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RESFARCH MEMORANDUM

DEVELOPMENT OF FLOW DISTORTIONS IN A FULL-SCALE NACELLE
INLET AT MACH NUMBERS 0.63 AND 1.6 TO 2.0

By Thomas G. Piercy and Bruce G. Chiccine

SUMMARY

A typical full-scale nose inlet was tested at Mach numbers 0.63
and 1.6 to 2.0 to determine the nature of flow-distortion development
throughout the subsonic diffuser. Inlet design variables studied in-
cluded 14° and 17° internsl cowl-1lip angles, conical campression sur-
faces with and without boundary-lsyer removal slote, and cone tip trans-
lation. Angles of attack to -8° were investigated at Mach 2.0.

At zero angle of gtitack, changes 1n cowl angle or compression-
surface bleed had little effect on the distortion at the diffuser exit,
this value being fairly well predicted by calculations of the turbulent-
flow profile. Operation at other angles of. attack, however, consistently
produced diffuser-exit distortions larger than the calculated values.

Flow distortion in the subsonic diffuser generally decreased fram
the inlet throat to the diffuser exit. This decreasse was particularly
true when the distortion at the throat was larger than the calculated
pipe~-flow wvalues. When distortions less than the pipe-flow wvalues oc-
curred near the inlet throat, the distortion either remained constant or
increased with diffuser length until a value higher than that of pipe
flow was attaeined. The distortion then decreased toward the pipe-flow
value at the diffuser exit.

At zero sngle of sttack the use of centerbody bleed improved the
over-all pressure recovery a maximm of only 2 percent over campsrable
no-bleed inlets. However, at other angles of attack, bleed generally
reduced the pressure recovery. Maximum pressure recovery, as well as
minimum flow distortion, was obtained when the compression-surface shocks
were positloned ahesd of the inlet 1lip.
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INTRODUCTION

The performance of a turbojet engine is adversely affected by non-
uniform air distribution at the compressor (ref. 1). In order to deter-
mine the characteristics of a particular air-inlet-duct combination,
rake instrumentation i1s usually placed at the diffuser exlit in a loca-
tion simulating the compressor inlet. Such instrumentatlion provides a
basis for numerically defining the flow dlstortion and for obtaining
velocity or total-pressure profiles. Frequently this instrumentation is
supplemented with flow-survey rakes near the inlet throat. Relatlyely
little, however, 1s known about the character of the flow between the
inlet throat and the diffuser exit or the influence of the physical
charascteristics of the subsonic diffuser on this flow development.

LODS

The primery purpcse of this lnvestigation was to determine the de-
velopment of flow distortior through the diffuser of a typlecal full-
scale axisymmetric nose inlet.  Variables studied include the effect of
oblique-shock location relative to the cowl 1lip, the internal cowl-1lip
angle, and bleed from the centerbody near the inlet throat.

The development of the flow distortion in the diffuser duct wae de-
termined using total-pressure survey rakes located near the inlet throat,
the diffuser exit, and at two intermediate positions. These distortion
data comnstitute the major portion of this report. Performence charts of
the over-all diffuser pressure recovery and mass flow are presented for P
completeness.

Tests were conducted at Mach numbers 0.63, 1.6, 1.8, and 2.0, with
emphasis placed on Mach 2.0 operation, in the 8- by 6-foot supersonic
wind tunnel at the NACA Lewis laboratory. At Mach 2.0, angles of attack
to -8° were investigated.

SYMBOLS T
A area
c perteining to inlet cowl
H radial distance between centerbody and cowl, in.
h radial distance measured along H (see fig. 4)
M Mach number X
m mass flow
P total pressure -
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AP numerical difference between meximum and minimim total pressure
at rske station

A.'E’/Pav total-pressure distortion parameter

ja) wall static pressure

r radius, in.

8 pertaining to inlet centerbody

a angle of attack, deg

6, splke-tip-position parameter, deg (see teble I)

Subsecripts:

av average

b bleed centerbody

s § design

ds double shock

A locel

B smooth centerbody

o free stream

1 rake station 7

2 rake station 19

3 reke station 41

4 rake statlion 58

5 mass-flow station 122.5

14 pertaining to cowl with 14° internsl lip angle

17 pertaining to cowl with 17° internal 1ip angle
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APPARATUS AND PROCEDURE
Baslic Inlets

The basic model tested was a full-scsle axisymmetric nose inlet
(fig. 1). External compression was provided by & translating 25° half-
angle cone. Inlet variations included cowls with 14° or 17° internsl
lip angles and compression surfaces with or without bleed slots in the
region of the inlet throat. Inlet configurations are deslgnated by the
combination of letters CS. For example, C;,S8, represents the inlet

with a 17° intermal-lip-asngle cowl and with provisions for bleed on the
compression surface. Coordinates of the vartous cowls and centerbodies
are presented in table I.

