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DETAQiABLE SU4MWY

Study of Air Distribution in Large Single-Room Shelters

I. INTRODUCTION

It is estimated that more than 50 million fallout shelter spaces could

be added to the National Fallout Shelter Survey (NFSS) inventory by providing

additional ventilation to those shelter areas where existing ventilation

does not meet specified standards. In an effort to acquire these additional

spaces, the Office of Civil Defense (OCD) sponsored the development of

manually powered equipment to supply and distribute additional air in

shelters. This equipment consists of a 30-inch diameter fan and a Kearny

pump, which is an oscillating uni-directional air pump consisting of a

series of overlapping flap valves stretched across a frame which is hinged
at the top.

Studies by the Protective Structures Development Center and by General

American Transportation Corporation have demonstrated that the manually

powered equipment is effective in supplying and distributing air in small

to moderate size shelters (780 to 4,000 sq. ft.). A previous RTI analysis

of NFSS data for shelters requiring ventilation improvements indicates that

larger shelter areas may be of greater significance, with approximately

45 percent of all spaces contained in shelter stories having 1,000 or more

spaces (10,000 or more square feet of total area).

The objectives of this research effort were: (a) to evaluate the

effectiveness of this equipment in supplying and distributing air in large

open shelters with various configurations of exterior apertures, (b) to

determine the largest shelter which can be ventilated using the equipment,

(c) to develop the most cost-effective systems of ventilating and distributing

air in large shelters, and (d) to determine those system parameters which

significantly influence system performance.
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IT. TEST PROCEDURES

The work involved operating the OCD-developed ventilation equipment in

a large open building, with plan dimensions of 80 feet by 322 feet. Hot-

wire anemometers were used to measure the airflow rate at predetermined

locations. The measurements were used to develop iso-speed contours to

delineate those portions of the floor area having an established minimum

air movement. For the purpose of these tests, the minimum was set at 20

feet per minute (fpm); however, the iso-speed contours for 40 fpm were alsoV

identified.

Twenty-nine ventilation tests were performed using twelve configura-

tions of air inlet and exhaust apertures.

III. RESULTS AND CONCLUSIONS

Table 1 summarizes the results obtained from each of the ventilation

tests performed. This table presents the percent of the floor area having

airflow rates of 20 fpm and 40 fpm for each test and gives information on

outside wind conditions, volume of air passing through the shelter, and

the equipment used.

On the basis of the experimental results, the following conclusions

and recommendations are made.

a) Effective duct length is the single most important item affecting

system efficiency and should ba kept to a minimum.

b) The effect of clustered PVKs versus having them separated neods

further investigation.

c) The cross-sectional area of the path of airflow through a shelter

should be kept to a minimum.

d) Using the recommended number of PVKs, a building the size of the

test facility does not have adequate air movement in the 5 cfm

zone; however, it does have adequate air movement in higher cfm

zones provided widely separated apertures are available,

S-2



i

e) The measured volume of air delivered during the tests deviated

from that predicted by the PVK performance curves because of air

leaking into the building from sources other than the inlet I
apertures and variations in outside wind conditions.

f) Orientation of air inlet apertures has very little effect on

system performance provided they are remote from the exhaust

apertures.

g) Variations in the density of the air passing through a shelter,

which is related to outside temperature, causes variations in

the airflow rates at the 3-foot level.

h) Kearny pumps are effective in moving air up to 50 to 60 feet

outside the normal path of airflow through a shelter.

i) The effectiveness of Kearny pumps in distributing air in a shelter

is much greater if the orientation of the Kearny pumps is such

that they move air in the same direction as the main path of

airflow through the shelter.

J) Kearny pumps have a greater effect on airflow rates at the 3-foot

level than at the 6-foot level.

k) During the tests using 10 fans, the percent of the floor area

having an airflow rate of 20 fpm or more ranged from 19 percent

to 100 percent.

1) It is desirable to know the aperture locations in a shelter in

order to apply the information obtained from these tests.
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Tab le 1

SUOARY OF VENTILATION TEST RESULTS

Zqaipwant lead atiec- 3-FNO LEVEo 6-FOOT LEMEL

(Nuber) ct outside Wind , Measurd Percent of Floor Percent of Floor

onfix- Tt Many PVK Lenth Aperture Speed Volume at Air At Having Area via

ration HoMer fVIe Faq. LocatIon (tat) Location Dittier1 (fpa/qh) Delivered (cfa) '20 fpm '40 fpm .20 tpa .60 fps

A IA 10 0 North Side (Windows) 1,000 South Std SW 73/.85 17,000 21 4 29 a

A is 10 4 North Side (Windows) 1,000 South Side w ?S/.05 i,.000 27 11 23 3

a 2A 10 0 H4 Half (windows) 1,000 W-4 Doors W 19$/2.2 15.000 48 Is 26 12

a 2B 10 4 NW Hail (Windows) 1,000 Weat End SW 440/5.0 15,500 37 15 27 14

a 2C 10 4 W Half (window) 1,000 West Vd SW 85/.93 21,000 4 is 6 9

B 2D 10 0 P4W Nalf (Windows) 1,000 W-2 bawra N 325/3.7 18,000 32 9 18 5

ISA 10 0 WE Corner (Windowe) 1,000 West Pad SW 120/1.4 30,000 9 66 86 54

c 10 10 A K; Cornr (Windows) 1,000 West Ed SW 115/3.6 14,500 i01
/  

,y 95
1 /  

60

O I1A 10 0 Corer (Windowa) 1,000 SW Cornor SW 220/2.5 22,000 90 6. 92 29

O 11 1 2 NE Corner (Windows) 1,000 SW Corner ow 220/2.5 22,000 100 95 100 37

E 12 10 0 E Coner (Windo-e) 1.000 NW Corner NE 265/3.0 27.30 96 43 NI 23

S 13 1C 3 WE Corner (Winjowa) 1,000 St lf E 180/2.0 22,000 69 20 80 25

G 1A 10 3 t Nal (W'ndowq) 1,000 SE Nelf ENE 430/A9 15,000 19 7 27 5

H 3A 10 0 Eat end (Doors) 8 West End SW 210/2.4 37,000 83 30 9A 59

14 38 10 4 East end (Doors) 8 Watt Ed SW 3003.4 40,000 89 45 94 30

M 7 8 0 Be Id (Doors) a Weat End WNw 260/2.7 40,000 93 69 s 57

H 9A 6 0 fest end (Doors) 8 West id S6 230/2.6 26,000 06 2/ £6 2/

H 98 4 0 East End (Doora) 8 West End Sw 355/4.0 23,!00 25 2/ 53 2/

a 9C 2 0 Eat Ind (Doors) a west rnd SW 35014.0 21,50O 18 2/ 29 2/

H 9 3 - .... West .nd Sw 220 /2.5 14.500 10 2/ 12 2/

H 9E A/ -- - West End SoW 275/3.1 10,500 7 21 87 2/

I 4A. 10 0 Eat End (Doore) IA SW Crnsr NNE 275/3,1 28,000 96 66 90 40

64A2 10 0 East End (Door*) 8 5W Cotner NE 200/2. 28,0 97 59 93 67

41 10 4 Eat End (Door) 14 SW Comrer NNE 27513.1 28.000 97 864 98 68

5 10 0 East Ed (Doors) 8 N & SW SW 6/.74 32,000 94 57 97 68
C. =~a to

K 6 10 0 East End (Doors) 8 MW Co rer oW 175/2.0 26,5 76 53 81 64

9A 10 3 Euin(D (Doro) a N. N 5 W 30/.35 2,3,500 is 17 45 23
Sidea

L B 10 4 Ea t Etd (Door.) 8 Md. N 4 S SW 220i' ' 29.50D 15 22 S) 25
Sides

L 8C 10 0 East Ecd 8 Kid. P: & 0 5S 100/1.1 29,500 5S 30 63 45
Sideos

A! Road loae ver taken only In the ars which previo.aly had low oirflow rates; these were eliminated by the teany pumpe.

