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DISTRIBUTION Or TEMPEmgU~S OVER AM AIRFIAHE WING

WITH RE~REHCE TO T= ~ENonNA OF ICE J?OEMATION*

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 llquid droplets on the leading edges of
the wings promotes a discontinuance of the metastable oon-
ditlon which determines the surfusiono 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 time, the Icing oontinues to
spread over the airplane, starting at the already-formed
crystals.

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 md the use of a thermio anti-leer
or de-icer.

1. 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 Oo in order to be able to promote freezing,

—— .—

●“R6partltion des temperatures sur une aile dtavion -
Application aux ph&om&es de givrage.” Puhllcations Scl-
entiflques et Techniques du Ministbre de llAir, No.. 119,
1938.

** However, it Is pointed out that the hydroscopic state of
a cloudy atmosphere can be below 1 (Owg, for example); the
water deposited on the leading edge may evaporate in park,
being accompanied by an ahsorptlon of 600 calories per g.ram~
vaporized. Due to this fact, the temperature of the water,
supposedly equal t,o 0.50., 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 illustrate: In the ease of ~ airplane flying at
300 k.p.h. (186 m.p.h.), the atmospheric temperature should
be below about -~.~oo In level flight and at an atmospher-
10 temperature of -2°, ice forms only on the upper surface
of the wings; observations, moreover, oonfirm that for the
eases of %oe 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
temperaturoll was read on a strut thermometer su’bjccted to
the same oauses of heating as the airplane itself, so that
the temperature of the cloud was certainly lower than that
recorded.*

2. The thermio effects produced on contact of the
air with the moving wing rather oppose ioe accretion: this
is one of the rare cases when the reduaed bnergy produced
during a motion is able to serve some purpose. Since the
differences in temperature between the various points of
the airplane and atmosphere increaso substantially as the
squaro of the speed, an increase in airplane speed should
lowor the frequency of Ico-formation cases. Thus, on very
fast airplanes - say, of 500 k.p.h. (310 m.p.h.) - no ic?e
will accumulate on certain parts of the wing unless tho
ambient temperature is -4.50.**

(Continuation of footnote from previous page)
This explains vhy, in a foggy and nonsaturated atmosphere,

incidence of icing may he o%served on airplane wings at
a-hove 0° temperature (in particular, Relnaffet’s observa-
tions In the Chalais-Meudon wind tunnel), In the follow-
ing, it is assumed that the hygroscopio state of the freez-
ing cloud Is 1 and, consequently, that no ice accretion is
observed on awing unless the temperature Is at least OO.
*Furthermore , according to the previous footnote, If the

hydroscopic state of the atmosphere IS below 1, the Ice ac-
cre%ion 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 Iuetsst&Pe-
monts of bodies moving in air: the mathematical results
will proba@ly he a little different for bodios moving in
fog, but the qualitative conclusions will be the same in
both CaSOS.

.. .- —— ..—. J
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3. The thermtc procadure in the fight against Ice .
d3c=.etZpn.Qq the rring coneists in electrical heating of
the leading edg;;- and ‘th-timost prom-i.sl-ng-method seems to
be that which oonsi.sta uncovering the outside of the
leadlng edge with a superficial reslstanoe. .

The dangerous cases ~f ice formation generally occur
at atmospheric temperatures above -8.0, that is, at wing
temperatures a few degrees below O. In order to maintain,
in flight, the leading-edge temperature Q little above O,
or in other words, for the anti-icing, the electrlc power
input does not seem to he groat: aro~d 0.6 kilowatt per
square meter at -1°, and at a 300 k.p.h, (186 m.p.h. ) speed.

The effect of airplane speed on the effectiveness of
tho de-lcor Is largely dependent upon oonditlons of usage.
A speed Increaso has a twofold thermic effect: first, the
ooofficient of convection inoreasos, which tends to lomer
the temperature (proportional to tho Speed]; then the fric-
tion increases, which tends to raiae the temperature (pro-
portional to the square of tho spood).

The entire experimontnl study of the operation of a
Badin antenna-typo deicer ~a~ ~do by Jampy, Lecardonnol,
and the writer (ibvue A6ronautique .Internationalo , no. 19,
March 1936, p. 68). Tho resulte being qualitatively the
same In the ca,ee of a loading edgo9 I %olievo a reproduc-
tion of the dlagrame should prove of interest. Figure 1
shows tho difference in temporaturo betwoon the antenna and
tho air against the speed for a constant heating. It ia
readily seen on the curves how, starting at 300 k.p.ho
speed, it Is advantageous to lowor or raise tho speed in
proportion as the hoatiag of tho exporimontal antenna cor-
responds to a power output of more or-less than 16 watts.
Figure 2 shows the electric power w nocesaary in the
antenna plotted against speed, in order to keep the ten-=
porature difference between air and antenna constant. We
believe that this power first tncreasos with tho speed,
roachbs a maximum, and then decreaees. Figures 3 and 4
Illustrate the eff.oct of altltude on the temperature dif-
ference or the heating: high altitude favors operation of
tho de-icer.

4. It seems that the formation of ice on the wing
ought to be accompanied by a temperature rise which brings
the accretion to Oo; for example+ tho di.scontinuoaoe, on
contaot with the wing, of tho aurfusion of the liquid drop-
lets at -6° should imduce (if noth.i~g else happened) the
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water. .to freeze to 8 peroent, while” ‘the “solid-liquid ‘mix-
ture should reach 0° t~mperature, “ In fact, it is proper
to re.mark”that” the” s-aturtition pressure of the ice-water
mixture at 0° (or, to be mere “dxaot, at the tbmierature of :
the dripping point, itself very close” to 0°) is higher
than the satu~ation point of water superfused to -6°; an

..

evaporation; very much “intensified by the “wind.,is there-
fore produced at the wiag, which causes considerable freez-
ing and.may “also lower the temperature if the ice happens
to be dry.

All we can affirm is that, following a deposit of ice
the temperature of-the wing rines probably close to 0° un-
der certain conditions.

6. If them”thermic effects of friction favor %he op-
eration of the thermic anti-icer, the functioning of the
de-icer is 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 insu”fficierit to provide a temperature above 0°:
icing results. Since the wtag heats up during the icing,
the electr-ic power consumed in the resistance will then
allow of attaining more readily the melting temperature of
the ice, and the de-icing will he followed by separation
of the thin ico film that coats tho 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 tho electrical device which, like the anti-icer, pre-
vents any deformation of the profiles even during very low
weather. It ought to be possible to use it in” the major-
ity of cases without excessive power consumption.

6. Supposing that the electrical devic”e”does not

i
unction as outlined above - whether because the ice that
orms maintains a low temperature or because” the icing

was not observed soon enough: Then, it is a question of -
separating the solid hump which covers the leadlng edge by
creating a film of water between the wing and the ice with-
in less than 2 to 3 minutes.

