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COMPARISON OF SEVERAL METHODS OF PREDICTING THE PRESSURE LOSS
AT ALTITUDE ACROSS A BAFFLED AIRCRAFT-ENGINE CYLINDER

By Joseph Neustein and Louis J. Schafer, Jr.

SUMMARY

Several methods of predicting the compressible-flow pressure
loass across a baffled aircraft-englne cylindexr were analytically
related and were experimentally Investlgated on a typlcal alr-cooled
aircraft-engine c¢ylinder., Tests with and without heat transfer
covered a wide range of cooling-air flows and simulated altitudes
from sea level to 40,000 feet. h T

Both the analysls and the test results showed that the method
based on the density determined by the static pressure and the atag-
nation temperature at the baffle ovxit gave resulis comparable with
thoss obtalned from methods derived by one-dlmensional flow theory.
Tho method based on a characteristic Mach number, although related
snalytlecally to ons-dimenslional flow theory, was found impractical
in the presont tests becauge of the difficulty encountered in
dofining the proper characterlstic state of the cooling air,

Although the cylinder-baffle rusistance coefficient deturminsd
by the density method was consistent for a wide range of heat-transfer
values, a Qistinet differsnco was observed betwewun the values with
and without heat transfer that could not be explalned by one-
dimensional flow theory. Accurate predictions of altitude pressure
loge can apparently be made by these methods provided that they are
bagsed on the resulte of ssa-level tests with heat transfer.

INTRODUCTION

The high overating altitudes of both military and commercial
alrcraft have gresatly increased the severity of the engine air-cooling
problem. The decrease of the denaity of the air with Increased alti-
tude necessitetes the handling of a greatsr volume of air at higher
velocities end, as a result, the flow of cooling-air withinthe fin
pasgages attains high Mach numbers and a large decrcase in the cooling-
air density occurs across the engine. The pressure loss increases
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with Mach number and consequently a greater pressure drop is needed
to force a given weight of cooling alr across the engine at high '
altitudes than would be required for the same welght flow of ailr at
lower altitudes. This additional pressure logs, which 1s a function
of Mach number, ccnstitutes the compressibility effect and becomes

a serious factor at high altitudes and high rates of heat transfer.
It is important therefore to include the effect of Mach number in
the prediction of cooling-air pressure-drop reguirements at altitude,

Severel methods of eliminating the compressibility effects have
been proposed (references 1 to 5). In references 1 and 3 the air
flow 1s assumed to be cne-dimensional and two different sclutions
Tor determining the pressure drop are obtained. In references 2, 4,
and 5, empirical solutions are presented. Each of the foregoing
methods is spparsntly independent, however, and their interrelation
has not been established. The tests of reference 2, which wore made
with a section of a cylinder bharrel and which showed that the best
results would be obtalned by using one of the empirical factors,
represent only an idealized situation. Tests on an actual alrcraft-
engine cylinder are therefors necessary to examine more thoroughly
the proposed solutions to the compressibility probiem.

“The present investigation was conducted at the Cleveland labo-
ratory of the NACA to evaluate by experimental data several methods
of making compressible-flow pressure-drop predictions and to relate
egch method analytically by means of one-dimensional flow theory.
The experimental work was done on a typlcal air-cooled cylinder
enclosed in an air duct and mounted on a crankcase., The tests con-
slsted in varying over & wide renge the cooling-air pressure drop
across the cylinder at cocling-air conditions that corresgponded to
altitudes varying from sea lovel to 40,000 feet. The tests ware
made both without engin. operation and with the engline operating at
severul powers to determinu the effoct of heat transfur on cooling~
alr pressure drop.

SYMBOLS
The symbols uaed in this report are:
A area, squers fuet

Ly; G, coeff icients in Maclaurin’'s seriocs
Bl: Bg

Cz - 8z bafflv-oxlt prossurc-loss coefficisent -
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CDf

1

¥

oS

K} CJ m)
n, S

friction-drag coefficient of fin-baffle passage

pressure-drop coefficient of fin-baffle passage (includes
pressure change at baffls exit and is equal to CDf
when thls pressure change is negligible) i

specific heat of air at constant pressure, 0.24 Btu per
pound per °F

cooling-alir maes flow based op baffle free-flow ares,
slugs per second per square foot

acceleration of gravity, 32.2 feet per second per secon@

heat disgipated from cylinder to cooling air, Btu per
pound

mechenical equivalent of heat, 778 foot-pounds por Btu

experimental constants

length of fin-baffle passage, feot

Mach number

static pressure, pounds per squarse foot
dynamic pressure, poﬁnds por équare foot
universal gas constant

Reynolds number

static alr temperatury, °R

average cylinder-hsad temperature °R

average cosling-air temperaturc in fin-baffle passage,

’('Iz + Ts)/z °R

ratio of cooling-air stagnation temperature riso acroés
fin-baffle paseags to static cooling-alr temperature
at beffle inlet, C.DS - T, )/Tz
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cooling-alir veloclty, feet per second

L cooling-alr weight flow, pounds per seccond
X -distance along fin-baffle passage measured from baffle
inlet, feet
¥4 ratio of specific heats for air, 1.395
8l cooling-air viscosity, pound-second per squars foot
p cooling-alr denslty, sluge per cublc foob
6 angle between radius drawn to rear of cylindor and radius i
drawn to pressurs-measuring station at baffle exit
Cgv retio of average cooling-air density to Army standard
gea~level density
Ap pregssure drop from front to rear of cylinder, pounds per
squere foot
AT cooling-air stagnation temperature rise across cylin—
der, T
Subscripts:
t cooling-air stagnation condition
=3 cooling-alr condition at mea level
i cocling-alr flow condition without heat
0, X charscteristic condition of cooling-air flow
1 upstream of cylinder -
2 beffle inlet
3 baffle exit
4 downstream of cylinder
h ¢ylinder head —
b cylinder barrsl
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ANALYSIS

