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FLIGHT TESTS OF SEVERAL EX-iAUSTGAS-TO-AIR 

HEAT EXCHI'GERS IN A B-1 7F AIRPLANE 

By Bonne C... Look and James Selna 

.SUI'iIIARY 

Seven exhaust-gas-to-air heat exchangers were flight-
tested at the Ames Aeronautical Laboratory of the National 
Advisory Committee for Aeronautics on a B-17F airplane to 
determine their performance characteristics and to investigate 
their flame-suppression qualities * The tests were conducted 
to secure performance data of heat exchangers which might be 
suitable for use in the thermal ice-prevention and cabin-
heating systems of the heavy bomber-type airplanes.. 

For this investigation, the performance characteristic.s 
of the heat exchangers have been defined as the air-flow rate, 
air-temperature rise, rate of heat transfer, and the air-
and exhaust-gas-side pressure drops, The information obtained 
is presented in tables thich include the recorded data and 
the general performance characteristics of the heat exchangers 
evaluated from the recorded data0 The design requirements of 
heat exchanger installations for a typical four-engine bomber 
cabin-heating and thexnal ice.prevention syc tern are presented 
and compared with the performance . of the tested. exchangers. 
The flame-supp'e scion civalit ie s of the exchanger were investi- 
gated by visual obsarvation and the results are preser'ited in 
'tabular form0 A limited amount of informaGion was secured 
relative to the effect of a heat exchanger, installed between 
the engine and the turbine supercharger, on the supercharger 
speed and angular positiOn of the waste-gate butterfly valve. 

The results of the performance tests indicated that under 
design test conditions the rate of heat transfer specified for 
the outboard-nacelle heat-exchanger installations would 
probably be realized by the units tested in those nacelles, 
It is questionable if any of the exchanger installations 
tested would have satisfied the rate-of-heat-transfer require-
ment for the inboard-nacelle installations at design test 
conditions. For all installations it was found. that the air-
side flow resistance, indicated by the total pressuredrop 
across the heat-exchanger installations, was high and resulted 
in low air-flow rate and in most cases high air-temperature 
rise.
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The results of the ' flane-supression investj c1on showed 
the glowing of the exhaust stack and turbine-supercharger 
parts to be more visible than the exhaust-gas. flaming for the 
condjtjns tested, The data Qbtaired on the effect of a heat-
exchanger installation on the operation: of a turbine super- 
charger indic.ted. that the .critic&ü 1titude of the sucer-
charger for rated engine-power Conditions was not affected by 
the heat-exchanger. i,nstal]atinn 0 Als', . fol' a given' manifold 
pressure, greater closure of the waste-gate valve was requirCd 
with the exchanger installed than without the exchanger 0 The 
investigation was limited in scope and cic1 not provide 
sufficient information for final conclusions regarding the 
effect of heat-exchanger installatIons on supercharger perform- 
ance.

INTRODUCTION..':	 . .	 ..	 . .: 

For the past several rears, an etesi.re iniestigetion of 
ex1aust-ga t	 h so-air' heat exchangers a been conducted :b. f the 
NACA at the. Ames Aeronautical Laboratory and at the Univeiity 
of California as a part 'of a general research irgrri on the 
development of thermal ice-prevention eciuipment for airplanes 
The 'results of a large portion of the roearch• conclucted'.at 
ames eror'auti'.cal Laboratory erepresen'ed in reference 1,." 
therein reference is also n	 doneade cc the or	 one at the n1ver 
sit y. of California	 These preliminary researches were of, a,. 
general nature to' investigate'the erformancc of the exchangers 
and the feasibility of their use in thermal ice-prevention 
equipment.  

the 'present investigation was tQ'det&rifline The purpose of  
the. 'performance of various types of oxhast-gastoair heat 
echangers with respect to their adaptability to a production 
version of thermal ice-prevenci .on ano. cabin-heating eqt.ipment': 
for a heavy bomber typo airp lane 0 ' The 'tests wore conducted . on 
the :B- .l7F airplane, for which the Ames Aeronautical Laboratory 
had designed, installed and flight-tested a thermal. ice-
prevention system (references 2 and )	 Performance data wore 
obtained for each heat exchanger for similar fli ght conditions, 
The. performance tests were supplemented by night flights 
durihg'.which the degroe of flame suppression provided by tho:. 
different. exchanger installations wac. observcd. A limited 
amount of information was obtained on the effoct . of a heat-' 
exchanger installation on the turbinosuperchargor. operation
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EU IPi'NT ••. 

Description, 

The B-17F airplane in which the seven exhaust-gas-'o-air 
heat exchangers were tested is 6 1.1own in figure 1. The seven 
heat exchangers tested were all-primary surface units of 
three general 'type .s: '(1) tubtxlar,'(2) plate, and (3) flute. 

One of the original heat exchange's used in the thermal 
ice-prevention-system of the B-17 F airplane, employed as a 
test airplane for the.present'tésts is shown in figure 2. 
The exchanger was of the cross-flow type and consisted of a 
stainless-steel shell with longitudinal folds to form fins 
on the exhaust-gas side, and copper strips inserted in the 
longitudinal folds and cut to provide pin fins on the air 
side. This heat exchanger •is described in detail in 

m reference 2 and performance data ay be 'fond. in references 2 
and 3. 

The two tubular-type heat exchangers were cross-flow in. 
design, the air flowing across the tubes and the exhaust gas 
through the tubes. These exchangers are designated as heat 
exchangers 1 and 2 and are shown in figures 3 to 6 inclusive. 

The three plate-type heat exchangers tested were also 
cross-flow in design, and consisted of a number of alternate 
air and gas passages separated. by thin plates. For two of 
these exchangers, designated as 3 and'4-, the separating plates 
were flat, and the two exchangers differed only in the number 
of air passages, exchanger 3.. having nine arid exchanger 1-
having eleven. The addit i onal air iassages in exchanger , 
one on each side, were provided because it-was doubtful if 
the outside plates of exchanger 3 1 which formed one side of 
a. gas passage, would. be sufficiently cooled to prevent 
buckling and distortion. These two heat exchangers are shown 
in figures 7 to 10, inclusive. In the case of the third 
plate-type heat exchanger, , designated as heat exchanger 5 
and shown in figures 11 and 12, the separating plates were 
corrugated. The corrugated plates were assembled in such a 
manner that a straight passage, cUamoncl-shaped in cross 
section, , was presented for exhaust-gas flow while the air 
•ras caused to' flow through a narrow, constant-gap, winding 
passage. 

The two flute-type heat exchangers were parallel-flow 
in design, and consisted of a series of alternate air and 
gas trapezoidal ducts which formed a cylindrical heat 
exchanger with a.holloW core. These heat cxchangcr, dcsig- 
nated 6 and 7, are shownin figures 13 to .17, Heat 
exchanger 6 was provided with a removable plug located in
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the hollow core of the exchanger. oii the exhaust-gas side for 
the purpose of directing all of the exhaust gas through the 
trapezoidal gas passages.;'( .See fig :.. 15.) 

Installation,'  

The various. hate:c.hanger. in alla 	 ar "derCribd 'in 
detail because in determining a heat e;changer for use in 
bor,;ber-ty1i airplanes'. it is .irfiportant. ..to:cfi'sidèr the ease of 
instal1at'ifl.	 the . uhit., and because. the' e'f'Qrmanc'e ':of"a heat 
exchthgë'r ,dèiends"to:a giea.t extent - on the mariner'in' which it 
is' insta'l. led  in' the' aip lane 0 In Tigur e 10 the'.' heat: exc'han'gs 
are listed according to the'nacelle in J-ich tey ere tesed, 

All the neat ec1an,ers were aesigne to replace the 
straight ,'. reeiov'o1e' 'section.' of the :thaust .-stack: system between 
the 'ball joint :" and':the. turbine supe'rehargr.,. Thdë r'emovablo: 
sections were about 2 inches long for nacelles I and 	 and 
3 inches long for nacelle 30 Heat exchangers 1, , ).4., 5, and 

were
. 

6 	 designed for ins Da1la	 n io"1n nac.o'lle 1.: s .or. '1, and neat 
exchanger' 7' was designed' f or .instal1atiori in. ns .cel.le. ,'..Heat 
exchanger 2 was' not clesigne .for a. s p ecific n's.cel1end was 
tested in. nacb'llc ''	 . .	 . '•'	 .."'''	 '• •' " ' ."	 ..	 '	 ;,.',":". 

