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NATIONAL ADVISORY COMMITTEE FOR ABRONAUTICS

ADVANCE CONFIDENTIAL REPORT

DEVILOPNENT oF TEIRMAL I100-PREVENTION RQUIPMENT
b 0):3 THE Bh24D LIRPLLNE

By Alun R. Jonaa and Lewia A, Bodert ‘
SUMMARY. .

A thermal 1ce-prevention system for the B-24D air-
Plane has been developed at the Ames Aeronautical Labora-
tory of the Ndtional Advisory Oommlttee for Aeronautioes
in cooperaticon with the Materlel Center of the Army Alr
Yorces and the Ovnsolidated Aircraft Gompany. The subJect
report includes a descripticn.of the design and an out-
line of the method of @selgn analysis. Results of per-
formance tests of tho installation are to be presented in
a supplementary report.

The thermal ice-prevention system ls based upon rals-
ing the tomperature of the surfaces to be protected from
ice formatisens by subjectlng the inner face of the surfaco
to o stream of heabted air. Tho sourcos of heatod alr are
four oxhaust gas-air hecat exchangoers, ono on each engilne.
L double-skln type of constructior was employod fer tho
wings Aand tell surfacos, and doubie-pane construction for
the windshiolds. Tho heatod alr is ceused to cireculate
by tho dynamic pressurc of tho alr streamn.

L doslgn analysis is presonted in a gonoral form, as
a possible outlino for futuro computatlons, and is illus-
tratod with samplo cenlculations from the B-24D airplane
analysis.

INTRODUOTION

In cooperation with the Materlel Center of the Army
Air Torces, the Consolidated Aircraft Company, and sev-
eral equlpment manufacturing companies, the Ames Aeronau-
tical Laboratory has designed, installed, and tested in
-£fllght thermal lce-prevention equlpment on the B-24D air-
plane. The work was undertaken at the request ef the
Hateriel Oenter in order to relieve the aviation industry



of some of the deslgn and development work whioh 1s re-
oulred in the introduction and application of the thermal
methed of ice prevention. It wae desired that the equip-
ment be developed so that produetien could be undertaken
at once by the airplane manufacturer. Attentlon, there- -
fore, .was given in the design to eervice, welght, produc-
tion poseibllities, and other such features. Mr, Howard .
F, Schmidt, Consolidated Aircraft Company represontative
at AAL for this proJject, contridbuted matorlally in the do-
volopmeat.

The rapidity with which the projJoct was undortaken
and completed was duo to the intorest and cooporation
givon by all of tho intorostod agonciocs.

DESCRIPTION OF THE ICE-PREVENTION EQUIPMENT

The B-24D airplane is shown in figure 1. Tho airplane
is a high-wing, tricycle-gear, heavy bomber powored by four
Pratt & Whitney S3C4G engines, rated at 1100 horsepower. An
exhaugt-gas-driven onglno suporcharger 1ls 1ocatod in oach
nacolla., . -

Tho goneral layout ef the heoatod-air anti-icing syetem
designed for the B-24D alrplane 1s shown in figure 2.
Feated air 1s obtained fronm = exhauet gas-alr heat ex-
changer in each nacelle. After passing through the ex-
changer, the air 18 directed to the various reglons to be
heated by a system of thin-wall ducts. The dynamic pres-
sure of the air stream augmented by the propeller provides
the source of energy for the circulation of the heated air.

The design of the thormal ice-prevention equipment
for the wing outer-panel leadlng edge (statlons 335 to
626, fig. 2) 18 ghown in figure 3. A-spanwlsese duct 1s
formed in the wing structure by placing a baffle at 4.5
percont of the wing chord, and the heated alr from the
outboard hoat exchangers is carried to thls spanwise duct
by the feur-branch pipe system shown in figure 2. The
corrugatod inner skin and the outer skln form a serios of
choriwise passages for the heated air. Tho alr onters tho
passagos through a gap in the corrugations at the wing
loading edge and flowe along the top and bottom lnnor sur-
faces of the outer skin to the termination of the corru-
gations at the front ‘spar (fig. 4). & sorles of roilnforced
holes in tho front and roar spar webs allews the air to



paess through the wing interior and out into the aileron
slot region. The outor panol leading odgo, reéady for in-
stallation on.the airplane, is shown 1in figuro_s. .

At the wing tip (fig. 6) the air, aftor having passod
through tho leading-edge systom of the wing outor panel,
i8 allowod to paes into the forward portion of the tip and
is thon mado to flow betwoon tho outor and -inner ekins.
All of the wing-tip hoatod air leaves the wing on the up-
por surface, in front of tho navigation light.