The convection no longer plays dn essential part since
the isolating lhy~r of, ioe opp”oses an obstacle to thermal
exchange between wing and atmosphere: a cursory calculation
shows that 5 mm coating of ice should, on a fast airplane,
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deorea”se the thermic exch~nges with the atmosphere in the
z’ahio”-of”’aho.ut-1:8--if the pe+r~arnent regime is attained.
It “may therefore be supposed, esp~~i’all~ when-the regime --
is vaYiable, that the wind.of the airplane does not affect
the temperature of s wing heated ~d.coated with a heavy
layer of ice, very much. This fact makes it possible to
.dtudY the prdbrem of de~i~ing~on a wing at rest - that is,
to say, in the wind tminel. The following contains the
essential data obtained from thts ‘study.

... .. . .

a) l?igure 5 shows the”.curve gitiing the energy required
[~fikilo~joules) to separate the foe (su%ject .ta a very
slight lift: -!FromQn are’a of 1 square meter, plotted against
initial temperature of the iced surface. (During the sep-
aration, the surface Is in a thermostat with tnitial tem-
perature. ) It “is seen that the enokgy”requirod for de-
icing tncreasee about 14 kilo-joulos per square meter for
1° drop in initial temperature of the eurfaco; in addl-
tlon, the ordlnato to tho origin ef the curve is also equal
to about’ 14 kilo-joules: this is the amo-unt “of energy net-=
eesary for separating the ICO at On (1 cv consumed during
19 seconds).* Thus in the ease of -5 0 initial temperature,
it requlree five times more energy to “bring the” outer sur-
face to 0° than to melt the.adheriag ice film. Obviously,
this result is largely dependent upon the constitution of
the wing, and much upon its thermlc 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 Ace,
which gives this figure a certain value.**

. .

b).~hen de-icing 1S effec$ed d~ring a varla~le neric@
the energy Input certainly has come bearing-on it. To be-
gin rrlth, when .aearly all the energy Is supplied at the
plaae where the tact~l effect is produced, it is .of advan-

. . .
—.. . ..— .——

*Thins-energy promotes the melting of a%out 42. &rams of
ice, and consequently, the formation of a film of water ““
between. the “ice and tho wing of around 1/20 mm thickness.

**The. importance of the enQigy necessary- for heating the
wing emphasizes the. Interest of &I outside heating of. tho
‘wing~: employed an our,tes’ts. Th~ study of the heating
curve shors, moreover, that tho Ica so ar”ates when the

7temperature of the inside mall is -2t0 5, If the initial
temporaturo .is -to. On the contrary, with internal heat- .
Ing the inner surfaco must be brought above zero in order .
to .asaure separation. The gain in energy is therefore .
quite plain.
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Imcroase the elect ricml”power. “Figure 6 shows -
against the po~r in kilowatts per square motor -

tho ourve-df the one~~ in kilojoules pQ& sq&re meter re-
quired to de-ice a surface, at -4°, coated with a 6 mm
layer of ice”. It IE seen from this 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 other words, the ice separates SIX times faster in the
first case than in.the second (13 seconds instead of 83).
!l?hishas made it seem to be of advantage to divide the
surface to” be de-iced into several ssctlons which may be
de-iced successively (each section including two gymmetri-
c~l portions in relation to the axis of the airplane).

A. O!HIZORETICAL STUDY OF TEMP3RATUE2! DISTRIBUTION

ABOUT A SOLID MOVING IN A FLUID

I. Distribution of Speed Around an Obstruction

Visualize a cylindr~cal fluid jet of velocity v. (at
infinity). Vhen the fluid approaches an obstacle - say, an
airplane wing, the velocity field ceases to be uniform. In
a permanent regime and in the vicinity of a solid., it is “
necessary to consider the boundar~ la= where, as a result
Of the ViSCOSity, the soli~;iy~ie;iitea the fluid. The ve-
locity of the fluid - 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 valuo v that changes
only very slowly and which is generally terned the “local
velocity at point M of the profilo.i’ After velocity v
has been reached, we are outside the boundary layer in the
free fluid. Tho velocity v is only approximated because
the change from boundary layer to free fluid is gradual;
there cortai~ly is no discontinuity in the velocity ffeld.

In aerodynamics it is assumed that, outstde 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 boundar~ layer when dis-
placed o~er 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 aro the basis. of many wind-tunnel
tests and constitute, very likely, a sufficient approxi-
mation for the calculations resorted to.
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Not7 tho problem Of ve100ity alstrilmtion about an alr-
&all.r.e@ces t.o tho me~su~enont..of tho prossurds at tho vti,
Pmovlded that for a per~ect f.ltiidthe ‘relatfon betweem.tha .
pqessure p of the fluid at a polat and Its velocity v at
that point, is known. The vhrious assump~ions which allow
the formation of such.a relationship are briefly summarized.

. .

As first a~proximation, it Is generally assumed that
the pressure changes In the fLuld are not ~accompanled by
changes in volume or temperature and, consequently, by no .
ohange In internal ener~ - whieb is bxiefly expressed
(perhaps a little too summarily) by saying that the fluld.
1s llincompressible.il The whole fluid flow can thus be cons-
idered as being iso~herml~; the exohange of heat within
the fluid is zero and all passing phenomena are adiabatic.
~rider these conditions, the application of the energy-
conservation principle to a fluia filanant loads to Ber- .
.noulli ~s formula.

Consider & 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 Is V. and the
pressure is p. (defined by statio tube); at point M t-he
velocity Is v and the pressure p. The outflem during
the time interval At is Am; It occupies the constant
volume AVO.

The prlnciplo of the conservation of energy is:

or, If p. is the constant specific fluid mass

P lva=~+~vs
(1)

z+~ Po20

and the equation of the velocity v at paint M.. is:

.,

PO-P
, in = Voa + 2 ——

PQ
(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” chango In temperature with the pressure (and con-
sequently with the velocity) IS taken fnto account, Ah’.W

.“ .

.-.



——
I

.

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

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 came
temperature and heat exchanges producod among themselves.*
Therefore; even the fluid is assumed to .be compressible
and expansible, me would simply obtafn an approximate re-
sult by applying the principle of conservation of energy
to a thermically isolated fluid filanent: this second ap-
proximation forms the Saint-Vonant and I’Vantzol formula.

Consider the air filanent that” passes through points
A and M. If p. is tho pressure, PO , the specific

weight, To, absolute teaporature, ~nd Uo, internal “

specific energy of the fluid at point A; where the veloc-
ity is Vo 9 and if P, p, T, and U are the correspond-

ing quantities at point M ~hero the velocity is v, the
principle of the conservation of energy allows us to write:

pAV+~Amva+AmU =poAVo+~Amvoa+Am U.

or (3)

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

32=(=
P-

Cv) T; u= Cv T
P

Equation (3) then becomes:

1 la
cPT+zva=cPTo+= ‘o

whence

Va
.To(+i%)

= Voa + 2CD

(4)

The velocity-pressure relation is established by ex-
pressing the value of T/T. with tho aid of the relation
which ties tho pressure to the temperature in the isot-
ropic expansion of a perfect gas:
——— ——-—.— -———————- -———. .—
*Tromblot (Report no. 10 of this series) established equal
velocity, hence equal temporaturo in adjacent filaments of
the same section. The heat exchange consequently Is in-
significant. This holds true e~en more near obstructions,
where the velocities in the same section are no longer equal.
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the S.aint-Yenant and Wantsel for-

[

Cp-cv
--. —

+ =, (P)
‘P

Voa +’ 2C
PToL1-~ 1“”(5)

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

11. Di~tribution of Temperatures Around an Obstacle .

.