The flow of air across a heated cylinder~baffle combination
may be considered in three gubordinate processes: (a) the flow
into the fin-baffle passage (entrance process), (b) the flow through
the fin-baffle passage (baffle flow process), and (c) the flow from
the fin-baffle passage into the free stream (exit process). The
flow into the fin-baffle passage is composed of the acceleration
frem the main stream to the baffle inlet during which the air
receives some heat from the fins along the forward portion of the
cylinder and incurs some pressure drop due to the frioction loss
along the fins and to the formation of the velocity prcfile. Local
flow separation from the baffle wall probably occurs just beyond
the bafile inlet., The entrance process 1s considered to be complete
when full flow within the fin-baffle passage has been reestablished,
although the point where this process ends is not definite. ' '

The flow through the fin-baffle passage may be compared with
that occurring in a bent channel in which the width approaches the
radiues of curvatwre in magnitiude. A secondary flcw noimal to the
direction of the main flow develcps and transporis low-energy air
toward the inside of the wend. The accumulsation of the LlLow-energy
air results in separation from the cylinder wall, usually befare
the baffle outlet is encountered. Separation will seriouely modify
the surface-friction coefficients of the chamnnel. The flow is fur-
ther complicated by the heat-transfer pracesses and by the irregular
fin-bafile passages. The rate of heat transfer and the air flow are
related through the mechanice of the boundary layor. Furthermore,
the air acceleration resulting from heat addition along the fin
passage causes an additional pressure decrease along the channel.

The flow of air from the beffle passage intc the space down-
gtream of the cylinder consists in an abrupt expansion similar to
that occurring for the flow throuvgh & channel of discontinuous cross
section, Because of the separation of the flow within the baffle
passago, tho polnt at which the exit process begins is uncertain,

It is known that little heat transfer takes place botwoen tho roar
fins and the air leaving the baffle passage. e

One-Dimensional Flow-Theory Mothods

As a means of simplifying the analysis, the fin-baffle passages
are aasumed uniform in width and only tho velocities in the main
directicn of flow are considered. The entrance procoss may then bo
assumod to consist in the addition of heat at constant pressuroc at
the front of the cylinder and the isontropic eoxpansion from the front
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of the cylinder to the haffle entrance. The relation between the
pressures at the front of the cylinder and at the baffle inlet can
therefore be expressed

:ZI N
7.—
= 2 -t 2)
P, plt (} + = My (1a)
or, in terms of the mess flow of cooling air, equation (la) gives
z=1 g
< Vs 4 7
¢ _ 2y |y .2 |/ (10)
P1, f y -1 \P1 P
L Tl ot Ul

The flow process through the fin-baffle passage can be repre-
gented mathematically by the differential form of the mamentum squa-~
tion modified to include the effect of fricticn. The rate of pressure
drop along the channel is

ap g, 4 v
am - T tPim e (2)
L L - -— ez

where the first term on the right side of the equation represents

the local pressure drop resulting from surface friction and the
second teorm represents that due to reaction resulting from the local
change of air density. Because the equation is not an exact differ-
ential, it is necessary to make either en sssumptlon rcgarding the
manner in which the heat is added to the alr slong the path or else
to duvtermine the ratio dp/p from the first law of thurmodynamics in
order that the equation bs intograble. Two assumptions regarding the
menner in which the heat is added lead to simple solutions: (1) the
heat is added to the cooling air uniformly along the path (refer-
ence 3),and (2) the heat is added so as to increase the local dynamic
pressure uniformly along the path (rsference 1).

For the first assumption equation (2) is integrated (reference 3)

@) A -@ ][] o

in which the pressure ratioc across the baffle pamsage ps/pz is

detormined implicitly. The pressure drop from the main stream to
the baffle exit ie thsrefors

as
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b, D
2 P -
- = 1 - &2 4
P;, - P plt< 5 5 (4)

where pz/plt is obtained from equation (1b),

The second assumption leads to the equation (reference 2)

c
D, ~ P Dr, /o,
2 3 - 12, E) + 2 (——-- 2) (5)
% ¢ "8

By use of the first law of thermodynamics, equation (2) may
also be integrated to give the familiar energy equation

'“"+—'__L-"“‘|'JSH=°‘§“"+—L—— . (6)

Eguations (5) and (6) cen then be solved simultaneously with the
continuity equation to give (reference 2)

i 2 Ic
P P P, | D
2 y-1 2 Qz 2y 2 i
— = 1+T'+ L -{=— )+ — 14— +-—~ -1
Pz z e p3/ 7 -1 p3 4 <; :>
- 4

The density ratio from equation (7) when substituted in equation (5)
yilelds the pressure drop across the baffle channel. The entire
pressure drop is then obtained from eguation (4).

Inasmuch as equations (3), (5), and (7) all originate from
equation (2) and differ only in the sssumption regarding the manner
in which heat is added to the cooling air, it might be expscted that
the value of the pressurs drop calculabted under cither assumption
will be approximately the same, The method using assumption (1)
offers the simpler solution.

In the case of an additional pressurc recovery or loss at ths
baffle ocutlet, the pressure at the outlet and at the rear of the
engine can be related (referonce 2) by means of the momentum equation
P3 - Py A AN o

- 3 3
= (Cz - az) -2 7 8in 63 + 2(; -

The angle 63 is usually small and A4 is usually large compared
with Az. The last two torms of equation (8) are censequently of

secondary importance and may bs neglected. Equation (8) then
reduces to

(8)
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p - P -
St _¢Cr-a (9)

) 3 3
3

In most cases, however, when no attempt is made to recover any of
the kinetic energy at the baffle outlet, the pressure change at the
baffle exit may be entirely neglected.

