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SUMMARY

Total-pregsure recoveries were obtained with four cone-inlet
combinations at Mach number 1.85. The configurations investigated
were as follows: a cone designed to produce three oblique shocks
ahead of the diffuser inlet in combination with a straight and a
curved inlet section; a cone generated by a parabolic arc, also
in combination with a curved and a straight inlet section: a cone-
inlet combination designed by the method of characteristics to
produce an isentropic entrance flow at an angle of attack of 09;
and a 30° single-shock cone in combination with a perforatcd inlet
section. The effect of angle of attack was also investigated for
the isentropic configuration.

Each of these configurations yielded total-pressure recoveries
greater than those reported in references 1 and 2. A maximum total-
pressure recovery of 0.967 was attained with the isentropic con-
figuration. For the triple-shock, parabolic-arc, and perforated-
inlet configurations, the maximum recoveriss were 0.954, 0.950,
and 0.954, respectively. At an angle of attack of 50, tho maximum
total-pressure recovery obtained with the isentroplic configuration was
reduced to 9.922.

INTRODUCTION

An investigation of shock diffusers at a Mach number of .85
has been coaducted in the Cleveland 18- by 18-inch supersonic '
tunnel. Results obtained with a shock diffuser having a single
oblique shock ahead of the diffuser inlet are presented in reference 1.
In reference 2 the results obtained with cones designed to produce
two oblique shocks ahead of the inlet are reported. With the
gingle-ghock cones, a maximum total-pressure recovery of 0.922
was obtained, whereas with the double-shock cones the moximum

recovery was 0.945.
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Because the deceleration of the supersonic airstream to soaic
velocity can be accomplished more efficiently with a large nurber
of weak shocks than with one or two relatively intense onesg, oven .
higher total-pressure recoveries than those reported in references it
and 2 can theoretically be obtained by increasing the number of
breaks in the projecting-coue contour and reducing the flow deflec-
tion produced by each break. The ideal configuration 1is attained
when the deceleration is produced so gradually that no shocks are
formed in the air entering the diffuser. The ideal contour of the
projecting cone is therefore a smoothly curved surface that pro-
duces an infinite number of infinitesimal compression waves. From
supersonic-flow thuory, however, it is known that such a series of
infinitesimal compression waves tends to converge and form an
envelone shock through which the entire compression takes wnlace
(reference 3). Hence the contour required for igentropic compres-
sion is not arbitrsry, but must be so designed that the compression
waves converge outside the entoring stream tube. A contour having
this property may be designed by the method of characteristics
(reference 4). Such a contour should decelerate the supersonic
gtream with no total-pressure loss if frictionless flow is assumed.

The problem of decelerating a supersonic stream to sonic
velocity with negligidble total-pressure lcss thus offers no theo-
retical difficulties when the flow is decelerated ahead of the 2
inlet. The external deceleration, however, may be acccmpanied by
increased pressures over the external surfaces of the diffuser
relative to the pressures that would result if the dececleration
were accomplished internally (as, for oxample, with a convergent-
channel diffuser). Hence a higher drag may be expected for shock
diffusers employing external compression relative to that obtained
with convergent-channel diffusers. This additional drag must at
least partly cancel the higher thrusts possible with the higher
total-pressure rccoveries.

The total-pressure recovery hitherto obtainable with a
convergent-channel diffuser has been limited by the starting require-
ment that the contraction ratio may not exceed the value regquired
to accelerate the subsonic velocity behind a normal shock at frce-
stream Mach number to sonic velocity at thc throat (reference 5).

A greater contraction ratio would rcsult in choking at the throat
and would prevent the normal shock from entering the inlet consc-
quently, the supersonic stream could be brought to subscnic veloci-
ties only by passing through a rclatively intense normal shock.

This limit to the contraction ratio allowable with a
convergent-channel diffuser may bc eliminated by a method proposed .
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in reference 6. The method consists of allowing some of the air
wass to bleed throuzh perforations drilled in the convergent channel,
whereas normally the excess air wculd have to spill around the entrance
lip. Choking at the throat is thereby avoided. By this method,

the normal shock could be brought to the throat of the diffuser

and stabilized there, even when the inlet contraction ratio was
large enough to reduce the free-stream flow to sonic velocity
(reference 6). Hence the total-pressure recoveries obtainable with
a convergent-channel diffuser are now theoretically as great as

those obtainable with external compression. Accompanying the higher
total-pressure recovery possible with the convergent perforated

inlet is an cdditional drag due to the mass-flow loss through the
perforations. During operation this mass-flow loss is much smaller
than during the starting process because the pressure difference
across the holes arter the norual shock has passed them is much

less than when the flow is subsonic.

