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Y¥ INVESTIGATIONW CF AIRCRAFT HEATERS
XVII - EXPERIMENTAL INQUIRY INTO STEADY STATE
UNIDIRECTIONAL HEAT-}ETER CORRICTIONS

By L. M, X, Boelter, E, ¥, Poppendiek, and J, T, Gier
SUMIARY

Section I of this report discusses a correction whigh
must be applied to the heat meter when it is being used at
other temperatures than that at which it was calibrated, as
the thermoelectric power of a thermocouple and the properties
of the heat~meter material are a function of temperature.
Predicted and experimental results for this temperature cor-
rection are presented.,

Section II of this report contains the results of the
application of the two methods of correcting the heat-
transfer rates for contact and heat-meter resistance to ex-
Perimental data taken in the laboratory, From the resulting
computations certain limitations on the use of the two meth-
ods were Oobtained,

INTRCDUCTION

The theory and use of heat meters for the measurement
of rates of heat transfer which are independent of time have
been treated in reference 1, Two methods of correcting for
contact and heat-meter resistance have been derived in ref-
erence l,

The present report utilizecs experimental data to inves-
tigate the application of the two methods of correction for
contact and heat-meter resistance. -
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Because some of the properties of the heat meter vary
with temperature, a correction must be applied to the heat-
meter readings when uscd at temperatures other than that at
which it was calibrated., Predictions of this correction are
compared with cxperimental results obtained at low tempera-
tures.,.

An analysis of the use of the heat meter under transient
conditions of heat transfer is important, This analysis will

appear in a forthcoming report,

This investigation, conducted at the University of
California, was sponsored by, and conducted with financial
assistance from, the National Advisory Committee for Aero-
nautics,

The authors of this paper wish to acknowledge the great
assistance obtained from the staff of the Western Regional
Laboratories in Albany, Calif,, where low-temperature rooms

were made available; the Naval Air Station in Alameda, Calif,,

for the use of winter flying suits in low-temperature rooms;
and Messrsy D, Turner, H, Poeland, B, B, Morrin, and R,
Bromberg for their help in obtaining data and preparing this
report, '

I, TEMPERATURE CORRECTIONS TO HEAT METER

The electromotive force generated by the thermopile
element of the heat meter is sudbject to corrections under
conditions of use in which the temperature of the heat meter
differs from the calibration temperature; this difference isg
due to a variation of hcat-meter properties (thermal conduc-
tivity, thermoclectric power, and dimensions) with tempecra-
ture, ©Steady state unidirectional heat flow conditions will
belcongidered in this report.

SYIBOLS

B electromotive force generated by thermopile, millivolts

emf thermocouple electromotive force, millivolsts

o= i—éﬁgél thermoelectric power of thermocouple,
millivolts/°F
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At

At

Ta

unit thermal convective conductance, Btu/hr ft2 o

thermal conductivity of material of which hea% meter is
Ol
L
£

nunber of pairs of Jjunctions in thermopile

constructed, Btu/hr ft3<

rate of heat transfer per unit area through meter in
the direction hot to cold junction, Btu/ar ft°

temperature, o

tenperature of heat meter indicated by heat-meter thermo-
couple which is located between laminations of heat

-

- ; o]
meter as shown in figure 2, F (also see refererce 1,
fic. 1),

tenperature coefficient of thermal conductivity defined

1
by equation (4) k = k, [1 + a (63 - tﬂo)7, Oz

thermal coefficient of linear expansion of heat-meter

material, defined by ecquation (5) ax =

o
OF .!
AXO e B (tn -~ tI‘IO)J

distance between hot and cold Jjunctions of thermopile
element, ft

temperature of hot junction minus temperature of cold
: o
Junetion, ¥

temperature difference between heat-meter surface and
ambient air, °F

ambient air temperature, Ox

Subscripts:

(o]

3

refers to datum or calibration temperature for heat
meter

refers to heat meter
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1, Predicted Performance

Provided the thermoelectric vower e is not a function
of the temperaturs, o2r provided the tenperature difference
At is small, the clectromotive force generated by the
thermopile element (refsrence 2) may be expressed as follows:

E = neAt ' (1)
where
E voltage gensrated by thermopile
n number of pairs of junctions in thermopile
e thermoelectric power .of a thermocouple

At  temperature of hot junctions minus temperature of cold"
junctions

The temperature difference At is caused by the unit
ay

heat flow v through the heat meter and may be calculated

by means of the conduction equation -

(2)

where

k thermal conductivity

Ax distance between cold and hot junctions
From equations (1) and (2)

q.. '
Ax

E = ol o 3

ne ( )

2
The quantity " ax | determines the calibration of a heat

"
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meter; because the terms in this expression cannot be pre-
dicted accurately, it is necessary to calibrate the heat
meter.

