TECHNICAL MEMORANDUMS

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

I;[‘i‘ £~
S Y .v-r;)" " “
PRy "*,:" )} !\l
“2ienn | ‘9')’9/701
L] o .i
of = Miartin ¢
G el g ¥ Enging ering

No., 883

Ll rarz

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

By Edmond Brun

Publlcatlons Scientifiques et Technigues
du Ministere de kA s o SablOR ™ lid7 3

Vashington
December 1938







NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL MEMORANDUM NO. 883

DISTRIBUTION OF TEMPERATURES OVER AN AIRPLANE WING
WITHE REFERENCE TO THE PHENOMENA OF ICE FORMATION*

By Edmond Brun

The most dangerous form of icing of an airplane occurs
when it enters a cloud formed of surfused water droplets.
The impact of the liquid droplets on the leading edges of
the wings promotes a discontinuance of the metastable con-
dition which determines the surfusion, and a layer of ice
is formed rather quickly on the edges which may, in par-
ticularly severe cases, exceed 2 centimeters in thickness
within 1 minute. At the same timo, the icing continues to
spread over the airplane, starting at the already-formed
ecrystals,

The results obtained from the present study of tem-
perature distribution over an airplane wing afford means
for making the following statements as regards the condi-
tions of ice accretion and the use of a thermic anti-icer
or de-icer.

l. To begin with, it is obvious that ice can form on
a wing only when the temperature is below or hovering around
zero.** Since every part of the airplane has a higher tem-
perature than that of the atmosphere, the cloud temperature
must be below 0° in order to be able to promote freezing.

* . .

"Répartition des températures sur une aile d'avion -
Application aux phénomeénes de givrage." Publications Sci-
entifiques et Techniques du Ministdre de 1'Air, No. 119,
1938

** However, it is pointed out that the hygroscopic state of
a cloudy atmosphere can be below 1 (0.9, for example); the
water deposited on the leading edge may evaporate in part,
being accompanied by an absorption of 600 calories per gram,
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 calories per gram of ice
formed, is released. It is easily seen that the evapora-
tion of a gram of water is accompanied by the freezing of
about 7 grams of water,

(Continued on page 2.)
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To dillushration In the case of an airplane flying at
300 kepehs (186 m, D 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 ice formation obtained at much higher temperatures
it is largely confined to the upper surfaces of the wings.

Objections to the foregoing may be voiced that numer~
ous cases of ice accretions have been recorded at 0° tem=
perature but, let us remark, the so-called "atmospheric
temperature" was read on a strut thermometer subjccted to
the same causes of heating as the airplane itself, so that
the temperature of the cloud was certainly lower than that
recorded.*

2e The thermic effects produced on contact of the
air with the moving wing rather oppose ice accretion; this
is one of the rare cases when the reduced energy produced
during a motion is able to serve some purpose. Since the
differences in temperature between the various points of
the airplane and atmosphere increase substantially as the
squarc of the speed, an increase in airplane speed should
lower the frequency of ice-formation cases. Thus, on very
fast-airplanes =~ say, of 500 k.pehs {310 msPehs) = no ice
will accumulate on certain parts of the wing unless the
ambient temperature is =4,5°, **

(Continuation of footnote from previous page)

This explains why, in a foggy and nonsaturated atmosphere,
incidences of icing may be observed on airplane wings at
above 0° temperature (in particular, Rebuffet'!s observa-
tions in the Chalais-Meudon wind tunnel), In the follow-
ing, 1t is assumed that the hygroscopic state of the freez-
ing cloud is 1 and, consequently, that no ice accretlon e
observed on a wing unless the temperature is at least 8°

*Furthermore, according to the previous footnote, 1if the
hygroscopic state of the atmosphere is below 1, the ice ac-
cretion may occur at higher temperatures than previously
indicated, but these temperatures are always lower than
those prevailing if the thermal effects due to friction,
did not intervene. :

**These conclusions are based on the data from heat measuirc-
ments of bodies moving in air; the mathematical results
will probably be a little different for bodies moving in
fog, but the gqualitative conclusions will be the same in
both cases,
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3. The thermic procedure in the fight against ice
accretion on the wing consists in electrical heating of
the leading edge, and the most promising method seems to
be that which consists in covering the outside of the
lecding edge with a superficial resistance.

The dangerous cases of ice formation generally occur:
at atmospheric temperatures above =89, that is, at wing
temperatures a few degrees below O. In ordeir to maintadin,
in flight, the leading-edge temperature a little above O,
orn in @ther words, for the anti-iecing, the eleetric power
input does not seem to be great: around 0.5 kilowatt per
square meter at =1°, and at a 300 k.p.h. (186 m.p.h.) speed.

The effect of airplane spced on the effectiveness of
the de~icer is largely demendent upon conditions of usage.
A speed increasc has a twofold thermic effect: first, the
coefficient of convection increases, which tends to lower
the temperature (proportional to the speed); then the fric-
tion increases, which tonds to raigse the temperature (pro-
portional to the square of the speced). ; :

The entire experimental study of the operation of a
Badin antenna-type de-icer was made by Jampy, Lecardonnel,
and the writer (Revue Aéronautique Internationale, no. 19,
March 1936, p. 68)s The results being qualitatively the
same in the case of a leading edge, I believe a reproduc—
tion of the diagrams should prove of interest. Figure 1
shows the difference in temmcrature between the antenna and
the air against the speed for a constant heating. Il riie
readily seen.on the curves how, starting at 300 k.p.h,
speed, it is advantageous to lower or raise the speed in
proportion as the heating of the experimental antenna cor-
responds to a power output of more or less than 16 watts,
Figure 2 shows the electric power w neccssary in the
antenna plotted against speed, in order to keep the tem-
perature difference between air and antenna constant. We
believe that this power first increascs with the speed,
reaches a maximum, and then decreases., Figures 3 and 4
11lustrate the effect of altitude on the temperature dif-
ference or the heating: high altitude favors operation of
the de-icer.

4, 1t seems that the formation of ice on the wing
ought to be accompanied by a temperature rise which brings
the aceretion to 0°; for example, the discontinuance, on
contact with the wing, of the surfusion of the ligquid drop-
lets at =6° should induce (if nothing else happened) the
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water to freeze to 8 percent, while the solid-liquid mix-
ture should reach 0° temperature. In fact, it is proper

to remgark that the saturdtion pressure of the ice-water
mixture at 0° (or, to be more exact, at the temperature 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, is there-
fore produced at the wing, which causes considerable freez-
ing and may also lower the temperature if the ice happens
%o be dry.

