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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL MEMORANDUM XNO. 883

DISTRIBUTION OF TEMPERATURES OVER AN AIRPLANE WING
WITH REFERENCE TO THE PHENOMENA OF ICE FORMATION™

By Edmond Brun

The most dangerous form of lclng of an alrplane occurs
when 1t enters a cloud formed of surfused water droplets.
The impact of the liquid droplets on the leadlng -edges of
the wings promotes a dlscontinuance of the metastable con-
dition whlich determines the surfusion, and a layer of lce
ls formed rather quickly on the edges which may, 1n par-
ticularly severe cases, exceed 2 centimeters in thickness
within 1 minute. At the same time, the 1lcing continues to
spread over the alrplane, starting at the already-formed
crystals,

The results obtained from the present study of tem-
perature distribution over an alrplane wing afford means
for making the following statements as regards the condl-
tlions of 1ice acecretlion and the use of a thermlc antl-lcer
or de~icer.

l. To begln with, it 1s obvlious that lce can form on
a wing only when the temperature is below or hoverling around
gero.** Since every part of the airplane has a higher tem-
perature than that of the atmosphere, the cloud temperaturs
must be below 0° in order to be able to promote freezing.

'"Répartition des températures sur une aile d'avion -
Application aux phénoménes de givrage." DPublications Sci-
entifliques et Techniques du Minlstdre de 1'Alr, No.. 119,
1938, ’

** However, it 1s pointed out that the hygroscoplc state of
a cloudy atmosphere can be below 1 (0.9, for example); the
water deposlited on the leading edge may evaporate 1in part,
being accompanied by an absorption of 600 calories per gramy
vaporized. Due to this fact, the temperature of the water,
.supposedly equal to 0,5°, for example, drops to 0° and
freezes in part, since only 80 calorles per gram of 1lce
formed, 1s released. It ls easily seen that the evapora-
tlon of a gram of water i1s accompanied by the freezing of
about 7 grams of water.

(Continued on page 2.)
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-To 1llustrate: In the case of gn alrplane flylng at
300 k.p.h. (186 m.p.h.), the atmospheric temperature should
be below about ~1.5°, In level flight and at an atmospher-
ic temperature of -=2°, ice forms only on the upper surface
of the wings; observations, moreover, confirm that for the
cases of lce formatlion obtalned at much higher temperatures,
it 1s largely confined to the upper surfaces of the wings.

ObJections to the foregoing may be voiced that numer-
ous cases of 1ce accretlons have been recorded at 0° tem-
perature but, let us remark, the so-called "atmospheric
temperature" was read on g strut thermometer sudbJcected to
the same causes of heating as the airplane 1ltself, so that
tho temperature of the cloud was certalnly lower than that
recorded.™

2. The thermic offects produced on contact of the
alr with the movling wing rather oppose lce accretion; thls
1s one of the rare casos when the reducoed énergy produced
during a motion is able to serve some purpose. Since the
dlfferences in temperature betwoen the varlous points of
the airplane and atmosphere increase substantially as the
squaro of the espeed, an increase in airplane speed should
lowor the frequency of ice-formatlon cases. Thus, on very
fast airplanes -~ say, of 500 k.p.he (310 m.psh.) -~ no ice
willl accumulate on certailn parts of the wing unless the
amblent tomperature ias —4,50,%*

(Continuation of footnote from previous page)

This explains why, 1n a foggy and nonsaturated atmosphere,
incldences of icing may be observed on alrplane wings at
above 0° temperature (in particular, Rebuffet's observa-
tions in the Chalais-Meudon wind tunnel), In the follow-
ing, 1%t 1s assumed that the hygroscople state of the freez-
ing cloud is 1 and, consequently, that no ice accretion is
observed on a .wing unless the temperature 1ls at least 0°.

*Furthermore, according to the previous footnote, if the
hygroscoplic state of the atmosphere i1s below 1, the ice ac-
cretion may occur at higher temperatures than previously
indicated, but these temperatures are always lower than
those prevalling 1f the thermnl effects due to frietlon,
dlid not intervene.

**These conclusions are based on the data from heat meaaizre-—
ments of bodies moving in alr; the mathematlical results
will probably be a little different for bodios movling in
fog, but the qualitative conclusions will be the same in
both cases,
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3. The thermic procadure in the fight agalnst 1lce -
--Bccretion on the wing consists in electrical heatlng of
the leading edge, and the most promlsing -method seems to
be that which consista in. coverlng the outelde of the
leadlng edge with a suparficial resistance. .

The dangerous cases of ice formatlon generally occur
at atmospheric temperatures above =8°, that is, at wing
temperatures a few degrees bdelow 0. In order to maintain,
in fllght, the leading-edge temperature a little above O,
or in other words, for the enti-icing, the electrlc power
Input does not seem to be great: around 0.5 killowatt per
square meter at =1°, and at a 300 k.p.h. (186 m.p.h.) speed.

The effect of alrplane spced on the effectivenoss of
tho de=~lceor 1s largely depondont upon conditions of usage.
A speed lncreasc has a twofold thermlc effect: first, the
coofficient of convection increases, which tends to lower
tho temporature (oroportional to the spoed); then the fric-—
tion increases, whlch tonds to ralsge the temperature (pro-
portional to the square of tho spoed).

The entire experimontal study of the operation of a
Badin antenna~type de-icer was made by Jampy, Lecardonnel,
and the writer (Revue Aéronautique Internationals, no. 19,
March 1936, p. 68)e. Tho rosults being qualitatively the
same 1in the cese of a leadling edge, I bolleve a reproduc-
tion of the diagrams should prove of interost. TFigure 1
shows tho difference in temporaturec betweon the antenna and
the alr agalnst the speed for a constant heating. It 1s
readlly seen on the curves how, starting at 300 k.p.h,
speed, 1t 1s advantageous to lower or raise the speed in
Proportion as the heating of tho expoerimental antenna cor-
responds to a power output of more or-less than 16 watts.
Figure 2 showe the electrlic power w nocoscary in the
antennn plotted against speed, in order to keep the ten-
pPorature difference between alr and antenna constant. We
believe that this power first increascs with tho speed,
reaches a maximum, and then decreases. Figures 3 and 4
1llustrate the effect of altitude on the tomperature dif-
ference or the heating: high altitude favors operation of
the de-icer.

4, It seems that the formation of 1ce on the wing
ought to be accompanied by a temperature rise which brings
the accretlon to 0°; for example, the dlscontinuance, on
contact with the wing, of the surfusion of the liquld drop-
lets at ~6° should induce (1f nothing else happened) the
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water -to freeze %to 8 percent, while the solid-liquld mix-
ture should rsach 0° témperature.  In fact, 1t Is proper

to remgrk - that the saturation pressure of the lce~water
mixture at 0° (or, to be more -exact, at the témperature of
the dripping point, itself very close to 0°) is higher

than the satutation point of water superfused to -6°; an
evaporation, very much intensified by the wind, 1s there-
fore produced at the wing, which causes considerable freez-
ing end may ‘also lower the temperature if the lce happens
to be dry.

A11 we can affirm is that, following a deposit of 1ce
the temperature of -the wing 1'iuea probably close to 0° un-
der certaln conditions.

b. If the thermic effects of frietlon favor the op-
eration of the thermic antl-icer, the functioning of the
de~icer is facllltated by the release of heat whlich accom-
panies the deposlt of ice.

