitta bur£iu_ .Pemsylyania_ 
Cleveland, Ohio 

Nashville, Tennessee 

Augusta^ .Georgia_ 

Birmingham, Alabama 

Tampa* Florida 

Minneapolis, Minnesota 
St. Louis, Missouri 

Detroit. Michigan_ 

Jackson, Michigan 

El .Paso* Texas_ 
San Antonio, Texas 

Dallas., .Texas_ 
Houston, Texas 

Earaa, Horth Dakota 

Surveyed by RTI 

X 

X 

_X 

_X 

X 

_X 

_X 

_X 

Kansas City, Missouri-Kansas 

Springfield. Missouri_ 
Des Moines, Iowa 

Seno, Nevada_ 
Bakersfield, California 

Sau J’raosAfiCOj .California_ 
Las Vegas, Nevada 

Seattle. Washington_ 

Tacoma, Washington 
Portland, Oregon 

Spokans^Jiashington 

...X 

,_x. 

... X 

- X 

_X 

Four Largest SMSA's 

New .YQr.k...Ci.ty* New York 

EhlLadelpIiia, Eeanpylvaoia. 
Chi c ago.*. .Ill Inois__ 
Les Angeles*. Califoynia... _ 

X 

... X 
- X 
_X 
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available^ the entire RTI sample was applied to each isoventilation zone. It 

is therefore implied that the type of construction of shelters is similar 

throughout the Unitea States, and the sample is representative of the type 

of basement shelters that exist in each isoventilation zone. These assumptions 

were necessary to provide a basis for defining the shelter descriptors to 

optimize the number and capacity of ventilation kits, and to estimate the 

total cost for the optimum ventilation kits. 

2.4 Shelter Descriptors 

Five methods of deploying ventilators were analyzed in detail using the 

157 sample floor plans presented in Appendix B. Initially, we were attempting 

to locate at least one ventilator in each room with a floor area greater than 

jOO square feet (as illustrated in Figure 9); however, it was soon determined 

that insufficient openings existed in the basement shelters to get the ducts 

out from the shelter. Assuming the entire sample of shelters to be in each of 

the 10, 20, 30, and 50 cfm per occupant isoventilation zones, it can be shown 

that 24, 44, 52, and 68 percent, respectively, of the sample shelters cannot 

be ventilated vith one or more MIL-V-40645, 20-inch impeller diameter ventila¬ 

tors in each room with an area greater than 500 square feet. The percentage 

which can be ventilated could have been increased with a series of variable 

capacity units, such that the number of units in each room would have been 

limited to one (except in those large rooms which exceed the capacity of the 

largest ventilator). However, in our analysis, this approach would not 

significantly increase the number of shelters which could be ventilated. 

The deployment approach which yielded the best coverage considered the 

shelter to be one open-area, although the partitions and arrangement of the 

rooms did define the duct system required with each ventilator. The apertures 
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RÎI Facility No. 2U (from Appendix B) 

Central Bible Institute 

Administration Building 

N. E. Grant and Norton Street 

Springfield, Missouri 

SL 61+1*1-0001 

FN 02002 

CD Dtt!^ 

scale: / 

Figure 9 ILLUSTRATION OF A KIT DEPLOYMENT METHOD WHICH REQUIRES ONE CR 
MORE VENTILATORS IN EACH LARGE ROOM 
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and their sizes were considered in the optimization program, since in the 

process of defining and analyzing ventilation systems, it was found that their 

shortage limited the number of ventilators which could be used in a shelter. 

This lack of openings resulted in designing and analyzing (performance and 

cost) larger capacity ventilators, such as the 4-, 6-, and 8-man pedal-driven 

units, and the motor-driven ventilators. The basic descriptors deduced from 

the sample shelters by this deployment approach are itemized below, and the 

physical shelter descriptors for all the RT1 sample shelters are presented in 

Appendix A. 

1. Shelter Floor Area of each shelter-part. 

NOTE: These shelter-parts are the same building story numbers 
as used during Phase 1, and also are the entries in 
Columns 13-14, Section B, of the phase 2 Data Collection 
Form (DD Form 1356-1, see Figure 3). 

2. Total Aperture Area available to the outside air, including 

windows, stairwells, and elevator shafts. 

3* Maximum Number of openings to be used for routi.ig ducts to 

non-shelter areas within the building or the outside environment. 

4. Remaining Aperture Area available for the air inlet. 

5- Average Equivalent Duct Length (EDL) for each ventilator (excluding 

the pseudo-EDL resulting from an additional pressure-drop caused 

by a high air flow rate through the apertures allocated for the 

inlet air (see Section 3.2 and Equation 16 ) • 

Shelter Floor Area -- Using the total floor area for each shelter-part results 

generally in a significant reduction in the total number of ventilation kits 

required. For example, Facility No. 24, using the open-area concept, results 

in two units (see Figure 10), as compared to a minimum of six ventilatoi s for 

GENERAL AMERICAN RESEARCH DIVISION 

22 



RTI Facility No. 24 (from Appendix B) 

Central Bible Institute 

Administration Building 

N. E. Grant and Horton Street 

Springfield, Missouri 

SL 6441-0001 

FN 0200? 

® v/tK/Z}C*/ 42> ' r "24 X £>i// 

SC.fi LE. / "¡= 2<5 '-o 

Figure 10 KIT DEPLOYMENT METHOD BASED ON THE OPEN-AREA APPROACH 
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the initial method. (Note: The selection of the two ventilation kits for 

this shelter is a result of the optimization study when the air requirement 

is 10 cfm per occupant.) Using the open-area method allocates more aperture 

area for getting the air into the shelter, if the aperture area is insufficient, 

larger capacity ventilators would be selected to reduce the number of units re¬ 

quired and consequently increase the aperture area available for the inlet air. 

Apertures -- The apertures to non-shelter areas of the facility and to the 

outside environment are a most significant parameter, since their location, 

availability and size generally will control the selection of equipment. In 

most cases, stairwells and elevator shafts offer the best access to ventilation 

air and a means of exhausting the air. Stairwells and elevator shaft doors 

were assumed in all cases to have an area of 20 square feet. An escalator was 

always considered for use as an air source (see Facility No. 16, Appendix B), 

unless it was the only aperture to the shelter area. Ir che case of escalators, 

the cross-sectional area as measured was used in the data take-off >om the 

floor plans. The aperture areas of garage doors (see Facility No. 11, 

Appendix B), double doors, ramps, windows, and others were as scheduled on 

the floor plans. Since the smallest doors in the outside walls of educational, 

government and public service, commercial, and industrial buildings are 

3 -0 by 6'-8", it was assumed that the largest duct which can pass through 

or be attached is 36 inches in diameter. 

Maximum Number of Ventilators -- As the first approximation in the optimization 

program, it was assumed that, at least one-half of the total aperture area is 

used for getting the air into the shelter, unless this geometrically is not 

feasible, and the remaining area is available for the exhaust ducts of the 

2h 
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ventilation equipment. After selecting which openings should be used for the 

ventilation equipment (actual floor plan layout required), the following guide¬ 

lines were used to determine the maximum number of units which may be placed 

in the shelter. 

1. Two units per door, stairwell, or elevator shaft (see Figure ll). 

2. One unit per window or opening if the minimum size is 36 inches by 

36 inches (see Figure 12) and the horizontal dimension is less than 

72 inches. 

3. For garage doors, ramps, and other large openings, one unit high 

only and spaced on 3-foot centers. 

When a facility has shelter space on more than one story, it is important 

that the same stairwells and elevator shaft be used for either supply air or 

exhaust air. As illustrated b. Figure 13, which is Facility No. 89 of 

Appendix B, this can present a serious problem in getting this idea across 

in the shelteree instruction manual. 

If the capacity of each ventilator is to be determined considering the 

pressure drop of the inlet air, it would be necessary to assign a certain 

portion of this loss to each ventilator. To attempt to allocate this pressure 

loss amongst the ventilators would necessitate arbitrarily defining areas 

about each ventilator which would receive air only from certain openings. 

This would imply that there is no mixing of the air supplied to the ventilator 

from different openings in the shelter. However, since for ventilation 

purposes, a shelter has been defined as one room or a contiguous group of 

rooms, it is obvious that mixing of inlet air does occur. Therefore the 

overall pressure loss due to lack of openings in the exterior walls is 

assumed to be the same for each ventilator in the shelter. It is also 
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Figure 11 ILLUSTRATION OF ATTACHING TWO VENTILATORS TO A DOOR 
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RTI Facility No. 89.-2 

SCALE r « 
(F T) 0,9X0 

Public Safety Building (5 Parts) 
610-22 3rd Avenue 

Seattle, Washington 

SL 852I-OO6I 
FN OI572 

NOTE: This is the second suo-basement of a facility which has lb stories. 
The four stairwells, nine elevator shafts, and two ramps which can 
■be used for either the supply or exhaust óf the ventilation air eure 
shown shaded. 

Figure 13 FACILITY NO. 89 -- ILLUSTRATION OF THE COMPLEXITY WHEN USING 
ELEVATOR SHAFTS OR STAIRWELLS AT EACH STORY LEVEL FOR EITHER 
THE SUPPLY OR EXHAUST AIR 
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assumed that no pressure losses result when the air flows through the shelter. 

Intentional holes in the interior partitions would, in addition to giving 

good air distribution, minimize any internal system pressure losses. 

If placing holes in partitions is not feasible, the units should be 

located in the larger rooms of the shelter; however, this approach in the 

majority of cases will result in a very ineffective air distribution system 

and a decrease in ventilation air because of the increased pressure drop due 

to the restricted flow throughout the shelter. A study (Ref. 18) showed that 

the minimum spread of effective temperature will result if the rooms are in 

series, as compared to a random orientation of the rooms (see Figure l4). 

Analysis of the interior partition data in the sample survey showed them to 

be of light construction. Consequently, holes could easily be made with a 

3-pound hammer. 

Wien optimizing the equipment (see Section 4), the number of ventilators 

was decreased by one from the maximum allowable to one. The solution was 

chosen from equipment ranging from 11 inches to 36 inches diameter, which 

resulted in the minimum cost ventilation system. Since most system layouts 

in the sample shelters use doors, stairwells, and elevator shafts (see 

Appendix B),the aperture area associated with the inlet air was increased 

by 20 square feet every time the number of ventilators in the optimization 

program was reduced by two ventilators. 

Duct Systems -- The location of ventilator units within each shelter is 

important from the standpoint of air distribution and ventilator perform¬ 

ance. The location of units in the sample shelters was chosen such that 

the best air distribution could be obtained using the shortest duct system. 
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Figure 14 VENTILATION PATTERNS IN COMPARTMENTED SHELTERS 
(Figures as noted from Ref. 18) 
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This was done because long duct systems are difficult to implement and the 

pressure drop associated with the duct friction could increase the number of 

units necessary to ventilate the shelter. Whenever possible, the ventilators 

were located so that they would exhaust directly through an opening in the 

exterior wall (e.’e Figures 1, 11 and 12). Existing openings and/or intention¬ 

ally placed holes in the partitions were used to distribute the air. Where 

possible, elevator shafts and windows were used for the exhaust ducts from 

the ventilators, rather than relying on the doors and stairwells. 

The equivalent duct length (EDL) for each ventilator is the straight 

length of duct plus the equivalent length of any elbows used (see L* etion 3-2). 

Ducts which go directly from a ventilator are considered to have an EDL of 

two feet (see Figure 1, page 3). Ducts which go directly from a ventilator 

to an elevated opening (such as windows) require 20 feet of straight duct 

and two 45° elbows (see Figure 12, page 27). Ducts which go from one floor 

to another have 20 ^eet of straight duct and either a 45° or 90° elbow at 

each end (see Figure 15). Ducts which go through openings which are large 

enough to be used both as an air source and exhaust must be extended at 

least 35 feet from the openings to prevent recirculation of the exhaust 

air (see Figure 10, page23)- 

After deploying the maximum number of ventilators (see Shelter Descriptor 

Data, Appendix A)on the sample floor plans and laying out the duct systems, 

it was found that in 83 percent of the shelters the difference between the 

largest and shortest EDL was 50 feet or less. Of the remaining 1? percent, 

none have minimum-to-maximum difference greater than 3OO feet. The average 

minimum-maximum difference in these remaining shelters is less than I50 feet. 

This large difference generally occurs because one or two ducts are much 
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longer or shorter than the rest. In fact, if the two ducts which deviate most 

from the average in each of these remaining shelters are deleted, only 2 percent 

of the shelters have a min-max EDL difference greater than 50 feet and none 

exceed I50 feet. Because the EDL's of the individual ventilators in each 

shelter vary only a small amount from their average, it is convenient to use 

this average equivalent duct length as the system characteristic for each 

ventilator from the maximum number of ventilators considered to the minimum 

possible of one. This feature was used in our equipment selection program, 

and can be effectively used in an equipment selection computer data processing 

system, since the effort required to obtain each ventilator duct system is 

minimized. 

Figure 15 ILLUSTRATION OF TWO 20-INCH DIAMETER DUCTS 

ROUTED THROUGH A STAIRWELL 
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SECTION 3 

EQUIPMENT PERFORMANCE 

In Section 2 the random sample of shelters was analyzed to define the 

necessary parameters or descriptors that define their ventilation system 

characteristics, and these characteristics were assumed to be representative 

of the NESS basement shelters. This section presents the ventilator designs 

considered, the cost analysis for each design, and the performance characteris¬ 

tics of each impeller. The initial reduction or screening, based on high kit 

cost and low or marginal impeller performance, from the 636 ventilators con¬ 

sidered to the best 28 units is also presented in this section. Section 4 

presents an analysis of the remaining high performing and economical units, 

and predictions on the National level for the best seven kits are presented. 

3.1 Impellers 

Impellers are cataloged by constant speed curves for static pressure and 

brake horsepower as a function of flow rate. Since manually-driven fans have 

a limited capability to move air, as compared to a motor-driven unit, it is 

economically necessary to operate the shelter ventilator units at a variable 

speed such that the maximum air flow for a fixed system can be attained. 

This maximum air flow occurs at the maximum sustained power output capability 

of the operators. Based on previous human factors studies (Ref. 4), this 

maximum capability is 0.10 horsepower at the fan shaft for a mechanical system 

with an efficiency greater than 90 percent. 

For our systems analysis, it was necessary to reduce the empirical 

catalog data into analytical expressions which are readily adaptable to 

digital computer manipulations. This was accomplished by using the following 

fan law (Ref. 19: Fixed Fan Size, Constant System, Constant Air Density) 
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relationships to obtain the desired constant horsepower operating points, 

N, 

N, 

0., 
c. 

V 1 

H, 

H2 
/ 

¿\ 

(D 

(2) 

(3) 

where: 

0 = air flow, CFM 

P = static pressure, inches W.G. 

H = horsepower 

N = impeller speed, rpm 

and by fitting the data to the following polynomial expressions by applying 

the least squares curve fitting technique. The "i"'s indicate the impeller 

being analyzed, and the "A'"s and "B"'s are the fitted coefficients for the 

polynomial expressions . 

