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Abstract:

Occupants of family-type fallout shelters require' fresh ventilation air at the minimum survival rate of 3
cfm per person. Because cost limitations exclude the use of auxiliary power plants (diesel or-gasoline
engines) to operate ventilating fans or blowers, an inexpensive, simple, and effective method of
supplying fresh air to home shelters is needed.

It is demonstrated that minimum air rates can be obtained in home shelters by inducing a draft in the
exhaust stack by means, of, a flame from a kerosene burner which can simultaneously provide
illumination.

The ventilation test procedure included inducing air to flow through the shelter, determining the actual
cubic feet per minute of air flowing, measuring air temperatures at inlet, room, and stack, measuring
the pressure drop or restriction to air flow at the shelter inlet, and finding the effects of various stack
sizes and configurations upon air flow-rates.

Although not originally intended to be a large part,of the research work, a considerable amount of time
and money was spent in finding a sensitive and reliable means of measuring low velocity air flows.
This work led to the conclusion (incidental as far as shelter ventilation is concerned) that bead-type
thermistors are not reliable air measuring devices when used in a temperature-compensating
Wheatstone-bridge circuit. See appendix.

Ventilation of family-type shelters by the induced draft method is effective and reliable if the following
conditions are observed: 1. Wind velocities around the stack outlet are kept to a minimum or a good
ventilator stack cap is used.

2. Filters are not used at the shelter inlet.

3. The intake area of shelter is much larger than the cross-sectional area of the stack.
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Abstract

Occupants of family-type fallout shelters requirer fresh: ventilation
air at the minimum survival rate of 3.cfm per person:.::Because: cost
limitations exclude the use of auxiliary power plants:(diesel: or.gasoline
engines) to operate ventilating fans or blowers,. an~inexpensive,..simple,
and effective method of supplying fresh air to home- shelters: is--needed.
It is demonstrated that minimum air rates can be. obtained:in-homeé..shelters
by inducing a draft in the exhaust stack by means: of: a- flame«£rom.a. kero-
sene burner which can simultaneously provide illuminationm.

The ventilation test procedure included inducing.air:te f£low. through
the shelter, determining the actual cubic feet per minute.of .air .flowing,
measuring air temperatures at inlet, room, and stack, measuring. the.pres-
sure drop or restriction to air flow at the shelter inlet’,  and-finding the
effects of various stack sizes and configurations- upon air’ flow:-rates.

Although not originally intended to be a large part.of the research
work, a considerable amount of time and money was. spent:-in—-finding a
sensitive and reliable means of measuring low velocity air flows. This
work led to the conclusion (incidental as far as shelter ventilation is con-
cerned) that bead-type thermistors are not reliable air measuring devices
when used in a temperature-compensating Wheatstone-bridge circuit. See
appendix. '

Ventilation of family-type shelters by the induced draft method is
effective and reliable if the following conditions are observed:
1. Wind velocities around the stack outlet are kept to'a minimum
‘or a good ventilator stack cap is used.
2. Filters are not used at the shelter inlet.
3. The intake area of shelter is much larger  than the cross-
: sectional area of the stack.
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INTRODUCTION . -

! : K3
As more and more .countries attain nuclear capability,:we, .as..a .nation

must accept the fact that the possibility of the: use: b0f: huelear-weapons is

increasing. Our ability to fight limited wars withoutvhavingvtonresorf to .

the use §f nucle;r weapons has also been increased::- Isolationwand.protec-
tion from attack, once provided by oceaﬂs and huge: land masses, -is no
longer naturally available to;the population. Protection: from.''modern"
attack must evolve from a cooperative, Wellﬁplannéd prégraﬁ. Military
strengtb proQides,a high level of retaliatory capability, but civi;iaq-pre=
paredness is ope of the best means of provi&ing‘defensé and protection.

| Qve# the past four or five years the civil defepse program has been
reoriented around fallout shélter protectioﬁ.. In a nuclear attack, fallout
shelters offer the best single non-militaty defense medsute for the protec~
tion of the greatest.number of people.

Attacks on tHé United‘Stateé with weépons totaling from 2,000 £6
15,000 megatons would requiré shelter stays of from two"&ays to two ﬁeeks,
depending upon the attack-pattern and location. A nationwide syétemrof
fallout shelters would save tens of ﬁillioné_of lives in any of these
attacks. At the lower levels, 25 to 40 million people would be saved by
fallout shelters alone. With heavier attacks thé lifesaving potential of
fallout shelters increases and the proportioﬁ.of_surviﬁbfg‘ﬁho would be
alive because they were sheltered increaées even more sharply. If we have
an adequate civilian preparedness program énd a war &oes occur, we could
conceivably save well over 100 million people by the ﬁse of sheltérs.

A fact proven -physiologically is that the average healthy perSOn'can
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survive-two weeks without food, clothing, berthing$ulight;'éndeitﬁﬁonly
a minimhm ;f-potable water and sanitary facilitigSuanAll«othhese.items
constitute some of the desirable, though not necessérily~mandatopy, items
for shelter habitability. It also is a physiologmealiyfprovepwﬁact that
the average healthy person-cannqt survive for more than a few hours with-
out fresh air. With perhaps the exception of adequate shielding, fresh
Air provided by somé means of ventilation is the primary mandatory re-
quirement for shelter survival. |

Normal atmospheric air contains, by volume, 20.6 percent 02_and 0.03
-éércént C0p. Air becomes objectionable to people when it contains. greater
than 3 percent COs and less than 18 percént 02. Serious loss in vitality
and ability will occur at CO) levels above 3 percent. Below 14 pefcent,
lack of 0, may cause sleepiness, headaches, inability to pgrfqrm simple
tasks, and eventual loss of consciousness. A ventilation rate of 3 cubic
. feet per minute (cfm) per person meets these requiréments and will maintain
‘fhe&COz fé§e1 at about 0.6 percent and the 0, level at about 19 percent.

The ventilation rate of 3 cfm of fresh air per person has been estab-
lished as a minimum requirement by Civil Defense directors to be used in
ventilation system design for shelters. It shouldlbe understood-gpat in
most shelters, this minimum will meet only brute .survival cbnditions, not
.comfort conditions. A rate as high as 20 cfm per person may be required
in some parts of the country for controlling the chemical content of the
air plus providing means for heat, moisture,'éhd odor removal which would
approach comfort levels. Because our greatest concern during a nuclear

attack would be survival and not comfort, the minimum rate of 3 cfm per
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person is the most signifiéant figure conéerﬁing“shelger ventilation.

Fallout shelters are of two méjor ﬁypeé;hcémmpnity,and family. The
community-tyﬁé-shelter is defined as one  which :provides.shelter space for
50 or more people. 3ecause it cannot be assumed. that.commercial power
will be available during sheltér occupancy, community. shelters must con-
tain some form of auxiliary power for.operatinngenmilatibﬁ systems. This
might be a small diesel or gasoline engine or a mechanical-type manually-
operated fan, |

Family-tyﬁe shelters.afe those that provide shelter space for less
than 50 people--usually between 5 and 15 persons. Auxiliary power in the
form of a diesel engine for a shelter of this type Qbuld provide adequate
veﬁtilation, but it is impracﬁical from the cost viewpoint. Thé-avérage
famiiy cannot . assume the cost of a standby powerplant of this nature. A
manually-operated ventilator is also impractical because qf the limited
number of people available to operate it.

The solution to the problem of family, shelter ventilation must be a
means of supplying fresh air effectively yet .inexpensively. It.is proposed
in this thesis that adequate ventilation air.can be supplied to small
shelters without the use of either electriéal or mechanical power. The
proposed method of ventilation requires inducing a draft by means of a

flame in a chimney. The technique is simple, relatively inexpensive, safe,

and easy to use,




CHAPTER %

DESCRIPTION OF SHELTER

f
The shelter used for conducting ventilation tests is located on the

Montana State College campus in Bozeman, Montana.. The shelter.was adapted
from an underground tunnel located beneath the floor of the Mechanical
Engineering Department's power laboratory. The original tunnel structure
was rectangular in shape with internal dimensions of 37 ft by 6 ft. The

ceiling is flat and approximately 6 ft high. Adjacent to the east end of

" the room is a 6 by 7 ft open entryway. Modifications were made to the

original tunnel to the extent of adding a partition and door af a distance
of 7 ft’from the east end. This leaves the space used as a test shelter
with 30 ft by 6 ft dimensions. The walls, floor, and ceiling of the shel-
ter are all 8 in. thick concrete.

The partition, with 2 x 4 framing, consists of 6 mil polyethylene -
sheet fastened to the frame with duct tape. Caulking compound and duct
tape were used to close all cracks between the partition framing and con~
crete. A 2-1/2 ft by 6 ft particle-board door was installed in the center
of the partition and sealed with weather stripping.

An 8 in. diameter 3.8 ft long sheet metal duct was installeq in the
polyethylene partition about 2 ft from the floor and sealed with tape.

This duct was used as the air intake to the shelter. To assure streamline
flow in the intake, 1 in. dia. aluminum foil tubes, 12 iﬁ. long, were
nested in the upstream end Qf the 8 in. duct.

At’the west end of the shelter a 1 ft 9 in. square section of concrete
was removed from the ceiling through which the outlét stacks were installed.

Figure 1 on page 3 is a line sketch of the shelter test facility showing




intake duct and stack locationms.

Minimums established by the Civil Defense..other .than the 3 cfm ven-
tilation rate include 60 to 65 cu ft of space per person and 10 sq ft of
floor space per person. The test shelter, with..a floor area of 180 sq ft

and a 6 ft ceiling, provides 60 cu ft of .space. for. each. of 18 people. '
Based on the minimum air rate,‘at least 54.cfm of .outside air is required.

.With a fated capacity Af 18 peofle, the ﬁestﬂshelter‘is in the cate-
gory of family-type shelters. It also represents an .ideal family basement
shelter in other ways. The stack is completely..contained within the power
laboratory which has a ceiling approximateiy‘30 ft high. Intake air is
drawn at the floor level of and exhausted near the ceiling of the labora-
tory. Skylight windows in the laborjtory .ceiling may be opened to permit
the hot stack gases to escape into the atmosphere.

Homes with basement shelters can utilize this same prinéiple. The
stack can be partially enclosed in stud spaces or run upward through a
hallway and can exhaust directly to the atmosphere or to a ventilated
attic. If the stack exhausts directly to the atmosphere, a ventilator
stack cap should be usedy; not only to utiiize the "suction" forces of pre-
vailing winds to aid ventilation, but also to keep fallout radiation par-
“ticles and other debris from entering the sheltér. If the stack exhausts
to an attic confaining louvers or other vent ppeﬁings, a ventilétor cap is
not needed at the stack outlet because the roof will keep out fallout par-
ticles, rain, etc., and will 'limit wind effectg; Intake air can be drawn
from tﬁe main part of the house. ‘Outside airlﬁill enter the house in the

normal infiltration method. B. H. Jennings in Heating and Air Conditioning
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.
indicates that for the average resideﬁceutheﬁprobablehair change rate is
gbbut 1-1/2 air changes per hour by naturaf~£ﬁ£i&tration,“ If the average
residence is considered to have é floor a;ea-bfflzoohsq ft and an 8 ft
high ceiling (9600 cu ft of space), this,ﬁeaﬁs-that"normal air infiltration
is about 240 cfm. This is more than enoughuihtékewainhiqr most basement
shelters. Used as the intake air "plenum", .the house.itself would act as
the principal filter for keeping fallout particles. from engering the shel-
ter intake. Little additional filtering, if ‘any,.would be needed at the
intake. Thus a minimum restriction to air flow-at .the shelter inlet may
be obtained.