The foregoing methods of predicting pressure drop abt altitude
are complex and therefore other more simple solutions have besn T
offered. Two such solutions make use of: (1) the density at the
baffle exit (references 2, 4, and 5), and (2) a characteristic
Mach number deturmined by a pressurs and a temperaturs that exist
at some point along the flow path (refurence 2).

Baffle-Exit Dunsity Methcd

A dimensional enalysis of the factors which affect the prsssure
drop indicates that the proussure-drop coefficient Ap/q for a cyl-
inder depends upon the Ruynolds number, the Mach numbsr, end the
ratio of cooling-alr-temperature risge across the cylindoer to the
inlet cooling-air temperaturs. The pressure-drop coefficient may be =~
written as T -

AR _ ¢ ] é!)
q - r \?e, M, T

kY

or

2pA AT
G,,p =1 (Re, M, T

The tests of reference 2 show that, if the pressure-drop coeft'icient
is evaluated by means of the density at the baffle exit, the effect-
of Mach number will be reduced. A relation may be established
between this simple baffle-exit density method and the more compli-
cated one~dimengional flow theory. The development of this relation
is established asg follows: '

If equations (1) and (5) are combined, the pressure drop fraom
the free stream to the baffle ocutlet can be expregsed

_ A
y . 2Ps y=1,2P5 ( 5 2°F3 7t
A_D:ps l+2M3 BEQ 1+ 5 M3 B-é' i-{-%-Ms 'p—z—Q -1
(10)


http://www.abbottaerospace.com/technical-library

NACA TN No. 1067 )

C e
Dry ><Pz )
Q= CDfi +(2 + 2 . -

where

The ratio Ap/p3 can therefore be expressed as a function of Msz.
A Maclaurin expansion of the function Ap/p3 glives

A 2 2Y fo2\
D .
B = Bl +-Bz@3>+...3ni‘£43>+... (12)

The coefficients B end (, are obtained from equation (10)
by calculating the first and second derivatives of Ap/n with

respect to M32 and evaluating each derivative at M_-5 = 0. The cal-
culation of the first and second derivatives indicates that equa- =t
tion (11) is a rapidly convergent series and conseguently the firast

term of equation (1l) glves a very close approximation to one-

dimensional flow theory. The first term gives results that differ

from the results obtained by cne-dimensional flow theory by nct

more than 5 percent when the exit Mach number is as high as 0.7.

The value of the coefficient Bl is

. (e

“
Z ___+ i \
B, = L 1+ch1+\\2 +2/T'

and the series given by eguation (11) can therefore be closely
approxlimated as

a1 (%o,

q.s = -———'-'l - Tf l + CDf + \\_2' T' (12)

Equation (12) indicates that the coefficient Ap/q, is a function
of only the heat dissipated and the drag coefficient. For the case

of no heat transfer, T' = 0, equation (12) becomes simply
A2\ -1 +¢C (13)
(‘13 . E2
1 _—

The relation between the pressure-drop coefficients with and with-
out heat transfer can be found, from equations (12) and (13), to be
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'o=(ég 1L+T/f2 3 T (14)
g

L+ T 21+ T

It therefore appears possible, in addition to correcting for com-
pressibility effects, to obtain the pressure-drop coefficient
An/q5 on a cold cylinder and then to calculate the coefficient

with heat transfer from equation (14).

Charscteristic Mach Number Method

A second empirical method of eliminating compressibility effects
uses a compressibility correction factor to relate the pressure drops
for compressible and incompressible flow as

P Ap
Ap = ] g

po ﬂ/l - Moz

where M. is a Mach numbsr characterigtic of the flow at soms goint
along the fin-baffle passage (reference 2). A relation betwesen this
method and cne~dimensional flow theory alsc exists and can be shown
as follows: If the Maclaurin expansion is developed in terms of a

Mach number Mx characterigtic of the flow at some point x along

the fin-baffle passaege, the following series resultas:

2o 0 e @6 e @Y e 09

Equation (15) may be divided by M 2 and the resulting series
inverted and squared to glve

1 2_ 1L, 2
ipfay )~  C a3 My

where powers of Mk greater than 2 are neglected.

The square root of the foregoing equation is then

1 1 %2 4 2
mia A TR e

For the gsame air flow at sea level the characteristic Mach number
is very small and
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Ccnsegquently

o]
Ap = —

égs
F (@)

The definition of the characteristic Mach number can be chosen to
make “2/“1 = 1/2. Equation (17) then reduces to the form given in

reference 2

Pg Ap,
Po 4f1 - MC5

A method of trlal and error must be uged to determine from
experimental deta the characteristic Mach number for a particular
cylinder-baffle arrangement in order that equatlion (128) be valid.
FEquation (18) may be applied analytically by using conditions at
the baffle exit as those cheracteristic of the flow. Thus in egua-
tion (17) '

Ap = (18)

= Z
*“ =Fh
and
= L
%2 =7 P _
In general,
Pz .r 7
B, "2
and therefore o
2 1
oy 2

The application of equation (18) should then give higher predicted
pressure-drop values than equation (17) when the baffle-exit density
determines the chearacteristic sbtate. Satisfactory results were
obtained (reference 2) when the characteristic state was determined
by the stagnation pressure upstrsam of the cylinder, the stagnation

temperature downstreem of the cylinder, and the mass flow of cooling

air.
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APPLICATION OF BAFFLE-EXTT DENSITY METHOD