Sketches of the various Inlet configurations are presented in fig-
ure 2. The double-shock Inlet configuration was obtained by fitting e
15° cone onto the tip of the 25° cone (fig. 2(c)).

Deteils of the bleed slot are shown in figure 2(d). Bleed alr was
dumped into & plenum chamber and was then metered by four calibrated
venturi tubes. Bleed sir then passed through the centerbody interior
(fig. 1) to struts and then out the base annulus. A remote-controlled
bleed valve was used to vary the bleed-flow rate.

Ares distributions in the subsonic diffuser are presented 1n figure
3 for the two cowls investigated for several values of the splike-tip-
position parameter &3;. The rate of initlal area expansion was reduced
considerably with the 14° cowl. Changes in the area distribution due to
the bleed slots are neglected in these charts.

Instrumentation

Total-pressure rakes were located at diffuser stations 7, 19, 41,
and 58, the last representing the compressor-inlet station. Orientation
of the tubes composing these rakes 1s shown in figure 4. Each rake was
camposed of five spokes spaced at 45° intervals around the annulus.

Flow in only half the duct was surveyed. In order to maintsin flow sym-
metry, dummy rakes were installed in the other duct half. At stations 7
and 132, six total-pressure tubes were locsted 1n each spoke, whereas
eight tubes per spoke were used at stations 41 and 58. Locatlons of
tubes are gilven as percentages of the duct height H. All tubes were
spaced to give approximately equal area welghting.

At station 7 the total-pressure rake was split, with half the tubes
mounted to the cowl and the other half to the cone surface. This split
was necessary to prevent binding of the rakes when the cone tip was
translated. The rake was alined for values of 63 = 42.6° for the

PONERIRie
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single-shock inlets (or 63 = 33.8° for the double-shock inlet). Be-
cause of the change of diffuser area near the throat for the two cowls
investigated, spacing of the tubes at station 7 was gltered somewhat de-
pending upon the cowl being used.

Statlc-pressure orifices were spaced on both vertical and horizontal
centerlines of the diffuser on both cowl and centerbody back to diffuser
station 60. In addition, orifices were loceted at the base of each of
the total-pressure rskes.

The bleed plenum and venturl meters were instrumented with static-~
pressure orifices in order to determine the bleed-msss-flow rate. Inlet
mass flow was determined from the static pressure measured at diffuser
station 122.5 assuming & choked exit, the area of which was determined
from a calibrated exit piug. At free-stream Masch number 0.63, for which
the exit was not choked, mass flow was determined from pressure measure-
ments at station 58.

Dynamic pressure pickups were located at diffuser stetlions 36.5 &nd
58 to g8id in determlning inlet stability limits.

Test Procedure

Pressure recovery, mass flow, and total-pressure distortion at each
rake station were determined for each inlet configuration at Mach num-
bers 1.6, 1.8, and 2.0. At Mach number 2.0, angles of attack to -8°
were investigated. (Negative angles of attack have been indicated inas-
mich as the nose of the inlet was lowered by the action of the strut
mechanism (fig. 1)).

Values of the spike-tip-position parameter &; were scheduled such

that, for each Mach number, the oblique compression shock would fell omn,
ahead of, ahd inside the inmlet 1lp. The value of 6; for which the ob-

lique shock falls on the 1llp is designated el’d, values of which are
given in the following table:

Free- Design spike-tip-position

stream parameter, 6; 5, deg

2
Mach p o S
number, 250 Cone |[15C-25C Cones

2.2 40.0 31.3
2.0 42.6 33.8
1.8 46.0 37.3
1.6 51.0 42.0
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Because of limits on splke-tlp travel, values of 6; were limited to

the range of 38.9° to 51.60 for the single-shock inlets and from 31.0° -
to 39.4C© for the double-shock inlet. Hence, at Mach number 1.6, the

oblique compression shock could not be made to fall epprecilably ilnside

the inlet.

Limited dats were slso obtained for Mach number of 0.83 at zero an-~
gle of attack.

L00S

DISCUSSION OF RESULTS
Inlet Performance Summary

Inlet-total-pressure recovery and total-pressure distortion at sta-
tion 58 are plotted as functions of diffuser-mass-flow ratio 1in figures
5 to 10 for all configurations investigated. Values of the flow-
discharge Mach number are also indicated.

