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.

CORRELATION OF WRIGHT ARRCNAUTICAL CORPORATION COOLING DATA
ON THE R-3350-14 INTERMEDIATE ENGINE AND COMPARISON WITH
DATA FROM THE LANGLEY 16-FOOT HIGH-SPEED TUNNEL

By BenJamin Pinkel -and Kennedy F. Rubert

SUMMARY

A comparison 1s made herein of the cooling-test data obtalned
by the Wright Aercnautical Corporation and by the NACA on the
ldentical Wright R-3350-14 engine equipped with the same cooling
pressure-tube installation. The Wright Aeronautlcal Corporation
test was made in a test stand and the NACA test was made in the
16-foot high-sreed tunnel.

The compariscn reveals the large differonce in cooling pressure
drcp that may be cbtained in different test lnstallations with the
identical engine and pressure-tube Installation because of an inju-
diclous choice aof pressurs-tubs locations The requirements of a
good cooling pressure-tube installation are dlscussed.

INTRODUCTTION

The resulta of engine-cooling tests on test stands and in

wind tunnels are being used to determine the cooling performance of
an engine in an airplane. In order to cobtain results that are indi-
catlive of flight coocling conditions, it is important that the test
installatlion be correctly designed. The present report relates to
difficulties that mey arise from a poor choice of cooling pressure-
tube locatlons. The requirements of a good pressure-tube instella-
tlon are discussed.

A Wright R-3350-14 engine was recelved from the Wright Aero-
nautical Corporation for test in the Langley 1l6-foct high-speed
tunnel for the Bureau of Aeronautics. This identical engine had been
placed through extensive cooling tests by the Wright Aeronautical
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Corporation and came equlipped with the cooling-air pressure-tube
ingtallation used in these tusts. A copy of the Wright Aeronau-
tical Corporation data was also recelved.

Cooling tests of this engine, from which date were obtalned
on the Wright Aeronautical Corporation pressure-tube Iinstallation,
wore made by the NACA in the 16-foot high-speed tunnel at Langley

icld, Va. Test data from both the Wright Aeronautical Corporation
and the NACA are corrvleted by the method given in reference 1 and
a comparlson of the results is made, A brief summary of tha cor-
relation procedure is given.

CORRELATION PROCEDURE

Cne form of the correlation equation glven in refersnce 1 is

Tp - Ta w

Te-Ta  (ap)® W
where
Th cylinder-head tamperature, °F
Tq cooling-alr temperature, p
Tg moan effoctive gas tcmperaturo, OF
W welight flow of chargv alr to engine, pounds per second
Ap cooling-alr pressurs drop, inches of water
o] donsity of cooling air relative to standard density of
C0.0765 pound per cubic foot
n, m, K constants dsrived in roducing the cooling data
Additional gymbols used are
A constant equal to engine mechanical frictlion horsepower

divided by squars of vngine spoed

Cp svocific heat of elr at constant prossure, 0.24 Btu per
pound per OF
g acculeraetion of gravity, 32.2 foet per second® or

32.2 pounds of mass per slug ‘
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J doule's constant, 778 foot-pounds per Btu

K " ' supercharger factor near unity in wvalue

.N engine speed, rpm

P~ exhaust-manifold pressure, inches of mercury

Pn ' inlet-manifold pressure. Ilnches of mercury

r square of retio of impeller tip speed in feet per second
to engine speed in rpm

T, carburetor inlet-alr temperature, Op

Ty dry effective inlet-manifold temperature, Op

U tip speed of engine-stage blower, feet per second

V3 engine-displacement volume, cublec feet

ng efficiency of supercharger gears

Equation (1) may be written

Ty - Ty K Wn/mm (2)
Tg - Ty ﬁ;)
/m

A plot of (Ty - Tg)/(Tg - Ty) egainst g—- should give a
straight line on logarithmic coordinates.

The quantity TS is a function of fuel-air ratio, inlet-manifold

temperature, exhaust-manifold pressure, and spark timing. In the
convenitional multicylinder engine the true inlet-menifold temperature
is indefinite and difficult to measure because an unknown amount of
fuel is vaporized in the carburetor and the blower. For the present
conputation, the expedient has been adopted of using, instead cf

true manifold temperature, a dry effective manifold temperature T
defined as the sum of the carburetor-air temperature and the rise in
air temperature in passing through the primary supercharger on the
agsumption that no vaporization of the fuel occurs. In the nondeto-
nating range the variation in cylinder temperature 1s only a fraction
of the variation in inlet-manifold temperature end, for this reason,
the following aporoximation for T 1s sufficiently accurate for the
present purncseg
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Uz
gopd

(3)

Tm=T°+

The blower tip speed U can be glven In terms of the engine speed,
the 1mpeller dlameter, and the impeller gear ratio. In the case of
the Wright R-3350-14 engine, the impeller dlameter 1s 13 inches and
the gear ratio 1s 6.08 for low blower and 8.52 for high blower.