To obtain the required 54 cfm of ventilation air through the test

shelter, a safe, inexpensive, and easily operdted combustion unit is needed

‘to generate heat in the stack bottom. Liquefieé petroleum gases such as

propane and butane were excluded because of their high specific gravities.
Being heavier than air, these fuels would coliect in.the shelter if leaks
developed and would be inherently dangerous from an explosion standpoint.
They also present a problem of storage because pressurized containers must
be used. Again, this would be dangerous if punctures or leaks developed.

Natural gas would be an ideal fuel to use in the shelter, but it, like
electricity, cannot be assumed to be available-through normal commercial
channels during shelter occupancy.

Gasoline would be unsafe in a shelter sitﬁation because of its high
volatility and flammability. It would require,spepial and perhaps expen-—
sive combustion equipment. When held in storagé.over relatively long

periods of time, gasoline sometimes has a tendency to form gums. Their
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presence'in the fuel could lead to combustion.equipment plugging.

At‘a first consideration it appears that: coeal,.being inexpensive and
relatively easy to burn, would be a gocd.fuel.:.Howéver, coal presents
problems from the standpoint of storage space and.ash removal. Coal burn-
ing devices would be complicated and require more draft than those for oil
or gas because of the reéistance of the fuel bed.. For these reasons coal
was deemed undesirable as a test fuel.

It was decided that kerosene (No. 1 diesel o0il) would best serve the
purpose. This fuel burns with a relagively clean flame, burners need not
be complex or expensive, and storage in cans or other.ordinary containers

is relatively safe. It is also suitable as an illuminant when burned in a

wick lamp or wick-type burner.




CHAPTER 2

AIR FLOW MEASURING EQUIPMENf - ANEMOMETRY

Eor use with ventilation tests a reliable and seﬁsitive method for
measuring low velocity air flows was needed. Because, the pressuré avail-
able to cause air flow is'véry small, the method..of measuring the air that
flows into the shelter has to be such that there is.little or ﬁo pressure
drop. This eliminates an orifice which, by its nature, requires a
pressure drop.

Personnel from Electronics Research, Montana State College, were
consulted concerning the possibility of measuring air flow in a duct using
a thermistor probe. Since this group had previously conducted apparently
successful research on thermistors, they agreed to design and build the
necessary circuitry and thermistor probe. |

The thermistor circuit used was a temperature-compensating Wheatstone-
bridge circuit using transistors to maintain constant current. Several
bead-type thermistors were tried in this ci;cuit without success. Much
time was spent trying to develop a reliable anemometer from the thermistors,
but the problem of temperature compensation was not completely solved.

Details of the thermistor anemometry, including calibration procedures,
can be found in the appendix.

Another unsuccessful attempt to measure air flow was made using a hot~-
wire anemometer. The instrument was neither sensiti?e enough nor accurate

R :
enough at low air velocities.

In search for an instrument or method to measure air flow through the
shelter, Professor Drummond suggésted that we could design a special

thermocouple device consisting of two thermocouples wired in series set
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one behind the other in the ai? flow stream. Between.them should be a
common resistor giving off a constant quantity of heat. The thermocouples
senée the increase in air temperature caused by heating the. resistor and
produce a voltage output which depends on air velocity. A sketch of the
simple anemometer is shown in Figure 2a on page 8. Figure 2b shows in part
the thermocouple and resistor wiring diagrams. Assumptions concerning the
design parameters of the meter are: |
1. . Flow'rate range expected to be measured in one 8 in. intake duct
is 10 to 150 cfm at actual conditions (70°F and 25 in. Hg.)
2.  Anemometer will be installed in one of the 1 in. aluminum foil
tubes and placed in the center of the intake duct.
3. Accuracy in measurement of air temperature difference at the high~-
est anticipated flow isllimited'to 1°F using iron—constaﬁtan
thermocouples.

4, A maximum input of 40 volts d.c. is available as supply voltage.

5, The specific heat of air throughout the expected flow range is

constant at 0.24 Btu/lb °F.

Calculations for the required size of resistor are given below. The
reader is referred to any standard text on thermodynamics or heat transfer
if a more complete explanation gf the basic equations is desired.

The weight of air per minute flowing through the 8 in. intake duct
(wg) is given by the perfect gas law as:

Pp(in. Hg) x V(£ft3/min) x 0.491(psi/in. Hg) x 144(in2/ft2)
R(ft-1b/1b °F abs) x T,(°F abs)

wg =
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1" Aluminum Foil Tube
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Figure 2a,

Special Thermocouple Anemometer

L“‘1 Resistor P"—J

Thermocouples

Control Equipment

e

Figure 2b, Resistor & Thermocouple Wiring Diagram
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25(0.491) (144)V
53.3(530)
At the lowest flow (V) of 10 cfm,

(WBlh = 0,0625 x 10 = 0.625 -1b/min

= 0.0625 V

At the highest flow of 150 cfm,
(WB)h = 0.0625 x 150.= 9.37. 1b/min

Area of the 1 in. foil tube,

A = Wwdy2/4 = 0.785 in2
Area of the 8 in. duct,
Ag = wdg?/4 = 5052 in?

The weight flow of air in.thé;iminu;tubemis”givennby multiplying the
weight flow in the 8 in.,duct,bj.theyanearratiownuﬂence:

(Wllg =f(w8{Q X A1/A8'=.0.625~i*0;785/50,2'=rOu00977 1b/min
and (w))p = (wg)p % Ay/Ag = 9.37.x 0.785/50.2 -=f'-0.-1465.-1b-/mi_n

Heét from éhe resistor (Q, Btu/min).supplied . to .the air is given by
the specific heat equation foriconstantvpressuregaQL=.wcp£§T. At the
highest flow with a temperature.difference  (AT) of 1° F, -

Qh = (W1)p cp AT = 0.1465:x:.0.24 x 1

0.0351 Btu/min
If heat from the resistqr is held. constant at Qp, then AT for any flow is
given by
AT = Qu/w cp = 0.0351/0.24 w = 0.1452/w.
Thus the‘maxiﬁum sz; at the.lowest«weightuflow;(wl)g,.should be:
ATpgy = 0.1452/0.00977 = 14.87° F | |
In order to hold constant the heétifrom-the:resistor at Qp, ﬁhe power (P)

supplied to the resistor should be:

0.0351(Btu/min) x 778(ft-1b/Btu). x 1/33,000(£t-1b/min hp
. : x 746 (watts/hp).

P

0.617 watts.
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Because P = I2R = vI, the current (I) required to maintain the above power
(assuming v is constant at 40 volts) is:
I =P/v=0.617/40 = 0.0154 amps.
The maximum resistance for the anemometer. is:
Rpax = v/I = 40/0.0154 = 2595 ohms.

Thé thermocouple anemometer was coﬁ;tructed.according_to the original
ideas and assumptions except that the resistor used is one rated at 1 watt
and 1500 ohms. This res;stor, rather tﬁan one of 2595 ohms, was decided
upon because of availability and its small physical size.

The one~-inch foil tube with the meter installed in its center was
placed in the center of the tubular grid at the end of the 8 inch intake
duct. Appropriate leads were connected to the resistor and thermocouples.
A vacuum tube voltmeter was used to read the generated voltage from the
thermoéouples. A preliminary check run was condugted with.about 38 volts .
input to resistér. This voltage is used instead of 40 volts to keep the
power near but less than one watt. The output 6f the instrument seemed
very stable over the entire range of flow from 10 to 150 cfm, but the
change in output voltage over this flow‘range'was limited to about 0.25
millivolts. To extend the output range scale at the vacuum tube voltmeter
(VIVM), a 180 K ohm resistor and a small adjustable resistor were added to
the circuit. To obtain a permanent record of output, a-0-10 millivolt re-
corder was indireétly connected to the 0-1 voit output scale of the‘VTVM
through a volﬁage divider (two arbitrarily chosen resistances) whose pur-
posé is to again extend the scale range. Arrangemént of the equipment is

shown in Figure 3 on page 11. The 20.1 K ohm resistor in series with the"

y
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voltmeter permits close control of input voltage to the anemometer resistor.
The 0-1.15 ohm adjustable resistor is used to adjust,tﬁe recorder scale to
zero when the anemometer is in still air. This circuit, with divider re-
sistances chosen by trial and error, allows nearly.a.9 millivolt output
rarige at the recorder over the }50 cfm flow range.

Calibration of the thermocouple anemometer indicates that the instru-
ment provides. a fairly reliable method of measuring air flows above about
40 acfm. See Figure 4 for the calibration curve. Between flows of 40
and 20 cfm, the m{llivolt output does not change enough to éufficiently
describe a particular point on the circular portion of the curve.

Although the use of the thermocouple anemometer is somewhat limited
;t low air flows, it is one of the two methods finally used in the shelter
ventilation tests. The author believes that fiow measurements taken with
this device above 40 acfm can be trusted.

The second method of air flow measurement finally adopted employs an
all-mechanical propeller anemometer, sometimes referréd to in this paper
as the "windmill". "The inétrument consists of an eight-bladed fan, each
blade being about 1-3/16 inches long. Motion of the fan shaft is trans-
mitted to a set of indicating dials through a network of tiny gears. Fig-
ure 30 on page 70 shows the windmill, its position at the outlet end of
the intake duct, and the clamping arrangement for its support.

A stop watch is used with the windmill when a reading is taken be-
cause the dials indicate lineal feet of air rather than air velocity. Wind-
mill operafion~is somewhat maladroit becduse the dials must be correctly

read and the readings .recorded each time the watch is started and stopped.
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Also there is no permanent record from which to.later-fecheck a velocity
reading. Despite these arawbacks, the propeller anemometer provides a
reasonabiy accurate and reliable means for measuring air flow.

During calibration of the anemometers, a laminar flow element, pro-
duced by the Meriam Instrument Company, was used with an accompanying
centrifugal blower as the air flow—standard. This laminar flow device,
applicable to air flows from 0 to 200 standard cfm (at 29.92 in. Hg and
70 F), consists of parallel, capillary-size tubes through which the air
flows. The pressure‘drop across the.fubes has a straight—linelrelationship
with the mass air flow. A calibration curve of this relationship, showing
éressure drop across.the tubes (in. of water)'veréus standard air flow
(1b per min) is supplied with the element.