In gëncral', each ';hcat-ch'ager' . 	 t : 1's , tionr.c'onsi "st ed

of the air inlet scoo p ±'i , oat-eLchanger sJro, ar o't1ct 
header, 'ancU the' ñoès'sar ductin'g' 'to . dirc.t "thc'licJ'at'od 'ir.to 
the point of cisci1ergc0 Since tie tst.s ore co p uctcci to 
determine the 'performance of 'tho' . hc .at : ohañors' ....rid.:.n'it of 
the thorrel ice-preventon equiprent, the nested cir from the 
outboer1 exchangers was Ciscnecgea ovcrooeri at the 1 too of to 
nacè'lI'es and the" air from" the inbo.rd.' e±bhanger was" discharged. 
through s louvcr in t Fie upc7er surfce C the	 n 	 Alters-

tiojs to the needles wore rcccssry in order to accorirvdatc 
the Various ncat exchangers and, to proiide ca otict for the 
heated air "The mb.jorit of- the' ältoratio'iis' 'fcro c'onfi'nd.d .t .o 
the exna us, t 'shroud, definedo.s , untt portion of tne nacci.±e -' 
structure' (formed 'of öorrosioi-rosi'stant stool : .ht:)'twhjch.. 
shields from' the remainder of the : ha I.1a::hent ".nc :oxj'iau.s.t.':''. 
gases from the exhaust stack3 . The inst.àllat'.ion of.' heat: 
C	 I' in nacelle' 1 "required. ' cut'?ut in. the oxiauS' 

shroud for the "hcs.t's'dalr outlet Ls -. shown' 1'-fig'urd;' "l9 . '. Tho. 
installation of exchanger 6 in nLcel10 1 necessitated a 
enlargement of the exhaust shroud, and, also, a cut-out for 
the heatcd-air outlet. ('See .' fig-, 2.0.) .'.'.	 ..:.'... ....: 

to nacelle 3 Considerable alteration	 was ne cessary or
f' 
the installation' of 'heat xchar!gcr '2. ' : Tc'bxhau.'st shroud was
altered to accommodate the hcct c'chcner ard OVid for the



heated-air outlet as shown in figure 21.' No major alt era- 
tion of. the exhaust shroud was required for tIe installa- 
tion of heat exchanger 7 as the original s-h roud of nacelle 3 
was used and a heated-air outlet,proviaed as shown t in 
figure 22: In the case of nacelle 4, one alteration to. the 
exhaust shroud was sufficient for the installation of all. 
three of the exchangers tested in that nacelle. .This altera-
tion is shown in figure 23. The top of the shroud was left 
open for the heated-air outlet.  

Details o f the heat-exchanger installations for the 
performance tests are give1i in figures 2 to 11.5, inciuIve.-
These installations were for test purposes of limited clura- 
tion and do not necessarily represent a satisfactory service 
installation. In the installation details the heat-exchanger 
shroud is defined as that portion of the system which re-P 
stricts the air flow to the exchanger passages between the 
inlet scoop and the outlet headers For example, in the case 
of exchangers 1 and 2, the exchaiger shrouds are considered 
to be the additions to the exha cngers as is evident fror a 
comparison of figures 3 and 5 with figures 4 and 6, respec-
tively. For exchangers 6 and 7, the exchanger slIroUd con-
sisted of the exhaust-stack shroud on one side of the exchanger 
and a continuation of the air inlet scoop on the other side. 
The space between the exhaust stack and the shroud was sealed, 
in front of and behind the heat exchanger, with,rings formed 
of stainless steel which•have been referred to as dams. (Sac 
figs. 27, 2

1
 33, and 311-s ) The air-tempering system shown 

in figures 33 and 311W was not installed until after the 
performance tests. In preliminary flights with exchanger 6, 
the plug in the exhaust-gas core was found to produce an 
excessive temperature rise of the 'air and was, therefor,•,, 
removed for the performance tests. 

For tho'flame-suppresion tests, tilO installations of all 
the heat exchangers except b and 7 were the same as for the 
performance tests. In order to increase the quantity of heat 
removed from the exhaust gas for heat exchangers 6 and 7, tile 
rear dams werc removed, thus allowing . the air to discharge 
through' this opening in addition to the regular discharge. 
Furthermore, in the case of oxchangc'.'6, the gas-side plug which 
had been removed for the performance tests was reinstalled. 

After the perfornaico and flame-suppression tests 2 
the heat cxchangorshad boon' corplcted, three, of the heat 
exchangers' which appeared to be m.st readily adaitable for use 
were installed in nacelle.s 1,. j and 11- for service testing. The 
preliminary investigations 01 the servicc-testinstallation, 
hereafter referred to as the final installation, were conducted 
at the Amos Aeronautical Laboratory and form a part of this 
report.
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volvo essently wes installed iiì the hesteö—air—outlot 
ssteii of t-ic fiL-1e1 installations rich proiieed for 	 rectng 
re hosted, air to t1e icc—rcvo"ition s —stem (fron nacelle 1 to 

the lo.f't—wing outer panel, froni iacellr 3 to trio enpon'ego, 
and f2on nacelle 1 to the riht-1ng outer snol) or oercoer', 
lie valves trere actuated by clectrc riotors and could 30 
o.peratocl i fligiit	 Durir the rel1nnary tests of t - e f_Lid

installations the hcatoc air as eischar.od. ovcroocrö, IloLrovcr, 
the valves were included in the ins tallations in order that 
the hoat&cl air could be directed, to thc icep.rovction systeo-1 
clucl -lg tio service tests0 

Tic finsl revisions to 1.CEt ech ricr 5 c'id the :instal— 
lation cetails arc shown in figures L6 to 51, inclusive. The 
revise sriroid öcsign srio"xn in figure L16 provided an incrcsoc' 
sir !Dasse erouric' the sc1 es of the cxcerger eno frcoc'ori of 
rnoton betwe en the shro	 sn ec'iengor	 (Sec Section C--:C, 

Fig. I-.) Trio ncw.air Ini .ot. scoop ( f i s, ,, 51) oxtondec' forc arc 
o the reer ogo of ho col fle's, end s eafflo (or :lor 

shield) was lnsLalleC inSiC1 O the SCOO, in order to rec1 ucc the 
poibiLy 01 oil and eplovc gesolinc vapors entering the 
systoi -i ith the ar encL to cCCrO3SO the vsfb1c gi of the 
ctheust system to a r'ini1ui	 -n opc-iinr was proviCe in each

side of the ocooD bet ocr the :10w shic1c and trio c'ricst stec1: 
to prode for circulation of cooling cir against thc c noust— 
stçcI: osscrnol.1 

During the porforisncc tests, cc'igor 7 had aev 
creeks i the flutes at the forward oecCod ring, and' co c of 
the spot relds attaching the flto s to the c.ccuffercnts1 
rings nrcl ftilec1 . For thc find iiistefl a Gion C no-!.,!.unit was 
constructeC, s1oimn in fi:tro 52, whcxi w.-.s of tre se rb Ocsicm 
as the original cxchangbr 7, but was fabricated sorieiihat'. 
,difforoncy' in an offort 'co oliminae the failures n-itocl aboe. 
A new type circornfcrcntlLl band was cesigned t proviCe loss 
rostricion to oxpanson of hc exchanger, onci ti-a flutes of 
the now heat oxchengcr were formed to lr innto trio wclCed 
joiit at the irnorr'ost edge of each flucc, ijri_ch srip1ifcC 
the joining of the flutos at the o ,:! CL bnn-1 s of the 1 oct 
oxchengor 0 

Trio final heat—cchengor instcllocvm i'i acerb 3 did' 
not require sltcraions co the exhaust	 - c1 ou, but c cold—air— 
tenoering systo-Ii. was lrstdllod i order to decree so tr c G. r)2 

atuic of the air supplied to the ico—provorGion sste r	 This 
sir—compering instcllstion, snowi in figures 33,	 eri 53 C'	 , 
consisted of an air inlet scoop l000todi on the nacelle above 
end oft of the heet_cxcriorgor scoop, o duct to dIrect the sir 
to the heat—oxc1angcr sir otlet heccicr, md l e valve to control 
the amount of cold air 'a&iittcd into thd-liostcd—air stream. 
The valve position was sot before flight bocauscno'means was
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provided to adjust the valve during flight. The valve asseri'oly 
to control the direction of heated--air flow was located in th 
wing near the overboard discharge louver (fi9s 0 . 35 and 5-) 
The finai. installation of heat- exchanger 7, ready fQr fl1ght. 
testing, is shown in figure 55.	 .	 ..	 . 

Heat exchanger 3, shrouded es 'shown in. figure 56, was 
installed in nacelle 4 for service testing.,. The shroud was 
added to the heat exchanger to provide two additional qair 
iiassages, appro mately five-eighths i n 	 wide, in order to 
increase the air-fLow rate through the. unit	 The installation 
of this exchanger was similar to that of exchanger 5 in nacelle 
1 and is shown in figures 7 to 60. 