If the thermal conductivity Xk and the dimension Ax
are expressed as a function of temperature,

k= k, [1 + C(,(tl,.: - t}io).! (4)
]
x = Axg [1 + Bty ~ tuo)) (5)

ol

t1; and txo heat-meter temperatures taken to be uniform be-
tween hot and cold junctions because &t  is
small

o thermal conductivity coefficient defined by
equation (4)

B thermal expansion coefficient defined by equa-
tion (5)
ty , temperature of heat meter
1 P

The subscript o refers to some given temperature of the
heat meter (consider this to be the datum or calibration
temperature of the heat meter).

The electromotive force in millivolts of a silver—
constantan thermocouple is:

emf = 0,02186 t + 0,0000153 t°® - 0,715 (6)

(the reference junction is at 32° F)

; d(emf)
The thermoelectric power of a thermocouple\ e = ——EE—— ob~

tained by differentiation of equation (6) is

e = 0,02186 + 0,0000306 ty; (7)

(5), and (7) into equation (3), the

" Substituting (4),
or the thermopile voltage is:

general relation T
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p

L+ Bl
O’ M I\L : Q,! |
E = n(0.021%6 + 0.0000306 %) ---E ------------- 4 W (8) |
} 1+ ("(tw—tl\x ) A i

If, as has beern nreviously stated, the calibration tem-
4

perature of the meter is considered to be the datum, then at
this datum equrtion (8) reduces to: for ty = tMO) |
C hx 9 '
B, = n(0.02186 + 0.0000306 ty ) =--2 SF (9
i L
o Kol
An insvmection of equations (8) and (9) reveals that for

a glven value of —% the voltage generated by the thermonil:

will be different if the heat meter i3z at a temmerature othes;
then that 2t which it was calibrated. Thus ecuations (3) an
(9) indicate the mannsr in which the heat-meter electromotiv:
force varies with heat-meter temparature. An exnression for
this wariation in terms of the datum conditions may be ob-
tained by dividing equation (9) by equation (&) resulting in:
i ' i X
‘0.0EIS6 + 0.0000306 ty | |1+ clby-ty )
U PRI o S T
, oL “n6
| 0.021€6 + 0.0000306 ty 1+ B(ty=ty )|
sunnose th-t data - rs taken vhen thg meter tempsrature
. r~0 - .- . .
tM Mot 60" (P and the calibration 15 knoyaier
ty = 100° ®. The tharmal coefficient of exmrnesion B in
0
the above-mentioned exnression is 0.C000167 g%; for the
above-mentioned temver~ture differsnce, ths exnression

~
;1 + B(tM - tyo)} would change only 0.3 p=rcent, indicating
that Ax varies inaporecinably. A survey of the literature
revesled no substantial data on the thermal conductivity of
bakelite. An insnection of tables of thermal conductivity
for other nonmetals indicates that the thermal conductivity
coefficisnt o is usually very small. So flor the filirstl BRp=
nroximation @ 1is considered to be zero, so that ths thermal
onduvetivity k may be taken to be = constant . Bovation (1€
me

)
will noew be numerically evaluated. For a given rate of heat
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Q2

b
A
generated voltage at by = 100° F is 1.24 times the volt-

flow and the above-stated temperature conditions, the

age at ty; = -60° F, Therefore, the multiplying coefficient
of 1,24 must be applied to the voltage measured at

ty = -60° F bYefore the data may be evaluated in terms of
ghe calibration established at ty = 100° F, For any heat-
meter temperature equation (10) reduces to:

By = B (13)

"0,02186 + 0,0000306 tmo_
0,02186 + 0.0000306 ty

(0.02186 + 0,0000506 ty \ .
\ 0. 02186 + 0.00C0308 t“) in equation (11) is de-
P ’ 11

The term

fined as the multiplying coeffigient - that is, the quantity
by which the heat-meter voltage must be multiplied in order
to obtain the correct heat rate through the heat meter at
the new temperature,

Figure 1 presents curves of the variation in the multi-
plying coefficient over a range of temperatures. The curve
to be used in any particular case is the one which is marked
with the temperature at which the particular meter calibra-
tion was accomplished, When the heat meter is used at the

calibretion temperature tmo the multiplying coefficient

ligledugdito unity,

2. Experimental Verification

In order to determine the accuracy of the prediction of
the change in the calibration of the heat meter as a func-
tion of temperature when +the calibration at one temperature
is known, it was necessary to calibrate over a range of
heat~meter temperatures. Data on heat-meter calibrations
over a raange of meter temperatures from -1° to 129° ¥ wore
obtained as the result of the experiments described below,

Initial attempts to perform low-temperature calibra-
tions on the heat meters were unsuccessful; principally due
to the fact that the first cold chamber used was to0o small
resulting in large free convection currents, This flow
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condition created a vertical temperature gradient along the
heat neter making it impossible to obtain a calibration.,*