Two methods of applying the one-dimensional flow theory are
presented in references 1 and 3, bubt the use of the baffle-exit
deneity method 1is impracticable because the static temperature at
the baffle exit 1s difficult to measure. The stagnation tempera-
ture at the baffls exit can be measured and if, in the pressure-
drop coefficlient, the true baffle-exit density is replaced by the
dengity determined by the atatic pressurs and the stagnation tem-
perature at the baffle exit, the value of the coefficient will
clogely epproximete that obtained by meens of one-dimenglonal flow
theory. If this donsity ies designatod 55’ the corresponding Mach

number and veloclty prussure ﬁ% and ﬁé are glven by

ﬁz G—z
3 T YD.P
=373
and
2
T =
3 2p3

From the previous analysis the new coefficients By and EZ’ in

the series expansion given by equation (1l), are '
By =8y

and

h‘u = 0, 4-_[32

The usy of either a or g thus givoes the same degree of approx—
imgtion to one-dimansional flow theory. T

A simple method of prodicting the prossurs drop based on the

density Pz can now bo ugsed. In the case wherc the pressure loss
at the baffle exit is smsll, the cylinder pressure drop is simply

A'p = plt -
or

P - Pg

" .

i =1 (19)
VWhen a signlficant pressure change occurs at the baffle exit, the
ratio given by equation (19) will differ from unity. If the assump-
tion is made that the percentage of the over-all pressure drop which
occurs at the baffle exit will not change with altitude, equation {19)
mey be expressed generally as
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= K (20)
Then
Pz =P - XKAp
3 1t

The pressure-drop cneff.icient Ap/ﬁé, or 265 Ap/Gz, is a

function of the Reynolds number. For a givon fin-baffle arrange-
ment, however, the characteristic length is fixed and conseguently
the Reynolds number varies only wlth the mass flow of cooling air

G and the cocling-alr viscosity p; therefoure. If the Reynolds
number st sea level and at a given altitude are equal, the mass _
flow of cooling air at the altituds condition can be reduced to the
equivalont mass flow of cooling alr at ssa level Gus/po. The

quantity B is thu stendard sea-level viscosity and B, 18 the

actual viscogity at altitudo or at the condition under which
presgurc-drop computations aro mads. Ths pressurs-drop ccefficlivnt
Ap/ﬁ% may thus be writton as

= _
9329 - F G‘E) (21)
G H'o

The stagnation tempocraturs at the baffle oxlt is assumed equal
to the downstream stagnation temperasturs and 1s obbaincd from sea-
levsl heat-transfor data. The hoat disgipated per pound of cooling
alr is calculated by means of stagnation temperutures (refurence 6)
and is given by .

H=c, <T3t - Tlt) (c2)

The value of H can algo be osxprossed in a mannsr similar to that
of reference 7 as

E=5G" (T, - Tl_b> (23)

wvhore S and m arc congtants detormined from seva-level tosts.
The solution of vgquations (22) and (23) for T3t givos

sd” -
Ts, = = T, - T + T 24)
NG 1t> Ly (

which 1s thoe value of T3t at the baffle exlt of the cylinder head.
A similer oxpression will hold for the barrol.

The density 63 is oxpressed
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Dz Plt - Kap
Pz = = - (25)
3 RT RT
3¢ 3¢

The substitution of this relation in eguation (21) gives

2ogre 2 (P p) "’ £ (G“s>
- - 2( =
QO

2 (26)

z
G G°RT
3%

which, when solved for Ap, becomes

1/2
Ap = 29py - |pr 2 - 2kRT. QP f (o -8 (27)
¥ 72K | Flg 1 3¢, by

J

The value of G 1is obtained from the basic cooling-correlation
equetion (reference 7) and the viscosity ratic is calculasted from
the average of the cylinder-head or cylinder-barrel temperatures and
the coeling-alr temperature. The coefficient 2p3 Ap/G is obtained
from a sea-level calibration curve based on tests with heat transfer
and the value of K is also determined from sea-level data, although
in most cases K will probably be sufficiently close to unity that
it mey be neglected. The altitude and the pressure rise in fromt of
the engline due to the velotcity of the sirplane determine the value
of p; and the pressure drop across tho engine can then be evaluated

from equation (27).

APPARATUS AND INSTRUMENTATION

Test egquipment. - The accuracy of thu various methods of estl-
meting the effect of altitude on the relation between the pressure
drop and the cooling-alr weight flow was investigated on a roar- row
c¥linder from e typical 18-cylinder air-cooled ongine equipped with
stendard flight bafflvs (fig. 1) and mounted on & converted multi-
cylinder crankcasge. Front-row baffles were installed upstream of
the test cylinder to gimulate flight air-flow conditions. The cyl-
inder was enclosed within an airtight duct through which cooling air
was supplicd at tumperaturv and pressure conditions ranging from sea
level to 40,000 feet. Automatic controls in the air-supply system
muintained the cocling-alr conditions upstroam of tho cylindor within
$0.05 inch of mercury and within £4° F of the desirod values. The
guantity of cooling alr was measured by means of an adjustable
orifice located upstream of the test ssction and the pruvssurec drop
across tho orificc was indicated by an alcchol-filled micromanomctér.
Tho cooling-alr weight measurcments wors accurate within f1 percent.
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A straight soction of pipe exbonded approximately 10 dlamestors in
front of tho cylinder. The power dsveloped by the ongine was
absorbed by a dynemometor and an inductor coupled as a unit.