Saint Venantls formula in the form of””eqwtion (4)
gives the relation between the velocfty of the fluid at a
point and its temperature as

Va
~+c

PT=%

or, If the value of the velocity
sion in

whence
,.

function of the pressur~

+ Cp To (4)

is replaced by its expres-
(equation (5) :

Cp-cv
-— 1

[1
c -t+

.. P

T -T”=-&=ql” Gjp.c
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, ~zq
T“-TO=-TO 1-—. (6)

Equation (6) thus affords the possibility of knowing
the temperature distribution in an air filament which irlnds
around an obstaclq by measuring tho pressure on thb 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-
tion (l): Then .. .

where

or

PQ .+ c
~+cp

“- Po
T=-

Po P ‘o

T.-To =.-(m
p. Cp ‘o - P) (7)

(7 his)

It nay seo]n illogical to resort to both 3ernoulll Is
and Saint Venantls formulas in establishing formula (7),
but this contradiction appears only at low velocities, as
we have seen that the two expressions of the velocit~
~leld practically the same res~lt. In the case of y/p. =

0.95, corresponding to a velocity change of. tho order of.
100 meters per second, equations (6) and-(7) give rosulte
differing scarcely 2 percent. Uoreovor, equation (7 Vis)
follows directly from equation (6) and 1s, we assume, P/Po
near to 1 (i.e., P-PO small boforo PO)*

III. D~strilnztion of Temperatures Over
the Wall of an Obstruction

The numerous measuromonts nndo on tho therm~c phonom- .
ena producod by tho displacomont of a solid in fluid (cf.
report Kc. 63 of this series) have lod us to state that

,.
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the temperature e Of a point M .on tho wall is higher
as_tho ternperaturo !!! of them frpe fluid is cloEIor. The
temperature difference (e - T) oxi%tihg hetmeon. the two
odgee of the boundary layer”dppeniku~on the viscosity.and
the thermal conductibility of the fiuld, but practically
little on.the wall: particularly, the radius of curvat~re
of this wall does not intervene. I@ v is the relative
speed of the solid and of the free fluid at point M, we
may write; ..

. .“

...
e =sTia Ava (8)

where A is a constant for a fluid under certain condZ- #J@
tions. For air near normal condittona and speed In cen-
timetera ’per second, the constant A Is close to 4.10-0.

d“
#

, <+f~

To find the temperature difference (e - T) at vari-
/

ous points of the profile, simply replace in equation (8) .
the rolatlve speed by its value given in eq~t~on (5): .

e -T.A

If restrict

(9)

(below 100to the range of low spoods
m/s), Bernoullits more simple oq~tion can be used, whence:

[

(p. -p)
e -T =AVO*+2 -—..—.-

Po 1 (10)

Now we understand the process of the passage of tem-
perature T of the far-off fluid to the temperature e
of point M of the solid In the fluid flow. The first
temperature change T - To i.a the reeult of the adiabatic
compression, and the expanai.ons around the obstacles; dur-
ing these pressure hhanges the fluid is considered per-
fe~t and the changes are reversible. The second tempera-
ture change becomes ~nifest at the time of traversing the
boundary layer; here the Vigcogity i.ntervenea and the ther-
micieffect is by nature largely irreverai’ble. We express
the tempera~tire difference as:
.1. .. .

e - To:= (e -T)+ (T-TO) (11)

with allowanco for “the“compre”ssibllity of the fluid (equm-
tions (6) and (9]:

‘—. , , , . . . .. .-— —.. .. . . .. . .. — -- ----
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. .
F

o -Ov
P 1

1 cm I

e
+=-q+)”]+ Cp-=v
.

{“ [
*-

Cp

+A Irea+2c
(P).PTO1-:

or

1 [“1
c -Cv
P.—
ep

e - To = AT o ()
a+ Tel-A (20P A-1)

PO
(12)

Assuming the fluid incompressible (equations (7) and
(10)} It 1s:

e
1

[

(PO-P )
-To=.——

1
(pO-p) + A Voa + 2 –y–

P. Cp o

or
+

e
PO-P

- To . ~Voa + -__—
Po ( )

2A-L ‘“
Cp (13)

A bettor comparison of tho numerical values obtained
by the two equati~ns is affordod by replacing in equation
(=) the value of the temperature .To . IIF its expr,esqion
.

~ (4J - Cv):
Po ‘

[1

Cp-c ,

Po Cp
6-To=Avoa+–

Po(cp-cv) 1- (:)y (2A “:) ’12 “s)

This relaticn reduces to equation (13) in the partic-
ular case where Y/F. approaches 1. Supposing P/P. =

0.96, which, for instance; is the case of a local veloci-
ty of 130 m/s with a velocity at infinity of 100 m/s; np-
plled to equation (13), we

e - To = Avoa +

find then:

(
!?Q 2A.~
Po Cp )

0.0400
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e - To =-. (&08+&.’. )2A - 2 ‘-f3m0406 .
,%

Expressed in cm-g-s units, with A = 4X10-e,
.PP .
“Po

109”.”.
.. . . .

m’ CP = 107 .erge/!gram, tha values ~for the first case. .

are 3.333°, “and for -the secon& 3.3230-”.’.So long .as “ ..

l(P/po) -11 is less than -0.04, the absolute error does n“ot

exceed 1/100 of a degree”. This .condit$o”n was ordinarily ,
compl~ed with during the experiments related hereinafter. .

However,. if p/p. shculd become @efinltely different

from 1, equation (12) is preferable. Suppose ~ = 0.8,
Po

which is the case of a local velooity of 210 m/s with a ve-
locity at infinity of 100 m/s (customary in aviation); then
equation (13) gives +0.66°,
(12) .~ives +0.55°,

while the more exact equation
the error amounting to 0.16°.

IV. First Experimental Check

In report No. 63 (p. 67) of this series, equation (13)
had been arrived at hy a somewhat eummary argument. We
had figured, in the formula, the theoretical value nf the
constant A (~/2k).

Experiments made ~n 2 cm diameter cylinders (ch. VII,
p. 57) led to a temperature-distribution curve, the shape
of whtch agreed with that of the theoretical curve.

In view of the Importance attaching to the knowledge
of ths temperatures on an airplane wing, It seemed prac-
tical to repeat the experimental measurements, firet on a
model wing, then on a full-sized wing. The advantage of
these .wiqd-t~nel tests over.those made previously, is the
concurrent determination of both the temperature and the
pressure distrlbuti~ne. ,.,.. -.

——.—- — - _ .-— .
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B. EXPERIMENTAL LAY-OUT FOE STUDYING THI TEMPEBATUM

DISTRIBUTION OVEIl AN AIRPL4Nlll w~~ .
. . .