The mass-flow loss through the holes can be reduced by using
the perforated inlet with a shock diffuser. Reference 6 shows
that the excess mass flow which must be bled through the pexrfo-
rations during the starting process decreases, as the inlet Mach
number decreasss. The presence of a projecting central body
therefore offers a means of minimizing the number of perforations
required and consequently the mass-flow loss during operation.
The compression waves from the projecting body may be intercepted
by the inlet to avoid high external pressures and the inlet Mach
number may Le reduced to unity by internal contraction. The use
of a perforated inlet with a properly designed shock diffuser
may thus provide a means of attaining supersonic diffusion with
negligible total-pressure loss together with a minimum external
drag and mass~flow loss.

These improved types of supersonic inlet were investigated
with the following four configuvations: A, & cone designed to
produce three oblique shocks ahead of the diffuser GnilEang el
cone generated by a parabolic arc; C, a cone-inlet combination
designed by the method of characteristics; and D, a 30° single~
shock cone in combination with a perforated inlet section. For
each of these configurations, the variation of total-pressure
recovery with outlet area was determined. The variation of total-
Pressure recovery with tip projection was determined for config-
urations A, B, and C. Configuration D was investigated only
at the tip projection for which the oblique shock just entered the
diffuser inlet. For configuration C, the effect of angle of
attack was also investigated.
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SYMBOLS

The following symbols are used in this report:
Ay free-stream area of fiow that enters diffuser
Ao minimum flow arca of diffuser
A), outlet area of simulated combustion chamber
A inlet area of diffuser with central body in place
Ay inlet area of diffuser with central body removed
Py free-stream total pressure
Ph total pressure in simulated combustion chamber
L tip projection, inches
X axial coordinate

Y radial coordinate

DESCRIPTION OF EXPERIMENTAL APPARATUS

The investigation was conducted in the Cleveland 18- by 18-inch
supersonic tunnel operating at Mach number 1.85. The tunnel was
calibrated by measurements of the angles of obligue shocks from
cones and of the total pressures behind normal shocks. The absolute
values of total pressure snd Mach number in the test section
determined by these measurements arc accuratc within about 2 percent
The relative measured total-pressure recoveries reported, however,
are accurate within about 0.5 percent.

Sketches of the four configurations investigated are shown
in figure 1. Configuration A 1s a triple-shock cone with included
angles of 30° at the tip, 50° after the first break, and 60°
after the second break. Approximate calculations based on the
flow near the cone surface indicated that this combination of
included angles would yield an optimum total-pressure recovery-
For configuration B, a parabolic arc was passed between the tip
half -angle (100) and the maximum helf-angle (30°). The length
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of the contour was arbitrarily set equal to that of the triple-shock
cone. The iniet sections used with configurations A and B were
those used in references 1 and 2.

Configuration C was designed by the method of characteristics
to decelerate the flow to sonic velocity with no total-pressure
loss. An expanded plot of the contour coordinates, together with
the location of a few of the characteristics, is shown in figure 2.
At the tip of the cone, the contour angle was arbitrarily set at 6°,
The total-pressure ratio across the oblique shock produced by this
cone angle is very near 1.00. A region beyond the assumed location
of the diffuser inlet was chosen for the convergence of ths com-
pression waves. The characteristics from this region were then
computed toward the X-axis, Streamlines were drawn from the cone
tip to point a and from d to e. The Mach number at points
a and e wore found to be 1.15 and 1.29, respectively. Point e
was chosen for the location of the entrance lip and the process of
turning the flow parallel to the axis was started at this point.

The only requiremeat for the contour e to f was that the com-
pressions starting at this contour should not intersect before reach-
ing the central body. The cone contour was extended linearly from
a to b, where it intersected the first characteristic arriving
from e. The curve b-c was then drawn in to cancel the com-
pression waves arriving from e-f. The total-flow contraction
ratio AO/A2 is very close to the isentropic contraction ratio

for a free-stream Mach number My of 1.85. The ratio of the inlet
area (e-b, fig. 2) to the minimum area A is 1.025, which is close
to the isentropic contraction ratio from a Mach number of 1.15 to
unity. From one-dimensional-flow relations, this contraction ratio
is small enough to allow a normal shock occurring at Mach numbers
greater than 1.19 to enter the diffuser. The average inlet Mach
number according to the calculations is 1.22

Configuration D (fig. 1) was used to test the principle of
the perforated inlet (reference 6) with a shock diffuser. The
30° single-shock cone investigated in reference 1 was used in
combination with a straight inlet section into which holes were
drilled. The number of holes required was experimentally determined.