Instrument at ion 

The instrumentation of the heat-exchanger instalia,tions 
provided for the determination of the air-flow rate, teriDera-
ture rise, and static pressure drop (including losses in inlet 
scoop and outlet header), the heat transfer to the air, and 
the static pressure drop of th exhaust gas across the ex-
changere Some addiional dat.: were obtained relative to each 
installation such as the temperatures of points on exhaust 
shroud and the total pressure at the air inlet scoon. . The 
following, temperature and pressure data were obtained: 

Temperatures 

1 Exhaust gas forward of the ' heat exchanger 
2 Exhaust gas • aft of the heat exchanger 
3 Ambient air 
L Heated air out of the 
5 Various points of the 

shrouds, and the he 
6 Exhaust-stack wall at 

and aft exhaust-gas

heat exchanger 
heat exchanger and exhaust 
at-exchanger air outlet header 
the locations of the forwnrd 
thermocouples 

Pr s ures 

1 Static in the exhaust stack forward of the heat 
exchanger 

2 Exhaust-gas static pressrc drop acro,ss the heat 
exchanger  

3 Total in the air inlet scoop 
-l- Static' in the air inlet scoo 
5 Static in the heated-air outlet ducting 
6 Static at ienturi meters used to obtain theair-flow 

rates	 .	 .



Unshielded thermocouples were used to indicate all temper 
atur,es exce pt that of the ambient air, which was obtained with 
a glass-stem. thermometer in a radiation shield mounted in the 
air stream. Chromel-alumel wire was used for the therm.ocouoles 
in the exhaust-gas stream, and iron-constantan wire was used 
for all others, The tymes of thermocoup]es used are sriown in 
figure 61. The temperatures were obtained with a portable 
p otentiomter. The pressures were obtained with static or 
total  tubes . as shown in figure 61. The absolute value.of the 
static, pressure in the exhaust stack forward of the heat 
exchanger was indicated on a manifold-pressure gage,.. The. 
exhaust-gas static pressure drop across the heat exchanger and 
all air pressures were indicated on water manometers. The air 
pressures were referred to the static pressure of the service 
airspeed head. The locations of the thrrmocoupies and pressure 
tubes are shown on the installation drawings of each heat ex- 
changer (figs. 2" to 414)	 The instrumentation of all.heat ex- 
changers was similar with respect to locations and types of 
t1ie,rrioc.puple.s and ressurc . tubes used.. 

When the heat-exchanger tests were completed, a auacLruple-
shielded thermocouple, shown in figure 2, was installed. in 
the exhaust stacks of "engines 1 and 3 to provide an indication 
of the racUa,tion'error of the unshielded gas' thermocouples. 
The shielded thermocouple was installed.in  the center 'of the 
the regular straight sections of exhaust stack which had been 
replaced by the heat exchangers. Thus, in nacelle 1, the 
shielded thermocouple was located apiroxir.iacely nalfway 
between stations 2A and 2 (fig . 24), and in nacelle 3, aprox- 
imately halfway between stations 2 and 2D (fig, 34). The 
section of straight exhaust stack was lagged with asbestos, 
approximately three-eighths inch thick, and the unshielded 
thermocouples used during the heat-exchanger tests were left 
in place in the unlaggecl portions of the exhaust system. 

A single unshielded thermocouple (fig. 61). and a venturi 
meter were installed in the heated-air discharge ducts of the 
final heat-exchanger installations in nacelles 1 and 4-. In 
the case of the final installation for nacelle 3, an unshielded. 
thermocouple was installed in the duct betwoOn, th exchanger 
outlet header and the discharge-valve assembly. The venturi 
rioter, lcated,between the exchanger in nacelle-3 and. :the 
hoe.ted.-air discharge louver for the orformanco tests, was 
left in place.  

Although during the preliminary tests of the final heat- 
exchanger installations the 'heated air was directed overboard. 
only, a single unshielded.thermocouple was located in the duct 
which directed the heated air to the wing outer panels of the 
iritallation in nacelles 1 and 'r for u s e during the service 
tets. Also, for the right wing, the cjuEntity of air flow
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could be determined when the air was directed to the ice- 
prevention system by meana of.,,the venturi meter' located :near 
the outer panel joint (reference 2 . ).	 .. . ... 

During the tests of the final heat-exchner instal-
lations, instrumentation was provided in nacelle 3 to obtain 
the turbine-si.mercharger speed and angular posltioi'i' of the 
waste-gate butterfly valve. An indicating tachometer. was 
connected to the turbine supercharger, and an NACA control- 
position recorder was attaôhedto the, waste_gate : butterfly. 
valve.

tflqrT1 

Prior to flight tests, the engines were operated on the 
ground with the heat exchangers installed. All "pressure and 
tenmerature data were recorded for the heat-exchanger instal-
lations at engine-power conditi one of aproxirsately 16 inches 
of mercury manifold pressure and 1200 rpm engine speed. The 
engines were also operated at high-power conditions of full 
throttle and full boost in order to investigate the maximum 
temperatures of the heated air and parts of the exhaust shroud 
under these severe conditions of low air-flow rate and high 
exhaust­ -gas-flow rate and t emseraturc. 

:7hen the heat-exchanger installations were considered 
satisfactory, as determined by the ground testing, the flight 
tests were made to investigate the performance of the heat 
exchangers at various flight conditions. Pressure and toemer- 
auure data were roe orcLecL for eachlioa tu exchangc;r cLuring rated-
power climbs and normal descents at various altitudes. Data 
wore also recorded during cruising-power level flights for all 
of the heat exchangers at 1,000 foot pressure altitude; for 
heat exchangers 1, 2 and 3 at 25,090 foot pressure altitude; 
for neat exchangers 4,. 5, 6, anc. 7 at 30,000 feoc pressure 
altitude; and for neat exchangers ,. 6,. ama 7 at 3L^, 000 Iect 
pressure altitude. For each flight condition the engine poior 
was repeated, as nearly as possible, forall heat exchangers 
tested. The hcatcc-air temperatures 	 and,	 i air-flow atos were 
ooainccL for hc finalinscailations of heat exchangers , 5, 
and 7 during rated-power climb and level-flight conditions 
s'iilar co cno perforr snco tests In oer that t rio finel 
installations could be compared to the performance-test 
installations. 

Night flights 'wore conducted to observe the flaming of 
the exhaust gas and glowing, of the exhaust stack and turbine 
supercharger for each exchanger-pc rf ornanc c installation with 
tho exception of exchanger 5. Visual observations were made 
from the ball turret of the test airnlane, from an acc'miany-
ing airplane, and from the ground. The observer in the test
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airplane was stationed in the ball turret and made.  
tions during level flight at venous enne-1D'Dwe 	 rie r coitions, 
The cconpanying eirplane, 7uith- :tw6 r observers exclusive of 
the I ifght crew, was maneiverd abot't the' B-17F airplane at 
a distance of approximately 300 feet. 0sez'vations . of each 
heat-exchanger- iistC Ilation uere ree from se erel positions: 
fror each sire dectiy Lelow, anö below en l slightly aft. 
I. acditorj to the soove tests, te E-17F airplane uss --,own 
ttiuces of 300 er 500 feet ocr two obser.rersstationed 

OY1 tre gror0 

'en he performance tests of the heat exchangers 'were 
completed and the quadruple-shielded   thermocouples were 
installed in the exhaust stacks, temperature data were recorded 
for the unshielded and shiided thermocouples during rated-
power climb and level-flight conditions similar to the. 
conditions at which the hest exchangers , were testei. 

For the inesigstior of the effect of tI e heet-excr1anLer 
insteilation on the turbine -superchargeroperetion, tests were 
conc1uctocl. at the eerie fi1Li-t conditions 	 tri en witouc heat 
exchengcr 7 installed in nacelle 3. R,teC-power clros crc 
mode to opproxir'atel r 31,000 feet pressure altitude to invesi-. 
gate the critical altitude of the turbine supc'ciiarger for this 
power condition, ' 'The . test climbs were made with fi1 throttle 
under the ooerating conditions of constant manifoIcl'ressuro, 
engine speed, and indicated airspeed, The manifold pre-ssure 
was maintained constant b y adjustmcnc of the boost' cinrol, 
Level flights wereconducted at 25,000 feet 	 Altitude 
to determine the effect on the turbine s peed and .ast'o-gate- 
valve p s ocion of (1) varying engine SpCOCL (a fulltnr.otlo 
and full 'boost) and (2) varying manifold pressure (at' full' 
thiottiq and constant engine speed). For part (1), the engine 
speed was changed by adjustment of the propeller oi'tch control 
andfor'part (2) the manifold pressure was changed by operating 
the boost control.  

RESULTS 

• ', The data recorded clurng the performance . tcss of the 
seven heat exchangers are presented in tables I to VII," 
inclusive, ' The reference pressure, which was the static 
pressure of the service airsjeod head, has been corrected to 
true ambient static. pressure. The pressure correction ELpplied 
was obtained from a.caljbratjon of the service airapeed head 
by means of a static head suspended beneath the ip1ane 
The data obtained during the operation of tho engines at high 
power on the ground' and during take-off are not complete and 
do not represent, a state of equilibrium. The length of time 
tb,at the , engines could be operated afcly at this high power'' 
without' overheating did not permit a state of equilibrium to
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be reached. The data for these conditions have been included 
because they . are In.diáative of the: maximum -values which might 
be attained under these severe operating. conditions.The 
ranges of altitude given in the tables for the climb and 
descent runs represent the change in altitude duing the 
recording of the 'ta. 

