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ECENICAL NOTE NO., 783
A FLIGHT INVESTIGATION OF EXHAUST-ZEAT DE-ICING
g By Lewis A, Rodert and Alun R. Jones
o SUMMARY
| The Hational Advisory Committee for Aercnautics has
‘ conducted exhaust-heat de-icing tests in flight to provide
data needed in the application of this methecd of ice pre-
vention. The capacity to extract heat from the exhaust
! ges for de-icing purposes, the guantity of heat “ecuired,
and other factors were examined. The results indicate
! that a wing=heatirg system employing a spanwise exhaust
tube within the leading edge of the wing removed 30 to 35
percent of the heat from exhaust gas entering the winge.
3 Data are given from which the heat required for ice pre-
vention can be calculated. Sample calculations have been
! engine power h g
made on a bssis of existiag X ratios to show

/e wing area
that sufficient heating can be obtained for ice protection
on modern transport airplanes, provided that uniform dis-
tribution of the heat can be secured.

Previous ACA investigatious
have indicated that the use of exhsa
Hiical means of providing ice protect
wingy but 1t has beer found that add

2 cessary beforc full-scale applicat i
be undertaken., Tests have been made to determine how much
heat can be taken from the cxhaust gas and how much heat

: is required for ice protection. In addition, some obser=
vations were made on the temperature-~distribution charac-
teristics of model wings, the nature of the mechanics of
ice prevention and removal, and methods of control in ex-
haust heating systems to aid in the interpretation of the
data. Calculations were made to determine the applicabil-
ity of the present result to several modern transport air-
planes.
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APPARLTUS TESTS
fhe tests were conducted in fiight on a model wing
having an HACA 0012 sectiop, a span of 4 feet, and a chord.
of & feet. The model wing wss mounted between the wings
on an ZBM FNavy biplane. The general view of the test ap—
maratas is ghowh In figurs 1s Figure 2(a) shows *he model

b) illustrates the interior

i
on the airplane, and figure 2
h The construction was

const”uction of the model wing.
imilar to that used in all-metal wings having two spars
and stressed skin. End plates were employed in order to
Preserve, as much as 3055131 s the two-dimensional air-
flow@cheracteristicss Duriag onc.of the firs
the outboard end plate was insulated from the
determine whether the heat flow from these plat
be considered, but it was found to be negligi

{2
e

In the tests condvected to determined how much haat
coowld . be exbraeted from the exhaust gas, an exhaust tube
was placed inside the wing along the interior of the lead-
ing edges (Sce fig. 2(b).) The mechaznics involved in
the heat excha:ge for the model ‘iz this form are explained
Wbk Ghevadd of figure 3¢ Beatbt is. transmittéd from . the
exhaust tu“ to the wing'skin by radistion and convection.
The transmission by convection is conitrollcd b/ changing
the circulation of air through the model interior. Heat
i® picked up by the air between points & ond B {(fig. 3).
fhe air follows a path through the after portion cof the
wineg, as-shown in figure 8, and lpses a Large part of dis
heat to the wing skin. Aay heat remaining ir the air is
lost ot the treiling edge through a discharge slot ex-
cerdine*the entire spen of the wing.

in the hot-air system, air was heated by an exhaust
heater separated from the mecdel, s shown din figure 4.

A photograph of the model when heated by hot air is shown
in figure 5(a). The heated air flows along the Ieading
edge of the model and thenee through the after portion,
as it did when the exhaust tube was used. The hcat trans-
mission ‘and tho de-icing tests were made with the model
adapted -for the use of hot air bescause the morc precise
measurencnts were obtained with this method of heating.
thiee Xhaush Ygasledren wo of the eylinders foom the
airplane eigine was used as a source of heat in all the
testiss ‘The rates of Tlow ¢of the éxhaust goas and the air
involved in the experiments were measurcd by the use of
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erature-difference measuremnents were
while the ambient—air tenperature
reury -thiermometer. The tenpera-
the exhaust gas and the ecirculabted
cas and the air-flow neasurcrents,
cf the heat exchange in .the model.
distribution was observed from tem~
at pumerous ‘points on the nmodel skimns
skin thermocouples are shown in fige
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Visual records were obtained by photographing the ice
FToranations and their removal with & 35 mm motioan—-picture
camera. The cazera ond the mounting are shown in figure 1.
Icing conditions were sinulated by the discharge of water
fronm spray mozzles in froni of the model. The desired