A1l we can affirm is that, following a deposit og ice
the temperature of the wing rises probadbly close to 0" un-
des leertiaint eonditiong.

0 . Bfistiel Whsrmie e ffoicts rof friction sfavion fthe ops
eration of the thermic anti-icer, the functioning of the
de-icer igs facilitated by the release of heat which accom-
panies the deposit of ice.

Suppose, for example, that the airplane flies in such
a cold fog or mist that the electric power consumed by the
electrical resistance which covers the leading edge of the
wing is imnsufficient to provide a temperature above 0%
jeing results. Since the wime heats up during the iecing,
the electric power consumed in the resistance will then
allow of attaining more readily the melting temperature of
the ice, and the de-=icing will be followed by separation
of the thin ice film that coats the wing. This phenomenon
recurs periodically and prevents the formation of a big
hump of ice on the wing. This is one method of operation
of the electrical device which, like the anti-icer, pre-
vents any deformation of the profiles even during very low
weather & L I4 vught to be possible to use it in the ‘major=
ity of cases without excessive power consumption.

6. . Supposing that the electrical device does mnot
function as outlined above —= whether because the ice that
forms maintains & low temperature or because the icing
was not observed soon enough: Then, it is a quegtion of
separating the solid hump which covers the leading edge by
creating a film of water between the wing and .the ice with-
in less than 2 to 3 minubes.

The convection no longeér nlays an essential part since
the isolating layer of ice:-opposes an obstacle to thermal
exchange between wing and atmosphere; a cursory calculation
shows that 5 mm coating of iee should, on a fast airplane,
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decrease the thermic exchanges with the atmosphere in the
ratio of about 1:8 if the permament regime is attained.

It may therefore be supnosed, especially when the regime
is variable, that the wind of the airplane does not affect
the temperature of a wing heated and coated with a heavy
layer of ice, very much., " This fact makes it possgible to-
study the problem of de-<icing on a wing at rest - that "is,
to say, in the wind tunnel. The following contains the
egsentisl "data obtained ifrom this wgtudy.

a) Figure 5 'shows the curve giving the energy required
(in kilo=joules) to separate the ice (subject to a wvery
slight 1ift) from an area of 1 square meter, plotted against
initial temperature of the iced surface. (During the sep-
aration, the surface is in a thermostat with initial tem-
perature.) It is seen that the energy required for de-
icing increases about ‘14 kilo-joules per square meter for
1° drop in initial temperature of the surface; in addi-
Hdony the ordinate -to the origin ef the curve is also equal
to about 14 kilo-~joules: this is the amount of energy nec-
essary for separating the ice at 0° (L cv consumed during
19 seconds).* Thus in the case of =5° initial temperature,
it requires five times more ‘energy to bring the outer sur-
face to 0° than to melt the adhering ice film. Obviously,
this result is largely dependent upon the constitution of
the wing, and much upon its thermic capacity as well as on
the thickness of the ice. However, the value of the ordi-
nate at the origin, 14 kilo-joules, is not affected by the
constitution of the wing and the thickness of the ice,
which gives this figure a certain value.**

b) When de=icing is effected during a: yariable period
the energy input:certainly has some.bearing on it. To be=—
gin with,. when nearly all the energy is supplied. at the
plage where the actual effect is produced, it is of advan-

u

* % = . o 4

This energy 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 mnm thickness.

**The importance of the encrgy necessary for heating the
wing emphasizes the .interest of an outside heating of the
wing, employed in our tests. The study of the heating
curve shows, moreover, that the ice separates when the
temperature of the inside wall is =2t°/5, if the initial
temperature is ~%°. On the contrary, with internal heat-
ing the inner surface must be brought above zero in order
to assure separation. The gain in energy is therefore
quite plain .
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tage to increcase the ‘electriecal power. 'Fizure 6 shows -
plotted against the power in kilowatts per squarc meter -
the curve of the .energy in kilojoules per square meter re-
quired to.de-ice 'a surface, at =4°, coated with a 6 mm
layer of ice. It is seen from thisg curve that, by supply-—
ing 3 kilowatts per square meter power, it requires an en-
ergy twice as small as with 1 kilowatt per square meter or,
in ether words; the ice separates six times faster in the
first case than in .the second (13 seconds instead of 83)..
This has made it seem to be of advantage to divide the

‘surface to be de-iced ‘into several sections which may be

de-iced successively (each section including two symmetri-
cal portionsg in relation to the axis of the airplane).

A. THEORETICAL STUDY OF TEMPERATURE DISTRIBUTION
‘.ABOUT A SOLID MOVING IN-A FLUID

I. Distribution of Speed Around an Obstruction

Visualize a cylindrical fluid jet of velocity w4 (at
infinity). When the fluid approaches an obstacle -~ say, an
airplane wing, the velocity field ceases to be uniform. In
& permanent regime and in the vicinity of a solid, it is
necessary to consider the boundary layer where, as a result
of the viscéosity, the solid decelerates the fluid. The ve-
loclity of “tHe fluild -~ zero at some points, M at the wall
increases rapidly when one describes the normal to ‘the wall
at point M; it speedily reaches a value v that changes
only very slowly and which is generally termed the "local
veloeity at point M of the profile." After velocity «
has been reached, we are outside the boundary layer in the
free fluid. The velocity v 1is only approximated because
the change from boundary layer to free fluid is gradual;
there. certainly is no discontinuity in the velocity field.

In aerodynamics it is assumed that, outside of the
boundary layer and the wake, the phenomena comply with the
laws of perfect fluids. Another assumption is that, if
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 pressure is there-
fore the same at the wall and in the free fluid where the
velocity is +v. ‘It is not necessary to discuss these as-
sumptions since they are the basis of many wind-tunnel
tests and constitute, very likely, a sufficient approxi-
mation for the calculations resorted to,

—
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Now the problem of velocity distribution about an air-
foil reduces to the measurement of the pressures at the wall,
provided that for a perfect fluid the relation between the
pressure p of the fluid at a voint and its velocity v at
that point, is known. The various assumptions which allow
the fornation of such a relationship are briefly summarized.

As first approximation, it is generally assumed that
the pressure changes in the fluid are not accompanied by
changes in volume or temperature and, consequently, by no
change in internal energy - which is briefly expressed
(perhaps a little too summarily) by saying that the fluid
is" "ieompressible.” The whole fluld flow ean thus he @on=
sidered as being isothermic; the exchange of heat within
the fluid is zero and all passing phenomena are adiabatiec.
Under these conditions, the application of .the energy-
conservation principle to a fluid filament leads to Ber-
nomiild Ler forpmul s,

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 A 1s v, and the
pressure is p, (defined by static tube); at point M the
velocity is v and the pressure p. The outflow during
the time interval At is Am; it occuples the constant
volome BV.