The use of large constant-temperature cold rooms became
necessary. A typical low-temperature room is shown in fig-
ure 3, To prevent sudden large drops in temperature in the
inner room. upon entering from the aisle which is at room
tenperature, an anteroom is situated between the aisle and
main room, The temperature of the anteroom is somewhere be-
tween that of the main room and that of the aisle. The tem-
perature of the rooms is thermostatically controlled, and
the refrigeration ig accompliehed by the circulation of
brine. The control was generally within #3179 B,

Calibration data were taken in three cold rooms the tem-
peratures of which were maintained at ~SO°, O°, and +20° 7T,

E W
The calibration heater with the two heat meters mounted upon
it as schemstically shown in figure 2 was placed upon the
concrete floor of the cold room., The control panel including
rheostats, meters, and potentiometer was located in the aisle,
Power leads, thermocouvnle leads, and voltmeter leads from the
calibration heater to the control panel were brought out in a
cable. This arrangement made it possible to operate the
egquipment and take data in the aisle; it was only necessary
to enter the cold rooms when assembling or dismantling the
equipment, The center of the room probably would have been
a more desirable location for the calibration heater; how-
ever, the presence of otnov material and equipment in the
room nade this impossible,

The two heat meters, UC-21 ard UC-22, used in the check
calibration possessed the °«me datunm Cal’Jrafloﬂ 0F L9 L5

Btu/hr £t° mv at tyy = 104" F, These heat meters were cal-
0

ibrated under the three different given temperature condi-
tions, The experimental multiplying coefficient for the new
temperature was obtained by dividing the thermopile voltage
at its datum temperature by the thermopile voltage at the

new temperature for a given rate of heat itransfer, Table I
oxhibiﬁs the calibration results in the low-temperature
Tooms.,.
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| ' TABLE I
BXPERIMENTAL AND PREDICTED MULTIPLYI

‘ AS A FUNCTION CF HEAT-METER TEMP

W& COEFFICI

ERATURE ¢

M
|
| Heat-meter Exwerimental Predicted
mp e tre, tM miltinlying multinlying
i coefficient coe1*1c1pnt1
|
‘ Heat meter UC-21
‘ \
‘ " ;P g 1.3t
| 12 1.0717 1.12°
| i3 1,200 1.076
| 47.5 1.090 1078
63.5 1.090 1.059
\ I l
‘ Heat meter UC-22
1 8 ol 3 1.14%0
16 1007 O
Yg 1.000 1.670
50.5 i086 1,066
69.5 .986 1.040

1¥rom equetion (11)

ted multiplying coeffici
5 + 0.0uDO}“u tV

o o0
N P
e
OQ O

ig ' p
.02186 + 0.0000306 by

w5l
meters

the experimantal
Since both heat
TRl © with a

Yo

b O Tu/hr ft® mv, only ons predicted
pilying lcoefificient resulted Ths expsr
ter on both sides of the pradicted
viation of about 7 verceant, The spread

f
1
1

Ying coefficien
(UC-21 and UC-22) were calibrated at
resulting calidbration constant of

ent given in

lotted

ts in

curve for
imentsl

squation

Figure b,

tozether with

the multi-
woints
curve vwith a maximum de-
re of the polnts whiech
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exhibited the greatest deviation from the predicted curve
can be attriduted to the fact that experimental data were
taken in rooms sudbject %o varying temperature conditions; at
times i% was necessary for the personnel of the laboratory
to enter these low-temperature rooms, and thus sudden tem-
perature transients resulted,

e

2o

When the two heat meters and the whole calibration unit
had reached the steady state of heat flow, the proper data
for calibration were taken., If, during the calibration, the
alr temperature suddenly varied due to air currents, a %iran-
sient state of heat flow resulted, If readings were made
durinb these transients, errors resulted, The variation in

tenperature distribution under these conditions will be con-
sidered in a forthcoming report. The maximum va?iation ob-
served in the thermopile voltage reading was +2.5 percent,
The maximum variastion in the reading of tke tnermoeouple
located under the first lamination of thc hoat meter was
£0,6 percent, In the calibration of the hgat meters one
pPostulate made is that the sum of +1e air-heat meter inter-
face resistance plus the first heat-meter lamination resist-
ance is the same for both heat meters. (Seec £1F, 24) The

alibration constants of the two heat meters were obtained
by apportioning the rates of heat flow in terms of the tem=
Perature potential across the resistance whiech includes the
air-heat meter interface and the first heat-meter lamination,
These thermal resistances were considered equal for both
heat meters. However, when one of the two heat meters being
calibrated has a greater surface temperature, the air-heat
meter interface resistance is less for that heat meter since
the unit thermal conductance for free conveetion and the
unit thermal conductance due to rsdiation are proportional
to the difference in tcemperature betwoen the surface and
ambient air temperatures, The variation in the unit thermal
conductance for frec convection and radiation which resultecd
during the calibration runs was =2 percent. The variation
in the value of the unit thermal conductances along the heat
meters during the cml ibration test causes 2 slight error in

the magnitude of the heat-meter calibration constants.