Pi “ Ali + A2i^i + A3i^i (^) 

Ni = Bli + B2i^i + B3ifti (5) 

For our designs, as discussed in Section 3-3, we considered using both 

"Modular" and "Unitary" equipment. The modular equipment was designed with 

a two-step chain and sprocket transmission for operation at 0.1, 0.2, 0.4, 

0.6 and 0.8 brake horsepower or 1 through 8 operators. For the I89 impellers 

analyzed, this resulted in 589 candidate designs. To these 589 two-step 

designs were added 34 single-step units ranging in diameter from 26 inches 

through 36 inches (see Figure I?, page 43). Based on earlier transmission 

3^ 
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tests on the ?G-inch diameter MIL-V-40645 unit, it was assumed for all 

designs that the transmission efficiencies would exceed 90 percent (Ref. 3» 

page 63). Also, to establish a designs' cost (see Section 3-3)> it was 

assumed in the case of the two-step modular units and the single-step unitary- 

units that the sprocket ratio was 20 to 1 and 5 to 1, respectively. For the 

final ventilator designs, the sprocket ratio of each unit must be such that 

the pedal speed range is from 45 to 63 rpm throughout the air flow-static 

pressure operating range of the unit. Slight variations to the 20/l and 5/I 

sprocket ratios are tolerable as long as the costs usee in this optimization 

study are not significantly upset. 

In an attempt to reduce the costs for ventilating the smaller shelters 

requiring less than I8OO cfm, six hand-cranked blowers (see Figure 22, page 54) 

were added for consideration to the family of pedal-driven units. If the 

frequency of utilization of these units in the NFSS shelters is high, the cost 

of the total ventilating system would be reduced significantly. Comparing the 

present MIL-V-40645 20-inch diameter unit to a blower unit results in reducing 

the per-capita cost of a 50 space shelter from $3.10 to less than $0.50. The 

physiological criteria for people to develop power with their arm(s) are not 

as well established as for cycling, therefore it was assumed that O.O8 brake 

horsepower is available at the fan shaft. After performing a literature 

search, it appears that this value is high. According to Krendel (Ref. 20), 

O.O3 horsepower can be expected from a hand-crank device for periods longer 

than 10 minutes, and for 30 seconds, less than O.07 horsepower can be develjped 

(see Figure l6). As will be shown in Section 4.4, the hand-cranked blower 

did not survive, not even at this high capacity rating. Therefore, for this 
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study we did not downgrade its performance to a rating which the operators were 

more likely to maintain. 

Figure 16 POWER GENERATED IN HAND-CRANKING AS INFLUENCED BY 

SUBJECT'S EXPECTATION OF TASK LENGTH (Source: Ref. 20) 

As the performance characteristics of the manually-driven units were 

matched to the system characteristics of the sample shelters, the require¬ 

ment for large capacity units became evident. Therefore, in addition to 

t.,.'. manually-driven ventilators, motor-driven ventilators were considered 

(see Figure 2k, page 59). Available commercial data for fan-motor ventila¬ 

tors were studied and seven fan-motor sets were chosen having impeller sizes 

from 18 inches through 36 inches in diameter, and free air capacities up to 

24,000 cfm at a nominal motor rating of 5 horsepower. 

Although this study was entirely computerized, the fitted coefficients 

for the constant horsepower performance curves, Equation 4, are on-file in 

Appendix C for the 623 pedal-driven units and the 6 hand-cranked blowers. 
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Also presented are the coefficients for the seven motor-driven impellers. These 

performance curves are for a nominal 1750 rpm motor. The actual impeller speed 

varies slightly and depends on the specific motor design (slip), and the load 

on the motor. The propeller and blower performance data were obtained from 

The Torrington Manufacturing Company, and tne motor-driven ventilator data was 

furnished by the Aerovent Fan Company. If a manufacturer (such as the Brookside 

Corporation, Revcor, Incorporated, and the Meier Division of the Lau Blower 

Company) has an impeller which meets the minimum performance requirements for 

the same physical size specified (based on the optimization study), the Quality 

Assurance Provisions of the Specifications would allow substitution based on a 

qualification test of the impeller. 

3.2 Plastic Ducting 

The ventilator exhausts air through flexible plastic ducting deployed 

throughout the shelter and out appropriate apertures. Friction losses are 

manifested as pressure loss experienced by the air as it flows through the 

length of plastic ducting, and power is expended in moving air through the 

ducting against friction. Elbows as well as straight lengths of duct contri¬ 

bute to pressure loss in the ducting system. However, the pressure loss 

through an elbow may be expressed in terms of the pressure loss through an 

equivalent length of straight duct. Therefore, duct performance is expressed 

in terms of a static pressure loss that is a function of air flow rate and 

equivalent duct length (EDL). 

Tests were conducted by GARD (Ref. 21 ) to determine the pressure drop 

characteristics of 20-inch diameter, 4-mil thick, polyethylene tubing and 

both factory- and shelter-fabricated 90° elbows. Fully inflated 2C-inch 

diameter plastic duct was found to have about three-quarters of the pressure 
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drop of sheet metal duct However, the last 50 feet of a plastic duct system 

which is not completely inflated has l-l/? to 3 times the pressure drop per foot 

of fully inflated plastic tubing. Test data for straight duct for lengths from 

50 to 450 feet were analyzed and correlated by the expression: 

A? 20 I.915 X 10 
-6 1.349 

Q J 7 + O.OÍO96 L. . 1 
50 Q 

,1.833 (6) 

where: 

Ap90 = static pressure drop in 20" diameter ducting, inches W.G. 

Q = air flow, SOFM 

L = duct length (for 50 feet or longer), feet 

The equivalent duct length of any p istic tubing system can be determined 

by aoding the total length of straight 'ing plus the number of elbows multi¬ 

plied by their respective equivalent duct length. It was determined that the 

factory-fabricated 900 elbow was equivalent to 50 feet of straight duct and 

the shelter-fabricated 900 elbow was equivalent to 90 feet of duct. Therefore, 

the equivalent duct length in a system becomes: 

EDL = L + 50 Nf + 90 Ng (7) 

where: 

EDL = equivalent duct length of the system, feet 

L = length of straight duct in the system, feet 

Nf = number of factory-fabricated elbows in the system 

Ng = number of shelter-fabricated elbows in the system 

Applying the equivalent duct concept to the duct friction equation yields 

the pressure drop in the system as: 

AP20 = I.915 X 10'6 Q 
1.349 

+ 0.01096 [ -1 
50 Q 

1.833 (8) 
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In developing the analysis, it was necessary to extend the considerations 

to all size fans ranging from 16-inch to 36-inch diameter. Since the detailed 

friction loss has only been measured for the 20-inch diameter duct, these 

results were scaled to estimate the pressure drop for other diameters. In 

turbulent flow, the pressure drop in a duct varies as (Ref. 22): 

AP 

where : 

AP 

L 

V 

D 

L V ,2-n 

D 
(9) TTï-n 

pressure drop, inches W.G. 

length of duct, feet 

velocity, fpm 

diameter, inches 

n = roughness coefficient 

For a constant cross-sectional area, the air flow rate, Q, is proportional 

to the velocity, V, so that is is assumed: 

2-n 

AP ~ 7171^ (10) 
D 

Thus, by equating the exponent (2-n) from equation (lO) to the exponent I.833 

of equation (8), the roughness coefficient, n, may be computed as: 

[2-n] = I.833 or n = O.I67 

It may be noted that computing the roughness factor in this manner ignores 

the effect of the last 50 feet of ducting as far as its effect upon the 

roughness factor. Furthermore, since equation (8) is an experimental 

correlation for 20-inch diameter duct, the static pressure is approximated 

for other duct diameters by scaling as: 

Ap, 
20 

AP- 
Pj 
20 

1.4-0.16? D 
20 

1.P33 

(11) 

GENERAL AMERICAN RESEARCH DIVISION 

39 



Thus, the static pressure of any diameter ducting may be approximated by: 

V'3k9 +0.01096 

(12) 

This relationship is being verified by tests under another program by GKRD 

(Ref. 23). 

The overall pressure loss due to intake openings remains to be attributed 

to the performance of the ventilator. Thus far, the pressure effects due to 

straight ducts and elbows have been treated using the concept of equivalent 

duct length (EDL). The ventilator must overcome the pressure losses due to 

the air intake, as well as that caused by the duct system. An intake aperture 

in a shelter acts as a restriction to atmospheric air much like an orifice. 

Experimental investigations of pressure changes and of pressure losses at the 

abrupt change in area of the aperture indicate that the excess pressure loss 

over the normal friction loss is a dynamic one, due to a faster stream 

expanding into a slower stream as determined by the areas occupied by the 

flow. No perceptible dynamic loss is due to the converging of the air stream 

itself where the flow is contracted, but the air stream continues to converge 

beyond the edge of the aperture and reaches a minimum at the vena contracta. 

At the aperture, therefore, the dynamic loss is caused by expansion from the 

vena contracta to the full area following the contraction. The loss at the 

aperture can be expressed as : 

AP 

where : 

AP = dynamic pressure loss due to the aperture, inches W.G. 
CL 

V = velocity of the air through the aperture, fpm 
a 

C = loss coefficient 
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For small cross-section apertures relative to the shelter cross-section, the 

aperture entrances have been considered as a square orifice, thus leading to 

a loss coefficient of 2.5 (Ref. 24). Therefore, the aperture dynamic pressure 

loss is computed as follows; 

A Pa 2.5 (14) 

and the velocity of air through the aperture can be computed by the following 

relationship: 

%! 

\ * r (l5> 

where : 

= total air flow rate for the entire shelter-part, CFM 

A = cross-sectional area of the air source apertures, square feet 

Thus, the pressure drop attributed to each ventilator is the sum of the friction 

and dynamic pressure, i.e., 

A = A P„ AP. 
a (16) 

or 

AP. 1.915 X 10~6 

(D/20)1,233 

1 í4q 
Q + O.OIO96 EDL 

50 

,1.833 
♦ 2.5 

V 
a 

ÏÏ005 

"I?)' 

-)2 

3.3 Ventilator Designs and Cost Analysis 

This section presents the designs for use with the impellers considered 

feasible in Section 3-1. As indicated earlier, the hand-cranked centrifugal 

blowers were introduced to determine in the elimination process if this type 

of equipment is feasible. Also, the power units were added to determine if 

these units would significantly increase the number of shelters which can be 
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adequately ventilated. These designs were cost analyzed and in the elimination 

or screening process, Section b, the least cost ventilating systems were chosen. 

3.3.I Pedal-Driven Ventilators 

Propeller fans from 16 to 36 inches in diameter were considered for pedal- 

driven ventilator designs, driven by one, two, four, six and eight people. 

Two designs of one-man units evolved from the optimization analysis. One 

design has a single speed step-up sprocket-and-chain transmission, and the other 

one-man unit design has a two-step sprocket-and-chain transmission. The two, 

four, six, and eight man designs have a two-step sprocket-and-chain transmission, 

and the drive-modules are in tandem with respect to the fan assembly. 

The single-step transmission one-man design, called herein the "Unitary 

Ventilator", is applicable for fan diameters 30 inches and greater (see Figure I?) 

and is packaged within one carton. With the use of the Unitary Ventilator, the 

only assembly required within the shelter is that of assembling the duct system. 

The two-step speed increase transmission one-man design, known as the "Non- 

Modular Ventilator", is applicable for fan diameters up to and including 28 

inches (see Figure l8). The design is based on the 20-inch diameter Package 

Ventilation Kit as described by Specification MIL-V-40645 (Ref. 3)- In order 

to minimize costs, design simplifications were implemented based on GARD's 

previous experience with this unit. In addition to deleting the motox the 

drive-assembly frame has been redesigned to consist of two drawn steel 

stampings which are resistance-welded together. Also, the crank assembly 

includes one sprocket, rather than the riveted assembly of two sorockets 

which is required for the modular designs. Since the unit is non-modular, 

the components are packaged in one container; thus the packaging costs are 

significantly decreased. The unit was designed as two assemblies so that the 
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storage volume of the kit would be minimized. One-half inch pitch "bicycle 

chain" is suitable for use in the non-modular design, and was selected because 

of the lower cost advantage it offers over the 3/8-inch pitch, ASA No. 35 chain 

used in the MIL-V-40645 PVK. 

The "Modular" designs are basically the same as the MIL-V-40645 PVK. The 

unit has been redesigned so that cost economies could be realized wherever 

possible. The drive modules are intended to be added tandemly, and intermediate 

supports are to be added wherever rsquired tor the four, six, and eight-man units. 

A substantial cost reduction was realized by deleting the electric motor and 

power cord, and by using a narrower tubular spine to permit simplification of 

the pedal and sprocket assembly. As mentioned earlier, using l/2-inch pitch 

chain, rather than 3/8-inch pitch ASA No. 35 chain, will afford another cost 

reduction. By replacing the molded polystyrene foam inserts with fiberboard 

spacers and an interior single-wall fiberboard container, the packaging costs 

would be reduced. All design changes have been reflected in the cost analysis. 

The costs of a 20-inch and 30-inch diameter fan assembly for use with 

2, 4, 6, and 8 drive-modules were determined in detail as shown in Table IV, 

and the cost of the other diameter fan assemblies was determined by linearly 

interpolating, and the results are summarized in Table V. The fan assembly 

TABLE V 

FAN ASSEMBLY COSTS FOR THE MODULAR UNITS 

Fan Diameter, inches 

16 18 20 22 24 26 28 30 36 

$29 $33 $37* $4l $45 $48 $52 $56* $68 

*Cost based on detailed analysis in Table IV. 
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TABLE IV 

COST ANALYSIS OF THE FAN ASSEMBLY FOR THE MOEULAR VENTILATORS 

Fan Diameter 20-Inch 

Purchased Parts & Materials: 

Fan 
Shroud, Aluminum 
Guard 
Chains 

Sprockets 

Bearings 
Fasteners 
Locating Pin 
Stand 
Material & Tooling 

finishing: 

Frame & Sprocket 
Stand 

Accessories: 

Elbow 
Duct, 10 ft. 
Duct Adaptor 
Tape, 36 yds. 
Scissors 
Lubricant 
Hammer, 3 lb. 
Wrench, 9/I6" 

Blacksmith 

Packaging: 

Inner Box 
Vapor Barrier Bag 
Exterior Carton 
Duct Boxes & Dunnage 

Labor: 

Arc Welding 
Machining 
Forming 
Spot & Projection Wldg. 
Assembly 
Rear Stand 

Labor Overhead 

Sub-Total 

General A Administrative 
Services (¾¾) 

Sub-Total 

Profit: 

Total 

$ 15.16 

1.20 
0.30 

1.28 
0.28 
0.79 
1.20 
0.17 
O.03 
2.00 
1.00 

2.O9 
1.75 
O.87 
O.8I 

I. 23 
O.O9 
0.25 
0.37 
0.42 
J. 29 

I.50 

6.75 

5.52 

2.65 

_k22 

i 32.91 

2.63 

$ 35.54 

1.46 

30-Inch 

5.82 
4.95 
2.56 
1.48 
O.92 
1.40 
0.42 
0.60 
0.22 
0.22 
0.65 
2.93 

I.70 
O.5O 

2.88 
0.42 
0.9I 
1.20 
0.17 
0.03 
2.00 
1.00 

4.04 
5.44 
I.80 
O.92 

1.23 
0.09 
0.25 
0.37 
0.42 
O.29 

$ 22.17 

2.20 

8.61 

12.20 

2.65 

$ 49.16 

3.93 

$ 53.09 

_2*21 

£^00 
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package includes the accessories as noted and the variable height rear support 

stand The drive-module for use with these fan assemblies is estimated to cost 

$27.00 (see Table VI). To determine the cost of a 2-, 4-, 6-, and 8-man unit, 

the fixed module cost was added to the variable fan assembly costs. The costs 

of the Modular Units are summarized in Table XI, page 62. During the design of 

the 4-man, 36-inch diameter unit, the kit essentially consisted of (l) the fan 

assembly, and (2) the drive assembly as shown in Figure I9. It is assumed the 

cost for the fan assembly package would not exceed $68, and the drive assembly 

package would cost approximately $108. The cost for this kit, as well as all 

other kits, must be roughly the same as estimated in our analysis for the results 

of the optimization study to be legitimate. 

