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HIGH-ALTITUDLE COOLING
IT - AIR~COCLID LUGIVES

By David T, Williams

SULTIARY

The heat-transfer theory for egir-cooled enginecs is
summarized and an analysis of thc cooling pressurc drop
is made for the case in which the pressure drop is an
apprceciablc fraction of the absolute pressure. A chart
is glven for the sirple determination of thc¢ cooling
pressure drop predicted on the basis of the usual type
of sea-lcvel cooling-correlation tests. The mothod is
applied to predict the variation with altitude of the
cooling pressurc drop rcquircd by a typical enginc.

INTRODUCTION

In the studies of referenccs 1 to 3 satisfactory
semiompirical mcthods were developed for correlating the
cooling-air mass flow with the operatins conditions of
an air-cooled engine. Becausc pressurc drop is a more
practical variablc than mass flow and bccause the product
of rclative donsity and pressurc drop (or ¢Ap) was shown to
b¢ determined by the mass flow, this product wes used in
place of mass flow as the correlation variable. For
application in hich-altitude flight, however, thc mass
flow no longcr uniquely determincs odp because of com-
pressibility effccts, and an extension of thc corrclation
Tothods is needed if the requircd coolin; pressurc is not
to be seriously undercstimatcd. Some discuscions Sf the
problem havc alrecady been given, together with analyscs
of the effects (refercncc 4).

The purposc of the prescnt paper is to sunmarigze
the theorctical basis for the compressibility corveetion
and to prescnt a chart by means of which the correction
can be made simply and with a minimum of supplemental

data. The theory of refcrence 1 is first outlined and
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the differential equation of ithe cooling-air flov is then
Pa)

set up in a simplified form and solved. Thc chart is
plot of the ratio of coolins preéssure drop to absolute
pressure against a single parameter .that can be simply
computed from the data.

This pasper 13 the second of ‘the series orn highe
altitudb cooling introduted in reference 5,

SYMBOLS

v _:volocity

ore A‘C'i .

o relativo density (9/0.002578)

a dynami¢ pressure |

D statlic pressure, absolute

AD statlc-pressure drop

T temperature, °F absolute

t tempersture, °F

AT temperature rise, °OF

G=pV

R gag constant

i prcssurc—drop'éoefficient‘ofAfin passage
W weight flow of cooling air

Mo weight flow of engine. charre air.
al cylinder internal areca

ag cylinder extcrnal arca

H - heat-transfer r;ﬁe

L length of fin passage
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i distanee along fin passage

b fraction of total heat gdded in front of baffles

Y retio of specific heats

ey B, A, K, K cxperimental constants

Subscrints:

(o} Trece strcem

S free-stream stegnation

3 stagnétion fcgion in front of onginc
e il ol bafflé entrance .

) in baffle oxit

m averagec bcﬁwccn stations 2 and 3

h head

g gas

i incomprcssible flow

21 at altitude
SL at sea lcval

av average

BASIC PRINCIPLES OF HEAT TRANSFER

The heat-transfer cquations. - In the theory of heat
transfcr as devcloped in reofercnce 1, a cylinder wall is

. considcrcd as a hot body at temperature Ty, heated from

within by a flow of hot gascs at tompcrature Tg, and
cooled from without by air at temperature Tj. The rate
of hecat transfer within the cylinder is assumed to vary
as the product of the temperature difference Tg il Ty

and a heat-transfer cocfficient. This internal heat-
transfer cocfficient varies as some powecr m of the
weight flow of charge air M. Thus thec heat transferred
per second is
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4
H= BM¥ " (T,-T) | )

where
al internal. area
R N.™ average internal heat-tronsfer cocfficicent
M weight flow of charge air

(2
B,m cxporimental constants

: 4 )

On the outside, the heat rcjected to tho cooling
air is assumed to vary as the product of the temperature
difference T, - T, and some power m! of the weigh

g 54 - S
flow of cooling aiy Wi

H= 0Ww™a (T, - Tp) (2)
whecre
84 external cylinder ares
Krw®' average cxternal heat-transfer caefficient
K', m' experimental constants