Tho thormal.ido-provention equipmont deslgn for the
wing inboard-panel .leading edge (stations 164 to 275) ie
shown in figure 7. A pertion of the heated air at each
inboard exchanger ‘outlet 1s diverted to the indoard-panel
legding edge, ae shown in figure 2. The air entere a
triangular-section spanwise duot located at the front-spar
lower flange, which runs the entire length of the inboard
panel. The air is allowed to enter the chordwise passages,
formed between the esuter ekin and an inner corrugated skin
which ie continuoue around the leading edge, through a
small gap at the bottom of the triangular duct. The corru-
g€ation passages are sealed at their upper ende and the air
passes into the outeide boundary layer through 1/2-inch-
diameter holee in the outer skin., Circulation of the heat-
ed alr inelde the wing is normally desirable, but was not
feasible in the case of tho inboard panel because of the
wheel-well ocut-out in the lower skin. The inboard-panel
leading edge during installation on the airplano is shown
in figuro 8.

In addition to supplying the indboard wing panels, the
inboard heat exchangers also furnish air for the empennage
group aAnd windshields. The duct eyestem in the winge and
fuselage is shown in figure 2.

The thermal ice-preventien oquipmont design for the
empennage group 1s shown in figure 9. The heated air 1is
passed through a 4~inch-diameter tubo mounted spanwiee in
the stabiliszer leading oedgo. (See fig, 10.) 4 small slot
wae cut in the duet botweon stabiliger rids and tho thin
dugt wall bent inward to form A ecoop as shown in the slot
dotail of figure 9. 4 second skin waes attached around tho
etabiliger loading odgo, oxtonding 12 inchoes from tho lead-
ing odgo on tho top and bottom surfacees. Chordwiso epacore
woero employed to maintaln a constant gap of about 0.051
inch betweon tho two leading-edge skins. 4ll lightoning
holes in the front spar were goaled with metal platos. A
portion of tho heated air in tho epanwiso supply duct passes



through’ tho 8C00D" slots 1n the duct. through holes in tho.
londing ‘edgo of tho 1nner skin, betweom tho two ékins in a
chordwise &iroction, and “over the upper and lower surfdces
of the stabiligzer behind the front spar. L The. quantity of

heatdd -air remaining in the supply duect 1e discharged ‘from
the «duct at the stabiliger tip. and paseés through holes in .
the 1nboard skin of - the fin 1nto the fin plenum chamber.,

: The fin plenum chamber 18 ‘a sealed region.ibrmed by
placing baffles between the webs of the fin rids, and pro-
.vldes a practical method for passing the heated alr from
the stabllizer to the fin, The plenum chamber is shown
in figure 11. The fin thermal 1ce-prevention equipment
design 1s pimilar to that of the stabiliger. 4 second
skin was wrapped around the 1eading edge to a distance of
9 inches from the leading edge, and spacers were emplqud
to provlde. a constant gad between sking of 0. 0625 inc¢h,
Two 3~inch flexible ducte with outlete at the onda only-
wore fastened 'to the plenum chamber to direct the alr to
the' top and bottom ef the fin., Lightenihg heles in the
front epar and. the two end ribs (ses flg. 9) were aealed
in order to retain all of the hoated air in the loading-

odge roglon and forse 1t through the-dﬁubie-skin'gap. Tho

empennago- group, revised for thormal ice-prevontien and
1nstalled on the. airplane, 1a-ahohn 1n flgure 12. '

The thermnl ice—brOVention equipmént for the wind-
ghields is shown in figure 13. Protectlion is provided for
both the pillot's and the copilet's windshields, and the
heated-air-supply ducting ie shown in flgure 2. 'The wind-
shield design conelsts of an inner Plexiglas pansl, read-
11y removable in-flight and spaced uniformly 1/8 inch from
the: outer panel, and an entramce and exit header for the
heated air.  The heated alr flows spanwlse across the
windehield, from the inboard edge outward, and exhaugt s
from the exlt header to the outeide alr estream through
slots .¢ut ‘into the forward edge of the side window, ’

The "sxhaust gas-alr héat exchangers were designed
around an exlsting portion of the exhaust -gas tall-stack
located ‘on the. bottom of each nacoelle betweon the collac-.
tor ring and tho turbostporcharger. 8Sovoral hoat oxchang-
ors of tho extendod surfaco 'typo (having ping or fins .pro-
truding into both tho  oxhaust-gas and hoated-alr roglons)
havo boon tdstod on tho airplano. Figurc 16 shows cno of
tho typos tdatcd. o )

1n addition to tho finned tube, the heat eXchangey,




consists of an aluminum intake ssoop (opening, 3 by 6
in.), a stalnless-steel shroud around the finned region,
~and-an outlet..manifold. The eutlet of each inboard heat

" exchanger includes a right-angle bypass, with a bdutterfly
valve; for the purpose of supplying and controlling heated
alr toc the wing inboard panels. One of the heat exchang-
ers 1s shown installed 4in the airplane in figure 17,

Oontrol- 6f the thermal lee~prevention system was ac-
complished by locating an electric motor-operated dump
valve 1n each nacelle near the heat-exchanger outlet.