Table VII presents the detailed cost analysis of a 20-inch diameter two- 

piece, one-man unit (Non-Modular Design) and a 30-inch diameter integral 

Unitary unit. The costs for intermediate sizes were determined by linear 

interpolation for a rate of cost variation equivalent to the modular units. 

These costs are summarized in Table XI, page 62. 

3-3-2 Hand-Crank Blowers 

To decrease the cost of ventilation for the smaller shelters, a series 
t 

of blowers equipped with a commercially manufactured gear transmission was 

roughly cost analyzed, and the schedule in Table VIII, page 52 was used in 

the first and second screening of the ventilator designs as described in 

Section 3.4. During the preliminary screening of ventilators, this transmirsion, 

which consisted of a spur gear and pinion enclosed in a cast iron housing (see 

Figure 20), was evaluated and it was found that the mechanical efficiency of the 

transmission was low. The low efficiency was due to interference in the mating ex', 

the gears stemming from poor machining, and to the lack of good bearings. In 
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TABLE VI 

COST ANALYSIS OF THE DRIVE-MODULE FOR THE MODULAR VENTILATORS 

Purchased Parts & Materials: 

Chain 
Sprockets 

Bearings 
Fasteners 
Saddle & Hardware 
Pedals 
Crank 
Locating Pin 
Material & Tooling 

Finishing: 

Handle-bar 
Seat Post 
Sprocket 
Pin 
Frame 

Packaging: 

Inner Box 
Vapor Barrier Bag 
Outer Container 
Duct Boxes & Dunnage 

Labor: 

2.30 
O.96 
O.92 
O.63 
O.05 
1.02 
0.46 
1.40 
0.22 
3.61 

0.35 
0.15 
O.7O 
O.03 
I.90 

1.24 
1.42 
0.4? 
O.85 

Arc Welding 
Machining 
Forming 
Spot & Projection Welding 
Assembly 

2.5O 
0.33 
0.26 
0.02 
0.44 

Labor Overhead (50it): 

Sub-Total 

$ 11.57 

3.13 

3.98 

3-55 

1.77 

$ 24.00 

General & Administrative 
Services (8%): 

Sub-Total 

Profit: 

Total 

$ 25.92 

OKNCKAL AMERICAN RESEARCH DIVISION 



4 

F
i
g
u
r
e
 
1
9
 
F
O
U
R
-
M
A
N
 
M
O
D
U
I
A
R
 
V
E
N
T
I
L
A
T
O
R
 
C
O
N
C
E
P
T
 



table vii 

COST ANALYSIS OF THE NON-MODULAR AND UNITARY VENTILATORS 

Ventilator Design 

Fan Diameter 

Purchased Parts A Materials: 

Fan 
Shroud, Aluminum 
Ouard 
Chains 

Sprockets 

Bearings 

Fasteners 
Saddle & Hardware 
Pedals 
Crank 
Locating Pin 
Material & Tooling 

Non-Moduiar 

20-Inch 

Finishing: 

Frame & Sprocket 
Handle-bar 
Seat Post 
Stand 

Accessories: 

Elbow 
Duct, 10 ft. 
Duct Adaptor 
Tape, 36 yds. 
Scissors 
Lubricant 
Hammer, 3 lb. blacksmith 
Wrench, 9/16" 

Packaging: 

Inner Box 
Vapor Barrier Bag 
Outer Container 
Duct Boxes A Lwnnage 

Labor: 

Arc Welding 
Machining 
Forming 
Spot A Projection 

Welding 
Assembly 

Labor Overhead (50^): 

Sub-Total 

General A Administrative 
-S'TrtcTnWT:- 

Profit: 

Sub-Total 

Total 

$ 21.69 

3.28 
2.20 
l.lU 
1.51 
1.49 
1.49 
0.42 
O.90 
0.60 
O.63 
0.18 
1.02 
0.46 
1.40 
0.22 
4.75 

3.40 
0.35 
0.15 
0.30 

4.20 

6.75 

1.28 

0.28 
0.79 
1.20 

O.17 
0.03 
2.00 
1.00 

2.O9 
1.75 
0.87 
0.81 

1.23 
0.24 
0.60 
0.72 

I.03 

5.52 

3.82 

$ 43.69 

_1¿1 

$ 47.40 

1.60 

$ 49.00 

Unitary 

30-Inch 

5.82 
4.95 
1.71 

3.82 

0.42 
2.56 

0.60 
O.63 
0.47 
1.02 
0.46 
1.40 

7.92 

2.25 

0.15 
0.30 

2.Ó8 
0.42 
1.78 
1.20 
0.17 
O.O3 
2.00 
1.00 

3.9I 
1.71 
1.56 
0.65 

4.00 
0.20 
0.28 

1.25 

$ 31.78 

2.70 

9.48 

7.83 

5.73 

2.87 

$ 60.39 

4.83 

$ 65.22 

1.78 

t 67.00 

50 
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this design, the shafts bear directly on the cast iron of the housing. Since 

power losses vere excessive for this transmission, it was eliminated from 

further consideration. Other production gear-drive transmissions were evalu¬ 

ated and were eliminated either due to excessive size, cost or an inappropriate 

TABLE VÏII 

PRELIMINARY COST ANALYSIS OF BLOWERS 

Blower Size: 

Wheel Diameter, inches 

Wheel Width, inches 
9 

7 

9 

9 

1 10 
8 

10 

10 

12 
9 

12 

12 

Outlet Size: 

Height, inchtc 

Width, inches 
10.25 

9.19 
10.25 

II.8I 
II.38 
IO.50 

11.38 
13.12 

13.44 

12.25 

13.44 

15.62 

Duct Diameter, inches 11 13 13 14 15 16 

Cost of the Kit, dollars 

(see note) 
22.59 22.96 23.69 24.33 29.36 29.88 

NOTE: Includes blower, commercially manufactured gear transmission 

protective finish, labor, accessories (one elbow, tape, seis 
packaging, overhead, and profit. 

) 

sors ), 

gear ratio. Also considered for this application were a pulley and timing 

belt system, and a chain and sprocket transmission. The timing belt trans¬ 

mission is especially well suited for an open, hand-crank drive. However, 

because of the lower price of the chain-drive components, the latter type 

of transmission was favored. A two-step speed increase chain transmission 

having an overall ratio of 8.O/1 was therefore designed (see Figure 21), 

and built for a 12-inch diameter blower as illustrated in Figure 22. In 

order to minimize power losses in the transmission, ground needle bearings 

were used in the sprocket hubs and the crank handle. The blower has a double 

inlet air intake and requires a 16-inch diameter duct system. 
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After the first screening of the ventilators, in which these blower 

performance characteristics were evaluated, all units were eliminated except 

the blower with the 12-inch by 12-inch wheel (see Section Therefore, 

the cost of this unit was analysed in detail (see Table IX), primarily to 

reflect the increased cost of the transmission, and this cost was used in the 

optimization program described in Section 4. The estimated cost of the 12- 

inch diameter blower kit is $41.00. 

3.3.3 Power-Driven Ventilators 

Propeller-type impeller ventilators driven directly by 220 volt, 3-phase> 

60-cycle motors, in nominal sizes of 1/3, l/2, 1, 1-1/2, 2, 3> and 5 horse¬ 

power (see Figure 23) have been included in the optimization study, and the 

costs as scheduled in Table X were used. To insure the functioning of the 

ventilators, an engine-generator set is included in the ventilation system as 

illustrated in Figure 24. The generator is located outside the shelter so that 

no ventilation air would be used for combustion, toxic exhaust gases would be 

external to the shelter, and the noise in the shelter due to the engine would be 

attenuated. It is assumed that 200 feet of electrical cable would be required 

for each engine-generator set. 

According to a recent study (Ref. 25), "the standard engine-generator 

set with a heavy-duty, four-stroke-cycle, internal combustion engine and a 

wound-rotor, rotating-armature, air-cooled generator is satisfactory for 

many shelter applications (10-year storage followed by operation)". Accord¬ 

ing to the same report, the proper method of "storage" consists of weekly 

operation for one-half hour at part-load. Possible fuels for reciprocating 

spark-ignition engines are natural gas, gasoline, and LP gas. The cost analysis 

does not include the piping system for the use of natural gas, or the container 
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TABLE IX 

COST ANALYSIS OF THE HAND-CRANK. BLOWER 

BLOWER SIZE: 
Wheel Diameter, inches 
Wheel Width, inches 

12 
12 

Duct Diameter, inch 16 

Purchased Parts A Material: $ 22.85 

Fan 
Fasteners 
Transmission 

Finishing: 

Accessories: 

12.70 
0.15 

10.00 

2.00 

4.96 

Elbow 
Duct, 10 ft. 
Duct Adaptor 
Tape 
Scissors 
Lubricant 
Hammer, 3 lb. black¬ 

smith 

O.82 
0.23 
0.5I 
1.20 
0.17 
O.03 
2.00 

Packaging (Method IA-IU 
Per MIL-P-II6): 

Inner Container 
Vapor Barrier 
Exterior Box 

Labor (0.5 hrs 9 $2.50/hr): 

Labor Overhead (50^): 

Sub-Total 

4.77 

2.00 
2.06 
O.7I 

General & Administrative 
Services (8%): 

1.25 

0.63 

36.46 

Sub-Total 

Profit : 

Total 
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Figure 23 5-HP, 36-INCH DIAMETER, POWER VENTILATOR CONCEPT 
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and fue] for the storage of gasoline or LP gas. We feel gasoline can be 

obtained by siphoning from automobiles and the storage tanks at the local gas 

stations. Protective measures should be taken when leaving the shelter for 

any task as outlined in the "Handbook For Radiological Monitors" (Ref. 26). 

Further research is required to determine the minimum requirements for stowing 

engine-generator sets, and how often the units should be exercised. 

The selection of the engine-generators in Table X was made from production 

units of three manufacturers of industrial units. The gasoline engines in the 

engine-generator sets are four-cycle, air-cooled, and have cast iron cylinder 

blocks with either one or two cylinders. These engines are on the Qualified 

Products List and are described by Specification MIL-E-11275 D, "Engines, 

Gasolines, Industrial Type". The engines have a minimum life of 500 hours 

operating continuously at rated load, and were matched to the locked rotor 

(LR) or starting current of the ventilator motors. As noted, the kilowatt 

capacity of the generators selected greatly exceed the operating power require¬ 

ments of the ventilators. For example, the 27-inch diameter ventilator equipped 

with a 1-horsepower motor requires 23 amperes (LR) or 8.8 kilovolt-amperes to 

start the ventilator. While only 700 watts are required to operate the ven¬ 

tilator without any duct system, a 3000 watt generator driven by a 7-horsepower 

engine is required to start the ventilator. 

In estimating the cosí of each power-driven ventilator, the cost of the 

engine-generator set is pro-rated according to the operating power require¬ 

ments of the ventilator motor. The excess power capability of the generator 

set can be consumed by the shelter lighting system and other accessories, such 

as a radio for communications, a battery charger for the radiological equip¬ 

ment, or heating. 
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3-3-^ Summary of Costs 

A summary of the design costs used in the optimization analysis, es dis¬ 

cussed in Section 4, is presented in Table XI. In the optimization analysis, 

the length of straight plastic duct was considered a parameter, since the 

length of duct, required depends upon the shelter characteristics (see Section 

2.4). Elbows, ten feet of duct (which is intended for sealing the apertures) 

duct tape, a duct adapter, and a blacksmith's hammer are assumed to be a 

fixed cost for each ventilator kit. The cost schedule for the plastic duct 

used in the optimization analysis is shown in Table XII. 

3*4 Impeller Screening 

For our optimization study or any operational system, it is necessary to 

match the shelter characteristics to the performance characteristics of the 

impellers. This is accomplished by equating Equations (4) and (1?) as shown 

below and solving for the operating point of the system (see Figure 25). 

+ a21Q + A^Q 1.915 X io‘6 
^20)^3 

rsi.3k9 
+ 0.01096 

EDL 
50 - 1 Q 

,1.833 
] *s-5 [wî] 

Multiple impellers are possible; however, our entire analysis is based on 

least cost solutions. The initial screening of impellers which follows was 

performed in order to eliminate the bulk of the low performing and expensive 

kits. 

3.4.1 First Screening of Impellers 

When inspecting Equation (18), it is evident that to solve for the 

capacity would result in a non-linear equation yielding multiple roots, 

involving such shelter parameters as the equivalent duct length (EDL) and 

the velocity of inlet air through the air source apertures (V ). To avoid 

introducing shelter parameters at this point in our systems analysis, the 
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dynamic pressure term was ignored, and the exact duct friction equation was 

approximated by the following expression. The value of K, 

AP K (EDL) (T 

(D/20)1*4 
(19) 

,-9 
O.I26 X 10 , was obtained by fitting this expression by the least squares 

technique to the plastic duct friction data (Ref. 21). With these simplifications, 

the following quadratic equation results: 

EDL (D/20) 
1.4 

0.126 x 10-9 

li 
+ A 

Q 3i 
(20) 

Using this quadratic equation, three fixed EDL's, and the cost scheduled 

in Table XIII, the low performance, high cost units were eliminated. The results 

showed that all but 48 pedal-driven ventilators and 5 hand-crank blowers were 

eliminated strictly on the basis of cost and performance (see Table XIV). Of 

these 53 screened units, it was possible to choose 1 hand-crank blower and I7 

pedal-driven ventilation units which cover narrow performance ranges, thus 

eliminating unnecessary close performing units with similar costs. The cost 

schedule used was prepared prior to the detailed analysis presented in Section 

3.3. Since the cost differences were small, the results of the initial screening 

would not have changed. 

3.4.2 Second Screening of Impellers 

For the second screening process, the 6- and 8-module pedal-driven ventila¬ 

tors were eliminated from further consideration and the power-driven units as 

well as the 36-inch diameter 1-, 2-, and 4-man ventilators were added for 

further screening. At this point in the study, the detailed cost schedules 

summarized in Table XI for the ventilators were applied. Since the number of 

candidate designs had diminished to reasonable proportions, the exact duct 

OKNSnAL AMERICAN RESEARCH DIVISION 

64 



TABLE XIII 

COST SCHEDULE USED FOR THE FIRST 
SCREENING OF VENTILATORS 

MODULAR VENTILATORS 

Fan 

Diameter 

(inches) 

Fan Assembly Cost 

(Dollars/Fan Assembly) 

Module Cost 

(Dollars/Module) 

16 

18 

20 

22 

24 

26 

28 

30 

29-40 

31.90 

34.30 

36.8c 

39-30 

41.75 

44.30 

46.80 

29.32 

29.32 

29.32 

29.32 

29.32 

29.32 

29.32 

29.32 

NOTE: Fan assembly costs include packaging and all accessories 

except the polyethylene duct. Duct cost used is as 

scheduled in Table XII. 