The principle of the conservation of energy is:

¥ AT, ¢ Am v = p

o [
o

or, if p, 1is the constant specific fluid mass

yAE pnEiarg - Saues (2)

At high velocities the pressure changes become very
significant, and it is impossible to suppose that they do
not entail changes in volume or temperature, However,
since the change in temperature with the pressure (and con-
sequently with the velocity) is taken into account, i% is
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more difficult to grant that the transformations produced
in an air filament are adiabatic: the adjacent filaments
which have not the same velocity, have no longer the sane
temperature and heat exchanges produced among themselves,*
Therefore, even the fluid is assumed to be compressible
and eXpansible, we would simply obtain an avproximate re-
sult by applying the principle of conservation of energy
to a thermically isolated fluid filament: this second an—
proxination forms the Saint-Venant and Wantzel fornula.

Consider the air filament that passes through points

s Mesthrds e Sep P, is the pressure, Po the specific
welght, T,, absolute temperature, and U,, internal
specific energy of the fluid at point A, where the veloc-

VY LBy and if pyopy Iy and U - are the corresponds
ing quantities at point M  where the velocity is v, the

principle of the conservation of energy allows us to write:

1
pAV+%Amv8+AmU=pOAVO,+§Amv02+AmUO
7 1l
o % T % v@& + U %Q AL ¥ vo8 # Uy (&9
0

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

% = (C.D - Cv) % U = Cy T

Equation (3) then becomes:

o]
<
©

c,. T + % ¢ =@, 1. ¥

P T Ve 0 (47

whence

2 2 < T )
o ST 2cp T, \& - T

The velocity-pressure relation is established dy ex-
pressing the value of T/TO with the aid of the relation
which ties the pressure to the temperature in the isen-
tropic expansion of a perfect gas:

*Tremblot (Report no. 10 of this series) established equal
velocity, hence equal temperature in adjacent filaments of
the same section. The heat exchange consequently is in-
significant. This holds true even more near obstructions,
where the velocities in the same section are no longer equal,
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b i
., Cp
0l Ty
It is, according to the Saint-Venant and Wantzel for-
mula : ‘
(ol C‘D CV
o)
DN &
=y = : ol =
i e e 2cp TO Ll <p0) (5)

On comparing the results by Bernoulli's formula (fiwst
approximation) with those by the Saint-=Venant and Wantzel
formula (second approximation), the discrepancy will not
exceed 1 percent for velocities below 100 meters ver second.
At low velocities equation (2) or equation (5) can be used
for eomputing the veleocity v, starting with pressure pPe

II. Distribvution of Temperatures Around an Obstacle

Saint Venant's formula in the form of equation (4)
gives the relation between the velocity of the fluid at a
point and its temperature as

e Vi o
s L Mow 4
Bt g L 2 TR Yo fim o o

or, if the value of the welocity is replaced by its expres-
sion in function of the pressure (equation (5.}

whence




16 N.A.C.A. Technical Memorandum No.. 888
e
p
D
o Al g e o 5 )
(o <3 g L TO = TO Ll—- @0/ (b/

Equation (6) thus affords the possibility of knowing

‘ the temperature distribution in an air filament which ‘winds
| around an obstacle by measuring the pressure on the obsta-
cle.

A simpler expression for temperature T at point M
can be obtained from an exchange of the velocity v, in

equation (4), for its value by Bernoulli's formula (equa—
t48n (1) -Then

b Po
= Bl Se. BTE— g S BRI o AT
Po ‘ p Po Y
where
1 !
it R e e o w p) (7)
o po C-}.-) .‘.O -
or
e, = € ;
b v ( PN\ ]
= aim o 1 R T .|~ kil TP "
BTy = = T, o > 3 o) (7 bis)
It ooy seem 1llogical to mes sort to both Bernoulli's

| and Saint Venaqt's formulas in establishing formula €7
| but this contradiction appears only at low velocities, as
\ we Hawe geen that the two expressioans of the veloelty

yield practically the same result. In the case of p/D =

ot

=0
0,95, corresponding t¢ a velocity change of the order of
100 meters per second, equations (8) and (7) give results
il foiriina Seleanrcely 2 nerCOut. Jdoreover, equation (7 bis)
follows directly from:equation (6) and is, we assume, p/po

negr 0 1 (d.e.,| p#p, small bpfore Bl Ve

III. Dastribution of Temperatures Over
the Wall of an Obstruetion

The numerous measurcments made on the thermic phenom=-
ena produced by the displacement e solhd intEilaid Lot
report (Now§bd of Sihs sorlos) have lcd us to state that
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the temperature © of a point M on the wall is higher

a8 the temperature T of the free-fluid is eloser. The

temperature difference (8 = T) oxisting between the two
edges of the boundary layer dependsupon the viscosity and
the thermal conductibility of the fluid, but practiecally

1ittle on the wall; particularly, the radius of curvature
of this wall does not intervene. If v 1ig the relative

Speed of the, solkid and of the free fluid at point M, we
may write: '

B - T = A v2 (8)

where A 1is a constant for a fluid under certain condi-
tions. For gir near normal conditions and $peed in cen-
timeters per second, the constant A is close to 4,107F,

To find the temperature difference (6 - T) at vari-
ous vpoints of the profile, simply replace in equation (8)
the relative speed by its value given in equation (5):

[ cp=Cy])
. o

6 - T = Ai vo2 + 2cp Tol 1 = <§g ) J' (9)
J

L
If restricted to the range of low specds (below 100
m/s), Bernoulli's more simple cquation can be used, whence?

