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SUMMARY

Two topics of interest to persons attempting to apply
the heat method of preventing ice formation on aircraft
are considered, Surfaces moving through air at high speed
are shown, both theoretically and experimentally, to be
subject to important acrodynamic heating effects that will
materially reduce the heat reguired to prevent ice

Humerical calculations of the paths of water drops
in an air strecam around a circular cylinder are given,
From these calculations, information is obtained on the
percentoge of the swent dreo cleared of drops.

INTRODUCTION

The JACA has becen conducting a program to develop a
method of using enginc-exhaust heat to prevent or to re-
move ice formations on aircraft. The chief object of this
paper is to provide information that will de uscful to
persons attempting to apply this method.

Two subjocts arc included in the present investiga-
tion:

1, The temperature rise of surfaccs exposed to
bouandary-layer friction has beern studicd.
This natural temperature risc is cxpected
materially to reduce the amount of heat re-
guired to keep o surface in high-speed flight
above the freezing temperature.

2. The paths of water drops in an air stream dis-
turbed by the presence of a circular cylinder
have been numerically calculated. The calcu-
lation of these paths leads to information
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on the percentage of the swept area cleared
of drops by the.circular cylinder. This in-
formation shouwld be of assistance in estimat-
ing the-heat requirecd to overcome the super-
cooling of drops that strike the wing.

AERODYNAMIC EEATING

In viscous fluld flow the losees in mechanical encrgy
appear as heat. " If all the losscs in mechanical encrgy
in a fluid elcment are assumcd to appear as hcat in that
clement, then the total energy of the clement will remain
constant. A surfoce exposced to boundary-layer friction,
but otherwisc thermally isolated, would then bec expected
to reach a tempernturc higher than the outside air by an
amount determined by the ossumed relation that the oxcess
temperature cnergy of the air stopped at the surface ecquals
the mechaonical cnergy of the outside air.

The validity of the preceding assumption can be ex-
amined for cases where the Ptoundary layer is thin. The
total energy per unit mass of an element of mass of the

2
air is %; o JcpT, where u 1is the velocity in the di-

rection of flow; J, +the mechanical equivalent of heatl;
the specific heat at constant pressure; and T, the
a rolute temperature. ' :

It will be shown that the total energy is unchanged
by changes in pressure and, under certain conditions’, by
viscosity and heat conductivity. If viscosity is neglect-
ed,

pu du = -dp
wherc P 1is tho pressure and p is Lhe density of th
ss h e

air. For perfcct gases this expression becomes (if h
conductivity is neglocted)

(&}
at

.
- _ o
d.< 5 JcpT >

In a thian boundary layer the contribution due to the
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. , o R .
heat conductivity k "1is Jk-g—2 and that due to the
' ’ y . ’
viscosity @ is o 1 2u >3, where y is the coordi-
dy oy

nate perpendicular to the surface. The tctal energy con-
tribution from these sources per unit time is

QF 827 5 du
— = Jk_' - 2 -+ p, —— u —‘> (l)
dt 3y 3y Oy

When the fluid enters the boundary layer; thesc two
~contributions are rela ed if the fluid started from a

. : -
un*

uniform stream becousc, in this case, — + JcpT = constant
' ‘ 2

holds initially, Thus, equation (1) becomes initially

372 2 ' L

R A S D \ 4=
2 T c v/

oy BJCP Jy dt

or .

FE ) -

Now, if cpou/k, which is called o ovr the Prandtl number,
is unity, ~dB/dt is zero and 30 + JcpT will remain
constant.

This analysis is also velid for turbulent boundary
layers if » ineludes the eddy viscosity and k the
eddy heot cencduction. For turbulent boundary layers,
then, O will be closer to unity because the eddy vis-
cesity i1s cquael to the eddy heat conduction divided by
the spccific heat, as in . Reynclds! analogy.

- 2 . 2

It is reedily shown that the distridbution u°/2 +
JcpT = coastant dis tue condition for ne heat transfer
from the surface becnaqc in that case
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A surface exposed to a boundary layer (in 2 fluid for
which © = 1) but otherwise thermally isolated will there-
fore reach a temperature T, + wp®/2Jcp. (T, and ug

are Tree-stream values,) This result has been previously
obtained fnpy comprgssible laminar flow along a flat plate
(reference 1).