ONE-MAN UNITS 

Fan 

Diameter 

( inches) 

Unitary Design 

Cost (dollars) 

Simplified Design Cost ' 

Fan Assembly 

Cost (dollars) 
Drive Assembly 

Cosb (dollars) 

16 

18 

20 

22 

24 

26 

28 

30 

52.75 

52.75 

52.75 

27.95 

3O.3O 

32.69 

35.10 

37.40 

39-80 

42.20 

44.60 

I5.O3 

15.03 

15.03 

I5.O3 

I5.O3 

15.03 

I5.O3 

15.03 

NOTE: Duct costs not included. Units packaged in one carton. 
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TABU XIV 

O 
o 

lUBULTS or TH» FIRST AIO SBCOiO IHPPJ.« 

NGKtl- 
PCMK3I 

mphuhi 
■ouruiun 

FIRST SCRBUriMG PR 1 SICOW) SCRUKNc; PROCISS 
BUL • 50 rr. EDL 300 FT. EDL • 700 FT. IDL ■ 50 PT. BDD • 300 FT. ILL ■ TOO FT. MASTER 

CFM C06T,$ cm C08T,$ CFM COST.t cm C08T,t cm C0BT,t cm COST it 
LIST OF 

o.oe 
o.oe 
0.06 
0.06 
0.06 

PC 916 fOk 

BC 916 916 
BC 1020 1020 
BC 1220 916 
BC 1220 1220 

1005 
1160 
1366 
1451 
1650 

23.36 
23.87 
23.51 
30.61 
31.00 

044 
1101 
1244 
1296 
1420 

77.26 
28.65 
30.76 
35. 
36.63 

076 
1007 
1109 
1155 
1239 

33.66 
35.77 
38.17 
66.13 
65. >3 e 1559 62.12 1370 67.75 120) 56.75 1 o

o
o
o
o
o
o
d
d
d
d
o
o
o
o

 

t-1616-1. 
1-1676-1. 
6-18)6-5 
F-1816-6 
1-7076-6 
1-7060-6 
1-7276-6 
t-2616-6 
1-2676-6 
1-7626-6 
1-2632-6 
*-2833-5 
1-3020-6 
1.)077.6 
1-3627-6 

2109 
2621 

2833 

3106 

3355 
3686 

3738 

66.10 
66.59 

69.12 

56.11 

56.66 
59.20 

60.56 

I703 

1814 
1926 

2001 

2137 
2169 

2305 

69.73 

57.92 
56.15 

59.60 

62.56 
65.81 

71.79 

1461 

1516 

1562 
1602 

58.73 

63.06 

71.76 
76.02 

e 

• 
e 

e 

• 
• 

* 

** 

1986 

2063 
2513 

2646 
2951 

3140 

3606 

63.12 

67.76 
50.60 

58.68 
62.33 

69.15 

75-53 

1643 

1765 
1836 

1921 

2037 
205Q 

2185 

2270 

40.75 

53.59 
57.43 
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friction relation was used to compute the kits required as a function of EDL. 

The dynamic pressure term was, however, still neglected. The results of the 

screening process showed that all but one of the 36-inch diameter impellers 

(R-3627-^) were eliminated, all the manual-drive ventilators survived, and 

five of the power-driven units were chosen. Again, the basis for selection 

was cost and performance. Therefore, on the basis of the two screening 

processes, a master list of 28 candidate ventilators was selected for use in 

the final equipment optimization program presented in Section 4. The perform¬ 

ance curves for this master list of units are presented in Figures 26 through 

29, and the individual impeller performance curves including the air flow- 

speed performance curves for these 28 ventilators are presented in Appendix D. 
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SECTION 4 

OPTIMIZATION OF VENTILATION KITS 

As discussed in Section 3.4, the ventilation equipment was screened 

on the basis of cost and performance and all but the best 28 ventilators 

were eliminated. These surviving units ranged in capecity from a small 

hand-crank blower to a large 5 horsepower ventilator. In this section 

the methods used to match the shelter characteristics to the performance 

characteristics of the master list of 28 ventilators are discussed and the 

best seven ventilation kits selected. For these seven kits, predictions 

were made as to the NFSS basement shelter-parts ventilated and the total 

cost for the ventilator kits. The final selection from these seven units 

must be based on factors other than engineering; primarily the necessary 

instructional aids to reasonably assure a reliable ventilating system. 

4.1 Surveyor Program 

The basis for matching and selecting the least-cost equipment is a 

file of the shelter characteristics for any combination of equipment size 

and any number of installed units (number of openings) from the maximum 

possible to a minimum of one. This summary of data is called the "surveyor 

file" and was generated by use of a computer program using as input the 

shelter descriptors developed according to the approach discussed in Section 

2 and summarized in Appendix A. The output format of the computer program, 

as illustrated on the next page, gives for each shelter-part of the RTI 

survey the pseudo-equivalent duct length as a function of (l) the possible 

duct diameters, and (2) the number of ventilators from the maximum possible 

to one unit. 
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The pseudo-equivalent duct length of a system is defined as the straight 

length of a duct for a given ventilator and duct diameter which will produce 

the total pressure drop of the shelter ventilating system (see Equation 16, 

page 4l). These data are used repetitively through the optimization program 

for choosing the most effective ventilator designs to cover the sample 

shelters. If our systems approach is adopted, these data would also be 

necessary to select the equipment; however, it would only be done for the 

equipment or duct diameters used in the operational system. 

To illustrate the surveyor program. Facility No. 148 of the sample 

survey (see Appendix B) was selected and the results are presented in 

Table XV. As determined previously and summarized in Appendix A, the 

descriptors for this shelter are as follows: 

Total Area 
Avg. Equivalent Duct Length 
Total Aperture Area 
Maximum Number of Ventilators 
Aperture Area for Inlet Air 

19,344 square feet 

85 feet 
l4o square feet 

6 
4o square feet. 
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As can be seen from figure 30, the total aperture area available to this 

shelter is lUO square feet. This aperture area is obtained as follows: 

Stairwell Door No. 1 

Elevator Door No. 2 

Door No. 3 

20 sq. ft. 

20 sq. ft. 

20 sq. ft. 

40 sq. ft. 

40 sq. ft. 

l40 sq. ft. 

Double Doors No. 4 

Double Doors No. 5 

Total Aperture Area 

Double doors Nos. 4 and 5 are considered as large apertures and therefore 

the aperture areas are as measured from the floor plan (see Section 2.4, 

Apertures, page 24). 

By inspecting the floor plan, the shelter lends itself geometrically 

to using the centrally located stairwell and elevator shaft for the air 

source; therefore, the minimum aperture area for getting the air to the 

shelter is 40 square feet, i.e., 20 square feet each for stairwell No. 1 

and elevator door No. 2. The remainder of the apertures can be used for 

determining the maximum number of ventilators which may be deployed. In 

this case, two units are attached vertically to door No. 3; and two each 

can be located horizontally on both double doors Nos. 4 and 5> thus resulting 

in a maximum of 6 units. As shown in Figure 30, the average equivalent duct 

length for the 6 units is 85 feet. 

In determining the pseudo-equivalent duct lengths, the total air flow 

(CFM) required was calculated for each of the isoventilation zones based on 

an occupaflcy density of 10 square feet per shelteree (see Table XV). The 

air flow per ventilator was determined simply by dividing the total ventilation 

requirement by the number of units from the maximum to one, or in this case, 
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3, 2, and 1. As the number of ventilators is decreased by two in 

the computer program, the inlet aperture area is increased by 20 square feet, 

since it is assumed that as two units are removed, an additional 20 square 

feet of aperture area is available for the inlet air (see Section 2.4, 

Maximum Number of Ventilators, page 24). As the inlet area increased, the 

aperture ^ace velocity decreases, therefore resulting in reduced pressure 

losses (see Equation l4, page 4l). Thus, for 4 and 3 units, the ventilation 

system would oe as shown in Figure 31> and 60 square feet of aperture area 

is used for the air inlet source. The duct layouts for two units might be 

as shown in Figure 32, although other doors may have been utilized. In this 

case, 80 square feet of aperture area is available for the air source. 

As a result of the optimization program in Section 4, the solution for 

Facility No. 148, if it were located in the 10 CFM isoventilation zone, is 

four one-man units with an impe'^r diameter of 36 inches. This solution is 

discussed in detail in Section 4.5. From the "surveyor file" of this 

shelter (see Table XV), it can be seen that the pseudo-equivalent duct length 

is 99 feet, and since the average equivalent duct length is 85 feet, the 

dynamic losses are 14 feet of 36 inch diameter duct. The air flow per unit 

is 4,830 CFM/unit and the aperture (60 sq. ft.) face velocity is 322 feet 

per minute. 

4.2 Ventilation Kit Selections 

The "surveyor file" established the pseudo-equivalent duct length for 

all the diameters in the master list of 28 ventilator designs. For each 

shelter-part, it is evident that based on performance only, several of the 
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Equivalent ftict Length of the Syetena . 

System 
No. L ♦ 50 Nr ♦ 90 Ng • EDL 

1 
2 
3 
4 

50 ♦ (50)(1) ♦ 0 • 100’ 
75 ♦ 0 +0 -75' 
to ♦ (50)( l) +0-901 
30 ♦ (50)(1) + 0 - 801 

Average EDL ■ 89' 

Figure 31 FACILITY NO. 

Inlet Air Aperture Area: 

0 Stalrvell Door • TO aq. ft. 

H] Elevator Door ■ 20 eq. ft. 

□] Üoor • 20 aq. ft. 

Total ■ 60 aq. ft. 

: I" - 4<‘ 4/vrea. 

RTI Facility No. ll<8 

College Union Bullillnr 
University of South Florida 
Tumpa, Florida 

SL 3?f.l-006'j 
FN 00260 

! ' Non-Shelter Area 

148 WITH FOUR VENTILATORS DEPLOYED 

Equivalent Duct Length of the Syatena : 

System 
No. L ♦ 50 K_ + 90 N. • EDL 

1 

2 

100 ♦ (50)( 1) ♦ 0 ■ 150' 

50 ♦ 0 ♦ 0 • 50' 

Average EDL -1001 

Inlet Air Aperture Area: 

GQ Stalrvell Door ■ 20 aq. ft. 

m Elevator Door ■ 20 aq. ft. 

nri Double Door • to aq. ft. 

Total • 80 aq. ft. 

RTI Facility Ho. 1U6 

College Union Building 
Unlvcralty of Soutli Florida 
Tanpa, Florida 

SL yXM-aOb') 
FN 00260 

r j Non-Shelter Area 

Figure 32 FACILITY NO. l48 WITH TWO VENTILATORS DEPLOYED 
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Ventilators in the master list would meet the ventilation requirements; 

however, since cost ic a factor it is possible to select the equipment 

for every shelter that meets or exceeds the ventilation requirements at 

the lowest cost. On this basis, a computer program was developed for which 

the input is the shelter characteristics "surveyor file" and the output is 

the type of equipment and the number of kits required to ventilate the 

shelter at minimum cost. In storage of the computer is the performance 

characteristics of each ventilator, the cost of each ventilator kit, and 

the unit length cost of the duct system. As indicated, the least-cost 

criterion is used effectively in selecting the best ventilator for each 

shelter-part, but the minimum total cost varies with each changing group 

of ventilators considered. Starting with the master list of 28 fans, the 

equipment computer program produced solutions for each isoventilation zone 

as if the 175 RTI sample shelter-parts were located therein. The frequency 

of occurrence of the 28 units was summarized and the results were tabulated 

in Table XVI. Based on the frequency of occurrence, all but the 10 most 

called-out ventilators were eliminated. Those retained from the master 

list of 28 had a frequency of occurrence greater than 100. By repeating the 

process for the 10 remaining ventilators, the distribution of chosen venti¬ 

lator designs is c« given in Table XVI. 

For the 10 remaining ventilators, it was decided to eliminate arbi¬ 

trarily one ventilator in eacn of the low, moderate, and high capacity ranges. 

Therefore, the three eliminated ventilators were the IE-1624-4, the 2R-3627-4, 

and the 368-36-3. The performance curves for the remaining seven ventilators 
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are given in Figure 33, and these ventilators were used in selecting the 

optimum number of shelter ventilation kits for the NFSS basement shelters 

without any human factors considerations. 

In this study, ventilator designs were not mixed for each shelter-part. 

3y varying kits within a shelter-part it is possible to reduce the cost for 

the ventilation equipment further; however, it is felt that the deployment 

instructions required with many types of kits for each shelter-part would 

be unnecessarily complicated. However, this study allowed mixing of 

ventilator designs from story to story, and for shelter-parts of a story 

level. The human factors studies (Ref. 6) should include these possibilities 

in determining the minimum shelteree instructions required. 

^•3 National Predictions 

Thus far, the selection of ventilators was made by applying the RTI 

surveyed shelters to the performance of impellers and selecting the ventilator 

designs by cost for each RTI sample shelter. Using the count of facilities 

classified into ventilation zones (see Section 2.2), and the ratio of 1.115 

shelter-parts per facility in the survey (see Section 2.3), predictions 

using the RTI survey to provide the statistics can be made as to the shelter- 

parts ventilated and the total cost of the ventilators necessary to stock thé 

NFSS facilities. 

Table XVII shows the predictions for the identified 138,261 basement 

shelters when considering stocking 28, 10, and 7 ventilation kits. As an 

example, consider the 20 CFM/occupant listings in Table XVII. Provided the 

motor-driven ventilators are available, it is possible to ventilate I69 of 
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the 175 RTI sample shelter-parts, or 96.5 percent of the total. This coverage 

corresponds to 8?.6 percent ( 138,62.3) of the maximum occupancy loading of 

135,338 people. From NFSS, Phase 2, it was determined that in the 20 CFM/ 

occupant ventilation zone, U76O facilities exist, accommodating 3,553,527 

people. Applying the 1.115 shelter-parts per facility, it is estimated that 

5,307 shelter-parts would result. Since the sample predicts 96.5 percent of 

the shelter-parts would be ventilatable, 5,121 shelter-parts are predicted 

as ventilatable in the 20 CFM/occupant zone. Similarly, since 87.6 percent 

of the people are in the ventilated sheltexs, it is predicted that 3,112,890 

people would be in the ventilated shelters in the 20 CFM/occupant zone. 

To ventilate the 175 RTI sample shelter-parts at 20 CFM per person with 

ventilator choices from the 28 screened master ventilators the cost would be 

$74,145 or $439 per shelter-part. Since there are 5,121 predicted NFSS 

shelter-parts ventilatable, the cost of ventilation equipment for the NFSS 

shelters is 2.247 million dollars. If the ventilator choices were made from 

the listing of the 10 best fans, the predicted cost of ventilation equipment 

would be 2.35I million dollars, the difference in cost being the result of 

eliminating l8 units from the choices of ventilators available, thus resulting 

in some shelters with a ventilation system that over-ventilates the shelter. 

If the ventilator choices are further reduced to seven ventilators, the 

predicted total cost would be 2.550 million dollars. 