(=N

The composite effect of these experimental variations
can be shown to be as great as 7 percent.
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II, CCNTACT AND HEAT-I(ETZR RESISTANCE CORRECTIONS

When a heat meter is placed in a thermal circuit, a
ction must be applised o the measurement of the rate of
transfer through the heat meter to yield the rate of
transfer which occurs without the heat meter in the
it.
SYHUBOLS |
unit therial convective conductance from healt meter to
- 0

fiuld at temperature T, Btu/hr £32 F
unit thermal convective conductance from wall to fluid

at temperature T,., Btu/ur £t2 °F

- L & ‘

equivalent unit thermal conductance for radiation from
ea e

the heat meter to surroundings, Btu/hr - Sl
t\4 TS
i ; i ‘S
0.175 i - > ]
2 . \1 \755 ]
Ty 54

(b3' = T¢)

equivalent unit thermal conductance for radiation from.

wall to surroundings, Btu/hr £5° °7
r LN 7.\
0,173 Fup | /-_.’../- - <—‘i- t
i AFLALO0) 100/
.LI.C =
P S

=

rate of heat transfer per unit area through
2
meter, Btu/hr ft

o
23
D
5
@]
0
ot

rate of heat transfer per unit area through wall when
meter is removed, Btu/hr ft°
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tN tenperature of heat meter given by the heat-meter
thermocouple, °F
tw tenperature of the portion of the wall covered by the
6 oAt

heat meter, F

ty' temperature of the wall adjacent to heat meter, dut not

= : 0
comered by it, ¥

(fco + fro) = {fp, * £ 1
4 e 'y
(fco » fro) (fcl ¥ frl) i
T tenperature of fluid on far side of wall, °F
a
T temperature of fluid on pear side of wall {(side of wall

sl Beln iz o (¢]
on which heat meter is placed), F

F,a modulus which includes effect of emissivities and geo-
AT
metrical configuration of radiating bodics in equa-
tion for £,

- e,
Ty'! absolute temperature of outer surface of heat meter, R
. N . )
T absolute temperature of surroundings, R
A area through which heat is being transferred, ft°
f. R local or point unit thermal convective conductance
i1(point
from heat meter to fluid at temperature Teor
2

Btu/hr ft OF

U, free-stream velocity of fluid across heat meter, ft/sec
(¢]

ty' temperature of outer surface of heat meter, T
G weight rate of fluid per unit of cross-sectional area

e { u, Y 3600), 1u/nr £t

Two methods of making the above-mentioned corrections
are derived in reference 1. Correction method I may be ex-
pressed as follows:
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95 %y |Ta © Y kh
e g e e (18
A A ~Ta = Bk
Correction method II may be expressed as follows:
417
o e 2 (13)
A. q.'\/'
— [t -t
; .4 “ + AR + AAR
A S dy
L A i

T &
-~ U

pete

g desirable to know some of the limitations on the
use of the two correction equations (12) and (13). It is
important to recognize which of the two correction methods
is usable as a function of the location of the heat meter
(on air-stream side or still-air side).

It is also necegssary to know how large the heat-trans-
fer correction for heat-meter and contact resistance is when
the heat meter is fastened tightly against the cabin wall of
an airplane in flight,

Because the equation for correction method I reguires
the measurement of three temperatures, it is important to
locate the heat meter .so that these temperature measure-
ments can be made accurately. In using correction method Il
the evaluation of the term AR in equation (13) requires
consideration, If the unit thermal conductance due to con-
vection and the equivalent unit thermal conductance due to
radiation of the wall are the same as the unit thermal con-
ductance due to convection and the egquivalent unit thermal
conductance due to radiation of the heat-meter surface, the
quantity AR 1s equal to zero, In some cascs tnese con-
ductances along the wall surfaco may bc difforent from the
corresponding conductanccs along the hoat-moeter surface, in
which case the term AR may be estimated. Of course, if
the unit thermal conductances (fco, fro) in the term AR

are accurately known, it is not necessary %o use a heat
meter as a means of measuring the rate of heat transfer, as
the heat transfer may be calculated from the known conduct-
ance and the temperature potential (wall temperature minus
contiguous~fluid temperature). In most cases wihen the unit
thermal conductances are not accurately known, approximate
values can be used to evaluate the term AR to be used in
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The correction methods I and II were checked for a typ-
ical system of heat loss from an uninsulated airplane cabin
in flights The unit thermal conductance for free ccnvection
and rediation is approximately 2 Btu/hr £t° °F inside the
cabin; whereas, the uvnit thermal conductance for forced con-
vection and radiation on the outside may be from 6 to 20
Btu/hr ft2 OF, To simulate the above-mentioned conditions
hot air was blown through a duct at such a veloeity as to