It will be noted that the supercritical inlet-mass-flow retio was
less than 1 for the cases of coblique "shock-on-lip" (8; = el,d)' Part

of this discrepancy was due to slight misalinement of the splke tip and
because the inlet cowls were somewhat out-of-round. Occasionally at
Mach numbers of 1.8 and 1.6 the inlet terminsl shock could not be swal-
lowed because of a 1imit of the diffuser-plug exit area. When this con- -
dition occurred, only suberitical operation of the inlets could be

determined.

The minimim stgble opersting polnts were not always determined 1n
these tests. Dynamlc pressure pickups in conjunctlon with schliieren
equipment were used to define the onset of instebility, and the minimum
stable points that were determined are indicated by telled symbols.

For the inlets incorporating bleed, two performance curves are usu-
ally shown. These correspond to the maximum bleed rate and a throttled,
or reduced, bleed rate. In a few instances, date were obtained for zero
bleed flow. Maximum bleed varied from about 8 to 10 percent of the max-
imum capture mass flow at zero angle of attack.

For each conflguration, totel-pressure recovery increased and die-
tortion at the diffuser exit decreased as €; was decreased. Typlcally,

total-pressure recovery decreased and distortion increased with angle of
attack.

The variatlion of distortion with mess flow was somewhat irregular

for the bleed configuretions. Frequently, minimum distortion was at-
tained with same degree of supercritical operstion. This is probably .
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associgted with the interactiion of the inlet terminsl shock and the

boundary layer in the neilghborhood of the bleed slot. Flow distortion
generally decreased with decreased mass flows (subcritical inlet opera-
tion), but exceptions occurred for values of 8y > al,d’ for which the

distortion at Tirst increased wilth subecritical operation because of the
formation of a vortex sheet at the inlet face (ref. 1). With the no-
bleed inlets, distortion increased repidly during supercritical opera-
tion. This increase was less noticeasble, however, with the inlets in-
corporaeting bleed.

Increasing the amount of bleed for the bleed configurations in-
creased the peak pressure recovery and generally reduced the distortion.
As in reference 2, however, bleed from the centerbody reduced the stable
suberitical mass-flow range in comparison with the no-bleed inlets.

The oblique shocks of the cl4ss,ds inlet configurstlion coslesced

outside the inlet 1ip at Mach 2.0. When this inlet was run suberiti-
cally, two vortex sheets entered the inlet. This partially sccounts for
the large distortions with subcriticel inlet operation of this inlet

(fig. 9(a)).

Subsonic performences of three of the inlet configurations are pre-
sented in figure 10. Total-pressure recovery varied considersbly for
the different configurations, although the distortion was essentially
independent of configuration. The total-pressure recovery for the bleed
configuration was as much as 0.05 lower than those obtained with the
smooth-cone Inlets.

Comparison of the performanceé of the varlous inlet configurations
is made in figure 11 for pesk-pressure-recovery inlet operation. Unless
otherwise stated, maximum bleed was used wlth the bleed conflgurations.
In figure 11{(a) for Mach number 2.0, maximum pressure recovery at zero
angle of attack was attained with the C,.S, Inlet. The largest in-

crease in pressure recovery due to bleed was about 2 percent, occurring
at zero angle of attack for 8; < Gz’d. At other angles of attack, how-

ever, the bleed inlets generally attained lower recoveries than the com-
parable no-bleed inlets, one exception belng the C,45, inlet at

6y = 40.0°, Pressure recovery at other angles of atiack decreased most
rapidly for the Cy75, inlet.

Although the effects were small, somewhat lower distortions were
obtained with the bleed inlets for 6; & ez,d in comparison wlth the

no-bleed inlets at zero angle of attack. At other angles of attack the
effect of bleed was inconsistent and dependent upon the cowl-1lip angle
and value of 92. The largest effect of bleed noted was detrimental;
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that 1s, for the C;45, inlet at 6; = 409, 22.5 percent flow distor-

tion was measured at -8° angle of attack in comparison with 14.9 percent \d
for the no-bleed C175¢ 1nlet. .

The varlation of peak pressure recovery and dilstortion at the dif-
fuser exit with free-stream Mach number for the condition of shock-on-
lip is summarized in figure 11(b). The maximum spread in peak pressure
recovery was less than 2 percent for all configurations tested, whereas
the spread in total-pressure distortion at the diffuser exit was usually
about 3 percent. Data for shock-on-1lip conditions at Mach numbers 1.8
and 1.6 for the double-shock inlet were not obtained. Extrapolstion of
the data of figure 9, however, to the higher values of 6; indicates

that pressure recoveries comparable to the single-shock inlets would be
obtalned. The distortions, however, would be considerably larger than
those for the single-cone Inlets.