The predictions are made for all ventilation zones and the totals show 

that out of 138,261 facilities or 154,160 shelter-parts, 98.6 percent of the 

shelter-parts are ventilatable. The spaces available in these shelters are 

GENERAL AMERICAN RESEARCH DIVISION 

85 



90.2 percent (72,014,940) of the maximum possible (79,824,485). When the 

selections are made from 28, 10 and 7 ventilators, the total estimated cost 

for ventilation equipment is 32.7, 33-9 ^nd 38.6 millior dollars, respectively. 

For seven ventilators, the estimated cost is on]y 3.9 million dollars more 

than when 28 units are possible; therefore, it is of definite advantage to 

reduce the number of kits in an operational system to no more than seven, 

and possibly less. 

4.4 Final Ventilator Kit Selections 

Two approaches were considered for the final kit selections. One 

approach assumed a power unit would be feasible, and the other considered 

the power unit not to be feasible. 

4.4.1 Operational Manual and Power Systems 

Although our costs include a power generating unit, we have considered 

utilizing either a 36-inch diameter, 5 horsepower (HP) unit and a 27-inch 

diameter, 1 HP unit. The significance of the 1 HP unit is that the unit 

could be operated on a II5 volt, 15 ampere circuit in a building, while the 

5 HP unit would require a 240 volt, 3-phase, power source. The smaller unit 

could therefore be operated in most buildings with commercially available 

power at some reduced system reliability. With the 5 HP unit, 90.2 percent 

of the identified spaces could be ventilated, as compared to 83.7 percent 

if the 1 HP unit is the largest in inventory (see Table XVIII). For further 

analysis, we have assumed a generator set would be stocked, and therefore 

the 5 HP unit would be available. Table XVIII summarizes the best six, five, 

four, three, and two kits. These selections were determined by eliminating 
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the unit which would result in the minimum rise of the total system cost. 

For all combinations of the six power units, the least total cost results 

when the 1 horsepower unit is eliminated. Further reductions down to five 

and four units eliminates the hand-crank BC 1220 1220 unit and the 1-man, 

24-inch diameter ventilator at a slight increase in total cost. Eliminating 

the 20-inch diameter kit, as described by Specification MIL-V-40645, in¬ 

creases the total equipment cost from 38.326 to 40.534 million dollars; 

however, reducing the number of units from three to two results in a signi¬ 

ficant cost increase as illustrated by Figure 34. Therefore we recommend 

three kits for deployment throughout the NFSS shelters; however, human 

factors must also be considered before making the final choice of units. 

If the present ventilation kit as described by Specification MIL-V-40645 

is retained with the 5 HP unit, the most economical third unit would be the 

lR-3627-4 at a total cost of 48.5 million dollars. This approximately 8 

million dollar increase over the three units is felt to be sufficient to 

eliminate the idea of basing the choice of units around the MIL-V-40645 PVK. 

If it is desirable to retain the MIL-V-40645 PVK, it is recommended that four 

kits be stocked. Four kits compared to the three kits would result in saving 

2.2 million dollars. 

4.4.2 Operational Manual Systems 

As indicated in Table XIX, the shelter coverage reduces significantly 

when eliminating the power units from the system. Roughly, 82 percent of the 

identified spaces would be adequately ventilated; however, the best five kits 

would cover 93.6 percent of the identified shelter-parts at an estimated cost 

83 
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Figure 34 TOTAL COST OF VENTILATION KITS WITH A POWER UNIT AVAILABLE 
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TABLE XIX OPTIMA VENTILATORS WITHOUT POWER AVAILABLE 

NOMENCLATURE 
5 

UNITS 
4 

UNITS 
i 

UNITS 
2 

UNITS 

BC-1220-1220 33,739 

IE-2024-4 
(see Note 1) 

52,319 86,058 93,785 

IE-2424-4 47,817 47,817 

1R-3627-4 123,482 123,482 160,921 250,743 

4R-3627-4 61,813 61,813 61,813 61,813 

TOTAL NUMBER 
OF VENTILATORS 

319,170 319,170 316,519 312,556 

TOTAL COST $27.689 M $27.986 M $28.422 M $30.630 M 

NUMBER OF ! 
SHELTER-PARTS ! 

144,258 
(93.5*) 

144,258 
(93.5¾) 

144,258 
(93.5¾) 

144,258 
(93.5¾) 

NUMBER OF 
PEOPLE 

65,353,075 
(81.9¾) 

65,353,075 
(81.9¾) 

65,353,075 
(81.9¾) 

65,353,075 
(81.9¾) 

NOTES: (1) Impeller selected for the MIL-V-40645 20-Inch Diameter 
"Package Ventilation Kit". 

(2) Percentages are based on the estimated total number of 
shelter-parts (154,160) and the total number of people 
(79,825,485). 

of 27.7 million dollars. Reducing the number of kits from five to four and 

thr»e, increases the cost slightly to 28.0 and 28.4 million dollars, respec¬ 

tively. We recommend stocking the 1R-3627-4 and the 4R-3627-4 kits. These 

units will provide ventilation for an estimated 65,353,075 people at an 
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estimated cost of 30.6 million dollars. Significantly, the same manual units 

are optimum for either a manual or power-manual system. In no case will a power 

unit be used in a shelter if it is possible to ventilate the shelter with 

the largest capacity manual unit available. 

4.5 Sample Problem 

RTI sample Facility No. l48 has been selected to illustrate the selection 

of at least cost equipment based on (l) the shelter characteristics discussed 

in detail in Section 4.1, (2) the availability of the suggested 1R-3627-4, 

4R-3627-4, and 375-36-5 kits, and (3) a ventilation requirement of 10 cfm per 

occupant. The solution is summarized in Figure 35» and as shown, the pertinent 

shelter characteristics have been abstracted from Table XV. Also the perform¬ 

ance of the three units has been reproduced from the curves for the best seven 

units, Figure 33- 

Overlaying the shelter characteristics on the performance curves for the 

units, the proper unit can be selected, and with the unit costs available, 

each candidate system cost can be calculated and the least cost system identi¬ 

fied. For example, if a system in which four ventilators are considered, each 

unit must move at least 4,830 cfm of air at an external resistance to air flow 

equivalent to 99 feet of 36-inch diameter polyethylene duct. As shown on the 

performance curves, the unit which meets this requirement is the 4R-3627-4 kit. 

Four of these kits with only 85 feet of duct, supplied with each kit, costs 

$720.26 (kit costs include one elbow). This solution is the least cost system. 

The next least expensive system requires five 4R-3627-4 kits at an increase 

in cost of 33 percent. Other solutions, and the cost for the systems, are 

summarized in the table in Figure 35« As noted, no single unit can meet the 

shelter system requirements. 
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SECTION 5 

CONCLUSIONS AND RECOMMENDATIONS 

The Office of Civil Defense had developed a method of placing the 

manual 1- and 2-module, 20-inch diameter units (described by Specification 

M1L-V-140645) in basement shelters. This method (Ref. 2?) essentially states 

that each room shall be stocked with one or more units. The number of ventila 

tors required depends on the size of the room, length of the duct required 

to exhaust the air from the unit to the outside, and the geographic location 

of the facility. Using this concept, it was found that insufficient stair¬ 

wells, elevator shafts, windows, and other exterior apertures were available 

to supply and exhaust air for the RTI sample shelters. Therefore, using this 

method would result in stocking shelters with equipment that cannot ventilate 

the shelters as intended. The original OCD format for data collection is 

excellent; however, the method should be upgraded to include other capacity 

ventilators, as well as an entry for apertures available for each lacility. 

To illustrate the need for other size units, the MIL-V-40645 PVK, 1- and 

2-module units were applied to the RTI sample shelters according to the 

techniques described in Section 2. The results showed that 122,669 shelter- 

parts or 79 6 percent of the total number of shelter-parts can be adequately 

ventilated (see Table XX). These shelters cover 55-6 percent of the maximum 

number of shelter spaces available. 

The shelter ventilation equipment optimization study presented in this 

report provides the means for selecting from 2Ö ventilator designs the 

best ventilators to ventilate the NFSS below-grade fallout shelters. When 

power is available from an auxiliary engine-generator set, we suggest the 
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1-man, 36-inch diameter Unitary Ven+.ilaf.or; the 4-man, 36-inch diameter 

Modular Uni*; and the 5 horsepower, 36-inch diameter Power Unit. These 

units are illustrated in Figure 36, and will provide ventilation for an 

estimated 98.6 percent of the identified basement shelter-parts (see Tables 

XX and XXI‘i. The shelters win accommodate an estimated 72,014,940 people 

or 9O.2 percent of the maximum number of people which could be sheltered at 

a ficor loading of 10 square fee+ per person. The cost for the equipment 

TABLE XXL 

SUMMARY OF THE RECOMMENDED VENTILATOR KITS 
FOR THE NFSS BASEMENT SHELTERS 

Type of System 
Manually-Driven 
Ventilators 

Manually- and 
Electric Motor- 
Driven Ventilators 

Percentage of Estimated Shelter- 
Parts which can be ventilated 93 5% 98.6¾ 

Percentage of the Maximum Number 
of People who can be protected 
with increased ventilât ion 81.9¾ 90.2% 

Recommended Number of Kits 2 3 
Style of Ventilators with 
Estimated Number of Kits 
Required 1R-3627-4: 

250,743 
1R-3627-4: 
250,745 

4R-3627-4: 
61,813 

4R-3627-4: 
61,811 

375-36-5: 
13,152 

Estimated Cost for Equipment, 
(dollars in millions) $ 30.630 $ 40.534 

Per Capita Cost for the Equipment- $0.47 $0.56 

tCosfs do not include the expense for the survey, selection of equipment, 
warenousing, instructions, and freight. 
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to ventilate these shelters is estimated at 40.5 million dollars or 56 cents 

per person. This dollar value does not include the expense of the survey, 

selection of equipment, instructions, warehousing, and freight. 

If manual units only are feasible, the suggested kits are again the 

IR-3627-H Unitary Ventilator, and the 4R-3627-4 four-man Modular Unit. These 

units will provide ventilation for an estimated 8I.9 percent of the maximum 

number of people which could be sheltered in the 138,261 identified NFSS base¬ 

ment facilities. As indicated in Section 3-3-3> further research* is required 

to determine the minimum requirement for stowing engine-generator sets, and 

how often they should be exercised. 

During the program it was learned that large capacity units were required 

in order to get reasonable ventilation coverage when considering all of the 

NFSS basement shelters. This means that many rooms in these shelters are 

covered by one ventilator, and therefore the deployment of the ventilators 

will always significantly affect the distribution of air throughout the 

shelters. Since the air distribution within the shelters is highly dependent 

upon the placement of the ventilators, the geometry of the shelter, and the 

occupancy density throughout the shelter, it may be necessary to selectively 

seal doors and apertures, and intentionally put holes of various sizes in 

the interior partitions. Additional studies are necessary to define the 

minimum shelter air distribution requirements, md to determine if additional 

distribution devices and instruments (such as the punkah or a baffle kit and 

dry-bulb thermometers) should be incorporated into the system. Baffles, with 

the proper instructions, can be used very effectively to control the flow of 

*0CD Notice: A Final Report, "Deterioration of Fuels and Fuel-Using 

Equipment" prepared under SRI Subcontract No. 3-70922(4949A-27)-US, 

OCD Work Unit l4l3A, has recently been published by Battelle Memorial 

Institute. 
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air throughout a shelter. Dry-bulb temperature is an excellent guide in 

establishing the air distribution within the shelter for the actual distribution 

of metabolic and internal heat loads. For example, when the air flow is in¬ 

sufficient to various rooms or corridors in the shelter, the dry-bulb temperature 

will be one of the maximum recorded, and the effective temperature would exceed 

85°F. This condition is represented by Rooms 4 and 5 in Figure 37- If all the 

rooms had the design quantity of air for an outside design condition as indi¬ 

cated on the psychrometric chart, all rooms for an adiabatic shelter would 

reach a common dry-bulb temperature on the 85°F effective temperature line. 

Without controlling the air distribution, we feel a good percentage of the air 

will in effect by-pass the shelter or in other words, go through and leave at 

the inlet condition. If this occurs to any extent, the conditions within the 

shelter cannot be kept within survival limits. 

As shown in the program and system operational flow diagram in Figure 2, 

page 5, the authors have indicated a detailed shelteree instruction format. 

After the shelter has been surveyed and the equipment selected, the units must 

be deployed by the shelter analyst on the floor plans which were prepared at 

the time of the survey. Prior +0 shipment of the kits from the warehouse 

to the shelters, the detailed floor plan (deployment instructions), photographs 

of typical duct system (duct system fabrication instruction), and assembly and 

operating instruction for the kit must be attached to the packages. This 

sequence of preparing and handling the instruction material was caused by 

the difficulty experienced in instructing people to deploy the units with 

generalized instructions. The procedure outlined above is only intended as 

a guideline for the human factors studies which are being performed under OCD 

Work Unit 1522A (Ref. 6). On the floor plans of the RTI sample shelters in 
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Appendix B, we have shown the least cost operational systems for a ventilation 

requirement of 10 cfm per occupant. We choose this ventilation requirement since 

the majority require 1-1/2 and 10 cfm per person. Only 20 percent of the Nl'SC 

shelters require an air quantity greater than 10 cfm per person (see Figure 6, 

page 13)- These layouts have been reproduced primarily to visually aid 

further engineering analysis and human factors research. 

If the ventilators can be deployed for the system approach described 

herein, and if air distribution within a shelter is not a problem, it is 

recommended that the three optimum shelter ventilation kits presented herein 

and the approach described be adopted and implemented. A statement-of-work 

to complete this effort is as follows: 

I. Develop Shelter Ventilation Kits 

a. Fabricate and mechanically/structurally test the ventilators. 

b. Test thd impeller-shroud assembly per AMCA Bulletin 210 or 

NEMA Standards FM 1-7.02 to determine the peiformance rating 

for each unit. 

c. Prepare production drawings and specifications for each kit. 

II. Performance of Plastic Tubing 

Determine the resistance to air flow offered by 36-inch diameter 

plastic tubing. 

III. Instructions 

a. Prepare the "Ventilation Kit" Data Collection Form and the 

survey Instructions. 

b. Prepare the Automatic Data Processing (ADP) computer program 

for selecting the choice of ventilator and number of kits required 

for each shelter-part surveyed. 

c. Complete shelteree instructions. 
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For an operational system, which is shown shaded in Figure 2, the question 

arises as to what steps should be followed to fabricate and eventually stock 

the shelters with these ventilators. Two basic philosophies of stocking pro¬ 

cedure are possible, i.e., fabricating the shelter ventilation kits based on 

predictions before the shelters are surveyed, or surveying the shelters and 

then fabricating the actual number of units required. For either method of 

stocking shelters, a survey of the shelters is required. As noted by the 

schematic diagram, the survey data may be used to update the estimated total 

cost for ventilation equipment. 

Procurement of ventilation kits before any survey of the shelters is 

initiated can be accomplished using the estimates presented in this report. 

As the survey of shelters progresses, the results can be used to improve the 

estimates of each type of ventilation kit required. Excess and deficit 

inventory can then be fed back to the Defense Supply Agency, Civil Defense 

Material Division, so that the number of kits procured can be modified 

based on the predictions. If the survey of shelters is accomplished before 

procurement of the kits, Path "B" in Figure 2 would be followed. As the 

survey is performed, the shelter descriptor data are processed to select 

the kits for each shelter. When sufficient shelters have been surveyed 

and analyzed, the required number of each kit can be procured. 