(See fig.'18,) The operating mechaniems for the inboard
dump valves were exteénded to include the butterfly valves
in the inboard-pangl supply ducts. The controls for each
‘nacelle are independent; they are located within reach of
the coepliloet and are copnnected in such a manner that the
dump valves aro always eithor fully epen or fully clesed.
The distribution of heated alr in the wing outer-panecl
supPly duets can bo varied by means of three butterfly
valves in ceach wing,.loeated in the three inbeard (sta-
tions 368, 450, and 515) hoated-air supply ducts near the
frent spar. These valvos are ad Justable when the airplane
is on the ground. The quantity of air directed te the
wvindshlelds 1g controlled by a butterfly valve in the sin-
g€le supply line running ferward in the fuselage. This
valvo 18 noermally in a fixed position, dbut it 1s acoessi-
bPlo to orew membors. There ars noe valves in tho empennnge
heated-alr supply lince ether than the inboeard-nacelle
dump valvos.

DESIGN ANALYSIS FOR THERMAL ICE-PREVANTION ZQUIPMENT

A design analysis of the thermal ice-proventien oquip-
ment was preparced to establish the dimonsions of the hoated
alr passagos and ducts roquired to preduce the desired tom-
perature, air-flow distributions, and prossuro dreps. The
genaral pProceduro followod in the analysis 1s outlined in
the following pages, with the various stops numboered. A
briof discussion of tho pertinent data assceiatod with each
step 1s prosented, and actuml computations from the B-24D
alrpland enloulations arc proscented as oxamples.

The following notation was usoed in the analysis:
A orogs-sectional rrona, square fecot -

8 surfaco area, squaro feet



-tenperature,.oF absolute

HE
. PR . [ I
1] - .

;total héat flew, Btu per hour ) i:_: '_”rﬂ
L.'unit heat flcw,_Btu per - hdur per unit length of span

:fsurface heat transfer ccefficient Btu. per bhour,

Bquare feeot, op T

':temperature!'of'

. weight rate of air flow. poun&;per hour

. unit weight rate of air flow. pounds- per hour per unit

1ength of span .

) o'
specific heat sf air,- Btu per pound, F

" absolute viscosity of air, pounds per second, feet

2

thormal conductivity of alr, Btu per houf. sgquare
feet, °F-per foot . ' :

'weight rate of nir flow per.unit of cress-sectionsl

area, pounds per second, square feet
static pressure, pounds per square foot
thickness of gap between surfnces. foet
length of air pPassage or: duct feet

hydraulic rndius. or ratio of cross-sectional area
to wetted perimeter in 8 duct feet

equivalent digmeter of a duct, equsl to 4m, feet

. specific volunme, cubic "feot pér pound

gas constant (53.3 for air)

.0 b~
acceleration of gravity, feet per second

friction coefficient for alr flow iIn ducts
distance as measured around wing leadlng edge, feet
alrplane indicated alrspeed, miles per hour

chord, feet




Subscripts:
av refers to average oonditions

i, 3, 3, eto. are employed to define surfaoces or air
spaces and used as subsoripte to indioate temper-
ature differonoes, heat flow, and heat-transfer
ooefficlente. Thus the heat-transfer oceffiolent
between a glven surfaoce (6) and adJacent alr (2)
wculd bo written  hg_g

A few pymbole used in the analysis are not presented
in the netatlon because they do not appear throughout the
calculations and beoause their meaning is much elearer 1f
defined at the place of theilr use.

The analysls was based on an assumed airplane indicat-
ed alrspeed of 160 miles per hour at 18,000-feet pressure
altitude.

Step 1, Aggymption of free_—gir temperature.- Most
cases of alrcraft icing occur between the temperatures eof
0° and 32° F. Tor the B-24D airplane analysis the value
of 0° F'was assumed.

Step 2, Ageunmption of sverage tempergture at which
tho heated surface is £o be mgintgined.- According to ref-

erenoe 2, paragraph D-6b, the tomperature rise ever the
forward 35 percent of the wing chord must be at least 70° T
sbove ambient alr, and the rise between 25 and 75 percent
of the ohserd muset bo at loast 20° F pbove ambilent air. Di-
rect heating of the leading edgo for 25 porcent of the
ohord is difficult to obtain in certaln designs, and 1n
such cases the assumption is made that by heating dlrectly
a smaller portion of the loading edge (say 10 to 15 per-
cant) to a temporature riso of 100° I (instoad of 70° F)
end thon dlscharging tho hoated alr to the remalnder of

tho wing, tho specilflications of reference 2 can be satls-
fied. The Lookheed 12A of reference 1l is an example of
this oompromlse in deslgn whioh has proved capable of
providing i1io0oe preventicn. Direot heatlng was provided

for the forward 12 percent of the wing, raleing the wing
temperature approximately 100° T, and the heated alr was
discharged from the leading-edge reglomn and circulated
through the remainder of the wing.