11 The oea homing a airflw rate o! 40 fps or more lr the tests with 6 or los lete was quite stall end. conequenstly. the areas were not ceupated.

- In this test, the 10 pMe were In place in the doors In the eat eand of the boildin8 but ware nor turned on.

Sn this tat, no equip"nt was present in the buildin8 rnd the doors in each end of the bulding wer' open.

S-4

La



RESEARCH TRIANGLE INSTITUTE
ENGINEERING DIVISION

OPERATIONS ANALYSIS DEPARTMENT
RESEARCH TRIANGLE PARK, NORTH CAROLINA 27709

OCD Review Notice

This report has been reviewed in the
Office of Civil Defense and approved
for publication. Approval does not
signify that the contents necessarily
reflect the views and policies of the

Office of Civil Defense

FINAL REPORT 43U-629-1

December 1971

Study of Air Distribution in Large Single-Room Sheltirs

by

M. D. Wright, E. L. Hill and D. R. Whitaker

for

OiFICE OF CIVIL DEFENSE
OFFICE OF THE SECRETARY OF THE ARMY

Washington, D. C. 20310

under

Contract No. DAHC20-71-C-0275
OCD Work Unit 1217D

Approved for Public Release; Distribution Unlimited



ABSTRACT

This report describes experimental studies performed to determine the

effect of OCD-developed, manually powered ventilation equipment for venti-

lating large, single-room shelters and to evaluate the maxim, size facility

that can be ventilated with this equipment. The equipment used consisted of

a 30-inch fan and an air distributional device called a Kearny pump. The

equipment was operated using various configurations of apertures for air

inlet and exhaust. During each test, airflow rate measurements were taken

at heights of three feet and six feet above floor level using hot wire

anemometers at measurement points marked off on the floor of the test

facility. These measurements were used to develop iso-speed contours for

airflow rates of 20 fpm and 40 fpm over the floor of the test facility.

In those tests where significant portions of the floor area had airflow

rates of less than 20 fpm using the fans alone, Kearny pumps were used to

improve the distribution of air over the floor area.

From these tests it was concluded that the manually powered equipment

can be used to effectively ventilate large, single-room shelters for most

of the aperture configurations investigated. In the optimum configuration,

100 percent of the floor area had an airflow rate of 20 fpm or more. In

the other configurations, the percent of floor area having an airflow rate

of 20 fpm or more ranged from 19 percent to 98 percent.
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I. INTRODUCTION

Significant numbers of fallout shelter spaces could be added to the

National Fallout Shelter Survey (NFSS) inventory by providing additional

ventilation to those shelter areas where existing ventilation does not

meet the standards specified in ER-1190-1-2 (Ref. 1]. In 1965, it was

estimated that approximately 50 million spaces were in this category

[Ref. 2]. In an effort to acquire these additional spaces, the Office of

Civil Defense (OCD) sponsored the development of manually powered equipment

to supply and distribute additional air in shelters. This equipment

consists of a 30-inch diameter fan and a Kearny pump, which is an oscil-

lating uni-directional air pump consisting of a series of overlapping flap

valves stretched across a frame which is hinged at the top.

Studies by the Protective Structures Development Center [Ref. 13] and

by General American Transportation Corporation [Ref. 41 have demonstrated

that the manual equipment is effective in supplying and distributing air

in small to moderate size shelters (780 to.4,000 sq. ft.). A previous

RTI analysis of NFSS data for shelters requiring ventilation improvements

indicates that larger shelter areas may be of greater significance. For

example, approximately 45 percent of all spaces are contained in shelter

stories having 1,000 or more spaces (10,000 or more square feet of total

area) [Ref. 2].

The objectives of the research described herein have been: (a) to

evaluate the effectiveness of the manual equipment in supplying and

distributing air in large open shelters with various configurations of

exterior apertures, (b) to determine the largest shelter which can be

ventilated using the equipment, (c) to develop the most cost-rftective

systems of ventilating and distributing air in large shelters, and (d)to

determine those system parameters which significantly influence system

performance.
The work involved the operation of the OCD-developed ventilation

equipment in a large open building, measuring the airflow rate at

predetermined locations, and developing iso-spead contours to delineate

those portions of the floor area having a minimum air movement. For the

purpose of these tests, the minimum was set at 20 feet per minute (fpm);

however, the iso-speed contours for 40 fprn were also identified.
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II. TEST PROCEDURES

A. Test Facility

The facility utilized in this ventilation study is located on the

North Carolina State Fairgrounds in Raleigh, North Carolina. The building

has plan dimensions of 323 feet by 80 feet and is situated such that the

long dimension runs in an east-west direction. The ceiling height for the

western half of the building averages approximately 15 feet and 18 feet for

the eastern half. The floor plan and cross-sectional views of the test

facility are shown, in Figure 1 and exterior views are shown in Figure 2.

During the ventilation tests, the building was empty except for minor

permanent structures; including a display booth and a produce display rack,

which are shown in Figure 3. Although these structures had an influence on

the airflow patterns in the building, they did not interfere with obtaining

the objectives of the research.

There are windows along both the north and south sides of the building.

In the western half of the building, the windows are 2 feet wide by 3 feet

high and are 10 feet 2 inches above the floor. These windows are arranged

in groups of three, as shown in Figure 4, with 8-inch dividers between the

windows in each group and a 3-foot 9-inch wall section between groups. In

the eastern half of the building, the windows, shown also in Figure 4, are

2 feet wide by 4 feet high and are 11 feet 4 inches above the floor. These

windows arc also arranged in groups of three similar to those in the western

half.

There are two doors, 8 feet 5 inches wide by 9 feet 10 inches high, in

the east end of the building and there are four doors, 3 feet 6 inches wide

by 7 feet 7 inches high, in the west end of the building as shown in Figure 1.

There are also large openings in approximately the center of both the north

and south walls; however, thesc were covered with plastic and sealed throughout

the testing.

B. Ventilation Equipment

Ten fan units and four Kearny pumps were assembled for use in these

ventilation tests. The specifications for the standard Packaged Ventilation

Kit (PVK) call for a special bell-shaped shroud; however, due to the expense

of having special shrouds manufactured, the fan units were assembled using

shrouds from an off-the-shelt 30-inch diameter fan. The shroud was bell-

shaped with the bell radius slightly less than the radius of the specified

2



shroud. Information provided by OCD [Ref. 5] indicates that the shroud

used should produce results essentially the same as the specified shroud.

The PVKs, shown in Figure 5, used the fan blade identified in the speci-

fications. They were also powered with one-sixth horsepower electric

motors and were geared to run at a speed of approximately 480 rpm, which

is the normal operating speed of the manually powered units.

The Kearny pumps (Figure 6) were assembled in accordance with OCD

specifications except that the entire frame was built as a single unit

rather than in two pieces and different hinges were used. The Kearny pumps

were electrically driven at approximately 28 cycles per minute, which is the

normal rate of operation when manually powered. The drive mechanism consisted

of a one-tenth horsepower gearmotor mounted on a wooden frame. An 18-inch

level arm was attached to the output shaft of the gearmotor. A rope was

fastened to the lever arm, passed through a pulley, and then fastened to the

Kearny pump. First attempts to drive the Kearny pump using this arrangement

produced a rather severe shock on the drive mechanism due to the fact that

the pump could not complete its backswing before the gearmotor began the next

forward swing. To alleviate this condition, a spring was incorporated into

the drive to absorb the shock. During the ventilation tests, the Kearny pumps

were driven to swing through an arc of approximately 63, which was estab-

lished by previous researchers [Ref. 4] as a comfortable arc for manual

operation.

The A-frames on which the Kearny pumps were mounted were constructed of

standard electrical conduit fastened together with standard connectors called

by the trade name "Kee-Klamps."