Suvpose, for example, that the airvlane flles in such
a cold fog or mist that the electric power consumed by the
electrlical reslstance whlch covers the leadlng edge of the
wing is insufficient to provide a temperature above 0°
leing results. Since the wimz heats up during the icing,
the electric power consumed in the resistance wlll then
allow of attalning more readily the melting temperature of
the ice, and the de-~lcing will dbe followed by separatlon
of the thin ico film that coats tho wing. This phenomenon
rocurs porlodically and vrevonts the formatlon of a dblg
humnp of ice on the wing. Thils 1s one method of operatlon
of tho electrlcal device which, like the anti-icer, pre-
vents any deformation of the profiles even durlng very low
weather. It ought to be possible to use 1t in' the major-
i1ty of cases without excessive power consumption.

6. Supposing that the electrical device does not
unctlion as outlined above - whether because the ice that
ormeg maintains a low temperature or because the icing

was not observed soon enough: Thon, 1t 1s a questlion of
separabting the solid hump which covers the leadling edge by
creating a film of water betweon the wing and .the lce with-
in less than 2 t0 3 minutes.

The convection no longer plays an essentlal part since
the isolating Xnyer of 1lce opposes an obstacle to thermal
‘exchange between wing and atmosphere; a cursory calculatlon
shows that 5 mm coating of 1ce should, on a fast alrplane,
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decreade the thermlc exchanges wlth the atmosphere in the

"ratio-of about 1:8-1if the permament regime is attalned.

It ‘may therefore be supvosed, especlally when the regime --
is varlable, that the wind -of the alrplane does not affect
the temperature of & wing heated and -coated with a heavy
layer of ice, very much. This fact makes it poseidle to

-dtudy the probrem of de-=icing.on a wing at rest - that 1s,

to say, ln thé wind tunnel, The followlng contalns the
essentiel data odtained from this -study. .

a) Flgure 5 shows the curve giving the energy required
(In kilom~joules) to sepmnrate the *rce (subject to a very
sllght lif+}~from an area of 1 square meter, plotted agalnst
initial temperature of the iced surface. (During the sep-
aration, the surface 1s in a thermostat with inltlal tem-
perature.) It is seen that the energy required for de-
lcing lncreases about 14 kllo~joules per square meter for
190 drop 1n initial temporature of the surface; 1ln addl-
tlon, the ordinatoc to the origin ef the curve 1s also equal
to about 14 kllo-Jjoules: thls is the amount of energy nec-
essary for separating the ico at 0° (1L cv consumed during
19 seconds).* Thus 1n the case of =~5° initial temperature,
1t requlres five times more energy to bring the outer sur-
face to 0° than to melt the -adhering ice film. Obviously,
this result ls largely dependent upon the constitution of
the wlng, and much upon its thermlc cavacity as well as on
the thickness of the ice. However, the value of the ordi-
nate at the origin, 14 kilo-joules, 1s not affected by the
constitution of the wing and the thickness of the 1lce,
wialch gives thls figure & certain value.**

b) When de-ilcing 1is effected during a yarinbhle period
the energy input certalnly has some bearing on it. To be-
gln wilth, when nearly all the energy 1s supplled at the
place where the msctual effect 1e produced, 1t is of advan-

J"Thi's-'ene-rgy' promotes the melting of about 42. grams of
ice, and consequently, the formation of a film of water
between the ice and the wing of around 1/20 mm thickness.

**Tho-importance of the enargy necessary for heatlng the
wing emphaslzes the. intereat of an outslde heatling of the

‘wing, employed in our.tests. The study of the heating

curve shows, moreaver, that the ice soparates when the
temperature of the inside wall is =2%t°/5, if the inltial
temperature .1s -£°. On tho contrary, with internal heat- .
ing the innor surfaco must be bdrought above Zero 1ln order .
to assure soparation. The gain 1in energy 1ls therefore
gulte plain.
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tage to lncroanse the electriecal power. TFlgure 6 shows -
plotted azainst the power 1ln kilowatts per square meter -~
the curve 6f the onergy in killojJoules petr square meter re-—
gquirod to de-ice a .surface, at -4°, coated with a 6 mm
layer of 1ce. It is seen from this curvo- that, by supply-
ing 3 kilowatts per square meter power, 1t requires an en-
oergy twice as small as with 1 kilowatt per square meter or,
in other words, the 1lce separates six tlimes faster in the
first case than in. the second (13 seconds instead of 83).
Thls has made 1t meem to be of advantage to dlvide the
surface to be de-~iced into several sectlons whlch may be
de-iced successively (each sectlion including two symmetri-
cal portions in relation to the axls of the airplans).

A. THEORETICAL SPUDY OF TEMPZRATURE DISTRIBUTION
ABOUT A SOLID MOVING IN A FLUID

I. Distridbution of Speed Around an Obstructlon

Visualize & cylindrical fluld jet of velocity v, (at

infinity). When the fluld approaches an obstacle - say, an
alrplane wing, the velocity fileld ceases to be uniform. In
& permansnt regime and in tHhe vicinlty of & solid, 1t is-
necesgary to consider the boundary lavor where, as & result
of the viscoslty, the solid decelerates the fluid. The ve-
locity of the fluid - zero at some polnts, M at the wall -
increases raplidly when one describes the normal to the wall
at point M; 1t speedlly reaches a value v that changes
only very slowly and which is generally termed the "local
veloclty at point M of the profilo." After veloclty v

has been reached, we are outside the boundary layer in the
free fluid. Tho velocity v 1s only approximated because
the change from boundary layer to free fluld is gradual;
there cortaiqly 1s no dlscentinulty in the veloclty fileld.

In aerodynamics 1t 1s agsumed that, outslide of the
boundary layer and the wake, the phenomena comply with the
laws of perfect fluids. Another assumption 1s that, 1if
the radius of curvature at point M is not very small, the
pressure does not change in the boundary layer when dis-
placed over the normal to point M; the preessure ls there-—
fore the same at the wall and in the free fluid where the
veloclty is v. It 1s not noecessary to dlscuss these as-
sumptions since they are the basis of many wlnd-tunnel
tests and constitute, very likely, a sufficient approxi-
mation for the calculations resorted to.
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Xow the problem of wveloclty distridbution adout an alr-
£01l . reduces to the measurement of tho pressureés at the wall,
provided that for a perfect fluld the relation between .the .
pressure P of the fluild at a volnt and its veloclty at
that point, 1s known. The various assumptlions which allow
the formation of such-a relationship are brlefly summarized.

As first approximation, it 1s gensrally assumed that
the pressure changes in the fluid are not:accompaniled by
changes ln volume or temperature and, consegquently, by no
change in internal energy - which 1g briefly expressed
(perhaps a 1ittle to0 summarily) by saying that the -fluid.
1s "incompressible.” The whole fluld flow can thus be con-
sldered as belng isothermic; the exchange of heat within
the fluld 1s zero and all passing phenomena are adiadatic.
Under these conditions, the application of the energy-

conaservation principle to a fluld filanent leads to Ber-
"noullits formula.

Consider a very thin filament which passes simultane-
ously at point A upstream from the obstruction, and point
M of the wall, The velocity at point A4 1ls v, and the

pressure 1s p, (defined by statlc tube); at polnt M the

veloclity 1s v and the pressure ©»., The outflew during'
the time lnterval At i1s Am; 1t occuples the constant
volume AV,.