L4

at. the proper altitude.
. Sne ==
hown in figure 5(1p).

tempernatures were o 3 it
e spray noegzzles in operation are

Test proccdure.- All the tests were made at an ailr
speed of 100 miles per hour and, as has been noted, at
mero angle of attack. The heat transpission tests were
nade in "cry" air (no visible moisture) ond in nisty cloud
fornations which were thick ezmough to cause the wing sur-
face to become thoroughly wetted. The tests in the clouds
wepetvaken boibe ‘representative of actual icing conditions ,
except thet the temperaturc of the air was.&bove, instead
of below, 32° B . Becausc ‘the tests were made to neasure
the heat traanspmisgion in which the temperaturc differcnece
was observed, this dewviotion is belidwed to be a walid
procedure. Vo attenpt was nade, therdfore, to conduct
thesier Tl ghts ot any parsticular air techuperatures
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De=dcing tests weres rmade with air
tween 17° and 25° F. The spray nozzles
dropicontent in the air strean comparabl
weny sevierc dicing cendition. A distinct
the testing procedure betwecn ice preven
mowviale Icc-prevention tests were nade t
heating requirements for the prohibition
the model wing. The ice-removal tests w
seirvie the operction of and to measure th
for the TLHOJ"l of ice fermed before the
on. Motion pictures were taken duriang %
and the ice~remcval tests.

RESTLTS AXD DISCUSSICH

e

Thie regults of 'the ftests to determi
the exhaust—~tube nodel t¢ renove heat fr
are given in table I. The data indicate
axn exhaust tube in the leading edge of ¢
sysben that removed 30 to 35 percent of
exhaust gas entering the wing.

grvied that, by =2

amomnt “of “air circul
extract heat from the exhauss gas was re
and that a larger portion of the ncat wa
the forward 30-percent portion of 'the wi
the tenperature risec of the leading-edsze
ereased and the temperature rise of the
decreased waien the circulation of air wa
sealing the baffle. The tenperature ris
portvion of thke wing when the air circula
18 larpgely idue to the $ransfer of heat £
edge ia 2 rearward direction through the
Altbough a chordwise distribution of heat
¥y the air convection over the outside of
heat given to the boundary-layer air faor:
partly recovered by the wing surface rea
eat s wasteds The most efficient use
obtained when the distribution results i
peracsiure rise over the region that is. to

Although 'the reduction of the quant
culated through the wing nmay result dia a

S
bted within the wing,
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eney of the heatvime of thel entiite wide 'surface, &
feraition of other factors idindicates that the coneen-—
n of heat at the leading edge nay be desirable.
provisior for increasing the quantity of heat that
to the leading edge is desirable when
nely severe icing conditions are en coun tered. The
: should always be kept fre- fron dce, ewven
eretionsl may iorm om the af e poxtiton  of Mthic
&g is 'shown by referenc surface protu-
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The transnission of heat fron the nodel wing is given
iintiic cefisecalent orm finbpable T ICE fA icomparisionifoll Sihelires
sults obtained in the present investigaticon with those
given 1u rofe¥ence 2 is made pogsible Yy the ‘inelusion ‘Im .
the tabvle of 2 caleulated heat—-transfer coefficient based
oz the wing chord and the air-stream wvelocity during the
present bestse. DThe heagt—trangfer coefficient '« was cal= R
cullabed from % fornula

aQ =

gn whiehd Q&g the heat tted from the nodel wings

Bt per Wours: | Al “Hhe tenperature risec of the

Rnodel ‘skin abowve ambiel grees Fahrenheit and

Ao EEh e Siotal 'surfiace e nodel, square feet. .
(In this report the tot T & area 1S appreximated

by using a value cqual to twice the product of the wing

span and chord.) It is nobe: e dry—~air cocffieicent .
obtained in the present tes G822 b e E Stiae

calculiated wvalluels EFron vefe L “ut the

present tests were nade with ¢ wherea

the previous work wag done on a ierk ¢ 1, KAy eX-

Dl anny Gle 'dif fcronco. The s er are be-—

ISeved ‘tloltbe aceurate T o w

Suel poss il ity of de vould
nakerithelfreswi ts of the: pr :sts appli-
cable to full-scale design stardy  of
refierence 2 From the data p i c¢fercnce,
an ‘equation was deriwved to express the heat—-transfer coei-
e em i star o g sl fodl of a) knowdh chord and at any vellccs
glva P aweded Sihas the coecfiicicnt 1s available sfor an
g aioEN S ebs distial miadla e N iinl slelehdony lof & ftnown iehordgliand
tested at a known welocity. ¢