From equations (1) and (2)

M m/m‘
e = At

m \l/m'
i el 11

PLis T
g

h

- (E'__a_g)lﬁ | (32)

Baj .
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or
M m/m'
W o= £ (3Db)
5 \ mt
' ' /. Th % Tl \‘l/ln
Al b
£ hy

This equation is the fundamental relation for the doter-
mination of the weight flow of cooliane air under any
engine operating condition and at any altitude, @f the
enginre opcrating conditions arc constant, thc altitude
affects the weight flo¥ W recquircd for cooling only
insofar 2s it affcets 4,

Discussion of the variasbles of equations (3). - The

effective gas temperature T for a glven engine . is a

function of the opcrating conditions, This temperaturec
inercascs, for example, with increosc in carburetor-air
temperature or with increase in the tempcecrature risc
through the blowcr and thereby affcets W and Ap,

Some characteristic curves (fics. 1) show that the required
cooling pressurc drop (roughly provortionzl to We) was
nearly doubled w en the carburctor inlct-oir temperature
was increcascd from 100° F to 300° F, As shown in refepr-
ence’ 2, Tg is also sensitive to variations in fucl-aip

ratio. A plot of the rclativec sea-lcvel .pressure drop
requircd to cool a certain cngine at constant indicsted
horsepowsr agnainst fuclesir ratio (fic. 2) shows that
increasins the fuel-air ratio from 0,08 to 0.10 reduccd
the requircd cooling pressurc diropt by ol

Figure 2 shows that the usc of very lean mixtures
likewise rcduccs the rcquired cooling pressurc drop, This
cooling aid, which might be particularly applicable in
t?c cruisinzt range, is not casily used, however, bcecause,
W1phout exact methods of fuel mctering and without perfect
uniformity of the mixture distribution to the different
cylinders, the use of fuel-air ratios so close to the
cut-out point bccomes dangerous.,

The symbol Ty, of equations (3) was originally
def?nca 28 a mean cylinder-head temperaturc; howcver
satisfactory corrclations of multicylin ;

der cngines hav
bcen made with a T

Th taken as the mean reqrp spark-nlug-
o+ L
gasket temperaturc., It is probablec that other noints
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could be used equally well; the valucs of exponents m
and m' would depend on the point chosen.

The temperature T1 is the externsl air tcmperature
corrccted for the adiabatic temperaturc risc rcosulting
from the airplanc specd:

vo\*
Ty = To + 0.83 <~£L. (4)
100/

where thc temperaturcs are in ©F absolute and Vo 2B dn
feet per sccond.

Values for T,, A', m, and m'. are found by analysis
of systematic sca-locvel test dath'aCCOrding to thc methods
ol refierenco 1. The rxwoz,pts mtandl mt- arc both
generally about 2/3. ! The valiuc of T, for cylinder heads

is normally of the ordcr of 16100 F bsolutg (1150° F)
when the intake manifold tomperaturc 1s 80° F end. the
fuecl-air ratio is 0.08; however, as already indicatced,
this valuc is subject to considcrable variation. It is
affected, for examp ¢, by changes in back press SUrC; sca-
level tcsts showcd a2 decerensec of 20 percent in the
requircd cooling pressure drop when the coxhoust menifold
pressure was halved., This effoct is of littlc import=ance
when a turbosupercharger is used becausc the back pressure
will be of thec ordcr of srn-lcvc¢ ‘ressurc in the region
of the critical altitude. :