C. Measuring Equipment

The instruments used to measure the airflow rate during the ventilation

tests were two Alnor Instrument Company Type 8500K thermo-anemometers. These

devices utilize a platinum wire of small diameter as the sensor element,

which is inserted in the airstream and heated by an electrical current. The

amount of heat dissipated is measured and correlated with the speed of air

movement. The instruments have scales of 10-300 fpm and 100-2,000 fpm, with

published accuracies of ' 2 fpm on the low scale and 1 5 percent of the

reading on the high scale.

The two anemometers were mounted on a wooden stand with wheels which

permitted easy movement from one meiasuring point to another. The anemometer

probes were fastened to the stand at heights of 3 feet and 6 feet above floor

level as illustrated in Figure 7.
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D. Equipment Tests

Since the fan shrouds used in these tests deviated slightly from OCD

specifications, a capacity test was made to determine if their operating

characteristics were significantly different from the published performance

curves for the PVKs. The test of a fan unit was made by exl-austing air

fom a single room and measuring the volume of air coming into the room

through an open doorway, as shown in Figure 8. The results for two separate

tests were 4,972 cfm and 4,910 cfm, which concurs with the PVK performance

data given in Figures 2-10 of Reference 6.

A similar calibration was attempted for a Kearny pump; however, a suit-

able location was not available for conducting such a test. The only location

available had five single standard size doorways along the path of airflow,

as shown in Figure 9. A test was made in this location with measurements

made at both the inlet and outlet doors. The results were substantially

below the predicted capacity, which is reasonable since the performance of

Kearny pumps is such that a very small increase in pressure head signifi-

cantly reduces the volume of air delivered. The lack of a valid test for

the Kearny pumps was not felt to be detrimental to the ventilation tests

since these units were constructed in accordance with the specifications.

E. Building Preparation

Prior to performing any ventilation tests, all exterior openings in

the test facility which were not expected to be used in the tests were

sealed by covering them with polyethylene and/or taping around them. Points

on the floor at which airflow rate measurements were to be taken during the

ventilation tests were measured off and marked with chalk. These points

were located on 10-foot centers in each direction, giving a total of 297

measurement points (including those within the display booth and produce

display rack).

4
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Fig. 1. Plan and Section Views of Test Facility.
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a. West End. t.N01-01 Side .

C. East End. d. South Side.

Fig. 2.Exterior ViLews- (-, 'IL-;ki'i
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Fig. 3. Permanent Structures in Test Facility.

a. West End (2-Foot by 3-Foot Windows). b. East End (2-Foot by 4-Foot Windows).

Fig. 4. View of Windows in North Wall of Test
Facility (Windows in the South Wall Are
Identical).
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Fig. 5. Packaged Ventilation Kit (PVK).

Fig. 6. Kearnv 'ump.
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Fig. 7. Anemometer Stand with Anemometer Probes

Located at 3-Foot and 6-Foot Levels.
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III. TEST RESULTS

During the course of this research, ventilation tests were performed

using the 12 different combinations of ventilator location and air supply

openings illustrated in Figure 10. Seven of these configurations employed

plastic ducting, which was attached to the fan units and passed through

windows approximately 10 feet above floor level. Although the actual duct

length used with each fan was only about 25 feet, the effective duct length

for the tests was approximately 1,000 feet. The remaining five configura-

tions had the fans exhausting air through doorways located in one end of the

building. Plastic ducting was also employed in these configurations but the

effective duct lengths were quite short; in the order of 3 feet to 10 feet.

Ten PVKs were assembled by RTI for use in these tests. For a shelter

the size of the test facility (25,760 square feet), 10 PVKs would be allocated

based on a 1,000-foot effective duct length and a ventilation rate of 7.5 cfm

per shelter occupant (10 square feet). Consequently, those tests performed

using the long ducts (Configurations A through G) are applicable to the 7.5

cfm zone. Tn the 15 cfm zone, 10 PVKs would be allocated to a shelter the

size of the test facility on the basis of using a zero duct length. There-

fore, those tests performed with the short ducts (Configurations H through L)

are applicable to the 15 cfm zone, except for those tests in Configuration H

using less than 10 fans.

During each test, measurements of the airflow rate were made at eadh of

the 297 points marked off on the floor (except for the 30 covered by the

permanent structure along the south wall). The measurements were made and

recorded for heights of 3 feet and 6 feet above floor level. In most of the

tests, measurements were made first using only the PVKs to supply air into

the building. Following this, the Kearny pumps were placed and operated to

direct air into any stagnant areas and the measurements were repeated.

Although the direction of airflow was not recorded and used, it was necessary

to determine the direction due to the directional response properties of the

anemometer probes. In many cases, the direction in which air was moving was

not easily discernible at some of the measurement points. In these cases,

light smoke was used Lo make this determination.

In measuring the airflow rate at points located in the vicinity of

the air inlet apertures, large fluctuations in the indicated speed were

Effective duct length is the actual length of duct plus the straight
duct equivalent, in terms of pressure drop, of all bends in the actual duct.
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a. Long PVK Effective Duct Lengths (1000 feet).

I I t I I -JPVKs P~

A B C

PVKs PVl PVS

D E F

I l4 Il

P7Ks

b. Short PVK Effective Duct Lengths (3 to 10 feet).

7i, ,PVKs € PVKs € PVKs

H j

-'~Note: PVK locations are
PVKs shown by dark arrows;

--____.._ _. ¢air inlet apertures
I4 4 are located by open

K L arrows.

Fig. 10. Ventilator (PVK) and Aperture
Configurations for Ventilation Tests.
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observed. In these cases, the indicated speeds were observed for a minute

or more and an average value based on the Judgment of the experimentor was

recorded. At measurement points farther away from the air inlet apertures

and near the exhaust fans these fluctuations were not encountered.

Other data gathered for each test included the speed of the air passiag

through the air inlet apertures and the speed and direction of air movement

outside the building. The prevailing winds for the Raleigh, North Carolina

geographic area are southwesterly and, consequently, the exhaust fans for

all tests were placed in either the eastern or noivthern walls in an effort

to avoid exhausting air against the wind. This was not always successful

because of occasional shifts in the wind direction to northeasterly or

northwesterly.

The data obtained from each ventilation test wece utilized to develop

iso-speed contour lines to define those areas of the building having measured

airflow rates of less than 20 fpm, 20-40 fpm, and greater than 40 fpm. This

is illustrated in Figure 11 for test 12 (Configuration E). These contour

lines were developed for both the 3-foot and 6-foot level measurements and

for the measurements taken both without and with the Kearny pumps in operation.

Contour lines for all tests are contained in Appendix A.

The results for each test are given in summary form in Table 1.

Configuration A

In Configuration A, the 10 PVKs were evenly spaced along the north wall

of the test facility. Polyethylene ducts were attached to each unit and

passed through open windows 10 feet above the floor. Ten evenly spaced windows

on the south wall were opened to permit air to enter. These windows were also

10 feet above the floor. The percentage of the floor area having measured

airflow rates of 20 fpm or more in this configuration was 21 percent at the

3-foot level and 29 percent at the 6-foot level. Adding Kearny pumps improved

the flow of air in the immediate vicinity of the pumps at the 3-foot level and

increased the 20+ fpm area to 27 percent of the total floor area. However,

this was at the detriment of the 6-foot level where the area was reduced to

23 percent.

Two factors contributed to the low readings: (a) the long effective

duct length (1,000 feet) severely restricted the volume of air delivered by

the fans, as can be seen in Taule 1, and (b) the cross-sectional area of the

airflow path in this configuration is very large relative to the volume of

air moving through the shelter.
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Table 1

SUMMARY OF VENTILATION TEST RESULTS

affdc 3-Foot LEVEL 6-OOT LEVEL

(Whos.r) , e Perent of Ploor Percent of Ploor

Caf Ia, Test goor PVK Length Aperture Speed Voluse of Air P*T
rato Nmer PVLe tuspe Location (fet) Location Direction (fp./ph) Deltwred (eta) -20 fpe t40 fps .