(p, - »)
S0 = & [voa + 2 —2e = } (10)

" Noew we understand the process of the passage of tem-
perature T of the far-off fluid to the temperature 0
gtnaoLat "M 0 of the solid in the fluld flowe The Fairst
temperature change T - T, 1is the result of the adiabatic
compression, and the expansions around the obstacles; dur-—
ing these pressure changes the fluid is considered per-
fect and the changes are reversible., The second tempera-
ture change becomes manifest at the time of traversing the
boundary layer; here the viscosity dintervenes and the ther-—
mic effect is by nature largely irreversidble. We express
the temperature difference as:

B Dy o fB o T bR o B ) (14

with allowance for the compressibility of the fluid (equa-
tions (6) and (9): &
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o °p
O b Ty amesligy Bueds 5;> a >
) b
( Vi ™
49 v.2 $ g
+ 1Vc + 20p T ey
oxr
C.D--Cv
———
P
2 1Y ; ;
B - T, = 4v, ~ + i <§;> (2cp A-1) g

Assuming the fluid incompressible (equations (7) and
(10)), it ]..S:

1 i DPo=D)
i, Hessce— (p.wpl + & v, % + 2(39———]
po Cp L po
or
5 ’ Py 2 B 1
B T, o Rt N <2A - 65) ' (13)

A better comparison of the numerical values obtained
by the two equations is afforded by replacing in equation

(I2) the value of the temperature T, by its expression
p
EQ (ep = cy).
e Cp c
Bae & Ny -y
. <0 i I
6-T =4v 2*‘““‘“‘“£“T M (ll\ <2A - (12, bis)
° 0 o R ¥ e

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

Oedie " which, for insbtance, i's ‘fhel‘eace of a IElcal veloci=
ty of 130 m/s with a velocity at infinity of 100 m/s; ap-
plied to equation (13), we find then:

D 1
B T, = 5.7 % 2= (28 = ~—> 0.0400
0 Vo Po e
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and equation (12 bis) becomes:

e N 4 ”
Bow T, = Avoa + 59 (?A - 3~> 0.0406
; 9.0 : P

0
: : : 5 DPg
Expressed in cm-g-s units, with A = 4X10 -, 5
. (o]
10° i ‘ : : :
§50 Op = 10 ergs/gram, the values for the first case
are 3.333°,  and for.the second, 3.323°. So long as

(p/D,) = 1| is 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, if p/pO should become definitely different
from 1, equation (12) is preferable. Suppose %L =4 O 8%
_ Po
which is the case of a lecal velocity 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) cives +0.55°, the error amounting to 0.16°.

IV. First Experimental Check

In report No. 63 (p. 67) of this series, egquation (13)
had been arrived at by a somewhat summary argument. We
had figured, in the formula, the theoretical wvalue of the
constant A (T/2k).

Experiments made nn 2 cm diameter cylinders ((eH.or Vet
p. 57) led to a temperature-distribution curve, the shape
of which agreed with that of the theoretical curye.

In view of the importance attaching to the knowledge

of the temperatures on an airplane wing, it seemed prac-

tical to repeat the experimental measurements, first on, a
model wing, 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
pressure distributions.
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B. EXPERIMENTAL LAY-OUT FOR STUDYING THE TEMPERATURE
DISTRIBUTION OVER AN AIRPLANE WING

I, Principle

To study the temperature distribution over a wing
mounted in a wind tunnel, several metallic masses are dis-
tributed over an identical straight section, being built
in flush in the insulating substance of the wing. Each
one serves as a pressure tap, constituting one of the
Junctions of a copper—constantan thermocouple; the other
Junction is formed by a small cylinder R 1located in a
part of the jet not disturbed by the wing.

During a measurement effected at a cerfain wind speed,
all temperatures of the metallic masses are successively
compared with those of the junction of R. In addition,

" by virtue of the disposition of junction R, if the tem-

verature of the air 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 air temperature exactly.

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

II. Original Arrangement

Mr. Lapresle, Chief Aeronautical Engineer, had placed
at my disgposal a Gottlngen alrfoil seetion Ne., 387, while
I started to make a small model of it for preliminary test-
ing* 1n" the 'small” tunnel (14180 m Jet diameter) at Issy- les-
Moulineaux.

The s moldel’ * of ‘sol id" wood?, "of L5l0" n'span and* 022 "m
chord, had 12 pressure and 12 temperature orifices as in-
dicated in figures 7 and 8.

Each temperature orifice 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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ing finished to give the smoothest possible wing surface.
A 0.2 mn diameter copper wire and a 0.2 mm diameter con-
stanton wire are soldered in the cavity C, both wires
passing through the wing in a. groove parallel to the gen-
erating lines; they emerge on the right side of the wing
(fige 10)., At the point of emergence the 12 constantan
wires are interconnected and joined 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, gives
th? differeiice in temperature between tap 2 and tap R (fig.
i 1750 0 -

The pressure taps are small hollow copper cylinders,
of 0.5 mm diameter inside, and 3 mm diameter outside, set
in the wing. The same grooves which, on the right side of
the wing, serve for the copper and the constantan wires,
are used on the left side for the 12 copper wires which al-
low the successive joining of the pressure leads to the

-manometer. The tubes are long enough to permit their con-

nectlion with the rubber tubing outside of the air stream
of the tunnel.

ITI. Second Arrangement

The equipment. for the full-sized wing (5= by l-meter)
was made in the shop at Chalais—Meudon. The section with
the pressure taps and the section 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 divided over the top and béttom in the same
way, as indicated in figure 12.

Each temperature tap, formed by a small piece of cop-—
per, is set into the wing; the wing being hollow, the fit-
tings are somewhat different. The constantan wires sol-
dered to the different pieces of copper, terminate at one
point C 1inside thp wing (fig. 13); between the tap and
point C, all wires are of equal length (1 m), so that the
resistances of the thermocouples will be the same. At this
point C alsp terminates the constantan wire of the junc-
tion R, 1lecated outside the zone of influence of the wing.
The difference in potential between the copper wire junc-
tion R and the copper wire of a tap = say, 2 = serves to
measure the difference in temperature between tap 2 and
Junietion * R.
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The pressure taps lead directly to a multiple manom-—
eter which allows the dctermination of every pressure at
the same instant, by photography, while a manometric tube
hooked to a pitot tube gives the speed at infinity Vo at
the same instant.

Figure 14 gives a view of the hook-up. The wing “is
mounted on a faired metal spindle and vermits angle-~of=—
attack changes. The copper wires of the thermocouples, as
well as the rubber tubes leading to the manometer, pass
.through the flooring to the floor below, where the measure-
ments are made.

IV. Temperature Recording

By connecting a galvanometer between the copper wire
of Jjumetion 'R and that of the particular tap, a deflec-
tion is obtained which depends on the temperature differ-
ences between the two junctions (i.e., on the thermoelectric
electronotive force) and on the total resistance of the
circuits This second variable can be eliminated with ther-
mocouples having the same resistance and using the same
length of constantan wire between junetlon R and each of
the taps, and the same length of copper wire between the
galvanometer and each tap. Naturally, the galvanometer
itself is calibrated by means of a thermocouple identical
with ene of those used in the installation. A multiple
switech installed as shown in figure 13, affords in a few
minutes, the various temperature differences corresponding
to divers taps. With the "Xipp" type galvanometer employed,
it was easy to measure 0.01°.