As zalready. rbmurkcd the main e¢ffect of altitude on
the required wecight flow of coolings air results simply
from the variation of T3 withyaltitude; that ig, Tor

otherwise constant conditions,

.
O

7 1/m!
Wis T

B e
ki .
(T - 159
where the subscript SL recfers fo sea~-lcvel conditions.
Figurc 3, based on this equa tion, shows the variation of
W with alt’tudc for scvernl valucs of T,» The tomvera-

ture of Army air, uncorrcctcd for flight specd, was usecd
for Tl’ and m! as taken as 2/3. The rcduction in
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required weisht flow with increasing altitude is seen to
be most proncunced when Tp 18 low. Because cylinder

barrels are about 150° F cooler than cylinder heads,
the barrels will be expected to overcool at altitude if
sufficient cooling pressure drop is maintained for con-
stant head temperature.  Actually, the thermal problems
of heads and barrels are not quite independent because
heat i1s conducted between them.

In sea-level tests the pressure drop of the. cooling
alr has been shown experimentally to vary as a constant
power of its weight flow W

oAp oc Wm'/n

7
where m'/n 1ip very nearly 2. 3ecause the pressure drops
Lp 1is more easily measured than W and is also of more
direct interest in practice, O98p has until now replaced
W as a variable in cooling-correlation tests at sea
level. A possible form of eqguation (3) is thus

G20 N2 NG e (3c)

The modification of this expression necessary for
coolingz correlation at high altitudes will be next con-
sidere

PRESSURE DROP

Air-flow path. -~ The assumed path of the cooling air
through the engine is shown diacramratically in figure 4,
togethe“ with t}o static- ~pressure drops 1n the different
parts of the path. The air accelerates from the stagna-
tion region 1 in front of the cylinder into the baffle
entrance 2; the static pressure falls by an amount Apl o

The air then flows along the Jln passages, which are
assumed to be of constant cross section. The static-
pressure drop Aug - that occurs along the passages 1is

the sum of the friction pressure drop and the pressure
drop necessary to accelerate the air as its density

G
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decreases alongs the passages. The air finally flows from
the baffle exit into the space behind the cylinder. The
sbrupt enlarzement of the flow passages causes a dissipa-
tion of most of the kinetic energy at the baffle exit;
that is, the flow into the space behind the engine occurs
at essentially constant static pressure. The pressure
drop across the en*Jne is thus simply the sum of Apl__2

and qu -3

Pressure drop at the baffle inlet. - At low altitudes,
for which the entrance liach numbers are low, the pressure

drop Apl_2 is é-qyzg. For higher entrance liach numbers,

the pressure drop into the baffles is given by the formula
for compressible flow. It 1s-assumed that the fraction b
of the total heat input occurs without pressure loss in
the stagnation region in front of the cylinder; that is,
just before the air accelerates into the oaffles, its
temperature is T, + bAT, where Tl is given by equa-

tion (4) and AT "is determined from the heat rejection
1

Tl + bA?

and the weight flow. The density here is Py

If the flow into the baffles is isentropic, then, by
the Bernoulli equation,

7 -1
s p T + bAT p\T
v22= 2 i fize (5)
or ¢* [als B %E - Ly
0 7 . 2
s B (%) i
plpl ¥ 1 [ p]_/ Pi (6)

where G = poVo = pV alony the passage and is given by

the mass flow and the flow area of the baffles. The
ratio pz/pl is thus given as a function of the term on

the left side of this equation; a plot of pg/pl against

A
67 1 + b.E\

1/ is given in figure 5.

plpl
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For convenience in the use of equaticn (8), fig
ures 6 to 8 show T;, p;, and P71 for Army air nlotted

against altitude for several airplane speeds. It was
assumed that only 90 percent of the flight dynamic
pressure is recovered as static pressure; thet is,

Py = Po = 0,9 {Pg - Pg)

where

o} free-stream starnation pressure
S 5 i

P, free-stream .static pressure

Pressure drop within the baffles, - The pressure
decreases- along the Tin passages as @ result of friction
and acuolerntvon° At

~dp -%~DV2 ; dA-+ pV av
‘where -
# distance alonr passage
L length of passage
F' ‘ faediction coefficient for passaze as a whole (that