L00S

The flow distortion as-well as peak pressure recovery decreased
with increased free-stream Mach numbers. Slightly lower distoriions
were obtained with bleed throughout the Mach number range.

Distortion at Critical Inlet Operation -

The remaining data of this report were obtained for critical inlet
operation. This mode of operation occurs when the terminal shock is lo- .
cated at the inlet 1lip. In figures 5, 6, and 9 for the no-bleed config-
urations this point is well defined by the knee in the pressure-recovery -
mass-flow curves. With the bleed configurations, however, critical op-
eration was determined by schlleren observation inasmuch as the action
of the bleed slot ceaused & slanting of the pressure-recovery - mass-flow
curves when the terminsl shock was in the nelighborhood of the bleed slot.
Estimated criticel operation points are indicsted in figures 5 to 10 by
arrows.

A summary of the pressure recoveries and flow distortions at the
diffuser exit for eritical inlet operation i1s presented in figure 12.
As was prevliously discussed for peak-pressure-recovery operation, the
distortion spread at zero angle of attack was rather small for sll con-
flgurations. At other angles of attack, the distortion lncreased as did
the spread between different conflgurations.

Typical total-pressure contours at the various rake stations are
presented in figures 13 to 15. These contours represent cross sections
of the flow such as would be seen by an observer looking downstream -
through the diffuser. In order to avoid confusion, it should be remem-
bered thet negative angies of attack were tested. Imn the following dis-
cussion, description of portions of the duct refers to the duct as in- .
stalled in the tunnel.
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Contours plotted are isobars, defined by (ﬁl_ - ) expressed in
av

percent. For example, llnes labeled 5 Indicste an isobar 5 percent
above the average pressure. Similarly, negative numbers indicate pres-
sures lower than the average pressure. Wall-stetic-pressure ratios are
likewise presented. At esch total-pressure raske the maximmm as well as
the minimum local totel-pressure ratios are shown. The total-pressure
distortion quoted herein for each contour is then the numerical sum of
the maximm snd minimum values.

Figure 13 presents totel-pressure contoure at the diffuser exit for
Mech number 2.0 and 6; = el,d' At angle of attack the flow distortion

increases because the shsolute values of both the positive and negetive
total-pressure ratios increase. Also the shapes of the isobars shift
from nearly concentric st zero angle of attack to a condition where the
low-total-pressure air fills the upper portion of the duct and the high-
pressure core is moved only slightly downward. Although highly dis-
torted flows were encountered, no flow separation at the diffuser exit
was noted.

The totsl-pressure contours presented in figure 14 at diffuser sta-
tion 7 were obtained simultaneously with those'of figure 13 for the dif-
fuser exit. A comparison of the distortions st the inlet throst with
those at the diffuser exit reveals that the exit distortions are consid-
erebly smaller. This result is due to the mixing which occurs in the
diffuser.

The large flow distortions near the inlet throat are due to nonuni-
form compression end boundary-lsyer effects (ref. 1). In figure 14, the
increase of distortion at sngle of attack is due primarily to the ef-
fects of low-total-pressure-ratio regions (boundery-layer effects).
Generally these regions occurred on the upper cowl surface, although at
~80 angle of sttack the minlmm-~total-pressure region was located at the
centerbody surface for the smooth-cone inlets. Hence, bleed from the
inlet throat wes rather ineffective, particularly st angles of sttack
other than zero, because the lower-pressure regions were located at the
cowl rather than at the coampression surface.

Comparison of the contours for smooth-cone and bleed-cone inlets
in most cases indicstes larger distortions in the region of the inlet
throaet for the bleed-cone Inlet because of lower total pressures next to
the cowl surface. This effect is similar to results obtained with short
diffusers employing suction on one wall, where it hss been noted that
suction can separaste the boundary layer of the opposite diffuser wall
(ref. 3). This effect was most noticesble with the 17° cowl, presumsbly
becasuse of its relatively greater area expansion and, hence, greater
tendency to separate because of the larger pressure gradlent. In at

SRR
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least one case, however, bleed appreciably reduced the distortion. This
occurred with the C;, inlets at -8° angle of attack, presumably be-

cause the bleed slot removed the low-total-pressure alr next to the cen-
terbody surface.

At zero angle of attack the total-pressure contours were not quite
symmetrical, attesting to the slight misalinement and asymmetry of the
inlet previously mentioned. Generslly, the high-pressure core shifted
toward the bottom of the inlet at other angles of asttack. No separation
at the throat stetion was observed.

