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THEORETICAL AND

SUMMARY

EXPERIMENTAL INVESTIGATION OF ADDITIVE DRAG 1

By MmrwrN SIBUTJKJN

The @wifhwce of adh%wedrag is dtkw$sed and equatio?w
for determining ih approximate take are derioedfoT annular-
and open-nose inlei%. Chart8 are pre.tented giving ouluea of
additwe drag me-t w a range of free-stmum Mach
numbers for open- and for annulur-nose ink% & qonical
jl.w at the inlet. The e$ecta on adiiitwe drag of twiable inle~
ta?a?-pressw’erecovery and stuhk pTessuTes on i%t? ceni!erbody
are imwtigakd and an analytical method of predicting the
uaridon of premure on the centerbody with mass-$ow ratio h

glien,

Experintenti miditwedw wLueaare presenkxi for a swie.s

of 2?0°and 2?6°cone half-angle Weti and one open-nose inlet
oyerating at fretwtieam Mach numbers of 1.8 and 1.6. A
comparison wii!hthe theoretical vahw of additwe drag sham
ezcellentagreementfor the open-nose inlet d modenu%iygood
agreenwt for the annulur inlek.

INTRODUCI’ION

In the analysis of engine performance, it has been custcm-
ary ta deilne n net-thrust term that is evaluated between the
outlet of the engine and a station ahead of the engine where
the entering stream tube is at free-strewn conditions. If the
area of the entering stream tube at free-stream conditions is
not equal to the inlet area, conditions at the inlet d.iflerfrom
those in the free stream; and if the flight velocity is super-
sonic, an additional force must be considered in deti “ “ g
the net propulsive thrust. This additional force has been
called additive drag (ref. 1). The additive drag encountered
at subsonic speeds is included in the analysis of reference 2.

A theoretical method of predicting the magnitude of the
additive drag at supersonic speeds that is based upon an
analysis of the location of detached shock wavea as a function
of relative mass flow and Mach number is included in refer-
ence 3. Dailey and McFarland of the University of Southern
(Californiain 1950 suggested a method of computation based
upon an analysis of the entering stream tube. Suggested by
Nucci of the NACA Langley laboratory in 1950was a method
which makw use of the internal shock configuration. For
ccnflguratiom having side inlets, an analysis of the effect of
changes in the entering air conditions ahead of the inlet is
given in reference 4.

In this report, prepared at the L+swislaboratory in 1950,
the necessity for including the effect of additive drag in
calculating the net propulsive thrust is discussed and a

modiiied method of predicting the additive drag based on an
analysis of the entering stream tube is presented. Theoretical
valuea calculated by the modified method are compared with
the values predicted by the methods of Dailey and of refer-
ence 3. Comparison is also made with experimental values
of additive drag obtained hem tests of ram-jet models in the
Lewis 8-by 6-foot supersonic timnel. Also included in this
report is a comparison of ~erirnental additive drag values
with those predicted by the external shock method.

SYMBOLS

The following symbols are used in this report:
A
A.

A,
A=

A.

%
cf,,
c,

D=
F
F.
Fr.,

F,
F%
F=,,
FP
F,

&
M
m

P
P
Pa

38

flow aria,-sq ft
capture area, crow-sectional area at cowl lip including

centerbody area, sq ft
cross-sectional area of centerbody at station 1, sq ft
component of surface area perpendicular ta longitud-

inal axis of inlet, sq ft
area of centerbody where it is intersected by bow .

wave, sq ft
additive-drag coefficient, WJpoV02Ao
tiction-force coefficient on center body, 2F~,,/poV02A,
incrementakccme-preswre coefficient, 2A, @,—p,)/