20 
fpm :40 fpsz

A lA 10 0 North Sid. (Window.) 1,000 $oth Sid. Sd 75/.85 17.000 21 4 29
A 1a 10 4 North Side (Windo-*) 1,000 Sooth Sid. SW 751.85 17,000 27 11 23 1

I
a 2A 10 0 IN Half (W1nd10 s) 1.000 W-4 Doors W 195/2.2 15,000 49 1 26 12

a 26 10 4. w Half (1i1do1s) 1,000 West End S1 440/5.0 15.500 37 is 27 14

a 2C 10 4 NW Half (Windows) 1,000 West End SW E5/.95 21.000 43 14 36 9

& 20 10 0 NW Half (Window.) 1.000 W-2 Door# N 125/3.7 1.000 32 9 1s S

C I0A 10 0 Cornmer (Windows) 1.0m0 Wet &d SW 120/1.6 30,000 93 6 84 54

C 10 10 HE corner (wisdows) 1.000 West End SW 313.6 34.300 1001' 8,1/ 9&- 61

D 11A 10 0 pi Corner (tindeoe) 1.000 SW Cormer 51 220/2.5 22,000 90 67 92 29

D l14 10 2 HFE Co.-r (WIodows) 1.000 S Corner SW 220/2.5 22,000 100 953 100 57

E 12 10 0 K! Coer (window@) 1.000 NW Coner HE 265/3.0 27,500 96 43 el 23

P 13 10 3 KE Coner (Windows) 1,000 Sk Half E 180/2.0 22.000 9 20 0D 2
,

C 14 10 3 H! Half (4'ndowe) 1,000 St Half IVE 40/4.9 15,000 19 7 27

H 3A 10 0 fast End (Doors) 8 Wes8 End 5d 210/2.4 37.000 S3 30 94 59

H 3B 10 4 eas c End (Door) 8 'est End SW 300/1.4 40.OOO 48 94 K)

I H 1 0 fast Ed (Door.) Werest End NW 240/2.7 40.000 93 69 88 37

H 9A ' 0 East rnd (Doors) 8 Went End SW 2)0/2.6 16,00 86 2/ 86 2/

H 98 4 0 fest End (0oor.) H West End 3v 355/4,0 23.500 25 2/ 53 2/

H 9C 2 0 tut Ind (Doors) H West End Sd 30/.O.0 21,300 1 21/ 29 2/

M 90 3/ - -.. West End S 22012.S 14.s00 10 2/ 12 2/

H 9! / - . Wet End SW 27513.1 1O,50 75 2/ 87 at

I 1A 10 0 fer End (Door.) 14 SW Corner HNE 275/3.1 28,000 96 66 90 40

1 62 10 0 East End (Doors) 8 SW Corner WE 200/2.3 28,000 97 59 97 67

48 13 4 feet End (Docr.) 14 SW Corer NW! 27513.1 28,000 97 84 9H 68

J 5 10 0 East En5 (Door.) 8 xN 6 Sw SW 651.74 32,000 94 57 07 68

6 10 0 lost End (Doors) 8 NW Coner SW11 75/2.0 26.500 76 53 84 64

L 0A 10 3 Est End (Doors) 8 Kid. W & W )0/.35 28,390 35 17 AS 23
side@

L OB 10 4 Est End (Doors) a Kid. w & 5 S 220/2.5 29,300 4, 22 53 23
Side.

L &C 10 0 te End 8 Pid. H & SE 100/1.1 29,500 35 30 4) 43
I Side.

1' Rattling. e ta eken o-ly 1. the or... -t,10 ;1-vlo-ly hod law 4irflov ratesa; these were *110tobted by the Kearny ptamps.

1/ The arts hsvlnj Ha airflow ret. of 40 fps or note In the tefts with 6 or less fans wus quit. mal) end, consequently, the are" ues notc tboputd.

-' in this test, the 10 Pve were in piece In the do-r. in the sut and of the bulding but werc not corned on.

I In hi. tes.* no squipont wes present In the buildiln nd the door@ in eth *ad of the buildlg "ero open.

. 1 ' I



Configuration B

The tests using this configuration had the 10 PVKs evenly spaced along

the western half of the north wall of the test facility. The four doors

in the west end were opened to permit air to enter. Using the PVKs alone,

approximately 48 percent of the floor area at the 3-foot level and 26 percent

of the floor area at the 6-foot level had measured airflow rates of 20 fpm or

more. Two different arrangements of the four Kearny pumps were tested in an

attempt to move air into the east end of the building. Neither of these

arrangements was successful. The percentage at the 6-foot level was improved

slightly but the percentage at the 3-foot level was decreased. A final

attempt was made to increase air movement in the east end of the building by

closing two of the air inlet doors to determine if the increased momentum of

the entering air would carry it farther into the east end. This setup also

failed to increase the floor area having 20 fpm airflow rates.

Configuration C

This configuration had the 10 PVKs located to exhaust air through the

10 easternmost windows along the north wall of the building. The fans were

on the floor and exhausted air through 30-inch diameter polyethylene ducts

which extended from the fans to the windows. The four doors in the west end

of the building were opened to serve as air inlets.

The results for this test show that approximately 93 percent of the

building had airflow rates of more than 20 fpm at the 3-foot level. A

stagnant area was found along the south wall in the eastern half of the

building and particularly the southeast corner of the building. It was

anticipated that this corner would have low readings since the air was

exhausted through the windows in the northeast corner of the building.

At the 6-foot level, approximately 86 percent of the building had

readings of 20 fpm or more. The southeast corner was again the area having

lowest readings.

Two Kearny pumps were then placed approximately 8 feet from the south

wall at distances of 65 feet and 125 feet from the east wall in an effort

to improve the airflow in the southeast corner. These pumps were arranged

to pump air parallel to the south wall and toward the east end. This equip-

ment placement eliminated the stagnant area in the southeast corner but

created an area along the center of the building with readings of less than

20 fpm at the 3-foot level. The readings at the 6-foot level were greater

than 20 fpm over the entire area. The initial conclusion drawn from this

was that the Kearny pumps had diverted the flow of air away from the centci
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area. To verify this conclusion, the Kearny pumps were removed and readiugs

were taken again in the center area; again, low values were found to exist

at the 3-foot level.

It was then suggested that perhaps the difference in outside temperature

between the test without the Kearny pumps and the test with the Kearny pumps

had changed the air density sufficiently to cause the readings near the floor

to change. The test with the PVKs alone was begun at 6:30 a.m. when the

outside temperature was approximately 70* F and the test using the Kearny

pumps was begun at 11:30 a.m. when the outside temperature was approximately

820 F. The PVKs and Kearny pumps were left in position and the test with the

Kearny pumps running was repeated the following morning at 7:00 a.m. The

results of this test show that virtually all of the area had readings of 20

fpm or more at the 3-foot level. This was considered sufficient evidence to

support the conclusion that the outside air density affects the airflow at

the lower (3-foot) level.

Configuration D

The 10 PVKs were located the same as for Configuration C; in the north-

east corner of the building. The 10 westernmost windows in the south wall

were opened as air inlets.

The results for this configuratiun show that approximately 90 percent

of the building had airflow rates of 20 fpm or more at the 3-foot level.

The remaining 10 percent, which had readings of less than 20 fpm, was the

southeast corner of the building and an area near the west end of the

structure on the south side of the building. Approximately 67 percent of

the building had measured airflow rates of more than 40 fpm at the 3-foot

level.

The low readings in the southeast corner of the building were as

expected and the low readings in the west end of the building were In the

center of a large vortex created by the air entering the windows. The

general direction of airflow after coming in through the windows was directly

across the building to the opposite wall and then down the length of the

building with a gradual widening of the airstream.

The results for the 6-foot level were quite similar to those for the

3-foot level.

