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RESEARCH MEMORANDUM

CHARACTERISTICS OF FOUR NOSE INLETS AS MEASUKED
AT MACH NUMBERS BETWEEN 1.4 AND 2.0

By George B. Brajnlkoff and Arthur W. Rogers
SUMMARY

The pressure recovery, mass flow, and axlal force of four bodies
with nose inlets were measured at Mach numbers between 1.4 and 2.0 and
angles of attack of 0°, 39, 6°, and 9°. The Reynolds number based on
the model inlet diameters varied between O.4 and 0.8 million. Schlieren
photographe of models at 0O° angle of attack were used for calculation of
the extermnal wave drag resultlng from the bow shock waves.

The drag coefflcients of axislly symmetric dlffusers operating at
the meximum mass—flow rates were calculated from schlieren photogrerphs
of the head shock waves and frictlonal dreg considerations. The calcu—
latlions showed good agreement with the measured values. At reduced mass—
fiow ratios the agreement was only fair. The results also show that the
external drag of axially symmetric ducted bodies at 0° angle of atback
can be predicted to a good degree of accuracy from theoretical consider—
atlons alone, 1f the entrance flow 1s supersonic and the point of tran—
sition of the boundary layer is known.

In general, it was found thet the minimm axial—force coefflcient
occcurred with maximum mass flow through the diffuser, and a small
reductlon I1n the mess flow resulted in & large Increasse In the axial-—
force coefficient. At reduced mass flows the effect of mass flow on the
total-pressure recovery of a diffuser with e subsonic or a supersonic
entrance was small. Changes in the ang'~ cf attack from 0° to 9° gen—
erally caused smell decreases 1in the total—pressure recovery. In all
cases when the maximim mass—flow decreased wlth increasing angle of
attack the mlnimum axlal—force coefflcliont increased by a considerable

amount.
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INTRODUCTION

The total drag of & supersonic alrcraft propelled by a turbojet or
a ramjet engine may be lncreased sppreciably by an improperly deslgned
induction system, particularly in vlew of the large size of the required
alr inlet in relation to the fuselage. Simultaneously, a low effi-
ciency of the system in recovering the ram pressure reduces the thrust
avallable from the engine. To avoid such consequences, a designer must
be able to estimate the characteristics of inlet configuraetions likely
to satisfy'his deslgn requirements. '

For the cases of entirely supersonic flow around axially symmetric
cowlings the external pressure or wave drag due to inlets can be deter—
mined theoretically (references 1 and 2). When such inlets operate at a
reduced mass flow, a transonic flow reglon exists around the lip of the
inlet and an entlrely theoretlcal solution becomes extremely difficult.
In such cases 1t 1s most practical to resort to experimental measure—
ments of the drag force or to shadowgraph or schlieren pictures, Once
the shape and locatlon of the bow wave are known, i1t 1s possible to
determine the pressure drag by the methods of references 3 and 4. A
felr estimate of the frictionsl drag of a cowling at supersonic Mach
numbers may be obtalined through epplication of the present theories for
various types of boundary layers (references 5 to 8), provided that the
locatlion of the transition reglon 1ls known and there are no strong
adverse pressure flelds acting on the boundary layer. The pressure
recovery at supersonlc speeds can be estimated 1n cases of two—
dlmenslonal or axlally symmetric inlets recelving 1ittle or no boundary
layer by the methods of reference 9. '

Four axially symmetric nose inlets have been tested in the Ames 8
by 8-inch supersonic wind tunnel in order to provide a basis for compar—
ison with scoop inlets. It 1s the purpose of this report to present the
characverlistics of these nose inlets as determined by force and pressure
measurements and to compare them wlth values calculated by various
methods. Since forces were measured in the direction of the model axis
only, the axial—-force coefflclents are presented lnstead of drag coef-
ficlents., Although axlal and drag coefficlients are synonymous only at
zero angle of attack, drag symbols were used for axial forces for the

sake of simplicity.

SYMBOLS

A area, square feet

a speed of sound, feet per secon
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additive drag coeffliclent (due to diffusion ahead of entrance),
dimensionless

fore—drag coefficlent < ——> , Gimensionless
dotrer

external axlal-force coefflcient measured 'along model axis

De
o dimensionless
<‘10Arer> ’
P
wave—drag coefficient ( ——— ) , dimensionless
Arer

external force acting along model axis (does not include internal
flow drag or base drag), pounds

force acting along model axis (does not include base drag),
pounds

force acting along model axis due to frictlon on external model
surface, pounds

injet diameter of cowling, feet
total pressure, pounds per square foot

average totel pressure at survey station welghted on area basis,
pounds per square foot

length of subsonic diffuser, feet

Mach number <g_->, dimsnsionless
mass—flow rate (pVA), slugs per second

mass—Fflow ratio (ratio of mass flowing through the diffuser
to that flowing in the free stream through an area equal
to that of the flow area at the inlet stationm,