With the laminar flow element connected at the shelter exhaust, éali—
bration of both the windmill and the thermocouple anemometer was under-—
taken. Tests covering the entire expected flow range were QOnducted at
air intake temperafure intervals of two degrees from 62 F to 90 F. Hgmidi-
ty’of the intake air was varied during several of the runs by spraying
steam into the stairwell entrance of the shelter. Calibration of both in-
struments is not affected by changes in intake air temperatufe or humidity.

The calibration curve for the propeller anemometer, showing apparent
or instrument air vglocity (calculated from instrument and stop watch
readings) versus aétual cfﬁ, is nearly a linear relationship. A repre-
sentation of this curve is shown in Figure 5. .(Below an instrument air

velocity of 18 ft per min the anemometer vanes do not rotate.) All cali-

bration points, a total of 87, for all temperatures and humidities lie
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within +3.5 and ~3.3 percent of the points dictated by the calibration
curve drawn.

Test points for the calibration curve described earlier for the thermo-
couple anemometer are all within +4.9 and -7.6 pgrcent (these being the
two most erratic points) of the values read from the curve dféwn.‘ |

Although the windmill and the thermocouple anemometer do not extend

. to extremelyi}ow flows, they do permit reliable air flow measurement from

19 to 143 acfm. Both methods are independent of ambient air temperature
and humidity changes, and éither method provides results within good -
engineering accuracy. Because the thermocoyple anemometer is the least
accurate and the lgﬁst comprehensive of the two instruments, it is used
only to confirm the readings obtained by the propeller anemometer. The

two instruments are used simultaneously when:testing.




CHAPTER 3

TEMPERATURE MEASUREMENTS. ..

To-properly evaluate the effect of the.flameﬁin'the:chimney, stack as
well as room and ambient temperatures must be determined. . The first at-
tempt to measure témperature in a straight 6 in.-diameter, iS ft long
stack involved placing copper-constantan thermocouples .every few feet.

The thermocouple wires, with original insulationﬁbnly, were inserted
through small holes in the stack wall. The thermocouple junctions were
located at about the ceﬁter of the gas stream. This arrangement proved to
be inadequate because representative temperatures along the stack could
no£ be obtained. Wide variations in temperatures at different locations
along the stack were caused by thermocouples "seeing" the flame at the
stack bottom and because of teémperature and gas vglocity profiles across
the stack cross section.

To improve the accuracy of temperature readings and to provide a
means of taking a tfaverse across the stack, movab}e thermocouple probes
were built. The first probes built, shown in Figure 6a on page 19, consist
of 20 gage iron-constantan thermocouple wires inside.steel Eﬁbes about 11
in. long. The tubes pass through brass cinch adapter tubing\fittings
wﬂich are soldered into the stack wall. The angled end of the probes per-
mits the thermocouple to be exposed to the gases, yet provides shielding
against direct radiation from flame.

A temperature traverse was taken with these probes at an average stack
tempetrature of about 500° F. Some very qnuSual results were obtaiﬁed,
especially with the probe nearest the combustion chamber. A temperature

difference as high as 175° F occurred between two points, each point beiﬁg
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about 1/2 inch from the stack wall but on..opposite: sides.... The higher of
the two temperatures was at the "far wall" point,: i.ew,.with .the probe ex~
tending all the way across the stack. Similar.temperature.differences
were found at 511 points along the stack length. '

It appearéd:that héat was being rapidly conducted away from the
couple junction by the steel tubing and the large..20. gage .wires. The
highest conduction rate was when the probe was fully extended, i.e., when
the thermocouple junction was at the "near" wall point.. The higher rate
is due to the cool air surrounding the outside of.the. stack.

To reduce heat conduction to a minimum; .the probe design w.":ls‘changedo
The tubes were cut off."square" on the end, the 20- gage thermocouple
wires replaced by smaller 30 gage wire, and porcelain. insulators placed
inside the tubes around the wires over nearly the full length of the tube.
As a type of heat sink for the thermocpuples, brass balls about 3/16 inch
in diameter were fused onto the couple junctions.. This probe design is
shown 'in Figure 6b.

Temperature traverses with this type probe gajé géod results at'stack
heights of 5 ft and above. Temperature readings at the near and far points
all agree within eight percent of each qther.for these heights. This
arrangement permits the determination of representative stack temperatures
at points 5 ft or more from the flame.

The brass ball temperature probe is not satisfactory for points close
to the flame. The probe at the bottom of the stack was eliminated because

it rveceived heat directly from flame and thus gave a reading more repre-

gsentative of combustion chamber temperature rather than stack gas temperature.
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This reading ﬁas of no value in determining the-mean:.or .average stack -
temperature.

It was decided that the first temperature along.the stack would be
read at a point 2~1/2 ft from the bottom... A third type .of. .probe was
used for this point. See Figure 6c. This probe, similar to the ones dis-
cussed above uses a -30 gage juncéion with no additional heat sink. The
thermocouple is in the center of a 5/32 inch holeudrii{ed through the
tube at about one-half inch from its end. The probe, used with the small
hole in the tube perpendicular to gas flow, reduces rédiation and turbu-
lence effects and gives fairly reliable and stable temperature feadings.

In order to obtain. the average temperature at any stack cross section,
plots of temperature versus distance across stack were made. From these
plots it was detéfmined that the average cross—-sectional temperature for
all stack heights is given when the prabe thermocouples are at 2 in. from
the near wall. (This location applies only for a 6 in. diameter stack.)

In an article entitled '"Measurement of Mean Temperature in a Duct",

appearing in the September, 1961 issue of Instruments .and Control Systems,

it is staﬁed that wheg only one‘temperature sensor is used at a particular
stack cross section, it should be placed at 0.58 times the radius away
from the center. This is in relatively close agreement with the results
obtained through temperature traverse reading§. ‘THis same procedure for
locating temperature probes was used each time the stack diameter was
changed. !

The final locations decided upon for thermocouple probes along the

stack length include the shielded probe at 2—1/2 ft and brass ball probes
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“at 5 ft and every 5 ;t interval thereafter. Thus. for.a.stack 15 ft high,
‘four stack temperatures are read and recorded.

The mean stack temperature for a particular test: is determined by
plotting a curve of temperature versus stack height .(a linear relationship)
and then selecting the temperature at the ﬁid—height.of the stack. Thus
for a 15 ft stack, the mean stack temperature (Tm .or Tch) is taken from
the gurve‘ét’the'7-i/2 ft point. It is estimated that this method of de-
termining the mean stack temperature is accurate to.within 5 perceﬁt.
Other temperatures determined and recorded during testing included those
of the shelter séace, the room above the shelter, and intake air tempera-
ture. These three temperatures were taken by using copper-constantan
thermocouples. Stack temperatures were read from a 0-1000° F recorder and
the rest from a 0-100° F recorder. Both recorders, Honeywell models using
type J couples, were periodically calibrated by inserting one thermocouple

in 32° F ice water and adjusting the indicators as required.




CHAPTER 4

PRESSURE MEASUREMENTS-

At fhe outset of the project, the need ‘to: measure.the pressure drop
at the inlet to 'the shelter in relation to air flow.was. anticipated. This
relationship was needed in order to determine .the permissible restriction
for shelters in terms of filters and still obtain.the .required ventilation
air. .

A type "C" micromanometer, made by E. Vernon.Hill & Co., Chicago, was
cleaned and filled with a special gage fluid having a specific gravity of
0.797. Although the fluid is not water, the manometer reads in inches of
water, the smallest dial division being 0.00l1 in. of water. The micrg-
manometer is shown in Figure\29 on page 70.

The instrument was located inside the shelter near the stack. The
main reason for locating it near the stack is because a pitot tube, used
to measﬁre exhaust gas velocity, was installed in the stack and it appear-
ed desirable to have its connection hoses as short as possible. Also a
pre;suré probe was installed at the bottom of the stack for measurement of
stack entrance pressure drop. :To.measu;e the entrance or room pressure
~drop (A Pep)» one tube from the manbmeter was put through the ceiling to
measure ambient pressure and the other tube measures the shelter pressure..
All pressure tubes from the pitot tube, the room-drop arrangément, and the
stack bottom coﬁverge at a manifold comnsisting of gfaés tees and short
pieces of Tygon tubing. Only two hoses run from the manifold to the micro-
manometer. With the use of screw clamps in the épprpp;iate~piaces, meas-
urement of any desired pressure drop is relafively siﬁéle.

An equation for air flow through the shelter is developed in Chapter 7.
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Indicated in this equation, written in termsﬂofninchegwoﬁhwater, are two
terms, the sum of which accounts for the total pressure drop 4.Pyy at the
shelter entrance. The individual terms account for thenfriction-lqgs and
the velocity head loss in the intake duct. Theoreticaihualues,of APyms
taken from a computer proéram of the flow equation, are.plotted in Fig-
ure 7 on page 24 along with experimental 4P, values as.measured Qith the
micromanometer. Pressures are plotted versus temperature .difference, i.e.,
mean stack temperature (T.n) minus ambient temperature around stack (T,p).
Although this graph is for only two different stack configurations, it is
representative and shows the relative accuracy and réliability of the.
micromanometer readings. Reference to pressure readings is again made in
subsequent chapters in regard to the ﬁse of a filter at shelter intake and
velociﬁy determination from pitot tube pressure readings.

The pressure probe at the bottom of the stack consists of a straight
piece of 3/16 in. steel tubing,-closed at one end, with .3/64 in. diameter
holes drilled‘completély through and spaced about every half inch along
the tube 1éngth. The small holes are perpendicular to the air flow. Used
in conjunction wifh the micromanometér; the pressure.probe permits measure-
ment of the difference in pressure between the shelter space and the bottom
of the ;tack, i.e., the stack entrance loss.

At the beginning of ventilation tests, a 6 in. diameter vertical stack .
was used. The stack entrance loss was measured'at a flow of 50 acfm using |
a wick-type kerosene burner as the heat generatbr with no entrance hood at
the stackt .In order to minimize the stack entrance loss, the most

economical and practical hood type had to be determined. Tests were
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conducted, all ‘at air flows of 50 acfm, with,vérioubdﬁooawconfigurations.
The first hood, cgnical in shape, was made from heévymaiuminum foil., The
top diameter of the hood was 6 in., bottom diameterwas. 24 in., and height
was 16 in. Stack entrance loss was measured and recorded at.a flow of 50
acfm.

The second hood, also of a conical shape and made from aluminum foil,
was 5.5 in. high with top and bottom diameters of 6 .and 12 in., respective-
iy. Again ;he entrance pressure drop at 50 acfm flow was measured.

The third and final hood tested was made of galvanized sheet metal
and had a rectangular shape. Dimeﬁsioné are: height, 13 in.; width, .10
in.; and length, 17 in. The pressure drop was measured as before. Stack
entrance losses for the four conditions described above were compared.
Results show that all readings are within 3.5 percent of each othér, a
negligible difference. From these résults iﬁ was concluded that air flow
by the induced draft method is nearly independent of hood shape and size.
Consequent}y, all further ventilation tests were conducted using the
rectangular hooa. A rectangular hood is easier to build than a conical
one, is cheaper, ana better accommodates the various types of combustion

equipment discussed in the next chapter. The rectangular hood is shown in

Figures 31 and 32 on page 71.