Cylinder ingtrumcntation. - The cooling-alr prossuros at tho
baffle inlet and outlot wereo measured with opon-ond tubos located
ag shown in flgure 2. The tubes had & wall thickness of 0.006 inch
and an outside diameter of 0.040 inch and were placed midway between
the fin root and the fin tip. Static pressures, which were taken
only at the baffle outlet, were measured by open-end tubes placed
flush with the fin surfaces as shown in figure 2(¢). The total-
pregsure and static-pressure tubes at the baffls outlet were located
in adjacent fin spaces. The pressure drop across the cylinder was
indicated by the presgsurse difference between two static piezometur
rings located upstresm and downstreem of the cylinder. IFach ring
conglisted of four interconnected taps; one tap was located in sach
of the four sidea of the cooling-sir duct.

The cooling-air temperature at the front of the cylinder was
measured by two iron-constanbuan thermocouples located In the center
of the cooling-air duct 2% fest In front of the cylinder. The tem-
perature of the cooling alr leaving the cylinder was mcasured by
shielded iron-constantan thermocouples placed at four locations
bohind the cylinder head and at four locations behind the cylinder
barrel. Cylinder temperabtures were measured by iron-constantan
thermocouples peened into the cylinder at 22 places on the head and
10 places on the barrel. The location of the cylinder thermocouples
was gimiler to that shown in figure 7 of reference 8,

TESTS AND CALCULATIONS

The validity of the one-dimensional flow analyses may be
established by showing that the coefficients CDf and F are

i
functlons of only the Reynolds number end are independent of com-
pressiblility effects. If such a relation exists for CIT and F,

then from the analysis the pressure-drop coefficient An/q will
be approximately independent of compressibillity effects, dbut the
extent to which the compressibility effects are slimineted must be
experimentally demonstrated. An investigation muat aleso be mede

to determine whether, for an actual cylinder., s characteristic Mach
number can be found that is suitable for use in the correctlon

Tactor op q/l - M 2 The effect of heat trensfer on vach of the
foregoing mosthods of ogtimating pressure drop must also be determined.
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Tests were conducted to obtein data pesrmitting svaluation of
the drag and cylinder pressure-drop coefficlents over a wide range
of air flows. -

Teats without heat traenefer. -~ Tests were firgt counducted
without heat transfer. The flow of cooling alr over the cylinder
head and the cylinder barrel was separately determined by blecking
each section and causing the air to flow over only the unblucked
section. The air flow acrose the flange and the barrel was nene-
rated in order that a more accurate value of the mass velocity cof
the cooling air G might be determined for the barrel without tho

flange.

The entire cylinder was also blocked to determine theo leakuge
around the outgide of the baffles. In cach caso the couling-alr
welght, the pressure and the temperature at the firont of thu cyl-
inder, the pressure at the roar of tho cylinder, and the pressurcs
at the baffle inlet and at tho baffle outlset of the unblocked soc-
tion of the cylinder were mwasured. Theuss tests weres conducted at
density altitudes corresponding to sea level, 15,000 fuet,

30,000 feet, and 40,000 feet based on Army standard summer-sir
temperatures.

Teste wlth heat transfer. - Tests at these same altitudes wers
conducted at four engine powers. In addition to the measurements
taken during the tests without heat transfer, the coocling-ualr tem-
perature at the rear of the cylinder was recorded. Because the
distribution of the cooling-air between the cylinder head and the
cylinder barrel could not be determined, the total cuoling-ailr fluw
over the entire cylinder was measursd.

Calculations (data without heat transfer). - The evaluation of
the drag cosfficlent Cqu requires that the state of the cocling

air at the baffle inlet and outlot be knovm. For tests without heat’
tranefer the values of Opg, . were found from equaticn (5) which can

be more conveniently written as

c
20z (2 - ®s) Xy (bp 3 +2(9—2--1 (28)
Gy T2 Pz 0., “
]

The values of G for the cylinder head and the cylinder barrel
were caloulated from the messured cooling-air weight and the freo-
flow area of the fin-baffle passagc. The dunsity at the front of
the cylinder was determined from the msasurcd prossure and tumpore-
turc at that point and the presgsurc Py Was then obtained from

oquation (1b). The temporaturs at the baffls inlet followed from
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the igentropic temperature-pressure relation and the density Py
was evaluated from the values of Py and T,. Experimental values

were used for Pz The density ratio pz/p3 and CDf were then
i

evaluated by means of equation (28) and tho curves of figure 5 in
reference 1.

In reference 3, the calculation of the pressure drop across the
cylinder was simplified by evaluating the pressurs drop exactly by
means of equations (1b), (3), and (4) and then plotting the ratio
Ap plt as a function of 1ts value at low Mach numbers

2 Cd
L - 1+ E%zm 1 +F + %2—
%P1, P1y Ly L

Curves of this type, using AT/Tlt and F as paramcters, are given
/

in figure 10 of reference 3. The coefficient F was dotermined from

thuse curves for known values of Ap, plt, plt’ and Tlt. The

cooling-alr temperature rise AT was zoro for the tests without heat
trangfer.