The principle of the conservatlon of energy 1ls:

p AV, + % Am vB = p, AV, + 1

5 Om vo?

or, 1f p, 1e the constant speciflc fluid mnes

P lye - Royl v,8 (1)

ond the equation of the veloecity v ot point M ig:

. P, - D "
. v8 = v ? o+ 2 0 ' (2)

At high velocities the pressure changos become very
slgnificant, and it 1s impossidle to suppose thot they do
not entall changes in volume or temperature. However,
slnce the change in temperature with the pressure (and con-
sequently with the veloclty) 1s taken into amccount, it 4is
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more difficult to grant that the transformatlons produced
-1n an ailr fllament are adigbatlec; the adjacent fllaments
which have not the same velocity, have no longer the sane
tenperature and heat exchanges produced among themnselves.*
Therefore; even the fluld is assumed to .be compresslible
and exvansible, we would simply obtain an approximate ro-
sult by epplying the principle of consorvatlon of energy
to a thermlcally isolated fluld filanment: thls second ap-
proxlnation forms the Salnt-Vonant and Wantzel formula.

Congider the alr filanent that passes through pointe
A and M, If Po 1s tho pressure, Po: the speclflc
welght, T,, absolute teaperature, and _Uo- internal
specific enorgy of the fluld at point A, where the veloc-
1ty 1s Vo» and if p, p, T, and U are the correspond-

ing quantities at point M whero the veloclty is v, the
principle of the conseorvation of energy allows us to wrilte:

p AV + % Am v® + An T = Do AVy + % Am vo2 + Am Ug

Without incurring any greater errors then those intro-
duced by the avproximations so far, the qir can be consid-
ered as a perfect gas, so that:

P _ . =
s = (cP - cv) T: U=c¢cyg T
Equation (3) then becomes:

cp, T+ 5 v8 = ¢y T, + % Vo2 (4)

whence
T
a _ 2 -
vE = v, 4 2cp To (1 T°>

The velocity-pressure relation 1s established by ex-
presging the value of T/To wlth tho ald of the relatlon
which ties the pressure to the temperature in tkhe isen-
tropic expansion of a perfect gas:

*Tremblot (Revort no. 10 of thls seriecs) established equal
velocity, hence equal temporaturc in adjacont fllaments of
the same section. The heat exchange consequently 1s in-
significant. This holds true even more near obstructions,
where the velocities in the same section are no longer equal,
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‘GP—Gv

Tom \ "°p
%G

It 18, according to the Saint-~Yenant and Wantzel for-
mula: .

. [+
D
v8 = v 2 4 20 1 1-(5—) (5)
. Yo P “o L o

On comparing the results by Bernoulli's formula (first
approximation) with thoso by the Saint-Venant and Wantzel
formula (second approximation), the dlscrepancy will not
exceed 1 percent for veloclities below 100 meters per second.
At low velocities equation (2) or equation (5) can be wused
for computing the velocity v, starting with pressure p.

II. Distribution of Tomperatures Around an Obstacle

Saint Venant's formula in the form of equation (4)
g€lves the relation botween the velocity of the fluld at a
point and 1ts temverature as

T+ T (2)

or, 1f the value of the velocity is replaced dy its expres=
slon in function of the pressure (equation (5):

Cp=Cy
. ¢
c P; ') P
. T + —B 20 |7 ——) =c T
whence
Cp~Cy
c
. P
T - TO I PO 1l - l)
R, (cp - c_) P,
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GP-' Gv

. P P
or T w Ty =~ T, 1-<p—°> (6)

Equation (6) thus affords thé possibility of knowing
the temperature distridution in an air filament which winds

aiound an obstacle by measuring the pressure on the obsta-
cle.

A simpler expression for temperature T at polnt M
can be obtalned from an exchange of the veloeity v, 1in
equation (4), for its value by Bernoulli's formuls (equa~
tion (1): fThen .- .

P . ' Po |,
. ——p°+cPT=—po+cPTo
where
1
T.w T = = 5o on (p, = p) (7)
or
C, = C
P v p
TO TC) cp 1 Po (7 biB)

It nay seem 1llogical to resort to both Bernoulll's
and Salnt Venant's formulas in establishing formula (7),
but this contradictlon apvears only at low veloclties, as
we nave seen that the two expressions of the velocity
yield practically the same result. In the case of p/po =

0.95, corresponding to a veloclty change of the order of:
100 meters per second, equatlions (6) and (?) give rosults
differing scarcely 2 percont. ioreover, equatlon (7 dis)
follows directly from equation (6) and 1s, we assume, p/po
near to 1 (i.e., p-p, small bvefore Dy).

III. Distribution of Temperetures Ovor
the Wall of an Obstruction

The numerous measuromocnts made on tho thermlec phonom-
ena produced by tho displacoment of & solid in fluild (ef.
roport No. 63 of thils serlos) have lod us to .state that



[

N.A.CsA. Technical Memorandum No. 883 11

the temperature 06 of a point M .on the wall is highor

ag_tho temperaturoc T of the free fluld 1s closor. The

temperature dilfference (0 ~ T) oxiBting betweon- the two
odges of the boundary layor dependsupon the viscosity.and
the thermal conductidbllity of the fluld, but practically

little on. the wall; particularly, the radlus of curvature
of thls wall does not intervene. If v 1s the relatlve

speed of the so0llid and of the free fluld at polnt M, we
may write: . ) <

9..'1'=.Lva.“ . . - (8)

where A 1g a constant for a fluld under certaln condil- &ﬁ

tlons, TFor plr near normal conditions and speed 1n cen-—

tlmeters 'per second, the constant A 1s close to 4,10"°%,

7
’

To find the temperature difference (6 - T) at vari-
ous voints of the profile, simply replace in equation (8).
the rolative speed by 1ts welue given in equation (5):

cn-cv

0 - T = A 8 4 2., T, | 1 ~ (gl ) P (9)
= 'V‘o CP 0 o /

\
If restricted to the range of low specods (below 100
m/s). Bernoulllt's more simple oquation can be used, whence:?

- D)
NN (PO X 1 .

Now we understand the process of the passage of tem-
perature T of the far-off fluid to the temperature 0
of poilnt M of the solid in the fluld flow., The filrst
temperature change T -~ T, 18 the result of the adlabatic
compression, and the expansions around the obstacles; dur-
ing theses pressure bhangee the fluld l1ls considered per-—
fect and the chenges are reversible. The secuond tempera-
ture change becomes manifest at the time of traverslrng the
boundary layer; here the viscoslty intervenes and the ther—
mic effect 1s by nature largely irreversible. Vo oxpress
the | temperature difference as:?

| 8 - To:= (0 = ) + (7 - To ) (11)

with allowance for ‘the compressibility of the fluld (equa-
tions (6) and (9): '

. Mfé'

§+ﬂ?
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c.,~C

P YV

c
P
Y
6 = To = - TO l - (5;) +

- ’ (

: °p
+ A1v°8 + 2o, T, |1 - (plo)

Cp=Cy

or —
cp-cv
a P. P
6 - T, =4v," + T 11 = 5—0-) (201, 4-1) (12)

Assuming the fluld incompressible (equations (7) and
(10)), 1t is:

1 8 (PQ‘P)
6 - TO = a—"&; (Po-'D) + A [Vo + 2 po_
or
P, = P 1 oo
- = a -°__ -
0 - Ty = Av,® + 5o <2A cp) ~(13)

A bettor comparison of tho numerical values obtained
by the two equations 1s afforded by replacing in oguation
(I2) the value of the temporature T, by 1lts expressgion

(o}
by
52 (cp = eg):

Po :
cp-¢ - :
P, C ~ ©p
G-T°=Av°9+——(3-—1';) 1 - -P—> <2A - 3—) (12 bisg)

This relation reduces to equation (13) in the partic-
ulor case where p/po anproaches 1. Supposing p/p° =

0.96, which, for instance, 1s the case of & lecal veloci-
ty of 130 m/s with a veloclty at infinity of 100 m/s; nP-
plied to equation (13), we find then: .