The evaluation of the general performance character- 
istics of the sevenheat exchangers is presented in tables 
VIII to XIV, inclusive, which were prepared from the data 
in tables I to VII, inclusive.	 heated-air temperature 
given in these tables is the average value of the five-
thermocouple survey locatedin the heated-air outlet duct. 
The air-temperature rise was determined from the ambient-air 
temperature and the average heated-air tem perature. The 
rate of heat transferred was based unon the air-temperature 
rise, the air-flow rate, and the specific heat of the air 
at the arithmetic average of the ambient air and the heate.d-
air temperatures. 

The measured static pressure at the air inlet scoop was 
corrected for the difference in cross-sectional area between 
the air inlet scoop and the heated-air outlet duct. The 
difference between this corrected static pressure at the air 
inlet scoop and the static pressure measured at the heated- 
air outlet duct is presented in each table as the air-side 
static pressure drop. The exhaust-gas prèsureS were measured 
at'points of equal cross-sCctionài area and, therefore, no 
area correction to the recorded pressure differences was 
necessary. 

The data obtained for the tests conducted with the 
shielded thermocouples installed in the exhaust stacks of 
engines 1 and 3 indicated a difference in temperature between 
the shielded and unshielded thermocouples ranging from 1200 
to 1600 F for the level-flight and descent test conditions, 
and from 609 to 0 0 F for the climb condition, with no 
consistency of the data within these ranges. The corrected 
exhaust-gas temperatures presented in tables VIII to XIV, 
inclusive, are the recorded values increased by 11l00 F for 
the level-flight and descent test conditions, and increased-
by 700 F for the climb condition. The values of the exhaust-
gas-flow rate given in the tables were calculated from 
engine-performance date,, 

The results of the flame-suppression tests are given in 
table XV. No attempt was made to measure the intensity of 
the visually observed flame or glow because it was believed 
that whether or not the flame and glow were visible to the 
eye was a fundamental critcrion of flame su?pression. During 
all of the night flights conducted to observe exhaust flaming,



12 

heat exchangers were installed in naqo1JQ l r3, ñd L, and 
the glycol boilers of the service cab4icatig system wore in 
nacelle 2, therefore,	 d	 -i no inicatio of the intonslt3 of the 

or g10 log wes obtained for til e regu1r exhaust sys t em. The exhaust fTanui g , uni.ch was visible on ly fran the bell 
turfet of tile test airplene, was a olue haze of low intensity0 
The type :.of fuel used in the engines nay he an effect on the 
iiltCflS1j of ehast f1aing, however ) oily aircraft engine 
fuel, g:aCe 130, aro r iet1c was useC ''r Lin g tfl e reported tests, 

Lie neat excbongers were not tested for a sufficient 
length oftir-ie to prone conclusivc ilfor r iation rogarcLng trio 
service life of the various units, ho T rerer, each heat exchariber 
was visually i specteC for irieicetions of failire after the 
tests harl been	 discolortiori of the r- p ta1 on all 
beatoc.nergcrs was observed to cc roro trvounced on the 
exhaust-gas side cLan on çhe air 5iCe	 Sight roughness of

the noLal n the ebsusc-gas side, copocially noticeblc in 
heat ecilancr I, LCS found1 at the foruarC en of the heat 
exchanger.• In cal cases, the s	 arount of discoloration and. 
roughness did not appear to exceed that of the regular exhaust 
oyster . S all crochs ucre oboerveci C G trio forwarc' eic1 of root 
excl angers 6 one 7 in tic rcio-i mere tro fl tes were Jo'ineC 
togotber.	 . Prior t tie	 s)cctlol, hart cc'lengcrs 1, 2, rnd 
3 lire beer tcstee for aopro 1 riac	 21 ..iours,	 foi ep 
ruetoly 1 1-oLu's, 5 for pro1iietc1 1 11 jolr, are 6 cc 7 for 
about 29 lours, 

Lie results of the-or oljyuyicr r tcstng of tho fjri1 IL notol.  - 
lations of :heat exchangers 3, 5, and 7 are given in table hvI, 
Since the performance chracteristics of the hcat exchangers 
had been investigated, and those tiu'eo final installations 
were soccifically	 service.. testing, cor,iplcte temperature 
and pro ssurc data were not obtaincci. 

The effect of heat exc'engcr 7 installation i PeC011e 
on the turbine pod ancl . waste-gate-valve iosition for trio 
three test .coiditions investigated is shown in figures 63 to 
65 inclusive,	 .	 .	 .	 ,. 

Figuo 63 presents te results of the rated-power clime 
tests, and figures 6+ eriC 65 iercsc rit trio results of the level-
flight investiotio-s0

DISCUSSLOIT 

The possIbility of: otorminin a single inó.cx which can 
be used, for comparing.-all. heat exchangers has been trio sub

 much discussion ancL.rosearch. The large number of factors 
irivolved (heat- output, temperature risc ) resistance to e r'rust-
gas_e n d_air flow, and ecbsngor weight arid volume) riches the
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selection of the optimum exchanger very dependent upon the 
particular application. This problemof establishing a 
"coefficient o'f performance" for heat exchangers was also 
encountered during the investigations of reference 1, in 
which several exchangers of different design and anticipated 
outut were tested. A ±casonably satisfactory..bsis. 

m	 cU	
for tilO 

comparison of	 fferont exchanger designs eists,-howover, 
when all the exchangers are intended for the same installation, 
as in the case of the repo±tccl investigation..Acc.?rdingly, 
the design requirements of the hcat-cxchanger installations 
for a typical four-engine bomber airilane thermal ice-
prevention and cabin-hoating systcEls.havëbeen' chosen as the 
basis for the c 2mparisàn of the seven heat exchangers. 

The design requirements arc given for the critical 
conditions of the outboard- and inboard-nacelle heat-exchanger 
installations. The outboard-nacelle insta1lations to be used 
for the wing ice-prevention system only, were conidorec 1. to be 
critical for l,000 feet iressure altituae at maximum range 
cruising-f light conditions.  The Li^board-neacellc installations, 
to be used for the empennage ice-preveption arT.d cabin-heating 
systems, were considered to be critical at 35,000 . feet 
pressure altiti1de for cabin-hoatirg use during maximum range 
cruising-flight condit ions. Unfortunately, the test concUt ions 
were not identical to the design specifications because the 
specifications were not available until the investigations 
wore almcs completed, and because xic facGo's- involved in 
flights at high altitudes restricted operations at 35,000 feet. 
The test conditions, nevertheless, closely approcimatecl the 
design assumptions in most cases and, in general,, provided 
data from which the relative ability of the various exchangers 
to satisfy the design requirements could be estimated. 

The design, requirements ana the periormance data to be 
compared with those requirements are presented in table XVI10 
Although exchanger 2 was , installed in nacelle 3, it was not 
tested at 35,000 feet (design requirement for the inboard 
exchangers) and hence has been listed with the outboard 
exchangers in the table. The exchanger was of com parable size 
with those tested in theoutboard riacellos and can reasonably 
be included with them for the purposes of discussion. All 
t'brco of the exchangers for which test data rcrc obtained at 
31 2 600 feet have been grouped together for cômparison with 
the inboard-nacelle reciiromonts even though' two of those 
exchangers were designed for the outboard nacelles. 

The desired values of the total pressure drop for the 
exhaust-gas and air sides of the heat,-exchari'ger installations 
were specified in' the design requirements. 	 the total 
pressure dl'ors were not bta4ned during the.testing because 
of the difficulties and complications asoc..iatcd with the
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in,strur2'ientation necessary to' determine correctly the total 
pressule profiles across the heatecl-eif outlet duct and the 
exiz. tust steck. On the exhaust-gs side there was little 
siac,e .vailable for the .,location oforessuretubes aft of 
the oxc lflanRers and between the heat exchangers and the engine- 
e'tha'ust cllect.or, (See the figures of the heat-exchanger 
istallatione..') An indication of the static pressure drop 
across . the gas side of the exchangers was obtained and may 
.be ued- in c oriipar ing the various excha'igers but should not 
:be:comoared with the desigiI. total pressure drops. With regard 
to the :air side of the heat, exchangers ) the velocity distribu- 
tiorscross the air-iilet-sc000 ent rance's was sufficiencly 
constant,- to allow the' total pressure 'to be evaluated from a 
three-tube total-pressure survey, 

In the heated-air outlet onlytile static pressure, Illich 
has ese r1tia11ya,co. stant value at any duct section, was 
neasireci. A reason	 o acle aproioatin of the-total pressure 
iii the air outlets'however, can be obtainecl.'by adding a, 
calculated value of the y ioric orseure in t'.e o tlot to he 
measured . static .pressure, The flow in the heated-air outlet 
ducting was assürrie.d to be turbulent and the rêlationshiu used 
to,:c,aiculate' the. dynamic ore ssuré was q = '-pV 2 ; 'where q is 
the .dynaric pressure, p 'is the density of the air, arid. V 
is the average air velocity in the 0.uct 0 The caicuiatecl;values 
'of total-, pressure in the air' outlet duct were subtracted from 
the', values measured at the air inlet 'to provide the total 

