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AEROIWUTICS

OF JIDDITIYZDRAG

The si.gnifioance of additive drag is discussed and equations for
determining its approximate value are derived for annular- and ozen-nose

m inle*. Charts em presented giving values of additive drag ooef’fi-
~ cient over a range of free-stream Mach nmbers for open- and for

. annuleu?-noseinlets with oonical flow at the inlet. The effeots on
additive drag of variable inlet-total-pressurerecovery and static pres-
sures on the center body are investigated and an anal@ical method of*
predicting the variation of pressure on the center body with maes-flow
ratio is given.

Experimental additive-drag values are presented for a series of 20°
“and250 oone half-angle inlets and one open-nose inlet operating at
free-strem Maoh mmbers of 1.8 end 1.6. A comparison with the theoret-
ical values of additive drag shows excellent agreement for the open-nose
inlet and moderately

In the analysis

good agreement for the annular inlets.

Il?lRODUCTIOH

of engine performance it has been cuslmm.ag to
define a net-thrust term that Is evaluated between the outlet of the
engine and a station ahead of the engine where the entertng stream tube
fs at free-stream conditions. If the area of the entering stream tube
at free-stream conditions is not equal to the inlet mea, conditions at
the inlet differ frcauthose in the free stream and if the flight veloo-
ity is supersonic, an additional force met be considered in deter-
mining the net propulsive thrust. This additiond fome has been called
additive drag (reference 1). At subsonic flight velocities, however,
this additional foroe is approximately counterbalanced by a decrease in
the engine naoelle pressure drag ani,consequently,it has not been cus-
tomary, when considering subsontc airorat’t,to break dmn engine .naoelle
drag into its ccmponent parts.

s
A theoretical method of predicting the magnitude of

drag at supemonio speeds that is based upon en analysis
v

the additive
of the location
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af detaohed shock waves as a function of relative mass flow and Mach num.
ber is Included in reference 2, and a method baaed upon an analysis of
the entering stream tube is included in reference 3. For configurateions

.

having side inlets, an analysis of the effect of changes in the entering
air conditions shead of the inlet is given in reference 4. A methai of
determining the sum of additive @ cowl-pr-wmre drags from an analysis
of the external shock configuration is presented in referenoe 5. Some
experimental values of additive drag at Mach numbe~ from 1.35 to 2.0

2
are given in references 6 to 8. P

w

ln this report, the necessity for includi~ the effect of additive
drag in calculating the net propulsive thrust is dlscu$sed and a mdi-
fied method of praiicting the additive drag is presenkd. Theoretical.
values calculated by the modified method are ocmpsred with the values
predicted by the meth~ given in references 2 and 3 and with experi-
mental values of additive dreg obtained frm tests of ram Jets In the
8- by 6-fcot supersonic tunnel. Experimental values of additive drag,
obtained using the method of reference 5, are compared with values
obtained from pressure measurements.

The following

flow area,

SYM80LS

symbols are used in this report:

(Sq ft)

capture area, cross-sectional area at cowl lip inoludhg center-
body area, (sq ft) ~

cross-sectional area of center body at station 1, (sq ft)

component of surface area perpendicular ta longitudinal axis
of inlet, (sq ft)

area of center body where it is Intersected by bow wave, (sq ft)

Cd,a additive-drag coefficient, ma/PoVo2Ac

2
Cf,s friction-force coefficient on center bay, 2Ff,e/poV0 Ac

C8 incremental-cone-pressurecoefficient, 2AJ15S - Pc)/PoVo2Ac

“‘a additive drag, (lb)

@#!$g%w%!4
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m
d
t-l
ml

F total momentum, MT + A(p - PO), (lb)

‘ii sum of external pressure and friction drags, (lb)

=f,s axial component of force on fluid due to friction on
yortion of center body forward of station 1, (lb)

FJ jet t-t, ELTe+ &(pe - Po], (lb)

Fn net thrust, (lb)

Fn,i

Fp
i

F8
.