produce a unit thermal conductance for forced convection and
ra¢1at10ﬂ of about 6 to 10 Btu/hr £t°® °F, The outside of
the duct was exposed to still air yielding a unit thermal
conductance for free convection and radiation of about 2
Btu/hr ft® "F, The heat meter was placed on either side of
the duct wall exposing the instrument either to the air
stream or still air, On the still-air side, spacers were
placed between the heat meter and the wall in order to deter-
mine the effect of the method of heat-meter attachment or
character of the surface upon which the meter may be placed.
FLaowvea S 6, 7, 8, 9, and 10 present photographs of various
views of the duct and of the heat-meter mountings. ZFour
thermocouples attached to tne duct-wall surface and spaced
around the heat meter were used to obtain an average tempera-
ture of the wall adjacent to the heat meter but not covered
by ite It was necessary to average the four surface tempera-
tures because of the existance of small temperature gradients
upon the surface of the duct wall, The temperature of the
duct-wall surface under the heat meter was measured with a
thermocouple mounted upon the surface, Duct—wall surface
temperatures were obtained accurately to +0,1° P, The mixed
mean temporatures of the hot air being dlown through the
duct were also measurcd to =2,C° F,

RESULTS

When the heat meter was fastened to the gtill-—air side
of the hot-air duct wall without a spacer between ths wall
and meter, the ha2at~transfer correction due to contact and
eat-meter resisbtance was a maximum cf 7 percent using cor-
i rect

rection method I and 19 percsnt method Il.

The emissivities, and thus the and 'E, . OF
1
the heat meter ard adjacent dvet-wa »ces were knownj?
1In an attenut ire tive the duet-wall
and heat-meler surfaces the same, both were painved with one
coat of flat-black paint. The emissivities of the two
(Continued on ﬂnV% Noea )
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the unit thermal convective conductances fco and fc1

ey

were believed to be equal and known approximately, thus the
quantity AR in equation (13) was evaluated.

With the heat meter on the gtill-air side, bakelite
spacers of 1/64, 3/64, and 5/64 inch in thickness were used
to vary the contact or air gap resistance for a constant
rate of heat loss from the duct wall., The rate of heat
transfer through the heat meter required a correction of 33
percent when the air gap between the duct wall and the heat
moter was 5/64 inch, evaluated according to corrcction meth=-
od I. OCorrection method II was not used for this case be-
cause the values of the emissivities used to evaluate AR
were not known,

When the heat meter was placed on the hot-air side of
the duct wall (without a spacer) a maximum correction due to
contact and heat-meter resistance, to the rate of heat trans-
fer through the heat meter, of 5 percent was needed, using
correction method I, The corresponding correction using the
correction method Il was 7 percent, The unit thermal con-
vective conductances (fc1 and fco) were cstimatcd by means

of equations (23) and (24) of reference 3, The equivalent
unit thermal conductznces due to radiation (fy  and £y )

were zZero because the air duct was at a uniform temperatures
Tabulated results are shown in tables II and III.

DISCUSSION
If the heat meter is atgached to the alrplane cabin
wall on the air-stream side the unit thermal conduetance
’

f, along the wall would be different from the ig along

the heat meter due %o the fact that the air flowing over the
heat meter would initiate a new retarded layer (refercnce 4).

1

(Continucd from preceding page)

painted surfaccs werc then determincd experimentally and
were found to deviate from cach other by & percent. Appar-
ently the surface asroritics of the metal wall and the bake-
lite were not completoly covered by the paint,

2If the heat meter is placed on the still-air side, the
fc along the wall and along the meter also may differ. Even

though this difference probably would be small, its effect
may be large due to the fact that the f,'s of small value

are the controlling resistances to heat transfer,
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The value of ————— was obtained by using correction meth-
A/ A
el

od I, eguation (12). The equivalent unit thermal conduct-
ances due to radiation (frl and fro) werc approximately

equal to zZero becausec the inside dvuct surfaces were at a
uniform temperature, Upon making thcse substitutions into
cquation (13) the percentage difference botween the unit
thermal conductances duc to convection along the moter f,
and along the wall fco was found to he about 70 percent

L

(based on fs,). An attempt was made to predict this devia-
tion by equations (23) and (24) of reference 3. The unit
thermal convective conductance along the duct wall was eval-
uated from an eguation for flow in a straight smooth duct.
The unit thermal econvective conductance along the heat meter
was evaluated from an equation used for the flow along a
flat smooth plate., The predicted percentage difference be-
tween the fo, and fg, obtained in this manner was 63

percente

An inspection of the term AR 4in equation (13) reveals
that this term may be either positive or negative depending
upon the magnitudes of the thermal conductances (ch, figys

e ), 1P AR g negative, the added thermal re-

fTo’ L
gistanee'in the eircuit is reduced,

During some of the tests when no spacers were placed
between the heat meter and the duct wall, excessive pres-
sures were apnlied to the heat meter, Under these condi-
tions the correction to the rate of heat transfer due to
Lheat-neter and contact resistance was about 1 percent.