thel derivied  equaticn ast

n
c 7
C V C
e e e (1)
OC b c /
SO ¥
i avhich
'
(04 heat sbransfer coefficiant, B*u,hour/square foot/
iegree Fahrenheitd
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c wingiehord,  feet
v veloeity, niles per aour
n exponent determimed by angle of attack

andWthe isuvseript

(®)
o

lenotes present test conditioas

flrom reference 2, ot exulsiag fangles of lattack | in
Totapprexinately 05 8. It seers nore reasonable that n
copand el oxpressed as a fuanchion of bhe average A1l Vie—
Toleikby over 'the surface dn guestisn rasher than asia
Buneitii o fafl  thel anglieh of atibaek ) @s in reference 2 Sone
charaelleris tic of dhe s =hbhle - 1LAft) e oedeEns
e Memshi Neloulid tth en be e the average—velocity
Gerngtand She exponent 1 e hawe o) nore Senecea
neaniag Begerc available, bowecvors
he walue o rioe e If e
values Oy and Biare sube
stituted and ©yy Trespec-
vl @R
70«8
@ = 0.6 ~5z (2)

If it.ecn be assunced that a waniforn tenperature wise
has been obiaired over the entire sirplane wing, the nla-
inum heat required to prevent ice formations, Quin, Is
given by

Qnin = @(SZ - l) A (3)
iR wadieh B igl she anbisnt-air Senperaburey dezfees
Mabrenhkheits A, the tctal surface area heateds sguare
feede and, Q@ s ims Bty pex howrlh Mie mainimun healb
Qrnin nmay be expressed as a funetion of airplane clhord
and speed, ond the amhieat-air tempernture nay be expressed
by substituting the valué of o fron quation (2) in ecqua-

tleon (o)

170 o8 s
Qin = G.56 = (g2l =L i) i _ (4)

dscl mieity  meniicfieiem, (HHe

If ytlbe tenperabture rise ¢ W
£ BL o Yelgirait B e S Nrasl el il e s oy

reguiired heat aceordin
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the extent of which will depend upon the tenperature vari-
atlon over the winge.

Ice=Prevention and Ice~Rcmoval Tesis

The tenperature rise, during the ice-preveantion tests,
over the nodel wing surface varied rather widely from the
leading edge to the atrailing sdge; therefore it was ox~
pected that the heat expended for ice prevention would be
in excess o the calcalmtea hieat ‘regquired,

The results of the ice~prevention and the icc-renoval
Tests e ‘@iven 'in table FFi, Several of the ice-removal
tests were ropeated for photographic pruposes, during
which flights icc fornatioas on the leading edge varying
from 1/2 to 1 inch in thickross were removed 10 to 30 sec—
onds after the heat was admnitted to the nodel. he re-
sults from two different ice-prevention tests are included
in the tabie In the first tests, the heat suppnlied was

graduvally reduc d until ice formations were noted; then
the heat was slowly increased until all the ice was re-
movede. In the second tests, the heat was reduced until
the ice started for form but 4id not spread beyond a small
region near the trailing edgen. The residual ice on the
wing during a typical test of this kind is shown in Ffigure
6

On ‘& basids of the hea

t~transmission tests, the heat
input of 567 Btu per hour per

ne

n

square foot coeorresponds G0
an average calculated temp ture Tise of mbout 309 T,
Because the outside-air temp rature was 24° F, a tempera-
ture rise of only 8° P was required. Thus, without a
uniform temperaturs rise, the quantity of heat required
for ice prevention would be several times as great as
would be predicted by the use of equation (3).

Several ice-removal tests were made to observe, with
the moticon-picture camera, the manner in which the ice was
eliminated. In each ins%ance, the ice covering the lead-
ing edge was rcmoved in less than 30 seconds and, as shown
by the results in table III, in as low as 10 seconds. Fig-
ure 7 shows the type of ice formaticn that was remnoved,
and figure 8 shows the same formation a few scconio after
the heated air was admitted to the wing. The blurrcd re-
gions on the photograph are piecss of ice being blown away
from the wing. Ice formations on the after ponbsonof fthic
wing werc rendily removed whon heated air was circulated
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throughout the interior of the wing. When the model that
was heated by the exhaust tube was tested without internal-~
air circulation, the rcmoval of ice from regions near the
trailing edge (icing conditions being discontinued) was
slow, and a greater total quantity of heat was employed
than during other successful ice-removal testse.
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the exhaust—~gas energy wasted by
excess of the useful power and, therefore,
used economically, the first assumption wi
The sccond assumption also appears to be