- - a E’.Q( _i)
6 -~ T, = Av, + 52 (28 - 5-) 0.0200



N.A.C.A. Technical Memorandum No.. 883. - 13

and equation (12 bis) becomes?

ety = e .

N,
a2
8 - T, = Av,® + Eﬁ <?A "'EZ> 0.0406

Expressed in cm-g-e units, with 4 = 4x10™°, :gf =

16° .3 o L .
Tz op = 10 ergs/grom, tha values for the first case-

are 3.333°, 'and for .the second, 3.323%. 'So long as .
l(P/Po) - 1| ls less than 0.04, the absolute error does not

exceed 1/100 of a degree. This condition was ordinarily
complied with during the experiments rclated hereinafter.

However, 1f p/po should become definitely different
from 1, equatinn (12) is preferable. Suppose %L = 0.8,
o

which is the case of a local velooclity of 210 m/s with a ve-
locity at infinity of 100 m/s (customary in aviation); then
equation (13) gives +0.66°, while the more exact equation
(12) gives +0.55°, the error amounting to 0.16°.

IV. First Bxperimental Check

In report No. 63 (p. 67) of this serles, equation (13)
had been arrived at by a somewhat summary argument. We
had figured, 1n the formula, the theoretical value of the
constant 4 (N/2k).

Experiments made nn 2 cm dlameter cylinders (ch. VII,
P. 57) led to a temperature-distribution curve, the shape
of which agreed with that of the theoretical curve.

In view of the importance attaching to the knowledge
of the temperatures on an alrplane wlng, 1t seemed prac-
tical to repeat the exverimental measurements, first on a
model wlng, then on a full-sized wing. The advantage of
these wind-~tunnel tests over- -those made previously, is the
concurrent determination of both the temperature and the
pregssure dlstridutions.
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B, EXPERIMENTAL LAY-OUT ¥QR STUDYING THE TEMPERATURE
DISTRIBUTION OVER AN AIRPLANE WING

" I. Principle

To study the temperature dlstridbution over a wing
mounted in a wind tunnel, several metallic masses are dis-
tridbuted over an identical stralght section, being built
in flush 1n the lnsulating substance of the wing. ZEach
-one serves &as a pressure tap, .constltuting one of the
Junctlone of a copper-constantan thermocouple; the other
Junetlion 1s formed by a small ¢ylinder R _located 1n a
part of the Jet not dlsturbed by the wilng.

Durlng a measurement effected at o certain wind speed,
all .temperatures of the metalllc masses are successlvely
compared with those of the junction of R. In addition,

" by virtue of the dlspositien of Junction R, if the tem-

perature of the alr entering the tunnel changes during the
test, the temperature differences indicated by the thermo~—
couples are not affected and it becomes useless to deter-

mine the alr temperature exactly.

In a comparison of the theoretical and experimental
results, the pressure distribution must be known. Hence,
the wing was fitted wlth pressure orifices -~ symmetrical
temporature orifices with respect to the plane of symmetry
of the wing (fig. 7).

II. Original Arrangement

Mr. Lapresle. Chief Aeronautical Engineer, had placed
at my dlsposal a Gottingbn alrfoil section No. 387, whille
I started to make a smell model of 1t for preliminary test-
ing in the small tunnel (1.80 m jJet diameter) at Issy~ les-
Moulineanux.

This model, of solild wood, of 1,10 m span and 0,22 m
chord, had 12 pressure and 12 temperature orifices as in-
dicated in figures 7 and 8.

Each temperature orlfice is fitted with a copper tap
as presented in figure 9 (dimensions in tenths of milli-
meters), which fits flush in the wood, the surface AB be-
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1ng finlshed to give the smoothest. poesible wing surface.
4 .0.2 mn dlaneter copper wire.and & 0.2..nm.dlameter con-
stanton wire are soldered in the cavity €, both wires
Passing through the wing in a groove parnllel to the gen=-
eratlng lines; they emerge on the right side of the wing
(fige. 10).- At the point of emergence the 12 constantan
wires are interconnected and jJoined to the constantan wire
of the reference junction (visible below the wing in fig.
10). The difference in potential E, between the copper
wire of, say, tap 2, and the copper wire of tap R, zlves

thg difference in, temperature between tap 2 and tap R (fig.
11

‘The pressure taps are asmall hollow copper cylinders,
of O.,5 mm dlameter inslde, and 3 mm diameter outside, set
in the wing., The same grooves which, on the right side of
the wing, serve for the copver and the constantan wires,
are used on the left side for the 12 copper wires which al-
low the successlive jolning of the pressure leads to the
manometer. The tubes are long enough to vermit thelr con-
nectlon with the rubber tubing outside of the alr stream
of the tunnel.

III. Second Arrangement

The equipment for tho full-sized wing (5= by l-meter)
was made in the shop at Chalais—~Meudon. The sectlon with
the pressure taps and the secitlion with the temperature
taps are symmetrical with respect to the plane of symme-
try of the wing and 0.4l m away from it. The orifices, 13
in number, are dlvided over the top and bottom in the same
vay, as indlcated in figure 1l2.

Each temperature tap, formed by a small.plece of cop-
per, 1s set into the wing; the wing belng hollow, the flt-
tings are somewhat different. The constantan wires sol-
dered to the different pleces of copper, terminate at one
point C 4inslde thp wing (fig. 13); between the tap and
point C, all wires are of equal length (1 m), so that the
resietances of the thermocouples will be the same. ' At this
point C &alsp terminates the constantan wire of the Jjunc-
tion R, lscated outside the zone of influence of the wing.
The dlfference in potential between the copper wire Jjunc-
tion R and the copper wire of a tap - say, 2 = dgerves to
measure the difference in temperature between tap 2 and
Junction R. .
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The pressure taps lead dlrectly to a multiple manom--
eter which allows the determination of overy pressure at
the same- lnstant, by photography, while & manometrlc tube
hooked to a pltot tube gives the speed at:infinlty .vo at
the same lnstant. - . : '

Flgure 14 glves a view of the hook-up. The wilng is
mounted on a falred metal spindle and permits angle-—of-
attack changes. The copper wilres of the thermocouples, as
well as the rubber tubes leadlng to the manometer, pass
through the flooring to the floor below, where the measure-
ments are mado. .

" IV. Tempgrdturp_Rgcording

By connecting a galvanometer between the copper wilre
of junction R and that of the particular-tap, a deflec-
tion 1s obtained which depends on the temperature dlffer-
ences botween the two Junections (i.e., on the thermoelectric
electromotive force) and on the total reslstance of the
c¢lrcult, This second variable can be eliminated with ther-
mocouvles having the same resistance and using the saane
length of constantan wire between Junction R and each of
the taps, and the same length of copper wlre between the
galvanometer and each tap. Naturally, the galvanomneter
itself is callbrated by mecns of a thernocouple ldontlcal
with one of thoso used in the installation. 4 multiple
switch installed as shown in figure 13, affords in a few
minutes, the varlous temperature differences corrosponding
to divers taps. With tho "Kipp“ type galvanometer employed,
it wad easy to measure O. 01 .