81Vah1 ) gimensionless

p o; oAl
-Po
static—pressure coefficlent 3 , dimensionless
. o]

statlic pressure, pounds per sguare foot
dynamic pressure <—épV2 , pounds per sguare foot

body ordinate, inches

WSS IDENTTAT——
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Reynolds number <?g¥> ; dimensionless

veloclty, feet per second

distance from inlet station along model axls, feet
angle of attack, degrees

ratio of specific heats for air = 1.40, dimensionless
“inematic viscosity, feet squared per second

mass density, slugs per cublc foot

Subscripts

free stream

inlet station

diffuser exit

settling chamber (rake station)
outlet station (choked flow)

plane surface normal to model axls and constituting the rear
boundary of the model o

reference area (frontal area of body exposed to stream), square
feet

APPARATUS

Wind-Tunnel and Drag Balance

The tests of thils investigation were performed in the Ames 8 by

8-inch supersonic wind tunnel in the range of Mach numbers between 1.4O
and 2.0l. The Reynolds number per foot of length was approximately 8
million at the lowest Mach number and 11 million at the highest. A
detalled description of the tunnel and ite auxililary equipment is pre-—
gented in refsrence 10.
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Figure 1 shows the apparatus used to obtaln simultaneous measure—
ments of the axial force, mass flow, and the pressure recovery of super—
sonlc diffusers. As shown, a model 1s mounted on & steel shell that
floats on three rows of bearing balls inslde a statlonary shell sup—
ported by two struts. The fore and aft motion of the inner shell is
restricted only by the straln gage used for measuring axlal forces.
Shrouds having somewhat smaller forward dilameters than the bases of
models provide falring between the bases of the models and the outer
shell. The shrouds and the statlonary shell have orifices for msasuring
statlic pressures acting on the base of the model and the ends of the
floating shell so that corrections for these pressures belng other than
the free—stream statlic pressure can be made.. Inside the inner shell,
whlch serves as a settling chamber, 1s a survey rake conslsting of four
total and three statlic pressure tubes; this reke can be rotated from
outside the wind tunnel through 360° by means of a gear drive. The mase
flow through the model ls controlled by a variable area outlet consist—
ing of a statlionary ring and an adjusteble plug operated by a wedge—
drive system. The ring is mounted rigldly on the survey—rake shaft so
that there 1s a clearance of 0.005 1nch between its outer periphery and
the inner shell. Though such an arrangement does not allow reduction of
mass flow to zero, 1t provides a means for varying the flow rate without
exerting additlonal pressure forces on the inner shell. Measurements
with a model at angles to the stream dlrection can be made at angles of
3°, 6°, and 9° by attaching the balance at the proper angle in relation
to the horizontal strut as shown in figure 1.

MODEIL. DESCRIPTION

Flgure 2 shows the models tested and gives thelr pertinent dimen—
sions, The first model, which was used to determine the accuracy of
force measurement, was a cone of 20° included angle; 1t had elght ori-—
filces which were used to obtain the pressures acting on the surface of
the cone at the time of the drag—force measurement at 0° angle of attack.
The two opern—nose inlet models, designated A and B, had the same extermal
shape. The entrance sectlon of model A was cylindrical for a length of
1.5 dlameters and was followed by a diffuser of constant dlvergence
angle. Model B had a contracting entrance designed so that supersonic
flow through the inlet could be established at Mp=1.60, according to the
relations for an inviscid, one—dimensional flow. The contractlon was
followed by & short constant—area sectlion, the purpose of which was to
stabilize a swallowed normael shock wave. Thls section was located so
that at a free stream Mach number of 1.70 the oblligue conlcal-shock wave
from the cowling lip would be neutrallzed, if the flow were two—
dimensional, by the expansion wave originating at the forward end of the
stralght sectlon. Subsonic diffusion was accomplished by a passage of

constant divergence angle.
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Model C was a conlcal-shock diffuser designed to handle approx—
imately the same mess of alr per second at a Mach number of 2,01 as the
open—nose diffuser A at its maximum flow—rate condlition. Model C had a
25%gemiangle cone and a cowling with & rounded 1llp located so that &
line Joining the apex of the cone and the leadlng edge of the cowl made
a h5 angle with the model axls, The variatlion of the diffuser-area
ratlio normal to the mean—flow dlirectlon is shown in figure 3. At the
design Mach number of 1.8 the diffuser was to operate with an externmal
normal shock wave. This model was about one—elghth the size of and
gimilar to a conical-shock diffuser tested at the NACA Lewis Laboratory
in the 8- by 6-Ffoot supersonic wind tunnel.

4

Model D had a 30 %semiangle cone and a cowling with a sharp 1lip
located on a line originating at the apex of the cone and making a 16°
angle with the model exis. The maximum frontal areas of models C and D
were the same, but model D was designed to handle approximately 0.7 of
the mass flow of model C in the test range of Mach numbers. The external
surface area and length of cowling D were 55 and 62.6 percent of those
of model C respectively, and model D had steeper angles between the
external surface and the model axis. The 20° cone, the central bodies
(inlet cones), and the cowlings were highly polished to ensure the long—
est run of leminar boundary layer posslble under the existing test
conditions.

TEST METHODS

Instrumentation

The tunnel total pressure, the survey—rake pressures, and the base
pressures were measured on a multiple—tube mercury manometer. Dlbutyl
phthalate was used to measure the differences between total and static
pressures reglstered by the survey rake at low—mass flow rates., The
total temperature of the flow and the temperature of the straln gage
(used for correcting the gage readings for thermel shift) were measured
by thermocouples reglstering the temperature gn an indicating potentiom—
oter. Measurements of the axlal force acting on the straln gage were
obtalined 1ln terms of deflection of & dynamically balanced galvanometer
calibrated for the gage 1n use. The flow about the model was observed
and photographed through a schlleren apparatus having a knife edge par—
allel to the direction of the free stresm.

Procedure

The wind tunnel was callbrated with the ald of a rake of filve
static—pressure prohbes to determine the statlc-pressure gradients
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exlisting in the test sectlon at the nominasl Mach number settings of
1.4%0, 1.50, 1.70, 1.90, and 2.01. During the calibration and the sub—
sequent tests, the tunnel total pressure was maintained by manual con—
trel within +0.1 inch of mercury of the preassigned value. In general,
the test procedure was similar to that of reference 10.

The number of pressure and force readings at a fixed mass—flow rate
and different anguler positlons of the survey reke varied from 5 to 10,
depending on the uniformity of the total—pressure dlstribution In the
diffuser. The pressure recovery and the axlial force were measured for
8lx mass—flow ratlos at a given Mach number and angle of attack; the
mass—flow settings were declded upon durling the test after a prellminasry
observation of the rate of axial force and pressure—recovery variastion

wlth the outlet—area changes.