Two Kearny pumps were placed in the west end of the building in the

area where low readings were found. This resulted in readings of greater

than 20 fpm for the area. Kearny pumps were placed
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corner since the configurations of the airflow contours were approximately

the same as for the previous configuration, in which it was demonstrated

that adding the Kearny pumps eliminated the stagnant area.

Configuration E

The 10 PVKs were in the same location for this configuration as they

were for the two previous configurations. The 10 westernmost windows in

the north wall were opened for air inlets. At the 3-foot level, airflow

readings greater than 20 fpm were found for 96 percent of the floor area

with 43 percent being more than 40 fpm.

Approximately 81 percent of the building had airflow readings greater

than 20 fpm at the 6-foot level. The remaining 19 percent was along the

eastern half of the south wall. This stagnant area was apparently caused by

a combination of the structure along the south wall and the location of the

exhaust fans. Approximately 23 percent of the building had airflow readings

of more than 40 fpm at the 6-foot level. No Kearny pumps were added in the

area of low readings along the south wall since the airflow contours were

again similar to those of the previous configurations where it was shown

that adding two Kearny pumps would eliminate the stagnant area.

Configuration F

The 10 PVKs were again left in the same location as for the three

previous configurations, with 10 windows equally spaced along the eastern

half of the south wall opened as air inlets. Three Kearny pumps were

equally spaced across the middle of the building to pump air into the

western half of the building.

Results for this configuration show that approximately 69 percent of

the building had airflow readings of 20 fpm or more at the 3-foot level.

At the 6-foot level about 45 percent of the building had airflow readings of

20 fpm or more. The difference between the 3- and 6-foot readings may be

attributed to the fact that the test was started while raining with an outside

temperature of 64* F and to the fact that the Kearny pumps tended to help more

at the 3-foot level than at the 6-foot level.

Configuration G

This configuration had the 10 PVKs evenly spaced along the eastern

half of the north wall. Kearny pump locations, air inlet apertures, and

ducting were identical with the previous configuration.
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The results for this test show that approximately 27 percent of the

building had airflow rates of 20 fpm or more at the 6-foot level and that

19 percent of the building had readings of 2C fpm or more at the 3-foot

level.

The total volume of air delivered vas 14,800 cfm. Comparing this with

the 21,680 cfm delivered in Configuration H implies that there may be advan-

tages in concentrating the PVKs in one area rather than distributing them

over a larger area. There is not sufficient evidence to justify a conclusion

to this effect; however, it is felt that further investigation is warranted.

Configuration H

Air was exhausted through the two large doors in the east end of the

building and the four single doors in the west end served as air inlets.

Several tests were performed using this configuration.

The first test had five PVKs exhausting air through each of the two

large doors in the east end of the building. The results for this arrangement

show that adequate airflow rates (20 fpm or more) existed for approximately

94 percent of the building at the 6-foot level, which was better than the

3-foot level where approximately 83 percent of the floor area had adequate

airflow.
Kearny pumps were positioned perpendicular to the main airstream to

pump air into the stagnant area along the south wall. This resulted in

improved air movement in the south area but created another stagnant area

along the north wall. Readings in these areas were repeated with the Kearny

pumps both on and off and the stagnant area along the north wall was concluded

to be a direct rerult of the Kearny pumps. With the Kearny pumps running,

the percent of the f.o *r area having airflow readings of 40 fpm or more at

the 6-foot level actually decreased from 59 percent to 30 percent. On the

basis of this test and the results of other tests with the Kearny pumps

oriented parallel to the main airstream, it is concluded that the preferred

orientation of the Kearny pumps is parallel to the direction of airflow.

The permanent structure on the south side of the building obviously

affected the shape of the airflow contours for the initial test; however,

another influence on the readings at both the 3-foot and 6-foot levels was

suspected to be the fan arrangement in the two doors. For the northernmost

door, the fans were located so that three fans had very short ducts and,

consequently, very little backpressure due to ducting. The fans on the
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southernmost door were arranged, however, so that each fan had at least a

4-foot 8-inch duct with the average effective duct being about 8 feet long,

which could explain in part the higher readings along the north side of the

building.

In order to determine the magnitude of the effect the different fan

arrangements had on the airflow, the fans in the southernmost door were

rearranged to agree with those in the northernmost door. The results for

this revised fan arrangement show that much of the airflow contour shape in

the initial test was due to the less efficient fan arrangement, and that more

than 80 percent of the building had measured airflow rates of greater than

40 fpm with the remaining 20 percent of unobstructed area having greater than

20 fpm.

The structure on the south side of the building obviously caused the

lower readings for the southeast part of the building. Without this protru-

sion, this fan and air inlet configuration should result in adequate airflow

rates for the entire floor area.

Additional tests performed using this basic configuration consisted of

tests using 8, 6, 4, 2, and none of the fans. The purpose of this was to

establish the point at which a significant portion of the floor area has

less than adequate air movement. In those areas of the country having a

zonal requirement of less than 15 cfm per occupant, fewer than 10 fans would

be allocated to a shelter of this size and having this type of aperture I I
configuration. This series of tests was an effort to evaluate the air move-
ment which might be expected in these lower cfm areas. The results of these

tests show that six fans, which would be applicable to a 10 cfm per occupant

requirement, provide adequate air movement over a large portion (86 percent

at both levels) of the floor area but that four fans provide adequate air

movement for only 25 percent of the floor area at the 3-foot level and

53 percent at the 6-foot level.

In a geographic area with a 5 cfm per occupant requirement, only three

fans would be allocated to a shelter this size. Based on these tests,

adequate air movement would not be obtained with three fans.

The test with no fans running was first performed with the fans in

place in che two large doorways. This resulted in only a very small portion

of the floor area (6 percent at the 6-foot level, 19 percent at the 3-foot

le~rel) having measured airflow rates of 20 fpm or more. The fans were removed

and the test was repeated; approximately 75 percent of the floor area had
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adequate air movement (20 fpm) at the 3-foot level and 88 percent at the

6-foot level. This indicates that the natural ventilation for this configura-

tion provides adequate air movement for most of the shelter area. It should

be noted, however, that this is not a typical configuration for shelters in

the NFSS which require additional ventilation from a natural ventilation

standpoint, since it is totally above ground.

On the day this test was performed the outside wind was out of the south-

southwest at an average speed of 275 fpm with gusts of 500 fpm.

The total volume of air entering the building with 0, 2, 4, 6, 8, and 10

fans running was computed using the measured speed of the air entering the

building through the inlet apertures. These data were used to construct a

curve for the number of fans versus volume of air delivered which is shown

in Figure 12. Since this curve is virtually linear, it indicates that no

significant pressure head is built up due to inlet aperture constriction with

up to 10 fans in operation.

Configuration I

In this test, the PVKs were located as in the previous configuration

in the east end of the building. The 10 westernmost windows in the south

wall were opened to serve as air inlets.

Results for this test show that adequate air movement existed throughout

the building except for two small areas; one along the eastern half of the

south wall and the other near the center of the west half of the south wall.

Adding the Kearny pumps in these areas eliminated the readings of less than

20 fpm and significantly increased the area having 40 fpm or more. For this

test, the Kearny pumps were positioned to pump air parallel to the general

direction of airflow.

This test was repeated with the fans rearranged as discussed for the

previous configuration, with the result that airflow rate readings of 20 fpm

or more existed throughout the building without the Kearny pumps.

Configuration J

In this test, the PVKs remained as before in the more efficient arrange-

ment described for Configuration H. The five westernmost windows in both the

north and south walls were opened as air inlets.

The results show that air movement of at least 20 fpm. existed throughout

the building except for a 3mall stagnant area along the scuth wall. At the

6-foot level, approximately 65 percent of the building had readings of more

than 40 fpm with many of these readings, particularly along the north wall,

being from 50 to 100 fpm.
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Kearny pumps were not used in this configuration since it had

previously been demonstrated that they are capable of eliminating stagnant

areas such as existed in this test.