. Direct heatlng of the B-24D airplane wing was limited
to the forward 10 percent because the loocation of the front




spar at that polint problbited further extenslon of the
corrugated inner skin. The corrugated reglon of the skin
wre subject to thermal analytical treatment. The hented-~
wing deslgn wns bansed upon a 100  F temperature rise ever
the forward lO-percent-chord region and an indeterminnte
temperature rise over the remalnder of the wing. A tem-
pernture rise of the wing after-portion will ocour because
of tho heated boundary layer, and the discharge alr. from
the leading-sdgo system. In the ocase of the wlng outor
prnel, tho hented Aalr was dlisohanrged through tho: front apar
and circulated ip the wing interior, similar to the Lock-
heod 12A airplane design. TFor the inboard panol, however,
the hoated alr could not be circulated in the wing interi-
cr. The heated alr was therefore released to the boundary
layer on the upper surface ahd carrled back over the wing.
The stabllliger and the fin were treated in a manner simi-
lar to the wing inboard panel, with the exceptlon that the
heatod alr was discharged over both surfaces of the alr-
foll sectlons. The double-skin system for the empennage
was dictatod by the simplicity of the revlislons requirsed
cn the exlating empennage, and the deslirabllity of produc-
Ing a suctlon at the heated-alr exlt to ald the heated-
alr floew. The horlzontal stablllizer loadling-edge skin
temporaturo was ralsod g0° P, and the fin leadlng-sedgo
skin tomperature was ralsed 70° F in the deslgn: This
heating of the smpennage surfaces should bo adoquato bo-
cause the dlischarged alr from the loading-edge.systom 1s
effectively dlistributed ovor both sides of the alrfoll.

Step 3, © al_c;n;l_a_t__i.o_n._g:__t_e___u_t—_wg_e.ig_r_g_oii cleng
botweon tho wing gurfacc gnd the. smbient glr.- With tho
tomporsturo difforenco bectwcen tho wing skin and tho ambl-
cnt alr 6stablishod, tho quantity of hoat romovod from tho
wlng ekln dopcnds upon tho outer-surface hoat-transfor
coofficlont, Tho coofflcient can bo calculatod from tho
data in roforonco 3, although thies mothod involves somo
crror bocauso of tho low Roynolds number at whlch the tosts
woro mado., Anothor mothod of dotormining tho hoat-transfor
coofficlont, basocd upon tho rolatlerd botwoon hoeat transfor
and viscous drag, ls presented in reference ‘4. For the
B-24D airplane analysls, the data in reference 3 were em-
Pleyed by extrapolating in the equation

_ L TN '
h" = h' &_ v_.__G_,' c'> (1)

O"

where the firet prlime refers to values from reference 3,
the second prime to values for the B-24D analysls, and =n



is"a consthnt’ ‘dependent upon the portlon-8f the- wing chord
under considdralion and the mngle of attdtk of the airfoil.
The effept of changese in altitude ,upon the value of the
hdnt-transter-dosfficient . ~{h) bhhe Bsdn"condervitively
'f’neglebted Ld::the dérdvation:6f equasisni{l)i “In the case
‘of thé B-24P .wing:outer ‘panel; -the dpslgn.analysis was
baeedﬂtpoh supplylng emough.heat -to the,wing forward of the
.front spar,to:produce the-100°: T rige, of step-2. .The value
¢f-luv foriggaatisn £1),. theresfore;, was:eblained from tabdle
-+, reference 3y correqund%ng to. the foerward seetlen of an
'airzuil at- npprazimately 2":.angle, of atbvask:i:: The design
indicated airepeed . (V! =150 mph) ..and-the.¥variene values
of outer-panel chord (c") were substituted in equation
- (1) $p-prodsuge. the .values of: h- pleiied in figure 19,
The snbaseripss employed -in:figure 19 ars uged. iln the manner
explained:under Netation and-refer te the:pregions and eur-
faces: shown.in iention A- A figure 20, ,+ .,

Step 4. Caleulatien of the tobal Méat flow from the
‘gritical deslien surface.- In order to estimate the quentity
of heat that must be supplied to the thermal lce-prevention
system to produce the required temperature rise, the total
-hoeat- flow from the d@nlgn critioal surface must be calculat-
.ed. by eguatien - « . A

oy = (Bgp)yy Blbgy)yy (2)

(See equation (1), p. 136, reference 6.) For the B-24D
alrplane-wing outer mnanel, the deslgn surface was the en-
tire- outer-pansl surfaceé farward  of the front epar. The
d1stante aronnd:the wihg leading edge from top to botton
*0of the frent. spar 1is shown in flgure -19,. and the average
value. for thoe -outer -panel multiplied by the panel epan ro-
~pultod 1m d surfaceo arsa of 45.8 square: feet., JFrom fig-
ruwre 19, nhhpg. - for the,nutcr panel 3 13 Btu por hour, squaro

foet, °F. Thon P

R EEQB_L'= lB,X @F 3 X 100 = B9, OOO Rtn per hbur

- iy (. . '. TN «2 - e LK -

D Bboni B B "m_' 10 "'f: ¥ifo_nmblint''of Kent that ‘ghould
o _avalilabl the heatod, ailr to insurd the JNOCAREATY

hogt Llow o tho gurfacg .- Tha,. quantity of hoat that must.
. be suppligd o the deslgn surfada A taken ta be from two
to four times “the heat flow from that surfacs, depending
upon the amount of heating the alr 1e expected to deliver
after leaving the leading-edge region. In the B-24D outer
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1