g

K

M

Di

P

P

Pc

R
i

T

net internal thrust, (lb)

inertial reaction of net propulsive thrust, (lb)

scoop incremental drag, (lb)’

acceleration due to gravity, (ft/sec2)

bow-wave-position parameter

Mach number

maw-flow rate of fluid passing through inlet, (slugs/see)

maximum theoretical rate of mass flow through capture
area = QOVOAC, {slugs/see]

total pressure, (lb/sqft absolute)

static pressure, (lb/sq ft absolute)

theoretical static pressure on surface of cone behind an
oblique shock, (lb/sq ft absolute)

effective static pressure on portion of center body forward of
station 1, (lb/sq ft absolute)

theoretical static pressure immediately behind an oblique shock
wave, (lb/sq ft absolute)

gas constant, (ft/%)

total temperature, (%)
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t static temperature,

v velocity, (ft/see)

ITACARM E51B1.3
.

(%)
.

B ratio & mass-flow rate with supersonic flow at inlet to
maximum theoretical oapture-areamass flow

Y ratio at’specific heats

ec cone half-angle of inlet center body

ez cowl-posftion parameter, angle between axis
straight line that connects tip of oenter
cowl

of inlet and
body with lip

A angle at station 1 between average direotfa of flow and
longitudinal axle of inlet

P density, (slugs/ouft)

Subscripts:

o free stream

of

1 conditions at engine inlet (defined in text for particular
types of inlet)

e conditions at engine outlet

AIfALYsIs

The net propulsive thrust of an engine at zero angle of attack is
the resultant of the sun of the axial components of the pressure and
friction forces acting on the engine. A schematic representation of
these foroes as applied to a ram Jet in accelerated flight is shown in
figure 1, fnwhich the net propulsive thrust of the engine is replaced
by an equal and o~osite inertial foroe ‘P

acoordh.g to D’Alembert’s

principle for accelerating systems. The forces are defined as positive
in the direotione shown by their arrows.

The sum of pressure and friction forces acting on the interior of
the engine, which is called the net internal thrust Fnmi, can be

calculated from the change in total momentum

stations 1 and e of the fluid passing through
that is,

mV + A(p : PO} between

the engine (fig. l(a)),



NACA RM E51B13
.

Fn,f = F’j- F1
.

where F
J
= me + J@e - PJ and F1 * mV1 + AI(P1 - Po).

Then

FT=F -Fd
n,i (2)

where Fd is the sum of the pressure and friction forces aoting on the
exterior of the engine.

lt is custctmary,however, to evaluate engine performance between

5

(1)

stations O and e (fig. l(b)) and to call the
the internal flow (between stations O end e)

. given by

Fn=F~-Fo

change in total
the net thrust

momentum of
Fn as

(3)

where

FoEmvo+Ao(~o-p~) ‘mvo

In this case, however,

Fp#Fn-Fd

because the change in total momentum of the free etream between sta-
tions O and 1 has not been considered. Therefore, in order to obtain
the net propulsive thrust Fp, thie momentum change (which is called

additive drag Da) must be included to give
.

‘1?=Fn-Fd -Da (4)

A mathematical definition of edditive drag can be obtained by com-
bining equations (1) to (4) to give

Da =Fn-F =F1-FO
n, L

(5)

or using the definitions of F1 and F.

I
Da =

v

Iwo (5a)mvl + Jq(q -Po) -
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where appropriate average values of the quantities at station 1 are
Used.

Another interpretation (whioh gives physical meaning to net
thrust Fn) is to mnsicler that the diverging portion of the entering

stream tube behind a Imwwave (fig. 2(a)) from I to II is replaoed by a
thin, friotionless memlmane (fig. 2(b)). Inesmuoh aa the fl~field is
unohanged, the net propulsive thrust I’p will not be sffeoted. Beoause

the engine has already been credited with the thrust due to the pressure
acting on the fnterior of the hypothetical extension of the engine
from I to 11 hV its inclusion in the net thrust Fn, a drag force must

be added because of the pressure acting on the exterioti of the engine
extensia which is equal to

where ~ is the axial projection c@ the surface area. This integral

nqy also be used to define the additive drag and 1s equivalent to the
definition given by equation (5a), as oan easily be seen by applying the
momentum theorem around the surf~e I,II,III,IVZI in f@ure 2(b).