If the problems of shelteree instructions and air distribution within 

a shelter cannot be adequately overcome, refrigeration systems for main¬ 

taining survival conditions within the NFSS basement shelters should be 

investigated. We suspect that each room of reasonable size would require a 

dehumidifier (see Figure 38), and the energy would be rejected to a heat 
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exchanger remote from the shelter. Flexible hoses could b‘ utilized to connect 

the water-cooled condenser of the refrigeration unit and the cooling tower. 

The remote heat txchanger, as noted in Figure 38, might accommodate more than 

one "room unit". This type of equipment, which requires generalized instruc¬ 

tions, would be used to minimize temperature gradients throughout the shelter. 

A refrigeration system would have an air system, sized at 3 cfm per occupant, 

to control the carbon dioxide concentration in the shelters. 
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Lauck, F. W., eu. al., "Small Auxiliary Power Systems for Shelters", 
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FOREWORD TO APPENDIX A 

Shelter Identification Code: 

RTI Master Sample Number 

Story of Building (see below) 

Shelter-Part Number 

Story: 

-2 = 2nd Sub-basement 

-1 = 1st Sub-basement 

0 = Basement 

1 = 1st Floor 

2 = 2nd Floor 

NOTES: (l) All shelters are basements unless indicated otherwise, 

and in all cases for which there is only one shelter- 
part, the "0" is not indicated. 

(2) Floor plans for each RTI sample shelter are presented 
in Appendix B. 
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SHLTR 
IDENT 

1 

2 
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4.01 

4.02 

TOTAL 
AREA 
<FT2) 

2944« 

1420« 

1720« 

472. 

tu« 

1940« 

9919« 
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990« • 

9419« 

9941« 
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9902« 

4929« 

2442« 
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19741« 
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2449« 
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(FT I 

2« 
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2* 
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119* 

229* 
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(FT) 
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40 
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IIS éSSS* 

ISA «792* 

1ST 1S6S* 

ISS 27*6» 

13» 774« 

140 ASS» 

141 5099« 

142 1300« 

149 9923« 

144 SSO« 

145.01 3900« 

145.02 4000« 

14A 3300. 

147.01 3421« 

147.02 1029« 

145 19944« 

149 A799« 

190 24122« 
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840. 

115. 
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49« 
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40« 
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900« 
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40« 

40. 
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FOREWORD TO APPENDIX B 

This appendix presents the floor plans for the random sample of l60 

below-grade shelters as identified and surveyed by tne Research Triangle 

Institute (Ref. 17)* Presented on these floor plans are typical ventila¬ 

tion systems for a cooling requirement of 10 cfm per occupant. The solutions 

shown are for the shelter descriptors summarized in Appendix A, and assumes 

that the power unit is available. The ventilator symbols used are indicated 

on the opposite page. Other codes used on the floor plans are as follows : 

STANDARD LOCATION CODE (SL) FACILITY NUMBER CODE (EN) 

Or4«r of Dígita 
11>4 StTI 

1000 0000 OCD-OEP ftagim I 

— --Th« (irai digit IdaMiflaa ths OCD and OEP Raglan by 
numbar, 1 through 0. 

1*00 000* HEW YORK 

- Tha aacand digit Idantiftaa a Stata, tha Diatrict ef 
Columbia or a noo.ataia araa ovaraaaa within an OCD-OEP 
Ragion by tha numbara, 1 through 4. or tha lattar A. Hum- 
bar a ara aaaignad in alphabattcal aaquanca of tha Stataa (in¬ 
cluding D. C.) fnilawad by non-atata araaa with tha lattar A 
baing uaad only far tha Virgin lalanda. 

I * DO 0000 MJCrrCRSON-LEWIS COUNTY AREA, N. Y. 

' — Tha third digit, a numeral or a lattar, idantifiaa an 
arta within a Stata. Standard Matrapolitan Statiatical Araaa 
(SMSAa) are aaaignad tha numbara 1 through 4 plua tha lat¬ 
iera A thraugh F, aacapt Taaaa which haa SMSAa threugh L. 
All SMSAa ara idantifiad ay a aingle aeterteh (a). Special 
Croupinga of Countiea (Of P atudy araaa ef ana ta aix countiaa) 
are aaaignad the lanara O through O, aacapt 1er Taaaa which 
ara M through U. All Spacial Croupinga of Countiea are idan¬ 
tifiad by a double aatariak (••). Tha countiea making up the 
grouping title are luted alphabetically in the tiUa, Rcaidual 
Croupinga of Countiea ara aaaignad the latiera R through Z, 
aacapt Taaaa which ara V through Z. Ail Raaidual Croupinga 
ef Countiaa ara idantifiad by a tripla aatariak {*••). Thaaa 
Raaidual Croupinga of Countiaa ara ñamad by their location in 
tha Stata. 

1*1.2 000* LEWB COUNTY, NEW YORK 

' The fourth digit, a numeral or a latter, idantifiaa tha 
county; a pariah in Lauiaiana; an independent city in Maryland, 
Virginia and Miaaourl; a part af a county In New England; or, 
in the non-.tata araaa, thoae araaa that ara équivalant te 
countiaa. 

I*L2 0002 DENMARK TOWN 

-Tha fifth through the eighth digita identify the Standard 
Local loua. They repreaent a Canaua Tract, a Ward, one or 
more enumeration diatricta in a city, one to eeveral minor 
civil dlviaiona or cenaua county diviaiona, or a email city ar 
toan in rural araaa. 

Facility five digit aerial number identifying each facility 
and lieted II« accendtng aaquanca far each contract. 
Facility numbara are not duplicated within any contract 
code number. The left-hand digit (ten Ihoueande apace) 
in marked in accardanca with the Facility Numbar Coda. 

O • Facilitiaa net ceded below 
1 • U. 0. Army • open 
2 • U. 0. Army • aenaltlve 
> • V. ». Navy - open 
4 - U. S. Navy • aaaaitiva 
5 • U. S. Air Fora« • «pan 
* • U. S. Air Fare« - aanaitivc 
T . AEC, NASA, NSA . open 
0 • AEC, NASA, NSA - aaitaiflvo 
4 • Other Federal Ooermment • 

eeneitive 
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RTI Facility No. 3 

Mask Puildincr 
315 Washington Street 
Tanpa, Floriàa 

SL 326I-OOÎ+7 
FII 9** 



RTI Facility No. 4.01 

City Auditorium (2 Parts) 
Crescent Place and North B Str^- - 
Tampa, Florida 

SL 0046 
FN 00203 
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RTI Facility No. 4.02 

City Auditorium (2 Parts) 
Crescent Place and North 
Tampa, Florida 

B Str--* 

SL 0046 
FN 00203 
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RTI Facility No. 5 

Cox Bakery 
21 S. 8th Street 
Faryc, North Dakota 

SL 6M1-0C11 
Fil 00700 
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RTI Facility No. 6 

Southern Finance Buildin 
751 Broad Street 
Augusta, Georgia 

SL 333I-COO5 
FN O6U5Ó 
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Bowen Eros. 

905 Broad Street 

Augusta, Georgia 

SL 333I-OÖO5 
FK O6H67 
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BOILER R.-A 

A* X S' OPEUIUO. 
TO SIDE MJ A,LX — 

Exchange National Bank (2 Parts^ 
601 I'ranklin Street 
Tajnpa, Floriòa 

SL 3261-001+7 
FN 31 
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RTI Facility No. 9 

Ga. R. R. Bank 

7Û1 Broa! Street 

Augusta, Georgia 

SL 3331-0005 

FN O&éO-P+Ol Basement 
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RTI Facility No. 11 

Fargo Parks Dept. Office 
91^ lîain Avenue 
Fargo, North Dakota 

SL 6611-0011 
FN OO692 
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RTI Facility No. 12 

Fayette County Court House 
Main Street 
Lexington, Kentucky 

SL 23UI-OOOI 
FIÎ 43!* 53 

/} /5 £“:>/" 

H/W&C»V /Ci> 

I 

- 

II 

0 
- 

0 
n 
n 

! kâ 

0 
J 

0 
0 

I 
J 

0 
iJ: 3 

0 
0 



\ 

■J 
] 
3 

i 



o 

C freist-' 

SL 6611-0016 
FN OO65O 



RTI Facility No. I5 

C & S National Bank 

709 Broad Street 

Augusta, Georgia 



16 RTI Facility No. 

Sears Roebuck Dept. Store 
IU99 Walton Way • 

Augusta, Georgia 
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RTI Facility No. 22 

Fayette Country Board of 

Education 

Administration Building 

Lexington, Kentucky 

SL 23UI-OOUI 
FN 04035 
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RTI Facility lío. 23 

Southern Bell Telephone Se 

Telegraph Co. 

$37 Greene Street 

Au¿7jsta, Georgia 

SL 3331-0005 

FU C61+41 
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RTI Facility No. 2b 

Central Bible Institute 

Administration Building 

N. E. Grant and Norton Street 

Springfield, Missouri 

SL &41-0001 

FN 0200? 
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RT I Facility No. 25 

Rogers and Baldwin (Hardware Whse.) 

309 E. Water Street 
Springfield, Missouri 

SI 64U1-OOO8 
FN 02735 
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RTI Facility No. 2? 

Wilhoit Building - Cellar 3 

320 East Pershing 

Springfield, Missouri 

SL 61+41-0014 

FN 03343 CC 
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RTI Facility No. 25 
11 

Field House, Southwest Missouri 

State College 

* 901 South National 

Springfield, Missouri 

SL 6441-0015 

FN 03406 
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î RTI Facility No. 29 

T NYCHA 1055 Rosedale Avenue 
Bronx, New York 

_ SL 161+1-0034 
FN OI3OO 
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RTI Facility No. 30 

I82I4-I826 McGraw Avenu 

Bronx, New York City, 

si 161+1-0056 
FN O206I 
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RTI Facility No. 31 

II65 Washington Avenue 
Bronx, New York City, N. Y 

SL I6HI-OIO4 
FN 01842 AA 
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RTI Facility No. 32 

253 Kosciusko Street 

Brooklyn, New York City, II.Y. 

SL l&t2-0233 

FN 03483 
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T RTI Facility No. 33 

3206 Church Avenue 
Brooklyn, New York City, II.Y 

SL 1642-0645 
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RTI Facility No. 34 

Tiroes Square Trust Bldg. 

149-151 W. 40th Street 

Manhattan, New York City 

SL 1644-0106 

FN OI912 
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RTI Facility No. 35 

NYCHA - J. W. Johnson Houses 
1565 Park Avenue 
New York City, N. Y. 

SL 161^-0175 
FN OI812 

Ç) // * *}(-' " ili-U 

(T) \\(It.'tz&wi /S''x 

(¿) éô 'î/i-t- 

@ Dûo/5. 



RTI Facility No. 36 

West 207 Street 
Manhattan,New York City 

SL 161+4-0273 
FN O2275 
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RTI Facility No. 37 

Hillsboro Hotel F 

Florida Avenue 2c Tvi 

Tampa, Florida 

SL 3261-0047 

FN COO36 



RTI Facility No. 33 

Metropolitan Saving» & Loan 

303 No. 5th Street ScALEi \ - 6 — 

Fargo, North Dakota 

SL 66II-OOO9 
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RTI Facility Ho. 39 

Rood Kail Dormitory 

Ilorth Dakota Otate University 

Fareo, Horth Dakota 

SL 6611-0004 
FN 00215 
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RTI Facility Ko. UO 

Churchill Kali Eoyr. Porritcry 

North Dakota State University 

Fargo, North Dakota 

SL C611-C010 

FN 00564 
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RTI Facility No. 41.01 & 41.02 

CooperEtov.'n Euildinc 

(Married Student Housins) 
University of Kentucky 

Lexington, Kentucky 

SL 2341-0000 
FN 02020 
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RTI Facility No. U2 

Bov.nan Hall, 
University of Kentucky 

Lexington, Kentucky 

SL 23UI-OOC3 

FN OII7I 
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RTI Facility lio. U3 

Lexington I-^niciral Hcusing 
302 Yell".an FrivC 
Lexington, Kentuci:;/ 

SL 23UI-OOCI; 
n; 03039 
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RTI Facility No. 

Lexington l^iunicipal Housing 
106 Thonas Street 

IjCx^ ugtcn, Kentucky 

SL 23^1-0003 
FH O3O52 
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RTI Facility No. 45.01 * 45.02 

Abdou BuiIdine (2 Farts) 
111 N, Moca Avenue 
El Faso, exas 

SL 558I-OOI7 
FJÍ OOI9O 
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ETI Fi cility T'o. Ui 

Aaronson Brothers 

526 E. Overlani Street 
El Paso, Texas 

SL 558I-COI7 
FN 00240 



RT I Facility No. hrJ 

Southern Pacific Lines 
BOO N. Campbell Street 
El Paso, Texas 

SL 5531-3017 
FN OO283 
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RTI Facility No. It8 

Y.M.C.A. (5 Parts) 
701 Montana Avenue 
El Paso, Texas 

SL 558I-OO22 
FN 0014? 
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RTI Facility No. 

Knox Hotel 

216 San Francisco Street 

El Paso, Texas 

SL 558I-OOI7 
FN OO208 

AV' * /• 
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RTI Facility No. cj0 

Security Warehouse Conpany (Ft. 
3II 5th Avenue, North 
Minneapolis, Minnesota 

SL 4433-0037 
FN 00664 
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RTI Facility No. 51 
•I 

Lincoln Junior Hi£h School 
2101 12th Avenue, II. 
Minneapolis, Minnesota 

SL 41133-0035 
FII 00¿01 
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SCALE : I" = 20’ 
RTI Facility No. 5!> 

Northwestern National Bank 

3030 Nicollet Avenue 
Minneapolis, Minnesota 

SL 1(1(33-0085 

FN 00148 



RTI Facility No. 55 

St. Charles Parochial School 

2017 Montrose Street 

Philadelphia, Penn, 

SL 2675-OI26 

FN O2783 
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Cofl’ran Memorial Union 
Univcrcity of Minnenota 
Minncupolis, Minnesota 

SL 1*433-00^2 
FN OÍ239 
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RTI Facility lie. 57 

Curtis Court Apts. (Part ]) 

SI? South 10th Street 
Minneapolis, Minnesota 

SL 4433-OO56 

FII OO994 

/"* 2,0 '-O 



scale: )'• = to* RTI Facility ¡Jo. 53 

Rarisey Junior ¡Ugh Sch.ool 
1*920 Hi collet Avenue South 
Minneapolis, Minnesota 

SL 1,433-0113 
f;j 00226 
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RTI Facility Kc. 

Seeds Building 

1210 Race Street 

Philadelphia, Pennsylvania 

SL 267^-0020 

FN OI87I 



RTI Facility No. 60 

Broadway Stc cns Puildins 
3OO Broadway 
Camden, New Jersey (Phil SMCA) 

SL 156P-OOC7 
FII 00116 
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R'il Facility No. Cl 

114 Ellis Street 
Haddoufield, New Jersey 
(Phil SMCA) 

SL I562-OO66 
FN 02218 
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FTI Facility No. 62 

Town House Apartment 

1832-3^ Spruce Street 
Philadelphia, Penn. 

SL 2675-OOI3 

FN 01258 V/lNOöW (TYP,) 
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RTI Facility No. 63 

Galilee Mission Chapel 
823 Vine Street 
Philadelphia, Penn. 