Ta. %QVZF would be . the pressure drop within

the fin passages .in absence of temnerature and
acceleration effects)

This equation is, for convenience, rewritten as follows:

R~ Y R QX dv
g0 8D = O (PL = dr + “\7‘) (7)

In order to simplify the solution, heat is assumed to be
re jected uniformly to the cooling air along the passage:
08 T o it IS
aT Tz s T (1=~ b)AT




10 NACA ARR No. L4Illa

From the gas law,
D= R
and from the condition that pV is a constant (equal to G),

av. _ _ dp _ dT _dp
P T P

These two substitutions reduce equation (7) to

T P FT
dp N e e - e ais +l
<p RG2> T 2T - o) ar i

The Teletion factor «F, whichulgva fungction of the
Reynolds number, may be evaluated for the mean viscosity
along the passage and treated as a constant. As a

further simplification, the first term -I-dp is

integrated by considering T constant a% its mean value

T5+T2 :
—_— = Tm’ The temperature To 1s given by
2
y=-1
7

it po
.= ) (9)
Ty + baAT \F1].

T
The ratio e 18 shown in figure 5 as a function of

T, + bAT
T
G2<l+ b_A....>
i

Dty

Also

T5 =ik (1 - b)AT

Integration of equation (8) between stations 2
and 3 gives
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2 ' 2 i /P 2 = 3 2
1..(_?3)' R TZ)! 0 (10)
| et

b, p
log b +£;_2
e P
Py . RG“Ty, z

The ratio ps/pz» is thus détermined by the two dimension-

I 2(Ty & 1))
less groups ~—§~— and . F+ T woles this ratio is
m

plotted as a function of these two quantities in fipure 9.

1

The pressure drop follows from the values of pp/pl
and ps/pg determined by equations (8) and (10):

i O
1-—-‘?-«—5-) (11)

Py =R
1 Py Pgo/

AR
In 2pplying the theory when b, Py and Tl are

given, the three quantities @G, AT, and P wust be

=2 ’ . ot , ’ o
known. As an illustration of the process of computing
Pz - P1, Suppose pj = 582 pounds per square foot,

T, = 456° P absolute, and P, = 0,000744 slug per cubic

(9]
foot, with G = 0,2172 slug per foot™ second, AT = 123
F =1, and b = 0,5,

(o}

First compute

2 . | 2 A
G & ar A - (0,2172) i 123
Py 2T 582 x 0,000744 b2 % 400

Ik
= {0) OIS H{aE e i )
To
From firure 5(a), p2/pl = 0,938 and ———x = 0.980
T, #l5+
il 2
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Now,

T=T2+.}.AT
4
\.
= 0.980 (T, + 201 4p
5

x D080 (466 +.81 5+ 30.8
= 637,40 F abselute .

Then
Ty = T
3 o 123
F + 2 S et e 1 + B2 4
A o
Also

2 2

B2, Pz Pim Ty
- Caghe el

RG®T_ p;2 62 T

1l

2 % 456
. X
(0:BB08) % 0,1089 537.4

= 6,795

From figure 9, therefore,

p .
3
k) 0885
Po
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and

R P

582(1 - 0,9338 X.0.885

i

101.2 pounds per square foot.

19,5 inches of water

Simplified chart for pressure-drop determination. =

The number of independent variables required to Iix Ap
was found in the comvutation to be five excluding b,

~ but this number can be reduced,

is completely determined by three dimensionless quantities
and F,

G2/pypy, AT/Tq,

The ratio

Ap. Py - P3
P, oo By

RS K - L e

Py P2

if b sl known.! i Ttiwmidlihe

assumed for the remaining development that b = %1 The

Yalue of po/pPy 1is
from the variable

Likewise, .ps/pz
the two variables

determined by use of .equation (6)

is found by use of equation (10) from

. By fik :
P iyl L IRL 6L

z ' (13)

B S L ¢

and

P+ 2L
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The factor p2/pl of equation (13) is determined by
Gz/plol and AT/Tl. The factor

T2 T
P .
T Yt
¥ /Tl+é§><&2.> W sdae
\ P1 ;
i
; y
(“;eﬂ:)/ea L1
2.Tq \pl/ 4 T,

is obviously determined by the same variables. Also

so that pa/py; po/py, and hence Ap/p; are known when
Gz/plpl, AT/Tl, and F are known, as was to be proved.