• 1 pros , rc drops proented int able XITII. 

kconsideration of 'the rate of hcat transfer of heat 
exchanger's 1 to 6, inclusive, indicates that only 'exchanger 
5 exceeded the design requii'omeit for' the outboard-nacelle 
installation at 18,000 feet pressure altitude. However, the 
test indicated airspeed was below the design value and it is 

• , orobab1c that therate of hear transfer of exchangers 1, 2, 
3, , al!d 6 would satisfy the requi'rcment if tested 'at 'design 
airspeed conditions. Attention is directed to the fact that, 
although , thc design rate of heat transfer nay be realized, 
the heat-exchanger. performance may not be satisfactory unless 
the air-f lo-.r rate and temperature rise, which determine the 
rate, of heat transfer., also meet the design requirements. 
For heat exchangers. 1 to 6, inclusive, the air-flow rates ''iorc 
below the design values, and, the 'air-temperature rises, except 
for exchanger ,L, exceeded the design requirements. The heated-
air-temperature rise produced by exchanger hi was Witillil the 
range specified in the design rcauircmoats, but the air-flow 
rate was low. This general condition of low flow rate and 
high temperature rise indicates that the pressure drop across 
the exchangers was hi gh, which is verified by the values of. 
total pressure drop given in table xvi:. Of the six exchangers 
compared with the design requirements for the outboard nacelles,
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exchanger 5 most nearly approached the design pressure drop 
and air—flow rate. The combination or low air—flow rate and 
low total pressure drop presented for exchanger 2 indicates 
that the heated—air outlet ducting öontributed moreto : the 
over—all pressure loss in the inboard—nacel.1e than ri tho case 
of the outboard—nacelle installations. A total pressure ciro 
across the exchanger 2 instal1atio1 equal to the allowable 
esign rociuirerJont would probably have reultëci in, an air—flow 

rate, temperature rise, and rate of heat transfer closoto the, 
design specifications. 

In the interpretation of the air—side total pressure 
arops for the heat exchangers, it is important to realize 
what the values given in table Vi include the pressure 
drop through the air inlet scoop, the heat exchanger proper, 
and the air outlet header. It is ossiblo, however, to obtain 
a relative indication of the pressure loss to be attributed 
to the exchanger itself by a comparison of the test data for 
similar installations, such as those of oxenangers 1, 
and 5. On this basis it may be seen that exchanger 1 instal-
lation had the highest pressure drop at the lowest flow rate, 
and since the installation of this exchanger was similar to 
those of exchangers 3, LI, anc'. 5, it is probable that the 
pressure drop across the exchanger proper was approximately 
twice that for exchanger 5. Exchanger 6, although tested 
in the outboard nacolles, has not been consdcrcd in this 
comparison because this was a cross—flow heat exchanger anCL 
rcçuirod co, different tync of installation. 

An indication of the effect of air init scoop, heat— 
exchanger shroud, and outlet design on the performance of 
an exchanger installation is illustrated iy a comparison of 
the data for exchanger 3 installed for performance tosts and 
for service tests. (See tables	 anI ::vI.) The final instal— 
lation of exchanger 3 was designed to have a lower :ir—si_de 
pressure drop than the test installation A1t1iouh tho final 
installation pressuredrop was not measured, a reduction was 
a)parentiy achieved as evidenced by the increase in the air- 
flow rate and the decrease in airto:iperaturo rise. 

A comparison of the performance date. for exchangers 5, 
b, and 7 with the design reauiromenta at 35000 feet pressure 
altitude indicates thatthe rate of ncau urarsfer of the 
exchangers was below the design value Although exchanger 7 
was the only unit specifically dosignqd for use in the inboard 
nacelles, the tcst cata snor caat the r,-.0 of neat cransfor 

for exchanger 5 almost equaled that of exchanger 7 Although 
tne test inicstec 1CS?OC wee oclo the esi	 velijc en 
the exchanger rates of heat transfer wouJ4 increase as the 
design airspeed is arproached, it is questionable whether the 
reuirod rate of heat cxchangc could be achieved by either
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5 or 7 unxdesignconcUtions. The .pef?rmance data ind cl	 icate 
that for 'exchagers 5 and 7, th air-flow 'rats nd.air-  
temperature rise, which cl.etei'mine the rate of heat 'transfe±' 
and must meet design requireerite.' if the performaie of ,'. the 
ic e-0feeot10 -1 or cabin'-heating s:rsten is to be satisfactor, 
were, respectively, below and above design value c This' 
reported performance of the instailati.on indicates' a high 
'aIr-side, pressure drop which is sibstantiated by the data :. 
presenteö in tb1e XII	 The highsir-te1)eretuce rise

experienced with the installation of exchanger 7 in ñacell:e 3 was the reason for the adaptation of the cold.-air teimer:ing 
system already described under the discussion of final or 
service-test installations. The effect of thiS tempering 
system. in reducing the, temperature of the heated air:- direc-te"cl. 
to the empennage is shown to be satisfactory by a dmpa'isor 
of data in:, tables XIV and XVI-©	 .	 .. - 

A com1Dariso of the perforiance.data recorded 	 each 
exchanger at,, different altitudes indicates that, in -general' 
the air-flow rate decreased and the air-temperature rise 
increased as the altitude was increased for similar airspeed 
and engIneoower conditions. The recorded decrease in air-
f1w rate had a greater.effect on the rate of heat transfer: 
than did the increase in air-tcmpereture rise, 'resulting in 
a decrease in the rate of heat transfer. These rejults indi' 
cate that the variation of heat-exchanger' performance with 
changes in altitude is a important consideration in" the 
design of such installations The aeplication of exhaut-gas 
heat exchangers- to future engine installations in which 
satisfacory exchanger performance IS required over a large 
range of airplane and engine operating conditions will 
probably lead to the development of air-tempering systems and 
exhaust-gas b ypass devices.	 , 

The results of the flarie-sup pression 'tests indicated 
that the intensity of the 'exhaust flaming was not sufficient 
to be visible at an estimated cListance of 300 feet, but that 
the glow of portions of- the ethaust syCtem and the turbine 
supercharger was visible. Exhaust flaming, as a blue hazc,-
observed from the ball turret of the test air p lane, iidicat.cd 
that flaming did exist but was of low intensity. In the 
evaluation of the results of the flame-suppression ' investi--
gation, the background conditions should be considered. For 
the reported tests, it was observed that the moon was not - 
visible when heat exchangers 1, . 2, and 3 were tested, but was 
visible near the end of the flights when heat exchangers L , 6, and 7 were installed. During all of the tests, ground 
lights were visible but, when observations were being made, 
the airplane was maneuvered so that the source of light was 
not in tho background. 	 .	 -
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The results of the tests to investigate the o peration of 
the turbine supercharger with and without exchanger 7 installed 
indicate that in a rated. engine-power climb, the speed (and, 
therefore, critical altitude) of the supercharger was not 
affected by the exchanger installation. (f.ig. o' 	 it 
was found that the exchanget' installation necessitated a 
greater closure of the wastc-et- VOiVO i n- order to r ajntejii 
tne manifold pressure at the raGed-power value. The c.aa in 
figure 65 indicate that a movement of the .raste-gate valve 
from two-thirds closed to almost fully, closed wao required 
to attain the same manifold irc. ssurc in level flight with the 
exchanger installed as that obte:lned . with no 'exchahgcr. The 
limited . scope of the supercharger investigations reclucLes 
the pro sontation of definite statements regarding the 'effects 
of heat-exchanger installations ? turbiie-suicrcharer 
porformanc, and t1-., c data presented in figures 63, 6 and 65 
should be interpreted with reservation. 	 . 

The total time that the heat exchangers wore 'tested was 
not sufficient to provide a basis for conclusions on the 
,serv i ce ' life of. the units. The discoloration which was 
observed when the heat exchangers were insectod did not 
a near to be excessive • The location of the small cracks 
observed on heat exchangers 6 and 7 at the forward end whore 
tho flutes were joined together indicatedthat failure was 
rrobahly cLue o the menoCL 01 fabr.icai'on of the heat 
exchangers. The cracks were in the region where a consider- 
able amount of forming and welding was required in the 
fabricati2n, and the method of joining the flutes a'eaed 
to cause a concentration of stress at this oint, It was 
also observed that. the discoloratio of the metal of 
exchangers 6 and 7 was most pronounced in the region whore 
the  cracks were located. The discoloration nrobably indicates 
that the distribution of air was not satisfactory to provide 
sufficient cooling of this area. 