The pressure-drop coefficient Ap/qs, or 2 Py Ap/G2, was
evaluated from measursd values of G, Ap, Pzs and Tlt; the tem-

perature Tlt was uged instead of Tz, for the data without hoat
transfer. v

The characteristic Mach number factor pO\/& - M,o2 was evalu-

ated from measured values of G, p; , T;, , eand the curves of fig-
ure 2 in reference 2. t G

Calculations (data with heat transfer). - The coefficilents CDf
1

and F could not be directly determined for the data with hsat trans-
for becausge the air flow ovor the head and tho barrcl could not be
individually measured. Tho pressure-drop coefficiunt Ap/ié, how-
ever, was ovaluatod for tho cylinder as a whols; the stagnation tum-
perature at the rear of the cylinder was usod for T3t'

In order to examine still further the offwct of heat transfer,
the pressure drop required with heat transfer at altitudv was calcu-
lated by each mothod except the ons utilizing the characteristic N
Mach number. A method of successlve approximations was used to deter-
mine the distribution of cooling alr across the head and the barrel.
The distribution was first assumed to be the same as that found in
the tests wilthout heat transfer and corresponding values of pressure
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drop across the head and the barrel were calculated by equations (5),
(7), and (9). The experimental precssure drops across the head and
the barrsl were the same and therefore any differsnce in the calcu-
lated values was asssumed to result from a change in the cooling-alr
distrivution obtained from tests without heat transfer. A correction
to the alr distribution was made by adjusting the assumed barrsl alr
flow until the pressure drop across the barrel agreed with that far
the head.

Pressure~drop predictions by means of the method based on the
gtatlc pressure and the stagnation temperature at the buaffle exit
were made from equation (27).

RESULTS AND DISCUSSION
Evaluastion of Data

The usual manner of calibrating the air flow over the head and
the barrel of a cylinder consists in plotting the cocling-air weight
flow against the product of the cooling-ailr pressure drcop and tho
ratio of the wean entrance and exit density to the standerd sea-level
elr density. Curves of this type wors determined (fig. 3) for sev-
eral altitudes with data obbained without heat transfsr. The wlde
systematic variation indicates that s sea-lovel calidbratiun of this
type cannot be used accurately at any altitude beyond the value of
pressure drop at which the deviation from the sea-level curve isg
signiflcant. The divergence of the altitude curves will increase
with the addition of heat. Similar compressibility effects wers
observed in the tests of reference 2. The methods thabt account fur
thege compressibility effects may be evaluated by observing whether
the data for all altitudes fall on ovne curve or, more precisely, if
the drag or pressure-drop coofficients used are functions of only
the Reynolds number. An uncorrected compressibility effect exists
if, In the plot of drag or cylinder pressure drop coefficicnt against
Reynolds number (proportional to Gus/po the altitude data at high
air flows indicate a rising curve. The greater the deviation of this
rising curve from the sea-level curve the greater is the inaccuracy

in the method of correction. - -

One-dimengional flcw processes (without heet transfer). - The
relation between CDf and the corrected mass flow of cocling air

i
(proportional to the cheracteristic Reynolds number) shows no defi-
nite trend with altitude (fig. 4) and is thersfors consildsrod inde-
pendent of compressibility effects. The curves on this and subse-
quent figures are drawn through the sea-level data. The digpersion
of the data at high valueag of air flow across the cylinder heed is’
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explained by the unsymmetricel fin passages on the head. The
friction-drag coefficlent Coe. s based on the mean of the dynamic

pressures at the baffle ends, cen be evaluated more accurately when
the exit conditions are uniform, as on the cylinder barrel, than
when they are exceedingly nonuniform due to unsymmetrical Iin pas-
seges, &8 on the cylinder head.

The data points for the coefficient of pressure change across
the baffle exit Cz - az scatter somewhat (fig. 5) for both the
cylinder head and the c¢ylinder barrel but the values are small com-
parecd with the baffle pressure-drop coefficients and may be neglected
for the cylinder head. The relative magnitude of the pressure loss
across the fin-baeffle passage of the barrel and across the entilre
cylinder may be seen by »nlotting the ratio Plt - p3/Ap against

Ap/plt as was done in figure 6. The pressure lose across the bar-

rel baffle exit is about 10 percent of the entire cylinder pressure
logs and therefore cammot be neglected in accurate calculations

involving this particular cylinder barrel. Because the exit loss
is a small part of the entire loss, moderate inaccuracies in the
exit coefficient will have only a slight efrect on the aver-all oo
pressure-loss coefficient. The sum of the pressure loss coefficlents
for the entrance process, the baffle flow process, and the exit proc-
cess glves the over-all pressure-loss ccefficient (reference 2) as

2PAT
_—G_EI: =14+ CDfi + (CS - a3) (29)
where the exit coefficient given by equation (9) is used in place of
the coefficient given by equation (8). The variation of the over-all
pressure-logs coefficient with the corrected mass flow of cooling-air
ls showvn in figure 7 for the cylinder head and the cylinder barrel,
The corrslation of the pressure-loss coefficients is esatisfactory for
all altitudes although a slight uncorrected compressibility cffect

for the cylinder head appcears at 30,000 feet. This slight discrenancy
may be neglected inasmuch ag the effect dces not avpeear at an alt*tude
of 40,000 Teet.

In the anplication of ths one-dimensional flow analysis assaming
unifcrm heat addition (reference 3), the value of the pressurs-drop .
coefficient F 1is derived from the over-all nressure drop instead of -
the pressure drop across the bhaffle passage; consequently, when there
is no heat transfer an eguality exists oetween the over-all pPressure-
loss coefficient NP

2pAp =1+ F
a2
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and the over-all pressure-loss coefficient of equation (29). This
obgervation is substantiated by comparing the relation between the
coefficient 1 + F and the corrected mass flow of cooling air
(fig. 8) with the similar relatiom for the coefficient
1+ C3f + (Cz - az) (fig. 7).

i

Density-correction method (without heat transfer). - The
pressure-logs coefficlient based on the density determined by the
static pressure and the stagnation temperature at the baffle exit
is nlotted ageinst the corrected mass flow of cooling air in fig-
ure 9. The similarity between the relations shown in figures 7, 8,
and 9 substantiates the relation given by equation (13), which
showed that without heat tranafer the pressure-loss coefficlent

2 63 Ap/bz is very nearly 1 + CDfi. Therefore, when the baffle-

exit coefficient is small, the density correction based on the static™

pressure and the stagnation temperatuve at the baffle oxlt provides
8 vory cloge approximation to eithor of the ons-dimensional flow
methods. "

The pressure-drop coefficient based on the downstream density
was evaluated and is plotted in figure 10 to demonstrate the effect
of the baffls-exit coefficient on correlating altitude-pressure-loss
data. Because the pregsurs change across the baffle exit of the
cylinder head is negligible, the results for ths hoad ars nearly
identical with the density correction of flgure 9. A measursble
change of state takes place at the baffle exit of the cylinder barrel
and the use of the downstream density overcorrects for the coumpress-
1bility effect. The additional loss &t the exlt, however, can be
accounted for by the use of the factor X in equation (27).