CONCLUSIONS

1, When the contact and heat-meter resistances are
emall compared to the remainder of the thermal resistance in

- -

Tl £0%y0

the circuit, the correction quantities 2 or
wTa -ty
L are very closge to

;Ta b Tc’ \ q.'I/A

q“/A Et“ 5 t»,?'
il ( W My ) ARM + AAR

-
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URL LY. The maximum correction needed for the data taken in
the laboratory without a spacer was 10 percent, Thus, if a
heat meter is attached tizhtly to an airplane wall so as to
yield a small contact resistance, and if one of the two unit
thermal conductances is approximately 2 Btu/hr $7n® 7 (st111~
air side), only a 10 percent error will occur if the correc-
tion to the heat rate indicated by the meter is not applied.

\ 2. One condition necessary in using correetion method I
is that the temperatures present in equation (12) must be
measured accurately. The accuracy necessary depends upon
the magnitude of the lheat-meter and contact resistance cor-
rection. When the quantities (Tg - ty) and (T, - ty') in
equation (12) are small and very nearly the same, a slight
error in the measurement of ¢ty or ty! will yield a large
error in the heat-meter and contact resistance correction,
The heat meter probably should be placed upon that side of
the wall opposite to where the fluid temperature T, can be
evaluated most accurately., The temperature differences

- N - y - -
(Tg = ty!) and (T, = t,) are the largest when the heat meter
is on the side of the wall contiguous to the fluid having:
the highest unit thermal conductance, However, for this con-
dition +the flow of heat around the heat meter will be

greater.®

cF

he term OR in e on (13) is equal to zero,
it ds a nple matter to use etion method (EHEL N £E an
airplane cabin wall is equipp th insulation, the beswt
place to put a heat meter is en the cabin wall and the
insulation, because in this case the term AR 1is equal to
zero, Also, if a heat meter is mounted on the inside of an
airplane cabin wall and the cabin is at a-.-uniform tempera-
ture and no forced convection currents exist, the equivalent
unit thermal conductances due to radiation along the heat
metor and alons the wall adjacent to the meter (fyp = and fp, )

Sw LT
si

will be nearly zero, and the corresponding unit thermal con-
ductances due to convection (f,. and fcl) are nearly the
v

30orrection methods I and II have been derived on the
basis of unidirectional heat flow, If the thermal resist-
ance of the added hecat-meter and contact rcsistance is
large cnough so that an appreciable amount of the hecat flows
around the heat metor rather than through it, equations (12)
and (13) alone can no longer be used; additional corrections
describing this phenomenon must be applied,
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same; thus the term AR, of equation (13), is nearly zero.
If the uwnit thermal conductances contained in the term AR
are arvroximately known, the correction eruation (13) can be
utilized by using these amproximations in the evaluntion of

AR, If the tempsrature differences (Tu - tw) and (‘l’,1 - tw')

in the correction equation (12) are small, and if ths accu-
racy in measuring the temmneratures ¢ a7 di R IS IS Ot

e w w
: : T b= twr\
adequate, large errors in the ratio k-A-—-E-—) may occur;
T =
a 0}

under these conditions correction method II must be used
even if AR 1ig only very apnroximately known. An evalua-
tion of this correctior method by a trial and error tech-
nique is presented in the avmendix. Also a sample calcula-
tion of the acouvired data 1is mresented.

Y, If temrerature gradients exist unon a surface
through vhich the heat transfer ig being measured by means
of a heat meter, the tammerature of thc surface adjacent to
the heat meter (%,') must be determined by avoeraging the
temperatures measured by several thermocouples snaced
equ=lly around ths heat mcter,

University of California,
Berkeley, Oalif., Nov:amber 1943,

APPENDIX

The following is a samnle calculation illustrating how
ate of heat transfer is corrected for contact and heat-

the r
meter resistance. The data from Run d-5 of table III will
be used,

t, = 141,50 F

M
t, = 133.7°F
bt = 136, 8°0E
T % faendg
Rl L
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]? = 66,4 Btu/hr £t°
g% °g
ARy = 0,010 (obtained from calidra-
Btu/hr 4ion for this partic-
ular heat meter)
Using llethod I:
o !
. P ty! (12)
‘: T ", t
. L a W
A
Qg -
e {79. - 136,4] _ 56.92 . 1. 08
aQy 79 b » 385,7 5 r
I‘ -

If the temperature differences in correction equation
(12) were small and if the accuracy in measuring the tem-
peratures t, and t,' were not adequate, large errors in

‘,"
Ty tw'

the ratio ( might occur; under these circum-
\ ¥,

28T g
stances the following %rial and error solution can be used,
The term (fco 2 fro) in the guantity AR is estimated. The
term (fcl - frl) is known because the heat transfer through
] »
the heat meter sand the heat-meter surface temperature and
ambient air temperature differ-ences are known, Fron the ap=—
proximated term AR thus obtained, the correction ratio

a. /4
:O/A can be evaluated., Since the rate of heat transfer

a1

-

through the wall and a corresponding difference in tempera-
ture between the wall surface and the ambient air are known,
a calculated value of the term (fco + fro) can be obtained.