cause portions of the wing covered by the

1f the heat) ‘ds
171 ihel wadidide

the nodern engine is in
f

conscrvative. be~-

fuselage or en-

gine nacelles nay not reguire protection fronm ice forma-

tions. It may be shown by reference 3 tha
of the lifting
be covercd with ice and would not produce
in aerodynamic efficiency of the airnlane,
tection for the flaps and the ailerons sho

]

On the basis of these ossunptiosns and
the prescent iavestigation, the tcemperature
from the use of an exhaust tube inside the
0 caleulateds: An appro

.

e
applicd heat per square foot, g, is give

P (= .
g = = (E), Btu/hour/square f
29
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AT = &
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The results cf these caleulations are show
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TABLE I.- Heat Exchange Data from Exhaust-Tube-Model Tests

Air circulated!Heat content | Heat removed|Heat trans-|Percentage|{Percentage |Efficiency
through model| of exhaust from exhaust| mitted of heat of renoved |of exhaust
gas entering| gas by model| through entering |heat trans-|tube model
model wing skin of wing mitted
above model removed | throuwsh
ambicnt air by model |[model skin
(1b/sec) (Btu/hr) (3tu/hr) (Btu/hr) system (percent)
019 259,000 1C0,500 89,000 39 8o 34
.16 251,000 86,000 74,500 24 87 230
G 284,000 96,000 96,000 54 100 o4
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TABLE II.- BHeat Transmission Data from Hot-Air-Model Tests

Weight of air|Heat added to|Heat trans-|EfficiencyiAverage Heat Calculated | Suriaoc
circulated circulated |rmitted from| of model !|temperature!transmission|heat trans—|condition
air rodel skin,| heat ex~ |risec of coefficient, Imission of wing
Q change rnodel skin a coetficient
above fron refer-
ambient air : ence 2
| AT (8tu/hr/ (Btu/nr/
(1b/sec) (3tu/hr) (3tu/hr) | (percent) {97 sq £t/°F) | sq ft/0W)
— |
1
Owi8 44,500 30,500 69 78.3 Lo 15 Dry
s 45,000 29,900 66 65.3 gl - Wet

 S—
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TASLE III.- Ice-Prevention and Ice-Roroval Data

Hot-Air Model Wing)

Air circulated

Feat dissipated|Outside air|Type of tests Renarks
through nodel |terperature
skin
(1b/sec) (3tu/hr/sq £t) oy
C.08 Gl 23 Preventiom 1lIce nrevented over
entire wing
046 567 Rk Prevention |Ice formed alonz the
trailing cdge (see
fig. 6)
<176 1300 24 onoval Ice removed over the
leading edse in 10 sec-
onds .

ST
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Figure 1.- General view of XBM airplane, showing wing heated by hot air,and
motion-picture camera mounted atove and in front of model.
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NACA T.N.783 Fig

Figure 2a.- Model wing heated by exhaust tube and mounted on XBM airplane
for flight tests.

S

’ Figure 2b.- Model wing in construction showing exhaust tube along interior
| of leading edgse.
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Figs. 3,4

End plate

Figure 3.- Set-up of wing heated by exhaust tube, showing path of exhaust gas and air through
the model and the location of skin-temperature thermocouples, x.
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» Figure 4 .- SBet-up of wing heated by hot air, showing path of heated air through the model and
the location of skin-temperature thermocouples.




NACA T.N. 783 Fig. 5a

Figure 5a - Wing,heated by hot air,mounted on XBM airplane for flight tests.
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Figs, 5b,6

Figure 5(b).-
Spray nogzzles
in operation.

B v

Figure 6.~
Model wing with
ice along
trailing edge.
The quantity
of heat
required for
prevention of
ice over rest
of model was
reduced to the
minimum,




NACA T.N.783 Figs, 7,8

1

Figure 7.~ Nature of ice formation on model wing prior to applicati.on-
of hB‘to

Figure 8.~ Large pieces of ice being blown away less than 10 ssconds
after hot air was admitted to the wing
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Figure 9.- The calculated temperature rise for 12 modern
transport airplanes. (170F is temperature risc
required for ice prevention at 150F )