SI. 2675-0026 

f:i 02275 
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RT I Facility No. 61* 

Sacrei Heart Manor 

CUh1^ Germantown Avenue 
Philadelphia, Penn. 

SL 2675-0075 

FN OI553 
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RTI Facility No. 65 

Dougherty's Ear 
5301 Vtoodland Avenue 
Philadelphia, Penn. 

SL 2675-0296 
FN 06207 
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R1I Facility ¡lo, Có 
I.'orthtC'.'/n Chopping Center 
Unit A 
t' r cV.ar.e, V.’a s'nir_* t on 

SL 853I-C003 
f:: CC5Í3 
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RTI Facility No. 68 

Canr.el Hotel 

201 Fxoaâvay 

Santa lúcnica, Calif. 

SL 7231-0827 
FN 05306 
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RTI Facility No. 69 

California Federal Saving Bldg. 

4705 Sunset Blvd, 

Los Angeles, Calif. 

SL 723I-O37I 

FN 00703 /"■* zc'-o 



RTI Facility No. 69.-1 

California Federal Saving Bldg. 

4705 Sunset Blvd. 

Los Angeles, Calif. 

SL 7231-0371 
FN OO708 
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RTI Facility No. ?0 

Soul Clinic Hotel 
625 E. 5th Street 
Los Angeles, Calif. 

SL 7231-0141+3 
FN 01561+ 
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RTI Facility No. 71 

Anc'ükia School (Hilltop House) 
70] West Foothill 
Arcaiia, Calif. 

SL 7231-09½ 
FN 00119 

To 
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RTÏ Facility No'. 72 

Menlo Avenue School 
&50 V.'est 4lst Drive 
Les Angelos, Calif. 

SL 723I-O5S7 
FN OOO67 
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RTI Facility No. 75 

Robert E. McKee Building 

1918 Texas Street 

El Paso, Texas 

SL 5531-0021 

FK 00157 
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RTI Facility No. 76 

Reno Newspapers Building 

UOl West 2nd Street 

Reno, Nevada 

SL 7U2I-COOU 
FN 017^3 
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HTI Facility No. 77 

Shadlc park Hißh School 

U327 N. Ash Street 
Spokane, Washington 

SI. ¿531-0003 
FN 00Ó11 

2c? '-c 



RTI Facility No. ?8 

Lerner Shops 
W. 7.18 Rivei-side Avenue 
Spokane, Washington 

SL 853I-OO23 
FN OOO94 
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RTI Facility No. 79-01 & 79-02 

Victoria Hotel 

W. 6lÖ 1st Avenue 

Spokane, Washington 

SL 853I-OO23 
FN 00159 
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RTI Facility lío. 80 

Western Union Building 
W SC3 Sprague Avenue 
Spcltane, Washington 

SL 853I-OO23 
FU 001/4 
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RTI Facility No. 8l 

James B. Angelí School 

38^9 Beverly 

Berkley, Michigan 

SL 4332-003»+ 

FN OO725 



RTI Facility No. 82 

Pontiac Osteopathic Hospital 
U6-54 N. Perry 

Pontiac, Michigan 

si, 4332-0010 
FN OI303 
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RTI Facility No. 83 

Washington School 

1201 Livernoia 
Ferndale, Michigan 

SL 4332-OO26 

FN OII6I 
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RTI Facility No. 84 

Auto Supply Store 

418-420 S. Main Street 

Royal Oak, Michigan 

SL 4332-0035 
FN 01649 
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RTI Facility No. 85 

Big Beaver Elementary School 

I37I Urbancrest Road 

Troy, Michigan 

SL U332-OO9I 

FN OI494 

Y£nT 

\Z%ZH * (fb1' Sll-L. 



lOSyS 

CD w » c> O V. V 
(2) to 6 ft re. 

S<2.A(—£. 

»“ - \u'-o 

RTI Facility No. 86 

Maynard Hospital 

I309 Summit 
Seattle, Washington 

SL 8521-0064 

FN OI899 



RTT Facility No. 8? 

Bank of California 

815 Second Avenue 

Seattle, Washington 

SL 852I-OO6I 

FN 01539 
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RTI Facility No. 88 

Ranke Buildinc 
I5II 5th Avenue 
Seattle, Washington 

SL 852I-OO6I 
FN OIU57 
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RTI Facility No. 39.-1 

Public Safety Building (5 Parts) 
610-22 3rci Avenue 

Seattle, V/ashington 

c i i SL B521-COÓ1 

“(rn ; ”,-? fm 0157? 



RTI Facility No. 89.-2 

Public Safety Building (5 Parts) 
610-22 3rd Avenue 

Seattle, Washington 

SL 852I-OO6I 

ill I WM I FN 01572 
-.•il I 
(ft) 0 .© *© 40 
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RTI Facility No. 89 

Public Safety Building (5 Parts) 
610-22 3rd Avenue 

Seattle, Washington 

SL 852I-OO6I 

FN OI572 



RTI Facility No. 90 

Dining Hall Men's Residence 

University of Washington 

Seattle, Washington 

SL 852I-OO2I 

FN O2037 
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RTI Facility Ho. 92 
Scale. : r = 20' 

He a j qu ar '.err: Rui Id : r.~ 
Poattlt Fire Tocartr.oa; 
2nd St. & E. I.;-'.ir. St. 
Teat-Je, V/asi.if! ;tm 
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RTI Facility Ko. 

Benedi^i Trees Building 

221-225 Fo’arth Avenue 
Pittsbur¿h, Penn. 

SL 268I-OOI7 
FN OOI95 
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RTI Facility No. 94.-1 
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RT1 Facility No. 95 

Clark Building 
7OI-717 Liberty Avenue 
Pittsburgh, Penn. 

SL 268I-OOI9 

FN OO39Ó 
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RTI Facility No. 96 

Pitt Chemical and Sanitary Supply 

I315-I3Í9 Penn Avenue 

Pittsburgh, Penn. 

SL 268I-OO2I 
FN OO6U5 



RTI Facility No. 97 

Stores and Wilinar Apartments 

k^Pb-26 Forbes Avenue 
Pittsburgh, Penn. 

SL 2631-0029 

FN OO72O 
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RTI Facility 

Tire Service 

Corp.) 

U615-27 Baiun 
Pittsburgh, 

No. 99.-1 

(now Plaza Rubber 

Part 2 

Blvd. 

Penn. 

SL 2631-0040 

FN OO788 
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RTI Facility No. 99 

Brilliant Pumping Station 

Allegheny River Blvd. 

Pittsburgh, Penn. 

SL 268I-OO82 
FN OIU7O 
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RTI Facility No. 100 

Merge Motors Garage 

56OO Wilkins Avenue 
Pittsburgh, Penn. 

SL 268I-OO9S 
FN OI765 
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RTI Facility No. 103 

Patrero Terrace Housing Unit 
G-10 995 Connecticut Avenue 
San Francisco, California 

SL 727^-0075 
FN O39II 

This facility has no usable fallout shelter space on the first 

floor. The space identified by the Phase 2 sketch is an unlighted, 

inaccessible, uneven floored, crawl space. Investigation of another 

building in the same area of the housing unit revealed an area very 

much like the one on the Phase 2 sketch. 

No form was prepared on this facility. 
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RTI Facility No. 107.01, 107.02 

& 107.03 
Milner Hotel 
117 !+th Street 
San Francisco, Calif. 

SL 727^-0070 
Fli C6805 
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RTI Facility No. IC9 

First National Bank 
North Virginia 

Reno, Nevada 

?L 7I-2I-OCO5 
FN OI736 
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RTI Facility No. 110.01 b 

UO.uZ 
Roberts School- 

225 Windsor Street 
Cambridge, Mass. 

SL I312-OOO5 
FN OO503 
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RTI Facility No. 117 

Lone Star Gas Company Building * 
313 S. Harwood Street 
Dallas, Texas 

SL 5572-0041 
FN 06047 
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RTI Facility No. 119 

Borinquen Express Co. 

7ÓÓ Milwaukee Avenue 

Chicago, Illinois 

3L 4121-0327 
FN 04501 
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RTI Facility No. 122 

Doheny Library 

U. S. C. Campus 

355^ University Avenue 
Los Angeles, Calif. 
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RTI Facility No. 123 

Nevada State Hospital 

Female Ward 

Coney Island, Sparks, Nevada 

SL 7421-0010 

FN 01753 
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RTI Facility No. 12U 

Nevada State Hospital 

Male Ward 

Coney Island, Sparks, Nevada 

SL 7^21-0010 

FN 01755 
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RTI Facility No. 125 

Manzanita Hall 

University of Nevada 

Reno, Nevada 

SL 7I+2I-OOO6 
FN OI76O 
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Fidell'y Suililng 
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RTI Facility No. 127 

Wells Plaza Parkinj Station 

425 S.Wells Street 

Chicajo, Illinois 

SL 4121-0490 

FN 05080 

/"= /é '"C 



RTI Facility No. 128 

St. Christina Parish House 

11005 S. Homan 
Chicago, Illinois 

SL 4121-0562 
FN 05803 
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RT I Facility lio. I30 

Koon-McNatt Víai'ehouse 
1100 Cadiz Street 
Dallas, Texas 

SL 5572-001*3 
FN O502O 

WIK4ÖDW 

36"» 

4¾ ^ 

H 



?£> 'í- 34- 

\ú 

srtf/st' W: y 

RTI Facility No. I3I.OI & 131.02 

Train Depot 
199 S. Eton 
Birmingham, Michigan 

SL U332-OOUU 
FN 00553 
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RTI Facility No. 132 Í1 
Continuous Treatment Ware ^') 
Metropolitan State Hospita 
11400 S. Norwalk, 
Norwalk, Calif. 

SL 7231-1148 
FN 00029 
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RTI Facility No. 133 

Municipal Court, N. Wing 
110 & 112 E. Pike, 
Pontiac, Michigan 

SL U332-OOII 
FN OO389 
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RTI Facility No. 140 

Pr, «.Türkens Residence 

N. J. State Hospital 
Greystone Park, New Jersey 

SL 1541-0024 
FN 02733 
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RTI Facility No. lUl 

Y. M.C.A. Building 

60 Washington Street 

Morristovn, New Jersey 
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RTI Facility No. 144 

Stores 

3 Pleasant Street 

Malden, Mass. 

SL I312-OO37 • 
FN 03"48 
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RTI Facility No. l46 

Fondren Hcience Building . 

Southern W^thodist University 

3115 Daniels Avenue 

Dallas, Toxas 

SL 557í?-023í> 
FN 00024 
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RTI Facility No. 1^7.01 & 147.02 

First National Iren Bank 
2U-26 South Street 
Morristown, New Jersey 

GL 151*1-0036 
FN 0253!* 
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RTI Facility No. 149 

Morri 1j Hall 
North Dakota State University 
Fargo, North Dakota 

SL 6611-0010 
FN 00571 
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RTI Facility No. 153 

Yiilliarr-Rainey Harper Library 

University of Chicago 

Chicago, Illinois 

SL 4121-0573 
FN 0ÔÓ07 
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• RT ï Facility lio. 155 

Oiti National Bank 
Vast 42? Riverside Avenue _0i 
Bpok.ane, Vas hinkten S CAt\-- ■ — ¿ 

SL 6531-0025 
FH 00359 
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R T facility II:, Iji 
Ta!:.p.i General lîcspital (i’aserr.ent & 3rd Floor) 
Biscay no "< Cono 
Ta-rpa, Florida 

SL 326I-OO53 
Fil 00212 
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RTI Facility No. 158 

St. Janes Episcopal Church 

1205 Fremont Avenue 

South Pasadena, Calif. 

SL 723I-IOOI 
FN 04203 
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APPENDIX C 

ANALYTICAL EXPRESSIONS FOR THE PERFORMANCE 

OF THE IMPELLERS USED IN THE STUDY 

GEIMERAU AMERICAN RESEARCH DIVISION 



FOREWORD TO APPENDIX C 

Impeller Nomenclature: 

T T_ 
1-- tw or i 

Width, Inebot 4 32nd■ 

MMotor, locboo 4 32nda 

Typo of Honor 

wr of Blodoo 

Poor-DrIvan Vantllotor 

¿P 

• Motor llotlnc Horocoovar 

-Pitch, dofrooo 
-Dloaotor, l. chea 

-thopo of Propollor Blodo 

- V« • w w la < 

TL Dloaiotor, Inchoo 

Sorloo Doolgnotlon liabor 

- tuobcr of Oporotoro 

Illustration of the Air Flow Change-over Point for the 
2A-l6P^-^ Impeller: 

OENERAI. AMERICAN RESEARCH DIVISION 
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APPENDIX D 

IMPELLER PERFORMANCE CURVES 

FOR THE 28 SCREENED VENTILATORb 

□ EfMERAL AMERICAN RESEARCH DIVISION 



FOREWORD TO APPENDIX D 

Impeller Nomenclature: 

L ^ I-Tim « 1 

««h, Inch« t 32hda 

WMatar, Inchaa » 32nda 

TIM 1 llorar 

Mdtl-tnraa iMallar 

-tabar of lUdaa 

-Utah, dagraaa 
-Dlaaatar, Inchaa 

■hnpa of IropaUar Und« 

>ar of Ofaratara 

foaar-Prlaan Yaptliâtor 

m. 

tÍr • Motor Rating Horaano«« 

Dlamatar, Inctaa 

flarlaa Caalgnatlon Rvabar 

Comments: 

The performance curves for the impellers were developed in the following 

manner and the results as illustrated in this section were plotted directly 

by the computer The fan laws were used to convert the manufacturer's constant 

speed data to the selected constant brake horsepower for an impeller. These 

calculated constant brake horsepower data points are shown as "X'"s on the 

following performance curves. Using these data points, and applying the 

least squares curve fitting technique for a second order polynomial, the air 

flow-static pressure performance curves were generated. From these curves 

the variable speed impeller performance curves were calculated and plotted. 

None of these impellers had a change-over point from the constant horsepower 

curve to the constant 62 rpm pedal speed curve due to designing the modular 

units with a sprocket ratio of 20/l, and the unitary units with a ratio of 

5/1• Refer to Appendix C for an explanation of the change-over point. 

GENERAL AMERICAN RESEARCH DIVISION 
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INTRODUCTION 

Shelter and ventilator equipment analyses were performed to determine 

the best ventilator kits for the 138,000 below-grade fallout shelters identi¬ 

fied during the second phase of the National Fallout Shelter Survey (NFSS). 

The basis for the study was a random sampling of l60 facilities. Sketches of 

these shelters were analyzed for basic characteristics that define the ventila¬ 

tion requirements, and by matching the performance of 636 fans to the shelter 

requirements, the best kits were chosen based on a least-cost ventilation system. 

SHELTER CHARACTERISTICS 

In order to provide ventilation for identified fallout shelters throughout 

the country, a random sample of basement shelters was analyzed to determine the 

basic descriptors and the performance characteristics of ventilators, the 

equipment could be screentd and the best units identified for further design 

analysis and human factors évaluation. To limit the number of shelters analyzed, 

a statistical random sample of I60 facilities was taken to represent the NFSS 

shelters. The statistical sample of facilities, designed and surveyed by the 

Research Triangle Institute was drawn from all of the facilities surveyed in 

Phase 2 of the NFSS in the 216 Standard Metropolitan Statistical Areas (SMSA*) 

of the United States. The master sample consisted of four SMSA's in each of 

the OCD Regions plus the New York City, Philadelphia, Chicago, and Los Angeles 

areas. Eight facilities were selected in each of two SMSA's for each OCD 

region and the four cities. Since entry was denied in two facilities in 

Seattle (no substitute facilities we¿^ available in the master sample), and 

♦An 3ISA is generally an urban county or group of co nties combined by the 
Bureau of Census for statistical purposes. 
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since one San Francisco building (Facility No. IO3) was determined to have no 

usable fallout shelter space, the sub-sample finally consisted of 157 facilities. 