Thus by trial and error the cstimated valuc of (fco i fro)

is adjusted until it is equal to the calculated one; hence
the term AR can be evaluated.
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By the use of the equation for the unit thermal convec-
tive conductance for straight smooth ducts (reference 3,
equations (23) and (24)) the term fg, was estimated to De
neay 7 Btu/hr £f12 °F,

Firas Trial

ey ‘ o &
(fo, + £p,) = 7 Btu/hr £t~ °F

where

t337 = () ~ ty) + Ty s 0.7 + 141,5 = 143,20 ¥

where
s,
'tﬁ‘ - t'M = ARM I{—ﬂ) = (0.010)(66.4) = 0.70 F
A
£o. = A 2 O o 11,8 Bou/he B
1 TC - ’i’;:-:' 148 ~ 142
or
(fp, * 2,0 = 11,1 Btu/bx £ 7
since
frl =0
(fc * fr ) Sk (fc. + £y >
2 ANB A2 7 3 - o = 1P SR S

= Y =
(es, * £ Mf,, + £..) R IEL PR

From equation (13)

i)
o

Q
b

5 »l
|
—

A o Y TP \
i 1= + ARy + AAR}
Ta = Teo | u J

3 A f
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i
b - T 66.% [ 11331.7 - 1 TR R
o TS L & S232:0 = 13100 ORI e 053)
|795 - kg 56.4
q‘O
T WL O
iy
A
3 qo Dy o ( 1 6 Bl 2
ke (1.08) = [66.4) {1.08) = T1.6 Sty /ey
but
q‘O
Ty It
Gk R AL o S T 5.96 Btufhe ££° 9P
o Yo T = By ! 18 - 136
and  the trial value was. 7.00 Btu/hr £t° °F
Second Trial
CAEY
(20 d . e 5.8 Bbu/ e £ES °F
(0] (0]
Wwhere
fr =0
0
il 90
S e BB s Sed 0 inlisie
(B8 (11.1)
From equation (13)
0
-0
L b ST g, S T A i
C“M —1 - _-_-6@;& _____ <ll—b3;z::_1-‘t§l;fl + G010 L= 0,0S%
e ; Wg.b = 1l 66. 4 i
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Q3
n

Yo =2 = —2 (1,08) = (66,4)(1.05) = 69,5 Btu/hr f£t°

5.8 3tu/hr ft° °F

—~
Hy
2
+
H
g
I
tra
il
O
[{a}
0
1

1

|

2
The second trial value of (fe, + fr,) was 5.8 Btu/hr £t

g0 that the wvalue of

18 eorrecte
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TABLE II.- SUMMARY OF EYPERIMENTAL DATA
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Run  a by by ;? Te by G=uY (3600) Remarks
(°r) (°F) (°P) (Btu/nr £t%) (°F) (°F) (b/hr £t°)
A, Heat meter on still-air gide
ja=l 177 165.0 164.0 123 gh 1l2,5 10,500
21718 165.0 164.4 140 g4 150.0 10,500
4178 169.0 166,0 103 gh 135.8 10,500
5 180 168.0 167.0 121 g4t 145.0 10,500
6 180 169.0 168.7 139 g4 151.0 10,500
b-1 179 161.0 160.0 133 3.5 139.0 11,580 |
2 181 160.8 159.5 133 83.5 139.6 11,580 A relatively large
4% 186.5 165.4 165.4 146 88.0 151.9 11,580 {  amount of pressure
5 189.5 163.5 168.2 142 g8.5 152.1 11,580 / was vput upon the
6 194 ' 167.5 167.5 154 9.0 151,0 11,580 heat meter.
g 187 168.1 168.0 156 g9.2 150.4 11,580
i The surfaces of
ic-e 160.0 141.5 1L0.0 110 8l.5 130.4 1,070 | 1 arg huiab metes N
3 159.0 1l1.2 139.8 107 82 123.7 11,070 P wall were painted
%159.0 1L0.1 139.0 121 82.5 131.5 11,070 ity flat-black
5 159.5 1.2 1k0.0 119 g3 133.5 11,070J e
. B. Heat meter on air-stream side
d-2 78.0 1L5.0 1u6.8 s 162 U2 6,720
3 79.0 143.5 145.5 72.0 16L 1915 6,720
L 79.0 138.0 135.4 66.0 146.6 1ko,2 9,510
1 2L
5 79.5 133.7 136.4 66.4 8 1k1.5 9,510 :
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TABLE III.- SUMMARY OF CALCULATED RESULTS