CHAPTER 5

HEAT GENERATING EQUIPMENT

Because it is assﬁmed that no electricity will be available in the
shelter, which precludes the use of electrically driven. fans for.supplying
ventilation air, consideration was not given to any,combustion‘equipment
requiring electricity for operation or control.

A first thought was that a small pot burner. using fuel o0il would be

ideal, but a test proved differ;ntly. Maximum flow'obtainable in a 6 in.
diameter 15 ft straight stack with the pot burner was about 30 acfm at a
stack temperature of nearly 400 F and a heat output of about 36,000 Btuh.
The reason for such a low flow is that most of the pressure dfop generated
was usgd to induce proper combustion in the pot burner which uses a baro-
metric damper. Little pressure drop was left to induce air ﬁo flow‘tﬁrough
the shelter. The logical conclusion arrived.at is that a pot burner which
requires a large pressure drop'for combustion will héﬁ ;hffice as proper
heat generating equipment for'shelters. '
The next attempt to induce a d;aft by a flame in the chimney was to
“utilize a small fuel-oil space heater of the wick-type. With this burner
the full benefit of combustion is realized in generating a pressure dif-
ferential which causes air to flow thréugh the shelter. The range of air
flow obtainable with the wick-type space heater in the 6 in. 15 ft high
stack is about 35 to 60 acfm. Maximum mean stack temperature is around
160 F,

As another heat source, a single kerosene lémp of the type common a

few years back was tried. About 25 acfm of air can be drawn through the

shelter when the lamp is operated at "full" flame. A "three-holer" lamp
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burner was developed whereby the wicks and glass chimneys of three differ-

ent kerosene lamps were put on one fuel tank. The rectangular fuel tank
holds nearly one gallon of kerosene. The 'three-holer" burner is shown in
Figure 27 on page 69. With this arrangement it is possible to burn one,
two, or three lamps at a time to obtain increased heat output and air flow.
The draft generated by burning the three lamps simultaneously ig nearly
equivalent to that produced by the small wick-type space héater. |

In an endeavor to produce air flows greater than 60 acfm, a second
wick-type space heater was obtained. A portable stand, consisting of a
piece of 1/2 in. plywood with two 2x4 legs, supports the two burners. Two
2 in. holes were cut in the plyyood to supply primary combustion air to
the burners which set flat on the plywood. With this "dual-burner"
arrangement at the bottom of a 6 in. 15 ft high straight stack, a maximum
fiow of 80 acfm is obtained at a mean stack temperature of about 270 F.
The dual-space-heater unit is shown in Figure 31 on ﬁage 71 as it appeared
during operation. In the same figure are shown the bottom of the intake
hood and a scale balance which is used to determine the weight of fuel
burned.

As explained earlier, it cannot be assumed that natural gas will be
available during shelter occupancy. .However, for the purpose of testing,
fwo natural gas burners were utilized in order to reacﬁ temperaturesland
flows considérably above those obtainable by the other methods. Mean
stack temperatures of nearly 650 f can be obtained by using the natural
gas burners. Detaills 6f véntilation results from pertinent tests conduct-

ed with each of the heat-generating methods discussed here appear in
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Chapter 8.

Besides providing heat to cause air to flow, wick-type .burners also
furnish illumination to the shelter. Keroseme lamps, because of the trans-
parent glass chimneys, provide more light than the space heaters. The
degree of illumination depends upon the distance the burner extends into

the hood and upon the wick setting.




CHAPTER 6

EXPERIMENTAL VENTILATION..TEST. PROCEDURES ..

The original model for conducting tests of wventilation air flow
caused by a fléme in a chimmey was set up with the“intént,of making it
simple in order to reduce the variables to a miniﬁquA;To accomplish this,
the stack was installed vertiéally out of the shelter--no bends or elbows
——to minimize friction and velocity loss effects. .Intake air was brought
into the shelper through a straight length of 8 in. galvanized sheet metal
duct--no bends, no elbows, or filters. Because the stack was completely
within the surrounding building, the effects of wind, for testing purposes,
were eliminated. This is the simplest setup, though perhaps not the most
desirable from the standpoint of fallout radiétion eliminafion, that can
be achieved in any home shelter. The stack is vertical, there are no
variables induced by wind, and inlet air is not restricted by conditions
other than the intake duct itself.

It should be mentioned that all tests conducted for purposes of this
investigation utilized circulaf cross-sectioned "Metal-bestos" stack.
""Metal-bestos' stack has about a quarter inch air space‘betweén an alumi-
num inside liner and a galvani;ed sheet metal outside." Thus, it is a type
of self-insulated stack. When a stack diameter is mentioned, it always
refers to the inside diameter of the aluminum liner.

A group of tests were conducted using varying iengths of 6 in.
diameter straight stack. "Straight stack' means one that is completely
vertical and contains no elbows, b%pds, or horizontal lengths. Pressure,
temperature, fuel rate, and air flow-rate data were recorded for the heat-

ing methods of kerosene lamps and wick-type space heaters. Similar data,
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excluding the fuel rate, were taken for the natural gas heating method.
The above data were collected in what the author terms a "closed door"

test. A closed door test is one in which the door to the shelter is closed
and sealed. All air coming into the shelter must pass through the 8 in.
intake duct. In this type of test, the flow rate may or may not be greatly

subdued by the restriction offered by the intake duct, depending upon the
stack length, diameter, and temperature (or the amount of air trying to

flow). This type of test is also designated as closed door in order to
distinguish it from an "open doot" test which, as the term implies, is one
conducted with the shelter door open. In this case there is no measuréble
pressure drop at the intake and thus flow rate is not limited by any intake
restriction. The limiting factor for flow is the stack itself. Thus air

flow for an open door test is sometimes called "unrestricted flow'" and that
for a closed door test is called "restricted flow". 1In both cases the
restriction or absence of restriction referxs to int&ke conditions only.
Open door tests for 6 in. diameter stacks followed the closed door
tests. Because the air was not forced to pass through the intake duct,
neither the propeller anemometer nor the thermocouple anemometer could be
used to measure the air flow. Iﬁstead, a pitot tube, installed in the
stack at mid-height, was used to measure the intake air flow. To do this
the tube was calibrate@ during the previous closed door test. Further ex-
p}anation of calibration follows.
The différence between the static and the stagnation pressures
(ps = py) in the stack is measuréd using the micromanometer. The apparent

stack air velocity is then calculated using the basic pitot tube equation.
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(1) | Vo =~28(ps - Po V7T (ft per. sec)

;n which U‘is‘the air density. Equation (1) can be simplified by letting
AP= (Pg—Py)s Vsp= Vo= stack velocity as detérmined\from.the,pitot tube
readings; and solving for the air density from the perfect gas law.

Clearly,

r= (Y - Pp | Pp(0.491)(144) _ . 1.327 Pg
v R(Tcp + 460)  (53.3)(Tcp, +460). . (Tp, +460)

and by substituting these and the conversion factor, 1 in. H,0=5.203 psf,

into equation (1), we obtain

Vsp =~28 Ap/T =~J2(32.2) (Ap) (5.203) (T, +460)/1.327 Py

(2) or Vg, =~{252.2(Ap) (T, +460) /P

where VSp = gtack gas velocity as determined from the pitot tube readings,
ft per sec

Ap = pitot tube pressure reading, in. of 1,0
Top = mean stack or chimney temperature, °F
Pp = barometric pressure, in. of Hg.

To find the actual cfm of air flowing in the stack, we can write

(P) (ACFM)§ _ wiRj(Ty + 460)
(Po) (ACFM)g  wgRg(Tep+ 460)

and because the weight of air flowing per minute and the gas constants
are the same at inlet and stack conditidné, we may write, if we assume

that the barometric pressures are the same,

o (Top + 460)
(3) (ACFM)g = (ACFM); (r 760y

where Tch = mean stack air temperature,°F

T{ = inlet air temperature,°F
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(ACFM); = actual air flow at inlet, cu ft per min
>(ACFM)S = actual air flow in stack, cu ft per min.
Thé_terms on the right side of equation (3) are determined from the closed
door.test. The air flow in the stack is also given by multiplying the
cross séctional stack area (As) by the true stack velocity (Vg¢). Hence,
ACFMg = Ag Vg
(4) or . Vgg. = ACFMg/Ag
where Ag is in sq ft. Vg¢ 1is then compared with Vg, and a‘cénstant or
correction factor (Cy) determined from the relatibnship,
(5) Vst = C1 Vsp
For an open door test, then, the pitot tube Ap and the mean stack tem-
perature (Tqp) aré read, the apparent stack velocity is calculated from
equation (2), correction factor C; is applied, and the actual flow at in-
let conditions is found from equations (4) and (3).

Equation (1) is normally used only for incompressible fluids. It can
be used for air with little error }f the pitot.tube is caliﬁrated for each
change in stack configuration over a wide range in velocities.

After tests had been completed with 6 in, diameter straight stacks,
two 90° four-piece elbows and a 2 ft long horizontal length of single-
walled duct were adde& to the stack bottom. See Figure 32 on page 71.
These additions permit about 2 ft 9 in. between the centerline of the
original vertical stack and the centerline of the second elbow. It is
anticipated that about 2-1/2 ft of horizontal length is all that will be
required in the majorit§ of shelter situations to provide adequate shield-

ing from fallout radiation.




-33-

In a prototype basement shelter,ﬁtﬁe elbows. and horizéntal length ‘
would permit running the stack out.of tﬁe.shelter near the ceiling, tﬁrough
the concrete wall into surrdunding earth or. adjacent basement space, and
then vertically.

Both o#en door and closed door tests were.run with this "elbowed"
stack'arrangement. The author often réfers to this arrangement as an
"equivalent length" stack. The equivalent length applies to the elbows
and is discussed iﬁ detail in the next chapter.

Several tests were conducted with"a one-inch layer of fiber glass in-

sulation on the intake hood, elbows, and horizontal length of stack to try .

to determine the amount of heat that is added to the shelter in the ab-
sence of insulation. A prototype shelter in which the horizontal portion
of the stack runs thfough a concrete wall 'and adjacent earth more closely
represents the insulated condifion, rdther than the unin;ulated one, be-
cause the concrete and earth WOuld‘tend t6 contéin the heat to the stack.
Insulation on the hood and on that portion of the~étack extending into
the shelter is all that would be required to complete the insulated test-
facsimile,

To find the shelter heat-addition difference, tests with and without
_insulation at constant mean stack temperatures Qere run. Surface tempera-
tures of the stack inside the shelter and of the hood'wereAtaken for both
conditions. At a mean stack temperature of 250 F, the surface of the top
of the hood reached nearly 450 F with no insulation. With one inch of
fiber glass insulation and the same mean stack temperaéure, tﬁe surface

temperature of the insulation on the hood was reduced to about 145 F.
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This surface.temperature reduction is important when trying to minimize
heat ad&ition by radiation.