Although no change in the forces on the inlet occurs when an inlet
is extended to free-stream diameter along a streamline, an increase in
net propulsive thmst would be obtained if the inlet were extended in
the manner shown in figure 2(c). in this case the angle throu@ which
the entering streamline is turned is tie smeller than the detachment
engle and the bow wave is replaced by a nomal shook at the entrance to
the inlet and an oblique shook off the lip. Comparing them~ified
inlet in figure 2(c) with the one in figure 2(a), it has been found
that the incre~e in the cowl-pressure drag wing to the extension of
the inlet from II to I is much less than the value of the tiditive drag
eliminated because the increase in pressure behind the oblique shock in
figure 2(c) is much less than the pressure rise behind the nearly normal
shock in figure 2(a).

Equation (5a) applies directly only to an open-nose inlet. The
comparable equation for an annular-nose inlet can be derived by oon-
siderhg the foroes acting on the surfaoe bounded by 1,11,111.,TV,V,Iaa
shown in figure 3(a). A summation of the axial components of the forces
acting on the enclosed fluid gives

E
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Da .niV1 COSA +% COS A(P1 -PO) +A~ (fi,-~) ‘~vo+Ff ~ (=)
Y.

where Al corresponds to the flow area ~,111, emd Ae(F~ - PO) and

%,s are, respectively, the axtal components of the pressure and the

friction forces acting on the center body, and appropriate average
values are used at st& ion 1 and on the center body.
case of the open-nose inlet, a definition of additive
equation (~) is

Da .
J
~ (P-P*)%

A side- or scoop-type inlet can be considered to

Again, as in the
drag equivalent to

be an ennular-nose
. i.nlet”withthe center b~ greatly extended (fig. 3(b)) and consequently

its additive drag can be found frm equation (5b).

~, however, the scoop does not extend completely around the oenter
lody, .it is extremely difficult to determine the portion of the center
body which forms part of the boundary of the entering stresm tube
(indicated by shaded surface on diagram) and,consequently,to determine
the proper value of As for use in equation (5b). Furthermore, for

this type of f’uselage,thedrag on the shaded portion of the center body .
Is customarily included in the body drag. Consequently, it has been
suggested in reference 4, that if the approximation be made that the
drag on the shaded portion of the center bdy does not change as the
mass flow through the engine changes, then a scoop incremental drag F~

can be defined equal to the
stream tube between station

Fs = mV1

change in total momentum of the entering
O and 1; that is,

COSA+AJP1 -PO) -mVO (SC)

Then

Fp. Fn-rd-FB

where
‘d

includes the drag on the shaded portion of the center body.

H the direction of flow at station 1 is parallel to the mis, the for-
mulas for evaluating the scoop incremental drag and the additive drag of
an open-nose inlet (equation (5a)) are the same.

v

.
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APPARATUS m PROCEDURE

Experimental values of additive drag were obtained in the NACA
Lewis 8- by 6-foot supersonic tunnel for one open-nose and several
annular-nose inlets. The inlets formed the forward end of a 16-inch
ram jet, whioh Is schematfoally shown in figure 4. Two oone angles were
tested; the projection of the oenter bodies was varied by cylindrical
spacer blooks so as to obtain various supercritioal mass-flow ratios.
The values of cone angle, center-body position, and design mass-fhm
ratio investigated are given in the table appearing in figure 4.