The equaticn for T, then becomes

. 5 2
T, + 20.0 {1555 (4)

Y
To + 39.2 1ooq) (5)

In the absence of data on the effect on Tg of variation in

Ty for the Wright R-3250-14 englne, the test results given in ref-
erence 2 Tcr a Wright 1820 G engine have been used, namely

Low blcwer, Ty

High blowsr, Ty

ATy = 0.80 ATy ()
The effect of fuel-air ratlo on the gas temperature 1is obtained from
the test data. From the results of tests of a large number of air-

cooled c;lirders (referances l, ¢, and 3) it was found that a value

for T, of 1150° F at a Ty of 8C° F and a fuel-air ratio of 0.08

could be chosen. BSmall differences in the choice of the 1nitlal or
reference value cf T_ 4o nct geriously change the accuracy of' the
ccrrelation. It is o? greater importunce, once the initial value of
T, 1s chosen, that the varlation of T_, from the initial valie with
variation in T, and fuel-air ratio be accurate. Inasmuch as Ty,

is the dry effective manifold tempcrature, the variation of T, with
fusl-alr ratio includ<s both the coolirg effect of the fuel in evapo-
rating and the effect of thz excess fuel on the comprsition of the
products of combusticn and tke hesat geneorated by combustion. For the
tests cited in this ruport, the cffect of spark timing on Tg was
not invelved becauss all tests were run at a fixed spark advance as
specified by the manufacturer.

Correlation of test data i1s simplified if the test program is
arranged as follows:

(a) Variabdble OAp run with W held constent and fuel-air ratio
egual to 0.08

(b) Veriable W run with 0Ap held constant and fuel-air ratio
equal to 0.08
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(c) Variable fuel-alr-ratio run

In this case the data of run (a) provide a plot of (T - Ta_)/('.L‘g - Ty)
against oAp for a constant W on logaritlmic coordimates, The
slope of the resulting line gives the exponent m, The value of Tg
is taken equal to 1150° F plus the correction for variation of Tp
from the value of 80° F (equations (4), (5), and (6)). Similarly,

run (b) provides date for & plot of (Ty - Ta)/(T'g - Tp) against W
from which the exponent n 1s obtained, The date of runs (a) and (D)
are nov presented on a single correlation ocurve by plotting

(T - Te.)/(Tg - Ty,) against (equation (2)). This correlation

oop
curve 1s then used to compute Tg from the data of run (¢). In each
case the value of Tg 1s corrected to correspond to & value of Tp
of 80° F in the mamner previously described, The values of Tg are

plotted agalnst fuel-alr ratio and are used for plotting all remaining
data on the correlation curve.

In the correlation used in this report the value of ¢ at the
front of the engine will be used because it 1s a convenlent quantity
to determine and 1ts use has been found satisfactory over a range of
moderate altitudes. For large veriations 1n altlitude, the use of O
at the rear of the engine, although less convenlent, gives better
correlation of the data than © at the front. The most correct pro-
cedure fram a theoretical standpoint is to correlate on the basis of
mass flow of cooling air rather than oAp. Accurate measurement of

the mass flow of cooling alr, however, is extremely difficult to
obtain,

CORRELATION OF WRIGHT AERONAUTTCAL CORPORATION DATA

The procedure outlined in the preceding section was applied as
far as possible to the Wright Aeronautical Corporation data, which,
although extensive, lacked runs of the type most readily correlated.
A run equivalent to run (a) with only slight variations in fuel-alr
ratio was found from which the exponent m was obtained. Data
corresponding to run (b), except that oAp was varied, were also
found, A plot of (cAp)ﬁ (1y, - t['ﬂ.)/('l'8 - Ty) eagainst W was made
from which tho exponent n was determined. The correlatlion curve

m
(Ty - Ty)/(Tg - Tp) against W/ was then plotted and, with this
oA

P
curve and variable fuel-air-ratio runs, the ourve of Ts against
fuel-air ratio was obtained (corrected to Tp = 30° F). The deter-
mination of n and m was then repeated, making corrections 1n
Tg for the emall variation in fuel-air ratio that existed in these
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runs and, with the new correlation curve, a new. T8 against fuel-

air-ratio curve was camputed. Substantially all the remaining date
were then plotted on the correlation curve using the values of T
obtalined from the new curve of T, egainst fuel-air ratio. In each
case the correction for variation in T, from 80° F was applied.

