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ATRODY AHIG HDATING ALD THE DEFLECTION O DROPS BY
AY OBSTAGLu IN AN AIR STRPAM IIf RDLATION TO AIRCEAFT ICIKNG

. By Arthur Xantrowitz
SUMMARY

Twoe toples of intsrest to persoas attenpting to anply
ths hent msthod of proventing ice formation on alreralt
are considered. Surfaces moving through air at high spsed
are shown, both theorotically and expsrimsatzally, te be
subjoet to important acrodyasmic heating effocts that will
netorlally reduco the heat reguired te provaent ico.

Humerical czlculations of tho pathe of wator dreps
in 2a zcir stroeam oround a eircular cylindsr nre givon,
From thoso celculrtions, information 1s ebtainod on tho
porcontngo of the swamnt nrea cleared of drops.

IETRODUCTION

Thc JACA hos boon coaducting a program te develep 2
mothold of usinz ongino=oxhaust hoat to proveat or te ro-
movo 1co formations on nireraft. Tho chief objcet of this
paper 1s to provido ianformation that will be useful to
rorsone attompting to =pply this mothed.

: T™wo subjocts aro iacluded ia tiaoe yrosort invostiga-
tion:

l. Tho tomporaturo rise of surfacos erpesod to
‘bounndarr~layor friction hans boen studlod.
This natural termperaturo risc is oxpocted
metorially te reduco thoe nmount of hoat ro-
quirod to kasep o surfaco in nigh-spood flight
ahove tho freczing tomporaturo,

2. Tho patke of water drops in an alr stream dis-
turbed by the prssence of & clrcular eylinder
havs besn numerically calculated. The calcu-
lation of these paths leads to informatien
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on tho percontage of tho swept area cloarod
of drops by the circular cylinder. This in-
formation saould bo of assistonco in ostimat-
ing the hoat rcquirecd to overcome tho supor-
cooling of drops that striko tho wing.

AERODYHAMIC HEATIXEG

In vigcous fluid flow tho lossos in mochanical onargy
appoar as hoate If all the lossos in mochanical onorgy
in a fluid olomcnt aro assumcd to appoor as hoat in that
elcment, thon tho total onorgy of tho olomont will romain
conotant. A surfacu oxposod to boundary-layor friction,
but othorwiso thormally isolated, would then bo expooted
to rench a tompornturo higher than tho outsido air by an
{ amount dotorminod by tho cssumod rolation that the oxcoss
tonporaturo onoergy of tho alr stoppod at tho surface cgualo
\ the mechanicnl onorgy of the outsido air.

The validity of the proceding assumption can be ex~
{ anined for cases where the bvoundary layer is thin. The
total onergy per unit mase of en eloment of mass of the [l

—— = ——

3
air is %r + JopT, whore u 1s the volocity in the di-
roction of flow; J, the mechanical oquivalont of hoat;
¢y, the spocific hoat at consztant prossuro; and T, tho
ugaoluto tomporaturo.

It will bo shown that tho total enorgy is unchangod

by changos in proseure and, undor cortoin conditions, by .
viscoaity ond heoat conductivity. If viscoulty is nogloet-
od,

pu du = =-dp

whoro p 1is tho prossuro and p iz tho dcnsity of tho
air., For porfoct gases this oxpression bocomes (if hecet
conductivity is rcglucted)

2
a(% - Jepr)=0

In a thin boundary layer the contribution duo to the
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a2
heat coanductivity k 1is Jk §;£ and thnt dua to the
viscosity w ‘lc’ g% u %% ). wvhero § 1s tho coordie-

nate perpendicular to tho surfaco. Tho total cnorgy con-
tridbution from thesv sourcos por unit timo 1s

aE ¥ 3 , A
— = Jk — —— 0 e— (1
at vt P oy ay) )

Wioa tho fluid entors the boundary leyor, thoso two
contributions nra rclatod if the fluid stertod from a

P
holds initially. Thus, ogquiiion (1) bocomes iritinlly

2
uniform strecam becruso, in this case, %; + Je_ T = constant

Jx _a_a i w® N\ 3 o du - 4=
dy*2 2Jc, 3y 8y at

or
(iﬁ_ 1)3"_ ai) . 82 S
k oy \2 at Xk

Wow, if ecpu/k, which is called o0 _ or th¢ Prandtl numbor,
is uaity, “QE/dt 18 zoro and 2u® 4+ JepT? will remaln
constant.

This anclysis i2 zlso vnlid for turdbulont boundary
loyors if p  diaecludos the oddy viccosity and Xk tho
odiy heat eonduction. For turdbulont boundary layors,
then, O will bu closor to unity bocaurc the oddy vie-
ceality is oquel to tho oddy heat conduction divided by
tho spocific hoat, a3 in Roynclds! annlogy.