Configuration K

In this test, the PVKs were again in the east end of the building.

The 10 westernmost windows in the north wall were opened and served as air

inlets.

The results for this configuration show that adequate air movement

existed throughout most of the building; the only exceptions again being

along the east end of the south wall and a small area about i00 feet from

the w.est and of the building and 20 to 40 feet from the north wall at the

6-foot leval. This latter stagnant area was apparently the center of a

larga eddy set up by the air entering the aperrures. Further evidence of

this is that rvivzment of air between the stagnant area and the north wall

was back toward the inlet apertures.

The general pattern of air movement was from the apertures to the

opposite wall and then down the south wall initially and spreading over

a larger area as the PV s were approached. This pattern implies that the

momentum of the air es it enters the building is sufficient to carry it

across the buileing to the opposite wall. Kearny pumps were not used in

this configuration since previous tests had demonstrated their effective-

ness in this type of application.

Configuration L

In this configuration, the 10 exhaust fans were located in the east

end of the building as for several previous configurations. Five windows

on each side of the building approximately 115 to 130 feet from the east

end of the building were opened as air inlets.

In the first test, three Kearny pumps were located approximately 130

feet from the east end of the building and equally spaced between the north

and south walls. The Kearny pumps were oriented to pump air toward the

west end of the building. The results for this arrangement show that the

area with adequate air movement extended approximately 175 feet from the

east end except for several small isolated spots at each measurement level

in which the airflow readings were less than 20 fpm. These were apparently

caused by localized eddy currents and fluctuations due to wind gusts.

In the second test, four Kearny pumps were equally spaced between the

north and south walls at a distance of approximately 155 feet from the east

end. These pumps forced air toward the west end of the building. This
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arrangement extended the amount of floor area having adequate air movement

to 210 feet from the east end of the building although there were again

several isolated spots having reading& less than 20 fpm.

A third test was run with the exhaust fans and air inlets located the

same as for the first two tests; however, no Kearny pumps were used. The

results for this test show that adequate air movement existed for the area

extending 155 feet from the east end of the building. In addition, an area

along the north wall extending to about 270 feet from the east end had

airflow readings of more than 20 fpm. One difference between these results

and those of the two previous tests with the Kearny pumps was that fewer

isolated spots of stagnant air were found. One possible explanation for

this is that the Kearny pumps created isolated eddy currents.
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* IV. CONCLUSIONS AND RECOMMENDATIONS

On the basis of the results of the tests described herein, the

following conclusions and recommendations are made.

a) Effective duct length is the single most decisive element in

system performance and should be kept to a minimum. Although

this has been demonstrated in previous research, its signifi-

cance warrants reiteration here.

b) On the basis of evidence observed during these tests, it is

recommended that the effect of clustering the PVKs versus

having them separated from one another be investigated in

subsequent research.

c) The cross-sectional area of the airflow path through a shelter

should be kept to a minimum. Stated another way, the length of

the airflow path should be maximized. The reason for this is

obvious since the wind speed, S, is inversely proportional to

the cross-sectional area, A, of the flow path for a given

quantity of air, Q, as shown in the equation S - Q/A.

This assumes that the airflow rate is the same over the

entire cross-sectional area, which is not completely true but

the tendency is in this direction. To illustrate this, Confi-

guration D or E would be more effective (i.e., would produce

higher airflow rates) than Configuration A.

d) The largest shelter which can be adequately ventilated in the

15, 10, and 7.5 cfm per occupant zones, using the recommended

number of PVKs, is larger than the facility used in these tests,

provided widely separated apertures are available for air supply

and exhaust. However, a shelter this size is not adequately

ventilated in the 5 cfm per occupant zone using the recommended

number of PVKs.

e) The combination of air leaking into the building through sources

other than the inlet apertures and variations in outside wind

conditions caused large deviations in the measured volume of air

delivered to the test facility by the ten PVKs relative to the

value predicted by c'ie performance curves.

f) In large shelters, the orientation of air inlet apertures has

little or no effect on system performance so long as they are

remote from the exhaust apertures. This is illustrated by the
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Vi
results of Configurations C, D, and E, all of which had the PVKs

exhausting through the windows in the northeast corner of the

building with the location of air inlet apertures changed; or by

the results of Configurations H, I, J, and K, all of which had

the PVKa exhausting through the doors in the east end of the

building with the location of the air inlet apertures changed.

g) During the tests, it was concluded that the density of the

ventilating air had a direct effect on the airflow rate near the

floor. Although this Ls not a controllable factor, the measured

wind speeds at the 3-foot level were significantly higher for

lower temperature air (higher density) passing through the shelter

than for higher temperature air (lower density).

h) The use of Kearny pumps to move air large distances (greater than

50 to 60 feet) outside the airflow path through a shelter is not

practical. This was demonstrated in Configurations B, F, G, and L.

Effective ventilation of these areas would require placing FVKs in

the areas and exhausting through long ducts. This, of course, would

increase the ventilation costs of these shelters.

i) The effectiveness of Kearny pumps used to distribute air in other-

wise stagnant areas is highly dependent on the orientation of the

Kearny pumps relative to the main airstream direction of flow.

These tests indicate that much greater effectiveness is obtained

when Kearny pumps are deployed such that air is pumped in the

same general direction as the airs tream.

J) As expected, Kearny p!,"ns are more effective in increasing the

airflow rate at the 3-foot level than at the 6-foot level.

k) The percent of floor area having an airflow rate of 20 fpm, or more,

was 100 percent in the optimum configuration and ranged from 19

percent to 98 percent for the other configurations using 10 fans.

In those cases which had less than 100 percent of the floor area

adequately ventilated, additional ventilation equipment can be

added to increase the usable shelter area; otherwise, the capacity

of the shelter must be decreased.

1) In order to utilize information from this study to estimate future

purchasing requirements and subsequently to allocate ventilation

equipment to shelters, the location of exterior apertures in a

shelter should be known. Additional study is required to determine

if data already contained in the NFSS are adequate fdr this purpose.
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Appendix A

A;rflow Rute Contours



10 PVKs i
In Windows

L11

o. SIX -FOOT LEVEL CONTOURS. Inlet kindoos 17,000 cfm

10 PVKs
Iii Windows

b. THREE - FOOT LEVEL CONTOURS. Inlet Wi'ndows 17,000 cfm'

PERCENTOF AREACO%'U'RED

AIRFLOW RATES 3-Foot Level 6-Foot Level

D < 20 fpm 79 71

S20-40Ofpm 17 25

L J>40Ofpm 44

Kearnv Pumps ( )Used& 0
PVK Effective Duct Length: 1,000 feet
Outside F ind:! S W 8~ 5 mp1)h

Fig. A-1. Airflow Rate Contours for Test Number 1A,
Configuration A.
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10 PVKs
In Windows

0. SIX - FOOT LEVEL CONTOURS, Inlet Windows 17,000 cfm

10 P%!Ks

Iilet ~ i Window17000 sf

AIFO RA E .3 .a L . 6-. o Level.44

_ ;!: 40
ED <40 fpm 73 7

Kearny Purmps ( 0 ) Used: 4
PV( Effective Duct Length: 1,000 feet
Outside Wind: SW @ .85 mph

Fig. A-2. Airflow Rate Contours for Test Number IB,
Configuration A.

I 
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InleL Doors 10 PVKs
15,000 cfni In Windows

ItI

aSIX -FOOT LEVEL CONTOURS.

Inlet Doors. 10 PVKs

b. THREE- FOOT LEVEL CONTOURS.