Tests were conducted at free-stream Maoh numbers of 1.8 and 1.6
over a range of mass-flow ratio, whkh was controlht by a mriable-
area orifice valve located in the engine combustion ohamber. Statio
pressures on the Internal surfaoe of the cowl and on the center body
forward of station 2 (located 15 in: baok of cowl lip) were measured by
wall orifices and total pressure at station 2 was measured by a rake of
totel-pressure tubes. The weight flow was calculated from the total-
and static-pressure readings at station 2 and a correction factor was
applied to bring the data in agreement with the theoretical values of
supercritical mass flow. The additive dragwss then calculated by
taking a momentum balance around the surfaoe I,II,III,IV,V,VI,I of
figure 4.

COMPARISOliOF THEORY AND ~

Open-l?oseInlets

The equation for the additive-drag meffioi.ent Cd,& for an open-

nose inlet based on the inlet lip area w be derived from equation (5a)
as shown in the appendix to give

PI %
q(7M12+l) - 1

-q 1yM02 (6)

.

.

‘o POVOAO
.=— =—
% ~o%% “L

For given values of M. end mass-flow ratio, the value of Ml csn

be obtained by applying the co&nzity equation between stations O and 1.
This relation may be written in the form

*
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where

(7)

0)
l-lr+
N with the usual assumption that T1 = TO. The pressure ratio P1/Po is

taken equal to the value across a nomal shock occurring at ~.

Inasmuch as pl/Pl and po/I’O are known functions of Ml and ~,

all the quantities in equation (6) are determined.

. The values of additive-drag coefficient for an open-nose inlet
operating at Mach numbers from 1.2 to= have been calculated by the
foregoing ~rocedure end are presented in figure 5. For a fixed value af
mass-flow ratio m/*, the value of Cd,a increases with Incresshg
~ and approaches a ffnite limit for ~ = e.

A comparison cf theoretical (predicted by equation (6)) and experi-
mental (fig. 6) values of additive drag at MO . 1.8 and 1.6 indicates
good agreement down to m/m -#0.4, the lwest mass-flow ratio investi-

gated. Because the edditive drag of an open-ncse inlet at a mass-fluw
ratio of 1.0 must equal zero, the discrepancies at that point can be
attributed to errozw in the experimental analysis. Part of this dis-
crepancy is caused by the omission of the unknown force resulting frmu
friction on the inside of the cowl forward of station 2 in calculating
the experimental values of additive-drag coefficient. Curves of the
additive drag coefficient predicted by the theory of reference 2 are
also shown. This theo~ predicts a linear variation of additive drag
with mass-flow ratio
ratios near 1.0, but
ratios.

that agrees with the present snalysis at mass-fiow
underestimates the additive drag at lower mass-flow

Annular-IfoseInlets

Before discussing the additive drag of annular-nose Inlets, a basic
differace between annular- and open-nose inlets should be considered.
Uhen an open-ncse inlet is operating without a bow wave, the mass-flow
ratio ~~m must equal 1.0 and consequently the additive drag must

w equal zero. For an annular-nose inlet, however, the mass-flow ratio as
herein defined will not equal 1.0 even when no bow wave is present

.
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unless the oblique shock stands at or inside the cowl lip. If the
oblique shock stands upstream of the cowl lip, it follows that, owing to
the change in area of the entering streau tube behind the oblique shock
the mass-flow ratio 1s less then 1.0 and the additive drag is greater
then zero. Consequently, it is useful to define an annular-inlet Tarem-
eter ~ equal to the ratio of mass-flow rate with supersonic flow at
the inlet to the maximum theoretical capture-area mass flow. For most
cases this definition is equivalent to defining p as the supercritioal
mass-flow ratio. Because from its definition the paremeter P is a
function only of MO and of the geometry of the inlet, an inlet having
a value of p = 1.0 at the design M. has a value of p < 1.0 at an
M. below destgn.