" panel  tHe total heat to be supPlied to the 1ead1ng-edge
regibn wvas assumed to be 200, OOO Btu per hour.' f

" ) s . L n of % . r. . . - e

nign temperature riae through the heat exohgnger 15 usually
.determined by the maximpum temperature allowable for the

'  Heat. exchadger and heated-air-duct materials, and poseible

effects of elevated temperatures on the. airglane primary
_structure, A heated-air temperature of 300" F at the- ex-
changor putlet wase, considered to be a reasonable and safe
design value for the B-24D airplane,

: Stop 7. Oaloulatiopn of the. rate welght of alr flow
roquired.- The quantity of air that must pass through the
heat oxchanger in a given tlme, with a temperature riso
established by step 6 in order to praduce the availabdle
heating of stop 5, 1is dotermined by

Q -

e v . (3)

cp At

whore At 18 the heated-air temperaturc rise in OF For
the B-~24D outboard hoat oxchangers using the valus of Cp
from flgure 21,

W = 200000
0.24 x 300

= 2730 pounds por hour

s D £ h gos.~ The do-
slign procedure employed was to divide.the wing surface
into unit strips running chordwise and consider the heat
flew for a sufficlent number of strips to define the wing
heating. The width of the division strips for the outer
wing panel was taken as 1 inch, or the spanwise distance
covered by a single corrugation.

A f 3 d ivid-
ual chordwlse gtrips.- The heat flow from the outer-sur-
face area of each strip considered le determined by appli-
cation of steps 2, 3, and 4 1inp the same manner as employed
to determine the total heat flow from the total eritical
surface. The single corrugafion’ strip at.the lnboard edge
of the outer wing panel (station 235) will serve as.an ex-
ample, The heat flow from the outer surface.
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8
Qe-7 = hg—7 te~7 73 (4)

hg., = 11,6 Btu per hour, square feet, °F (fig. 19)

8 = 2.45 feet (fig. 19)

tﬂ—?

100° ¥ . _ . step 2)

_qe_, = 11. 6 x 100 X a‘ii_f 237 Btu per”honﬂ

‘.

itnn_LQL__AgnngnjLnn_ni_xgig_i_gLgta_hn_iga_g__hggtai
air.- The distrfibution of the heated air to the various air
paseaged ls determined by trial and error, consideration
being glven to such factors as thoe larger heating requiro-
mont At the wing root, tho increased surface transfer coef-
ficient nt the wing tip, and the pressuro drop in the alr
ducte And passages. The final weight dlgtributlion wkich
provod setisfactory in the ailrplane analysis was to supDpPly
the air .to the corrugatiens in- quantities invorscly propor-
tionnl to the square root of the distance around the leand-
ing cdge, or

W = Woy Eﬁl (5)
Tho B-24D nirplano-wing outer bnnel has 291 corrugn-
tiong; thorofore tho value of w at statliom 335,

2730 1.87

= = 4.1 pounds por hour
2 X 291 2.456

Step 11,.- Caloulption of the temperature drop of the
heated air in th W .- The quantity of air

flowing 1n each passage and the heat removed from the air
having been established, the temperature drop of the heat-
ed alr can be calculated by applying an adaptatlion of equa-
tion (3). Tor the corrugation at station 335,

q 237
t, ~ b, = 8=7 - = 118° T

3 3 cpw 2 X 0,24 x 4,1
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Reynoclds number of the heated alr by changlng the alr-pas~-
sage dimensione until a heat-transfer coefflclent for the
inalde of the passage 1s produced which will supply the
necessary heat to the outer skin, with the average tempera-
ture of the alr in the passage determined from step 1ll.

The Reynolde number for the flew of the haated alr 1s ex-
pressed: -

" (Bee pp. 99 and 235, reference 5.)

The heat-transfer coefficlent for the inner surface
of ‘the passage leg determined from empirical data showing
the ‘variatlon.of the Nusgelt numbar with Reynolds numhar
whare the Nupeelt numbar :

Hu = Eﬁgi (8ee p. 96, reference 5.)

Bmpirical data which haveo proven satlsfactory in do-
termining the alr-passage hoat-transfer coefflclent arc
prescntod in figure 65, referonce 5, and the rescemmendod
curve AA from tho figurc has boen roproduced in flgurc 22.
Th: data dotefminlng tho.curve AA in figure 22 aro dircet-
ly concurned with fluild flow 1n circular ducts, but expo-
rience has shown that reasonadly accurate calculations
for ducts of nonclircular cross sectlion can be based upon
the curve AA, provided the departure from g circular cross
section is not toco severe. In desligns where the alr pas-
snge conslists of two parallel plates, such as the empennage
and windshleld design for the present airplane, the empir-
lcel data presented in figure 7 of reference 6 and repro-
duced 1n flzure 22 are recommended. These data are plot-
ted on the baels of the gep wildth 4 ge the equivalent
- dlameter Dg, and their comparisen in figure 22 with the
rocommended. curve AA from referance 5 roveale the error
that can be 1ntrcduced by applyilng curve AA to alr pas-
sages of ncencircular soction.