Tt can be seen that the work necessary to corrslate data of the type
Just discussed 1s much greater than that required for data from runs
off the type described in the section Corrclation Procedure.

In the results end analysis given in reference 1, the quantity
Ty, 1is the average cylinder-head temperature. In multicylinder

tosts 1t 1s usually the practice to use the temperature of the resar
spark-plug gasket as an indication of the head temperature. The

rear spark-plug-gesket temperatiure is subject to error, depending

on the tightneas of the sperk plug snd other installation conditions,
and a thermocouple erbedded cn the cylinder head proper is believed
to be more reliable. In the absence of other head-temperature
measursments, however, the method cf correlation was applied to the
temperature measurements of the rear sperk-plug gasket. The quantity
Ty, was teken as the average of the tempuvratures of the 18 rear spark-
plug gaskets.

The final correlation curve for the Wright Aeronsutical Corpo-
ration date on the R-3350-14 engine 1s presented in figure 1. Fig-
ure 2 shows the veriation of meen effective gas temparature with
fuel-~alr rutio. A supplementary plot of the maximum temperature of
the rear spark-plug gaskets against tho average temperature of the
rear gperx-plug gaskebts ls shcwn in flgure 3. The points are coded
teo lndicate the hottest cylinder for sach case.

The cooling-correlation relaticn (equaticn (1) and fig. 1) con-
tains the engine alr cunsummtion W. It 1s necessary to ¥now the
relation between the engine alr concuwrrtlen #nd the engline powsr in
order to determine tho co~ling regquircesents for any glven power.

‘The rate of alr comsurrtion (in h~ raies of mixtures richer than

" stolchicmetric) depcnds nrimurily on Inéicated horsepowsr and second-
arily on mixture retio, engine sreed, end inlet- and exhaust-manifold
Dressures. The most ~sonciese rrosentation of these data appears to
be a plot of indicated specific sir consurption (W/ikp) a=ainst

the seconlary variablua. The indicated horscpower 1s defined ae the
indlcated nower contributionz of only tho compression and the expan-
slon strokes of the ongine., It is obtained by adding to ths breake
horsepower the following:

(a) Superchargor horsepowsr
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(b) Indicated power of the exhaust stroke minus that of the
intake stroke of the engine (the so-called pumping loop)

(¢) Mechenical friction of only the engine proper
Thus

™~

. N 2
ihp = bhp + Kjr Egg!;ﬁ; + Vg (Pg - Pm) g3z + AN (7)

The factor K; 1in the term for supercharger powsr varies only
slightly from unity and for the present purpose cen be taken equal
to unity when the exact value of the supercharger power is not known.

The pumping work in equation (7) is derived on the assumption
that the Inteke-manifold pressure prevails during the entire suction
atrcko and that the exhaust-manifold pressure prevalls durling the
exhaust stroke. These assumptions are not very preciee and & more
exact relation should be used whon avallable. Fortunately, error in

this quantity has only & small effect on the final results in coollng
computations.

The engine mechanical friction horsepower varies nearly propor-
tionally with the square of the onglne spoed and 1s representod by

the term AN® in equation (7). The value of A calculated from a
known value of mechanical frictlon powsr at one spevd can be used in
camputation of the friction power at other speeds with sufficient
accuracy for the present purpose.

The equations for indicated horscoower for the present case on
the ossumption that

A = 28 x 1078 np/(m)?
Kl = 1
and
T]g = 0,85
are
N ¥ N
Low blower, 1ihp=bhp+[28+7.94 W] (5s5) -2:08 (By -Pe) 1o55 (8)

2
High blower, ihp=bhp+[28 +15.6 w](%.a) -2.08 (pp- pg) N _ (9)
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The values of indicated specific air consumption obtalned from equa-
tions (8) and (9) and from the Wright Aeronautical Corporation data
arc shown in figure 4.