Typlcal developments of the flow distortion through the subsonic
diffuser are presented in figure 15. Total-pressure contours are plot-
ted consecutively for statioms 7, 19, 41, and 58. Figures 15(a) and (b)
present typlcal data for the Cy48; inlet at Mach number 2.0 at angles

of attack 0° and -89, respectively, while data for the C17Sg 1inlet at
Mech number 1.8 are given in figure 15(c).

In figures 15(a) and (c)} for zero angle of attack, the static pres-
sure was nearly uniform gbout the circumference at each rake station,
and the total-pressure contours remained nearly concentric through the
duct. At -8° angle of attack, however, there was considerable static-
pressure varlstion ebout the duct circumference at statlions 7 and 13,
with the lowest static pressures occurring near the top ¢f the duct.
Thus, low-energy alr on both centerbody and cowl surface begins to move
towards the upper portion of the duet, accounting for the accumulation
of low-pressure alr in this region as previously noted.

In figure 15(a) the total-pressure distortion increased slightly
between statlons 7 and 19, then decreased to the final value at station
58. In figure 15(b) for -8° angle of attack, the distortion decreased
continually through the diffuser; this is the expected result of mixing
due to length and the reduction of flow Mach mumber (refs. 1 and 4). In
figure 15(c) for Mach 1.8, a large increase of distortion cccurred be-
tween stations 7 and 19 although no separation was evident. Between
these two stations, the absolute values of both the positive and nega-
tive pressure retios increased. Behind station 19 the distortion agasin

decreased with length.

At this point, the guestion of rake interference may arise. As
previously discussed, the spokes of each rske were dilrectly downstream
of the preceding rake element. Although there was cobvlously an aggre-
gated total-pressure loss across each rake station, these losses are be-
lieved to be quite small, inasmuch as the present pressure-recovery data
agree with previous date for the same inlet where only a diffuser-exit
reke was used (ref. 2}. There may alsc be some question an the effect
of the wake of one rske on the distortion meassured at the following rake.

1005
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(Such interference effects would apply most directly to the distortiomns
measured at station 19.) There are few, if any, data available for
wekes in diverging channels at high subsonic speeds. An attempt, how-
ever, was made to determine the order of magnitude of these effects.
From the equations for the wake behind = £lat plate in incompressible
flow from reference 5, a maximum error of 0.04 in totael-pressure recov-
ery was calculated for the case of zero diffusion, corresponding to a
maximum veloelty-ratio decrement of 0.1 in the weke. With diffusion,
two limiting solutions were considered: (1) the flow campletely mixed,
between stations 7 and 19, or (2) the velocity-ratio decrement 0.1 per-
sisted at station 18. The first assumption would, of course, give zero
interference effect. The second assumption ylelded an interference cor-
responding to & 0.025 decrement in total-pressure ratio. The interfer-
ence effect is probably between these limits (i.e., about 1 percent).

Distortion data as a function of dliffuser station for all configu-
rations are summarized in figures 16 to 20. The distortion at station 7
is presented only for the value of &; at which the two sections of the

survey rake were sllned. For the bleed configurstions, data are shown
for the maximum bleed rate and a reduced bleed of approximately one-half
the maximum bleed.

Increased distortion at angle of attack is seen to persist through-
out the diffuser. The mixing process reduces the large dlstortions at
station 7 to considerably lower values; nevertheless, the mixing is ip-
adequate t0 overcame completely the initislly higher throat distortions
with the fixed mixing length between the throat snd the diffuser exit.
Consequently, the distortions at the diffuser exit increase with engle
of attack.

The increase of distortions with larger values of €; is again
noted. An exemple of this effec¢t is shown in figure 21 for the Cg,S5g

inlet at zero angle of attack. Here distortlion is plotted as & function
of the decrement of the shock angle from the shock-on-lip value. The
increase of distortion with larger values of 6; for the present data
is due to two effects: (1) The larger values of distortion may be
traced to larger distortions at the inlet throat; and (2} as indicated
in figure 21, increasing the value of 6; increases the value of the

discharge Mach number to meintain critical inlet operstion. (As indi-
cated in a later section of this report, increasing the discharge Mach
number tends to increase the distortion.)

An example of (1) is i1llustrated in figure 22. In figure 22(=)
total-pressure profiles obtalned at station 7 are presented as functions
of 6; for the C;78, inlet. At 6; = 40° (oblique shock ahead of 1lip)

the flow was fairly uniform ascross the inlet except for a rather thick



12 . NACA RM E56GL3a

boundary layer next to the cowl surface. At 63 = 42.69, distortion in-
creased because of a thickening of the centerbody boundary layer. Fi-
nally at 6, = 46C, with the shock inside the lip, the total-pressure
profiles indicated a sizesble discontinuity in total pressure about mid-
way between the cowl and centerbody surfaces. This discontinuilty is due
to the vortex sheet originating at the intersection of the obliqgue and
normal shocks.