Operation with oonlcal flow at inlet. - When an amnzlar-ncee itiet
havinga center bcdy that is conical forward of station 1 (fig. 3(a)) is
operating without any bow waves, the flow bahiti the oblique shock gen-
erated by the center bcdy oan be predicted from conical flow theory (for

.

example, reference 9). In this case it is possible to evaluate the

J 11
sddltive drag directly from (P-P()) d%. “This procedure has been

.

r
followed for four cone angles over a rsnge of Mach numbers from a value
slightly greater than the minimum for an attached shock to an M. of 5.0
(fig. 7). The curves show that for a fixed value of mass-flow ratio,
the tidftive-drag coefficient decreases as ~ increases, which is
opposite to the trend in figure 5 for an open-nose inlet. The variation
of values of mass-flow ratio with cowl-position paremeter

‘z
W also

given fram whkh the theoretical supercrltical mass-flow ratio P can
be determined when the geometry of the inlet and ~ are known.

Operation with bow wave. - The equation for the additive41rag coef-
ficient based on the capture area Ac of an annular-nose inlet can be
derived from equation (5b) (as shown in the ap~tifi) to give

2

[

Alpo pl PI As ~s 1%2————
Cd,a = ~%Z ~ ~pOpl (YM12 + 1) cos A+

——
&P() -l-~% +Cf,s

(8]
where appropriate average values are used at station 1.

In evaluating equation (8), Ml can be found by applying the con-
tinuity equation (equation (7)) as afunction cd’~/Ac = (AO/~) (A-JAc)
if the average pressure recovery Pi/PO and flow cmgle h =e kn-.

For calculations involving an inlet having a center body that is conical
‘#

.
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m
d
t+
N

forward of station 1, when the oblique shook stands at the lip (~ = 1.0),
a the pressure reoovery Pi/PO is olosely approximated by the produot of

the pressure ratio acros~ & oblique shock and the ratio across a normal
shook ocourring at the average of the MSLOh numbers on the oone surfaoe

and directly behind the oblique shook. ~ it is assumed that the
average flow angle A is independent of $, A oanbe determined for an
inlet whose ~ equals 1.0 by the oondithn that Cd a = O for

mi~= = lo. The effeot of friotion on the oenter hdy ~,s is

negligible and oan be assumed to be zero.

In referenoe 3,itms assumed as a first approximat~on that

5a/Po = Pa/P()* This assumption will give the correctvalue of additive

drag when the mass-flow ratio equals j3,and should increasingly under-
estimate the additive drag as the mass-flow ratio is reduoed. It was

. also assumed that for subcritical flow the value of pressure recovery
W8S oonstant at the value previously described for ~ = 1.oOo me
assumptions describgd previously for P1/Po, V~/PO, A, M Cf,s have

been used in obtaining the theoretical additive-drag curves in refer-
ences 7 and 8. A improved approximation for ~~/po, and the effeot of

variations in the pressure reoovery frcm the value assumed are dismesed
in the following sections:

I&edictioncf pressures on oenter body. - A better approximation
for ‘&/p. oan be based upon a simplification of the results given in
reference 2 for determining the position of a bow wave. In temns of the
notation given on the sketch in figure 8, caloulatione based upon equa-
tions in reference 2 show that for an annular-nose inlet with p =1.0,
the vexiation of L’/YC with mass-flow ratio is approximately linear
for M. 21.6. The length y= is the radius of the inlet at the cowl

lip, and the assumption is made that L = L’, where L iS the axial

distance from the point where ~ is measured to the point where the
‘bowWave intersects the center body. As a simplification it will be
assumed that L/yc = K(l - m/~); K is independent of cone sngle and

its variation with ~ is given in the following table:

M. 1.6 2.0 2.4 2.8 3.2

K 1.13 .89 .76 .69 .65

The values of K

ratio and finding
w of the figure

.

were determined by plotting L/yc against mass-flow

the mean elope of the curves. Then from the geometry

Y=Y8- YcK(-/~) t= ec

●
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where ya is the radius at

r.

.-

AB . This gives

— 12
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(9)

from which
%

can be calculated.

FOrWEU@ ~ Ay~ the pressure on the center body equals %he previ-

ously assumed value of PC. The average pressure T behind Ay will

lie between pl and py, defined as the value behind a.nozma$ shock at

the cone surfac!eMach numberj it willbe sssumed that ~= (~+ Pl)/2.