With the first arrangenent we had installed a compen-
sating method for measuring the thermoelectric electromo-
tive forces., In view of the timing factor involved in ‘or-
der that the comparison of temperatures at the different
voints reaches the wing in the same thermic stage, the in-
stallation of the opposition serves only to check from
time to time, the results from the deflection method, em-
ployed in all measurements.,

V. Pregsure Recording

The manometer gives direct, the pressure difference

D - D between the tap to which it is connected and a

s Po
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static tube located in the undisturbed jet. A pitot tube
supplied the value Py vog/E, where p_  and v, are the

specific weight and the speed in the undisturbed jet. Tk
is recommended computing, for interpreting the results, the

resulte ———-=2° , ghich alone is figured in the tables.

C. MODEL TEST DATA .

I. Principles of Measurements

The measurements were started in June 1956 in. the
small wind tunnel at Is sy—les«Moullneaux. ;

Since it was possible to change the incidence of the
wing in the air stream without stopping the tunnel, it was
possible to effect, in permanent regime, a complete set of
measurements (determination at various incidences, of -
1) the wind speed; 2) the temberﬁture at 12 points of the
wing & the pressure at these same points). It is true that
the incidence variation occasioned a concomitant change‘ln
wind velocity, but a slight action on the rheostat of the
fan b?“?ltted of bringing the speed to a constant value

45 m

It should not be necessary to repeat the results of
more than one test series, since they are 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 temperature at the
various Jjunctions, numbered from 1 to 12.(the temperature
at juncétion R being counted &s zero terberauure) The num-
ber 1 corresponds to the junction at the leading edge:
numbers 2, 3, 4,5, 6, ¥, and 8, td the junctibng a% the
upper surface of the wing, countod from the nose toward
the $ail; numbers 94 10, 11, amd 12, to- the" jangtiens on
the lower surface of the wing, counted from trailing toward
leading edge. Figure 8 gives, at the same time, the posi-
tion and number of junction.
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TABLE I
Tem-— Incidence’
per- |- '
ature|.6,40°|-3.60°|~p.70°| +2.20°|4+5° [+7.80°|+10.70°|+14.70°
tap
% OWeE | 0.8 |1 0,95 | 0,98 [1.00} 1,08 0.91 0,73
2 1401 .91 .92 vBe, 1 e T8 70 .60 37
3 .82 73 . 74 y 70 JzuBB| ,046 .45 .28
4 .88 .79 i8Y 8% . 65 «51 .48 2%
5 .76 .60 il } 64 .59 s 58 .48 50
6 o 74 <L 72 .68 .68 . 74 .69 .78
7 .79 .76 .86 87 | 488 .85 .85 .81
8 .91 .95 .96 .95 .95 .98 .94 . 84
9 .94 .88 .92 .95 .86 .95 .91 1400
10 .88 .85 .89 .89 .74 .83 .82 1,01
11 . 85 .85 .92 s 771 |2 508l 2288 .82 1.03
12 .70 .79 .74 77 .86 .89 .82 1.01

The rough result of the measurement for Jjunction No. 4,
for example, presents the temperature difference. 6 between

Junction 4 and that 60 of Junction  BsasMe.easilys pass £Fom
the difference 6 - 60 to the difference between temperature

8 of junction 4 and the temperature gt “0f theraiy 1p" +HS
alr stream, by writing:

8 = £, = (8~ 8,)+ (8, = t) (14)

According to previous measurements (cf. Report No. 63
of this series) the temperature difference between a small
solid conductor and the air, in relative displacement of ve-

lecity +v,, substantially follows the equation 90 - %ty =

. ® 10" voa, with Vo eXpressed in centimeters per sec-—
ondss For’ W, = 4,000 cm/s, it 1 6 "~ 't = 0,85° ‘and,
consequently:

B = ty = 0 = 6, + 0485° (14 bis)

These are the differences O - t, shown in table I.

The four missing figures for junction 11 were due to an ac-
cident on the wires connecting the junctien during the test.
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ITIs Pressure 'Tablies

The rough result of a pressure record is the pressure
difference 'p at the particular tap and the stabie pressure
P, in the undisturbed air stream. The pressure difference

P - P, 1is measured with an alcohol manometer; the successive

pressure measurements with the same manometer are easy since
the pressure—~tap tubes escave the air stream (fig. 10).

Snaganch as, i1t 15 the.ratio of"" D = B, to the dynamic
2
o
pressure P, —%— , which is of interest in the application
3 . j (ol e o, : ]
of the formulas, thig quantity : is given 1n
(o B2
(0] (0] Vg

nondimensional form in table II. The value of Pg —§~ is

given direct by the pitot tube in the undisturbed flow.

TABLE ~TT

Incidence
Pres-~ ‘ : 4
sure ey o! k. e a 05 & "
tap |—=6.40°|-3.60°|-0.70"|+2.207| +5 |+7.80 14+10.70°|+14.70
8 l
1l —2.89 |=1.24 ' 0 +0. 28 | +0ORg 8o +0,55 +04.20
2 +,.89 +,67 + .40 O =5 52 =D -1,73 -2.62
& L ells) S ) —-.49 e 94 | =140 1195 -2 .44 LR
4 -,10 —-.41 : w76 1 =1,10 |=1idb f=l 8% 2,27 2y L
5) =5 @ -, 76 =1 -1.2 =Juib 1 de=l § 78 —1,97 -2 .12
6 -.60 ~,73 -.83 5,97 V=104 =Tl ies e 19 -1,02
7 - 37 —ed2. | = 47 —R i —-,53| =.58 sy DB g B8
8 -.08 —-.10 = 2 -.14 —-,14) .14 =g 1.2 —-.27
9 S 02 06 +, 09 e 1B +.17] +.20 +.,22 S eD
1446 -.05 A0 +.08 +,14 +,19| +.25 +.,30 + ¢35
513 = o igi -.08 +.02 +.12 .20 1029 +,3%7 +.,46
12 —-,76 -.50 =30 -.05 +.,16| +.55 +,49 +.67
— = e

IV. Calculation of Temperature Difference

The apvlication of the formulas set up in section A
page 7, made it possible to pass from the pressure differ-




20 N.A.C.A. Technical Memorandum No. 883

(p = py)
ences, or better, of the number p to the tem-
L. o g2
8 /0O
bperature differences 6 - t.. It was proved justifiable

(o)

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

r < L |
§ -t = T R AR, A T T ] 14
bo =g 4 Field 2Cp>J (14)
Po. ~5%
Here:
Vg .=, 4500 cm/s
‘ i 2
Bognde2 % 10"%deaif bca/al
Cy = 10" ergs/gram deg.
whence :
RheR
8 - t,=2025 x 10* (4.2 § A0T° 8 =t X OB 1o~8>
v
0
po _E_'
D =D,
.8 - t, = 0.85° + 0.169 ——=2 (15)
2
: b
Fg™ o