CORRELATION OF NACA DATA

The Langley 16-foot high-speed-tunnel teats of the
Wright R-3350-14 engline jnstalled in the Douglas XSB2D-1 necelle
wery conducted In the menner suggestsd in the Ccrrslaticn Procedurs,
In addition to an otherwlse very complete Instrumentation the
Pressureo-tube installation used in the Wright Asronautical Corpcra-
tion tests was duplicated in the NACA setup end was used witk indi-
cating instruments to obtcln date for preliminary checking. These
NACA data heve been corrslated in the same woy as the Wright
Aeroneutical Corporaticn deta, including the use of cooling-air
density at the front of the engins, and provide a diroct ccmparison
with Wright Aeronauticel Corporatlcn tests.

In the calculation of Ty, spcradic errors in the temperatures
of the rear spark-plug gaskets have been corrected by reference to
data frcm the morv reliable embudded thormocouples. The correlation
line for the NACA deta is given in figure 5 and ths corresponding
curve for mean effective gas temperature for a dry manifold tempsra-~
ture of 80° F is given in figurc 6.

Curves 1lilustrating the varilation of statle pressures at the
front and ths reer of the engine with dlstance from crank axis ere
shown in figure 7. The lerge diffurenco in prsssure drop that mey
be obtained in a glven cooling test by mervly chenging the tube loca-
tion 1s apparent and indicates the need for standardizing instrumsn-
tation in order that tuste made by different organizations mey be
ccmpared. The pressure drops for the NACA correlation curve (fig. 5)
wore takcn at tho same lccetlon os those for the Wright Aercnautical
Corporation tests. The prussure at the front of the engine wes
moasured at the top of the cylinder head by a total-pressure tube
and the pressure at the rear was moasured by mcans of e shielded
statlic-pressure tube ncer thu cylinder base. As will later be dis-
cussed in greoater detaill, tubos in thesy locations are not desireble
for compering the cooling of en englne in different installcotions.

COMPARISON OF EESULTS

Tho correlation lines from the NACA data, together with those
frem the Wright Asromautical Corporaticn testa, arv shown in fig-
ure 8. Both linus heve the same slopoe, indicating essentially the
some relation of heesd-tempersture chenge to variation in power and
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cooling-air pressure drop. The lino fram the NACA data, however,
lies considorably lower than that from the Wright Aeronautical
Corporation results and indicates a required pressure drop of

50 percent of that glven by the Wright Aeronautical Corporation
line for the same hoad temperature and engine conditions. It is
believed that the lack of agroement 1s largely due to the differ-
ences in cowlling used in the two tosts and the consequent effects

on the direction of air flow over the ungine and on the pressure
measurements,

The schematlic dlagram of figure 9 shows the direction of air
flow through the englne and cowling as installed in the nacelle for
the NACA tests. A similar direction of flow 1s expected in flight.
The considerably higher prossure at:the rear of the cylinder base
than et the rear of the cylinder head (fig. 7) for this arrangement
probably results from the added resistance to flow from the base to
the cowl exilt caused by obstructions in the flow path and by tho
curvature of the flow path.

It was leurnod from representatives of ths Wright Asrcnantical
Corporation that for their tests the cooling alr discharged from the
engine was drawn off through a tube with considersble inflow of alr
around the exhauat stacks where they plcrced this tube. Thils arrange-
mont 1s shown schematlcally in figurc 10, Such w difforence in flow
direction would bu expected to rsvorse the direction of whatuver
radial oressurc gradicnt might exist tchind the e¢ngine. That this
effect is rvsponaible for the entirv dlfferenco butween NACA and
Wright Aeronautical Corporation ruvsults cannot bu conclusively demon-
strated here becausc the variation in preussurc with radial posltion
for the Wright Aerovnautical Corporation data ls not known.

It may be concluded, howover, that the cholce of tubw location
for msesuring the cooling pressure drop in the data undur discussion
is poor. With the pressure at the front of the engine measured at
the top of the cylinder hoads and the pressurc at the rear moasured
at the base of the cylinders, 1t is ovident that variation in radial-
pressure distribution with chango 1in installation will introduco
changes in the measured pressure drop that bear no rclation to the
mass flow of cooling alr over the hvad fins. The pressure-tube loca-
tlons should be chosen with a view to minimizing the effect of vari-
ation in radial-pressure distribution or other effects introducsd by
changes in Installation.