An incremental-cone-pressurecoefficient Cs = 2~(Fs - Pc)/Pov02Ac c=

now be defined. Ilhen added directly to the Ttiue of Cd,a obtain~

using the approximation ~S = pc, Cs will acount for the increase in

additive drag caused by the fncresse of pressure on the cone behind the
bow wave. Using the development given

C* =

The variation of Cs with

2 (%; WF - PC]

yM02 c Po
(lo)

mass-flow ratio for a 25° half-angle cone is

shown in figure 8 for a range of MO.

Although the appraimate relatlon L/Yc = K(l - m/mmm) is b-~

upon a derivation in reference 2 for inlets with B $S1, it will be
assumed that for other inlets the relatiun L/Yc = K[l -(m/~)(1/B~

is approximately true, where the values of K axe the same = those
given previously. Using this approximation a comparison of the varia-
tion of the theoretical and experimental values of C~ with

(m/~) (1/$), Is shown In figure 9. For a given ~ at a ftied value

~ (m/*)(~/P)~ We *heo- Pr*tcts that Cs incre~es ~ ~

decreases. The scatter of the ex~rlmental data is, however, too great
to allow a conclusion to be drawn as to the variation of Cs with P

for the inlets tested. For mass-flow ratios less then approximately
0.85 to 0.95, the flow into the inlets was pulsating so that the mtiel
upon which the theoretical results are based can only be considered to
represent an average condition and scatter in the data is to be expected.
Nevertheless, for 9C = 20°, the theory agreea with the data moderately

m
+
r-J
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well; for e= = 25°, the experimental values =e greater than theoreti-
.

C81. ~ til cases the theory is an iRLprOVSIEentover the previous
assumption, which corresponds to Cs = O.

The variation of additive4rag coefficient with mass-flow ratio as
calculated from equation (8) including the effect of the incremental-
cone-pressure coefficient Cs and using the value of pressure recovery

pl/po~ describ~ pre~i~~ for P = 1.0, U sh~ in fig~e 10 at three

values of p for each of two annular inlets operating at M. = 1.8.
For comparison, the value of additive-drag coefficient for an open-nose
inlet at the same M. is also shown. For a fixed Talue of mass-flow

ratio and as ~ decreases from 1.0, the additive drag decresses from a
value greater than that for an open-nose inlet to a minimum when the
flow at the inlet fs supersonic. Curves of the minimum value Of Cd,a~

. ae detemnined from equation (8) which is obtainable at each value of
mass-flow ratio (that is, when the flow at the inlet is supersonic), are
also shown for both cone angles. Comparable curves computed from coni-

. cal.flow theory (fig. 7) are shown for comparison. The differences in
these minimum edditIve-drag curves can be attributed to the small
changes in pressure recove~ and flow angle h that occur as $ is
redumd and which were neglected in the evaluation of equation (8).
Each point on these minimum Cd)a curves corresponds to a different

inlet configuration,whereas the curves for a given @ refer to one
inlet. fia figure 10, if a given amount of air must be spilled it is
better, frc.snadditive drag considerations, to achieve this by allowing
the oblique shock to stand upstream of the cowl lip rather than by
spilling the air behind a bow wave. Consequently, for an engine
designed to operate over a range of ~, an appreciable gain in net pro-

pulsive thrust can be realized at values of M. below the design value

by utilizing an inlet in which the projection of the center body
increases as MO decreases to maintain supersonic flow at the inlet

Effect of inlet total-pressure recovery. - The additive-drag cwves
of figure 10 assume that the pressure recove~ P1/Po is constant at

the value calculated for p = 1.0. The experimental-total-pressure
ratio between stations O and 2 is shown in figure 11 and capared to the
assumed value of P1/PO. If it is sssumed that P2/P1 is very close to

1.0, the difference between the experimental and theoretical values indi-

cates that the effect on additive drag of a reduction in pressure recw-
ery should be considered. ?he effect on additive drag of varying the
ratio of assumed pressure recovery to the recovery for p = 1.0 from 1.0

s to 0.8 at two values of p for an annular inlet with a 20° half-angle
cone at M. = 1.8 is shown in figure 12. Overestimating the pressure

*
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recovery overestimates the additive drag by
ent of mass-flow ratio for a given value of
deoreases.

an amount that is lndepend-
$ but d.eoreasesas P .