PE RCEN\T OF AREA Co\'FRED

AIRFLOW RATES 3-Foot Level 6- Foot -Level1

S< 20 fpm 52 74

ED 20-4Ofprn 33 1

E~J > 4Of pm 15 12

Kearny Pump (IR)Used; 0
PVK Effective D)uct Lengthi: 1,000 feet
Outside Wind: W1! 2.2 mph

Fig. A-3. Airflow Rate Contours foi- Test Number 2A,
Configuration B.
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hilet fours 10 PV~s
15,500 cfm In Windows

a. SIX FOOT LEVEL CONTOURS.

Inlet Doors 10 PVKs

15,500 cfm In W~indows

b THREE FOOT .EVEL.CONTOUR

........-..... O \FR~

AIRFLW RATS 3 1oor L~e..6....tlev.

... .. .. .. --------- 6 3---

..J... 20...Of......22..13...4

Fig THREE Aifo RaOe Contour forTNsTNOUbRS.

CoPEgRCETo OFALA. VEF
AIRFOW ATES3-Fot Lvel 6-FO't eve

< 20 fm 63 7

20-40fm 22 1
LIJ > 4 f pm-1



lnl~ l~ors10 I'VK.,
21,000 cfm I idw

21 00 tinIn Windows

SI THEEFOT LEVEL CONTOURS.

InletE Door 1FA0 P(OVty

<2000 fm In Winowm 2040 4p 27 AA

<>20fpm 57 64

Koarnyv Putmps ( Oil UsLed: 4
MV K Effective lDUrt Length: 1,000 feet
Outside Wind: SW .95 m~ph

Fig. A-5. Airflow Rate Contours for Test Number 2C,
Configuration B.
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Inlet Doors 10 PVKs
18,000 cfrn In Windows

Go SIX -FOOT LEVEL CONTOURS.

Inlet Dloors 10 PVKs
18,000 cfm in Windows

..TREEFOO.LEEL.ONTURS

..L...... 04 fp 31

ED 20fpm 68 52

Kearnv Pumps ( ji ) Used: 0
I'%VK EffECtive Duct Length: 1,000 feet
Outside Wind: N 11i 3.7 mph

Fig. A-6. Airflow Rate Contours for Test Number 21),
Configuration B.
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Inlet Doors 10 PVKs

30,000 cfrn In Windows

I MI I I 11m
i 

' ... ..

a. SIX - FOOT LEVEL CONTOURS.

Ilet Doors 10 PVKs

30,000 cfm In Windows

------------------.. . . ..

.. . . ..................... ...
...... .... ........ . . . . . . . . .

b THREE -FOOT LEVEL CONTOURSI

PERCENT OF ARE A COVEREDI

AIRFLOW RATES 3-FoLot Level b-Foot Level

ED < 20 I'm 7 14

CJ 20-40fpm 27 32

EJ>40 1pm 66 5.

Kparnv Pumps ( )Lsed: 0
PvK Effective Duict Length: 1,000 feet
Outside W'nd: SW 0z 1.4 mnph

Fig. A-7. Airflow Rate Contours for Test Number 10A,
Configuration C.
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Inlet Doors 10 PVKSq

34,500 cfm In Windows

a. SIX -FOOT LEVEL CONTOURS.

Inlet Doors 10 PV Ks

134,500 cfm In Windows

_ 4

Outsie Wid: S @ 36Wmp

Fig.A-B.Airfow ate ontors fr Tst NmberlOl
Configuation C

-0 ci I-I

b. TREE- FOT LVEL ONTURS



10 PVKs
In Windows

: :. : 11 11

aSIX -FOOT LEVEL CONTOURS ---- Inlet Windows 22,000 cfrn

10 P%'Ks

In Windows

PECETOFAFACVEE
AIRFLO RATE 3-Foo Leve. 6-..o.Leve

.. .... ... ...2 0.. 
.....10.

Ausd Iind: SWnow 222.5 mph

Fg A-9EE -ifo ROte Contour forTeTONuberS.

A-hO



10 PVY'S
In Windows

a.SIX -FOOT LEVEL CONTOURS. IltWnos2,0 f

10 PkVKs
In Windows

b.ARAA - FOOT LEVEL CONTOURS. Inlet Windows 22,000 cfm

PERCENT OF1 ARI;A CoVERED

AIRFLOW RATES 3-Foot Level 6-Foot Level

EJ 201fpm 0 0

1:3 20-4Ofpm 5 43

D 1 >40 1pm 95 57

Kearny Pumps ( i) sed: 2
PVK Effective Duct Length: 1,000 feet
outside Wind: SW @ 2.5 mph

Fig. A-10. Airflow Rate Contours for Test Number 11B,
Configuration D.
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Inlet Windows 10 PVI~s

27,500 cfm In Windows

M:

aSIX - FOOT LEVEL CONTOURS,

Inlet Windows 10 Mi1s
27.500 ~cfm In Windows

.................................

.1..I.~ .....

b. THREE FOOT LEVEL CONTOURS.

[PERCE NT OF- ARE A COVE!RE-D

AIRFLOW RATES 3-!-oot Level 6-Foot Level
At

< <201fpm 4 19

1D 20-40 fpm 53 58

> 40 f1pm 43 23

Kearnv Pumps ( )Used: 0
PVK Effective Duct Length: 1,000 feet
Ouits ide wind: 14E @ 3.0 mph

f Fig. A-11. Airflow Rate Contours for Test Number 12,
Configuration E.

A-1 2



10 PVKs
In Windows

AI
oSIX -FOOT LEVEL CONTOURS.IltWnos2,0 i

10 MKs[
In Windows

IgI
b. THREE -FOOT LEVEL CONTOURS. Inlet Windows 22,000 cfrn

PERCENT OF AREA COVERED

AIRFLOW RATES 3-Foot Level 6-Foot Level

< <201fpm 31 20 ~ ,vj
L i20-40 1pm 49 5

>40 1pm 20 25

Kearny Pumps ( )Used: 3
PVK Efifective Duct Length: 1,000 feet
Outside Wind: E K 2. 0 mph

Fig. A-12. Airflow Rate Contours for Test Number 13,
Configuration F.
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t ti t

a. SIX F001 LEVLL CQNTOURS. T Fi I JI

4I,

1 HREE FOOT LEVEL CONPTOU.RS.

A(RtFLOW RATES -r I.tI '' v___ ____ _I

0 2 4 fm

>12040pm 2 n

t i i I -



Li~v tk'10 PVks

3. ...... ..

Aft

SIX FOOT LEVELCONI,0 ,RS

10 PVKs
In Doors

b THREE - FOOT LEVEL CONTQLJtS

A;RFLOW RATES ,.. i.

< 20 fpm

CD 20-4 C) Iy 4m
EJ>40 fr e. 5

1~~~- .k ujr, fo r Tc, L Num~ber 3A,

A- I



hil1ot Doors 10 PVKs
4U0000 Lfm I or

1111 i

aSIX FOOT LEVEL CONTOURS

In let DoL)r s IL) PkK.
40 1000 cfrn I n Do o r

I........I4

b. THREE FOOT LEVEL CONTOURS.'

oIR F.N 1 AHI A ( oVI L!

AIRFLOW RATES 3~oLLvl 6lo .~o

ED < 20 fpm 11

U 20-40fpm 41 64

L >40 fpm 48 30 *

KearnyPumips ( sed : 4
PV'K If fecrivt. IML. J.eng ti: 8 fee
Otside Wind: S11 09 3. 4 mph

Fig. A-15, Airflow Rate Contours fnr Test Number 3B,
Configuration 11.
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Lnkc. Doors 8 PVKs
40,000 ctm In Doors

I'T
_______ ______ _____.........___........_

..SIX.FOOT.LEVEL CONTOUR
__________________________________________________________..._ ........

...... .. ....

........ ...r .. .......

bI T-EEFOOT LEVEL CONTOURS

20,000 1m In Do1r

... .. .........

....... ... ..p (.....~d
.....I.i .... ..........-t: : ! ! : : ......8. ...

................. ...e.. ... ....mp.

ig.~~~~. ........... A...l.w Ra.Cnor rTs ubr7
Cofiuato .........