In the installation of exchangers 6 and 7, the clamp 
connections which joined the heat exchanger to the exhaust 
stack were located within the air shroucUng and, therefore, 
any leakage of exhaust gas at these joints would enter the 
air stream. Exhaust-gas leakage at the clamp connections of 
exchanger 7 was evidenced by discolorations of the exhaust 
shroud in the vicinity of the cle:s. If a heat-exchanger 
installation of this tyoe were to be used for cabin heating, 
a secondary exchanger would be necessary in order to avoid 
the danger of introducing carbon monoxide into the airplane 
cabin. Installations similar to the cross-flow type tested 

m arc not subject to containation of the heated air by exhaust-
gas leakage at the atachment cianre because these connections 
are located outside the air rassages; however, a secondary 
exchanger may he emloyed as a precautionary mea 	 in the sure 
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event of a minor failure of the exhaust-gas-to-air heat 
exchanger,

CONCLUDING- REMARKS 

The design reqiiirer.lents of heat exchanger installations 
for a typical four-engine boriber airplane are used as basis 
for comparing the 'performance of the heat exchangers tested. 
The results. indicated that the design rate of -heat transfer 
for the outboard nacelle heat-exchanger, installation would 
probably be provided b y all the heat exchangers tested in 
those nacelles.. It is questionable if any of the heat 
exchn'gers tested in the inboard nacelles would provide the 
rate of heat tra sfer seCified for those nacelles	 For all 
the heat exchangers tested, it was fourid that the air-side 
pressure drop across the exchangers was high and resulted in 
lo.r air-flow rates and ln most cases ngri air-temperature 
rises. 

The flame-suppression tests results showed that the glow- 
ing of the :exhaust stacks and . turbirio_surorcharger : parts was 
more visible than the exhaust gas flaming. 

The lirited data obtained on the effect of a heatexchanger 
installation or the operation of a turbine superchargci' 
indicated that the critical altitude of the supercharger for 
rated-engine-power condi ions. was not a I octed e trio aea - 
exchanger installation. These data also show that, for a givcn 
engine mapifpld pressure, greater closure of the waste-gate 
buterfy valve was roquirce. with tric excnan	 n	 llcL gcr 1sae tnan 
without the exchanger installed, 

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Iiofott Field, Calif.,	 19, l9-
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TABLE I.- DATA RECORDED FOR EXCHANGER 1 TESTED 

IN NACELLE 1 OF THE B-17F AIRPLANE

ATIQNAL ADVISOR,

COARITTEE FOR AERORAUTICS 

Run number 1 2 3 4 5 6 7 8 9 10 11 
Flight conditions Ground T.O. Climb Climb Climb Level Climb Level Descent Descent Descent 
Manifold pressure, in. Hg: 
No. 1 engine ----------16 44 37 38.5 38.5 28 37 26.5 20 19 20 
No. 2 engine -----------16 44 37 38.5 38.5 28 37 26 20 19 20 
No. 3 engine ----------16 44 38.5 38.5 38.5 25 37 27 19.5 19 20 
No.4 engine 16 44 38.5 38.5 38.8 28 37 27.5 19.6 19 20 

Engine speed, rpm:  
1150 2500 2300 2300 2300 1800 2300 1900 1800 1800 1800 
1150 2500 2300 2300 2300 1800 2300 1900 1800 1800 1800 
1150 2500 2300 2300 2300 1825 2300 2040 1800 1800 1800 

No. 1 engine -----------
No. 2 engine -----------

No. 4 engine 1200 2500 2300 2300 1825 2300 1900 1800 1800 1800 
No. 3 engine -----------

Indicated airspeed, mph 134 133 128 133 129 153 148 160 

Pressure altitude, ft
-Er- 
level evel 7,000 M12,000

12 400 
16,400 ' 2O 

24,300 •
24,500 
21,500

17,200 
14,200

8 ,000 
5,000 

tiMixture setng,
A,R, A,R. A.R. A.R. A.L. A.R. A.L. A.L. A.L. A.L. 

Temperatures, UFZ 

Ambient air	 -----------66 62 57 48 17 14 12 -9 -2 18 53 
T39 • exhaust gas in	 -------- --- 1554 1564 1546 1626 1576 1680 1555 1499 1598 

exhaust stack wall at T39-- 527 876 906 910 1022 1114 1110 1007 883 779 
exhaust stack wall at T39 537 990 1034 1032 1072 1097 1158 953 901 815 

T42 , exhaust stack wall at 601 -1149 1145 1203 997 963 866 
950 ---- 1462 1480 1475 1522---- 

T45 , exhaust stack wall at T43 - 281-- -- - 642 704 694 ---- 526 395 
745 , exhaust stack wall at 743 440 823 844 850 804 900 898 799 637 565 

automatic rioh or lean 	 ------

749 , air out 307 464 476 495 485 479 536 520 440 370 332 
317 --- 469 495 494 482 544 525 428 356 307 

•	 survey 307 456 474 472 457 520 486 398 337 290 
• sir out 294 440 452 450 484 495 450 373 320 280 

743 , exhaust gas out -------

750, air out -------------

T53 , air out j 279 -- 404 416 414 392 454 399 340 294 264 
245 --- 426 437 437 424 498 438 353 283 251 
138 200 250 208 215 127 120 

exhaust shroud, forward - - 130 --- 180 146 157 167 233 194 310 138 130 

754 , exchanger outlet 	 ------
755 , exchanger shroud	 ------

Ty, exhaust shroud, aft - - - - 151 254 276 309 325 328 440 400 257 150 127 

air out >	 ------

Pressures:  
1 P21 , exhaust gas in, static 	 - - 31 36.3 35.9 28.4 27 20 25.5 18.4 15 17 

exhaust gas static aI'21_P22 ---- 8.5 2.9 3.2 5.3 --- --- 

2.3 2.8 13.5 13.5 12.8 10.5 12 16 12.3 12.3 14 
2.5 ---- 13.5 13.3 12.9 10.5 11.9 10.0 12.7 13.5 14.4 

air In, static	 -------

25#air in total, center 	 - - - 2.5 --- .7 133 0 1.4 13. 10.6 12.2 10.3 12.7 13.7 14.4 
air in total, top ------

a	
air In total, bottom 	 - - - 2.5 --- 13,5 12.3 13.0 11.0 12.0 10.4 12.9 13.5 

27	 air out, static 1.5 ---- -0.4 ..0.6 -0.8 -1.2 -1 -1 -1.8 -1.5 -1

1 lnches of mercury, absolute. 
5 1nches of water. 
3 1nches of water, referred to ambient static pressure. 



TABLE II.- DATA RECORD FOR EXCHANGHR 2 TESTED 

IN NACELLE 3 OF THE B-17F AIRPlANE

.ATION,L ADVISORY

COT1EE FO AEROUTCS 

Run number 1 2 3 4 5 1	 6 7 8 9 1	 10 11 

Flight condition Ground T.O. Climb Climb Climb Level Climb Level Descent Descent Descent 
Manifold pressure, in. Nga  

16 44 37 38 38 28 37 26.6 20 22 20 
16 44 37 38 38 28 37 26 19.5 21 20 

No. 1 engine -----------
No. 2 engine -----------

16 44 37 38 38 25 37 27 19.5 21 20 No. 3 engine -----------
No.4 engine 161 1	 37 38 38 281 57 27.51 19.5 18 20 

Engine speed, rpmi  
No. 1 engine ----------1150 2600 2300 2300 2300 1800 2500 1900 1800 1800 1800 
No. 2 engine ----------1160 2500 2300 2300 2300 1800 2300 1900 1800 1800 1800 

1150 2500 2300 2300 2300 1825 2300 2040 1800 1800 1800 
No. 4 engine 1200 2500 2300 2300 2300 1625 2300 1900 1800 1300 1800 

Corrected  
Indicated airspeed, mph - 106 135 133 133 128 133 129 138 158 165 

Pressure altitude, ft
2 
level

Sea 
Level Z3 

7,300 L2,000 16,000 '
UB, 
4,800

j 0 
•

24,uo(, 
21,500

zi,o 
18,000

7,0uo 
4,000 

Mixture setting,  
automatic rich or lean A.R. A.R. A.R. A.R. A.R. A.L. A.R. A.L. A.L. A.L. A.L. 