Then it isg easy to pass from table II to table III,
which contains the temperature differences 6 - t, ob-
tained with equation (15).
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TABLE III
Temp. )
dif- : In01dence‘ » h
fer- o . o 0 0 o)
enetl mBd0 | ~2.60% w0.%0° +2,2 +592 147,80 $10,%0" 114,70
tap . i :
1 G B ads Qubb Qs 85 #v-0%37 | 1000 180 094 0.82
o .99 .96 - .85 JELE 2 B8 i b ERAL § b
3 . 89 BEE ple o 4o 1T b e W0 .63 o84 111 pulB .35
4 .83 LBt v . %8 .67 .62 .55 .49 42
5 i .73 .69 .64 .61 D7 4 PUDE 51
6 75 74 v e .69 .69 ;B8 .66 .69
7 .79 .78 N <17 iy .76 26 .80
8 .84 .84 .83 .83 .83 « 83 <83 .81
9 .85 .86 .87 <87 .88 .88 .88 .89
10 .84 .85 .86 8% .88 . 89 .90 .91
1 . 82 .84 | .85 .87 .88 .90 .91 .92
12 w73 a%Z.l. o8O .84 .| 4B .Sk B L atn .96
| i i

V. Accuracy of the Preceding Data

1. First, it is attempted to ascertain the degree of
accuracy which may be looked for in the experimental evalua-
tion of 6 - %, (equation 14},

According to-table I, the temperature difference 6 - 90
between the relevant junction and junction R does not ex-
ceed, in adsolute value, by 3° the experimental conditions
(vo = 45 m/s); it is repeatedly of the order of 1/10°, How-
ever, the experience we were able to gain in the many temper-

ature measurements so far, does not permit us to Puarantee
this temperaturé difference any closer than around 1/20

The same absolute error figurcs in the term 65 —

0
and, for v, = 45 m/s, this term may be considered as rang-
ing between 0.8° and 0.9°.

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

of\O- T The measurements are therefore not very accurate,
since the numerical values. do not exceed 1°. We should have

.more accurate measurements at much higher speeds, and it

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 compltfng s « % by means of equa=

0
tion (15) is, as the experimental errors, such as affects

v -
_i:___§9_ y These-emrors-amount, at -the- mosty Hto-2 Ho 3
(po vo /“)
percent. But allowance should also be made for the large

systematic error which may follow the choice of the con-
sPant | A. v We took A '=4.2 x10°®, which we had obtalned
precisely in the wind-tunnel tests for a wide range of
speeds, but it may be that in actual tests the value of A

drops to 4.0 x 107®; in this particularly unfavorable
case the formula for O - t, Dbecomes:

e ™

B S = |0sB05° # “0,8085% ~— =
. vo

po '5"’

The discrepancy, as compared with equation (15), then
exceeds 0,100,

3. On the basis of these arguments as regards accu=
racy, which is the better formula for comparing the re-
sults - equation (14) (experimental), or equation (15)
(theoretical)? The accidental errors being small in the
figures of table III, the curves obtained are regular,
starting with these figures, either by plotting the tem-
perature readings (values of 6 = t, at various points of
the wing for a given incidence), or by pletting 6 = %,
against the incidence for a given point. Plotting the ex-
perimental points obtained by means of equation (14) on
the preceding graphs, we either find the points located
near the plotted curves = in which case the theory is ver-
ified within the indicated accuracy - or else distinectly
greater discrepancies. In the latter case it may be at-=
tempted to ascertain whether 5 slightly different walue of
constant A would bring the curve closer to the experi-
mental values.

VI. Temperature Readings

To plot the temperature readings (figs. 15 to 22), we
take the normals to the 12 points of the wing to which the
pressure or temperature corresponds, and trace on these nor-
mals lengths proportional to the figures contained in an
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identical column of table III. The points thus obtained
are then connected by solid line. Near the leading edge
the trace of reading is not very accurate because of the
great airfoil camber; in fact, in spite of the scarelity of
test orifices in this zone, the points are fairly distant
from each other, Moreover, a slight mistake in the posi-
tion of test orifice no. 1, entails a great change in di-
rection 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 indicated on the same normals and the ex-—
perimental points marked without plotting the curve.

Examination of the eizght readings corresponding to
the eight explored incidences allows the comparison of the
theoretical and experimental results.

VII. Temverature Variation Curves against Incidence

The comparison is facilitated if the figures 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 is then the temperature variation versus incidence;
the solid dash corresponds to the figures of table T ]

(theory), and the dots to the figures in tadle I (test data).

The result is: 12 charts (figs. 23 to 34) for 12 test taps.
VIII, Comparison of Theoretical and Experimental Results

On the whole, thc experimental points approach the
theoretical curves to within less than 0.,10°. If the
points corresponding to lead Y¥o. 8 are eliminated, for
three measurements alone (four - twenty - four), the dif-
ference exceeds: (incidence S8, 40 aad Junchion No.il;

WP IEY "fncldenca -3.60° and Jjunciion Noa 93 0.13%, incidence
+10,70° and junction No. 12; 0,11°, differences which are
still compatible with what we could expect in the experi-
ments.

The points are stationed - sometimes above, sometimes
below the curves, which precludes the existence of large
systematic departure. However, for lead No. 8 (fig. 30),
the experimental points are distinctly above the curve;
perhaps a structural defect (defective level of the junc-
tion, defect in the tb~rmocouple circuit) was the cause of
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t omy g bdie feie by winy the thermocouple circuit) was the cause of
these ‘differences,

It may be concluded from the foregoing results that
formula (15) represents the experimental results obtained
on the model and that the theory exposed in section A
surely constitutes 2 first acceptabdle approximation.

D. RESULTS OF TESTS WITH A WING

by Test Conditions

The measurements were made November 17, and 18, 1936
in the large wind tunnel at Chalais-—Meudon. Bere, the
wing incidence adjustment required the stopping of the
tunnel. Again it was necessary to make eight series of
measurements corresponding to different incidences (=6.1°,
B Ga kit Y el , 48550 12232 84S ) e suThensy ingls
dences are those of the tangent to the lower camber of the
Gottingen airfoil section No. 3873 they were corrected for
wall effect. The air speed ranged around 38 m/s. Only
one test series, that of incidence 6,19, was repeated af-
ter a one-day interval.