Experimental values of additive drag obtained from tests of
annular-nose inlets are shown in figure 13 for free-stream Mach numbers
of 1.8 (design value) and 1.6. These results are compared with the
theoretical ourves obtainti from equation (8) using the approximations
of reference 3 and using the approximation for ~s/pO presented in this g

paper and experimental,values of pressure recovery. The curves calcu-
lated with the present method also begin at the more exact values cd’
addltlve-drsg coefficient given in figure 7.

-.

The discrepancies between the experimental data and the theaetical
curves of the present method at and near supercritical flow conditions
can be attributed @marily to the omission of the unknown force due to

.

friotion on the center body and cowl forward of station 2 in calculating
the experimental values of additive-drag coefficient. This error is
greatest near supercritfoal flow conditions and decreases as the msss-
fluw ratio decreases. At lower values of mass-flow ratio, the differ-
ences between theory and exper~nt are due primsril.yto the error made
in Predicting the magnitude of the force resulting from the vartable
statio pressures on the center body, ae can be seen by comparing the

differences between theo~ and experiment in fQures 9 and 13. As pre-
viously suggested, these errors may be due in part to the pulsating con-
dition of the flow at low mass-flow ratios.

The good e@?eement shown here between the experimental data for
inlets with p -1 and the theoretical curves obtained using the
assumptions d? reference 3 (which was also obtained in references 7
and 8) is due to a fortuitous cancellation of the errors due to
sssuming higher pressure recoveries and lower pressures on the center
body than those actually obtained.

CALCULATION OF ADDITIVE DRAG YROM SCHL= RWl!l!OQRAE!KS

Another msans of calculating sdditi~e drag, whiah approaches the
problem from a different veiwpoint, can be obtained from the method
presented in reference 5. This method allms the sum of the additive
and ouwl-pressure draf@ to be oomputed using a schlferen photograph of
the inlet shock configuration and kncwlng the MeJW-flwratfo m/&.

If the oowl-pressure drag can be determined by another method, sub-
tracting it from the sun of the two drags will give the additive drag.
The method involves taking a mconentumbalance around the s-ace
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1,11,111,111’,IV,V,VI,I as shown in figure 14, where it is assumed that
.. the cowl is cylindrically extended downstream from its point of maximum

diemeter III, to station X so that ~ s PO and ~, ~~n. An erbi-

trsry point V on the bov wave is then chosen and the streemd.ineVI,V,IV
extended throu# it. Then

J In
where (P - P*) u= defines the sum of the additive and cowl-

11
pressureedrags. In reference 5 two alternative assumptions are sug-

. gested for ~n v; namely, Em v = pw at V, whioh gives an upper l~it,

and pm ~ = (pw’+ Po)/2, which’generally gives a lower limit. The flow
●

is also-assumed to be isentropicbehind the bow wave..

In order to evaluate equation (11) it is necessary to detemuine m,

‘X (or ~)J - ~“ The mass flow m oan be @Lculated frcm

PoVo(~ - ~), where ~ is a function of the gi~en mass-flow ratto.

The total pressure behind the bow wave ~11 v can be determined by prop-
9

erly weighting the total-pressure loss acro~s the bow wave at several
points from II to V. Then fran the isentropic flow assumption ~ can
be determined from pO/~ll,v. Finally, ~ can be computed by apply-

ing the continuity equation between stations O and X.

The results of such a calculation for additive-drag coefficient,
using a shock length of two inlet diameters, are shown in fiWe 14 for
an annular inlet with a 25° half-angle oone operating at ~ = 1.79 and
ccaupsredwith values obtained from pressure measurements presented in
referenoe 7. The cowl-pressure drag used in mmputing the curves was
alao taken from reference 7.