No. 3 engine -----------

Temperatures, °F, 
Ambient air	 ----------68 

10 -72
62 58 

1520
50 

1529
56 

1485
10 

1506
12 

1600
-9 

1628
-2 

1476
3 

1290
58 

1190 - 
- T21 , exhaust stack wall at	 20 646 753 780 830 889 900 997 1111 806 670 

20	 exhaust gas in	 -------

T 229 exhaust stack wall at T20 
T25 , exhaust stack wail at Tzo

694 
-

1044 
1031

1042 1077 
1064
- --- 1200 -- 945 787 - 

911 922 892 1368  1319 1140 1230 1248 1152 - 
--- 
-- 
- 

exhaust stack wall at 	 24 - 
26, exhaust stack wall at	 24 

T27 , exhaust stack wall at	 24

308 
381 
430

545 
498 
831

533 
515 
852

570 
524 
864

447 
397 
682

595 
520 
920

607 
548 
529

590 
554 
680

406 
350 
310

519 
265 
550 

T, air out 502 378 426 432 372 480 479 568 530 275 - 
402 31' air out	 ( 360 458 442 448 $98 498 490 590 558 300 

air out	 survey ----- -313 --- 440 445 454 398 504 490 587 358 296 
733 . air out	 J 295 --- 424 433 439 382 490 473 370 346 288 
734 . air out-"	 - - - - 274 -- 

-
406 410 416 348 468 443 540 315 269 

380 435 400 402 400 504 485 398 355 378 
-- 36' heater shroud, skin - - - - 131 147 138 131 140 155 177 155 131 135 

24' exhaust gas out --------

735 . heater outlet, ski------

exhaust shroud, forward - - 167 259 290 282 284 215 324 430 216 176 169 
T 
381 exhaust shroud, aft - - - - 131 155 155 148 123 162 190 148 168 178 - 

exhaust gas in, static	 - - 
3 P11-P12 . exhaust gas, APE , static 

air in, total, top	 - - - - 
air in, total, center - - 
air in, total, bottom - - 

3 16, air in, Static	 -------

3P 171 
air out, static -------

31 
- 
2.1 
2.0 
2.0 
1.5 
0.8

37.5 
15 
-

32 
26.5 
15.9 
15.7 
15.7 
13.3 

6

30 
28 

13.5 
13.1 
13.2 

13 
6

29 
29 

15.2 
15.0 
13.0 
12.8 

5

20 
11.5 
11.5 
11.6 
11.6 
11.5 

5

27.5 
55 

12.6 
13.0 
12.9 
12.3 
4.3

20.1 
17 

10.6 
10.8 
10.6 
10.6 
4.8

15.5 
10.5 
11. 
11.5 
11.3 
10.8 
4.8

-- 
14.3 
14.0 
14.0 
13.5 
5.8

15.2 
15.2 
15.2 
14.6 

6 

- 
---- 
---- 
----

1 1nohes of mercury, absolute. 
2 1nchas of water. 
3 1nches of water, referred to ambient static pressure. 



TABLE III.- DATA RECORDED FOR EXCHANGER 3 TESTED

IN IACELI2 4 OF THE B-17P AIRPLANE

PdATIWflL ADVISOR!

C314 .AITTEE FOR REROARLITICS 

Run nmabor 1 2 3 4 5 6 7 8 9 10 11 

Plight conditions Ground T,0 CUrb Climb Climb Level Climb Level Descent Descent Descent 
1nifo1d p.ssue, in. ligi

16 44 38.5 38 38 28 37 26.5 20 19.5 19 
16 44 37o5 38 38 28 37 26 20 19.5 19 

No. 1 engine -----------
No. 2 engine ----------

16 44 38 38 58 25 37 27 19.5 19.5 19 No. 5 engine -----------
No. 4 engine 16 44 391 38 381 28 37 27.5 19.51 19.5 19 

Engine speed, rs 
No. 1 engine ---------1150 2500 2300 2300 2500 1800 2300 1900 1800 1800 1800 
Jo. 2 ,flgifle ---------1150 2500 2300 2300 2300 1800 2300 1900 1800 1800 1800 

1150 2500 2300 2500 2300 1825 2500 2040 1800 1800 1800 
Jo. 4 engine 1200 2500 2300 2300 2300 1825 2500 1900 1800 1800 1800 
No. 3 engine ----------

Indicated airspeed, mph - - - -- 106 133 133 135 128 134 129 143 160 158 

Pressure altitude, ft
sea 

level
sea 

level
32 
7,200

" 'Sou 
12,400

la,auu
170300 18,000 24.) '

J 24.7 
21,700

20,000 
17,000

7,000 
40000 

Exture setting, 
automatic rich or lien	 - - - A.R. A.R. A.R. A.R. A.R. A.L. A.R. A.L. A.L. A.L. A.L. 
Temperatures, Up1 

Ambient air	 ---------66 62 54 39 32 16 16 -11 -6 16 44 

T2, exhaust steak wall at Tl
11 
-

14 
750

1500 
1018

1500 
1036

1540 
1064

1582 
1125

1572 
1145

1625 
1220

1500 
1020

1514 
945

1441 
840 

- 
- 

exhaust stack wall atTi 580 852 858 884 1063 948 1060 978 958 836 - 
- 817 1374 1390 1598 1376 1444 1290 1280 1156 
--

------ 
853 T 6, exhaust stack wall at T 567 842 884 878 779 920 658 604 448 

exhaust gas out	 ------

T 7, exhaust stack wall at T 
T . exhaust stack wall at T5

408 
443

706 
852

741 
864

780 
922

117 
857

836 
980

768 
947

825 
746

592 
680

464 
517 

- 
- 

284 380 388 402 346 442 388 299 29C 233 

Tit exhaust gas in -------

280 380 388 405 343 442 381 295 290 236 - 
air out	 Survey - - - 326 411 417 44 0 381 478 415 335 324 268 - 

- air out I 291 386 593 420 349 454 393 307 295 246 
440 

----- 

air aet-.	 --------

air out) --------
T1 6, heater outlet, skin - - -

352 
332

438 
432

448 
442

461 
468

418 
415

498 
498

440 
467

370 
565

354 
560

293 
300 

heater shroud, skin - - 572 988 1000 1050 975 1111 1001 850 806 677 - 
T18 , exhaust shroud, forward 157 210 220 272 545 560 542 257 226 173 - 

254 Tie, exhaust shroud, aft - 168 276 508 364 310.---- 434 

T 12 , air out ----------

Pressures

---------

1 'i, exhaust gas in, static - 51 36.5 52.5 30.6 29.5 21 20.5 16 14.8 25 - 
gas static, APB	 - - 8.5 

-
3.8 
9.8

12 
9

7 
9.5

1.6 
10.8

4.6 
11 

- 
1.5

-- 
11.6

- 
11.3

- 
11.2

- 
10.5 

- I p4 ,	 air in total, top - - - - 2.1 13.5 12.7 13.0 11.6 12 .0 10.2 11.3 12.4 13.7 
$ P,	 air in static -------

$ p5,	 air in total, center	 - - 2.1 13.7 15.0 13.2 11.8 12.0 10.3 11.2 12.4 13.7 - 
air in total, bottea - - 2.2 15.7 13.0 13.2 11.6 12.0 10.4 10.5 12.7 14.0 - 

- 1 8p1,	 air out static 1.0 1.5 1.2 1 0.8 1 0,4 0.4 0.5 0.4 0.8 1.3

1 laihes of mroury. absolute. 
lnohas of water. 

•Ia.h.s of water, referred to sublent static pressure. 
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TABlE XV


OBSERVATIONS OF MLHAUST FLAMING AND RAlT-SYSTEM GLOWING 07 THE B-17F AIRPLANE WITH VARIOtz HEAT EXCHAWERS I19FL&LIM IN N*G 11.S 1, 3, Am 4 
NATIONAL ADVISORY


CONUITTEE FOR AERONAUTICS 

Teat 
condition

Pressure 
altitude 

(ft)

Engine 
manifold 
pressure 
(in. Hg)

I
Engine hngine 

I speed 
(rpm)

Mixture, 
automatic 
rich or 
lean

Indicated
airspeed 
(Ph)

_______	 Visual observations

0enral Cnts £xhau8t -	 Fxhsust-system gloving

fl Stack forward 
of exchanger

stack aft	 I 
j of ezchanger j

_Supercharger _______________________ 
Turbine	 last. gate  

Exchanger 1 installed in nacelle 1. Flights made from 9130 1a.M. to 1100 P.M., bay 28, 1%3 for conditions 1-4, and from 9*00 P.M. to 11,00 P.M., June 2, 143 for conditions 5-10 

1 5000 27 1450 A.L. --- Yea -	 Yea --- Yes. Yes Observations made from bail turret; one observer; in-
of fv1ne aij gip4nø , ejep far ap.d4t4 2 5OU 38.5 2300 A.A. --- lea Ass --- Aea lee 

3 500 31 2100 A. L. --- No No No No No Observations were made from the ground; two observer,. 
4 300 31 2100 A.L. --- No you Yea yes  
5 7000 27 1500 A.L. --- No Yea Yea Yea -- Observations were made from an accompanying airplane 

at an estimated distance of 300 feet, from each aide 
and from below the B-17F airplane; two observers; in-
tensity of glow was greatest for condition 10 and 
least for 5; observations were also made from the 

 ball turret and for conditions 5, 6, 7 0 S. and 10 were 
essentially the same as for 1 and 2; the flame and 
glow were most intense for condition 10 and least 
for 5; the flame and glow were more intense for 
condition 7 than for 8. 

