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ADVANCE RESTRICTED REPORT

AN IHVESTIGLTION OF AIRCRAFT HEATERS-
v - THEOEY AND USE OF HEAT HETERS FOR THE MEASUREMENT OF
BATES OF HEAT TRLNSFER WEIGH ARE INDEPENDENT OF TIME

Ey R, C. Martinelli, E. H. Morrin, and L. M, K. Boelter
SUMMARY"’

A meter which will measure the heat flowing through
surfaces 1e deseribed. 1Its operation 1s baseed on the
measurement of the temperature decrsesase through a fixed
thermal rceilstance. Several methods of avplication of the
meter are noted and the corresponding neceseary correc-—
tione are presented. In this report only the case of heat
flow independent of time has been discussed. The meter is
calibrated and a typleal unit will generate approximately
1 millivolt for each 18 Btu/hr £t23 flowing.” Specilal ap-—
Plications of the meter which are pertinent to the airplane
are the heat flow through the wings, cabin walls, and
clothing of personnel.

INTRODUCTION

An instrument, based on the work of Nighols (refer-
ences 1, 2, and 3), has been developed* which allows a
rapid measurement of the rates of heat flow through walls,
clothlng, into the ground, from engine surfaces, and so
forth.. A typicel unit ie 0.050 inch thick and 4+ inches
square, (See f1g., 1.) The operation of the ins?rument ie
based on the fact that a definite relation exiets between
the temperature drop acrose and the rate of heat flow
through a fixed thermal resistance. The instrument (fig,
1) consists of a central core containing two "elements"
around which are wound a large number (160 per element) of
elactroplated thermocouple Jjunctions connected 1in series
(reference 4). Half of the Junctions are in contact with
one side of the element strip, the remainder with the other
slde. The two elements are connected in series, so that

*Developed by the staff of the Spectro-Radiometric Labora—

tory, Dept. of Hech. Engg., Univ. of Calif., Berkeley, Calif,




between the terminal strips labeled "thermopile® there are
320 thermocouple Junctions. The electromotive force gen—
erated by these thermocouples 1s proporticnal to the tem—
perature drop across the elements resulting from heat flow
through the meter, and thus, after proper callbdbration, the
unit may be utilized to measure rates of heat transfer.

The eentral core, which 1s 0.Q16 inch thick, 1ls ce—
mented between two laminatlons, each of which 1s 0.016 inch
thick. In addition to the meter elsments, the 1nstrument is
equipped with a single copper—constantan thermocouple lo-
cated near the center of tlhe meter between the central core
and one of the laminations. All normal meter reedings may
be made with a tlhermocouple potentliometer of about 40 mil-
livolt range. This voltage corresponds to a rate of heat
transfer through the meter of about 700 Btu/hr ft=.

SYMBOLS

f01 unit convective conductance from meter to fluid at
temperature To Btu/hr ft2 OF

fon unit convective ccnductance from wall to fluid at
temperature T, Btu/ur ft2 OF

f. equivalent unit conductance for radiation from meter
1 to surroundings, Btu/hr ft2 °F

[Ty} Ts\*]

0.173 ¥, Ty L ~( =5}

1
£, = 1007/ 10/
T, '
(ty' = T¢)
f. equivalent unit conductance for radiation from wall
° to surroundings, Stu/hr £t2 °F .
T '\* T..\%*1
w \ &
0.173 F, Fg [ — ) —(—-—-\ ]
£ = 100/ 100/
T
0
(5,' = T¢)
a total unit conductance from wall to fluld at temper-
' ature T,, Btu/hr £tz °F

"y shape modulus, the factor in the radlation equation
which allowe for the geometricsel position of the
radiating surfaces (reference 7)
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emigeglivity modulus, the factor in the rgdiation equa—
tion which allows for the non—-Planckian character
of the radiating surfaces (reference 7)

rate of heat transfer as measured by heat meter, Btu/hr

rate of heat transfer through wall when meter ls re-
moved, Btu/hr

thermal resistance of atr gap between meter gnd wall

o
T
(including inner lamination of meter), ———
o Btu/hr
thermal registance of 1neulation.ﬂ———!——
Btu/hr
thermal resistance of meter (core and outer lamination
\ [+]
: F
°n1Y) ’ -
Btu/hr
thermal resistance of weter (core and both laminations),
—-—oF .
Btu/hr . N
op
thermal resistance of wall, ———
btu/hr

reeistance defined by equations (1Z) and (14)

temperature of fluld on far side of wall (side of wall
which does not contain meter), OF

temperature of fluid on near side of wall (side of
wall on which meter is placed), OF

temperature of meter given by meter thermocouple, °F
temperature of outer surface of meter, °F

abesolute temperature of cuter surface of meter, °R
absolute temperature of surroundings, °R

temperature of the portion of the wall covered by
heat meter, °F

.temperature of the wall adjacent to heat meter, but

not covered by 1it, °F




P! abdsolute temperature of the wrll adjacent to hent
meter, but not covered by it, OR