If the number of variables required to find Ap/pl

could not be reduced to less than three, an obvious way
to simplify the computation of Ap/pl would be to plot

it against one of the three dimensionless variables,

say GR/pyey, for various values of the other two,

IST/T1 and' F.  The use of such a system of curves would
be awkward in practice because it would generally require
a double interpolation in finding Ap/pl. It is there-
fore proposed to find a variable to replace Gz/plo1

spch-that gurves of Ap/pl against the variable will be

as nearly as possible coincident for various values of
AT/T1 and F; that is, an attempt will be made to
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express. Ap/pl-'in terms of one variable instead of
three. - -

In its passage through the baffle passages, the
cooling air experiencges txpansion due to heating and
pressure drop, At very high totdal pressures the
expansion due to pressure droo is nevllflble, the
cooling pressure drop under such circumstances can be
shown to be very roughly - '

52 1
pl 2 s Tl /

When Ap/p, 1s plotted against the variable

2 .
. (1 + \/1 o g i
2P 1/\ Tl

'Llpl
for various values of AT/Tl and F, the resultant

curves as shown in figure 10 are nearly coincident for
small values of Ap/pi. The curves represent the effect.
of expansion due to pressure chanzes alone. In practice,
these curves can be used in place of the previously
described calculation to compute Ap. The curves as
ccmputed are rizorously correct and are not affeccted by
the approximation used in choosing the form of the
variable

AT AT\

(oo
& S : Tl/

2 pl 1

The only error in the use of these curves comes from

the approximation required in interpolating for different
values of F and AT/Tl. Becausc of the small separa-

tion of the various curves, the errors due to iriterpola-

tion are neglicible compared with experimental errors in

measuring pressure drops.

Avplication of theory to experiment. - It is apparent
that certein changes from present practice in testing
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procedure -are required 1f cooling pressure drops &t
altitude are to be predicted. In place of the quantity
oAp, & true mass-flow index such as @ .must be observed
and used. in the correlation; ealsoe AT and. F, -.which have
not ordinarily been used, must be measurcd,. \

A more explicit description of a posasible procedure
1s as follows:
A mass-flow index (oAp)i is defined by
[
GfJ
(oAp) =—— (1 + F) (18)
2P
0
where o is the sca-levcl donsity, 0,002378 slug per
cubic foot. The pressure drop Ap in (vo) might
be observed across a cold eng ihé'ét sea ercl (08p)y

is a true mass-flow index and vqucb for a particular
engine only with G. The variable. -

2 / . 3 45 g
Af»g;.,.(i + _Agi)ﬁl’-y.yl + 4!2;3’
BBy Py QR AN L T

is then written

R RN gy il

0Py Tl % e F)'

e e e

A leurye of -F against_v(OAp)i is tirst made by
use of equation (15) and the values of G and OAp
measured on a cold engine. The usual type of corrcla-
tion tests are then .made hut, in place of . gAp, the
new variable (oAp)i is used to fix the curve of

m/n

T - T3 M, gt '
: againgt  —————+ The variable <(odp) ' is
S 0 (oap) 4 "

found from figure 10 and the OHStlvad value of Ay / ,

observed values of AT/Tl, and F estimated by uqe or
the curve of F against (oAp)i
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Finally, an experimental curve of AT/(Ty - Tq)
azainst (OAp)i is made from these values of (oAp);

and the corresponding measured temperatures.