POV02A
additive drag, lb
total momentum, mV+A(p-pJ, lb
sum of external pressure and friction drags, lb
axkd component of force on fluid due to friction on

portion of centerbody forward of station 1, lb
jet thrust, mV,+AC(p,-po), lb
net tit, lb
net internal thrust, lb
inertial reaction of net propulsive thrust, lb
scoop incremental drag, lb
acceleration due to gravib, ft/sec a
bow--wave-position parametm
Mach number
ma&flow rate of fluid passing through inlet, slugs/see
maximum theoretical rate of mass flow through cap-

ture area = hV~o, slugs/see
total pressure, lb/sq ft abs
static pressure, lb/sq ft abs
theoretical static pressure on surface of cone behind

an oblique shock, lb/sq ft abs
effective static pressure on portion of centerbody for-

ward of station 1, lb/sq ft abs
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theoretical static pressure immediately behind an
oblique shock wave, lb/sq ft abs

gas constant, ft/OR
total temperature, “R
veloci~, ft/see
ratio of mass-flow rata with supemonic flow at inlet

to maximum theoretical capture-area mcs flow
ratio of specific heats
cone half-angle of inlet centerbody
cowl-position parameter, angle between axis of inlet

and straight line that connects tip of centerbody
lip of cowl

angle at station 1 between average direction of flow
and longitudinal axis of inlet

densi~, slugs/cu ft
Subscripts:
o fkee stream
1 conditions at engine ihlet (defined in text for particu-

lar typw of inlet)
e conditions at engine outlet

ANALYSIS

The net propulsive thrust of an engine at zero angle of
attack is the resultant of the sum of the axkd components of
the pressure and friction forces acting on the engine. A
schematic representation of these forces as applied to a ram-
jet engine in accelerated flight is shown in figure 1, in which
the net propulsive thrust of the engine is replaced by an equal

“-II’
$,—

(a)

~—

(b)

(a) Using st@ions 1 and e.
(b) Using stationE Oand e.

Fmmm l.-Sohematio repre%ntation of for- aoting on ram-jet
engine in accelerated flight.

and opposib inertial force FP according to D’Alembert’s
principle for accelerating systems. The forces are defined
as positive in the directions shown by the arrows. .

The sum of pressure and fiction forces acting on the in-
terior of the engine, which is called the net internal thrust
Fa,~,can be calctiated horn the change in total momentum
mV+A(p-pJ between statiom 1 and e of the fluid pass~
through the engine (fig. 1(a)), that is,

F=,J=F,—FI (1)

where Fj=mV,+AJp.—pJ and Fl EmVl+Al (PI—PO).

Then
FP=F.,(–F~ (2)

where F~is the sum of the pressure and friction forces acting
on the exterior of the engine.

It is custnmmy, however, to evaluate engine performance
between stations Oand e (fig. 1(b)) and to call the change in
total momentum of the internal flow (between stations Oand
v) the net thrust F= as given by

F.= F,–FO (3)
where

Fo=mVO+A@o–Po)=~vo

In this case, however,

because i+e change in total momentum of the free stream
between stations O and 1 haa not been considered. There-
fore, in order to obtain the net propulsive thrust F,, this
momentum change (which is called additive drag Da) must
be included to give

Fp=FS–FJ–D. (4)

A mathematical definition of additive drag can be obtained
by combining equations (1) to (4) to give

D== FS–F.,,=FI–FO (6)

or using the definitions of F1 and Fo,

D==7nv1+A1@l---po7 nvovo (Ga)

where appropriate average values of the quantities at station
1 are used.

Another interpretation (which gives physical meaning to
net thrust FiJ is to consider that the diverging port,ion of the
entering stream tube behind a bow wave (fig. 2(a)) from I to
H. is replaced by a thin, friction.hwsmembrane (fig. 2(b)).
Inasmuch as the flow field is unchanged, the net propulsive
thrust F. will not be affected. Because the engine has

“1=1=
(o) “(b) (c)

(a) Unextended.
(b) Extended along streamline.

(o) Extended not along streamline.

FrGmm 2.-Schematio representation of additivArag
elimkation by cowl extension.
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already been creditid with the thrust due to the pressure
acting on the interior of the hypothetical extension of the
engine from I to II by its inclusion in the net thrust .F., a
drag force must be added because of the pressure acting on
the exterior of the engine extension which is equal to

J~=(P–PO)MZ

where dA. is the axial projection of the surface area. This
integral may also be used to define the additive drag and is
equivalent to the definition given by equation (5a), aa can
easily be seen by applying the momentum theorem around
the surface I, II, III, IV, I in figure 2 (b).