In tho casoc of tho B~24D alrplanc wings, tho heat-
transfor coofflciont insldo tho corrugation alr passagcs
was bnscd upon curve AA, figuroc 22. Considoring the single
corrugation at strtion 335,

w 4.1
= = = 1,49 pounds por socond,
3600 A 3800 x 0.000765 P Bqunfo foo: "
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Tho hydraullc, tadius -of the alr passages (soe corrugation
dotall in fig. 3) ‘1s equal to 0.0043 foot. With tho valuo
of B from filgure 21, " : o

A ’ . s °
G Dg _ 1.@9 X 4 X 0.0043 x 10" _ 1730 .

From cufépfll. figu?g 22, for Ro = 1710,
“Nu = EE:E;EQ = 7.6
From figuro 2¥, -k = 0.0162, and theroforo,

. 7.6 % 0.0162 -
h, . = 22 = 7.3 Btu por hour,
ame 4 X 0.0043 squaro foot, °F

Tho avorago tompératuro of tho alr 1n rogion 2, assuming
1':1 = 30.00 Fl
) 118

& = 300 - = = 241° F
aav 2

The quantity of heat flow to tho skin thon bocomos

= 8
9o = Bg-g X 1s X (taav - 1"¢s>
2.45
= , 3 X = X
7 1o 141

210 Btu per hour

This value of qg—g 18 in satlsfactery agreement with the
value of qg., ©qual to 237 Btu per hour determined in

step 9. The thermal design for the wing inboard panel and
the empennage was made in a manner slmilar to that used
for the outboard-panel design, and the results are shown
in figures 20 and 23.

In the case of the B-24D airplane windshield, suffi-
clont data were not avalladble to determine the heat-
transfer ococeofficlent from the outer surface. Steps-2, 3J,
and 4 of the deslgn precedure were replaced by the assump-
tion that a heat flow from the outer surface of 1000 Btu
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per hour, square feet would be sufficlent to provide ice
protection. (Bee p. 8, reference 1. ) PFurther necessary
agsunptione were the temporature of the windshleld outer
panel, assumed to De 50° P, and the temperature of the ailr
entering the gap between the pansls, aesumed to be 150° F,
The design was then cempleted by aessuming different quan-
tities of air flow and valuees of gap elge until a combina-
ticn wae found which would produce the required outer-
panel heating. The resulte of the windshleld analysie are
shown 1in figure 20. The deesired temperature rise for the
critical eurfacee having besn establiehed, the pressure
drsp in the air passages and the deslgn of the heated air-
supply ducte to obtaln the necessary welght of flow dletri-,
bution are examined. Unless an alr pump of eeme sort is
incorperated in the thermal anti-iclng syetem, the circu-~
lation of the heated air is dependent upon the total en-
ergy of the air at the hest-exchianger inlet. ©Secondary
frctors which may be coneslidered to aid the propulelen of
the alr through the eyetem are the ~dditlon of energy to
the air in paseing through the hoat exchanger and the lo-
catlon of the air outlet at n point of iow pressuro. For
tho B-24D thormal ice-provontion eyetem, tho enorgy offoct
in the hoat oxchangor was neglectod and A prossure drop of
5 inchos of wator, or approximantely one-half tho valuo of
tho dynamic prorsure for tho dosign 1ndicatod epoed of 150
milcs per hour, wase neelgnod to the hont exchangors. In
ordor to obtain tho wolght distribution of air doesirod in
tho surfanco-honting cnlculntions, tho proesuroc droep must
bo oqual rlong Aall hoatod silr pathe, from the hoat-
oxchangor outlct to tho alr oxlt from the wing. Tho gon-
oral doeign progcoduro is to onlculato tho pressuro drop
roquirod in tho variouse alr passagoe and thon dosign tho
supply ducts to produco equal prossuro drop in all of tho
possiblo alr pnthe.

Tho prossurce drop in the heated alr passages and the
suppPly ducte was calculated by the equation

3 3
G - G
P, - P, = (vzg - v3) + Iav ¥G" vay (6)
4 2 gm
(equation (35), p. 130, reference 5), where the subscripte

1 and 2 represent the extent of region over which the
ressure drop is calculated, The firet term ef equation
6) was found to be negligible in this case and there-

fore dropped from the equation. Data from whioch the fric-

tion factor :E',,_v may be ebtalned are p;esented in figure
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24, whick 1s A reproduction of figure 8, reference 6. The
eurve in figure 24 refere to flow in ciroular. pipes, and
the data plotted in the figure were obtained in.model
testes with alr flow in a narrow gap between parallel pur-
faces, Figure 24 was employed 1in the analysis i{n the same
manner as flgure 32; that is,, the curve for circular ‘pinos
was used whon determining. £ for ther corrugated alr pas-
sagos and supply duocts, and the plottod data wero usecd
whon dotormining f for -air flow in tho ompennago =nd
windshiold gaps. . .