In order. to predict a éooling pressure drop, the
required value of (oAp)i is found from the curve of

o : s m/n

Th against 2
g Area I ol
g 3 (0bp) 4

valites of AT and F are found from the proper.
curves against (olp)y, and the variable

in the customary way. The

(ebp)gy /[ A2 | AT :
USEE 1 4 v e }14. .
0.P7 \ 2Ty / | Tyll * 13

is computed. The ratio 'Ap/pl, end hence Ap, is found
by use of figure 10. o

Tn fisure 11 the relations of figure 10 are plotted
in slightly different form. The ordinate is the same but
the abscissa is (oAp)i/clpl.

Tt is of interest to observe that a correlation
curve of the conventional type based on csbp,- where

0z 1is the density ratio of the air at the baffle outlet,

will predict the required cooling pressure drops within
about 5 percent at all altitudes. DBecause 0gz is not

easily predicted in practice, the theory as derived is
considered preferable for cooling correlation.

Estimation of -required cooling pressure drop from
conventional correlation data. - If no complete cooling

data are available, a rough estimate of the required
cooling pressure drop at altitude can be made by use of
a conventional cooling correlation.

The solid line of figure 12 is such a curve for a

S Lt

(T, .« Ty)

1.76 g

of the variable M, ' ~AAp. The assumption is now made
that a similar curve with the variable Mel'76/(oAp)i

as a function

modern engine; it is a plot. of
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} would be parallel to, but displaced from, the curve
shown; hence, only a single value of (oAp) will

be sufficient to fix the new correlation curve. If
AI/¢1 and F rare kncwn at one englne,condlt-on with the

J corresponding value of Ap/pl, the value of OAn) can

} be found by use of figure 10 and the point and curve ‘can
be located.. In predlctlng cooling pressure drops at’

\

altitude, GAp)i is found from the assumed new correla-

‘ tion curve and F 1is assumed constant, The term AT
is computed from the data of the one test in which AT

‘ was measured by use of the relation

1

Nne— -

AT, @ (T - Tq) (JAIS)'iV. ot

where n -is the slope of the correlation curve. Either
figure 10 or’ figure 11 may then be used to find- the'~
cooling pressure drop at altitude.

\

J

( In case only single-cylinder correlation data are
available and the cooling of a multicylinder engine is

J required to be known, it should be remembered that some
spread in- temperature is expected among the engine cylinders,
In order that no cylinder shall overheat, all but one of

/ them must be overcooled. The spread between the hottest

1 and the coldest cylinders is expected to be as much as

‘ 100° F for a modern double-row engine.

Example. "= Lot it be requlrgd to estimate the Ores—

sure drop.to cool the engine to which f1~ure 1° pertains
under the follow1nw oondltlons:

|
( Outpul, NOrgeoower + , o« « 5 % 2000

AR R R T Rah o i it i e e Y B A 05,000
Alrplane speed, miles per hou® . s «.s. . o Weow w0 5950
Maximum head temﬁeratare, P R e e o il sl S
D i e S SR S PR S AR L Sl R e S o R
Carburetor-air temperature, G T - A L 100

In one test at sea level -9,8p was found to be
13.8 inches of water for ty = 355° F, .t, = 81° F, and
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™ = 7 |
..h _T-l = 0.470. The temperature rise observed was 61°F,
G U ! _

i . B i 3
'01 was Q.940;‘and'pl was 398.7 .inches of watepy F. ‘was
found to be approximately equal to 1, ¢ ' |

From figure 10 with SN 3
P - 13,8
© Pyt 0.94 X.598.7

0.0368 °

1)

(olp), / At N, LT
il oy —— L -~ = 0,0353
I12y B /N Iy L4 F

Therefore ! Koy )
= _0.,0553 % 0,94 x 398.7

\
i +-——9l——- ‘17+5;4£2;; i
: B 1N 2 X 541

i 11.9 inches of water

and

M 1.76/0Ap ) 11.9 .