Bty = [ty - twl :
= denotes "approximately"

DISCUSSICON

Tse of the Meter

The meter is utilized by placing 1% in direct contrct
with the surface throur: which the rate of hast transfer 1s
being detormined. Nire nounting holes are provided for this
purpose,

The prosonece of the netcor reduces the rate of heat
trarsefer througl the surfrfce by virtue of the lncroased
therr~l resistance vwith the meter in place. It 1s impor-
tant to determine whether the thermacounle Junctlons Aare
influenced by the heat trAansfer from the e¢dees of the meter,
An avprozinate flux plet (refererce %) indicates that end
effects are negliglible, Another effect c¢f the meter ia to
chaunge the temperature of the surface on vhich i1t is nlaced,
This change in temm+rature will cauees some heat to flow
along the wall and ground the :teter. Flux plots sre now
being drawn tn evalunte thls error. Certaln corrections
must be nprllied to the observed matecr readinee in order to
evaluate th2 retes of L>rt transfer wkich exist vhen the
meter ia reanved, The systen 1s analognvd to An amreter in
nn electrical ecircult, excent for the lankage nround the
meter referrad to above, ' )

In the thermnl circult (refasrence 5) the resistances
are fuuctions of many variahles and alsn denend upon the
metktod of annlicmtion of ths Lemnt reter, Several methods
of meter correction for the steady state condition have been
gtudied; tvo of the most avp~liceble ara rregented,

If the heort flovw to te measured depends uvon time, a
correciincn for the therrnl immednnce (cavrcitance and re-
sistance) must be rinde. The folloving discussion nrplies
only to the ease for which the heat flow does not depend
unon time,



Corrections to Heat Meter for Steady Unidirectional Heat Flow

Firat Hethod of Gorrectiog (1).- Figure 2 represents
the meter applied directly to a wall.. The total resistance
to heat flow willl be the sum. of the resistance between the

air and the wall —i- , of the wall R, of the gap RG,

f_A
a
of the meter RH' and on the outside of the meter
1 . The resistance on the outside of the meter

(fcl + frl)A

i treated as two reslstances in parallel, since heat flows
to or from the meter by both convection and radiation. For
these thermal circults, the rate of heat transfer when the
meter is installed is:

(Tg — T¢)
ay = — - . (1)
| Eiz + R, + Ry + Ry, + 1 ]
(£, + £ )4
where (T, — Tg) 1ie the temperature difference of the air
on either side of the wall. When the meter i removed, Ry
and R are eliminated so that the true rate of heat trans—
fer 13
(1=~ T,)
a c
Qg = (2)
r 1 1 .
| — + R' + A
LfaA (fr + fc )
o )

where f, and Rw are_pbsﬁulaﬂed as unchanged, but .

. .. o
and fc , the unit conductances between the alr and the
o .
wall, may 4iffer from fr1 and fci' the unlt cqnduct—
‘ances between the alr and the meter. ' .
Dividing equation 2 by equation 1 gives
1 ' 1
—_— R + Rn + By +
U  faa ¢ M s fr )k
— Y b i
‘q . (3)
M 1 1
— + Ry +
faA (f + f A
a Co ro)

L-------------—-




The thermal resistance is defined as the temperature
difforence divided by the rato of heat transfer. The
various thermal resistances 1n equation 3 may, as a con-
seguence, ba expressod as follows: .

1 Ty = be! '
(;—- * n.,) =2 (4)
ad 1,
1l ) tw - T¢
R. + By + L (5)
( ¢ M (g, + £,..)A Oy
1 1
and
1 1 T, - T
o + =
( £ A (fc, + fr )A qQ (&)
o <]

Thus, Substltuting equations 4, 6, and 6 into equation 3
glves ’

q q + q
[+]
roide : (")
M Te =~ Te
q'O

or, solving for gq, and dividing both sides by the meter
araa A,

T T T (8)

A T, - by

Thus, to correct the obaerved magnitudes qF/A to the
value qo/A. thres temperatures must be determlned:

1. The temparatura of tha fluid on ths far side of
the wall (the side opposite that on which the
heat mater 1s installed) (T,)

2. The temperature of the portion of the wall coversed
by the meter (t,)

3., The tempareature of the wall adjacent to the meter,
but not covered by 1t (tw')

The accuracy of the correction 1s limited only by the

— e e — —— n [T |



accuracy of measurement of the three temperaturai and the
leakage of heat around the meter. : (See comment on p. 2.)