These 157 facilities consisted of 175 parts. 

The sampling procedure insured the selection of buildings from all geo¬ 

graphic areas of the United States. Moreover, the selection of facilities 

from different areas within the sample SMSA's was guaranteed. Results of this 

sample are adequate for making estimates on the National level, however, RTI 

points out that due to the small number of buildings in each OCD region and the 

resulting relative error, Regional estimates should not be made. GARD agrees 

thft the sample when broken down by facilities in each region or isoventilation 

zone is too 11 for accurate shelter sampling; however, since larger samples 

in each region are not available, the entire RTI sample was applied to each 

Isoventilation rone. It is therefore implied that the type of construction of 

shelters is similar throughout the United States, and the sample is representative 

of the type of basement shelters that exist in each isoventilation zone. These 

assumptions were necessary to provide a basis for defining the shelter descriptors 

to optimize the number and capacity of ventilation kits, and to estimate the 

total cost for the optimum ventilation kits. 

Five methods of depJoying ventilators were analyzed in detail using the 

I57 sample floor plans. The deployment approach which yielded the best coverage 

considered the shelter to be one open-area, although the partitions and anange- 

ment of the rooms did define the duct system required with each ventilator. 

The apertures and their sizes were considered in the optimization program, 

since in the process of defining and analyzing ventilation systems, it was found 

that their shortage limited the number of ventilators which could be used in 

a shelter. This lack of openings resulted in designing and analyzing 
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(performance and cost) larger capacity ventilators, such as the 4-, 6-, and 

8-man pedal-driven units, and the motor-driven ventilators. The basic descrip¬ 

tors deduced from the sample shelters by this deployment approach are itemized 

below: 

1. Shej-ter Floor Area of each shelter-part. 

NOTE: These shelter-parts are the same building story numbers 

as used during Phase 1, and also are the entries in 

Columns 13-14, Section B, of the Phase 2 Data Collection 

Form (DD Foim 135Ó-1). 

2. Total Aperture Area available to the outside air, including 

windows, stairwells, and elevator shafts. 

3. Maximum Number of openings to be used for routing ducts to 

non-shelter areas within the building or the outside environment. 

4. Remaining Aperture Area available for the air inlet. 

5. Average Equivalent Duct Length (EDL) fcr each ventilator (excluding 

the pseudo-EDL resulting from an additional pressure-drop caused 

by a high air flow rate through the apertures allocated for the 

inlet air. 

The location of ventilator units within each shelter is important from 

the standpoint of air distribution and ventilator performance. The location 

of units in the sample shelters was chosen such that the best air distribution 

could be obtained using the shortest duct system. This was done because long 

duct systems are difficult to implement and the pressure drop associated with 

the duct friction could increase the number of units necessary to ventilate 

the shelter. Whenever possible, the ventilators were located so that they 

would exhaust directly through an opening in the exterior wall. Existing 

openings and/or intentionally placed holes in the partitions were used to dis¬ 

tribute the air. Where possible, elevator shafts and windows were used for 
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the exhaust ducts from the ventilators, rather than relying on the doors and 

stairwells. 

After selecting the openings which should be used for the ventilation 

equipment (actual floor plan layout required), the following guidelines were 

used to determine the maximum number of units which may be placed in the shelter. 

1. Two units per door, stairwell, or elevator shaft. 

2. One unit per window or opening if the minimum size is 36 inches by 

36 inches and the horizontal dimension is less than 72 inches. 

3- For garage doors, ramps, and other large openings, one unit-high 

only and spaced on 3-foot centers. 

When a facility had shelter space on more than one story, the same stair¬ 

wells and elevator shaft were used for either supply air or exhaust air. 

The equivalent duct length (EDL) for each ventilator is the straight 

length of duct plus the equivalent length of any elbows used. Ducts which go 

through openings which are large enough to be used both as an air source and 

exhaust must be extended at least 35 feet from the openings to prevent recircu¬ 

lation of the exhaust air. 

After deploying the maximum number of ventilators on the sample floor plans 

and laying out the duct systems, it was found that in 83 percent of the shelters, 

the difference between the largest and shortest EDL was 50 feet or less. Of 

the remaining 17 percent, none have minimum-to-maximum difference greater than 

300 feet. The average minimum-maximum difference in these remaining shelters 

is less than I50 feet. This large difference generally occurs because one or 

two ducts are much longer or shorter than the rest. In fact, if the two ducts 

which deviate most ^rom the average in each of these remaining shelters are 

deleted, only 2 percent of the shelters have a min-max EDL difference greater 
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than 50 feet and none exceed I50 feet. Because the EDL's of the individual 

ventilators in each shelter vary only a small amount from their average, it 

is convenient to use this average equivalent duct length as the system charac¬ 

teristic for each ventilator from the maximum number of ventilators considered 

to the minimum possible of one in a given shelter. This fact was used in the 

equipment selection program. 

VENTILATOR SCREENING 

A total of 636 ventilator Designs were screened using criteria of per¬ 

formance and cost. Using manufacturer's catalog data, performance of the 

man-powered impellers was determined for inputs of 0.1, 0.2, 0.4, 0.6 and 

0.8 horsepower. The performance for electrically-powered impellers was 

determired for 0.3, 0.5, 2.0, 3-0 and 5-0 horsepower. The performance was 

determined for EDL's of 50, 300 and 700 feet. The cost of each of the units 

was also determined. 

The units were listed by CFM in decreasing order for each of the tl ee 

EDL's. The units yielding the maximum OEM for the least cost for each EDL 

were selected for further screening. Fifty-three units survived. 

These survivors were then subjected to further screening. The 6- and 

8-man units were eliminated because the physical size of the unit would 

occupy too much shelter floor space. Also, units were eliminated that 

contained similar cost and performance. Thus 18 ventilators remained at 

the end of the first screening. 

Ten 'units were added by the end of the second screening. These were 

three 36-inch units, 1-,2- and 4-man, and seven electric motor-driven units, 

I/S, 1/2, 1, I-I/2, 2, 3, and 5 horsepower. Further, exact rather than 

approximate costs and exact duct friction values were used for the second 

screening. 
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Although two of the seven final electric units were eliminated in the 

second screening, they were retained on the master list of 28 so that the 

complete range of electric ventilators could be considered. These 28 

designs were then subjected to the following cost minimization analysis. 

The performance characteristics of each ventilator, the cost of each 

ventilator kit, and the unit length cost of the duct system were used in the 

cost analysis. The least-cost criterion is used in selecting the best ventila¬ 

tor for each shelter-part, but the minimum total cost varies with each changing 

group of ventilators considered. Starting with the master list of 28 fans, on 

equipment computer program produced solutions for each isoventilation zone 

as if the 175 RTI sample shelter-parts were located therein. The frequency 

of occurrence of the 28 units was summarized and the results were tabulated. 

Based on the frequency of occurrence, the 10 ventilators with a frequency of 

occurrence greater than 100 were retained. For the 10 remaining ventilators, 

it was decided to eliminate arbitrarily one ventilator in each of the low, 

moderate, and high capacity ranges. The performance curves for the remaining 

seven ventilators were used in selecting the optimum number of shelter ventila¬ 

tion kits for the NFSS basement shelters without any human factors considera¬ 

tions . 

OPTIMIZATION OF VENTILATION KITS 

The basis for matching and selecting the least-cost equipment is a file 

of the shelter characteristics for any combination of equipment size and any 

number of installed units (number of openings) from the maximum possible to 

a minimum of one. This summary of data is called the "surveyor file" and was 

generated by use of a computer program using as input the shelter descriptors. 

The output format of the computer program gives, for each shelter-part of the 

RTI survey, the equivalent duct length (EDL) as a function of (l) the possible 
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duct diameters, and (2) the number of ventilators from the maxim™ possible to 

one unit. In determining the equivalent duct lengths, the total air flow (CFM) 

required was calculated for each of the isoventilation zones based on an 

occupancy density oí 10 square feet per shelteree. The air flow per ventilator 

was determined simply by dividing the total ventilation requirement by the number 

of units from the maximum to one. 

The predictions are made for all ventilation zones and the totals hown that 

out of 138,261 facilities or 154,160 snelter-parts, 98.6 percent of the shelter- 

parts are ventilable. The snaces available in these shelters are 90.2 percent 

(72,014,940) of the maximum possible (79,824,485). when the selections are made 

1 rom 28, 10 and ( ventilators, the total estimated cost for ventilation equipment 

is 32.7, 33-9 and 36.6 million dollars, respectively. For 7 ventilators, the 

estimated cost is only 3-9 million dollars more than when 28 units are possible; 

therefore, it is of definite advantage to reduce the number of kits in an opera¬ 

tional system to no more than 7, and possibly less. 

Table I shows cost, precent shelter parts covered, and percent people 

ventilated of total sheltered, as a function of various mixes of the seven 

selected ventilator units when power is available. 

As indicated in Table II, the shelter coverage decreases significantly 

when eliminating the power units from the system. Roughly 82 percent of the 

identified spaces would be adequately ventilated; however, the best five kits 

would cover 93.6 percent of the identified shelter parts at an estimated cost 

oí 2/.7 million dollars. Reducing the number of Kits from five to four and 

three, increases the cost slightly to 28.0 and 28.4 million dollars, respec¬ 

tively. We recommend stocking the 1R-3627-4 and the 4R-3627-4 kits. These 

units will provide ventilation for an estimated 65,353,075 people at an 
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TABLE I 

OPTIMA VENTILATOR MIXES WITH POWER AVAILABLE 

NUMBER 
OF UNITS 

7 

6* 

5 

k 

3 

2 

6** 

3 
USING MIL- 
V-40645 

TOTAL NUMBER 

OF VENTILATORS 

333,806 

332,321 

332,321 

329,670 

325,708 

292,422 

324,332 

296,385 

TOTAL 
COST 

$ 36.664 M 

37.593 M 

37.89O M 

38.326 M 

40.534 M 

5O.729 M 

29.528 M 

48.521 M 

NUMBER OF 
SHELTER PARTS 

151,944 

(98.6%) 

151,944 

(98.6¾) 

151,944 
(98.6¾) 

151,944 
(98.6¾) 

151,944 
(98.6¾) 

151,944 

(98.6¾) 

146,987 
(95.3¾) 

151,944 
(98.6¾) 

NUMBER OF 

PEOPLE 

72,014,94o 
(90.2¾) 

72.014,940 
(90.2¾) 

72,014,940 
(90.2%) 

72,014,940 
(90.2¾) 

72,014,940 
(90.2¾) 

72,014,940 
(90.2¾) 

66,825,132 

(83.7¾) 

72,014,94o 
(90.2¾) 

*Unit 375-36-5 as the elec trie-powered unit. 

**Unit 28O-27-I a¡j the elec trie-powered unit. 

5 

4 

3 

2 

TABLE II 

OPTIMA VENTILATOR MIXES USING ONLY MANUAL UNITS 

319,170 $ 27.689 M 144,258 

(93-5¾) 

319,170 27.986 M 144,258 

(93-5¾) 

316,519 28.422 M 144,258 

(93-5¾) 

312,556 30.630 M 144,258 

(93.5¾) 

65,353,075 
(81.9¾) 

65,353,075 
(81.9¾) 

65,353,075 
(81.9¾) 

65,353,075 

(81.9¾) 
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estimated cost of 30.6 million dollars. Significantly, the same manual units 

are optimum for either a manual or power-manual system. In no case will a power 

unit be used in a shelter if it is possible to ventilate the shelter with the 

largest capacity mami'al unit available. 

CONCLUSIONS AND RECOMMENDATIONS 

The shelter ventilation equipment optimization study presented in this 

report provides the means for selecting from 28 ventilator designs the best 

ventilators to ventilate the NFSS below-grade fallout shelters. When power is 

available from an auxiliary engine-generator set, the optim n units are the 

1-man, 36-inch diameter Unitary Ventilator; the 4-man, 36-inch diameter Modular 

Unit; and the 5-horsepower, 36-inch diameter Po”cT’ Unit. These units will 

provide ventilation for an estimated 98.6 percent of the identified basement 

shelter-parts (see Table III). The shelters will accommodate an estimated 

72,014,940 people or 90*2 percent of the maximum number of people which could 

be sheltered at a floor loading of 10 square feet per person. The cost for the 

equipment to ventilate these shelters is estimated at 40.5 million dollars or 

56 cents per person. This dollar value does not include the expense of the 

survey, selection of equipment, instructions, warehousing, and freight. 

If manual units only are feasible, the optimum units are again the 

IR-3627-4 Unitary Ventilator, and the 4R-3627-4 four-man Modular Unit. These 

units will provide ventilation for an estimated 8I.9 percent of the maximum 

number of people which could be sheltered in the 138,261 identified NFSS 

basement iacilities. If the MIL-V-40645 PVK, 1- and 2-module units were 

applied to the RTI sample shelters according to the techniques described in 

the report, the results show that 122,669 shelter-parts or 79.6 percent of 

the total number of shelter-parts can be adequately ventilated. These shelters 
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TABLE III 

SUMMARY OF THE RECOMMENDED VENTILATOR KITS 

FOR THE NF3S BASEMENT SHELTERS 

Type of System 

Manually- and 

Manually-Driven Electric Motor- 

Ventilators Driven Ventilators 

Percentage of Estimated Shelter- 

Parts which can be ventilated 93-% 

Percentage of the Maximum Number 

of People who can be protected 

with increased ventilation 8l.% 

Recommended Number of Kits 2 

Style of Ventilators with 1R-3627-4: 

Estimated Number of Kits 250 ?43 
Required an¿ 

¡+R-3627-4: 

61,813 

Estimated Cost for Equipment, $ 30.630 - 
(dollars in millions) 

98.6% 

90.2% 

3 

1R-3627-4: 
290,745, 

4R-3627-4: 

61,811, 
375-36-5: 

13,152 

$ 40.534 

Per Capita Cose for the 

Equipment $ 0.47 $0.56 

*Costs do not include the expense for the survey, selection of equipment, 
warehousing, instructions, and freight. 

cover 55.6 percent of the maximum number of shelter spaces available or 

44,436,023 shelter spaces. 

During the program it was learned that large capacity units were required 

in order to get reasonable ventilation coverage when considering ail of the 

NFSS basement shelters. This means that many rooms in these shelters are 

covered oy one ventilator, and therefore the deployment of the ventilators 

will always significantly affect the distribution of air throughout the shelters. 

Since the dir distribution within the snelters is highly dependent upon the 
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placement of the ventilators, the geometry of the shelter, and the occupancy 

density throughout the shelter, it may be necessary to selectively seal doors 

and apertures, and intentionally put holes of various sizes in the interior 

partitions. Additional studies are necessary to define the minimum shelter air 

distribution requirements, and to determine if additional distribution devices 

and instruments (such as the punkah and a baffle kit and dry-bxlb thermometers) 

should be incorporated into the system. 
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