It 1s roniily shown that tho aiatribution u°/2 +
JcpT = coastent 1e the condition for no hoat transfor
from tho anrface beonuco in that ccse

97 b P 2 T du
5] «-mid¥] --E-[F] -0
¥y=0 Pt ¥y=0 cp LA J=0
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A purface exposed to a boundary layor (in a fluid feor
whieh o = 1) but etherwise thormally iseclated will there~
fore reach a teuperature To ¥ ug®/2Jcp. (T, and ug

are ;;eo-nzrean,valuqs.) This result has beon provicusly
cbtainod for compreesible laminar flow along a flat plate
(reforones 1). =

For air, o is 0,769 (at 0° C) for laminar boundary

. s .

loyore and, in this caseo, gL; %; is positive; honce dE/dt
b4

is negative and a riso in temperature of the stogpod fluia

somovwhet loss than the adisbatic rise (ug®/2Jep) would bo

expeetod. Pohlhauson (soo roference 2, p. 627) caleulatod

the temporcture rise for the coec O ¢ 1 ond obtainod ap-

proxinately ui(uoa/aJep): and for O = 0,769, his ro-
sulte givo 88 percomnt of the adinbatie risc. For the tur-
bulent boundory leyor, ¢ 1is elcser te unity and a scme-
whet larger tomperature rise sheuld be axpectod.

The ¥ACA 24-inch high-spoed wind tunnol (reoforence 3)
cffers an oxcelloant epportunity te teet these theooretical
conclusione for twe ronsons: Pirst, high spoeds rosult in
large, caslly mcasurcd temperature differancos; and seoond,
tho tost-soctlon air has becen oxpanded from atmosphorie
conditiencs. Thus, the datermination of the difference dbo-
twoox surface temporaturc and atmoespheric temporature will
give a dircot moasuro of the differonco betwoon tho sur-
fnce toaperature and tho temperaturs tho surface would
have had if it had experionced thoe adiabatic temperature
risecs Tals difforonco boing much amcllor than the actual
tonperature rire, o ceonsiderabdle gnin in accurcey is of=-
focted by this method.

Tosts wore thorcfore counductod in the NACA 24-inch
tunnol of an ~irfoil properod as shewn ian figure 1. FPlat-
inun wircs 1 feot leng having a diancter of 0.002 inch
ware enbodded in balsa inscrtc in a E=inckechord aluminun-
alley HNACA 00127 airfeil. The balsa insorts were painted
and the paint was rubbed te o cmooth surfaca cxposing tihe
wires. The wiros wore so placed that ene would bo in the
laniner bouadary-layer ragion (at 10 percent of the chord)
and one in the turbuleat layer (at 70 porcent of the
chord).

Tho surface temperaturec wera detarmined by measuring
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the .resiotance of the wires, which were calibruted after
the wing was tested. Atmospheric temporatures wero
fourd bYofore and after sack test point wns taken by de-
termining the wiro resistancos at a vory low tunnol spood
(30 to 40 mph).

In order to check tho mcthod of moasurcaont, a wire
was inscrtod at tho_stazaation poiat of an NACA 0018 air-
foll and tho tomperaturcs worc mecasurod over tho rango of
spoods. As wns anticipatoed, no siguificunt difforonco in
tonporaturo betwosn tho stagnation point and tho atmosphoro
was found to cxist.

The results for the FACA 00127 airfoll at 0° angle
of attack are rlotted in figure 2. The temperaturo rises
aro nearly equal to the adiabatic, as was expected. The
fact that tho wiro in the laminar flow gave a considorably
lowor tomperaturo than the omc in tho turbulont flow is
chiefly due to tho fact that tho precosurc at 0.10c wao
lower than at 0,70c.. Thic lower prossurc producos &
groater tomperaturc drop in the flnuid Just outsido tho
boundary laycr and thereforc, ovon if the samo fraction
of this drop worc rccovored across tho boundiary layor, o
lovor tecmperature would bo oxpectod at tho lowor prossuro
point.