6 7000 38.5 2300 A.R. --- No Yea Yes Yea --- 
7 7000 31 2100 1A.L. --- No Yea Yea Yes — 
8 7000 31 2100 A.R. --- No Yea Yea Yes -- 
9 7000 15-18

_
2100- 
2300

A.R. — No No No No No 

10 7000 46 2500 A.R. --- No Y*a Yea Yes --- 

nxsnsnRer . installed in needle 1. lrjlgflf5 mane Tram 'AIlO P.M. to IliaD PM Slav 7FL 1'AWl fol- eeln.1itirin 1..J1 ...A f-e,,. 0.00 PIE +-. 11.OrI DIE T.... n I  

1 5000 27 1450 A.L, —.- No — --- No 'd Observations were made from the bail turret of the 
B477 airplanep one observer, 2 5000 38,5 2300 A.R. --- Yea — — Yea Yes 

3 500 31 2100 A.L. --- No No No No No Observations were made from the ground; two oh-
servers. 4 300 31 2100 A.L. --- No No No No No 

5 7000 27 1500 A.L. --- No Yes Yea Yea --- Observations were made from an accompanying air-
plane at an eatimatea distance of 300 feet, from 

 each side and from below the 13,177 	 two observers, 
6 7000 15-18 2100- 

2300	 1  
A,R. --- No No No No

-
No 

sXeflAniler -I inStalled In nanells Ii_ F1IhtR mAde f1'nm '*,l0 PM to 11,00 PM 	 Slav 7?4 1QI4 fn ,.n,,.i4t4n,rn 1_I,	 #,..-s,, 0.11*1 DI, + 111 An D NI	 T.... 13 It 	 •------------

1	 5000	 27	 1450	 A.L.	 ---	 No	 iea	 ---	 --	 Yea	 Observations made from bell turret; one observer; 
2	 5000	 38,5	 2300	 A.R.	 ---	 Yes	 Yea	 Yes	 Yes	 ---	 for	 condition 2	 wides of exchanger also glowed. 
3	 500	 31	 2100	 A.L.	 ---	 No	 No	 No	 No	 No	 Observations were made from the ground; two oh-

300	 31	 2100	 A.L.	 ---	 No	 No	 No	 No	 No	 se-ver. 
7000	 27	 1500	 A. L.	 ---	 No	 Yes	 Yea	 Yea	 ---	 Observations were wade from an accompanying air-

than for 8: no flame or Elow were visible for 9. 

6	 7000	 38.5	 2300	 A.H.	 ---	 No	 Yea	 Yea	 Yea	 ---	 plane at an estimated distance of 300 feet, from 
7	 7000	 31	 2100	 A.L.	 ---	 No	 Yea	 Yes	 Yea I	 ---	 each aide and from below the 3-177; two observers; 
8	 7000	 31	 2100	 A.R.	 ---	 No	 Yea	 Yea	 Yea	 ---	 observations were also made from the ball turret; 
9	 7000	 15-18	 2100-	 A.R.	 ---	 No	 No	 No	 No	 No	 flame and glowing of the exhaust system were oh- 

2300       	 served for conditions 5,	 6, 7, 8, and 10, being 
10	 7000	 46	 2500	 A.R.	 ---	 No	 Yea	 Yes	 Yes	 ---	 the most intense for 10, and more intense for 7 

Exchanger IL installed in nacelle 4. 	 flight made from 11:00 P.M., July 22, 1943 to 2:00 A.M., July 23, 194  
1	 20,000	 38	 2300	 A.R.	 150	 No	 Yea	 Yes	 Yea	 Yes	 Observations were made from an accompanying air-
2	 2.500	 29	 2000	 A.L.	 lbS	 No	 Yes	 Yea	 Yea	 No	 plane at an estimated distance of 300 feet, from 
3	 2,700	 29	 2000	 A.R.	 165	 No	 Yea	 No	 Yea	 No	 each aide and from below the 3-177; two observera; 
4	 2.600	 38.5	 2300	 A.R.	 145	 No	 Yea	 Yea	 Yea	 Yea	 the plow was moat intense for conditions 1 and A.

1205	 2.800	 38.5	 .23	 AN. - _____ _____	 Yea.	 yep	 - Yea_  
Exchanger " installed in nacelle 1,flight mad. from 1100 P.M., Jul y 22. 1943 to 2*00 A,M, July 23. 194 _____________________ 

1	 20.150	 38	 2300	 A.R.	 150	 No	 Yes	 ---	 Yi.	 Yes.	 Observations were	 e from an accompanying air-
2	 2.500	 29	 2000	 A.L.	 l65_	 No	 Yea	 ---	 Yea	 ---	 plane at an estimated distance of 300 feet, from 
3	 2.700	 29	 2000	 A.R,	 165	 No	 Yea	 ---	 Yes	 ---	 each side and from below the 3-177; two observer.. 
A	 2.300	 38,5	 2300	 A.B.	 ISS	 No	 Tee	 Yea	 Tee  

2.800	 38.5	 2300	 A.R.	 190	 No	 Yes	 Yes	 Yes  

Exchanger 7 installed in nacelle 3. Flight made from 11 *00 P.M.. July 22. 19i3 to 2:00 AJL. July 2. l9Li3 
1	 20.200	 37.5	 2300	 A.R.	 150	 No	 Yea	 Yes	 Yea	 ---	 Observations were made from an accompanying air-
2	 2.500	 29	 2000 •	 A.L.	 165	 No	 Yea	 No	 Yea	 No	 plane at an estimated distance of 300 feet, from 
3	 2,700	 29	 2000	 A.R.	 165	 No	 Yes	 ---	 Yea	 ---	 each side and from below the 3-177; two observer.. 
4	 2,800	 38.5	 2300	 A.R.	 155	 No	 Yea	 Yee	 Yea  
5	 .800	 38.5	 2300	 A.R.	 190	 No	 Ye.	 Yes	 Yea 
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Figure 2.- Heat exchanger used in the original thermal 
ice-prevention system of the E-17F airplane.
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Figure 19.- Nacelle 1 exhaust shroud as altered for 
heat exchanger 1 installation. B-17F airplane.



Figure 20.- Nacelle 1 exhaust shroud as altered for 
heat exchanger 6 Installation.	 -17F airplane.
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Figure 22.- Mock-up of heated-air outlet for heat 
exchanger 7 installation in nacelle 3, views 
looking outboard and aft. B-17F airplane.
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Figure 23.- Nacelle L exhaust shroud as altered 
for installation of heat exchangers 3, 4, and 
5 . B-17F airplane.
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Figure 26.- neat exchanger 1 installation in nacelle 1, 
ready for night, B-17F airplane.
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Figure 29.- Heat exchanger 6 installation in 
nacelle 1, ready for flight. B-17F airplane.
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Figure 32.- Heat exchanger 2 installation in 
nacelle 3, ready for flight.. B-17F airplane.
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Figure 39.- Heat exchanger 3 installation in 
nacelle t, ready for flight. B-17F airplane.



Figure 39.- Heat exchanger 3 installation in 
nacelle L, ready for flight. B-17F airplane.
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Figure 42.- Heat exchanger L installation in 
nacelle 14, ready for flight. B-17F airplane.
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Figure 45.- Heat exchanger 5 installation In 
nacelle Lj , ready for flight. B-. 17F airplane.



Figure 46.- Heat exchanger 5 shrouded for final instal-
lation in nacelle 1 of the 3-17F airplane.



S 

Figure 47.- Nacelle 1 exhaust shroud altered for final 
installation of heat exchanger 5. B-17F airplane.
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Figure 50.- Heated-air ducting for final installation of 
heat exchanger 5 in nacelle 1; to direct air to the 
left wing outer panel or overboard. B-17F airplane.



Figure 51.- Final installation of heat exchanger 5 In 
nacelle 1 of the B-17F airplane, ready for flight.



Figure 52.- Heat exchanger 7 used for final instal-
lation in nacelle 3 of the B-17F airplane.



Figure 53.- Cold -air- tempering system for final instal-
lation of exchanger 7 in nacelle 3 showing ducting 
from inlet on side of nacelle to heated-air outlet 
from heat exchanger. B-17F airplane.



•1 

Figure 54.- Valve system in heated-air ducting from 
nacelle 3; to direct air to empennage or overboard. 
B-17F airplane.



Figure 55.- Final installation of heat exchanger 7 in 
nacelle 3 of the H-17F airplane, ready for flight. 
Inlet for air-tempering system is on side of nacelle 
above and aft of exchanger air inlet.



Figure 56.- Heat exchanger 3 shrouded for final Instal-
lation in nacelle 4 of the B-17F airplane.
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Figure 59 . - Heated-air ducting for final Installation 
of heat exchanger 3 in nacelle 4; to direct air to 
the right wing outer panel or overboard. B-17F 
airplane.



Figure 60.- Final installation of heat exchanger 3 in 
nacelle 4 of the B-17F airplane, ready for flight.
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Figure 62.- quadruple-shielded thermocouple used to 
measure exhaust-gas temperatures. B-17F airplane.
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