Fuel rates for the insulated and the uninsulated stacks were deter-
mined by weighing the amount of fuel used over a period of time. From
tﬁis data the heat saved by using insulation can be. calculated. See
Chapter 8 for results.

The tests described above, with the exclusion of the insulation tests, }
were also conducted witﬁ 8 in. diameter stacks ranging in vertical heights
from 5 ft to 15 ft. It was deemed unnecgssarf to conduct .insulation tests
for the 8 in. stacks because a percentage value, .determined in the 6 in.
tests, can be applied to the other diameters if fuel saving figurés are
desired.

To determine the effect on air flow fromhthe,use of ventilator caps,
tests with 8 in. stacks weée made using two types of caps at the stack
outlet--a two-dimensional Artis cap and an all-directional Belmont cap.
(Directional refers to wind cond?tions;):'Results appear in Chapter 8.

Testing was concluded after the_8 in. stack series of tests were
finished. It was believed that sufficient data had been collected with

which to prove or disprove the original hypothesis.




CHAPTER 7

THEORETICAL ANALYSIS OF SHELTER VENTILATION

To predict air flow through.the shelter for stacks .and conditions in
addition Eo those tested, an equation which cén.be applied to va?iOus.in—
let and outlet configurations and. conditions is herein developed and dis-
cussed.

The following equates the positive buoyant force of a column of hot
gases with the force of friction required.to eséablish and maintain flow.

H vZ oy v2
{6). W(frm' o) = (hy) +(hy) =K % +E2 75

_where H'is vertiéal stack height, ft; and 62.4 is the density of water at
70° F in 1b/cu ft,.included so that both sides of the equation are ex-
pressed in the common "feet of fluid.flowing" units. In the case of air,
it is more convenient to deal with the velocity head (hy) and the frictiom
loss head (hy) in "inches of water" units rather than "feet of air" units.
The transformation can be made by again using the fundamental buéyancy

relation,
h
ha €3 = ii'fﬁ

whefe h, = feet of air; ‘ea = density of air in lb/cu ft; h = inches of

water (gage); and f’w = density of water at 70° F in 1b/cu ft. Thus,it

is seen that

5.2
at

. _h_62.4 _
N 'ha_lz"fa
For the velocity head term, hy, in inches of water,

—_— . - =K —a
RK3g =527, ofr My 5.2(28)
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With stack air velocity, V, as feet perlminute,

(8) hy = K

v2 e, v2Eg,
(5.2)(2) (32, 2)(3600) =K 1, 202 000 (1096) 'f;

By substituting equation (8) into equation (6), we obtain the driving force

relationship expressed in inches of water. Hence,

(9)

H - A v_\? L(v )2
571 (Cem - Cet) = 55(Crn~ Cen) = K(-]j(-)—g-g) Catrs 1'5(1096) Ca

Equation (9) applies to shelter air flow in general if terms with the

A

appropriate subscripts are used. Thus,

. v 2 L1 V

where: H

€

1, in

2, ch

—<1096) Cen

vertiéal height of stack, ft

air density, 1lb/cu ft

duct or stack entrance loss coefficient
air velocity, ft/min

duct or stack equivalent length, ft
duct or stack diameter, ft

duct or stack friction factor

conditions of space surrounding the stack, usually ambient
air conditions

conditions at shelter intake

conditions at stack or shelter exhaust

For the purpose of using equation (10) to predict shelter ventilation

rates that can be compared to test results, the constants and coefficients

had to be evaluated for conditions that existed during experimentation.

As stated in a previous chapter, all closed door tests were made with the
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air passing into the shelter thxodgh an 8 in. diameter duct. This allows
the D; and L terms of equation (10) to be.fixed.at 0.667 ft and 3.834 ft,
resﬁectively. Values for both of the en;rance loss coefficients,AKl and
K2, are assumed for the worst possible.énffance,conditions; i.e., K1 =Ky
= 1., This assumption is based on éeveral facts.and cbnditions. The in-
take duct is a re-entraﬁt type of pipe entrance.for which the nominal
yalue'of loss coefficient is 0.8. 1In the eqd of the duct, however, is an
aluminum-foil tubular grid which offers not only .additional entraqce loss,
but also additional friction ioss° Entrance to the .stack, for all test
conditions, is.made through the rectanguiar hood described earlier. It
represents a hood condition similar to that described by W. C. L. Hemeon

in Plant & Process Ventilation. He states that for a hood with low face

velocity and relatively low stack temperatures, the. entry coefficient is
0.9. This coﬁdition is aggravated in the test case because the heat
generating equipment extends into the hood a short distance and thQs'dis-
turbs the flow. For these.reasons the .author feels that the assumption
of K] = Ky = 1 is very reasonable.

In considering the friction factors for the intake duct and the stack,
it is .felt that the standard tabulated valueé of £, given as a function of
Reynolds number and pipe relative roughness, are not entirely applicable.
Both the intake duct and the stack contain obstructions not normally found
in pipes or ducts. The intake duct houses the tubular grid near the en-
trance, the special thermocouple anemometer, the propeller anemometer,
and a - thermocouple probe. The stack contains pressure taps, thermocouple

probes, and, in the case of the 6 in. diameter stack, a layer of soot on
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the wall surfaces. The friction factors were thus.obtained experimentally
from a test performed with.a 6 in. diametér 15 ft loﬁg straight stack. A
flow was induced in the system and the room pressure drop, the flow at in-
lgt conditions, and-the necessary.temperﬁtﬁres were. measured. The fric-
tion factor at inlet, f;, was then calculated by .equating the measured
APypy to the first two terms on the right-hand side.of the equation (10)
and solving for fj. The value arrived at in this manner is f; = 0.415.
When this is cqmpared to tabuiated friction values, it appears to be ex-
tremely high. But when the resistance offered by.all.of the equipment in
the duct is considered, this value of f; seemé reasonable. With fj thus
established, equation (10) was solved.for the remaining unknown quantity,
fy. The value of f, determined in this manner is 0.064. Another assumb-
tion made at this point was that the friétipn factors would remain con-
stané for all diameters and lengths of stack considered. Itris shown in
the next chapter covering results that-this assumption is on the conserva-
tive side°

The constants and coefficients determined above can be substituted
into equation (10) to yield a somewﬁat'rgfiped flow equation. Performing

the substitutions we get,

0.415) (3:836) [ V1 \2 e [ Yo_ )2 |
""""‘(’fm fch) = 1(1096) fm* 0.667 \1096) f11‘*'1(1096 Cen
+ 0.064 2(1096) ‘e ch

which, when simplified further, yields

: C v \2 Ly
(1D (P~ Cen) = 3,385(13-$+5) Cint (10%) fch[l + 0.064 2]
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Upon close inspection of this last equation, the variables are seen to be
barometric pressﬁre and ambient, stack, and inlet temperatures (all from
density considerations, i.e., f’= Pg(0.491) (144) /R(T + 460)), intake and
stack air velocities, stack diameter.Dz,.stack vertical height H, and
stack equivalent length L3. | |

| The equivalent stack length (L) warrants further discussion.. When
the stack is one with no elbows or bends, H = Ly. The other condition con-
sidered is when the stack confains two 90° elbows and a 2 ft section of
horizontal pipe. In a manner similar to that for‘finding the friction
factors, an equivalent pipe length for one 6 .in. 90° elbow was calculated
to be 4.2 ft. The total equivalent length of both elbows and the horizon-=

tal run is thus 10,4 ft. Reference to the 1963 ASHRAE Guide & Data Book

indicates that the equivalent length of such an elbow is 8 ft. This
latter value, however, is based on a relatively long duct system contain-
ing "full" flow, i.e., forced circulation. When used in this sense, it
is not.an extremely critical value. In the test stack the equivalent
iength_has a gréat_influgnce on flow as can be seen from the equation. '
The use of the lower value of 4.2 ft per elbow is‘justified becau;e of the
very short duct arrangement and because "full" flow around the elbows is
never realized.

The final assumption for use with equation (11) is that the equivalent
length for a11'diametér elbows is constant at 4.2 ft per elbow. This is
again a coﬁservative estimaté.

A digital computer program of equation (11) was written in order to
3

predict flows for many different conditions of stack diameters, stack
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léngths, temperaturés, pressures, gtc. - Values f;om ;he computer program ) , bi
are termed "theoretical" values and are presente& in the next chapter. It
may be well to mention that for openrdoor'tést predictiﬁns, the first term
on the right-hand side of equation (11) vanishes. This meaﬁs that there
is essentially no restriction to flow at the shelter ‘inlet.

All tests were conducted at approximately 5000.. £t altitude (Bozeman,
Montana) and thu; the results are in terms of actual.conditions, i.e.,
barometric pressure (Pg”25 in. Hg) and temperatures at 5000 ft. The'cpmv
puéer equation was also solved using standard or sea.level conditions
(Pg = 29.92 in. Hg and Tambient = 70 F) to deter@ine the.effecf of altitude ' R

on flow. See Chapter 8 for results.




CHAPTER 8

'RESULTS'QE PERTINENT. TESTS..AND. THEORY

Much of the data cdllectgd from experiments and from éhe“computer
programs are presented in this chapter in the form.of graphs. Thevfirst
eight figures of air flow versus temperature difference cdmﬁare experi-
mental resﬁlts with fheoxetical results in order to give the reader an
idea of the relative accuracy of the flow equation with its associétéd
assumptions. The remaining figures supply information on inlet préssure
drop, fuel rates, theoretical air flow.for stacks.of many .diameters and
lengths, altitude, and ventilator caps. ;

Figures 8 and 9'§how AT, i.e., méan chimney temperature (T, ;) minus
ambient temperature around stack (Typy), versus rate of air flow for 6 in.
diameter stacks. ‘The fricgion factors, f1 and £y in‘equation (10) , were
determined from the experimental curve for the straight stack cloéed door
test, Figure 8. Theoretical values are within 2-1/2 percent or less of
the experimental values at all points.

The 25 ft equivalent leﬁgth experimeptal cufve‘in Figure 9 was used
to determine'tﬁé equivalent length of the two 90° elbows. Experimental
values are again about 2-1/2 percent from.theofetical ones. The theoreti-
cal values for the other curves in this figﬁre,as well as for all other
curves of all diaméters, were determined with fixed values of friction
factors and eibow equivalent length. These fixed values are f} = 0.415,
fy = 0.064, and eq. length = 4.2 ft/élbown".It shpuld be méntioned that
an equivalent length stack of, say 40 ft, meaﬁs one with a vertical height
of 30 ft. That is, (30 ft vertical) + (Z'élls)(é.z §§i§ﬁ)+(2 ft horizontal)

= 40.4 total eq. stack length. The total eq. length is rounded off to the
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nearest whole number when presented in the graphs.