Typicel total-pressure profiles at the diffuser exit are presented
in figure 22(b) for the same conditions. This example was chosen to
show not only the change in distortion with obligue-shock position but
also to indicate the change in shape of the profiles. In this example,
the high-pressure core shifted toward the hub at the higher values of
€73 whlle the total pressure decreased at the tip. In the present in-
vestigation the shape of the profiles is dependent upon 83, the pres-

ence of bleed, angle of attack, and to a lesser extent on free-stream
Mach number and cowl angle.

The data presented for the bleed configurations up to this point
have been primarily for a maximum and a reduced bleed rete. While in-
creasling the bleed rate consistently increased the pressure recovery,
the effects on distortion were seen to be somewhat inconsistent. Typi-
cal effects of a continuous vesriation of bleed ratic from zero to the
maximum value on pressure recovery and distortion at the diffuser exit
are presented in figures 23(a) and (b}, respectively.

As indicated in figure 23(a), increasing the bleed rate to the max-
imum value incressed the recovery. With the 14° cowl inlet, pressure
recoverles with maximum bleed slightly exceeded those of the smocth-cone
inlet. With the 17° cowl inlet, however, pressure recoveries with the
bleed inlet never equalled those of the smooth-cone inlet.

In figure 23(b) distortions at both stations 7 and 58 are consid-
ered. At station 7 the cone surfaces incorporating bleed slote in-
creased the distortion above the smooth-cone values at zero bleed. In-
creasing the bleed flow rate reduced these distortions, especially at
-8° angle of attack. With the maximum smount of bleed, the distortion
at station 7 was reduced about 2 percent in camparison to the smooth-
cone inlet with 14° cowl. For the 17° cowl, however, the distortion
even with the optimum amount of bleed was still 7 percent higher than
for the smooth-cone inlet. This effect may be due to the greater tend-
ency for separation at the cowl surface with the 17° cowl, as was previ-
ously noted.

At station 58, bleed had relatively little effect on the distortion
level dat zero anglie of attack. Minimum distortion with the C;75, 1n-

let was obtained with sbout 75 percent of the maximum bleed rate, but

LOCS
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this value was only slightly better than that of the smooth-cone inlet.
In spite of rather large differences in distortion at station 7, the
distortion at the diffuser exit was rather insensitive to both bleed
rate and cowl angle.

Mixing in subsonic diffuser. - The data of figures 16 to 20 indi-
cate that the distortion generslly decreased as it passed through the
diffuser. Some data, particularly at Msch numbers 1.8 and 1.6, however,
exhibit a considersble increase of distortlion between stations 7 snd 19.
The total-pressure contours, such as figures 15(a) and (c), reveal that
this increase 1s caused by incresses 1n the sbsolute velues of both the
positive and negative totel-pressure ratios defining the distortion num-
ber. There was no evlidence of separation uniess it occurred between the
two measuring ststions and became reattached before station 19.

In figure 24(a), the varistion of distortion through the diffuser
is repeated for the double-shock inlet for Mach numbers 2.0, 1.8, and
1.6. Added to these dats, however, are the values of distortion asscci-
ated with a one-seventh power velocity profile in s pipe (ref. 6). The
pipe-flow velues were determined as follows: At each rake station the
average flow Mach number wag computed from the measured pressures at
that station and the diffuser mass flow. The varietion of total pres-
sures associgited with the theoretical veloclty profile was then computed
across the duct to the outermost tube at each rake station (these radius
ratios given in fig. 4). The distortion number wes then computed &s
before. -

At Mach 2.0 the distortion at station 7 was higher than the pipe-
flow value. The change in distortion due to mixing in the diffuser was
then falrly well predicted by the variation of the pipe-flow curve. At
Mach numbers 1.8 and 1.6 the distortion st station 7 was less than the
pipe-flow values, and for these cases the distortion incressed down-
stream of station 7 until distortions higher than the pipe-flow vslues
occurred; the distortion then decreased toward the pipe-flow value at
the distortion exit.