Reductlon of Data

. ' The total—-pressure ratio Hg/H,, as showvn on the graphs, is based
on a value of pltot pressure weighted according to area. This average
valus of Hg was used in all calculations involving total pressure.

The mass—flow ratlo was calculated from the following relation:
+1

ey

_ 2(7-1

<L+7_lM2> )
y+1  y+1 ©

This equatlion weas derived on the assumptlon that the flow was inviscid
and one—dimensional in nature; with the exception of a correction factor
C, this relation is identlcal to that given in reference 10. This fac—
tor.was obtalned by testlng open—nose inlets of various inlet diameters
operating with swallowed head shock waves, The factor C was found to
be Independent of small changes ln the veloclty profile at the survey—

rake station.

m_, (f_fa Ay 1
m, B/ A; M,

The external axlal force was determined by subtracting from the
force measured by the balance the sum of the forces due to (1) the
change of momentum and static pressure of the internsal flow from the free
gtream to the reke station, (2) the base drag, and (3) the force due to
buoyancy. The base drag forces were caused by pressures other than the
free—stream statlic pressure acting on the base of the model and the
floating shell. The buoyancy force was consldered toc equal the inte—
grated product of the local lncrement in the tunnel static pressure
(existing between the local and the reference stations in the absence of
a model) and the local differential element of external surface area
normal to the model axis. Since the force normal to the model axls was
not measured, only the axlal-force coefficients are presented. At 0°

TN T S gl
WRREEENTTAL——
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angle of attack the external axisl—force coefficlents sre equal to ths
external drag coefficlents which Include the cowl drag and drag due to
diffusion eahead of the duct entrance.

Accuracy of Results

The accuracy of the test results depended princlipally on the time
correlstion as well as the preclslon of the pressure and force measure—
ments since in many cases the flow through the model was unsteady.
Although the force readings and the photographs of the manometer board
wore taken simultaneously, the difference in response of the measuring
apparatus to changes in the measured quantities introduced errors of
magnitudes determined by the frequency and the amplitude of the vari-—
atlon. The inaccuracies due to the various causes, together with their
maximum cumulative magnitudes estimated In terms of the extermal axial-
force coefficlent of the model tested, are tabulated as follows:

I. Steady—flow conditions (very small and slow variation in Ho)
A, 20° cone
Source of error: iASDe

1. Manometer preclsion and lag..ccceeeeccsscseess 0,002
2. Ba].ance frictionl.l.....ll..l.ll.'..lll..ll.. .Ool

Maximum cumulatlive tota8lesessascescscocosse 0.003

B. Diffusers
Source of error: : iACD%
1. Manometer precision and lageceeccecccsecssesss 0.002

2. Balance friCtioniﬁl.Q..l'l..llC ® 89 0 000" o8 se 0003
3. Internal flow momentum estimate ..ceveeececess <003

Maximm cumulative tota.l-..---.o--o-no-loo 0'008

IT, At unsteady flow condlitions the accuracy of axlsl-force measure—
ments was poor.

Figure 4 shows the results of force measurements made with a 10°—
gemlangle cone set at o° angle of attack. This figure also shows the
theoretically predicted values of the shock-wave, or pressure, drag taken
directly from the tables of reference 11 and the frictlonal dreg as
estimated on the baslis of the low-speed skin—frictlon coeffilclents glven

1The mass—flow ratio estimates are belleved correct to x1-1/2 percent.

T = >
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in reference 5, corrected for compressibllity by the method of reference
8, and modified for the three—dimensional flow effect as suggested in
reference 12. All the turbulent skin—friction coefficlents were cor—
rected for compresslbility using the properties of alir at the model sur—
face as suggested ln reference 7. It is evident that the experimental
and theoretical pressure-drag coefficlents agreed very well, and that
the total fore drag of the cone as measured by the balance also agrsed
within the expected accuracy with the predicted values of total drag
based on the assumption that the boundary layer on the model was laminar.
The repeatabllity and consistency of the results of drag—force measure—
ments indicate that the drag belance performed satisfactorily.

RESULTS AND DISCUSSION

OpenNose Diffusers

The variation of the total—pressure ratlo and the external axial—
force coefflcient with mass—flow ratio of model A is shown in figure 5
for 0° angle of attack at three free-stream Mach numbers. With super—
sonic flow through the inlet (m;/mo=1.0), the maximum total-pressure
ratios in the settling chamber of model A were 0.93 to 0.95 of the theo—
retical recovery through a normal shock wave. Large transverse pressure
gradients as a result of transitory separation of flow occurred in the
diffuser when the area ratio between tHe exlt and the inlet was increased
more than necessary for the entrance of the normal shock wave 1lnto the
inlet. This condition was manifested by the large erratic variations in
the readings of the survey reke and wes responslible for considerabls
gcatter of the force data at large areas ratios.

The external axial-force coefficlent of model A increased rapidly at
all Mach numbers with the emergence of the normal shock to a position
shead of the inlet; as the mass—flow ratioc was reduced to 0.9 from 1.0,
the coefficient approximstely doubled in megnitude. Unfortunately, the
wave drag of models A and B operating at mess-—flow ratlos below 1.0 could
not be calculated from the schlieren pictures because the photographs did
not cover a sufficlently large part of the head wave (see appendix).