The diffuser body snd simulated combustion chamber were those
used in references 1 and 2 (fig. 3). The outlet area of the dif-
fuser was agein varied by means of the conical damper located at
the outlet of the simulated combustion chamber and total and
static pressures at the simulasted combustion chamber were measured
with a pitot-static rake located as shown in figure 3(a). The
cone support and the inlets used with configurations A, B, and D
are shown in figures 3(b) to 3(e). For configuration D, the
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gtraight inlet of figure 3(c) was perforated with a number of holes
gufficient to alluw the nurmal and oblique shocks to enter the d4if-
fuser inlet. By trial it wes found that the shocks entered the dif-
fuser inlet when 50 holes of 0.161-inch diameter and 15 holes of
3/32Jinch diamater had beein drilled ahead of the throat section.

The ratio of hole area to throat area was then 0.45.

For corfiguration C, a new cone supporti was constructed that
was similar to the one shown in figure 3(b) except that the maximum
diameter was 1.455 inches instead of 1.290 inches.

RESULTS AND DISCUSSION

Tvpical inlet-flow patterns. - Schlieren photographs of the
inlet flow with each of the four configurations are shown in figure L,
Figures 4(a) and L(b) show the flow patterns obtained for con-
figuration A with the straight and the curved inlets, respectively,
for the tip projection and outle®% area for which maximum total-pressure
recovery was obtained. As with the double-shock cones (reference 2},
two oblique shocks arise near the firet break in the cone contour,
one slightly ahead of the bruak and one slightly beycond it. This
effect is attribuied to a brideging of the break by the dboundary layer.
At the second break in the cons contour, a fourth obligue shock arises.
With the straight inlet (fig. 4(a)), this shock merges irdis-
tinguishably with the bow wave that gtands ahead of the diffuser
imlet. With the curved inlet (fig. 4(b)), the bow wave is somewhat
closer to the inlet and a portion of the fourth oblique shock was
distinguishable in the original negative.

The flow over the parabolic-arc cone (configuration B, £ig. 1)
is shown in figures 4(c) and 4(d) for the conditions giving the
maximum total-pressure recovery with the straight and curved inlets,
respectively. The compression waves from the cone surface can be
seen to converge ahead of the inlst. The resulting envelope shock
is of appreciable intensity and, as might be expected, the maximum
total-pressure recoveries are siightly below those obtained with
configuration A, where each of the shocks is very weak. The
vertical lines from the bow wave to the cone surface are projections
of the bow wave, whereas the wave ltself curves toward the interior
of the diffuser.

The flow over the igentropic cone (configuration ¢) for two
outlet areas at an angle of attack of 0° and for the optimum outlet
area at an angle of attack of 5° is shown in figures ko), 4(2),
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and 4(g). A numbor of weak compression waves may bc scen that tond

to converge beyond the inlet, although not so far beyond the inlet

as the calculations (fig. 2) assumed. The existence of visible
compression waves and their tendency to convorge somewhat nearer

the conc surface than predicted may bc attributed to boundary-

laycr cffccts or small machining flaws. In figure 4(g), w.ich shows the
configuration at an angle of attack of 50, the compression ripples

from the lower surfacc are seen to converge into a discernible

envelope shock. The bow wave stands ahead of the inlet in cach

of these thrcc photogranhs.

An effort was made to bring the normal shock into the diffuser
in this configuration by perforating thec inlet, but the total-pressure
recovery dropned as thc number of perforations was incrcascd whilc
the normal shock remaincd ahecad of the inlet. This result indicatcs
that for rcasons of stability, the reduction of a supcrsonic stream
to subsonic velocity may be imnossible without the occurrence of
at least a very weak shock discontinuity. Because the normal shock
remained ahead of the inlet, the curvature of the inlet (fig. 2)
was not critical in this case and served only to force a smooth
deflection of the subsonic entrance flow. For the condition giving
the best recovery (fig. 4(f)), the normal shock originates anproxi-
mately at point a of figure 2.