Similar deta are presented in figure 24(b) for the C145g inlet

et Mach 2.0. At angles of attack other than zero, the entering distor-
tion was larger than pipe-flow values, and the chaenge in distortion due
to mixing was sgain fairly well predicted by the shape of the pipe-flow _
curve. (Pipe-flow values in this example are shown &s & narrow band be-
cause of small changes in flow Mach number over the angle-of-attack
range.) At zero angle of attack, however, the distortlion at station 7
was less than pipe flow, and the distortion agaln increased slightly
downstream until the distortion was larger than pipe-flow values.
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In order to understand these variations of dlstortion through the
diffuser, it is well to review the factors affecting flow mixing. The
dlstortion at any station in the diffuser depends upon the smount of *
dlstortion entering the inlet and upon the amount of mixing thet occurs
in the diffuser ahead of the particulsr station. Mixing, in turn, is
dependent upon the distortion level, the length available for mixing,
the average flow Mach number, and so forth. In regard to the first of
these, a highly distorted flow will mix faster than a less distorted
flow. In the region of the inlet throat, mixing is reduced because of
the rather high flow Mach numbers unless the flow 1s highly distorted
(such as at angles of attack other than zero). Actually, when the dis-
tortlon entering the inlet throat is quite low, normal boundary-layer
growth may increase the distortion level more raplidly than mixing can
reduce 1t. An example of this is the development of turbulent flow in
a smooth constant-area pipe. In figure 24(b) two examples of this de-
velopment are shown; (1) the development of distortion in a smooth pipe
at flow Mach number 0.32, which corresponds to the diffuser-exit Mach
number, and (2) a portion of the development for flow Mach number
0.588, which corresponds to the Mach number at station 7. These curves
were derived from the data of reference 7.

LO0S

If the flow were at Mach 0.32 throughout the diffuser length, the
normal rate of boundary-layer growth would yileld distortions which would
approach (asymtotically) the turbulent pipe-flow value fram the lower
side. At the higher flow Mach number the rate of increase of distortion
is much larger, and the distortion curve is spproximstely parallel to -
the data curve for zero sngle of attack.

The difference in distortion between the actual data and the devel-
opment curve 1s primarily due to the contribution of distortion of the
terminal shock. It would appear that for any distortion level greater
than the development vaelue, but less than the pipe-flow value, the dis-
tortion willl increase downstream to values greater than the pipe-flow
value and then approach the pipe-flow value asymtotically at the dif-
fuser exlt. Likewise, for any distortion level conslderebly less than
the development value, the dilstortion should remain, ldeally at least,
less than pipe-flow wvalues and should epproach the pipe-flow value as-
ymtotically from the lower side.

Because the ares of the diffuser is increasing and the flow is dis-
torted because of shock - boundary-layer interactions, the analogy of
flow development should not be cerried too far. The data of figure
24(a) for Mach number 1.6 indicate that, even for very low entering dis-
tortion (less than the development value), the distortion increases to
above pipe-flow values. This is probably the result of the adverse
pressure gradient of the diffuser. It should not be expected that the
distortion developmént in an actual diffuser without special features
will ever yield distortions at the diffuser exlt less than that
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associated with a fully developed turbulent profile. One such special
feature, for exsmple, is the diffuser which is overexpanded area-wise
and then repidly converged at the diffuser exit (ref. 6).

It was previously belleved that lower distortions at the diffuser
exit could be achieved by reducing the distortion entering the inlet
(ref. 4). The foregoing brief analysis indicates a limit to availsble
distortion reduction, that being the turbulent profile value near the
inlet throat. Any reduction of distortion near the throast below the
pipe-flow value would still yield nesr-turbulent profile values at the
dlffuser exit.

Correlation of distortion data with fully developed turbulent fiow.
Flow distortion at the diffuser exii of the C175g 1inlet is plotted in

figure 25(a) as a function of the diffuser-exit Mach number. Dats
points ageln represent critical inlet operation. Also indicated are dis-
tortions computed for fully turbulent pipe flow (three-dimensional) and
channel flow (two-dimensionel). Distortions at the diffuser exit less
than pipe-flow values were measured herein (see also figs. 24(a) and

(b)) and in reference 6 for a similar centerbody configuration. However,
ag might be expected, the two-dimensional distortion values appear to
provide a more reglistic lower 1imit, as least for the case of the cen-
terbody inlet. The variation of distortion with oblique-shock location
previously noted is again observed. Previous results Indicated a reduc-
tion of distortion with increase in free-stream Mach number (see fig.
11(b)). When the inlets are compsred at the same diffuser-discharge
Mach number, however, distortion increases at the higher Mach numbers.
This result is probably due to larger distortions caused by the terminal-
shock - boundary-layer interaction at the higher Mach numbers.

Similar dats are presented in figure 25(b) for all configurations
tested. The results again indicate that the two-dimensional turbulent
profile represents a better distortion-limit reference than do the three-
dimensionsl velues for centerbody inlets.