At mass—flow ratios less than the maximm, the portion of the drag
due to diffusion (the additive drag) can be obtained by the method of
reference 13. Thils additive drag 1s sccompanied by a changes in the pres—
sures on the external surface of the diffuser (reference 14). In the
present tests, these pressures were not measured and the theoretical
additive drag coefflclents were simply added to the minimum drag coef-—
ficients. Thus, the difference between the measured and the estimated
drag-rise curves 1ls the result of neglecting the change 1n pressure on
the cowling, of experimental and theorstical inaccuracles, and possibly

SRONEEIENTIAL"™
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of a change in the locatlon of the boundary-layer transition region.
However, figure 5 shows that the major portion of the drag rise can be
predicted even if these factors are ignored.

Figure 6 shows the total-pressure ratio and the external axial—
force—coefficlent variation with mass—flow ratio, angle of attack, and
Mach number for model B. The maximum mass—flow ratio at the Mach number
of 1.4 was only 0.97 because the comtraction of the entrance section was
too great to permit the normal shock wave to enter the inlet at that
gpeed or to remaln inside the diffuser at M, = 1.4 after entry at a
higher Mach number. The total-pressure ratiq and the axial-force coef—
ficient of model B at the Mach number of 1.4 were nearly the same as
those of model A for equal mass—flow ratios. At a Mach number of 1.7
and higher, the head shock wave entered the inlet. Its position depended
entirely on the static pressure in the settling chamber of the model,
and a hysteretic variation of the total-pressure ratlo with the mass—flow
ratio was observed. This is indicated in figure 6 by a peak in the
Pressure-recovery curves at m;/m°=l.0. The maximum total-pressure
ratios of model B were 0.02 to 0.04 higher than those of model A or
approximately 0.95 to 0.98 of recovery through a normal shock wave. At
equal masg—flow ratios the external axial—Fforce coefficients of models A

andi B were nearly the same.

The effects of the angle of attack on the characteristics of model
B, as shown in figure 6, were generally emall. The external axial-force
coefficient seemed to increase with an increase in the angle, but the
data were inconclusive because the magnitudes of the measured effects
were comparable to experimental scatter.

Figure 7 shows the variation of the minimum external axial-force
coefficients of models A and B with Mach number at O° angle of attack;
it also presents the values of the pressure drag, as predicted by the
method of reference 1, and the laminar and turbulent friction drag cal—
culated from the low—speed skin-friction coefficients of reference 5. A
compresslbllity correction to the turbulent skin—friction coefficients
has been applied as suggested 1n reference T, using the properties of air
at the cowling surface. The laminaer frictlon coefficlents were corrected
for compressibllity using the method of reference 8. The calculations
were made on the assumptlion that the frictional force on the externsl
surface of each model (A and B) was equal to that on & flat plate of
length and area equal to those of the cowlings.

The minimum external axlal~force coefficlents of model A show good
agreement with the predicted values of drag coefficlents at all Mach
numbers except 2.01. A plausible explanation for the high value of the
experimental coefficient at My=2.01 is provided by the schlieren photo—
graphs of figure 8. A mlld pressure disturbance may be seen origlnating

QR LENL T AT
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on the model at a station located approximately 0.4t of the model length
from the entrance at the higher Mach number. Since this phenomenon
existed only at the highest Reynolds number, it is reasonable to assume
that it was caused by boundary—layer transition.? The drag coefficient
calculated on the assumption of laminar boundary layer existing on the
model up to 40 percent of the cowl length, and fully turbulent layer
from there on, agrees falrly well with the measured value. (See fig. 7.)
Better agreement would be obtalined if the addltlonal wave drag due to
the pressure disturbance were not neglected. It should be noted that
the Reynolds number based on the length of the laminar portion of the
boundary layer 1s qulte low for natural transition (Re=l.14 million).

As shown in figure 7, the minimum extermal exial—force coefficient
of model B at a Mach number of l.4t was almost one and one-half times that
of model A. The increase apparently was due to the spillage around the
cowling 1lip caused by the external normel shock wave. At a Mach number
of 1.5, the higher valus of the minimum axial—force coefflclent prevaelled
when overspeeding (approaching the test Mach number from s higher value)
was not used to establish supersonic flow through the inlet. The lower
cogfficient was obtained for the diffuser when the entrance veloclty was
supersonic. At Mach numbers In excess of 1.5 the head shock wave entered
the diffuser without overspeeding, and the minimum saxlel—force coef—
ficients of model B were comparable to those of model A. Schlieren
photographs of model B reveal that at the free—stream Mach number of 2.01
transition of the boundary layer appears to have occurred at the same
location as that of model A and apparently caused a simllar increase in
the measured axisl-force cosfficlent.

Conical-Shock Diffusers

The characteristics of model C are shown 1n figure 9. It was found
necessary to increase the lowest test Mach number to 1.5 in order o
avold choking the tunnel when the model was set at 9 angle of attack;
however, no difficulty was encountered at My=1. 4 for a=0°.

The general characteristics of flow through model C were similar to
those through the open—-nose diffusers wlth the exception that a region
of flow lnstability was encountered when the mass—flow ratio of model C
was reduced below about three-quarters of the maximum possible at the
given Mach number. This condition was caused possibly by the interaction

2Uhpublished date of tests conducted in the NACA Ames 1-— by 3—Foot super-—
sonic wind tunnel snd the supersonic free—f£light tunnel show that mild
pressure waves are generated by the boundary layer undergoing natural
_transition.

a2 2
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between the boundary layer and the shock waves on the cone and the back
pressure in the subsonic diffuser (see reference 10), or by Internal
flow separation at the cowling wall resulting from the entrance of a
.veloclty dlscontlinuity sheet as suggested in reference 15.