Although no change in the forces on the inlet occurs when
an inlet is extended to free-stream diameter along a stream-
line, an increase in net proptilve thrust would be obtained
if the inlet were 6xtended in the manner shown in figure 2 (c).
In this case the angle through which the entering streamline
is turned is made smaller than the detachment angle and the
bow wave is replaced by a normal shock at the entrance to
the inlet and an oblique shock off the lip. Comparison of
the modified inlet in figure 2 (c} with the one in figure 2 (a),
shows that the increase in the cowl-pressure drag owing to
the extension of the inlet from II to I is much less than the
value of the additive 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 ammlar-nose inlet can be
derived by considering the forces acting on the surface
bounded by I, II, III, IV, V, I as shown in figure 3 (a). A
summation of the axial components of the forces acting on
the enclosed fluid gives

Da=mVl cos x+A1 cos h(pl-po)+A, @,–pJ-mVO+F,,
(5t)

where Al corresponds to the flOW mea U m, ~d L4@-po)

and F~,, are, respectively, the axial components of the pres-
sure and the friction forces acting on the centerbody, and
appropriate average values are used at station 1 end on the
centmbody. Again, as in the case of the open-nose inlet,
a definition of additive drag equivalent to equation (5b) is

D Ja=,“(P-PO)da
A side- or ~caop-type inlet can be considered ti be an

annular-nose inlet with the centerbody greatly extended
(fig. 3 (b)) and, consequently, its additive drag can be found
from equation (6b).

If, however, the scoop does not extend completely around
the centerbody, it is extremely diflicult to determine the
portion of the centerbody which forms part of the boundary
of the entering stream tube (indicated by shaded surface on
diagram) and, consequently, to determine the proper value
of A, for use in equation (6b). Furthermore, for this type
of fuselage, the drag on the shaded portion of the center-
body is customarily included in the body drag. Conse-

0 I

L——-___———-

‘“L
(a)

Aoi
(b)

(a) Annular-nose inlet.
(b) Sooop inlet.

l?mmm 3.-Soheroatic views of annular-nom- and scoo@ype inlets.

quently, reference 4 suggests that, if the approximation is
made that the drag on the shaded portion of the center-
body does not chang~ as the mass flow through the engine
changes, then a scoop incremental drag F, can be defined
equal to the change in total momentum of
stream tube between station O and 1; that is,

F,=mVl cos X+Al(pl-pO)-mVO
Then

FP=Fa–Fa–F.

the entering

(5C)

where F~ includes the drag on the shaded portion of the
centerbody. If the direction of flow at station 1 is parallel
to the axis, the form&s for evaluating the scoop incremental
drag and the additive drag of an open-nose inlet (eq. (6a))
are the same.

APPARAT~S AND PROCEDURE

Experimental vahma 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
fomned the forward end of a 16-inch ram-jet configuration,
which is schematically shown in figure 4. TWOcone angles
were tested; the projection of the centerbodiea was varied
by cylindrical spacer blocks so as to obtain various super-
critical mass-flow ratios. The values of cone argle, center-
body position, and design mass-flow ratio investigated are
given in the table appearing in figure 4.

T&ts were conducted at fiee%ream Mach numbers of
1.8 smd 1.6 over a range of mass-flow ratio, which was con-
trolled by a variable-area orifice valve locahd in the engine
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FIQVEE 4..-8 ohematio diagram of inlet configurations invwtigated.

combustion chamber. Static pr&es on the internal
surface of the cowl and on the centerbody forward of station
2 (located 15 in. back of cowl lip) were measured by wall
orifwes, and total pressure at station 2 was measured by a
rake of total-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 supercriticd mass flow. The
additive drag was then calculated by taking a momentum
balance around the surface I, It, III, IV, V, VI, I of figure 4.