SUMMARY OF RESULTS

A typical full-scale nose Inlet having four total-pressure rakes in
the subsonic diffuser was tested at Mach numbers 0.63 and 1.6 to 2.0 to
determine the nature of flow-distortion development in the subsonic dif-
fuser. Inlet parameters included 14° and 17° internsl cowl-lip angles,
conical campression surfaces with and without boundary-layer removal
slots, and cone tip translation. At Mach 2.0, angles of attack to -8°
were investigated. The results of this investigation are summsrized as
follows:

1. Bleed from the centerbody near the inlet throat improved the
peak totsl-pressure recovery a maximum of 2 percent at zero angle of
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attack but generally reduced the recovery at other angles of attack.
Bleed was generally ineffective because low-pressure regions were lo-
cated near the cowl surface rather than the cone surface.

2. Pressure recovery was Improved and total-pressure distortion was
decreased for oblique shocks positloned shead of the inlet lip. This
obligue-~shock locatlon is beneflecial because of reduced duct Mach num-
bers and absence of vortex sheets Into the Iinlet.

3. At zero sngle of attack, changing the cowl from a 14° to a 17°
internal lip angle, or changes in the centerbody bleed configuration
near the inlet, had 1little effect on the distortion at the diffuser exit.
This value may be predicted falrly closely by calculation of the
turbulent-profile value at the diffuser exit.

4. As angle of attack increased, the distortion increased through-
out the diffuser, and the distortions at the diffuser exit were consid-
ergbly larger than those associated with turbulent-profile values.

5. Decreasing the distortion at the inlet throat reduced the dis-
tortion at the diffuser exit until the throat distortion was reduced to
about the pipe-flow value. For this condition, flow distortion through-
out the length of the diffuser was predicted by turbulent-profile cal-
culations. When the throat distortion wes less than the pilpe-flow value,
the distortion at the exit remained at the turbulent-profile value.

6. For inlets incorporating centerbodies, two-dlmensionsl, or chan-
nel, flow provided a better lower distortion limit at the diffuser exit
then did pipe, or three-dimensional, flow.

Lewis Flight Propulsion Laboratory
National. Advisory Committee for Aeronsutics
Cleveland, Ohio, August 2, 19586
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TABLE I. - COWL AND CENTERBODY COORDINATES (RADII)
Station O
r, (Jenterbody
Btation, Centerbody radius, in. Cowl radius, in.
in. 250 Spike ‘| 15°-25° Spike 17° Cowl 14° cowl
-12.880 - o} (Lip radius, 0.03") | {Lip radius, 0.086")
-9.380 0
15° Conical
25° Qonical |
-4.710 2.190 2.190——

0 4.375 4.375 859 8.625 8.625
1.000 4.845 4.845 Contcel 8.930 8.875
1.290 4,980 4,980 |
2.0 5.300 5.300 9.230 9,125
4.0 6.145 6.145 9.780 9.620
6.0 6.865 6.865 10.290 10.085
8.0 7.480 7.480 10.720 10.505

10.0 8.000 8.000 11.080 10.885
12.0 8.370 8.370 11.400 11.260
14.0 8.650 8.650 11.675 11.800
16.0 8.845 B.845 11.900 11.880
18.0 8.960 8.960 12.075 12.070
20.0 2.000 9.000 12.200 12.185
22.0 9.000 9.000 ; 12.275 12.275
24.0 8.900 12.300

26.0 8.3900 Same as 12.300 Same as
28.0 8.850 25° spike 12.275 17° cowl
30.0 8.675 12.210

32.0 8.400 12.120

34.0 8.080 12.000

36.0 7.700 11.830

38.0 7.250 11.650

40.0 6.775 11.460

42.0 6.280 11.290

44.0 5.800 11.125

46.0 5.330 10.960

48.0 4,910 10.820

50.0 4.550 10.700

52.0 4,270 10.600

54,0 4.075 10.530

56.0 3.950 10.500

58.0 3.875 10.500

60.0 3.830 Y 10.500 Y

Loos
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Tube Station, in.
7 19 41 58
Diffuser passage height, H, in
5.21% | 3.10P | 3.152 | 3.22P | 4.85 | 6.62
Tube location, h/H
1 0.11 (0.10 (0.1¢ |0.14 |0.08 | 0.11
2 .30 .30 .31 31 .23 .28
3 .49 .47 .48 .48 .38 .43
4 81 .62 .64 .64 .50 .55
5 .77 .78 .80 .80 .62 .67
6 .92 .93 .94 .94 .74 .77
7 - .- - - .84 .87
8 --- -— —— -—— .96 .96
817° cowl.
b14° cowl.
Figure 4. - Total-pressure-tube locations.
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