Oongldoring a single corrugation qir passago at stn—
tion 335, outer wing panel,

BT 63.3 x 701 x 2 \
Vav = = 51TE m 35.4 cubic feet per pound

The statliec pressure at 18,000 feet waes used in calocu-
lating the epecific volume.

G Dg 1.49 X 4 X 0.0043 x 10°

Re = .- T = 1710
: m : 1.6 . _

fgy = 0.0094  (from curve in fig. 24)

n =2 = 1,22 feet
2

G = L ] 4.1 = 1,49 pounds per second
600 A 3600 X 0.000765 P ,quarﬁ feet )

m =

0.0043 foot

Presgure drop from region 1 to region 3,

Ne? . X 1.22 X 1.49% x 35,
P, - Py = fﬂt vﬂl - 0.0094 1.22 1.49 5.4
2 gm - 2 x 32.2 x 0.0043
B P, = 3.3 pounds per' or 0.6 inch-ef~watera.

square faoot

Extension of the pressure-drop calculations to other cor-
rugation air passages in the wing outer panel indicated
that the pressure drop from region 1 to reglon 3 was sub-
stantlially constant for the entire panel. (See sec. AA,
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fig. 20.) 1In order to produce the .desired distridbution of
the heated air, therefore, the pressure drop from the out-
board heat—-exchanger outlet to any point in region 1 had
to be constant. The spanvwise pressure drop along region 1
was found to be too large if all of the heated alr were
edmitted to the reglon at station 335, hence the alr was
supplied in four tubes as shown in figure 2. The pressure
dror through the corrugation passages in the inboard-panel
leading edge was calculated to be 5 inches of water as
shovn in section BB, figure 20. This large drop was con-
gsidered allowabile because of the location of the heated-
alr-exit holes in a lovw-pressure reglion. For the empen-
nage group (fig. 23) the fin heated-air gap was designed
larger than the stabllizer gan in order to approximately
compensate for the nressure drop in the stabilizer leadlng-
edge supvly duct.

Instrumentation of the B-24D Airvlane for Tests

Thermocouples, pressure orifices, and venturl meters
were included in the design of a portion of the B-2UD
airplane thermal ice-prevention equipment in order to
measure the performance of the installation in flight
tests. The following factors were considered to be of in-
terest:

1, Quantity of air flowv through the heat exchang-
ers and various parts of the equipment.

2. Temperature of the heated alr throughout the sys-
tem,

3. Temperatures of heated surfsces, namely, wing and
empennage outer surfaces, parts of the internal
gstructure, windshield panels, and heat-exchanger
surfaces.

4, Temperature of the exhaust gas.

5. Static and total pressure at the heat-exchanger
inlets, and static pressure of the heated air
throughout the system.

6. ZExhaust-gas static-pressure drop through the heat
exchanger,

The quantity of alr flow was determined by the use of
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1 * an

venturl meters. Four such meters were installed, as. shown
in figure 2: one in the 5-inch supply line-from the right
outboard heat’ ‘exchanger, one in the 3~inch 1nboard-panel
supply line from the right inboard heat exchanger,. one in
the 2-inch supply diuct to the copilot'a windshield, .and
one in the 6~inch supwnly duct to the empennage (looated
aft ¢of the Jjunction of the duots from the 'Imboard heat ex-
ohangers). The ratio .of the throat ‘diameter to pipe diam-
eter for the venturi meters was 0.7.

All temperature readings.were obtalned with iron-
oonstantan thermooouples and a Lewis potentiometer. The
identifioation drawing for the thermocouples is shown in
figure 25. The dash numbers following the thermocouple
numbers in figure 25 refer to the type of thermocouple
mounting, as detalled in figure 26. The Plexiglas shield
for type 5, figure 26, was required beoause -the thermo-
couple Junction’ otherwiae would move away from the outer
skin and protrude into the amblent alr stream.- Two thermo-
couples were located in the intake scoop of the right
inboard heat exchanger.

The locatlons of the pressure-measurement points are
shown in figure 27. All measurements were of static
pressuifes, with .-the one exoeptlon-of-the total pressure in
the intake scoop of the right inboard heat exchanger.
Three total-pressure heads and two static-pressure heads
were dlstributed aoross the exchanger inlet because pre-
liminary flight tests. revealed & varlation in total head
in that reglon at low angles of attack. The dash numbers
following the pressure-orifice numbers in ‘figure 27 refer
to the type of orifice mounting as' shown in figure 28.

All pressures, with the exception of the exhaust-gas
pressures, Were referred to the total pressure from the
piltot~static alrspeed heads located at the nose of the
alrplane. The pressure differentials were indicated by
water manometers and alrspeed indilcators. The absolute
values of the two exhaust-gas pressures vere indicated by
a manifold pressure gage. 4 calibratlion of the difference
between the static pressure at the airplane alrspeed heads
and free-stream statlo pressure was obtalned by suspending
a tralling statlc head from the alrplane. The static cal-
ibration of the alrspeed heads provided a basls for refer-
ring the test pressures to free-stream static pressure
and for determining the ocorrect indicated ailrspeed of the
airplane.