I. Principle

To study the temperature distribution over a wing
mounted In a wind tunna”l, several metallic masses are die-.
tributed over an identioal straight seqtion, being butlt
in flush in the intiulatfng substance of the wing. Each
-one serves as a pressure tap, .constitutlng one of the
junctions of a copper-cqnstantan thermocouple; the other
Junchion is formed by a small Cylinder R located in a
part of the set not disturbed by the wing.

During a measurement effiited a“t a certain wind speed,
all temperatures of the metallic masses are- successively
compared with those of the junction of R. In additiom,

“ by virtue of the disposition of j%nction X, if the tem-
perature of the air entering the tunnel changes during the
test, the temperature differences indicated by the thermo-
couples are no-t affected and it becomes use~ess to deter-
mine the air temperature exactly.

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

11: Original Arrangement

Mr. Ikpresle, Chief Aeronautical Engineer, had placed
at my disposal a G~ttingbn airfoil section No. 387, while
I started to make a small model of it for preliminary test-
ing In the small tunnel (1.80 m jet diameter) at Issy- les-
Moulineaux.

This model, of solid wood, of 1.10 m span and 0.22 m
chord, had 12 pressure and 12 temperature orifices as ln-
dlcated in figures 7 and 8.

Each temperature orifice is fitted with a copper tap
as pres?nted in figure 9 (dimensions in tenths of mini- .
~tbrs), which fits flush in the woo~, the surface AB be-
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ing-finiehed to gtve the smoothest .poeslble wing surface.
~&2..~-.d~~t~~ O~pper, ui~e.and~ Q02..mm.diarneter eon- “
stantan ware 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
(fig. lo). . At the point of emergence the 12 eonstantan
wires cbre i.nterconn~ated and $oi~ed to the constantan wire
of the referenoe ~unetion (visible below the wing In fig.
lo). The difference In potential E, betwe,en the copper
wire of, say, tap 2, and the copper wire of tap R, gives
the difference iq temperature between tap 2 and tap R (fig.
11).

The pressure taps are small hollow copper cylinder;,
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 constantdn wires,
are uses 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-
nection with the rubber tubing outsise of the air 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-lieudon. The section with
the pressure taps and the section with the temperature
tapS are symmetrical”wlth respect to the plane of symme-
try of the wing ana 0.41 m away from it. The orifices, 13
in number, are alviaea over the top ana bottom 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 coristantan wires sol-
dered to the different pfleces of copper, terminate at one
point C inside tho wing (fig. 13): between the tap and
po.lnt”C, all wires are of eq~l length (1 m), so that the
resistances ef the thermocouples will be the same. “ At “th~s
point C al~ terminat-es the const~tan wire of ,the junc-
tion R, lecated outsida tho zone of influence of the wing,
The difference in potential between the copper wire juno-
tion R and the copper mire of a tap - say, 2 - derves to
measure the difference in temperature between tap 2 and
junction R.

..

..
.— —.i — - . .—
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The pressure taps lead ”diroctly to a.multiple manom--
eter uhich allows th~.determination of every pressure at
the same. instant., by photography, while a manometric tube
haoked to a pitot tube giyes the speed at~ infinity .Vo at
the same instant. ..

. .

~~gure 14 gives a view of the hook-up. The wing is
mounted on a falred metal epindle and permits atigle-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 gal~anometer between the copper wire
of junction R and that of the particular.tap, a deflec-
tion is obtained which depends on the -temperature differ-
ences between the two junctions (1.e”., on the thermoelectric
electronotlve force) and on the total resistance of the .
circuit. This second variable can be eliminated with ther-
mocouples having the sane resistance and using the same
length of constantan wire between junction 3 and each of
the taps, and the same length of copper wire between the
galvanometers and each tap. Naturally, the galvanoneter
itself”is calibrated by”neans of a thermocouple identical
with one of thoso used in the installation. A multlple
switch installed as s~own in figure 13, affords in a few
minutOs, the various tonperature differences corrospondin.g
to divers taps. With the ll~ipplit~e galvqnometer enployed,
it was easy to measure O.O1°. . . . . .

Vith t>e first arrangement rro had installed a compen-
sating nethod for measuring the thernoel.ectric ”ele”ctrono-
tivo forces; In view of ihe tinlng factor-involved in ord-
er that the comparison of tomperhtures at.the different
points reaches” tlie 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. Pressure Recording

The manometer gives direct, the pressure diffe~ence
P - p. between the tap to which it is connected and a

.—
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static tube looated in the tidisttirbed #et. A pitot tube

supplied the value po-voa/2, where pa and V. are the “..s---.... ..
8~~i’fl~.w’e’l~ht”&d”’ kho ‘spe~d-~n the und$etur”bed jet. I*..
is.reobmmended computing, .for @terpret@g the. resu:ts, the

(p - Po )
restilts tihich alone Is figured. in the tables.
.f (P6VOV2): . “ . : . ~ ~

. . . . .

G. MODEL TEST tiTA. “ “ ~
..

.. ,... .

.. I. . Prinoiples”of Mea~uremen$s “. “
1,

i. I

The measu~em~nts were started fn Jtie 1936P in the
small wind.tuntiel at Zssy-les-Moulineaux.

. .
Since it was pos~ible”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 Incidence, of -
1) the wind speed; 2) the- temperature at 12 points of the
@~ ~%he ~ressura at these same points). It is true that
the incidence variation occasioned a concomitant change In
wind veloolty, but a sIight action on the rheostat of the
fan permitted of bringing the speed to a constant value
(45 m/s).

It should not..~e necessn~y to repeat the results of
more than one test series, since they are nearly all @f
the same degree of regularity.

,

II. Tabulation of Temperature-Recording Data .. .. . ●“.

. .

The incidence was measured with referenoe to thetan-
.

gent to the lower wing surface (wall correction effected). -.
Table I gives, for each incidence, the temperature at the
various junotions, numbered from 1 to .12 (the temperature
at junction E being eotited”as zero temperature). The num-
ber 1 corresponds to the ~undtion at the leading edge;
numl!iers 2; 3, 4,%; 6, 7, and 8, to the #unotibns at the
upper surfaoe mf~the. wing, e~iznted from-bhe nohe- toward’..--F.
*he tall; num~ers 9; 10, 11, aind 12, to the junotions on
the lower surface of the wing, counted from trailing toward
leading edge. R’igure 8 gives, at the same time, the posi-
tion and number of junction.

I

I

1

-— .— — —
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Tem-
per-
ature
tap

1

2
3
4
5“
6
7
8
9

10
11
12
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TABLE I

I
-6,400 -3.60°

0.51
1.01
.82
.88
.76
.74
● 79
.91
.94
.88
.85
.70

0.69
.91
.73
.79
.60
.71
.76
.95
.88
.85
.85.
.79

Inciaenoe .