The total-pressure recovery at the Mach number of 1.50 was 0.95 of
that through a normal shock wave; at Mgy=2.0l 1t was 10 percent higher
than the normal wave recovery. The maximum total pressure measured in
the settling chamber of this model at Mg=l.90 was only 3 percent less
than that of the simllar model tested at the Lewis Laboratory (Mb=l.85)
at Reynolds numbers four and one--half times that of model C. These
maxima occurred at the same mass-flow ratio.®

The values of the external axial-force coefficient at 0° angle of
attack of model C were about one and e half to two times those of
model A, probably because of the additive drag dus to diffusion ahead
of the entrance, as discussed In refesrence 13. TFigure 9 also shows the
external drag coefflcilents calculated from the schlieren photographs by
the mothod of reference 3, using an approximation suggested by Nucci of
the Langley Laboratory to estimate the drag dus to the outer portion of
the bow shock wave. (See reference 16 or appendix.) The values shown
were calculated using K=1.0 and include the drag due to laminar
friction calculated on the basis of low—speed skin—friction coefficients
(reference 5) corrected for compressibility (reference 8).

In general, the assumption of laminar boundary—layer flow resulted
in a falr estimate of the external drag (axial—force coefficlent at
a=0°) through the range of test Mach numbers at maximum mass—flow ratios.
The drag coeffilclents, as calculated from wave photographs, of the inlet
operating at a reduced mass flow were low in all cases. The dlscrepancy
is probably due to the inaccuracy of calculation caused by insufficlent
length of the head shock wave visible 1n the photographs, as discussed
in the appendix. At a Mach number of 2.0l, where transition of the
boundary layer is most likely to occur (see discussion of models A and
B), and at a reduced mass—flow ratio the difference in drag coefficlents
amounts to that which would be caused by transition at 0.6 of the
cowling length. (See fig. 9(c).) The sum of the minimum external axial—
force coefficient and the addltive drag coefflcient, as calculated using
reference 13, 1s also shown in figure 9. This approximation apparently
gives a falr estimate of the external axial-force coefficient at
moderately reduced mass—flow ratios.

® Since the mase~flow ratios as used by the Lewls Laboratory are based on
the area flxed by the inlet diameter and not flow area, the numerical
values of ml/mo are not ildentical unless. adJusted to a common refer—
ence arefa.

e
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The minimum external axisl-—force coefficient of model C, as shown
in figure 10, increased from 0.047 at the Mach number of 1.4 to 0.097
at Mo=1.7 and then decreased to 0.083 at My=2,01l. This trend is con—
sistent with that stated in reference 13 for the additive drag (which
constitutes the major portion of wave drag) when the observations listed

below are considered:

1. At the Mach numbers below 1.9, the normal shock wave remained
outslide the inlet at all mass—flow ratios.

2. At and above a Mach number of 1.9, the normal shock wave was
inside the inlet at the maximm flow condition.

Flgure 10 also shows the minilmm external—-drag or axial-force coef—
ficlents at a=0° of the model tested at the Lewls Laboratory. It is
evident that a fair agreement exlsts between the values of external wave
drag coefficients of the two models after the frictional draeg was sub-—
tracted. (See fig. 10.) The discrepancles may be due to the experi—
mental inaccuracles and due to probable slight differences in the lip
radii of the two cowlings. Because of the small size of model C, a
small error in the 1llp shape due to machining may be responsible for a
large portion of the observed difference in the minimum wave-drag coef—
flocients at My=2.0l. The effects of 1lip shape are greatest when the
shape affects the position of the entrance shock wave as 1s the case at
maximum mass-flow ratlos when the free—stresm Mach number is sufficiently

high.

Variations in the angle of attack (see fig. 9) showed small effects
on the characteristics of model C at lower Mach mumbers. It should be
noted that In thils case the maximum mass—Llow ratio was not affected
appgeciably. However, when the mass-flow ratlo decreased 5 percent for
a=9" at M,=2.01, the total-pressure ratio decreased approximstely 6
percent ang the minimm axtal-force coefficient increased about 60 per—

cent.

The characteristics of model D are presented in figure 11. The max—
imum mass—low ratio of this model was larger than that of model C
because of a larger cone angle, a larger angle between the model axis
and the line Jolning the cone apex and the leadlng edge of the cowl, and
8 sharp 1ip., The total-pressure ratios of models D and C were nearly the
same at the lower Mach numbers; at M,=2.01 +the maximm recovery of

model D was about 5 percent greater.

The drag coefficients calculated from schlieren photographs using
the same methods as those used in the case of model C also are shown in
flgure 11. At large mass flows the calculated drag coefflolents are in
falr agreement with the measured values. At all Mach numbers the
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photographs showed a smaller portion of the head shock wave than with _

model C, and thus the calculated velues of drag were sublect to greater “
error. The drag coefficient (minimum plus additive) as calculated using

reference 13 seems to glve a falr estimabe of axlal—force coefficient at : n
reduced mass-flow ratlos.

The effects of angle of attack on the performance of model D were
large throughout the range of test Mach numbers. The largest effects on
the minimum axisl—force coefficlent were observed at My=2.0l. For an
angle of attack changs from O° to 9°, the maximum mass—flow ratio
decreased about 8 percent and caused the minimum force coefficilent to
increase approximately 20 percent and the maximum total-pressure ratio
to decrease 8 percent. The reason for the large difference in the exter—
nal axilal—force coefficients at reduced mass—flow ratios (see M,=1.T0
curve, fig. 11) is not clearly evident.

The variation of the minimum extermal axlal-force coefficient of
model D with ths Mach number is shown in figure 12. The trend is
similer to that of model C.