II. Temperature Recording Table

Table IV gives, for each incidence, the value of tem-
perature difference 6 - t, at the different junctions
marked from 1 to 13 (9O, junction temperature; ty, temper-
ature of air in infinite stream). Junction No. 1 corre=—
sponds to that located at the leading edge; those from 2
G0/ 8, "Lo JUnectiochs on the Top cambBer, counting from nose
to tail; Wos. 9 to 13, to the junctions on the bottom cam—
ber, counting from tail toward leading edge. Figure 12
illustrates both the location and numders of the Juneions,

Again, the rough result of the measurement is the dif-
ference between tempecraturec 6 of the junction and tem-—
perature eo of the reference junetion r located a 1lit-~

tle upstream from the wing. We pass from 6 - 8, teo

8 - t5 Dy adding the term 90 Fat, wiwbich , for 28 m/ s

Bpeed, .ig'about -0,60° ((Fermyla’ B4~ Lgwmde2 % L0723 w4t

is used consistently). These are the differences 0 = ¢

o
giwen Lin *Hable IV.
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TABLE IV -
Test Incidenog ;
ori- ; = — T
fices[=6.10%]~3.10%) #0% +5.10°|46.70°1+9.10°+12,20° +16,40°
i 0.56°| 0.62°10,71° | 0.73°| 0.60°! 0.71°! 0.56°| . 0.39°
2 s 759 B R LB .60° LHES T .55°‘ weas .16°
2 580 .52°] ,49° .440 , B0 .26°! .18° .10°
4 .560 #5001 1 2594 p320 L 380 |1 02RP -t 1 .16°
5 ca20 e 400 .370 .440 .320 .310 .340
6 609 | 520 |(,479 §1,54%| .48°] ,.B@° .44 510
7 RO T JE90 1 LE7° .60° 589 JBWe] . W IBER +54.°
8 620 .660: .690° ;669 539 . 640° .64° 562
9 yafedumogs6 1 © ggo (Wiggeyeaigacnls SR .66° . 660
10 gEgo b S B20| @10 .650| .620| 660 .670 .670
11 aor O R L BEOY 1610 | 640 |4 $¢ER L wBE Rl AlERE ,68°
12 g2 I B8O L. 5609 Yy v, 610 .620 .69° .700° . 720
13 B a0t 480 | 600 | uBE0 [ e .680° . 720
Table

IT1I. Pressure Recording

Toward the middle of
connected to the different pressure taps is photographed.

a test

series a multiple manometer

We thus obtain
TABLE ¥
Teaty d ik Incidence
ori- o) fo) i o oi 7 0 [0 o o]
1 0.30 Ugte . 1500 1500 0. 16 6% 2 —~0.48 ~1.10
e .92 879 ‘i w427 =21 T, B ~TLBE [ @00 TR LT
3 % -.11 2o Bl .98 § »1,40 | %187 1 =2u31 ~2 .37
4 =337 | =58 | »,86(=1,22 | ~1,50 |~1.76 | =2,00 |' =1,85
5 =.55 | -.67 | -.86{-1,04 |~1.18 |~1.28 | =1.33 ~.89
6 ~.40 | ~,44 | -,54| -.,58 .62 ~-.64 % ) wyB5
7 =,21 1" w23 By 2P 1 by 20 —e2? | =.2 -.23% | =.54
8 SO BT O Wk .09 R .04 -.13 -4
9 L0 Y0, 41k .14 s 18 .19 M O S G il
10 .00 $08 .09 s« 1p .20 gL pol el
Ia -.,18 | -,10 SO . 13 +2E HB0 8.6 W41
g ~e59 - 42 ~.14 Rk B, .46 .62 hedle
13 =182 11,10 ~,48 : OB + BB RET Y e .97
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which contains the differences between the pressure p at
the various pressure taps and the static pressure D, in

the undisturbed stream. A second manometric tube connected
to a pitot tube gives the value of pj VOQ/E at the same

instant. These values are gilven nondimensionaily (p - Po)/
(po vo2/2) "in table V.

IV. Calculation of Temperaturc Differences

(p #'pg)
- L £o
Rislbefiore, ithie. chalge from, —————=-—= to temperature

2
, (P Tnid ol
differences © - t, 1is effected by means of formule:

0 0 2
L Po Vo /) hy ch
el thevests of & o= 4,2 x 10™%dagifbn/s) ehf ey =07
ergs/gram deg., ©but, here, v, = 3,800 cm/s, hence:
8w §, = 0.60° + 0,128 _29_252“ (16 )
B it

The temperature differences € - to computed by means
of equation (16), are tabulated in tadle VI.

TABLE VI
Test , Incidence
ords | o TR T S 7 DI A o
fioeg|~6+10"|=3,20"} O 310" | 6,107} 9610 12,20 16.40
g i T pt el R iy 0.69°(0,64° 0.54° D7
2 A 00 Lol e e A o 1 6 o e «&0°
3 N 590" L E4P1"  4g0] tgBY] 238° .- LBaP
4 .56° VEAO] BD9L 4501 LEZPL wHd® «36° « 582
5 Wi .52°| .50°| .a7°! .46°} .45° |  .44° .49°
6 ,550 iego) 670, 5500 JEB0Y o 52° .540 .530
4 .580 Lol Enpd . peol L GEPRINET0 § e BT o
8 .610° LB1on- _EYbie 1g] 0L LBIPT sE0° .58° 549
9 .61° piod.  EoOls esOf cigpll S aal fisa0° BL°
10 +60° e Lexgl 8201 620 RB2° . 630 .630
1 8 +58° .50l .09 .62°0} .e3°| .64° ., 640° 640
12 B3 Zeol eEot .endl eao| 1,650 o 579
13 aePh i 480] 568 L61°] W68° ] .68° i
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V. Accuracy of Results

As in the model tests, the directomeasurements o.£
€ - t, are subject to an error of 0.1 . When the speed
is slower the accuracy certainly 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 fidelity of
the measurements. Five series of tests were made on Novem—
o 1 (igeddences +6.1°, -3.1%, 0°, . 3.1°, 6.1°; for the

next day (incidences 6.1°, 9.1°, 12.2°, 16.4°); those for

6.1° were repeated two days later. The results were as
follows ¢

Test i
oririce

Nove 17 BLeE 10,822 |0.379 10,38 osln” Oudol 0.56°

Nov. 18 .680 .4:60 .300 -280 .34:0 04780 -580
Test
orifice 8 ° 10 1 e 13

Nov. 17 0LEBO 1 0%W64°. | 0.62% | 04629 | 0.,68° 04 63°

Nov. 18 o SRR .63° .64° .62° B0°

The figures at times arec distinctly different; besides,
even the pressure measurements themselves manifest notable
diserepancies, as seen from the following:

dont 1 2 3 4 5 6 v
orifices
Yov. 17 0,8 | 20 1 11,21 | 1 50 | w1287 «Oeaisauen
Nov. 18 B, g (L B8 e gl L e Woad § NEss
Test 8 9 10 11 12 13
oriflices
Nov., 17 30l NG Tl SR e o T RO <8 s 0.38
Nov. 18 .05 1o .20 403 .34 .48




28 N.A.C.A. Technical Memorandum No. 883

In the face of such discrepancies, which are much
greater than in the model test, the interest in the wing
measurement drops considerably. To compare the theoreti-
cal (table VI) with the experimental results (tabdle ¥
we limit ourselves to plotting the temperaturec readings.