Witk the first arranzenent we had *nstalled o compen-
sating nethod for measuring the thermdelectric electrono—
tive forces. In view of the tining factor involved in ‘or-
der that the comparison of temperatures at the different
polnts reaches the wing in the ‘same thermic stage, the 1in-
stallatlon of the opposition serves only to check from
time to time, the results from the deflectlon method em—
ployed in all measurements. '

V. Pressure Recording

The manometer gives direct, the pressure difference
P - p, betwecen the tap to which 1t 1s connected end a




o smm——— o remaee =

N.A.,C.A. Technical Mémotarndum No. B8B83 17

static tube located in the undisturbed Joet. A pltot tube
supprlied the value Py ¥ a/2 where P, @and v, are the

1 -

specifia weight and tho speed in the undiaturbed Jet. I
is recémmended computing, for interpreting the. reeulto, the

(p -
results (—E———gﬁl) which alone 1s figureq_in the tables.
-y o . . . . "
Lr HODEL TEST DATA
‘. I.: Prinoiplea of Heaaurementa '

) 1

The measurements wers started in Juhe 1936, in the
small wind:Gtunndel at Isay—les—uoulineaux.

Since it was possible to change the incidence of the
wing in the alr stream without stopping the tunnel,-it was
posslble to effect, in permanent regime, a complete set of
meagurementa (determination, ot various 1lncidences, of -
1) the wind speed; 2) the temperature at 12 points of the
wing 3 the pressure at these same points). It is true that
the incldence variation occasioned a concomitant change in
wind veloclty, but a slight oction on the rheostat of the
fan permitted of dbringing the speed to a constant value
(45 m/s).

It should not:be necessary to remeat the results of
more than one test series, since they ore nearly all of
the same degree of regularity.

II. Tabulation of Temperature-~Recording Data

The incidence was measured with reference to the: tan-
gent to the lower wing surface (wall correction effected)..
Table I gives, for each incidence, the tempverature at the

" varlous Junctions, numbered from 1 to. 12 (the temperature

at Junction R being counted ‘as zero temperature) The num-
ber 1 corresponds to the junction at the leadlng edge;
aumbérs 2, 3, 4,5y 6, 7, and 8, ‘to ‘the jJunctions at the
upper eurface nf the wing, counted from- the nose- toward"

$he tall; numbers 9, 10, 11, amd 12, to the Junctions on
the lower surface of the wing, counted from tralling toward
leading edge. Figure 8 gives, at the same time, the vosi-
tion and number of Junction.
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TABLE I
Tem- " " Incidence
per= ' -
:ture ~6.40°|-3.60° |~p0.70°| +2.20°|+5° |+7.80°|+10.70°|+14.70°
ap
1 0.51 | 0.69 | 0.95 | 0.98 [1.00| 1.02 0.91 0.73
2 1.01 .91 .92 .86 | 77| .70 .60 .37
3 .82 .73 .74 .70 | .58| .46 .45 .28
4 .88 .79 .67 .67 | .65 .51 .48 .37
5" .76 .60 .61 .61 | .59 .53 .48 ~50
6 .74 .71 .72 .68 | .68] .74 | .69 .78
7 .79 .78 .86 .87 | .83| .85 .85 .81
8 .91 .95 | . .96 .95 | .95| .98 .94 84
9 .94 .88 .92 .95 | .86| .95 .91 1.01
10 188 185 .89 l89 .74 -83 -82 1.01
11 .85 .85 - .92 .77 | .74| .83 .82 1.01
12 .70 .79 .74 .77 | .86 .89 .82 1.01

The rough result of the measgurement for Junctlion No. 4,
for example, presents the tomperature difference 6 botwoen
Junetion 4 and that €; of junction R. We easlly pass from
the dlfference 6 - 60 to the difference between temperature

@ of junction 4 and the temperature %, of the air in the
alr gtream, by writing:

@ = £, = (8 = 8,) + (6, = &) (14)

According to previous meagurements (cf. Report No. 63
of this serles) the temperature difference between a small
8olid conductor and the air, in relative displacement of ve-
lecity v,, substantially follows the equation 8, - t, =

4.2 x 10™8 voB, wilth v, oxpressed in centlmetors per sec—
ond. For v, = 4,500 cm/s, it 1s €, -~ t, = 0,85° and,
consequently:

6 - t, =6~ 68, + 0.85° - (14 bis)
These are the differences 6 - t, shown in table I,

The four missing figures for Jjunctlon 11l were due to an ac-
cident on the wires connecting the Junctien during the test.
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III. Prpessure Tables

The'rough result of a pressure record 1s the pressurs
dlfference 'p at the particular tap and the static pressure
P, in the undisturbed alr stream. The pressure difference

P =~ Py is measured with an alcohol manometer: the succesaslve

pressure measurements wlth the same manometer are easy since
the pressure-tap tubes escape the ailr atream (fig. 10).

Inasmuch as it is the ratio of p - p, to the dynemnlec

v.2

bressure p, —%— y» which 1s of interest 1n the application

of the formulas, thieg quantity (p - 2p) ig given in
(pO voa /2) a

nondimensional form in tadle II. The value of p, I%- is

g€lven dlrect by the pitot tube in the undlsturbed flow.

TABLE II

Incldence

|
tap |—6.40°|-3.60°|-0.70°|+2.20° +5° |+7.80°|+10.70°|+14.70°

2 +.89 +.67 +.40 +.03 -~,521-1,12 -1.73 -2.62
3 +.25 ~.10 ~-.49 ~.94 |~-1.40|-1.95 ~2 .44 =3.15
4 ~.10 -, 41 —o76 | =1,10 |—=1,45|-1,87 -2,27 -2.71
b ~+50 -.76 |~1 -~1.29 |~1.51|-1.78 -1,97 -2,12
6 -.60 -.73 ~.83 ~.97 |~1.04(-1.19 ~1l,19 -1,02
7 "-37 "'.42 "-47 ""51 ".53 "'.58 "‘-55 "-53
8

9

-.'08 ".10 ':-12 “.14 -’14 ".14 ""¢12 "127
+102 +n06 +.09 +.13 +.17 +.20 +|22 +.25
10 ~.05 | +.02 | +,08 | +.14 | +,19} +.25 +.30 +.35

11 —a«l9 -,08 +.,02 +.12. +.20} +.29 +.37 +.46
12 -,76 -.50 =30 -.05 +.16} +.35 +,49 +.67

IV. Calculation of Temperature Difference

) The application of the formulas set up in sectlon A
page 7, made 1t Dossible to pass from the pressure differ-
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(p = py)
(p, v,2/2)

porature dlfferences O - LI It was proved Justiflable

to the temw

ences, or better, of the numbder

to employ, instead of the conplete equation (12), the ap-
proximate equation (13), which may be expressed in the
following form:

i Py = P
B -t = v 2 A+ 0= (A - —1—)J (14)
o o | v 2 2oy
po 2 ’