The flow through each fin passage is determined by tho total
pressure at the entrance of the passage and tho static pressure at
tho exit of tho passage. In installations in which the propeller
sets up considerable swirl, appreciable difference between theo
total pressures at the various fin-passage entrances exists because
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of the difference in angle of the fin-passage entrances with respect
to the resultant velocity in front of the engine. Obstructions
ahead of the cylinders, such as generators end valve push-rod guides,
also affect the total pressure in the fin passages 1n thelr wake. A
survey cf the pressure drop in all the fin passages would be the
most complete index of the cooling mass flow. Pressure tubes in
each passage would, of course, be impractlcable and it 1s necessary
to choose judlciously the tube locations that will give an accurate
indication of average mass flow. In the case of the cylinder head,
total-pressure tubes should be located in the ontrance of repre-
sentative fin passages on the top, the exhaust-valve slde, and the
Inlet-~-valve slde of the head. These tubes should be placed in fin
paseages that supply air tc the vicinity cf the heed thermccouples.
The static-pressure tubes at the rear cf the head should be placed
near the exit of the fih ressages in vhich the total-pressure tubes
ares located. These static-pressure tubes should preferably bs located
in zcnes sheltered Trom air flow, such as the curl of the baffle. The
average of the pressurs drcps read by these tubes would te a good
indox of the cooling mass flow. The lccation cf the tubes for meas-
uring the barrel presaure drops are predlcated by the same considera-
tlons as for the head. Total-pressure tubes should bs located on the
exhaust and the inlet sldes of the cylinders at the entrance of the
fin passages that dsliver alr to the vicinity of the barrel thermo-
couples. Static-pressurs tubes ehould be localed at the rear of the
barrel in the vicinlty of the sams fin passages.

Even when these tube locations are used, 1t is nct certain that
the cooling tests on one Installatlon of an engine will ccrrectly
oredict the ccoling performance on another. For sxample, in an
E-type cowling, 1n which an air tlast may be directed at the front
of the cylinder heads, the flcw et the front of the engine 1s dif-
ferocnt from that for the engino mournted in a tube to which suction
is applied to inducc & cocling-alr flow. This diff'er=nce in flow
will introduce a difference in temrperature distribution arouni each
cylinder and may result in a different pressure drcp required for
cooling., 4 difference 1n prcrpsller deslan that causes a difference
in air swirl at ths cowling ~ntrance is another exemple of a change
in inptaliatlicn that :nay affect the pressure drop required for
cooling. Thus, where considcrable differonce in flow conditions is
introduced by the chango in lngtallation, it may be uxpectad that a
difference in rsquired cooling presesure drop will result.

The curves of mean offective gus temperature ere ccmpared in
figure 11. For fuel-air ratlos richsr than 0.075 the agreement
between the NACA and the Wright Avronautical Corporaticn tests is
good. The NACA tegts were not sufficiently extensive to rrovide
reliable values of mean effoctive gas temperature at fuel-air ratios
leaner than 0.075.
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CONCLUSIONS

"A comparison of the Wright Aeronautical Corporation and the
RACA results on the R-3350-14 engine presented in this report leads
to the following conclusions:

1. This method of correlation markedly reduces the amount of
test data required and mekes possible representation of the results
in a conclse and very useful form,

2. The comparlson of the correlation curves obtained from the
VWiright Aeronautical Corporation test stand and from the flight
installetions in the Langley l6-foot high-speed tummel demonstrates
the desirabllity of comstructing cooling test-stand setups more
closely simulating flight installations. Data thus obtaired would
then be more directly applicable for use in design of new installa-
tions.

3. The large variation of cooling prossure drop with location
on the pitot tubss indicetes the nsed for standardizing instrumenta-
tlon 1n coolling tests.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Figure 1,- Cooling correlation curve from Wright Aeronautical Corporation data.
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(Effective gas temperatures corrected to
80° F manifold temperature)
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Figure 6,=- Variation of mean effective gas
temperature with fuel-air ratio using NACA
data.
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Flgure 7.- Radlal pressure distribution for Wright
R-3350-14 intermediate engine in Douglas XSB2D-1
airplane.
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Figure 8.~ Compafison of cooling correlation from Wright Aeronautical Corporation

data with that from NACA data.

*ON YOIV VOVN

81vG63

06!3

8




8IVGI °"ON ¥IV VIVN

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 8. - Engine cooling-air flow for NACA tests.
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Figure 10, - Engine cooling-air flow for Wright Aeroncutical Corporgtion tests.
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Figure ll.,-~ Comparison of curves of mean effective gas

temperature from Wright Aeronautical Corporation and

NACA data.



INIIININIIHIHUIWINIHIHINIlllﬂlﬂllliﬂlﬂml

31176 014