.0,70C

0.95
.92
.74
.67
.61
.72
.86

. .96
.92
.89
.92
.74

+2.20° +50

0.98 1.00
.86 ,77
.70 .58
.67 .65
.61 .59
.68 .68
.87 .83
.95 ■95
,95 .86
.89 .74
.77 .V4
.77 .86

1.02
.70
.46
.51
.53
.74
.85
.98
.95
.83
.83
.89

0.91
.60
.45
.48
.48
.69
.85
m94
.91
.82
.82

“.82

+14. 70°

0.73
.37
.28
.37
.50
.78
.81
,84

1.01
1.01
1.01
1.01

——

The rough result of the measurement for junction No. 4,
for example, presents the temperature difference e botwoen
junction 4 and that e. of junction R. We easily pass from
the difference e - 60 to the differenc6 between temperature

e of junction 4 and the temperature to. of the air in the

air stream, by writing:

e -to =(e-eo)+wo-to) (14)

According to previous meaduremonts (cf. Report No. 63
of this series) the temperature difference between a small
solid conductor and the air, in relative displacement of ve-
leoity To s substantially follows the equation (30 - to =

4.2 X 10-s voa, with ‘o expressed in centimeters per seo-

ond. For V. = 4,500 cm/s, it iS 60 - to = 0~850 and,
consequently: .

e -to =e-f30+o.850. (14;bis)

These are the dtfforences e - to shown in table I.

The four missing figures for juncti~n 11 were due to an ac-
cident on the wires connecting the ~Wcti@n during the test=

—- —
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II I.” Pr@ssure Tables
— --.... ... .. .. . .. .. ...

The” rough result of a pressure record Is the .pressurq
difference ‘P at tho particular tap and the static pressure
Po in the undisturbed air stream. The pressure difference

P- Po is “measured with an alcohol nanometer; the successive

pressure measurements with the same manometer are eas
T

since
the pressure-tap tubes escape the air stream (fig- 10 .

Inasmuch as it is the.r=tlo of p - p. to the dynamic
Vo =

pressure p. ~ , whtch is of interest in the application—
(p - Po )of the formulas, this quantity —— is given In

(p. vo=/2)
a

nondimensional form In ta-ole II. The value of p. ?$- is

given direct by the pitot tube in the undisturbed flow.

TABLE! II

Pres.
sure
ta~
.-

1
2
3
4
5
6
7’
8
9

10
11
12

.-—.

-6.40°

.-——

-2.89
+.89
+.25
-.10
-.50
-.60
-.37
-.08
+qo2
-.05
-.19
-.76

Incidence. .——

-3.60°
I
-0.700

——

-1.24
+.67
-.10
-.41
-.76
-.73
-.42
-.10
+.06
+.02
-.08
-.50

—-

——.

0
+.40
-.49
-.76

-1
-.83
-.47
:.12
+.09
+008
+.02
-.30

——

——

+2.200

+0.73
+.03
-.94

-1.10
-1.29
-.97
-,51
-.14
+.13
+.14
.+.12.
-.05

—.—

+5°

———
+0.98
-.52

-1.40
-1,45
-1.51
-1.04
-.53
-914
+.17
+.19
+.20
+.16

————

+7.80°

..-——

+0.92
-1.12
-1.95
-1.87
-1.78
-1.19
-.58
-.14
+.20
+.25
+.29
+.35

+10.700

+0.55
-1.73
-2.44
-2,27
-1,97
-1.19
-.55
-.12
+.22
+.30
‘4.37
+.49

F14.700

———
+0.20
-2.62
-3.15
-2,71
-2.12
-.1.02
-.33
-.27
+.25
+.35
+.46
+.67

Difference
. ...!-

IV. Calculation-of Temperature

The application of the formulas set Up in section ~
page 7, mad= it posslbl.e to pass from the pressure differ-

—— — —
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(P - PO)
ences, or ‘better, of the number to the tem-

(P. VOW )

porature differences 0 - to. It was proved justifiable

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

e - to = Voa
rA+po-p A
1. ( 1

~ -~ )]
Po 2

.
(14)

Here :

‘6 = 4,500 en/s.

A = 4.2 x 10-edeg./(cp/s)a

‘P
= 107 ergs/gram deg.

whence :

8

e ( P-P
- to=2025 x 104

)
4.2 X 10-6 i-—–-: X 0.8 X 10-a “

p. ~

6 - “t.
P-Po”

= 0.1?5° + 0.16° —-—
a

PO *

(M)

Then it is easy to paSS from tahl~ II to table “III,
which contains tho temperature differences e - to ob-
tained with equation (15).

I
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TABLE III . .

21

1. ‘
“2 .
3
“4
5
6
7
8
9

10
11
12

.—

. .

a
w8 .40

.-—

0.38
.99..
.89
.83
9’77
.75
.79
.84
.85
.84
.82
.73

--—

—.
.“

-3.60(
..

——-
0.65
.96
.83
.78
.73
.74
.78
.84
.86
.85
.84
.77

— -.

. . . .. . . . .
Incidence

——

-0.70°

0.85
.91
.77
.73
.69.
.72
.77
.83
.87
.86
.85
..80

+2.20 o

. .
.—

0.97
● 85
.70
.67
.64
..69..
.77
.83
.87
.87
.87
.84

+50

1.01
.77
.63
.62
.61

..69
.7%
.83
.88
.88
● 88
.87

o!
*7.80

-
1.00
.66
● 54

. ..55
..57
.66
.76
● 43
.88
89

:90
.91

—-—

! V. Accuracy of tho Preceding Data

——

+10.70°

0,94
.57
.46
.49..
.54
.66
.76
.83
.88
.90
.91
.93

;14.70°

0;82
.43
.35
.42
.51
.69
.80
.81
.89
.91
.92
.96

—.

1 . .

i 1. First . It is attommtod to ascertal~ the degree of

I accuracy which-may he looke~ for in the oxperimontai evalua-
tion Of e - tO (equation 14).

L
~ Accosding to”-tablo”I, tho tomperaturo difference 0 - 00

i between the reLevant, junction and junction R does not ex-
1 teed, in absolute value, hy”~” the experimental conditions
1 (vo = 45 m/s); it is repeatedly of the order of l/lOO. How-

ever, the. experience we were able to gain’in the many temper-
ature measurements so far,

I
does not permit us to guarantee

this temperature difference any closer’than around 1/20.0.
.“

i Tho same absolute error fi.guros Iri the term e. - to
I

I
and, for PO = 45 mjs, this term may be considered as rang-

!. Ing between 0.8° and 0.9°.

I
! Lastly, (3 - to may he affected by an absolute error
}
I

of 0-;10. The measurements are therefore not very accurate,
since the numerical values do not exceed 1°. We should have

~ more ~ccu~ate measurements at much higher speeds, and it
I might ha~ve been in’teres~lng, If this had been poesfble, to .
4 mount the model in a high-speed tunnel.

I .—. .— —.—- . -- .—
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2. The result of computing 0 - to by means of ea.ua-

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

(P - Po-—-— These errors amount, at the most, to 2 to 3
(p. voa/2)’

percent. But allowance should also be made for the large
systematic arror which may follow the choice of the con-
stant A. We took A = 4.2 X 10-8, which we had obtained
precisely in tho wind-tunnel tests for a wide range of
speeds, but.it may be that in actual tests the valuo of A

drops to 4.0 x 10-8; in this particularly unfavorable
case the formula ‘for 0 - to becomes:

e - to
P“ PO

= 0.805° + 0.2025° ——
Va

Po +-

The-”discrepancy, ns comparod with equation (15), then
exceeds O.1OO.