In comparing the axial-force coefficlents of the various models,
consideration should be glven to the effects of boundary-layer transi— .
tion. Transition, as indicated by schlieren photographs, is known to .
have occurred on models A and B at certain test conditions. However,
this method of detecting transition is not extremely sensitive and there—
fore it 1s possible that transition could have occurred on the rear por—
tion of any of the models tested without being detected. Since the -
frictlonal drag constituted s significant portion of the messured axiasl
force, a change in location of transitlion would have had a pronounced
effect on the measured force. The frictional drag was not measured
directly and, therefore, the shown variations of the external axial-—
force coefficients wilth mass—flow retio include the effects of changes
in the boundary layer. This fact may be responsible for at least part
of the difference between the measured values of external axisl~force
coefficlient at reduced mass—flow ratios and those calculated from
schlieren photographs, since the boundary layer was assumed to be
laminar.

CONCLUSIONS

The performance characteristics of four nose inlets were measursd
in the NACA Ames 8~ by 8-inch supersonic wind tumnel at Reynolds numbers
between O.4t and 0.8 million based on the inlet diameters. The investi— .
gation was conducted in the range of Mach numbers between 1l.40 and 2.01
and led to the followling conclusions:
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1. Good agreement was obtained between the measured external
axial-force coefficients at 0° angle of attack and the calculated drag
coefficients of diffusers operating at meximum mass-—flow ratios. The
values of minimum wave drag obtalned for a conlcal-shock inlet showed
failr agreement with those measured In the 8- by 6-Ffoot supersonic tunnel
at the NACA Lewls Laboratory using a similaer model at Reynolds numbers
four and one-half tlmes larger.

2. The external axial-force coefficients of the conical-shock
inlets using all—external supersonic compression were about one and a
half to two times those of the open—mnose inlets with supersonlc
entrances.

3. Minimum extermal axial-force coefflclents occurred at maximum
mass—flow ratlos and small reductions in the mass—flow ratios consider—
ably inc.reased. the external axial—force coefflclents of all the inlets.

i, 'The sum of the minimum external axliasl—force coefficients and
the theoretical additive—drag coefflclents gave a falr estimate of drag
coefficients of inlets tested at reduced mags—Flow ratios.

5. The effects of angles of attack on the pressure recovery were
generally small. The external exiasl—force coefficlents increased
measurably with the angle of attack only in cases where the maximum
megs—flow ratio decreased with lncreasing angle.

Ames Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,

Moffett Field, Calif.

P a3
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APPENDIX
EVALUATION OF DRAG OF AXTAILY SYMMETRIC BODIES

FROM SHOCE-WAVE PHOTOGRAPHS

When the speed of the flow around a body changes from a supersonlc
veloclty In the free stream to a subsonlc velocity and then accelerates
to a supersonic speed agein, the mathematical equations that describe
the flow behavior change in nature from hyperbolic to elliptic and back
to hyperbolic. Since no known anslytical methods exist for simultaneously
solving hyperbolic and elliptic differentisl equatlons with incomplete
boundary conditions, & laborious method of matching individual solutions
mist be used. If a photograph of the bow wave ahead of an axlally sym—
metric body at O° angle of attack is available, the wave drag can be
determined through use of any of the followlng three methods: ¢

1. Integratlon of the momentum and pressure change between two
Infinite control plenes as in figure 13

2. Integratlion of the entropy rlse across the bow shock wave

3. Integratlion of the momentum and pressure change within a closed
flow region adjacent to the body, the conditions within this
region belng calculated by the method of characteristics

These three methods have been proposed in the references cited
below, It is the purpose of thls appendix to review and further clarify
the procedures involved by presenting derlvations and detelled comments
not glven previously.

The first two methods require knowledge of the shape of the wave out
to the point where its strength 1s zero, while the third method requires
only the portion of the wave boundlng the characteristlics net ending at
the rear of the body. Since in practice the entlre wave cannot be
photographed due to physical ilimitations, an approximstion must be used
to account for the drag contribution of the unavallable portion of the
wave 1n the first two methods; thus the accuracy depends on the exactness
with which the decay of the bow wave may be predicted.

Method 1: This method was proposed and used 1n reference 3. A
gchematlc drawing of a body and its head shock wave is shown in figure
13. The body is assumed to have & blunt nose followed by an infinitely
long cylindrical afterbody, so that, neglecting friction, the entire
body drag appears in the detached bow wave. Considerling the control

SQUNFIDENTIAT,
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shown 1in figure 13, one can write the following steady—

surface s
x dlrection on the

flow equation for the summstion of Porces in the
control surface:

ff [puV, + P cos (n,x)] ds = O (A1)
8

where

Vn velocity compoent normal to the control surface

p cos (n,x) pressure component in the x directiom

u local velocity component in the x direction
n outward normal to =

With reference to figure 13 > equation (Al) may be rewritten as
| (=Pouo®-po) 27ydy + [ (puP+p,) 2mndn +
o r

(drag measured from p=o0) = 0

or

[~ -] - -]

—2n f (Poug®+po) ydy + 2= f (puP+p0) ndn +
o r
r r
f (p—po) 2nr dr; + f Do 2Rridr; = 0
o o

where '
js] local pressure on the body

Since the third integral 1s the body drag relative to the free—stream
static pressure, the last equation may be solved for drag.

-3 [--3
Dy = 2= f (pou02+p0) ydy — 2n £ (pu2+p,) ndn — PoTtr?
o]
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The second Integral may be replsced by the dlfference of two iIntegrals,
the first extending from zero to Infinity and the second from zero to r.
Thue one cbtalns

o
Dy = 2w f (Poroydy — eundn)
(o
When the continulty relatlon between the two control surfaces
enp uydy = 2rpundn '

1s applled, the drag equation becomes .