.. ....... ........ ..1. .. ....... .....



Inlet~ Do~ors 6 PVKs
*26,000 cfm In Doors

a. SIX -FOOT LEVEL CONTOURS.

Inlet Doors 6 PV'Ks
26,000 cfm in Doors

b THREE -FOOT LEVEL CONTOURS.

PERCENT OF AREA COVERED

AIRFLOW RATES 3-F:oot Level 6-Foot Level

< 20 fpm 14 14

20-4Of pm ~

1-1 >40 fpm 8

Kearny Pumps ( )Used: 0
PVK Effect ive [)uct Length: 8 feet
Outside Wind: SW IJ 2 .6 mp h

Fig. A-17. Airflow Rate Contours for Test Number 9A,
Configuration H.
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F
1 23,500 DooInroor

a. SIX - FOOT LEVEL CONTOURS.

Inlet Doo rs 4 P VK s
23,500 cfm In Doors

b. THREE -FOOT LEVEL CONTOURS.

[1' R CI N T 01- ARI A 0 Vk .R~ F

AIRFLOW RATES 3-Foot Level 6-Foot Level

m < 20 1pm 75 47

EJ20-40 fpm]
25 5 3

>40 f~m

Ntvarnv Ptimps ( Use Vd :0
PVK I f Ie t iv e 1) sc t [,e ngt r 8 feet

Oiid e Wind: S W 4.0 niph

Fig. A-18. Airflow Rate Contours for Test Number 9B,
Conf iguration H .
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Inlet Do.ors 2 PVKs
21,500 cfm In Doors

a. SI1X -FOOT LEVEL CONTOURS

IInlet Doors 2 PVi's
21,500 cfm In Doors

7i

b THREE -FOOT LEVEL CONTOURS.

PERCENT OF ARFA COVEREDI

AIRFLOW RATES 3-Foot Level 6-Foot__Level

~<20fpm 82 71

20-4Otpm

>40 pin18 29

Kearnv [lumps ( )Used: 0
PVK Effective Duct Length: 8 feet
Outside Wind; SW '~4. 0 mph

Fig. A-19. Airflow Rate Contours for Test Number 9G,
* Configuration H.
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Inblet Doors 0 PVKs
14,500 cfm In floors

a. SIX -FOO LEE CNOUS

b SIX E FOOT LEVEL CONTOURS.

PERCENT OF AREA COVERED

AIRFLOW RATES 3-Foot Level 6-Foot Level

E < <20 fPm 90 88

20-40 f pm1

>4Opm10 12

Kearny Pumps Us )1"ed: -
P'K Effective Ibuct Length: -

Outside Wind: SW 2.5 mph

Fig. A-20. Airflow Rate Contours for Test Numbe2r 9D,
Configuration H.
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1111,'L Dours 0 PVKs
10,900 cfm In Doors

61 - FOOT LEVEL CONTOURS.

inlet Doors, 0 PKs
10,500 cfrn In Doors

....................................

b THREE- FOOT LEVEL CONTOURS.

'ERCENT OF AREA CO.VERFD

AIRFLOW RATES 3-FootLevel 6-Foot Level

< 20 fpm 25 13 At

20-4Of rm 75, 87

EJ >40 fpM pp1,

Kearny. Pumps ( U spd: -

I'VK Effect ive Duct Length: -

ou~tside Wind: SSW 1 3.1 mph

Fig. A-21. Airflow Rate Contours for Test Number 9E,
Configuration 11.
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10 PVK9
In Doors

it g4 4PInlet Windows 28,000 cfm
a. SX -FOOT LEVEL CONTOURS.

10 PVKS
In Doors

... ... .. ........ .......

M,11 I *P*l*,l..

IM 1!p 4 100

E J <20 fpm 66 10

Kearnv Pumps op~ ) Used: 0
PI< Effective Duct Length: 14 feet
Outside Wind: NNE 0 3. 1 mph

Fig. A-22. Airflow Rate Contours for Test Number 4Ai,

Configuration I.
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10 MVs
In DWors

Inlet Windows 28,000 cfm
aSIX - FOOT LEVEL CONTOURS.

10 PV(S
In Doors

............. I -
... .. ... . .. ... ... ... ... ... . .. ... ............ ...... ........

......... ........ ...... O..R
...R..L... R.....3-Foot.Le el..-.........

.......... 2 O f!!j3
.................. .......m 38. ..... ..........-

Outside Wind:ow 2800 cf.3mp

Fig. ~ ~ ~ PRCN OF3 Airflo RaO Conour fR Tes NubrD

AIRFLW RATS 3-Configurltion I.

< 20 fA-23



Ni 11 ___________________________

10 PVK9
In Doors

aSIX - FOOT LEVEL CONTOURS. Inlet Windows 28,000 cf m

10 PVKs i
In Doors

iPii

b. HRE OPTLERLCNT OFRS. CVEE

AIRFLOW PATES 3 -oot Level 6-Foot Level

~<20 pm 3 2

ED 20 C4J fom 13 30 *
CD >40 fpm 84 68

KearnN, Pumips ( 0, ) U'sed: 4
PVK Effective Duct Length:. 14 feet
Outside Wind: NNE ,,J 3.1 mph

Fig. A-24. Airflow Rate Contours for Test Number 413,
Configuration 1.
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TIet Windows 10 MVs
32,000 cfm In Doors

oSIX -FOOT LEVEL CONTOURS.

Inlet Windows 10 PVKS
32,000 cfm In Doors

b..... THE FOOTLEVE.CONOUR

I RC~N..............R..
AIRFLOW ~ ~ ~ ~ .RAES.-oo...l.-.ot.ee

Kear v Pmp. C ..... ....... 0

Fig. A25. AiflwRate Ontur Afo Test' P ubr

< 20 fpm26



Iw
Inle~t Winduws 10 PVKs

26,500 Cfrn) In Doorm

a. SIX-FOOT LEVEL CONTOURS.

Inlet Windows
26,500 cfm i

b. THREE FOOT LEVEL CONTOURS.

P ERC~INT 01' A RI> COVEIKR[

AIRFLOW RATES 3-Foot Level -%tIVI

< 20 1pm 2416

20-40 fpm 23 20

>40 fpm 536

Kearny P imp (b U sed: 0
11%K I. ife ct 1 e D1ii& L ength: 8 ee t

Outs ide Wind: SW, 2.0 -,Pii

Fig. A-26. Airflow Rate Contours for 1c.it Noir-',,

Configuration K.
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2t~~'2 t.in Dor

0SIX-FOOT LEVEL CONTOURS.

.. I ... ........

b TH*REE -FOOT L-EVEL CONIOURS.

AIRFLOW RATES c A:u' et1 - v~

C3<20 o

EJ 20 -4OfPm

~>40 fpm

h . A-2~ ? ~ r kzz~C e UCntoiir- fcr Tv'.t ''r8\
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Inlet Windows 10 PVKs
29,500 cfm In Doors

5~~~X~ -OO -f E -C----R-

SI T-EEFOOT LEEL CNTOURS

lnc- 20nov f0prv

295J ZC 40 mm In

<~~A 29fpn



Inlet Windows 10 PVKs
f29.500 cfm i In Doors

e a Sao ~ I. .

aSIX -FOOT LEVEL CONTOURS.

Inlet ilindows 10 PVKs
29 ,500 c f m In Doors

b. THREE F FOOT LEVEL CONTOURS,

PERCENT OF ARI A (O\ ] llb

AIRFLOW RATES 31-Foot-Level 6-Fuctt -LYvo I

< 20 fpm 45 37

ED20-40 fpm 25 *8
> 44f Pm 30 -6

Kearnv Pumps lo U sed: 0
P%'K Effec:tive D~uct Length: 8 feet
outside Wind: SSF 1.1 mph

Fig. A-29. Airflow Rate Contours for Test Number 8C,

I~v Configuration L.
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