COMPARISON OF THEORY AND EXPERIMENT

OPEN-NOSE INLETS

The equation for the additivedrag coefficient C&afor an
open-nose inlet baaed on the inlet lip -area may be derived
from equation (5a) as shown in the appendix to give

●

✻

2 55 ~ (W,’+1)-1+.qo&&-——
YiMa=poPo PI

(6)

where
AO_m VoAO m
z—fiVOAl=~_

For given values of MO and maw-flow ratio, the value of
Ml can be obtained by applying the continuity equation
between stations O and 1. This relation may be written
in the form

“+f@’-G)=f(Ml 2 (7)

where

with the usual assumption that 2’1= 2’0. The pressure ratio
P,/POis taken equal to the value across a normal shock
occurring at Mo. Inasmuch as pJPl and po/Poare Imown
functions of M, and L&, all the quantities in equation (6)
are determined.

The values of additivedrag coefficient for an open-nose
inlet operating at Mach numbem horn 1.2 to co have been
calculated by the foregoing procedure and are presented in
figure 5. For a iixed value of mass-flow ratio m/mw, the
value of C4a incresses with increasing Mo and approaches a
tinite limit for MO= ~.

A comparison of theoretical (predictad by eq. (6)) and
experimented values of additive drag at %=1.8 and 1.6
(fig. 6) indicates good agreement down to 7n/G=O.4, the

1.2
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FIGURE6.—Comparison of experimental and theoretical valuas
of addftive drag of open-nose inlet.

lowest mass-flow ratio investigated. Because the additive
drag of an open-nose inlet at a maw-flow ratio of 1.0 must
equal zero, the discrepancies at that point can be attributed
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.- .
Mass- flow ratio, m/m~x

(a) Cone half-angle, 15”. (b) Cone half-angle, 20°.
(c) Cone W-angle, 25°. (d) Corie half-angle, 30°

FIG- 7.—Variation of theoretical additive drag of annular-nom inlet with conical flow at inlet.
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Moss-flow roliq m/m=

FIGUEE 8.—Variation of incremental—cone—p~ coeffloient with
free-stream Mach number. Cone half-angle, 25°.

to errors in the experimental analysis. l?art of this discrep-
ancy is caused by the omission of the unknom force result-
ing from friction on the inside of the cowl forward of station
2 in calcubting the experimental values of additive-drag
coefficient. Curves of the additivedrsg coeilicient predictid
by the theory of reference 3 are also shown. This theory
predicts a linear variation of additive drag with mass-flow
ratio that agrees with the present analysis at mass-flow
ratios near 1.0, but underedimates the additive drag at
lower mass-flow ratios.

ANNULAE.NOSE lNIWI’S

Before discussing additive drag of annular-nose inlets, a
basic difference between annular- and open-nose i.ilets should
be considered. When an open-nose inlet is operating with-
out a bow wave, the mass-flow ratio m/W must equal 1.0
and, consequently, the additive drag must equal zero. For
an annular-nose inlet, however, the mass-flow ratio as herein
defied will not equal 1.0 even when no bow wave is present
unless the oblique shock stands at or inside the cowl lip. Jf
the oblique shock stands upstream of the cowl lip, it follows
that, because of the change in area of the entering stream
tube behind &e oblique shock, the mass-flow ratio is less

than 1.0 and the additive drag is greakir than zero. Con-
sequently, it is useful to define an annular-inlet parameter ~
equal to the ratio of mass-flow rate with supemonic flow at
the inlet to the maximum theoretical capture-area maw flow.
For most cases this definition is equivalent to deiining @ as
the supercritical mass-flow ratio. Because horn its clefini-
tion the parameter f? is a function only of MO and of the
geometry of the inlet, an inlet having a value of L3=1.Oat
the design iWOhas a value of f?<l.O at an iWObelow design.