Hereo:

ve = 4,500 en/s

a

A = 4,2 x 10°%deg./(cn/8)

cp = 10”7 ergs/gram deg.
whence: -

P~D
8 - t,=2025 x 10* (4.2 X 107% + —-—2 x 0.8 x 1o-°>
Yo
Po 5

P~ Dy
6 - t, = 0.85° + 0,16° ——2 (15)
Yol
Po T2

Then 1t is easy to pass from table II to table III,
which contains tho temperature differences 6 - t, ob-
tained with equation (15).
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TABLE I1I
32?2'— . o " 7 Incldence . Lo
fer— | ol . . o o 0 o - ol o
ence [+«8.40 | ~3,60 |=0.70 |+2.20 |+5° |+7.80 |+10.70 |+14.,70
tap . .. . . A . - .
1 0.38 |. 0,65 0.85 0.97 |[1.01} 1.00 0,94 0.82
2 .99 .96 .91 .85 LT7 .66 b7 .43
3 . 89 .83 77 .70 1 .63 .54 .46 .35
4 .83 .78 .73 .67 .62} ..55 .49 42
5 77 .73 .69’ .64 .61 57 " .54 .51
6 .75 .74 .72 697} .69] .66 |° .66 .69
7 .79 .78 .77 77 77 .76 .76 .80
8 .84 .84 .83 .83 .83 .83 |- .83 .81
9 .85 .86 .87 .87 .88 .88 .88 .89
10 . 84 .85 .86 .87 .88 . 89 .90 .91
11 .82 .84 .85 .87 .88 .90 .91 .92
12 73 .77 I .« 80 .84 T «87 .91 .93 «96
]

V. Accuracy of tho Preccedling Datq

l. Flret, it 1s attcmptoed to ascertaln the degree of
accuracy which may be looked for in the oxperimental evalua-
tion of © - t, (equatlon 14).

Accordlng to.table I, tho tomperature difference 0 -~ Bo
between the relevant Junction and junction R does not ex-
ceed, in avbsolute value, by 3° the experimental condltions
(vo = 45 m/a); it 1s repeatedly of the order of 1/10°. How-
ever, the. experience we were able to gain 'in the many tehper—

ature measurements so far, does not vermit us to guarantee
this temperature difference any closer than around 1/2Q°.

The same absolute error figuros 1n the term 6, - t,

and, for v, = 45 m/s, this torm may be considered as rang-

.ing between 0.8° and 0.9°.

Lastly, 6 - t, may be affected by an absolute error

of 0,1° The measuremente are therefore not very accurate,
slnce the numerical values do npt exceed 1° We should have
more accurate measurements at much higher speede. and 1t
might have been interesting, if this had been possible, to
mount the model in a high-speed tunnel,
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2. The result of computing 6 -~ t, by means of eaua-
tion (15) 1g, as the experimental errors, such as affects
_(P "'_po R

a
(po Yo /2)
percent. But allowance should also be made for the large
systematlec orror which may follow the cholce of the con-
stant A. We took A = 4.2 x 1078, which we had obtalned
preclsely in the wind-tunnel tests for a wlde range of
speeds, but it may be that in actual tests the value of A

drops to 4.0 X 10™®; in this particularly unfavorable
case the formula for © - %, becomes:

Thege errors amount, at the most, to 2 to 3

P ~-P

8 - ¥, = 0.805° + 0.2025° ———2
. v

po_g_'

The ‘dlscrepancy, as comparod with equation (15), then
excoods 0,10°.

3. On the basils of these arguments as regards accu=—
racy, whlch 1s the better formula for comparing the re-
sults - equation (14) (experimental), or equation (15)
(theoretical)? The accldental errors being small in the
flgures of table III, the curves obtalned are regular,
starting with these figures, elther by plotting the tem-
perature readings (values of 6 - to at varlous points of
the wing for a given incldence), or by pletting © - to
agalnst the incidence for a given point. Plotting the ex-
perlmental polnts obtalrned by mpans of equatlon (14) on
the preceding graphs, we either find the poinits lecated
near the plotted curves - in which case the theory 1ls ver-
ified within the 1ndicated accuracy ~ or else dlstlinectly
greater dlscrepancies. In the latter case 1t may be at-
tempted to ascertgin whether a slightly different wvalue of
constant A would bring the curve closer to the experi-
mental values,

VI. Temperature Readlngs

To plot the temperature readings (figs. 15 to 22), we
tako the normals to the 12 points of tho wing to which the
pressure or tomperature corresponds, and trace on these nor-
mals longths proportional to the figures contalned in an
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identical column 6f table III: -The points thus obtalned
are then connected by sollid line. Near the leading edge

" the trace of reading is not very acourate because of the

great alrfoll camber; -in fact; -in splte of the scarclty of
test orifices 1n this zone, -the points are falrly distant
from each other, UMoreover, a slight mistake 1n the posl-
tion of test -orifice no. 1, entalls a great change 1in di-
rectlon of the normal and consequently, in the position of
the corresponding figurative point.

Then the values figuring in the corresponding column
of table I are 1ndlcated 6n the same normals and the ex-
Perimental pointes marked without plotting tho curve.

Examination of the eight readings corresponding to
the eight. explored incidences allows the comparlson of the
theoretlcal and experimental results.

ViI. Temperature Varilation Gurvés against Incidence

The comparlison 1ls facllltated if the flgures corre-
sponding to one line of the tables are plotted on the same
chart ~ that is, to say, for one temperature tap. The re-
sult 1s then the temperature varlation versus incldence;
the solld dask corresvonds to the figuros of table III
(theory), and the dots to the figures in tadle I (test data).
The result 1s: 12 charts (figze. 23 to 34) for 12 tost taps.

ViII. Comparison of Theoretical and Experimental Results

On the whole, the experimental points approach tho
theoretical curves to within less than 0.10°, If the

roints corresponding to lead ¥o. 8 are elimlnated, for

three neasurements alone (four - twenty - four), the dif-
ference exceeds: (inclidence —6,40° and Junction Ho. 13
0.11, incildence ~3.60° and Juncuion To. 5; 0.,13°, incidence
+10.70° and Junction No, 12; 0.,11° differences which are
8till compatible with what we could expect 1in the experl-
ments. i .

The polints are stationed - sometimes adove, sometimes
below’ the curves, which:procludes the exiistence of large
eystematic departure. However, for lead .Fo., 8 (fig..30),
the experimental points ars dilstinctly. above the curve;
perhaps a structural defect (defective level ‘of the Junc-
tion, defect in the th~rmocouple circult) was tho cause of
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tion, defect 1n the thermocouple circuit) was the cause of
these differences.

It may bPe concluded from the foregolng results that
formula (15) represents the experimental results obtained
on the model and that the theory exposed in section A
surely constltutes e first acceptable anproximation.

D. RESULTS OF TESTS WITH A WING

I, Tegt Condltions

The measuréments wore made November 17, and 18, 1936,
in the large wind tunnel at Chalals-~Meudon. Here, the
wing incidence adjustment required the stopping of the
tunnel. Agaln it was necessary to make eight series of
measuremonts corresponding to different incidences («6. 1°
-3.1%, 0°, 3.1°, 6.1°, 9.1°, 12,2°, 16.4°). These inci-
dences are those of the tangent to the lower camber of the
Gottin?en alrfoll section No. 387; they were corrected for
wall effect. The alr speed ranged around 38 m/s. Only
one test series, that of incidence 6.1°, was repeated af-
ter a one-day interval.