The open door‘comparisqhs for the 6 in. Stacks are-shown in‘Figures
10 and 11. Experimental values are again in close agreement with theoreti-
cal values. This indicates'that our choice of f; and of elbow equivalents
is aﬁpropriate, at least for the 6 in. - 15 ft.stack,. since the intake.
terms in equation (10) go to zero with an open door.. The resulting
theoretical values are theréfore not influepced.by the inlet friction fac-
tor. |

Air flow-temperature relations for 8 in. diameter“staéks with closed
door are shown in Figures 12 and 13. Because experimental values ére some-
what higher than the theoretical ones, it‘appears that in equation (10)
one or more of the factors, perhaps .the entrance.coefficients, friction
factors or elbow equivalenté, are not constant as assumed. fhe author be-
lieves that the principal faétor_contributing to the higher experimental
values is the stack friction factor, fp. Original determination of fo
was for a 6 in. stack which had been in place for nearly five months.
Over this period of time a heavy layer.of soot had collected on the stack
walls which inherently'offers more restriction to flow than clean walls.
Thé‘8 in, stack, however, had no soot on the walls yhen_tested° The
aluminum 1inér was shiny, smooth, and glgén and consequently offers less
restriction to flow than a sooted one. IhéJassumption of a constant fric-
tion factor is thus a conservative one,.:ést; result, theoretical curves
include a margin of safety for predicting air flow.

Results of open door tests on 8 in. stacks appear in Figures 14 and

15, Agreement between. experimental and theoretical values is again within
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tolerable iimits. ‘There are several wilé"péints on the graph in Figure 14,
especially at flows above 150 acfm. The értatic,hehaQior‘of the pitot .
tube pressure readings is attributed.to the fact .that the pitot tube in
the stack was only seven feet directly above the.flame or paint where the
air velocity was being established and.thus, at high flows, was in the
path of very turbulent air. It is seen that with the elbowed arrangement,
Figure 15, the points again follow a smooth!.curve .above.150 acfm air flow.
The elbows and short horizontal length of stack tend. to straighten thé
.flow by the time it reaches the ﬁitot tube.

Figure 16 on page 52 illustrates the effect.of. inlet restriction given
by an 8 in. diameter intake duct on air flow in 6 and 8 in. stacks of 15
ft height. At a temperature difference of gnly 100°\F, unrestricted flow
for the 6 in. étack is reduced by 18 perﬁént.by.anninlep restriction of
6ﬁ1y 0.0064 inches of Water.. Under the same conditions, unrestricted flow
for the 8 in. stack is reduced by 32 percent by an inlet restriction of
000;45 in. of Qater. It appears from this comparison that, in an actual
shelter situation, if an intake duct is to be used,its cross-~sectional
~area should be at least double that of the stack area in order to nearly
eliminate any effect from inlet restriction. This "double the area" ¥u1e
should be used as a rule~of-thumb for estimating purposes only.

To further investigate the effects of room AP in relation to AT
and air flow,.a test was conducted in which a piece of cardboard with
sevefal small holes through it waé taped-over the inlet end of the intake
duct, This arrangemént simulates an air filter, at'lea;t in its effect

upon restraining flow. Pressure drop, temperatures, and air flow were
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measured. Results of the test appear in Figure 17. ‘The curves show that
a sﬁéll presédre drpp causes a éevere.rgductién in flow from that of the
unrestricted éoh&itiqnoi At a ASTiof 500° f, for example, éir flow is 154
acfm with an open.door and 48 acfm with the restricted condition. The
diminution in:floy, almost 70 perceﬁt ét a AT of 500°'F, is caused by a
Z&Pm df'only 0;05;7 incﬁes of water. This indicates that filters cannot

bé ysed with-ﬁhe in&ﬁcgd;draft method of shelter ventilation because there
are-few, if any, filfers available'that offer less . than 0.1 inch of water
rgstriction, especially a# thé air flow rates being considered.

Curves 69 ?he‘following four'pages‘givé theoretical ventilation rétes
from computeflcélculationé for 4; 6, 8, and 10 in. diameter stacks for
vertical heiéﬁté of 5, 10, 15, 20, 25, and 30 ft. Because the use.of fil-
ters is not féaéible, because the intake area must be large in relation to
stack area for effective’ventilation, and because stacks should have elbows
and a short horizontal length for fallout radiation elimination purposes,
Figures 18 througp.ZI include results only.for opeﬂ door elbowed stack
condfﬁionsﬁ:-'ij

An inspection 6£ the curves reveals that there is little increase in
air flow beyond. temperature differences of about 300 F. If 300 F is
arbitrarily chosen as the maximum practicable temperature difference,
shelter ventilation rates ranging from 20 to about 350 éfm or higher can
be obtained, depending upon the choice of stack height and diameter.

The effect of altitude on air flow for any‘given temperature differ-
ence is négligible as shown in Figure 22. Values for these three sets of

curves were taken from the computer results. Actual conditions for the
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5000 ft altitude curves varied as follows: barometric pressure--24.59 to
25.22 in. Hg; inlet temperature--72 to 78 F; and ambient temperature
around stack-=~76 to 82 F. The sea levelAcurves are for the standard con-
ditions of 29.92 in. Hg barometer and 70 F temperature...
The decrease of standard ai; flow at 5000 ft altitude is less than

1.4 percent for any given temperature difference. This means that neg-

ligible error is introduced when air flow-temperature difference values

from the curves are used for altitudes of zéro to 5000 ft.

An analysis of the fuel data taken dﬁring testing is preéentéd in
graphical form in Figure 23 oﬁ page 61, Although the data presented in
the graph is for a closed door arrangement, which was ruled out in pre-
vious discussion, the fact that there can be fuel savings by the use of
insulation was pointéd out by this test.

The two curves for 6 in. stacks illustrate the effectiveness of in-
sulation piaced on the hood, elbows, and horizontal length of #tack. For
any given air flow covefed by the two curves, the fuel (kerosene) con-
sumption for the uninsulated staék is decreased by about 15 percent by the

addition of 1 in. of fiber glass insulation. This percentage decrease in

-fuel rate is seen to apply over the entire flow range for the 6 in. stack

condition described. Over an ektén&ed'shelter'océupancy, this saving
could mean a consi&erable amount, not only in volumé of fuel,Abut‘also.in
cost. Also seen from Figure 23 i§ the relative effectiveness of the "three-
holer" lamp“and fhe dual space-heater burner. ’

The curves in Figure 24 illustrate the effect on air flow of two

types of ventilator stack caps. The Artis cap, from which air emerges
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horizontally at two sides gnly, doe§.not prqdu;e.éﬁy noticeable change in
air flow from that of the uncapped-stack coﬁditioﬂ., With the Belmont
stack cap, air emerges from aii‘sides in a dQan;rd direction, i.e., air

flowing up the stack must reverse direction in order to leave the cap.

‘'This motion reduces the uncapped-stéck flow by about 8 percent as shown

in the curve. This flow reéisﬁance amounts to approximately 5.5 £t equiva-
lent stack lenéth as calculated from equation (1l). Similar results were
obtained from a straight s?ack test (p@t shown) . l

It should be rémemberéd thaf the ventilétor éap tests were conducted
in the absence of wind. In actual éheiter épplications where wind con-
ditions are present, the use df a Belmont cap or a type L Breidert Air-X- .
Hauster cap (builf sggcifically for fallout shelters) will have less
dampening effect on air flow than that shown by the curves. These caps
are built so that‘'the outfilow of?air,uregérdless.of the wind direction, is
actually inctéasgd by an a;pirating effect of the wind, i.e., the wind
producgs a suction at the cap o;tlet due to a partial vacuum. Thus, in

general, a good ventilator stack cap can be considered to offer little, if

“any restriction to air floy'at a shelter exhaust when used with the induced

method of ventiiétion.

Figure 25 shows the results of a test conducted with different heating
equipment. The maximum ventilation rate obtained with each iamp of burn-
er combination is given versus temperaéure difference between inside and
outside of the stack. With this 6 in. di;metef 15 ft high elbowed stack
arrangement, the maximum air flow with the "three-holer" kerosene lamp

was about 59 cfm. Maximum flow wifh the dual space-heater unit was about
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70 cfm. Although this test was made with a closed door,

’ relative usefulness of each of the heating methods.

it revealed the




CHAPTER 9

EXPLANATION OF PHOTOGRAPHS

Photographs of much of the basic equipment used in the fallout shel-
ter analysis are grouped and presen%ed on the following pages. For de-
tailed descriptions, one is referred to prévious chapters which relate to
the specific type of equipment shown. )

Figure 26 illustrates the manner in which‘the Metalbestos stacks are
téken out of the shelter throégh the shelter ceiling (power laboratory
floor). Two thermocouple probes can be seen protruding from the stack
wall. The short ¢viinder at the bottom and to the right.of the stack is
the ducg to which the laminar flow element was connected when the air
anemometers were calibrated. The old engine and other equipment in the
background are ﬂot part_of the test apparatus. ‘

Figure 27 shows the '"three-holer" kerosene iamp with the fuel tank
that is common to'a11'1ambs.

The air intake duct arrangement can be seen in Figuré 28 as it appéars
ffom the inside. of the shelter. Only éhe center duct was used because of
the methods of air flow measurement that were employed. Upon close sﬁr;
veillance of the center duct; a thermocouple probe with its electrical
lead wires is seen protruding from the top side near the duct center. The
tube extending across the duct is an unused pressure tap. Also seen in
this photograph are paéts of the shelter door and ;;artition°

The micromanometer for measuring s€ack and intake pressure drops is
shown in Figure 29. The:pwo Tygon tubes from the meter are shown extend-

ing upward toward a pressure manifold (not shown).

Figure 30 shows the propeller or vane~type anemometer in its position
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at the outlet end of thg intake duct.

The dual'spacé—heatér uni; is pictured in Figure 31 as it was used
during a‘vehfilatibn test. Short individual heater chimmeys are seen e#—
tendiﬁg'iﬁtd;the bottom of the stack intake hood. Also seen in this pic-
ture are a scale balgﬁée and the burner support stand.

Figure 3? shows the elbowed stack configuration and the manner in
which it is fastened within the shelter. Anofher view of fhe entrance

hood is also shown.
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Figure 26, Stack Extending from Shelter
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"Three-Holer" Kerosene Lamp

Figure 27,

Shelter Air Intake Ducts
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Figure 29, Pressure Measuring Device (Micromanometer)

Figure 30, Propeller-Type Anemometer




Figure 31, Dual Space-Heater Equipment

Figure 32, Elbowed Stack Configuration and Entrance Hood




CHAPTER 10

CONCLUSIONS AND * RECOMMENDATIONS

As stated previously, the fallout shelter tested has an occupant
"capacity of 18 ﬁeople aﬁ& thﬁs}requires, as a bare minimum, at least 54
cfm of fresh Veﬁtilating air. It"i; concluded from the research work per-
formed'that this minimum ventilation rate can be obtained by burning
kerosene in thé baée'éf'a éhimngy ér stack. One set of conditions which
satisfies the abové requireﬁénts is: stack-~-6 in. diameter, 15 ft height,
two elbows, a 2 ft.horizonta1=section, and a hood; shelter intake--essen-
tially unrestricted or open door; temperature difference between inside
and outside of stack——approximétely 80 F (mean stack temperature of about
150 F); heat ‘generator--either the "three-holer" kerosene lamp or the dual
space-heater unit; and'fﬁel réte-—about'O.SO 1b kerosene per hour (equiva-
lent to 1e05‘g5110ns per 24 hour day). It should be kept in mind that
there are many possible combinations of stack parameteré, temperatures,
fuel rates, etc. that will produce this same ventilation rate.