For air, o 1is 0.769 (at 0° €) for laminar boundary

=y 2 )
layers and, in this case, ng %; is positive; hence AE/dt
y
is negative -and a rise in temperature of the stopped fluid
somewhat less than the adiabatic rise (uoz/chp) would be
expected. PFohlhausen (sce refercnce 2, p. 627) calculated
the temperature rise for the case O # 1 and obtained ap-
, ¥ 2, .
proxinately o® (uq /2Jcp); and for ¢ = 0.769, his re-
sults give 88 percent of the adiabatic rise. For the tur-
bulent boundary laycr, ¢ 1is closer to unity and o some-
what larger tomperaturce vrise should be eoxpected.

i~

The H4CA 24-inch high-speed wind tunnel (refcrence 3)
offers an excellont opporturity to tcst these theoretical
conclusions for two reasons: First, high gpecds result in
large, easily measured tenperature differences; and secoand,
the tcst-scction air has been cxpanded from atmospheric
conditioans. Thus, the dotermination of the difference be-
tween surface temperaturc and atmospheric temperature will
give a direct measurc of the difference between the sur-
face temperature and the temperature the surface would
have had if it had expericnced the adiabatic temperature
riscs This differcnce being much smoaller than the actual
tenpercoture rise, a considerable gain in accuracy is cof-
fected by this method. -

Tests were thorcefore conducted in the NACA 24-inch
tunncl of an airfoil prepered as shown in figure 1. Flat-
inum wires 1 foot long having a diamster of 0.002 inch
were einbedded in balsa inscrts in a S-inch-chord aluminun—
alloy WACA 0012T airfoil. The balso inserts were painted
and the paiant was rubbed to o smooth surface cxposing the
wires., The wires wvere so placed that one would be in the
laminar bouwadory-layer rogion (at 10 percent of the chord)
and one in the turbulent layer (at .70 pecrcent of the
chord). ' g

The surface temperatures were detearmined by measuring
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the resistance of the wires, which were calibrated after
the wing was tested. .Atmospheric bemperaturses were
found before and after each test point-was taken by de-
termining the wire resistances at a very low tunnecl specd
(30 to 40 mph).

In order to check the method of measurcment, a wire
was inscrited at the stagnation point of an NACA 0018 air-
foil and the temperaturcs were measured over the range of
specds. As was anticipated, no sigunificant differcnce in
temperature between the staganation point and the atmosphecre
was found to exist. '

The results for the NACA CO0127 airfoil at 0° angle
of attack are plotted in figure 2. The temperature rises
are nearly equal to the adiabatic, as was expected. The
fact that the wire in the laminar flow gave a considerably
lower tcmperature than the one in the turbulent flow 1is
chiefly due to the fect that the pressurc at 0.10c was
lower than at 0,70c, This lower pressurc produces a
greater temperature drop. in the fluid Jjust outegide the
boundary laycr and thereforc, cven if the same fraction
of this drop were rccovered across the boéundary layver, a
lower tcmperature would be cxpected, at the lower pressurc
point,.

In order to obtain & comparison of the test results
with theory, the tempe* ture rises across the boundary
layer were computed, he local pressures were obtained

¥y calculating the low—speed pressure distribution by
Theodorsen's method (reference 4) and correcting for com-
pressibility by multiplying these pressures by

1/ /1 < M2, Here M, thke Hach number, is the ratio of
the vbloc1tv in the test section to the velocity of sound
in the test section. The local Mach number and the temper-
ature of the air outside the boundary layer were then cal-
culated from this pressure distribution for ithe laminar
and the turbulent stations. The percentage of the local
temperature drop outside thcé boundary ‘layer that was re-
covered in the boundary layer .is shown in figure 3. It
should be pointed out that the -points plotted for local
Mach number of the order of 1.0 or greater -have little
meaning because the precceding method of calculatlng the
local pressure is invalid in thesdé cascs.