Operation with conical flow at inlet,-1’i%en an annular-
nose inlet having a centerbody that is conical forward of
station 1 (fig. 3(a)) is operating without any bow waves, the
flow behind the oblique shock generated by the cem%rbody
can be predicted from conical flow theory (for example, ref.
5). In this case it is possible to evaluate the additive drag

sIxdirectly from (P-po)@. This procedure has been fol-

lowed for four Icone angles over a range of Mach numbers
from a value slightly greater than the minimum for an W
tached shock to an iKo of 5.o (fig. 7). The curves show that
for a fixed value of maas-flowratio, the additive-drag coeffi-
cient decreasesasM. increases, which is opposito to the trend
in figure 5 for an open-nose inlet. The variation of valuea
of mass-flow ratio with cowl-position parameter 01 is also
given horn which the theoretical supercritical mass-flow
ratio p can be determined when the geometry of the inlet
and MOare known.

Operation with bow wave.—The equation for the additive-
drag coefficient based on the capture area A, of an annular-
nose inlet can be derived tim equation (5b) (as shown in
the appendix, eq. (A6)) to give

1ASPS 1—$ 7M02 +Oz J
AOpO o (8)

where appropriate average values are used at stdion 1.
In evaluating equation (8), M, can be found by applying

the continuity equation (eq. (7)) s9 a function of A&4,=
(Ao/AJ (AJAJ if the average pressure recovery P,/POand
flow angle X are lmown. For calculations involving an inlet
having a centerbody that is conical forward of station 1
when the oblique shock stands at the lip (B= 1.0), the pres-
sure recovery PJPO is closely approximated by the product
of the pressure ratio across an oblique shock and the ratio
across a normal shock occurring at the average of the Mach
numbers on the cone suiface and directly behind the oblique
shock. If it is assumed that the average flow angle A is
independent of /3,h can be determined for an inlet whose P
equals 1.0 by the condition that cd, ==0 for m/rn.~= 1.0.
The effect of friction on the centerbody Cfi, is negligible and
can be asaumed to be zero.

Dailey and McFarland assumed as a first approximation
that ~$/po=pJfi. This assumption giww the correct value
of additive drag when the mass-flowratio equals f?,and should
increasingly underestimate the’ additive drag as the mass-
flow ratio is reduced. It was also amumed that for aubcriticrd
flow the value of pressurerecovery was constant at the value
previously described for IS=1.0. An improved approxi-&
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tion for ~,/w and the effeot of variatio& in the prwsure
recovery from the value aseumed are discussed in the fol-
lowing sections.

Prediction of pre~sures on centerbody.—A better approx-
imation for ~,/pO can be based upon a simplification of the
results given in reference 3 for determining the position of
a bow wrme. In terms of the notation given on the sketch
in figure 8, calculations based upon equations in reference 3
show that for an annular-nose inlet with ~ = 1.0, the variation
of Lt/yOwith mass-flow ratio is approximately linear for
M,> 1.6. 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 A, is measured
to the point where the bow wave intersects the centerbody.
As a simplification it will be aasumed that L/y,=K(l–
m/m~ti); K is independent of cone angle and its variation
with MOis given in the following table:

M. 1.6 20 24 28 3.2
K 1.13 .89 .76 .69 .65

The valuea of K were determined by plotting L/yc against

mass-flow ratio and finding the mean slope of the curves.
Then, from the geometry of the figure,

?j=y.-ycK(l-7n/7n’A tan e.

where y. is the radius at A,. This givw

A E_
[J 1$–K(l–@nQ tan Oc

2

A= . (9)

horn which A. can be calculated.
Fo,mard of A,, the pressure on the centerbody equals the

previously assumed value of pe. The avmage pr~ure ~
behind A, will lie between pl and the static pressure behind
a normal shock at the cone surface Mach number pv It
will be assumed that ~= (pv+p,)/2. & incremental-ccme-
pressure coefficient C.=2A,@,–pO)/fiVos& om now be de-
fied. When added directly to the value of & obtained
using the approximation ~,=pc, 0, will account for the in-
crease in additive drag caused by the increase of pressure on
the cone behind the bow wave. Using the development
given yields ‘

~= 2 (A,–AJ (&p.)
‘ 7M0a A. Po

(lo)

The variation of C, with mass-flow ratio for a 25° half-angle
cone is shown in figure 8 for a range of .kL.