Results of thi; ventilation investigation indicate that the maximum
air temperature difference Setween the inside and outside of the stack
(Teh - Ty that is of benefit for home shelters is around 300 F. With an
ambient temperatﬁre of 70 F,,fhis means that the maximum mean stack tem-
perature of benefit is about 370 F. The return for higher stack éas tem—-
peratures is not siggificant;

The highest stack temperatures obtainable with the ke?osene wick-type
burners used in the teétare about 270 F. It is feasible thét a wick-type
burner could be designed to produce a maximum stack temperature of 370 F.

Wick-type burners are desirable because they require no pressure drop for
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efficient combustion and they can be used to light the shelter.
The lowest fuel consumption rate is obtainable when the intake hood

and the portion of the stack that is within the shelter is insulated. A

minimum of one: inch of'coﬁmon fibe;glass insulation is recommended.
family—tyye shelters in generél can be adequately ventilated by the
iﬁduced draft‘methqd if certain qualifications are observed. ‘The shelter
;should be located in the basement of the house so that air can be drawn
from the main part of the ﬂouseo In this manner the house will serve as
the radiatioﬁ—particle filter for the shelter inlet. Outside air will in-
filtrate naturally into ‘the: house through window cracks, under doors, etc.

in sufficient quantities to be available to ventilate the shelter. Fil-

ters should not be used étﬁthg shelter inlet because they offer a large

1
'

restriction to air flow and reduce ventilgtion rates to below minimum
va-lués° If an intake duct ié used, its cross-sectional area should be at
least twice fﬁat.of the stack. An open door is recommended. The stack
should contain two élbows?ané‘a.short horizontal 1ength-of duct. This is
essential for providing.shielding from fallout radiation rays. A good
ventilator stack cap should be used if the= stack exhausts directly to the
atmosphere ,to insure that fallout particles, rain, snow, and other debris
do not enter the shelter through the stack. If a stack cap is not used,
the stack should exhaust to'a ventilated attic. The attic will minimize
wind effects, eliminate fallout particles from entering stack, and pre-~
vent vitiated air from recirculating through the house and shelter.

The induced draft ventilation method creates a slight négative pres—

sure in the shelter. This eliminates the pdssibility of using this system
&
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in multiple for community-type shelters° Civil Defense authorities have
stipulated that cohmunity sheltéfs wili have positivé pressure in the
shelter, |
AlthoughlkerOSene wick—typg burners are recommended for induced draft
ventilation, it seems feasible Ehat in an extreme'emergency situation any
flame from whatever equipment is available--~such as a gasoline camp-cook
stove--could be used to in&@ce the draft. Ventilation efficiency and.
safety aspects.would be reégéed,but perhaps, and most important, human
There are sgvergl faqéts of family-type sheltef ventilation, by the
induced draft mééhod; th?h warrant further‘investigationn Future re-
search.should céntér aroﬁnd the following objectives:
1. Further‘ihvestigation'of keroseﬁe wick-type burner design with -
the intent of reaching 370'F stack temperatures.
2, Conﬁinﬁéfibn of “fuel investigation including storage, consump-
tion, and safety controls.
3. Economic feasibility of all phases of the in&uced draft method of
éheiférfveptilétiono .
4, Constchtion‘of a design nomograph reiating the parameters of ver-
tical stack height, equivalent stack length, stack diameter, stack
temperatures, and cfm of air flow to be used for the design of

family fallout shelter induced draft systems.
The last itenm mentioned, a design nomograph, could conceivably be con-
structed from the data collected during the research work already performed,

Construction of such a nomograph represents more time than was available

in this investigation.
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'l‘_’HERM_ISTOR AN ZEEMQMETRY
'-E;tensive investigation“was‘conducte& concerning the possibility of

using a bea&—type-thermistor as an air anemometer. The attempts were un-—
successful and the results useless as‘far as ventilation was concerned,
but the research work was imﬁprtant and is recorded here for posterity.

Although néarly four and one~half months were spent investigating
thermistors with no apparent useful results, the author believes that the
time was well jgstified fof three principal reasons.. First,_thermistors,
if appliéable,'would allow méasurement:of extremely low velocity air flows
(starting at zero velocify) as well as high flows. No other method of
flow measuremeﬁt known to the author permits, with sufficient accuracy,
measurement of flowslwith a velocity lqwer than about 40 ft per min (near-
ly 15'cfm in an 8 in. duct)ol Thermistors would have allowed measurement
of the natural ventilation through the shelter. Secondly, a permanent
record of outpuf,voltage and thus of flow would be available with this
method. This is desifable becéuse it establishes a reference and affords
one the opportuﬁity.to recheck measurements later on if the need aris}e‘s°
Thirdly, it is poséible that thermistors other than the bead-type and cir-
cuits other than the bridge-type may be used successfully in air flow
measurements. No more tiﬁe’could be spent on thermistor investigation,
but the knowledge gained from this experience should be useful as a start-
ling ﬁbint in furfhgr thermistor research.

Thermistors are "thermal resistors" 6r resistors with a high nega-
tive temperature coefficient of resistance. As the temperature increases,
the resistance decreases and as the temperature decreases, the resistance

increases. This is opposite to the effect of temperature changes on metals.
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Thermistors are semi—conductors of ceramic material made by sintering mix-—
tures of metallicudxides such as manganese, nickei, cobalt, copper, iron,
and uranium,.

Thermistors of the bead-type were used.for the air anemometer. Beads
are made by formipg sméll ellipsoids of thermispbr material on two fine
wires tight and paraliel about 0.010 in. apart. The material is sintered
at high tehpératuré and the leads become embedded tightly in the beads
making good electrical contact inside the thermistors. Beads can be ob-
tained in sizes rangiqg ffom 0.006 in. to 0.100 in. in diameter.

For use as an aif measuring device, the thermistor was built into
probe form. Two small parallel holes were drilled through the length of a
two-inch longg.l/z in. diameter nylon rod which is pointed on one end. |
The fine wifes'of the bead thermistor were inserted throﬁgh the holes in
the rod and éemented'in'place; ‘Only the bead protruded from the pointed
end of the nylon rod. After Qirelleads were soldered to the bead wires,
the rod was fastened into the end of a 5 in. long piece of 9/16 in.
diameter stiff cardboard cylinder, the beaq remaining exposed,- The entire
probe was stuck through a one-inch diameter rubber cork. When the assem-
bly was inserted into a hole in the side of the 8 inch intake duct, the
bead was posi;iohed in: the-air stream by adjusting the length of probe ex-~
tending beyond the cork. The probe was held rigidly in place due to a
tight fit between the rubber cork and the hole in the side of the intake

_duct. |
Figure No. 33 on page 78 shows the original bridge circuit designed

and built for the thermistor air anemometer. The circuit consists
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basically of a'Wheatstone—brnge with the thermistor as one resistance leg.
In a leg adjacent to the, thermistor is a decade resistance which permits
compensatiné féy thermistor bead temperature changes caused by ;ntake air
temperature changes. In the leg opposite to the thermistor is an adjust-~
able resistance' used to zero the voltage output of the bridge. Two
transistors, éonnecéed together thermally, are included to provide a con-
stant current‘fﬁrough tﬁe thermistor when a constant 40 volts is supplied
to thé.bridge‘circuita '

Output from the thermistor bridge was connected to a Leeds & Northrup
Speedomax 0-10 millivolt ?eéofdera Thermistor output is sensitive to air
velocity, éﬁd because the cubic feet per minute of air flowing in a fixed-
size duct depends directly on the velocity, the output can be plotted
against air flow rate. Thus, the recor@gr provided a direct indication
and a per@anent record of air £low.

During calibration of the thermistor, a laminar flow element; pro-
duced by the Meriam Instrument Com.f)an,y,Z was used with an accompanying
centrifugal blower as tﬁe air flow standard. This laminar flow device,
applicable to air flows from O to 200 standard cfm (at 29.92 in. Hg and
70° F), consists of ﬁarallel, capillary-size tubes through which the ai;
flows. The pressure drop across the tubes has a straight-line relation-
ship with the mass air flow. A linear calibration curve of this relation-
ship, showing pressure drop across the tubes (in. of water) versus stand-
ard air flow (1b per min) is supplied with the element.

Equipment required to operate the thermistor included a 40‘volt d.co

power supply, a voltmeter, two decade resistances for use in the bridge
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circuit, a millivolt recorder for rééor@ing thermistor output, and a
thermocouple temperature rgcorder for determining temperature of air in
the vicinity of the thefmistor probé° 'This equipment, with the exception
of the temperature recorder, is shown ;é Figure 34 on page 81 as it was
arranged and used in the shel'ter°

To calibrate the thermistor, the blower and laminar flow element were
connected at the exhaust of the.shelter so air could be pulled through the
intake duct and sheiter spaée, This bermitted an accurate calibration be~-
cause it incluééd any air'leaks that may have existed in the sheiter° The
calibration pf;cédure for the thermisfor probe located at the center of
the- eight-inch intake duct was as follows:

1. With probe'in stili air (cap ends of the 8 in. duct), set the out-
put zero adjust on the bridge box until the millivolt output on recorder-
1s seto. | . |

3, Note téﬁpérature of air in duct, read the milliamps and volts
tﬁfough p;obé,'and calculate by-ohms law tbe resistance to be set on the
temperature compensation.decade box.

| 3. Uncap dﬁct and set laminar flow element at a manometer reading
which corresponds to the maximum flow desired. Set ;utput span adjust on
bridge box until .abott '10. mv show on rgcorder. Once output adjust is
initially set) do not:change.

4, Take readings at various points betweén zero and magimum flow.
At each flow setting repeat step 2 and reset the femperature compensation
decade resistance if temperature changes. At each reading reéord inches

of water at manometer, duct temperature, and millivolt output. The
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barometric pressure should be recbrded at start of calibration.

5. From the calibration curve supplied with the Meriam Instruction
manual, read the standard air flow (pounds per minute at standar& con-
ditions of 29.92 in. Hg and 70°F) corresponding to manometer reading.
Multiply standard poqnds;per minute by the barometric preésure correction
factor and temperature-viscosity correction factor from instruction
manual to obtain'the real pounds per minute flowing at actual conditions
of pressure and temperature. Find the actual cubic feet per minute (acfm)
by applying the perfect gas law. |

.- For a more complete dgscription of the calibration procedure and re-
late& calculations, the reader is referred to the "Meriam Instruction
Manual A-28836" published by the Meriam Instrument Company and supplied
with their laminar flow instruments.

After coilecting data as outlined above, a thermistor calibration
curve of probe output (millivolts) versus flow (actual cubic feet per min-
ute - acfm) was plotted. The cﬂrve, nearly linear and also approaching
verticality, accommodated flows from zero‘to 150 acfﬁ. Also drawn was a
curve of resistance (ohms) versus intake temperature (°F) for use with the
température compensation decade resistance box.