Dw=2"°o“o2_/; <1—%>ydy

and the drag ccefflcient is given by
- D% 2Dy _ * v) ¥ y Ao
Cp,= - O R ore b ﬁ (l ’u—c;) r <r> (2]
By means of the energy eguation

(ufmp)® = 1 + [2/(7—1} Mf} [1 ~ (T/To)]
and ths entropy relation

s = opln % —RIn Plo

(vhere T/T, and ©p/pe are static temperature and pressure ratios,
respectively, across the head shock Wave).

or

, .—l 1
T (&)zT _ [27Mozsm2 g — (7-1) ]7 [(7-1)Mozsm29 2 ]
To B '- F+i (741 )M 2sin® @

equation (A2} can be written as

cDW=ufw;1_

. o
, o 1 | 27M®sin®e—(y-1) |7 (7-1)M,2s1n20+2 | A hd
/ b [C=RITA {L [ 7+l :’ [ (7+1)MoZsin6 ¢ <r>

(A3)
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where 6 1s the local shock wave angle (see fig. 13), T, and Hj
are free stream total (stagnation) temperature and pressure, respec—
tively, and T and E correspond tc conditlons immediately down—
stream of the wave.

From a photograph of the flow about a body at a known Mach number, the
values of wave angle 8 can be tabulated for corresponding (y/r)
distances, and the drag obtained by graphical integration of equation

(43).
Method 2: The method of Integration of the entropy rise across the

bow shock wave was proposed in reference 17 (equation (68)), from
which the followlng expresslon is readlly obtained:

oo [ @I w

This equation can be transformed by use of the energy and entropy

relations into
o -
L /‘ . {[Emoasina e—(y-l)] =
m°2 ° a 7+l
[(7—1)M02s1n2 6 12 Ty
) J2e(z)
(7+1)Mo"s1n%s (a5)

Equations (43) and (A5) are equivalent expressions for the wave
drag.

Cp, =

Mothod 3: The determination of the body surface pressure distribu—
tlon by the method of characteristics has been explained end used in
references 4 and 16. Although very laborious, this method requires a
picture of the shock wave only extensive encugh to complete the char—
acteristics net to the body surface. With such a photograph, this
method 1s more accurate than the first two.

Of the three methods, the first two have presupposed & plcture of
the entire shock wave, or at least that portion of the wave across which
the entropy changss significantly. In practice, however, such an exten—
slve plcture of a shock wave 18 generally unobitelnable. An approxima—
tion is therefore requlred to account for the drag contribution of the
unavallable portion of the wavs.

References 18 and 19 suggest a method for finding the pressure drag
dus to the portion of the head shock wave bordering the subsonic region
at the nose of a blunt body. This method approximates the head shock

SROMFTTENT EAL
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wave by a hyperbola asymptotlic to a free—stream Mach wave. In order to
determine if a close estimate of drag due to & complete head shock weve
could be obtailned through this method by extrapolation of the hyperbola
to infinity, the heaed wave drag of a sphere at three Mach numbers was
computed. The results shown in figure 1l indicate poor agreement with
measurements of the actual fore drag of spheres. The dlscrepancy l1s
probably dus to ths fact that a hyperbola approximates the shape of the
shock wave well enough only in the section bordering the subsonic region,
while the shape of the outer part of the shock wave depends largely on
the shape of the body. Since In the case of a sphere the shock-—wave
curvature changes continuously, the use of a hyperbola to obtain the
entire pressure drag seemed reasonable. The curvature of a shock wave
produced by a diffuser with a subsonic entrance usually doss not change
continuously all along 1ts length; therefore the epplication of a hyper—
bolic curve is Invalld for determination of drag due to a complete wave.

An spproximation, outlined in reference 16, is valuable since it
obviates need for knowledge of the outermost portion of the wave or the
construction of the characteristics net. Agaln referring to flgure 13,
for the flow through a control plane HA, within the streamtube bounded
by the streamlines HGF and ABCDE, the continulty equation states

2npundn

2P U ydy

or

pu d (n?)

Polio 4 (¥7)

therefore

STMOIOLT I

(since n=r when y=0)

With uo/u glven above by the energy equation, and

Y 1
Po T _/H\N7
3-2-(%
it follows that Y—1
- ()7
2 4 H
n =f a (7%) + °
0 2 B\ I=2
1+___[1-< _a> 7 ]
(r-1)M 2 H
L -——mthtllly

GRNETDENTTAT———
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or 7—1

(25-(" " M ROR

J/JLW?&F[I_(EO)? } (46)

where
y—-1 1
< EoN7~ [Emoasinze—(y—l) (7—1)Mo2sin® 9+2}
" - (7+1)MBsin® @

Now, writing the summation of forces for the reglon HABCDEFGH, one
obtains

e (), 7 2 ), e (- ]
R SR OO I

K = l)
Po/gp

where (CDW) is the drag coefficient obtained by use of equation (A3)

or (A5) for the reglon between B and Ge. Point G is assumed to be
the last visible point on the shock—wave photograph, and K 1is the
ratlo of the statlc pressure at some point along the streamline from
point G to point F to pge.

where

The value of K i1s known only at the points G and F along the
streamline, being given at point G by the equation for the pressure
rise through an obligue shock wave

< D > [27Moasin29 - (7—1)]
Po G_ 7+l G-

- QEMETDENTIAL—
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and equal to unity at point F. Hence the average pressure ratlio X
lles between (p/po); and 1.0. The choice of K = (p/po)G generally
results in an overestlmated drag cosfficilent, whlle the choice of

K = % 1+(p/bo)G:] generally ylelds an underestimsted valus of CDw’

The fractlon of the total drag taken into account by the approximstion
should be small if good accuracy is desirable. Thus the value of
(Cpy), must be calculated for a maximum span of the bow wave for best

accuracye

Before applying the above methods to the calculation of the drag of
diffusers, 1t was declded to test the procedure on spheres, for which an
experimental fore—drag curve and excellent wave photographs were avail—
able. Figure 1k shows the experimental date from reference 20 and the
calculated values of drag. It 1s evident that the portions of the head
shock waves contalned in the photographs from which the wave drag was
calculated were insufficlent for accurate determination of the drag
coefflcients. Slnce the photographs showed the wave shapes up to 15
gphere radil from the axls of symmetry, 1t may be concluded that the
visible part of the wave must be definltely in excess of this figure.
The indicated dlfferences between the drag coefflclents calculated by
the momentum method (equation (A3)) and the entropy method (equation
(A5)) are due solely to ilmaccuracles in calculations and mechanical
integrations. The approximation outlined in reference 16, when applied
to the drag curve of figure 14 as calculated by the momentum method,
yields a much better estimate of the drag coefficlents. However, to
obtain this agreement 1t was necessary to use for K +the full value of
pressure ratio across the oblique shock wave at the extreme y/r visible

on the photograrph.