Although the approximate relation L/yO=K(l–m/mW)
is based upon a derivation in reference 3 for inlets with
flsl, it will be assumed that for other inlets the relation
L/yc=~l— (m/m.J (l/f?)] is approximately true, where the

i I I I 1 I
Theim”ti Experimental Met IMmeter, @

❑

P. [:#rpJWwd data)”—
—-
—.— : .51

I

.

D n

(b)

0, , %
.

\ 0
-. Q0 ‘L- I

I -.. h ! 1. I I I I
--l -.

I I I I I # I 1 - , I
.2 .4 .6 .8 I .0

k%ms-flew pafarneter, (m/mm)(l/p )

(a) Cone half-angle, 20°; Maoh number, 1.8. (b) Cone half-angle, 20°; Maah number, 1.6.
(o) Cone W-angle, 25°; Maah number, 1.8. (d) Cone half-angle, 25°; Maoh number, 1.6.

FIGUEE9.—Comparison of theoretical and e&erimental values of incrementakone-pressure cooffioiont.
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values of K are the same as those givm- previously. With
this approximation, a comptin of the variation of the theo-
retical and experimental values of C, with (m/&) (1/fO
is shown in @e 9. For a given .MOat a tied value of
(@n~.) (l/P), the theory predicts that C. increases as B de-
creases. The scatter of the experimental data is, however,
too great to allow a conclusion to be drawn as to the variation
of C, with ~ for the inlets tested. For mass-flow ratioi 1-
than approximately 0.85 to 0.95, the flow into the inlets was
pulsating so that the model 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 8.=20”, the theory agrees with the data

2.0

— 25° he Imlf-ongle
—— 20’ GOm Imtf-angle

1.8 —---— open-m= inlet

—--– %g.Y)} $!y%&&i’fie-
---——
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FIGURE10.—Efleot of cane angle and inlet parameter B on
additive drag. Naoh number, 1.8.

moderately well;’ for 0.=25°, the experimental values am
greater than theoretical In all cases the theory is an im-
provement over the previous assumption, which corresponds
to 0,=0.

The variation of additive-drag coei%ient with mass-flow
ratio as calculated from equation (8) including the effect of
the incremental-cone-pressure coefficient C, and using tlm
value of pressure recovery PljPO, describ-ed previously for
B=l.0, is shown in figure 10 at three values of ~ for each of
two annular inlets operating at L&=1.8. For comparison,
the value of additive-drag coefficient for an open-nose inlet
at the same MOis also shown. For a fixed value of mm.s-flow
ratio and as P decreases from 1.0, the additive drag decreases
from a value greater than that for an open-nose inlet to a
minimum when the flow at the inlet is supersonic. Curves
of the minimum value of ~d,a,as determined 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 compubd from
conical flow theory (fig. 7) are shown for comparison. The
differences in these minimum additivedrag curves can bo
attributed to the small changca in pressure recovery and
flow angle A that occur aa B is reduced and which were neg-
lected in the evaluation of equation (8). Each point on these
mhimum Cd- c~~ ~rr~on~ to a ~~ent i.det con-
figuration, whereas the curves for a given Brefer to one inlet.
From figure 10, if a given amount of air must be spilled it is
better, from additivedrag 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. Conse-
quently, for an engine designed to operate over a range of
Iv& an appreciable gain in net propulsive thrust can be real-
ized at values of M. below the dcaign value by utilizing an
inlet in which the projection of the centerbody increases as
MOdecreases to maintain supemonic flow at the inlet.

Effect of inlet total-pressure recovery.—The additive-drag
curww of figure 10 assume that the premure recovery PI/Po
is constantat the value calculated for /3=1.0. The experi-
mental total-pressureratio between stations Oand 2 is shown
in “figure 11 and compared with the assumed value of P1/Po.
If it is assumed that PJP1 is very close to 1.0, the diilerence
between the experimental and theoretical values indicates
that the effect on additive drag of a reduction in pressure
recovery should be considered. The effect on additive drag
of varying the ratio of assumed pressure recovery to tlm
recovery for f?= 1.0 from 1.0 to 0.8 at two values of ~ for an
annular inlet wit,ha 20° half-angle cone at MO= 1.8is shown
in figure 12. Overestimating the pressure recovery over-
estimatcathe additive drag by an amount that is independent
of mass-flow ratio for a given value of P but decreases as P
decreasca.