The temperature riscs across the laminar boundary
layer are only sllgh ly smaller than thosc across the tur-
bulent layer., The scatter of the points in the turbu-
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lent layer was also greater than in the laminar layer,

It was thought that perhaps the boundary layer at. the 70~
percent station might be laminar ~part of the time.. This
possibility was eliminated by notlng that a strip -of Ho.
80 emery Dlaced just back of the wire at 0.10c had no
effect on the temperaturc rise of the wire at the 0.70c
station.

. The temperaturc rises for high speceds arec large
enough to have an important effect on aircraft icing.  In
particular, airplanes traveling at speeds grcater than
300 miles per hour would probably not expericnce the most
severc icing conditions, which occur at atmospheric tom-
peratures only a fcw degrees below freczing. "Acrodynamic
heating is wlso probably the reason for the lack of any
ice formation on the outboard regions of propellers cx=~
‘cept under conditions of extrcme cold and low tip speed.

If the icc formed and was slung off by centrifugal
force, the shear strength of ice indicates that picces
less thon one-eighth inch thick, which ought to be light
"enough to stick, should be found.

This phenomenon ought to make it casier to supply
"enough heat to prevent ice formation on high-spced air-
planes becausc a considerable part of the nccessary heat
will he supplied by the boundary-layer friction.

PATHS OF WATER DROPS

The most dongerous ice formations are produced by
the striking and the frecezing of the supercooled water
drop oa the aireraft. Inasmuch as supercooeling of these
drops can remove an appreciable amount of heat, the frac-
tion of the swept area that is clearcd of drops by a wing
should be of interest in the prevention of ice formation,
Also, for cascs where the drops frceoze on impact, as in
the formation of rime, o relation between the iced arca
and the maximum drop size can be obtained from a knowledge
of the paths. In order to provide qualitative information
on these a2nd other points, numerical calculations of the
drop paths in air flowing at 200 miles per hour around a
circular cylinder 1 foot in diameter were made,

The equation of motion of a drop is.
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2 A . .
m— = = D(V - V), (8)
at - .
where m is the mass of the drop; V, its velocity;

D, the drag of the drop in an air stream of velocity

(V - v,), where V, 1is the local air velocity and

(7 - a) i's a unit vector. The drag can be taken from
data for spheres given by Zahm (reference 5) for .a drop
of diocmcter 4 as ~

(V- vg)a]=o-o® VL oy - v ma® |
= 2 = . - -
D {osf . + O48IL2 PV - o) M ()
The local air velocity around the forward part of a cyl-
inder can be found from the potontial function (refer-
ence 6, p. 30)

ve ()

where U is the stream v01001ty; r, %the cylinder radi-
us; and the coordinatcecs arc mecasurcd from the center of
the cylindor,.

The velocitics parallel and perpendicular to the
stream direction are

=
il
{

—

' 2 ¢ 2
Y gy (T 2r®y _ 1>
oy \x2 4 y? (x® + y?)=

o2rex
vV o= = A = U Y 3
ox (x2 + y?)

4

The equation of motion of the d;op wag then numerie-
cally intcgrated. A drop of a given size was assumed to
be at o given ordinate Yo and at an abscissa X4 large
enough that the initial acceleration was smally the drop
was also assumed to have the free-stream vclocity. The

local air velocity V was then obtained from equation
(8) and the air force mnd the acceleration from equations
(7) and (6). The drop was assumcd to move with this ve-

locity aad acceleration for a short time intorval At
and new coordinates and a new velocity werc computed after
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this interval. The process was repeated until the drop
either hit or clearly missed the cylinder. Ian this way,
the maximum initial ordinate that a drop could have and
still strike the cylinder was found. Thus, the area

swept clear of drops was .found and is plotted in figure 4.
From the same calculations, the region of the cylinder
struck by the drops was obtained and is plotted in figure
5. This region would be the area covercd with ice if the
drops were of uniform size and frozc on contact.

Langley Mcmorial Aeronautical Laboratory,
National Advisory Committce for Aeronautics,.
Langley Field, Va., July 24, 1940,
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Figure l.- Cross section of aluminum-alloy NACA 0012T airfoil
used in tests,. ’
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Figure 5.- Variation of area of right circular cylinder struck by drops with drop diameter.
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