Two months were épent in conducting preliminary ventilation tests and
becoming acquainted with the operétion of various combustion equipment,
temperature and pressure Eqﬁ}pment, and the thermistor flow device. Dur-
ing this period of time resglts of flow meésurement had been fairly con-
sistent and reproducible. Then for several days the zero settiné of the

- thermistor in still air seemed to drift from conditions dictated by the
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temperature versus resistance cglibration curve. Previous examination of
literature on'the;mistors and comments by Electronics Research personnel
indicated the poséibility that thermistors may lose their reliability with
use and time due to loss of calibration. No definite reasons for a
possible calibration loss were cited except that perhaps the thermistor
bead deterioxétég enough to change the heat transfer characteristiés of
its surface.

"To check out fhe above theory; it was decided to recalibrate the
thermistor device. Two or three'calibration.runs, conduicted according to
the procedure outlined previously, covering the entire flow range from
0~150 acfm produced coﬁpletely different and disassociated thermistor out-
put readings. No sensible relationship between output and flow could be
fouqd° At this ?oint we decided’that the thermistor was completely
deteriorated or "bﬁrgeg up". The surface of the bead appeared brown and
somewhat charred.

Another thermistor bead similar to the first was acquired from the
electronics lai)oratory° The only difference in the two thermistors was in
the so-called response time. The second bead héd a response of 25 seconds
as compared to 2 seconds for the original bead. It was anticipated that
the longer response time would decrease sensitivity enough to provide a
more constant recording of output on the millivolt recorder, thus making
output easier to read. ‘

In probe form the second thermistor héd an aluminum shield around thg.
bead. The bead was located in the péth of a diametral hole which ran

thréugh the hollow cylindrical shield. With the hole parallel to the air
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flow path, straighter flow lines around the bead than previously obtéined , K
were expected at all rates of fl;)w°

Several célipratién;?uns were conducted with the shielded probe in-
stalled in the iﬁ;ake ciuc':t° The millivolt recording deviated from a
,straiéﬁi’iiné by as much as three—féurtps of a millivolt but readings were
averaged with a polar-ﬁlaqime;er. The flow-millivolt curve had -many
gfratic points; epough that thie results could not be relied on.

1t was aéaig’decided.ﬁb uSe another thermistor. The third thermistor
bead chosen required the same design voltage and current and had the séme
.response time (2 seconds) as the original one. In order to retard the re-
sponse time"slightly, epoxy was édded to the thermistor in the form of a
thinhéoating‘over‘the bead. | |

N Before star;ing to calibrate the new thermistor, further investigation |
,of bridge circuits qu instruments was carried qut. It was discovered
that'currenf thrOugﬁ the probe was not constant as had been originally
planned Auringﬂcircui; design. Ig was strongiy believed that this was the
main cause for the wide variations in millivolt output from thermistor.

The designer of the original circuit was again contacted and the
problems were discussed. As a possible solution, a new circuit which com-
pletely eliminated the tﬁérmistor bridge box was attempted. A number of
decade resistances replaced the bridge, the idea being to obtain closer
cont;ol of probe current.: A calibration run proved, however, that.the
contrarf was true. Current and voltage control through the probe was not

only difficult to control but also unwieldy and inconvenient. Due to this

fact, the third thermistor was overburdened with a power surge and burned
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out.

The train of thought retprned to the original thermistor bridge cir-
cuit. After Iéngthy COunseiing.with Professor Drummond of the Mechanical
Engineering Department, it was agreed that the bridge should work satis-
factorily if a few minorcéhanges in operational methods were lmade°
According to Fenwal Electronics, Inc., Framingham, Massachusetts, in their
"Thermistor Manual! brochure, bead thermistors should be able to dissipate
a maximum of abo@f 850'milliwatts of power a£ a maximum safe continuous
current of neérly 18 @illiamps. With the first three thermistors operat-
ing with 40 volts at fhe supply, the probe current (about 12 m.a.) was
well under the’maximum allowable Qalue; This indicated that previous
burﬁ-outs were caused €ither by power surges or by allbwing the thefmistor
to set too long in still air with full power applied.

For the fourth thérmistor probe the bridge supply voltage was in-
creased to 47 volts Which allbwed néariy 15 milliamps through probe. This
increased the possibility of bead "burn-out';but accofding to the thermis-
tor characteristic curves, these power and current levels were tolerable.
The main ;bject of the power increase was to try to produce a more nearly
horizontal calibration curve than was obtained originally.

Previous experience indicated that the method for calibrating the
tempefature compensatibn resistance or so-called zeroing of the millivolt
output scale was deficient. The still air method originally used was
changed somewhat by sealiﬁg the probe and a therm0goup}e in a pyrex
beaker which in turn was immersed in a larger contaiﬁgr of water. The tem-

perature inside the beaker containing the thermistor was varied by
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cﬁanging the teﬁperatqre of the water in the outer‘contaiper. Readings
of temperature and thermistor resistance were taken when condifions in the -
flask reached' equilibrium. In:this:manner a calibration curve for tem-
perature compensation'w%s obgained for'air,temperaturés ranging between
60° F and 100° F. Results 6f,1a;ef spot checks revealed that points were
reproducible‘within:two percent of those on the curve.

Calibration Qf.tﬁg thgrﬁis;b; for gir flow measufement was again
accompiished usigg‘;ﬁe igmiﬁér Elqw'élemgnt as before. F}ow tests were
again resumed uéing‘ayflame in ;he'stack. After one day of testing, the
compensation resistance requirgd to'zero the outpdt scale had drifted to
the point where it was 30'ohm;_(abpﬁt 20 percent) above what the calibra-
tion curve dictatéd.' We‘éﬁeckedlthe thermistor bead only to find that it
too had burngd.uplgr at leéét disintegrated beyond useful'purpéses.

In an at#émpt‘fo:resulve the thermistor burn-out problem, it was dis-
-covered that the epoxy béing used to éoa;.the thermistor beads begins to
‘deteriorate abéve a température of about 270° F. The thermistors had been
operating at a femperatére:of nearly 350° F. Perhaps as the époxy decays,
the heat transfer characteristics of the unit change enough to adversely
affect the resistance-temperature relationship of the thermistor. This
phenomenon may accounf for the zero shift iﬁ output and add to the
deterioration rate of the thermistor itself.

It was believed that the only way to check this theory was to try.
another thermistor without an'epoxy coating. A probe of this type .was
built and installed in the-intaké duct. 1In ordef to decrease the possi-

bility of further burn-up, the power through the bead was limited to 100
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milliwatts which was 30 percent below the maximum tolerable level. A
resistance of 2550 ohmg,.fouﬁd'by trial and error and connected in
parallel with the thermisFor,!allowed operation at'about 83¢milliwatts with
the original 40 volt bri&ge”sﬁpply.';

A temperature compensation calibration curve was again obtained by
the ﬁreviously'descrkbed watér;iﬁmersion method. A flow check revealed,
as had been anticipated, that the4b§refthermistor bead Qas too sensitive to
air velocity chaﬁges;fj?h;s was aépareht from the millivolt output record-
ing. Recorded millivolt values ;t flows above 80 cfm‘dev;ated as much ;s
15 percent from a sﬁraighfilin;'wﬂen.plofted. Figure 35-B on page 88
shows the degree’aﬁd rapidity of miiiiVolt outéut deviation. The chart
speed du;ing this particular run was six inches per minute.

In an attempt to reduce Ehe,sensitivity of the probe to the higher
velocity a}f.flows, twé'more S;inl intake ducts, also about 4 ft long,
were installed immedi@pely abqve'énd below the first one. Still using
only the single probe in tﬁe original duct, a complete calibration run with
all ducts open was started. With the griple intake arrangement, the
velocity past the probe should have been about one-third of the value
preQiously obtained with a single duct. A spot test at about 100 acfm
revealed that the output recording was as erratic with three ducts as with
one. This is s;ill not understood.

Another attempt to linearize the thermistor output consisted of fill-
ing the end of the center duct with one inch diameter aluminum foil tubes,
twelve inches long, plaéed with their longitudinal axis parallel to the

longitudinal axis of the main duct. The tubular "grid" ends about four
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i
inches from the thermisfqr. We founq that the tube arrangement sStraighten-—
ed the air flow path before it passed by the probe to the ektent that the
maximum millivolt output vériatioﬁ was’ under 7 pe?cent.at the highest air
flow rate of 150'acfm. This was witHin tolerable limits because the out-
put readings-were-avgfaged anyway by taking planimeter reaﬁings.

With some hope in Fhe thermistor‘methqd of flow measurement restored,
calibration wag continuéd. Tﬁe;e hopes were again shattered near the end
of the run when the temperature compensation resistance setting began
drifting as it had .with the ep¢$y-co§ered beads. From this behavior it
was concluded thai temﬁeratuye compensation is not practical with this type
of thermistor bridge éircuit;"A possible explanation is that the rate of
heat transfer from the thermistor differs.at different air temperatures
and thus the thermiétor re§istance is pé}haps,not a constant for any par-
ticular temperature.

Endeavoringlﬁo find %;solution, the compensating resistor of the .
bridge was arbitrgrily fixed at 725 ohms and calibration tests conducted
at several different but cohstant intake air temperatures. The final re-
sult was a family of linear calibration curves of millivolts versus flow,

1

one curve for each temperature. Nearly all points for each curve were

reproducible'within +5% which amounts to a maximum flow deviation of about
7 cfm. It was decided to proceed with ventilating tests and rely oﬁ
this arrangement of air flow measurements, keeping in mind the accuracy
of calibration.

After several days of testing, using kerosene lamps as the_heaf

source at the stack, the millivolt recorder failed to operate. Several
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parts including tubes, fuses, a rectifier; and transformer had burned out.
Another recorder was borrowed from the Physics Department, Montana State
College, which necessitated gpéther calibration run. After this had been
done, more test data collected, apd graphs plotted of flow Qersus stack
temper?ture, %t was-vgry.evidgnt'that the‘thermisto; method of measuring
air flow, as it was éfr;nged;,ﬁas by no means accurate enough for practical
purposes. The points on the éxperimentél flow-temperature graph were so
widély scattered that no reésongple‘cufbé could be drawn through them. Be-
cause stack temperature measurements were reasonably accura#e, the major
difficulty was éssumed to arisé&from the thermistor and its related cir-
cuitry. Thus, at thi; pqiﬁt it &as‘dééiQed:to abandon the idea of measur- o
ing air flow Witﬂ'beéd thermistors. |

The difficultie$ and probleéems encountered as outlined in this section
have sparked additional people to investigagé the'possibility of thermis-
tor air flow measureﬁent. If thg reader desires further information on
thermistors, their applications, and factors influencing flow measurement
via thermistors; he is referred to a thesis by Mr. Bill Cousineau, Montana
State College, entitled "Thermistor Anemometry Including Effects of

Ambient Pressure and Humidity".
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