Vi, Tempcrature Readings

The procedure is the same as for the model; the curves
present the theoretical 6 = t,, and the voints, the cor-—
responding experimental values. The eight readings (figs.
35 to 42) relate to the eight explored incidences. The
graph for 6.1° was nlotted by means of the values observed
on November 17.

VII. COMPARISON

The tests made on November 17 must be separated from
those made on November 18.

As to the five test series of November 17, it may -be
said that the experimental check with the theoretical re-
sults. The discrevancies do not exceed 10° except for two
points over 65 and they correspond to two consecutive
measurements (test orifices 4 and 5, incidence S.lo).

Contrariwise, the three test series of November 158
disclosed large and systematic discrepancies at orifices
2.3, 4 and 5 which, at great positive incidences, corre-
spond to the depression zone over the top surface. One
plausible explanation for this strange Dbehavior is that
the imouted observations are precisely those made at the
beginning of the tests. The tests may have been made
rather fast on November 18 — the steady regime not quite
reached ~ so that the junctions had not as yot attained
their steady temperature at the time the measurement was
taken. In fact, as already stated in V (p. 27), the Novem-
ber 18 measurements do not seem to confirm those of Noven-
ber 17, and this holds for both the tempecrature and the
pressures. I do not think that much importance attaches
to the discrepancies of November 18.

In conclusion, and bearing in mind - above all - the »
fidelity of the results observed on the model, it may be
said that the simple theory explained in section A, is
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practical enough for evaluating the temperatures at differ-
ent points of a single wing and deducing the distribution
of the pressures and tempecratures. In particular, in the
case of the wing investigated here, we take as results to
be examined, those which express the theoretical curves
plotted above (figs. 35 to 42).

D. APPLICATION OF TEMPERATURE MEASUREMENTS ON A WING

I. Wing Warner Than Adr

The plotted temperature readings prove that in steady
regime the different zones of a wing are all warmer than
the air in which the wing noves.

1, At points of the wing where positive pressure
prevails, the heat effects due to friction and those due
to compression, all contribute separately to the heating
of the wing. The positive pressure, incidentally, 1s maxi-
mum in the dead point, for which we have the equality

. . /7 = 8 /- .
Pabal,if By voz/e; fors dhis-podnk iy (o e po)/(pO iy g2 i i

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

O ~ o = 3=

whieh, with Cp = 107 ergs/gram deg., gives:

O % 4

-8
4 =154 % AOT R

o)
Hence, at points of the wing where it is maximum, the
heating reaches 5° for a speed of 360 k.p.h. (223 .6 Dis De )

2o At the points on the wing where depression pre-—
vailg, the thermic effects due to friction and those due
to depression are rcstrained, but the usual result is a
heating because the thermic effect due to friction exceeds,
as a rule, that due to depression. What is necessary, in
fact, in order that a point of the wing shall have the tem-
perature of the undisturbed flow? It is necessary that the
value of (p - po)/(po v02/2) is such that the difference
& - t, Dbecomes zero:
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9 = 18 I AR n.. (1 A)] 0
— - 7 + - =
= i i. Po VOE/Q ECP
vhich gilves:
D = Dg o A
po voe/e & - 2 CD

Tith A = 4.2 x 10~% deg./(cm/s)®

This value is not encountered in ordinary flying con-
ditions.

II. Change of Temperature with the Speed

The tenmperature at the various voints increases propor-
nally to the square of the speed if the law of pressure
istribution -~ that is, to say, the local values of
(p = Po)/(PO VOB/E) ~ does not vary with the Reynolds Num-

b

it

ber (equation 13).

In passing from the model t6 the wing tests, the dimen-
sions are altered in the ratio of 5 to le.l, and the speed
in the ratio of 38 to 45, so that the Reynolds Number is ap-
proximately multiplied by 4. Are the wvalues of (p - po)/

(po v03/2) noticeably 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 = po)/pO e
against the incidence (figs. 43 and 44) it is observed that,
even when disregarding that which occurs at high incidence
where the disecrepancies are very pronounced, the differences
between the curves for the wings and those of the model are
largely above 10 percent. These differences can even become
greater if one passes from the case of the wing at 38 m/s

to the practical case of a wing at 76 m/s (270 k.p.h.).
Hence the statement that this local heating is proportional
to the square of the speed, is an appreximation,

S—r
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III. Temperature Distribution

1. Toward the tail the temperature always approaches
the value

0 = t, + 4.2 x 1078 v2

It is little affected by the incidence of the wing.

2, But, near the leading edge the results vary with
the incidence. For negative incidence - that is, toward
the top camber = the temperature is higher, while on the
bottom camber a depression zone defines the cooler region.
At positive incidence the depressien passes to the top
camber; it is there that elevation of the temperature will
be least. The bottom camber, on the contrary, is the hot
zZone.

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 =60 incidence, the excess
8- t; of local temperature 6 over the air temperature
ty is in proximity of the leading edge - 1.5° toward the
bottonm camber, while reaching %,5° toward the top camber.
At positive incidence the excess 8 - %, is 3457 ht the
leadinz edge but may drop over the top camber as much as
1,59 for 15° incidence.

IVe Effecet of the Nature of the Wing

It is to be remcmbercd that the experiments were made
on o single wing and that no allowance was made for the
thermal conductivity in the wing mass. Incldentally, the
heat exchances 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 is always small.

The substitution of a metal wing for an isolated wing evi-
dently acts in the sense of making the temperatures uni-
form, tied to the existence of a heat flow from the warmer
toward the cooler points, but the results will nevertheless
not be substantially different.

fpenclation by Js« Vanier,
National Advisory Committee
for Aeronautics.
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Figure 17.- Temperature record at .7° incidence(model)
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Figure 18.- Temperature record at 2,20° incidence({medel).
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Figure 23.- Temperature curves of tap 1 pletted against the angle
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Figure 27.- Temperature curves of tap 5 plotted against angle of
attack. (model)
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Figs. 38,39,40
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Figure 40.- Temperature record at 9,1° incidence, (wing)
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