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 - to at varioua points of

the wing for a given incidence), or by plotting 0 - to

against the incidence for a given point. Plotting the ex-
perimental points obtained by mmns of equation (14) OQ
the preceding graphs, we either find the points lecated
near the plotted curves - in which case the theory Is ver-
ified within the indicated accuracy - or else distinctly
greater discrepancies. In the latter case It may be at-
tempted to ascertain whether a slightly different value of
constant A would bring. the curve closer to the exporl-
montal values,

VI. Temperature Readings

To plot the tomperaturo readi~gs (figs. 15 ta 22), we
tako the normals to the 12 points of tho wing to which tho
pressuro or tomporature corresponds, and traco on those nor-
mals lengths proportional to the figures contained in an

—... —--- ,-—-. . ...
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identloal oolumn bf table IZIW “The points thuta obtained
are then oonnected by solid l~ne. Hear the leading edge-.-— - - -.-. , --.
the traoe of reading is-”~qt”very ioourate becauee of the
great airfoil camber; “In faot~ “In spite of the sohrcity of
test orifloes in this zone, “the polntie are fairly distant
from each other. Moreover, a slight mistake in the posi-
tion of test.orifice nom .1, entiails a great ohange in dl-
reotion of the normal and consequently, in the position of
the corresponding figurative point.

Then the values figuring in the oorresp~nding oolumn
of table I are Indicated on the same normals and the ex-
perimental points marked without plotting tho curve.

““ Examination of tho eight r~adings corresponding to
the eight. explored Inoldenoes” allotis the comparison of the
theoretical and experimental results.

VII. Temperature Variation Curv&E 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 III
(theory) , and the doto to the figures in table I (teet data).
The result 1s: 12 charts (figs. 23 to 34) for 12 test taps.

VIII, Comparison of Theoretical and Experimental Results

On the whole, the experimental points approach tho
theoretical curTes to within less than O.1OO. If the
points corresponding to lead, No. 8 are eliminated, for
three neasuremente alone (four - twenty - four), the dif-
ference exceeds:. (Incidence -6~40° and junction Ho. 1;
0.11, inoldenoe -3.60° and #unction No. 5; 0.13°, inoidence
+10.70° and #unction No: 12: 0.110, differences which are
still compatible with what we could expect In the experi-
ments. , . .

. .
The points ari etationed -“so”ti?timks a~ove, sometimes

below” the ourves, which ~r.eludes the exibtenoe of large
systematic departure. However,” for lehd,Ho: B(fig..3O),
the experimental points ars dl~tlnctly. abovq the curve;
perhaps a ntruotural defect (defictive level “of the, June-
tion, defect in the thermocouple circuit) tias tho cause of
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tion, defect in the thermocouple cir”cult)”was the cause of
these differences.

It may be “concluded, from the foregoing results that “
formula (15) represents the experimental results obtained
o’h the model and that the theory exposed In section A
sure”ly.constitutes e first acceptab”l”e approximation.

D. RESULTS or T%JSTS WITH A WING

I. Test Conditions .

The measurements were made Novem’b?r 17, and 18, 1936,
In the large mind tunnel at Chalals-Meudon. Here, the
wing incidence adjustment required the stopping of the
tunnel. Again it was necessary to make eight series of
measurements corresponding to different incidence (-6.1°,
-3.10, oo, ~.lO, 6.~0, ~.lO, ~2020, ~6,40). These lnci-
dfinces are those of the tangent to the lower camber of the “
Gottingen airfoil section No. ,387; they were corrected for
wall effect. The air 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 Recording Table

Table IV gives, for each incidence, the value of tem-
perature difference 0 - to at “the different Junctions
marked from 1 to lZ (e, junction temperature; to, temper-

ature ,of air in infinite stream). Junction No. 1 corre-
sponds t“o 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, counting from tall torard loading odgo~ I’iqure 12
illustrates both the location and numlors of the junctions.

Again, the rough resultmof tk.e”measurenent is the dif-
ference between temperature e of the junction and tem-
perature 00 of the reference junction r located a lit-
tle upstream fron tho.wing. We paas from e - 80 to

e- to by adding the term e. - to which, for 38 m~s

8p09d, ie nhout 0.60° (formula eQ - to. = 4.2 x 10-~ Poa

is usoi conslstontly). Those are th9 differences - to
given in table IV.
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TABIIE IV.—
. Incidenoe “Teet

ori-
fices

-——

-6.10° 3.100 F6.10°

0.60°
.520

.37°

.38°
,~40

.49°

.56°

.630

.640

.620

.620

.620

.630

-—

I-9,“100

——

+12,200

0.56°
.24°
.18°
.210
.31°
.440
.58°
.640

.660
‘ .670
.670

.700

.680
—

●3.1OOI +0° +16 ,40°
—“

0.390
,16°
.100
.160

.34°

.510

.540

.560

.660

,670

,680
.720
.720

-———

0.56°
.730
.58°
.560

.430

.550

.58°

.620

.61°

.590

.550

.48°
,~lo

.——

.0;710
.35°
.26°
.220

.32°

.500

.57°

.640

.660

.660

.65°

.69°

.700
——— —

1

2
3
4
5
6
7
8
9

10
11
12
13

0.62°
.680
,520

.500

.460

.52°

.59°
,660
.620

.620

.58°

.58°

.400

0.71°
.670

.49°

.450

.42°

.470

.57°

.690

.660

,610

.61°
,560

.48°

0.730
.60°
.440
.320

.370

.540

.60°

.650

.65°
,650
.640

.61°

.600
.—— —

.
.“
.

111. Pressure Recording Table

Toward the miadle of m test series a multiPle manOmeter—
connected to the different pressure taps is photographed.
we thus obtain

TABLI V——— —— ——.— ——————
Test
ort-
flces

1
2
3
4
5
6
7
8
9’

10
11
12
13

Incidence-—-.-—

-6.10°
-——
0.30
, .92
.13

-.37
-.55
--.40
-.21
.07
.10
.00

-.18
-*59
-1;52
.—

00
-——

F12.20°

-0948
-2,09
22. 3“1
-2.00
-1.33
-9.51
-.23
-.13
.19
.27
.36
.62
.87

—-.

01P3.1O ~+6.10° +9.10° +16 .40°
——
-1810
-2.47
-2.37
-1,85
-,89
-.55
-.54
-.47
.11
.27
● 41
.70
.97

——

-3.10°

1.00
-=,21
-.98
-1.22
-lgo4
-.58
-.27

● 09
.18
,15
● 13
.14
,05

0;76
-,71

-1.41
-1*5O
-1.18
-.62
-.27
.07
.19
.20
.22
.31.
.38

—.—

0.66
,79

-.11
-.53
-.07
-.44
-,23
.07
.11
● 02

-.10
-=.42
-1.10

1.00
,42

-.48
-.86
-.86
-.54
-.27
.Q?
.14
.09
.01

-.34
-.48

0;31
JT38
-1.87
-1.76
-1.28
-.64
-.24

● 04
.20
.25
,30
.46
.67

.———-
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which contains the differences between the pressure p at
the various pressure taps and the static pressure P. in .

the undisturbed stream. A second manometrlc tube conneated.
to a pitot tube gives .the value of p. vo=/2 at the qame

Instant. These values are given nondimensionally (p -

(Po V08/~) “in table V. . “ . * “ : ,
Po )/

.