n Correction Correction  Spacer B "
WD pethod I method II  (in.) e
A, Heat meter on still-zir side
. |a-l 1.08 3/6l
2 1..0% 1/64
’ 4 1433 5/ 64
’ 5 1.08 5/64%
’ 6 1.03 1/6k4
! ‘ &
-1 1.06 B/Qﬁ W A relatively large amount
2 107 3/64% !
4 1.00 1/?% \ of pressure was put upon
5 1.0% 1/5u4 ( g i
6 1.00 0 the Leal meter.
8 1.00 0 J
‘ ) 1.0¢ 1.15% 1/64 g The surfeces of the heat
‘ 3 1.08 1,1k 1/6k 5 meter and the wall were
4 1.06 1,10 0 f painted with flat-black
’ 5 e 1,09 0 | paint.
B, Heat meter on air-stream side
a-2 1:03 31.03 0
3 1,03 1.04 0 ( The hot-air rete
f 1.04 1.06 0 ( was varied.
5 1,05 1,07 0 |
-’
Correction method I:
q
= , YN .
Correction method I1I
do
L e d (13)
iy ay ' !
A s t,_, - t1:= \
E . L - g * ARy + AAR
, R R /
|




o
II. ‘waiskS uo1iDIqQIIDD 3y} JO Yd43NS djowayds vy -'2 ‘614
o
=
w n.FM, .
13,8238 :
Mm 1 i k. o i e el : Z \k Ve e
mfl o RN AR
8" /r/ ﬁ % - 5 8 4 x:s..x.\\
/ e s %% -
‘ \ | Jg & 2.8 J
: e 88 squelin)
° S
LE \é\\ | = e T W yoyy20au0) 2244 /VA ]
G
\\ T 8 5 =2 -‘W.h =
| < 295 y 1.1 N A
= ok 24njos0dws | : ﬁv N1
N\\ 23 &7§ G PT g
£ =) / N !
O ax o = 'L xf f ainyoiadwa |
N w e || \lﬂ\ nv
_ m s"* L $1919W JooH hrlﬂlh* J =
THE | SE > x\T
, - o=
Il | Tt i 4
\\\ Bz 3 o ioioH IDuued — | | ﬁ\\\ /ﬂ
b o L —
ﬂ lﬁ m .m.m 240|d U0J| \Kﬂ\f\ o
/ 5 2 3% I N
H , S ET 19400H P e
o M o bury piono 7 T —— qw | uoiyo|nsu|
= \\\ ! La A...a“..v.....@
“% \ o <
= G
g & &) x sjusiin)
= o UoJ§23AU0D
b
@ :\\\ ) : /// « \W\ 0014
> : ]
- . S i O TN AR |
<<
4

1]




o

NACA ARR No. 4HOS Figs. 3,4

e i
4 °
P00 e RO, IR, TRPOR WD o i BUPAC: LIk =
e o
la =
phiE ¥
4 €
A €
<, o
-4 e
5 € £ ® 5
Py 2« S . ol 3 E
e s 55 s/ =0 22
Q! S0 =0 Q it -
5 e | c g€ ©
.4 = < e e °
d
ol Ve g5
‘?. o Ll ==l
R R - — L | <=2 S~ 0 = ol r '] giEE.
SE L S A e - R i N °
e ® a] “d | s
o é i hl wesh) 3 @
" s @ >3
— = 125! -
R AR 1§ 6, 1
= 3 |
1o } 0,
4 L lg
A
121 — l—
'51\\. ol o predict.ed curve from 5
¥ e equation |l (tu‘=|04 F)
1.0 Sre— ¥ + =S
-
z
o o+
o
~ e heot meter uc-ul
w
u + heat meter uc-2t
2loE
o
3
>
-
o
= 0
-
=
H
0.2
o
-80 -680 ~40 -20 (o] 20 40 60 80 100 120

HEAT METER TEMPERATURE "M AL

Fig. 4—E xperimental and Predicted Multiplying Coefficients as a Function
of Heat Meter Temperature for Two Typicol Bakelite Heat
Meters.



NACA ARR Wo.4H0S Figs. 5,6,7,8,9,10

Figure 5,6.— The heat meter and its clamping device as view-
ed inside a section of the duct work.

Figure 7,8.— The unassembled hot air duct.

A
&
= 0§
! 3 Figure 9.— The traversing Figure 10.— The heat meter
. thermocouple and clamping
1 used to obtain a tempera- equipment as attached to
ture distribution of the the still-air side of the

hot air. hot air duct.