Cheracteristic Mach number (without heat transfer). - The

incompressible-flow pressure-drop coefficient 2 poq/i - Mo2 Ap/G2
was evaluated by means of the upstream stagnation pressure and the
downstream stagnation tempsrature and is plotted in flgure 11 against
the corrected mags flow of cooling air., The lack of correlation of
the altitude data clearly shows that the effect of compressibility
has not been elimineted.

A method of trial and error is required tc determine  the char-
acteristic state that insures satlsfactory amplicabion of the Mach
number correction factor. The state determined by the upstreoam S
stagnation pressure and the downstream stagnation temporature, which
gave good results in the tests of reference 2, does not appear to be
generally applicable to all types of fin-baffle arrangsment. Evalua-
tion of the present data using various characteristic states gave
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regults that varied from those shown in figure 11 to a complete
inversion of the same figure in which the compressibility effects
were overcompensated. It must be concluded therefore that tn*e

type of correlaticn is not generally vractical because of the 11fTi-
culty in determining the characteristic state.

Application of methods to flow with heai itransfer. - Because
separate measurement of the cooling-air flow over the head and the
barrel wasg impoassible for the tests with heat tranefer, the coef-
ficlents CDf* and F ocould not be evaluated. The combined flow

over the head and the barrel was, however, obtained and used to show
the effect of heat transfer on the pressure-dron coefficlent based
on the density determined by the average static pressure and the
stagnation temperature at the baffle exitv. The data were also eval-
uated by means of the downstream density. The average pressure-drop
coefficients for the cylinder head and barrel combined are vlotted
in figure 12 as a function of the corrected average mass veloclty of
cooling air and are compared with the results without heat transfer.
Except for the small compressibility effect for high air flows at
30,000 and 40,000 feet, which is evidenced by the slight upward
trend of the data, figure i2(a) indicates that the pressure-drop
coefficient based on the statlc pressure and the stagnation tenmper-
ature at the baffle exit is independent of both altitude and wide
veriations in heat trangfer. The pressure-drop coefficient based _
on the downstream density (fig. 12(b)) also appears to be unaffected
by wide variations in heat transfer bubt, because of the pressure loss
at the baffle exit of ths bharrel, the data for 30,C00 and 40,000 feet
fall below that at 15,000 feet and sea level at high air flows. The

maximum spread of the data at 40,000 feebt is ll% percent,

The average cylinder pressure-drop coefficient based on the
average static pressure and the stagnation temperature at the baffle
exit of the cylinder was evaluated for the data without heat transfer
(fig. 12(c)) and the mean relations with and without heat transfer
are compared in figure 12(d), A comparison of figures 12(a) and (c)
ghows an increased compressibility effect at 40,00C feet resuliing
from the addition of heat. The primary effect of heat transfer, how-
ever, was to raise the level of the pressure-drop coefficient; the
difference between the coefficients with and wibthout heat transfer
became greater at low mass flows. The difference is much larger
than predicted by equation (14), It appears that the increase in
the pressure-drop coefficiont occurs abruptly and that additional
heating effects do not occur beyond the point of transition. The
transition apparently results at engine conditions below normal
operation and thersfore is of no significance in practice.
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Comparative Accuracy of Correction Methods

The effectivensess of each method of estimating the cooling-air
pressure drop without heat transfer was evaluated by determining
from flgures 7 to 10 the percentage deviation of the altitude data

from the sea-level calibration.
ered because it is usually the critical part.
Ap/plt = 0.2, 0.3, 0.4, and 0.5.

the characteristic Mach number correction

values of

Only the cylinder head was consld-
Points were taksn at
The method bassd on

1l - Mo2 was not eval-

uated becauss of the obvious lack of correlation shown by figure 11.
The results are presented in the following table:

PERCENTAGE DEVIATION FROM SEA-LEVEL CALIBRATION
E—above gsea~-level curve; - below sea-levsl curvq]

One-dimen-~ {One-dimen- |[Donsgity method | Density muthod
slonal flow |sicnal flow |based on static|based on down-
Altitude| methed based|method based|pressure and gtroam density
(£t) on F on CDf_ stagnation tem-
i perature at
baffle vxit
Ag/plt = 0.2
15,000 +6.0 +6.6 +5.4 +5.3
30,000 +2.9 +2.8 0 0
40,000 +2.2 -4.3 -7.0 -4 .4
Ap/plt = 0.3
30,000 +6.3 +6.9 T +6.3 +8.1
40,000 +2.8 0 ~-1.7 ~-1.1
Ap/pltL: 0.4
30,000 }(-~--- e —— +8.7 +9.3 +11.0
40,000 |-mcm~mcacana 0 0 -4 ,4
A = 0.5
p/plt
30,000 jecme—mmmeaa- +8.9 . +11.1 +12.7
40,000 j--==-mcmmmnan 0 0 -5.0

At 30,000 fest all methcds show a systematic increase in the
deviation from the sea-levsl curve ag the value of A?/bl