18
”PEEL;MINARY FLIGHT TESTS - RESTULTS AND DISCUSSION

Preliminary flights bave been conducted with the B-3UD
airnlane-to test the performance of the thermal ice-
prevention equipment. Supvlying a quantity of heat to the
wing outer panel. equal to aporoximately 65 percent of the
design quantity produced a temperature rise of the skin for-
ward of the front svar slightly in excess of the design
value, Indicatlions are that the remainder of the thermal
ice-prevention design will be equally satisfactory when heat
quantittes apnroximating the design values are supmlied from
all four heat exchangers. Data on the performance tests of
the complete installation will bPe presented as a sunplemen-
tary report later.

Weight of Equipment

Calculations have been made to estimate the increase
in wveight of'a B-24% airvlane resulting from the installa- "
tion of A production modification of the subject thermal
ice-prevention system. A study of a productipn.design
was considered more desirable than a presentation of the
weights of theée B-24D airplane installation bécause that
installation is an experimental revision to an existing
alrplane and the weight factor was not given the consider-
ation that 1t would receive in a production deaign. The
calculations indicated that the weight of a B-24 airvlane
(not equipped for ice protection) would be increased about
300 pounds by jhe installation of -thermal ice-nrevention
equipment, Attention is called to the fact that the figure
of 300 pounds 1s subject to revision on the basis of main-
tenance and durability requirements as determined by the
manufacturer's experience, The 300-pound weight of the
present equipment compares with the 230-pound weight of
the inflatable de-icer equipment that it renlaces. The
latter does not include windshield de-icing, however,

CONCLUSIORS

1, Yhermal ice-prevention equipment for the B-2UD
airplane wings, empennage, and windshield is structurally
feasible,

2. The thermal ice-prevention ecuivment installation
will probably satisfy all design requirements,
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3. A modified production installation of the thernal

ico-provontion systom would inoreaso tho woight of a B-24
airplane (not oquippod for ico protootion) about 300 pounds.

Anos Aoronauticerl Laboratory,

National Advisory Oc¢anittec for Acoronautias,
Moffott Fiold, Cnlif.
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Figure 1.- The B-24D airplane in which thermal ice-prevention equipmént’ on the wings,
empennage, and windshields have been installed.
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Figs. 4,5

Figure 4.-
Details of
the wing
outer panel

- leading
edge of the
B-<24D air-
plane during
alteration
for the
thermal ice-
prevention
equipment.
SHown are
the air gap
at the lead-
ing edge,
nose rib
construction,
and the baffle
support angles.

Figure 5.-
The right
wing outer
panel lead-
ing edge .
for the B-24D
airplane
after the
alterations
were
completed
for the in-
stallation
of the
thermal ice-
prevention
equipment.
The photo-
graph shows
the heated-
alr supply
inlet holes
through the
baffle plate.
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NACA Figs. 8,10
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Figure 8.- The left wing inboard panel leading edge of the
B-24D airplane shown during the installation of
the thermal ice-prevention equipment.

Figure 10.- The horizontai stabilizer of the B-24D airplane

during the installation of thermal ice-preven-
tion equipment, showing the lightening holes in the nose ribs
through which the heated-air duct was installed. The stabil-
izer is viewed from above in this photograph.
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NACA Figs. 11,12

NACA
AAL-2097

Figure 1l.- The inboard side of the right vertical fin of the

B-24D airplane during the installation of the
thermal ice-prevention equipment, showing the plenum chamber
and air ducts running to the top and bottom of the fin.
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Figure 12.- The empennage group of the B-34D airplane in
which provision has been made for thermal ice
prevention.
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NACA

Figure 14.-~ The pilot's air-heated windshield on the B-24D
airplane, showing the inner panel partially
removed.

Figure 15.- The pilot's air-heated windshield on the B-234D
airplane, with the inner panel secured in
position. '




NACA Figs. 16,17,18
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Figure 17.- The exhaust-air heat ex-

changer installation on
the B-24D airplane in the right out-
board nacelle.

Figure 16.- A section of the B-24D airplane exhaust gas tail-
stack which has been converted to a fin-type surface
heat exchanger for use with the thermal ice-prevention equipment.

Figure 18.-

The heated-air
dump valve for
the right out-
board exchanger
on the B-24D
airplane. The
position of the
electric motor-
operated valve
determines
whether or not
the heated air
enters the
thermal ice-
prevention
equipment.
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number (Nu) and Reynolds number . //)7
(Re) for air flow in pipes, (Dg = diameter, : %

ft); and in narrow gaps between parallel
surfaces, (Dg = gap width, ft). Jurve AA

was obtained from figure 65, reference 5, J

and the aata points from figure 7, //
reference 5. | 1
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