II. Temperature Recordine Table

Table IV gives, for each inclidence, the value of tem-
perature difference 8 -« t, at the different Junctions

marked from 1 to 12 (O, junciion temperature; to, temper-

ature .of air in infinite stream)., Junction No. 1 corre-
sponds to that located at the leading edge; those from 2

to 8, to Junctions on the top camber, counting from nose

to tail; Nos. 9 to 13, to the Junctions on the bottom cam-
ber, countlng from tall toward leadlng edge, rigure 12
1llustrates both the location and numbors of the junctlons,

Again, the rough result 5f the measurement ls the difw
ference between temperature €6 of thoe junction and tem-
perature 90 of the reference Jjunetion r 1locnted a 1lit-
tle upstream from tho-wing. We pass from 6 - 85 to

8 - t; by adding the term 6, - t, which, for 38 n/ s

speed, is nbout 0.60° (formula O, - to.= 4.2 X 10°° v,@

is usod conslstontly). Those are the differences 6 - to
givon 1n tadle 1IV.
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TABLE IV
Test Incidence
ori- —_— : T
ficeg |=6+10°|=3.10°| +0° hH3.10°|+6.10°|+9,10°|+12,20°|+16,40°
1 0.56°| 0.62°}0.71° | 0.73°| 0.60°| 0.71°| 0.56°] 0.39°
2 .'730 68°| .67° .60° .52° .35° .240 «.16°
3 .589° 5291 ,49° .440 L3709 .26° .180° .10°
4 .560 .50°| .450° .320 .80 220 .210 .16°
5 .43° .46°; .42° .37° .44° .32° .310° .340°
6 .550 .520 | ,a7° .540° .490 .50° .440 .519°
7 .58° .599| .57° .60° .56° .57° .58° .540
8 .620 .66°| .69° .650 .630 .640° .640 .560
9 .61° .620) ,66° .650 .640° .669° .660° .669°
10 .590 .620| ,610 .650 .620 .660 '.670 . 670
11 .550 589 .61° .640° .629° .650 .670 ,689
12 .48° .5891 ,569 .61° .629 .69° .700 .720
13 .310 .40°} ,a89° .60° .639 .70° .68° .720
III., Pressure Recording Table

Toward the middle of a test series a multiple manometer

connected to the different pressure taps ls photographed.
We thus obtailn

TABLE 7

Tegt Incldence
;ii;s ~6.10°|-3.10% | 0° [+3.10°% +6.10°+9.10°[+12.20°| +16.40°
1 0.30 0.66 1.00|] 1,00 0.76 0.31 ~0.48 ~1,10
2 . .92 .79 42| w21 | —,71 |~1,38 | -2,09 | -2.47
3 -13 "‘311 “-48 "‘-98 "‘1.41 "1.87 "'2 03-1 "2-37
4 ~a37 -.53 ~eB6]|=1.22 | ~1,50 | ~1.76 2,00 -1,85
5 -.55 -,87 -,86|~1,04 | ~1,18 {-1,28 -1,.,33 -,89
6 ".40 ~l44 -.54 ".58 "‘.62 ".64 "‘.51 ".55
v "'-21 "123 "‘.27 -‘.27 ".27 ".24 —.lzz "'.54
8 .07 .07 .07 .09 .07 . 04 ~-.13 — 47
9 «10 «ll 14 .18 .19 «20 .19 .11
10 «00 .02 .09 15 .20 «25 27 .27
11 -,18 ~.10 .01 W13 .22 .30 «36 41
12 —~+59 ~.42 -el4 .14 .31 - .46 .62 .70
13 -1.,52 |=1,10 —-,48 .05 .38 .67 .87 .97
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whlch contains the differences betweén the pressure p at
the various pressure taps and the static pressure p, 1in

the undlsturbed stream. A second manometrlc tube connected.
to a pltot tube glves.the value of Po ¥ a/2 at .the game

instant. These values are glven nondimensionally (p = Do)/
(Po v02/2) -in table V. - . : :

IV. Calculation of Teémneraturoc Differencea

(p = pp) :
As before, the change from to temporature

v,2/2)

differences 0 - %, 18 effected by means of formula:

oot - [A + Do - (2 - _1_)]

po Yo /2 \

and on the basis of A = 4.2 X 10"adeg./(cm/s)a and ¢y = 107

ergs/gram deg., Odbut, here, vy = 3,800 cm/s. hence:

8 -t = 0.60° + 0,120 20 = P (16)

° Po Vo /2

The temperature dlifferences € = t, computed by means
of equation (16), are tabulated in tadble VI.

TABLE VI
Tesgt Incldence
orl- |
109 |~6+10°[=3.10°| 0° |7.10°|5.10°{9.,10° | 12.20° | 16.40°
1 0.63° 0.68°|0.72°10.,72°]0.69°j0.64° 0.54° 0.47°
2 .71° .69°| .65°| .57°| .51°| .43° | .  .35° .30°
3 .61° .59°1 .54°| ,48°| .43°! ,.38° .32° ..32°
5 .58% ,52°| ,50°| .47°| .46°] .45° 440 .49°
6 .550 .559| ,53°| _530| ,530| ,52° «549° 530
7 .580 579} .57°| .57°| ,589( .,57° 570 . 539
8 610 .61°1 .81°| -.61°| .61°| .60° 580 .540°
9 .61° .61°| .82°| .82°| .62°| .62° - .620 .61°
10 .60° .60°|" .61°9( .629| .62°| .62° . 630 .630
11 .580 .5c%|" ,60°] .62°| .B3°| .64° . 640 .640°
12 .530 .55°| .589| ,62°| .64°| .65° .67° .67°
13 .42° .48°] .549| ,61°| ,65°| .68° .70° 729
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V. Accuracy of Results

-As in the model tests, the direct measurements of
@ - t, are subJect to.an error of O. 1°. VWhen the spesd
is alower the accuracy certalnly is not as good as in the
model tests.

Then, too, since the measurements were not, as a rule,
repeated, there is no information as to the fldellty of
the measurements. Flve serles of tests were made on Novem-—
H ber 17 (incidences =6.1°, =3,1°, 0°, 3.1°, 6.1%; for the

next day (incldences 6. 1° ‘9.19, 12.2°, 16.4°); those for

6.1° were repeated two days later. The results were as
followa:

Teat .
orirfice 1 2 3 4 - 5 6 7

Nove 17 | 0.66°}0.,52° | 0.37° | 0.38° | 0.,44° 0.49° 0.56°

Nov. 18 .68°| .46° .30° .28° .34° .48° .58°
"Test
orifice 8 _9 10 11 12 13

Nov. 17 0.63°10.64° |0.62° | 0,629 | 0.62° 0.63°

Nov. 18 .64°| .63° | .82°| .64° | .62° .60°

The figures at times are distinctly different; besides,
even the pressure measurements themselves manlfest notable
dlscrepancies, as gseen from the followlng:

ogggzpes 1 2 8 4 5 & ) 4
Nov. 17 | 0.76 |=0.71 |=1.41 |=1.50| ~1.18 | =0.62 | ~0.27
‘Nov. 18 .65 | =.93 [-1.55 [-1.57 | -1.21 | -.62 | -.25
et e | 8 "9 10 | 11 12 13

Nov. 17 0.07 | 0.19 | 0.20 | p.22| 0.31 | 0.38

Nov. 18 | ‘.05 .19 | . .20 ]| . .23 34 | .48




28’ N.A.C.A. Technlcal Memworandum No. 883

In the face of such discrevancles, which are much
groeater than in the model test, the interest in the wilng
measurement drops considerably. To compare the theoreti-
cal (table VI) with the oxperimental results (tadble IV),
we limit ourdelves to plotting the temperaturo readings.

YI. Temperature Readings

The procediure is the same as for the model; the curves
present the theoretical 60 = to and the polnts, the cor-

responding experlmental valuee. The elght readings (figs.
35 to 42) relate to the elght explored incidences. The
graph for 6.1° was plotted by means of the values. observed
on FNovember 17.