Notes on Method I.-~ (a) A rough calculation reveals
that for a meter installed on the wall of ‘an airplane cabin’

. Ty — tw! '

the ratio (;ﬂ-——t—w-—> may be as large as 1.20, while for a
a ~ tw . i

meter measuring the rate of héat "transfer through a 6—inch

brick wall the ratio is about 1.05. :

. (b) In the case of measurement of the rate of heat
flow through metal ailrcraft walls, the meter may be placed
either on the inside of the wall cr on the outside of the
airplane. The unit conductance on the inside of the cabin
wall 18 of the order of magnitude of 1.Q Btu/hr ft2 OF,
while on the outside of the alrplane the unit conductance
is of the order of magnitude of 20 Btu/hr £t2 OF (refer—
ence 7). Thus, if the meter 1is placed on the 1ingide of
the cabin wall, the magnitude of (T, - t,') will be very
small, about 3%to 4°F, The magnitude of ~(t,' — t,) will

be a fraction of » dagree. Tre correctlon expressed by
equation (8), therefore, will be disficwlt to determine accu—
rately. On the oithe., hand, the error due to heat flowing
around the meter will be small.

If the meter 1s placed on the sutslde of the airplane,
the maxnitades of (T, — %) and (%t ' — t,) become éppre—

clable,™ ths ircreasing the accuracy >f measurement. This
method of applicution would be ideal, except for the fact
that If the temvermture difference (tw' - tw) ig of the

order of magnttude of 10° to 20° F, the error due to the
heat flow around the meter becomes serious. A guard ring
of the material of which the meter 1s congtructed 1is placed
around the meter to reduce thlis leakagse.

If the correction expresszed by equation (8) 1is to be
utilized for the meter mounted on the walls of the cabin of
an airplane, the meter should be mounted on the outside of
the cebln and surrounded by a guard ring. If this method
ls not fearsible, the correction technique discussed under
Method II will be found eatiefaectory.

(c) In some applications the meter may %e mounted in
a compuslte .wall, PFilgure 3 1lllustrates a metsar applicetion
for this case, The resistances BRg,, Rg,, and Rgy are
the gap reaistances between the vArious elements as shown in

*T, 18 defined as the temperature of the fluld on the far

side gf the wall (the side which does not contain the haat
meter). |




figure 3. A consideration of the appropriate thermal cir-

cuits reveals that équation (8) may te applied directly to
this gysten.

(d) The meter may be placed on clothing in order to
determine the rate of heat transfer from the human body

under various conditions. The temperature T, becomes the

body termperature (about 98.6" F). The meter may be attached
securely, eilther Tetween garments or on the outside of the
clothing and the temperatures ¢, and +t,' obtalned by
means of appropriate thermocouples. The correction ratio

-t N

(;5-—-—!- may be as large as 1.10 for tkis application.

T -

a v

(e) In some onses it may be convenient to measure

temperature differentials between t_ ', ¢ and t_ ', T

w? w a’
obtaining Aty and At ,, respectively.
Then:
9 _ 9y 1 \
= = == e Zeea (9)
L ki..lEE!i/ ?
1481

The M"differential” techrique c¢annnt be us>d when the
wall 41s an electrical conductor.

of cnrrectinn Alecussed above 13 by far thke moat simple and
the most dlrect, it may yl=2ld inaccurate rasuvit-~, in some
cases, &3 ras bsen di-cussed in note (b). A more comnlex,
hut undrr certaln conditlone more accurate, method of cor-
rection 1s discussed below:

For the system shown in figure 2, equation () states

tkat:
1 4+ 3. + Rg + Ry + 1
F~3 v G M T 17 "3 F--
e T Eff _f_:E;ZE (10)
au _}_ + By + ___-_} ______
fa4 (f, + £, )4




Let
. = A+ B+ ——-—m- l (11)
A (fco + fro)A
Then, by addinﬁ ————— EL-——-— to both sidas and transpos-
(fo, * £, )a
1 1
1 .
ing —ww—-e- ~=—=e-. there follows:
(¢] o
£ A (£, + £_ )A (£, + £ A (f +f_ A
A *1 ry 0 o
. (12)

or, by cl~arings fractliong 1ln the term irgide the squnre
brackote:

1 & By # el = R, + -Sffﬂq:_ffﬂz_:_Sfﬁl;tﬁﬂ)E]
1
f A (f + £ )A “ (f +f ) (£ +f )A
A c1 rl 0o Tq cq r1
(13)
= R, + AR (14)
Svbstituting, equation (10) yiclds:
a, B+ nﬂ + RM + AR (15)
But
T T
R, = -&-=--8 (16)
qo
and t. - &
w N
Bg = =—m=-mm (17)
M

Thus, upon rearranpement of equrtinn (15) and utiliesing
equatiosns (16) and (17), ther= follove:

q /&
=2 - ------------------]55 ------------------- - (18)
r A 7 5
] - 1_531___7 ‘\“E!_:_fﬁl + ABy + AAR)|
iT"' - Te 1 QH/A- .
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vhere AR = mmeom—eeenOo 1 __Z i. - (19)

and |7, ~ Tcl and Itw - t | are the absolute magnitudes

of the temperatursa d{fferences indicmted. The correction
nf qu/A by mennas of equation (18) depands mainly upnn the
t, - ¢
v M
evaluatinon of the three terms, -~--——-- » By, And AR. The

latter term 4R 1s the mrst 3i1fficalt t~ deatermina, Ddut
in gnre caser, As 13 dlscussed below, this term may be
clir.inatad by prop~r matheds of 1nstallation.

¥otes_on_Yeibod II.- (a) Wken the meter 1s apnlied to
the inner surfrce of the cebln rf an alrnlierne, fcl = fcn'

n3 long as the cabin =ir 1s nnt forced osver the meater at a
hirph velacity. Further, 1f tkers ars not many occurants
in tke cabin, the moter Msees" suriaces At the ceabin wall

temperature, and tuus frl = fro Z 0,

Tre totnl resistance, Rmy, (two l-minaticns plus

core) of A typical netgg* Ag shrwpn ir fipvre 1, hans been

maagured to be 0.35 ---ww- « The corresponrding value cf

- oy
A Ry 1s 0.032W —---22 « The crrrectinn equatinn for this
Btu/hr

nmeter thern becnres:

Four temporatures ~re necescarv for the correction of
s glven reter as exrress~’ by ecuation 20: that 1s, tha
alr ternerature nn ths far side nf tlr vall Ta; tha alr

temperature on the near =ide nf the wall T _ , the temner-
ature of the meter tkerrrcruple {3, ané the temverature
of the wnll bekinrd the meater tw.
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(b) If this meter is placed in a composite wall and
covered by insulation (fig. 3), AR is necessarily zero,
since fr1 = f. ro ° 0, and £, o = fc1' Thue, equation

(20) may be utilized directly for this application.

(c) For the determination of heat losses throﬁgh
clothing, equation (20) is directly applicable as long as
this meter le placed between garments 8o that it does not

"see" the surroundings.

(d) Bquation (20) cannot be applied when this meter
is placed on the surfacé of a body the temperature of
wvhich differs appreciably from that of the surroundings.
In this case AR 18 not zero and must be evaluated in
order to apply the complete correction expressed by equa-—
tion (18). Fortunately, equation (8) is probadly applca-
ble to this aystem.

ccncLUsious

1. Methods of correction for the measurement of rates
of heat transfer which are i1ndependent of time have teen
included in order to extend the range of utility of the
metere., The corrections to be applied to heat meters are
small, usunlly, 1f the meter 1s properly choeen and 1is
correctly attached. A "properly chosen" meter implies,
among other items, that the meter resistance and the con-
tect resistance are both small]l compared to the thermal
circult resisgtance.

2. Exclusive of the thermal flow around the meter,
the methods of correction are those applied to the reading
of an ammeter which is placed in a circuit, the correction
being necessary by virtue of the resigtance of the ammeter
which may be large compared with the load reslstance.

3. The experimental evaluation of the rate of heat
transfer through pertinent airplane surfaces in flight
will eliminate the hazards of "estimating" these quanti-
ties.

. Grateful appreciation ie extended to Hessers. R, V,
Dunkle, F. Lory, . White, D. Turner, H. Poppendiek, and
J. T. Gler for thelr excellent work on the eonstruction
of the heat meter and help in preparing this report.

University of California,
Berkeley, Calif,
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