e
%6 1Bu8

e /(OAp)i

o M

Rl

0.862

The curve of Mel375/(06p)i as aasumeﬂ is shown dotted

in figureflz; each abscissa is increcased in the ratio
1:0.862 above its value on the solid curve.
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For the assumed conditions, assume. further th 4809 B

or 50° F below the limiting head tcmporaturecﬂ the hottest
cyllndor. From figure 6, Ty = 456° F absolute or
.tl' =«4C% F, for the given fucl-dlr ratio and carburetor-

air temperature, tg = 1054° F, as found from the same cor-

relation tests. Then

o S "l
A i

TR
= 0,751
and gt B
o e R
(GAP)i

From the on~¢“c calluratlor s

Me'- 4, 25 pounds rer second
so that '
176
_ (4.25)"
(cbp)y = o
LR S

3. 82 1nches of water

Since, for (oAp); = 11.9 1nches of wator, AT = 619 P,
and since the slope of the correlation curve is 0,321,

3.82\0: 5211
AT = 81 x: Ry 450 +. 4.
L% 70 e 355 = 81
" 123,79 F
From figures 7 and 8

582 pounds per square ifoot

Py

i}

112 inches of water
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Py

= 0.000744 slug per cubic foot
or |
01 =O'3128
.. Hence :
(0bp) 4 ( AG?X A g )
ot SR o) TR SR 4
S (1 . 125.7)(,1 D I G >
0.3128 X 112 2 X 456 456 Rl
= 00,1405
By use of figure 10, Ap= Qukladx 08 = 19,6 inches, of
5.2

water, which is in satisfactory agreement with the example
previously computed,

In order to illustrate the altitude effect, the calcu-

lations were carried out for a range of altitude up to
80,000 feet with t, = 10549 ¥ aud) £ =450° F; F was

assumed constant in the absence of complete data. 1In order

to show the effccts of fuel-eir ratio and of tthe permis-
sible head temperature, calculations were also made for
ty, = 450° F and tg = 9569 F, correcsponding to a fuel-

air ratio of 0.115 for this engine, and for tp = 4000 F
(with tp = 10540 F). The results are plotted in fige
o)

ure 13, It 1s seen that lowering the permissible value
of t, only 50° F doubled the required pressure drop,

whereas increasing the fuel~air ratio 9.5 percent
ncarly halved the required oressure drop.

The dotted curve in figure 13 represents the dynamic
pressure for an airplanc speed of 350 miles per hour.
If this curve indicates roughly the pressure available
for cooling the engzine, it is clear that 2000 horsepower
could normally be obtained on this engine at altitudes
above 40,000 feet only by using 5000 F as the limiting
head temperature of the average cylinder and enriching
the fuel~-air mixture morc than is usual with such engines,
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The curves of figure 13 show the advantage of reduce
ing the spread in cylinder-head temperaturcs and in fuel-
alr ratio in cases for which engine cooling at hizh alti-
tudes must be improved,

CONCLUSIONS

l. Por accurate prescntation of cooling data over
the entire altitude rangc, it is recommended that cooling-
air mass flow or some¢ equivalent variable be used instecad
of pressure drop in the correlation equation,

2. The simplec approximate rclation between mass flow
and pressurec¢ drop that applies at sca lcevel is inaccurate
at high altitude. Accurate computation of the pressure
drop at hizh altitudec requires a knowledge of the tempera-
ture rise of the cooliny air and the friction coefficient of
the fins in addition to the usual information presented
for low-altitude cooling.

S« A curve i1s shown which greatly simplifies the
prediction of altitudo coolin? pressure drop from the
correlation data.

4, A method is presented for adapting present in-
complcte corrclation data to »redict altitude cooling
requirements., Calculations for a mcdern engine show
that the acceleration of the cooling air because of

‘decrecased prcssure at 35,000 fect causes nearly a 25 per-

eent inerease in pressure drop rcquired for cooling,

Langley lMMemorial Aeronautical Laboratory
National Advisory Committee for Aerounatics
Lancley Field, Va.
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