At 40,000 feoet, tho deonsity corrsction methods and the one-~dimrnslional
flow methods ares egually eccurate for all values of Ap/p congid-~

ered. The results for the method assuming uniform heat distribution
were sxtended only to A?/Plt = 0.3, which was approximatecly the

incrcases.
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maximum value used in the curves of reference 3. It appears, how-

ever, that this method will be applicable over the same range as

the other methods. Estimates of pressure drop can therefore be _

made with the same accuracy by either the density correctlon or the
one~imensional flow methods. =

A further comparison of the methods of estimating cooling-air
pressure drop was mades for tests with heat transfer by comparing
the experimental pressure-drop data wilth pressure-drop values for
similar cooling-air and engine conditions calculated with calibra-
tion curves obtained without heat transfer. For each method of
predicting pressure drop the calculatlons were made at altitudes of
15,000 and 40,000 feet &nd at & cylinder brake horsepower of 56 to
determine the pressure drops corresponding to given weights of
cooling air flowing over the cylinder. The mass flow of cooling
air was corrected for variation in viscosity caused by the addition
of heat. The magnitude of the temperature rise across the cylinder
at the power used in the calculations is shown in figure 13. Cel-
culavions were also made from the calibration curve of flgure 3,
which is based on the average cooling-alr density across the englns.
For this method an equation of the form

W =20 (cap)® (30)

was used. The values of C and n were determined from the sea-
level curve of figure 3; consequently, equation (3C) cen be written

)0.517

Wpip = 0.406 (Ogy AD - (31)

where Wh+b is the combined air flow over the head and the barrel.

The comparison of experimental and calculated results (fig. 14)
shows that the expsrimental pressure-drop values are 10 to 15 percent
higher than those calculated by any of the methods. The calculations
were made with the curves of pressure-dron coefficients obtained from
the tests without heat transfer. The results are the same as those
indicated in figure 12(d). More accurate estimates of pressure drop
can be made 1T the pressure-drop coefficients are obtained from curves
basged on tests with heat transfer. This observation was verified by
calculating the pressure drops from the heat-transfer curve of fig-
ure 12(d). A comparison of the calculated pressure drops with the
experimental results (fig. 15) shows that the agreemsnt is good.
Similar results are to be expected if CDf1 and F are obtained

from heat-transfer data. Accurate pressure-drop predictions can
thereforc be made by either of the one-dimensional flow methods or

by the density correction method given in equation (27) if the

pressure-drop coefficients are determined from sea-level tests with

heat transfer. -
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Figure 15 further substantiates the accuracy of the density
method of predicting pressure loss across an air-cooled cylinder at
altitude. This method has the advantage of simplicity over the
methods derived from one-dimensional flow theory.

SUMMARY OF RESULTS

A comparison of methods of predicting the compressible-flow
pressure loss across a baffled, air-cooled cylinder and the evalua-
tion of these methods by test data gave the following results:

1. The methods baged on the density determined by the statio
pressure and the stagnation temmerature at the baffle exit and the
characteristic Mach number were shown by analyesils to be close approx-
imations to the methods derived by one-dimensional flow theory.

2. The experimental results obtained without heat transfer .
showed that the density method based on the static pressure and the
stagnation temperature at the baffle exit and the methods derived
by one-dimensional flow theory sufficlently sliminated the compress-
ibility effects for the flow across both the head and the barrel of
the cylinder tested. The use of the characteristic Mach nurber was
found impractical because of the difficulty encountered in deter-
mining the characteristic state. C——

3, The nressure change across the baffle exit was negligible
for the cylinder head bubt amounted to approximately 10 percent of
the total pressure loss for the cylinder barrel.

4, The use of the density at the rear of the cylinder for the
cylinder tested was satisfactory for the cylinder head but was
slightly in error for the cylinder barrel. T

5. The tests with heat transfer showed that the cylinder
presgure-drop coefficient incrsased as a result of the addition of
heat. The difference between the pressure-drop coefficients deter-
mined with ‘and without heat transfer became greater as the mass flow
of cooling air decreased. The difference was much greater than that
predicted from one-dimenslonal flow theory.

6. Because of the unaccountable effect of heating, tho use of
the nressuro-drop ccefficlents found from tests without heat trans-
fer to predict pressure-drop requirements over a wide range of air
flow at 15,000 and 40,000 feet for a given engine power resulted in
an underestimation of tho pressure drop by 10 to 15 percent. Pre-
dictions differing less than 10 percent from the experimental resultas
were made by using the pressure-drop coefficients obtained from tests
with heat transfer.
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CONCLUSIONS

1. In order to make accurate comnressible-Tlow pressure-dron
predictions with the mwethods given in this renort, the cylinder
pressure ~dron coefficient sihould be evaluated from tests with hest
tranefer.

2. The cylindexr presaure-drop coefficient based on the statlic
pressure and the stegnation temwerature at the baffle exit can be
used to make compressible-flow oressure-drop predictions with the
same accuracy as the mctnods derived by one-dimensional flow thecry.

Aircraft Engine Research Leboratbory,
National Advisory Committee for Aeronautics,
Cleveland, COhio, October 9, 1245.
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Figure Il. - Variation of pressure-loss coef-
ficient based on characteristic Mach number
with corrected mass flow of cooling air; data
without heat transfer.
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Figure 12, - Pressure-drop coefficients for combined head and barrel determined with and wi thout
heat transfer.
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Figure 13. -~ Cooling-air temperature rise across cyi-
Inder head and barrel as a function of combined head
and barrel cooling-alr flow. Cylinder brake horse-
power, b6.

>


http://www.abbottaerospace.com/technical-library