The ourves show that for the shock length used the assumption made
for ~~ v greatly influences the results. For the engine t6st ed, the

assumpti~n that ‘~ ~ = (Pw + ;.)/2 eve good agreement, expecialti at
●

high mass-flow rati&. In omier to determine
rately determining the average pressure ratio

a bow wave considered, the effeot on the values

v

the inrportanoe of acou-
across the portion of the
of additive drag of an

,“



16 lhlOARM E51.B13

error of O.5 percent in 3H ~ was also calculated (by multiplying the

computed F1l ~ by 0.995) & is shown for eaoh assumption of ‘~ ~;

the effeot is’relativelysmall
?

SUMMARY OF RWULTS

Formulas were developed for determining the sdditive drag of
annular- and open-nose inlets. Calculations based upon these formulas
showed that for a fixed lip area and oone angle the additive drag at a
given mass-flow ratio varied with the projection of tlm??oenter body and
was least when the flow at the inlet was supersonic.

The effect on additive drag of ohanges in the free-stream Maoh num-
ber”was relatively small. For annular inlets, the additive dreg
decreased with increasing Mach nuniberwhen the flow at the inlet was
supersonic but Increesed with increasing Mach nuniberfor most cases when
there was a bow wave ahe~ of the inlet. For open-nose inlets, the
additive drag increased with inoreasing Maoh number.

The forces due to the variation of statio pressure on the center
body with mess-flow ratio were considered,and en analytical method of
approximating their value was developed which showed that they repre-
sented an appreciable portion of the additive drag. overestimating the
inlet total-pressure recovery resulted in an estimate of additive drag
that wss too large.

Comparisons of the theoretical values of additive drag with experi-
mental results showed excellent agreement for an open-nose inlet and
mtierate agreement for several annular-nose inlets when the effects of
variable center body pressures and inlet pressure reooverywere con-
sidered in obtaining the theoretical results.

Consideration of a proposed method of obtaining the external drag
from schlieren photographs showed that when a shook length of two inlet
diameters wss used the results depended largely u~n the value of one
of the assumptions involved. For the particular configuration to which
this method was applied, one of the s~ested values for this assumption
gave good agreement with the value of additive drag obtained from pres-
sure measurements.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,

Clevelami, Ohio.
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APPENDIX

17

.
DERIVATION OF ADDI!KNX-DRAG COEFFICIXNT Cd,~

FOR ANNULAR- AND OPEN-NOSE INLZX!S

The additive drag for an annular inlet is given in the text (equa-
tion (5b)) as

Da =mV1cos A+ AI CWA(pl-po)+As (~s-pO) -mVo+Ffs (~)
9

but it can be seen from figure 3(a) that

‘c=~’aA+A s
.

then

Da = mVl COS h + ~pl COS A + A~Ts - ACPO - m~o + Ff,=

Substituting

m. PAV and p=p/g lit

gives

substituting & =

(M)

‘o~v02~+Ff s
$ + AIP1 cos A + A.sSs- ACPO - —

@t* Y ,
(A3)

Da A1P1YM12 cos A A~PI coe A ~A&& - ~ A#02 Ff s
~= ACPO

+
ACPO + ACPO

-—+~ (A4)
Ac ACPO

PI P()PI PI
substituting — = — — —Po Po Po ply rearranging, and converting into coefficient

form gives

2

[

Al Po PI PI AS5B
Cd,a = —

——— — (YM12 + 1) 00S A+—- 1~-~2+C
2 Ac ??()PO P1B %

ACPO ~ ‘o f,s

(AS)
u
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.

The valm of cd,a for an open-nose inlet can be derived from equa-

tion (A5) by noting that for an open-nose inlet Al = Ac, cos A = 1,

Aq=o)*cf,*= O, which reduces equation (A5) to

1.

2.

3.

4.

5.

6.

7.

8.

9.
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