In order to obtain o comparison of tho tost rosults
with thoory, the temperaiuro rises across the boundary
layer were computcd. Tho locul pressures woro obtainod
by caleculating the low-speed prossure distribution by
Theodorsents method (referonco 4) and correcting for com=-
prossib{i&ty by multiplying theso precsuros by

1/ 41 = M3, EKEore M, the iach nunber, is tho ratio of
the veloclty in tho tost section to the veloclty of sound
in the test section. The local Mach number and tho tempere
ature or the alr outsido the boundary layor woro then cal-
culated from this prossurc distribuvtion for the laminar
-and the turbulont stations. Tho percontage of tho local
tomporaturo drop outside tho boundary layor that was ro=
coverod in the boundary layer 1o shown in figuro 3, It
should be pointod out that the points plottcd for local
Mach numbor of the ordor of 1.0 or greator havoe littlo
moaning becausa tho prceceding mcthod of caléulating tho
local prossuro is invalid in thoso cascs,

The tomperaturc riscs acrose tho laminar boundary
layor &ro only slightly smellor than thoso across tho ture
buloat layor. Tho scatter of tha pointe in tho turbue

— e - —
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lent layer was also greater than in the laminar layer.

It was thought that perhaps the bhoundary layer at the 70-
porcent station might be laminar part of the timo. This
poseibility wes eliminated by noting that a strip of XHo.
80 emor¥ placed Just bdack of the wirs at 0.,10c¢c had no
offoct on tho temperaturoc rieec of the wiro at tho 0,.70c¢
station,

Tho tomporature ricos for high spcods aro largo
onough to havo an important offoct on alrcraft ioing. In
particuler, cairplanes travoling at spoedo groator than
300 milos por hour would probadly not oxporicnco tho most
sovoro ieins conditions, which occur at atmospheric tom-
poraturos only a fow dogroos below froorxing. dAdorcdynamic
hoating is also probobly tho roason for the lack of aay
ico formation on tho outboard rogions of propollore ox=-
copt undor conditions of oxtromo cold and low tip spood.

If tho ico formod nnd was slung off by contrifugal
forcc, tho shear atrongth of ico indicctos that piocos
loss thnn ono-oighth inch thick, which ought to bo light
onough to stick, should bo found.

This phenomeonon ought to mnke it oasicr to cupply
cnough hent to provont ico formation ou high-spood air=-
plencs bocauso a consideradblo part of tho nocossary hoot
will bo suppliod by tha doundary-leyor friction,

PATHS OF WATER DROPS

Tho most dangorous ico formctions are produced by
tho striking and tho froozing of tho suporcoolod wator
dro» oa itho alrecraft. Inasmuch as supcroooling of thoso
drops can removo an approciablo amount of hoat, tho frac-
tion of tho swopt aroa that is cloarod of drope by a wing
should b of interest in the provention of ico formation,
Also, for cosce whorc tho dropo froozo on impact, as in
tho formation of rimo, a4 reclation botwoon the icod aroa
and the uaximum drop size can be obtcined from a knowledge
of the paths. In order to provide qualitative information
on theso and other points, numerical calculations of the
drop paths in air flowing at 200 milee por hour around a
circular cylindor 1 foot in diamoter wore made.

The oquation of motion of a drop is
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av .
. Ptk i (Y - V), (8)

whoro m 18 tho mase of the drop; V, 1ts volocltys

D, +tho draz of tho drop in an alr straam of voloeity

(Vv - v,), where Vs 1s the local air velocity and

(7 - Va)1 is o unit voctor. Tho drag con be takon from
data for sphercs given by Zahm (referconce 5) for a drop
of dismcter d as

2 =0.88 2 2
D = {aa (Y - Vga)a + 0.48}[3- p (¥ = ¥a) ’!-G-] (7)

v ] 2 4
The leeal alr veloclty nround the forwnrrd part of o cyl;
inder coan bo found from ths petontinl function (refeor-
once 5, p. 30)

r? y .
y= U ——2— o
A ( x2 4 y2 y)

whora U 15 the stroam voloeclty; r, the ecylinder radi-
usi and tho coordinatos ars muasurcd from tho eontor of
tho eylindor.

The voloecitice parallel end perpendicular to the
stream direction are

a\:l ( r2 2raya )
W= — = U - -1
a}— x2 4 ya (xz + ya)a
. (8)
e W o Jrexy
ax (x2 + ya)a

The cquation of motion of the drop war then numorie
eally intogratad. A drop of o given sizo wns assumed to
be at o given ordinato ¥, and at an abseirsa x, large
onough thnt the initial accoleruztion was emall} tho drop
was nlso nszumcd to havo the froe-siream vclocity. Tho
local oir vclocity V, wns then obtained from oquation
(8) and the alr forco and the accoloration from equntions
(7) ard (8)e Tho drcp wns essumed to move with this vo-
locity aad sceoleration for a shert timc intorval At
and new coordinatos arnd 2o new veloclty were computod aftor
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Langloy Mcmorial Aoronautical Laborutory,
Nationay Advisory Committcc for Aeronautics.
Langley Ficld. Ya., July 24, 1940,
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