Experimental values of additive drag obtained from teats
of annular-nose inlets are shown in figure 13 for free-stream
Mach numbers of 1.8 and 1.6. These remdta are compared
with the theoretical curves obtained from equation (8) using
the approximations of Dailey and McFarland. Comparison
is also made with theoretical curves using the approximation
for ~,/pOpresented in this paper and experimental valuea of
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FIGUaE il.—Comparison of theorethxd and experimental valuea
of irdet total-pressure reaovery.

pressure recovery. The curves calculated with the present
method also begin at the more exact values of additive-drag
coefficient given in figure 7.

The discrepancies between the experimental data and the
theoretical curves of the present method at and near super-
critical flow conditions can be attributed primarily to the
omission of the urdmown force due to friction on the center-
body and cowl forward of station 2 in caJculati& the experi-
mental values of additive-drag coefficient. This error is
greateat near supercritieal flow conditions and decreases as
the mass-flow ratio decreases. At lower values of mass-flow
ratio, the diflerenc.wbetween theory and experiment are due
primarily to the error made in predicting the magnitude of
the force resulting from the variable static pressures on the
centerbody, as can be seen by comparing the differences

between theory and experiment in iigures 9 and 13. As
previously suggested, these errors may be due in part to the
pulsating condition of the flow at low maw-flow ratios.

The good agreement shown here between the experimental
data for inlets with f?= 1 and the theoretical curves obtained
using the assumptions of Dailey and McFarland is due to a
fortuitous cancellation of the errors due to assuming higher
pressure recoveries and lower pressures on the centerbody
than those actually obtained.

CALCULATIONOF ADDITIVEDRAG FROM SCHLIERE~
PHOTOGRAPHS

Another means of calculating additive drag, which ap-
proached the problem from a different viewpoint, can be
obtained from the method suggested by Nucci. This method
allows the sum of the additive and cowl-pressure drags to be
computed using a schlierenphotograph of the inlet shock con-
figuration and knowing the mass-flow ratio m/m-. If the
cowl-pressure drag can be detetied by another method,
subtracting it from the sum of the two dragg will give the
additive drag. The method involves taking a momentum
balance around the surface, I, II, III, Ill’, IV, V, VT, I as
shown in figure 14, where it is assumed that the cowl is
cylindrically extended downstream from its point of maxi-
mum diameter III., to station X so that px =po and Am’=
Am. An arbilmry point V on the bow wave is then chosen
and the streamline VI, V, IV extended through it. Then

J .m (P-Po)~z=~(Vo-Vx)+ @v.v-Po)(AIV-Av) (11)

J
III

where ,1 (P-PO)MZ defies the sum of the additive and cowl-

pressure drags. ‘Two alternative assumptions have been sug-
gested for ~~,v; namely, z~,v=p~ at V, which gives an upper
limit, and ~N,v= (pa+po)/2, which generally gives a lower
limit. The flow is also assumed to be isentropic behind the
bow wave.

In order to evaluate equation (11), it is neeeswuy to deter-
mine m, Vx (or Mx), and AN. The mass flow m mm be cal-
culated from ~VO(AW—AJ, where AI is a function of the
given mas-flow ratio. The total pressure behind the bow
wave ~H,v can be determined by properly weighting the total-
preswre loss aoroas the bow wave at several points from II
tQV. Then from the isentmpic flow assumption, Mx can be
determined horn PJFU v. Finally, Aw can be computed by
applying the continui~ equation between stations O and X.

The resulti of such a calculation for additive-drag coef-
ficient, using a shock length of two inlet diameters, are shown
in figure 14 for an annular inlet with a 25° half-angle cone
operating at M.= 1.79 and compared with values obtained
from unpublished pressure measurements.