IV. Calculation of T6mperaturo Differences .

(? - PO )
As before, the change from —.—- to tempoiature

, (p. vo’/2 )

differences 9 - te is effected by means of formula:
●

r“8- to=vo’A+-~-p (A-~-
L PC) voa/2 ‘ 2%?

)]

and on the basis of A = 4.2 x 10-adeg./~m/s)a and cm = 107

ergs,lqram deg. , but, here, V. = 3,800 cm/s, hence :

0 - to = 0.60° + 0.12° -Po - p (16)
Po voa/?

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

Test
ori-
fices

1
2
3

4

5
6
7
8
9

10
11
12
15

TA3LE VI-—— .—.— -_— ____ ...——.——-.—-———-----——————--———
Incidence

.-———

-6.10°
——. .
0.63°
.710
.61°
.56°

.530
,550
,580

.61°

.61°

.60°

.58°

.53°

.4~:

-3.10°

0.680
.69°
.590
.540
.520
.550

.570

.61°

.61°

.60°
,5~o

.!55°

.48°

.——

0°
———
0.72°
.65°
.54°
.500

.500

.530

.570

.610

.62°
. .610

‘ .60°
.580
.540,.—---

.——-

?.100
L. —

3.72°
..57°
.480

.450

.470

.530

.570
..61@
.62°
.62°
.620
.620

.61°

—-— —.—
01

6.10 !9.10°
.“ I
0.69°” 0.640
.510 I .43°
.430

I
.38°

.420
● 3.90

.46C .45°

1

.530 .520

.58° .57°

.61° .60°
,S20 .62°
.620 .620

.530 .64°

.64° .65°

.65° .680——— .——.

‘—n-l-———
12.20 16.40°

t

,—— ——
0.540 0.470
.35° .300
.320 .320

,360 “.,380

.44° .49°
-540 .530

b570 “ .530
“.58° .540 ““
..620 .61° .
;630 .630

:64° .64°
.67°

I
.67°

.700 .72°
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v. Accuracy of Results
b ... . . .. .-“. , ------ -. ..

-1 As in the model tests, the h&rectomeasurements of
e - to are subject to. an error of 0=1 . When the speed
is slower the acouracy certainly is not as good as In the
model tests.

Then, too, since the measurements were not, as a rule,
repeated, there Is ne information as to the fidelity of

\
the measurements. Five sertes of tests were ~de on Hovem-

● ber 17 (Incidence -6.10,. -3~l”, 0°, 3=’1°, 6.1 : for the

next day (incidence 6.1°, :9.10, 12.20, 16.40); thoee for
., 6~l” were repeated two. days later.’ The results mere as,.

follown:

.— —— —— .————-—

T

—— ——1
Te~t

ori.iice 1 2 3 4“”5 6 7.
——
Nov. 17 0.66° 0.52° 0.37° 0.38° 0.44° 0.49° 0.56°

NOV. 18 .68° .46° .300 .28° .340 .48° .58°
— —- .— —.—- .——- — —-— ———. —.
“Test

8 13
orifice-—- .
Nov. 17 “9 20 ::20 ::2?0.63° 0.64°

I
0.63°

. .
NOV. 18 .64° .63° .63° .64° ,620 .60°
—-— ——

The figures at times are distinctly different: besides,
even the pressure measurement themselves manifest notabls
discrepancies, as seen from the-following:

-—

Teqt
T—

1 2
orifices—
mov. 17 0.76 -0.71

NOV. 18 .65 7.93
—-—— .—

Test 8 ‘9
orifices

Nov. 17 0.07 E)”.19

~OVa 18 :.05 .19

—-— .—

3

-1.41

-1.55
————

10

0.20

. .20

-1.57 -1.21 -.62
!

-.25
-—m m

11 I 12 I 13. I
=FT=t-

.-231 .341 .48,

-—
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In the face of suoh 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 (tablo IV),
we li”mit oure”el~es to plotting the temperature readings.

VI. Tempcraturo Ileadings
. .

The procedtire Is the sane as for the model; the curves
present the theoretical e - t~, and the points, the cor-
responding experimental values. The eight readings (figs.
35 to 42) relate to the eight explored incidence. The .
graph for 6.1° was plotted by means of the values .observed
on I?ovemher 17.

VII. COMPARISON

The tests made on Noyeiber, 17 nust,be separated from
those made on Novomber 18.

.
,

As to-the five test series. of Novenber 17, dt may”be
said that the experimental check with the theoretical re-
sults. The discrepancies do not exceed 10° except for two
points over 65 and they correspond to two consecutive
measurements (test orifices 4 and. 5, incidence 3m.10)0.

Contrariwise, the three test neries of ~pvember 48,
disclosed large and systematic discrepancies at orifices
2, 3, 4, and 5 which, at groat posimtivo incidonces, corre-
spond to the depression zone ovor the top surface. One
plausiblo explanation for thlu strange hokavior is that.
the imputed obser~ations are precisely those made at the
beginning of the tests. The tests may have been made
rather fast on”l?ovomber 18 - the steady regihe not quite
roached - so. that the junctions had not as yot attained
their stondy” temperature at the time the noasuronent was
taken. ?n fact ,,a.s already stated in V (p. 27), the Novom-
ber 18 aoasurecents do hot seen to confirm t300? of Novon-
bpr 17, and this holds for both the tenporature and tho
prossuros. I do not th~nk tha,t much impor~a”hce~ attaches
to the discrepancleq o“f Noyember 18. “

In conclusion, ‘and boarigg ii mind L ahova all” “- the
fidelity, of the: .restilts obsorved on the model, at may-he
said that tho simple th”oor~ ekplaln”ed’ in sec%lon A, i’s““I “.

5 .., . . .. .,,
;

,

. . ..._— .. .-—.. . . . . . -—..—. --l
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prnctloal enough for evaluating the temperatures at differ-
ent points of a“ single wihg and deducifig the. distribution
of tho pressures and toanpora+ures. In particular, in the
ease of the wing investlgqted here, we take as results to
be examined, those which exprese the theoretical “curves
plotted above (flge. 35 to 42). ...

. .

D. APPLIOA!CIO19 OF TEMPEHATIJHE ~&UliEMENTS 019A WING

I. Wing Warmer Than Air

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

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

P = P. + Pa vo3/2; for this point (p - Po)/(Po Vo%) is

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

. V08
em-to=—

2Op

which, with
‘P = 107 ergs/gram deg., gives:

em - to = 5 x 10-a Voa

Hence , at points of the ring whore It is maximum, %he
heating reaches 5° for n speed of 360 k.p.h. (223 n.p.h. ).