Application of the method of characteristics, as outlined in refer—
ence 4, to the flow around a l-inch-dlameter sphere at a Mach number of
3, proved unsuccessful. The characteristlcs net could not be completed
from the shock wave to the sphere because of extremely slow convergence
of the Mach net toward the sphere. The schlieren photographs of spheres
used for drag calculatlons were teken 1n the Ames 1— by 3—foot supersonic

wind tunnels No. 1 and No. 2.
ADDITIONAL CONSIDERATIONS

The experience of calculating drag from wave photographs led to a
few observatlons which may aid in future work:

1. The photograph of the wave must be clear, accurate, and exten—
sive, in excess of 15 maximum body radll 1f possible. Shadowgraph

GREELDENTTAL ——
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plctures are preferable to schlleren photographs because of better def-—
inition of the head—wave curvature near the leading edges of cowlings;

a small error in the apparent curvature of the wave lmmedlately adjacent
to the 1ip of a cowling of small angle may result 1n a large error in
the calculated drag. '

2. The free—stream Mach number must be accurately known (for a
sphere at My = 1.520 +0.00L, ACp_ = %0.01).

3. The posltion of the body should be such that the head wave it
creates does not Intersect any other pressure disturbances which may be
present in the tumnel (e.g., shock or expansion waves created by tunnel—
wall imperfections, model support, etc.).

k., The methods are not appliceble to the calculation of drag of a
body the cross—section of which continually increases within the fleld
of view. In this case, a large portion of the drag would have to be
estimated by meahs of the approximstion suggested by Nuccil, and the
error in calculated drag coefficient would be large.

2« A body of revolution mey yaw slightly without disturbing the
symistry of the detached head shock wave; consequently, the wave axls of
symmetry rather than the body axis should be used as the x axis. The
calculated drag coefficient must be resolved in such cases in the direc—
tion of the body axis to obtain the axial-force coefficient.
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Figure l.— Apparatus for measuring the performence of supersonic diffusers.
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(a) 20°cone with 8 static-pressuré orifices .
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e 09631346 —
I A
0642D 07360
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e

(b} Model A-Open-nose diffuser with a straight inlet section .

« 3/69
|« /346—
L0777 Lose
! A 07560
06420 0608D
/.0120
e

(c) Model B-Open-nose diffuser with contraction .

Note: All dimensions are given in inches.

Figure 2.— Model dimensions.
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. X > I L3
‘L\
91‘4_50- Y s
7 — . .
8=25° i —
0002 lip radius

(d)  Model C.— Conical-shock diffuser with internal coniraction.

b =46° Note: All rodii are given o
I normal to mode/ axes. .
T ' All dimensions
f=30° are given in inches.
Sharp lip

(8) Modsl D—Conical-shock diffuser
without infernal controction,

Model C ordinates Model D ordinates .
s"}{"’” A Re Rs Sra’f\e" ] Rz Rs
0 0 — e — o ) — — ..
0322 | /49 | Q323 | 0323 0272 | 0154 | 0282 | 0282 -
0324 | /5! | @327/ | 0329 0.300 | 0./67 | 0.290 | 0.292 :
0400 { 0./84 | 0332 | 0347 0350 {0186 | 0304 | 0310 i
0500 | 02/2 | 0346 | 0.363 0400 | 0.197 | 0312 | 0326
‘0600 | 0234 | 036! | Q377 0500 | 02/1 | 0322 | 0.35¢4 -
Q700 | Q252 | 0373 | 0389 _ 0575 | 0212 | 0327 | 0.367
0800 | 0265 | 0384 | 0400 0650 | 0210 | 0329 | 0.380 -
0900 | 0276 | 0393 | 0409 0.750 | 0207 | 0328 | 0395
1.000 | 0284 | 0400 | 0417 0850 | 0.204 | 0328 | 0408 _
1.100 | 0290 | Q407 | 0423 1000 | 0./198 | 0326 | 0426
1.200 | 0293 | 0413 | 0430 1500 | 0.176 | 0332 | 0472 -
1300 ) 0294 | 0419 | 0436 1900 | 0.147 | 0350 | 0497
1400 | 0295 | 0423 | 0440 2000 | 0.137 | 360 | as50/
1.500 | 0295 | 0427 | 0444 2057 | 0.125 | 0368 | 0503
1.900 | 0273 | 0409 | 0453 , 2500 | 0.125 | 0368 | 0518
2400 | 0238 | 0.392 | 0466 2918 1 0.125 | 0.368 | 0521
2800 | 0197 | 0380 | 0478
J400 | 0/53 | 0372 | 0490 -
3702 | a5 | 0368 | 0498 —
4560 (0/125 | 0368 | 0.52/

Figure 2- Concluded
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— —— —Theoretical pressure drag.(Ref. 1)

8 Experimental pressure drag.

04 Theoretical pressure and laminar
friction drag.
02 © Experimental fore drag.
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Mach number, Mo

Figure 4.-Fore drag of a 10° semi-angle cone.
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