The curves show that for the shock length used the assump-
tion made for jjw,v greatly influences the results. For the
engine tested, the’ assumption that fi, v= (pm+pJ/2 gave
good agreement, especially at high mass-flow ratios. ID
order to determine the importance of accurately determining
the average pressureratio across the portion of the bow wave
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considered, the effect on the values of additive drag of an
error of 0.6 percent in ~=,v was also calculated (by multi-
plying the computed ~=,v by 0.995) and is shown for eaoh
assumption of ~/v,v; the effect is relatively small.

SUMMARY OF RESULTS

Formulas were developed for determining the additive
drag of annuhr- and open-nose inlets. Calculations based
upon these formulas showed that for a fixed lip area and
cone angle the additive drag at a given mass-flow ratio
varied with the projection of the centabody and wcs least
when the flow at the inlet was supersonic.

The effect on additive drag of changes in the free-stream
Mach number was relatively small. For annular inlets,
the additive drag decreased with increasing Mach number
when the flow at the inlet was supersonic but increased with
increasing Mach number for most c.aaeawhen there waa a
bow wave ahead of the irdet. For open-nose inlets, the
additive drag inoreaserj with incresaing Mach number.

The forces due to the variation of static pressure on the
eenterbody with mass-flow ratio were considered, and an
analytical method of approximating their value was devel-
oped which showed that they represented an appreciable
portion of the. additive drag. Overestimating the inlet
t&d-pressure recovery resulted in an estimate of additive
drag that WS9too large.
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Comparisons of the theoretical values of additive drag
with experimental remdts showed excellent agreement for
an open-nose inlet and moderate agreement for sevaral
wumhzr-nose inlets when the effects of variable centerbody
pressures and inlet pressure recovery were considered in
obtaining the theoretical results.

Conaiderntion of a proposed method of obtaining the
external drag from schlieren photographs sliowed that when
a shock length of two inlet diametera ma used the results

depended largely upon the value of one of the aamunptions
involved. For the particular configuration to which this
method w-as applied, one of the suggested values for this
assumption gave good agreement with the due of additive
drag obtained horn pressure measurements.

Lmvm fiGHT PROPULSIONLABORATORY
NATIOI.TALAmvsoEY Comamm FORADEONAUTICS

CLmm~, Oreo, Fetmuzry~, 1961.

kPPENDIx

DERIVATION OF ADDITIVE-DRAG COEFFICIENT cd, a FOR ANNULAR- AND OPEN-NOSE INLETS

The additive drag for an annular inlet is given in the text
(eq. (tib)) as

gives

D==mvlCOs A+AI Cos A(pI-po)+A8 @,–po) –mvo+Tr,,
D==PIAIVIZ COS h 1’~+A,p, C08h+A,&AOpo-gRtl

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

POAOV22’~
,~~ # ,,* (A3)

A.=A, COS~+A, Substituting M’= V/7gRt and dividing by Acpo gives
then

D.=mVl cm x+AIP1 cos l+A@.-A.pO-ntVO+ Ff,,
D_a=AIpIVMIx COS A+A%PI COSh+A@. ~

/1 .-.\ AOpO Acpo A,po ‘– –Acpo

Substituting
(AZ)

AoYlk&’ FJ
m=PAV and p=pjg Rt ~+A~oa 0

Tkareticd E@rlwltal lrktpmmter,/3
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(c) Cone halkngle, 26°; Maoh number, 1.8. (d) One half-angle, 25°; Mach number, 1.6.
FICNJRE13.— Concluded. Comparison of theoretical and experimental variations of additive drag with mass-flow ratio for several centerbody

pmjectiona.
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Substituting ~=~~~ — —~rearranging, and converting into

coefficient form gives

The value of C~,afor an open-nose inlet can be derived from
equation (A6) by noting that for an open-nose inlet
AI=A., COSA= 1,A,= O,and CI,,=O) which reduces equation
(A5) h (eq. (6) of the text)
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