2. ‘At the points on the wing where depression pre-
.vails, the bhermic effeots due.to f~lctlan and those due
to depression are restrained, hut tho usual result is a
heating because the thermic effect due to friction exceeds,
as s rule, that due to depression. What is necessary, in
fact , in order that a point of the wing shall have the *em-
pera$ure of the undleturbed flow?- It Is necessary that the
value of (P - Pov(Po. qjqa is such that the difference
e to~ becomes zero: ‘“ - . .

.. .!. . .
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.e
[

- to = Vof( A“+ =..(’&A)]=o
. PtJ ~Qa12

%hich gives :

With A = 4.2 X 10-8 deg. /(cn/s)a ,

P - PO 4.2 -5

—— =-DPO ~oalz

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

11. Change of Temperature with thB Speed

The temperature at the various points increases propor-
tionally to the square of the speed if the la17 of pressure
distrilmtion - that is, to say, the local values of

(??- PQ )/(P. vo=/2 ) - does not vary with the Reynolds Num-

%or (equation 13).

In passing from the model to the wing tests, the dimen-
sions are altered h the ratio of 5 to 1.1, and the speed
in the ratio of 38 to 45, so that the Reynolds Number is ap-

“ proximately multiplied by 4. Are the valuee of (P -Po)/
(p. voa/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 )/p. voa/2)

against the incidence (figs. 43 and 44) it is ebserved that,
even when dleregarding that which OCCUTS at high incidence
where the discrepancies are very pronmznced, the difference
between the curves for -the wings and those of the model are
largely above 10 percent. These. differences can even becomo
greater if one paeses from the case of tho wing at 38 m/s
to tho practical case of a wing at 76 m/s (2.70 k.p.h. ).
Hence the statement that this 10cal heating is proportional
to the equare of tho speed, is an approximation. \
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III. Temperature Distribution
- ...- .--,!. -,.

1. Toward the taal the tempo raturo always approaches
the valuo

e = to + 4.2 x 10-8 v%

It is little affeeted %y the tncldence of the wing.

2. But, near the loading edge the results vary with
the inci.denoe. Yor negative incidenoe - that is, toward .
the top camber - the temperature iS higher, mhilo on the
bottom camber a dopressien zone defines the cooler region.
At positi.vo incidence the depression passes to the top
camber; it is there that elevatlon of the temperature will
be least. The bottom camber, on the contrary, is the hot
zone.

Some figures nre 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° incidence, the excess
e-t. of 100al temperature 6 over tho air temperature
to is In proxlmlty of the leadin,~ edge - 1.5° toward the
bottom camber, mhilo reaching 3.5° toward the to
At positivo incidence the excess 6 - to is 3c5g ‘amber.at the
leading odgo but may drop over tho top oamber as much as
1.50 for 15° incidence.

IV. Effect of tho Nature of the Wing

It iS to be romemberod that the experiments were mado-
on a single wing and that no allowance was made for the
thermal conductivity in tho wing mass. Incidentally, the
heat exchanges of a wing with the atmosphere (by forced
convection) are of grea,ter imporfan~e than those which
may be observed in the material (hy conduction); the thick-
ness of the metal of which the wing is made is always small.
The substlttiti.op of a metal wing for an isolated wing evi-
dently acts in the sense of m~lng the temperatures uni-
fg.rg, tied to the existence of a heat flow from the warmer
toward the coolor points, lut the results will nevertheless
not bo substantially different.

Translation by J. Vanior,
National Advisory Committee
for Aeronautics.
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Figure 3.- Effect of altitude on temperaturedifference of a Badin
antenna at 15.9 watt power input.
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Figure10.- Model mounted in tunnel.

Figure 14. - Ving mounted for test.
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Figs. 8,9,11,12

Figure 8.- Pressure and temperature

L+K)-J
Figure 9,. Temperature

tap fitting.

etatimaa on the model.
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B.
1

— .——
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—.
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Figure 11.. Circuit ~f
thermocouples.
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I
Figure 12.. Preseure and temperature stations on wing.
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Figure 15,- Temperature record at-6.400 incidence(mcdel).
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Fib-e 16,. Temperature rqcard at-3,60‘.incldence(mcdel)
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Figure 17..
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i Scale
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1 0.20
I
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.

Temperature record at .7° incldence(moddl)

-e 18.= Temperature record at 2,20° incidence(model).

————— .—



—.- —-

H.A.C.A. Technical

..- . ..

Memorandum No. 883 lrige. 19,20

Scale
0,20

Temperature record at 5° incidence.

,
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(

T~erature record at 7,80° Incidence.
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0,20

(model)

I .—.- -.—



?

—. . .

M.A.C.A. Technical Memorandum No. 883 H@. 21,22

\

I .
Figure 21.- Temperature record at 10.7° incidence(model)

o

IV.gure22. - Temperature record at 14.7° Incidence(model).



>—.—. . - —.

!
I?.A.C.A. Technical MemorandumHo.883 F@. 23,24,25

----- . 1.5-.

1.0
I

0.5 tack—.
-10 /-5 o 5 10 15

Figure 23.- Temperature cumes @f tap 1 plotted against the angle
of attaok(model)

:10 -5 0 5 10 15
Figure 24.-Tenrperaturecurves ●f tap 2 pletted againnt the aqgle

●f attack(mcdel)

1.o

5

0 .
-10 -5 c 5 10 15

Fl@re 25.- Temperature curves ●f tap 3 plotted against the angle
of attack(mcdel)
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Figure 26.- Teuperature ourvem of tap 4 plotted against angle of
attaok.(model)

0
-lo 0 10

Figure 27.- Te~~rature curvee of tap 5 ~lotted againet angle 0;5
attack. (model)

1,0

o
-lo -5 0 5 10 15

I?igure28.- Temperature curves of tap 6 plotted againmt angle of
attac& (model)
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Figure 29.. Temperature curvee cf tap 7 plctted agdinst the angle of
attack(model).
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Figure 30.- Temperature curves of tap 8 plotted against the angle of

attack(model).
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Figure 31.. Ibperature curves of tap 9 plotted against the angle of

attack(model).
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i?igure32.- Temperature ~ves of tap 10 plotted against angle
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‘Igure33.- Temperature curves of tap 11 plotted again8t angle of

attack. (model)

ttack..—
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llgure 34.- Temperature curve6 of tap 12 plotted agalnet angle of

attack. (model)
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Figure 35.- Temperature record at -6,1° incidence. (wing)

3 1° incidence. (wiag)Figure 36.- Temperature record at - ,
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Figure 37.- Tenrperaturerecord at 0° incidence, (wing)
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Figure 38.- Temperature record at 3,1° incidence. (wing)

Scale

39.- Temperature record at 6,1° Incidence. (wing)

Figure 40.- Temperature record at 9,1° lnci~ence, (wI%)
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IH@re 41.- Temperature record at 12.2° Incidence(wing).

Scale

07

I’@ure 42.. Temperature record at 16,4° $ncldence(wlng ).
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(P-PoY(Povg/2) 0

v

Fig. 43.- Com_parison of results obtained on medel and en wing
at pressure tap No. 3.

i (TJ-Po)/(Povg/2)
??ig.44.- Comparison of results obtained with the model and the

wing at pressure tap No, 12.
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