VII. COMPARISON

The tests made on Noyember. 17 nust be separated from
those made on November 18. ,

Ag to the five test serles of Novenmber 17, i1t nay be
sald that the experimental check with the theoretical re-
sults. The discrepancies do not exceed 10° except for two
polnte over 65 and they correspond to two consecutiva
measurenents (test orifices 4 and 5, incidence 3.1°)..

Contrariwlse, the three test serles of ovember 18,
disclosed large and systenatic discrepancles at orifices
2, 3, 4, and 5 which, at great posltive 1ncidences, corre-
spord to the depre:sion zone over the top surface. One
plausible explanatlon for this strange vekavior 1s that.
the lmputed observations are »nrecisely those made at the
beglnning of the tests. The tests may have beon made
rathcr fast on Novomber 18 — the steady regime not qulie
roached ~ eso0. that the Junctione hod not as yot atteined
their stoady temperature at the time the noasurement was
taken. [In fact, as already statod in ¥V (p. 27), the Noveom-
ber 18 noasurenents do not meen to confirm those of Novon-
ber 17, and this holds for both the temporature and tho
pressuros. I do not think that much importance'attadhes
to the discrepanciee of November 18.

In concluslon, and boaring 1n mind % above all = the
fidelity, of the: resdlts obsorved on the model, it may be
sald that theo simple thoory eiplaine& in section A, Is
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practical enough for evaluatlng the -temperatures at differ-
ent points of & single wing and deducing tho. dlstribution
of tho pressures and temporatures. In particular, in the
cage of the wing investligated here, we take as results to
be examined, those which express the theoreticel ‘eurves
plotted above (fige. 35 to 42).

D. APPLICATION OF TEMPERATURE MEASUREMENTS ON A WING

I. Wing Warmer Than Alr

The plotted temperature readings prove that 1n steady
regime the different zones of a wing are all warmer than
the alr in which the wing moves.

l. At points of the wing vwhere poslitive pressure
prevalls, the heat effects due to friction and those due
to compression, all contribute separately to the heatlng
of the wing. The positive pressure, incldentally, is maxi-
mum in the dead point, for which we have the equality

P =D, * P, 793/2; for this point (p = py)/(p, ~ 8/2) ie

maximun and equal to 1. Consequently, according to equa-
tion (13), the heating is also maximum and equal to

. v -]
6y ~ to = -9
n EOP
which, with o = 107 erge/gram deg., glves:

-8
Bm-to=5x10 Voa

Hence, at points of the wing whore i1t ig naximum, the
heating reaches 62 for n speed of 360 k.p.h. (223 mn.p.h.).

2, 'At the polnts on the wing where depression pre—

.valls, the thermic effects due.to friction and those due

to depresslion are rostrained, dbut tho usual result is a
heating because the thermic effect due to frictlon exceeds,
a8 = rule, that due to depresslion. What 1s necessary, in
fact, in order that a polnt of the wing shall have the tem-
perature of the undisturbed flow?" It 18 necessary that the
value of (p = py)/(p, . v2/2) 1is such that the difference
8= t, becomes Zero: - : i
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. P=Dy /1 .
8 = %o =" [A-l- Po ¥o?/2 \2op -A)]-—- °

wvhlch gives:

P =~ P, A

Po Vo /2 R Cp

With 4 = 4.2 x 10~° deg./(cwm/s)?

P ot PO 4.2 ~

Po Vo /2 08

This value 1s not encountered in ordinary flylng con-
ditlons.

II. Change of Temperature with the Speed

The temperature at the varlious moints increases provor-
tionally to the square of the speed 1f the law of pressure
dlstribution - that is, to say, the local values of

(p = Po)/(Po voa/2) ~ does not vary with the Reynolds Num-
ber (equation 13),

In passing from the model to the wing tosts, the dimen-
slons are altered 1n the ratlo of 5 to 1,1, and the spead
in the ratlo of 38 to 45, so that the Reynolds Number 1s ap-
proximately multiplied by 4. Are the values of (p = po)/

(po v°3/2) notlceably changed? The test taps, numbers 3

and 12 on the wing (one on top, the other on bottom sur-
face) ‘are plainly coincident with those on the model. Plot-

ting for taps 3 and 12, the curves giving (p = Dy)/Py Vo2/2)

egalnst the incidence (flgs. 43 and 44) it is observed that,
even when disregarding that which occurs at hlgh incidence
where the discrepancies are very proncunced, the differences
between the curves for the wlngs and those of the mndel are
largely above 10 percent. These differences can even becomo
greater 1f one passes from the case of the wing at 38 m/s

to the practical case of a wing at 76 m/s (270 kepehd).
Hence the statement that this local heatlng 1ls proportlonal

to the square of the speed, is an appreximatlion, .
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III. Temperature Distribution

" 1. Toward the $all the temporature always approaches
thoe wvaluo

8 = t, + 4.2 x 10™° v8
It 1s 1littlo affected by the incldence of the wing.

2. But, near the loading edge the results vary wlth
the incidence. J¥or negative incldence - that ls, toward
the top camber ~ the temperature is higher, whilo on the
bottom camber a dopressien zone defines the cooler reglon.
At positive incidence the depresslen passes to the top
camber; 1%t 1s there that elevation of the temperanture will
be leanst. The bottom eamber, on the contrary, 1ls the hot
zone.,

Some figures are given for an airplane at 300 k.p.h.
(obtained on the premise of local heating proportional to
the square of the speed). At -6° incldence, the excess
8~ t, of local temperature 6 over the alr temperature

to 18 in proximlty of the leading edge = 1.5° toward the
bottom camber, whilo reaching 3.5° toward the tog camber.,
At positivo incidence the oxcess 6 - t, 1s 3.5° at the

1éading odgo but may drop over tho top camber as much as

1.5° for 15° incidence.

IV. Effoet of the Nature of the Wing

It is to be remembered that the exporliments were made
on o slingle wing and that no allowance was made for the
thermal conductivity in the wing mass. Incldentally, the
heat exchanges of a wing with the atmosphere (by forced
convection) are of greater importance than those which
may be observed in the material (by conduction); the thick-
ness of the metal of which the wing is made ls always small.
The substltutlion of a metal wing for an 1lsolated wing evi-
dently acts in the sense of making the temperatures uni-
form, tled to the existence of a heat flow from the warmer
toward the cooler points, but the results wlll nevertheless
not bo substantlially different.

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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Figure 8.~ Pressure and temperature statisns on the model.
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Figure 13.~ Mounting of thermocouples ln the wing.
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Figs. 15,16
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Figure 16,~ Temperature record at-3,60°.incidence(model)
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Figure 25.-~ Temperature curves ef tap 3 plotted against the angle
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Fligure 26.- Temperature curves of tap 4 plotted against angle of
attack. (model)

1,0 — l - '1
g 0\\.\
-{g o) “—T\T"'ﬁr +-
_—
50,5 | I B e
g _
[
B -
I
o | I.Anlgle of attack

-10 -5 0 5 10 15
Flgure 27.- Temperature curves of tap 5 plotted against angle of

attack. (model)

1,0

2 - I 0

E =

[

505 |

§ 1
0 | ! Angle of attack
-10 -5 0 5 10 15

Figure 28.~ Temperature curves of tap 6 plotted against angle of
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Flgure 34.~ Temperature curves of tap 12 plotted againat angle of
attack. (model)
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Figs. 43,44 -
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