The flow pattern for the 30° single-shock cone with perforated
inlet is shown in figure 4(h). Because the external-flow pattern
remained the same as the outlet area was varied, schlieren photo-
grapns were taken only for +the conditions indicated in the figure.
The oblique shock, as well as the normal shock, passes inside the
inlet, and the flow, which in the preceding photographs spilled
around the entrance lip, is here entering the diffuser. The mass
flow throuszh the perforations produces the series of weak oblique
shock waves originating on the outer surface of the inlet section.
(Only a few of the perforations are visible in the schlieren photo-
graph, fig. 4(h).) The maximum total-pressure recovery obtained with
this configuration was as great as that obtained with configuration A
(tlie triple-shock cone).

Variation of total-pressure recovery with outlet area. ~ The
theoretical variation of total-pressure recovery with outlet area
is discussed in references 1 and 2. For configurations A and B
(figs. 5(a) to 5(d)), the variation of total-pressure recovery with
outlet-inlet area ratio is nresented for three tip projections for
each of the two inlets used. The term "supercritical"” in these
figures refers to the values of A, for which the mass flow remains
constant as A, 1is varied. The term "subcritical" refers to the
values of A4 for which variations in A4 affect the mass flow
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through the diffuser. The tip projections for which data are presented
are optimum, 1/16 inch lesg than optimum, and 1/16 inch greater than
optimum. Similar data arc plotted in figure 5(e) for configuration C.
The peaks of the curves for this configuration are broader than thosc
obtained with the other threc cones. For configuration D, data were
obtained for only the tip projection at which the oblique -shock from

he tip passed inside the inlet (fig. 5(f}). The results cbtained for
this configuration with the oblique shock outside and with an unperfo-
rated inlet are presented in refereuce 1.

A comparison of the maximum total-pressure recoveries obtained
with configurations A, B, and C for various tip projections is
pregsented in figurec 6. The wmaximum total-pressure recovery obtained
with configuration A wae 0.954 with the curved inlet and 0.945 with
the straight inlet. The maximum theoretical total-pressure recovery for
this configuration', based on the shock angles at the cone surface,
is about 0.985, or about 3 percont higher than the experimental value
obtained with the curved inlet. In reference 2 the maximum experi
mental recovery ((.945) was also found. to be about 3 percent below
the theoretical value. '

The optimum experimental tip projection for the triple-shock
cone (fig. 6(a)) was that for which the four oblique shocks passed
Just outside the entrance lip. For the straignht inlet, no internal
contraction existed at optimum tip projection (AG/A2 = 1.00),
whercas for the curved inlet an internmal cxpansicn existed
(Ae/A = 0.753). Because the entrance flow was subsonic (figs. 4(a)
and 4%b)), the curved inlet, which produces a smoother entrance fluw,
yielded a higher total-pressure recovery than the straight inlet.
These results also agrec with those obtained with double-sghock cones
(reference 2).

For the parabolic-arc cone (fig. 6(b)), approximately equal
maximum recoveries were obtained with the straight and curved inlocts
(0.950 and 0.948, respectively). These values are intermediate
between the maximms attained with double-shock and triplc-shock cones.

The cone designed to produce an isentropic entrance flow (config-
uration C, fig. 6(c)) yielded the highest total-pressure recovery
attained during the investigation. This value of 0.967, as with the
double-shock and triple-shock cones, is about 3 percent less than the
maximum theoretical value of 1.00. It is therefore reasonable to
assume that about 3 percent of the total-pressure loss was due to the
subsonic portion of the diffuser and that configuration C was in fact
operating with almost no total-pressure loss at an angle of attack
of 0°. At an angle of attack of 5°, the maximum recovery dropped to
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0.922 (fig. 7). With the single-shock and the double-shock cones,
the maximum recoveries at angle of attack of 5° were 0.908 and 0.899,
respectively (references 1 and 2).

Configuration D (30° cone with perforated inlet, fig. 5(d))
produced a maximum recovery of 0.954, which is equal to the maximum
obtained with the triple-shock cone. Without the perforations, the
maximum recovery attained with this configuration was 0.879 (refer-
ence 1). Hence a gain of over 8 percent in maximum total-pressure
recovery was obtalned by the use of perforations to increase the
maximum allowable internal contraction ratio. The total contraction
ratio Ai/A2 for this configuration was 1.52, which is slightly
greater than the contraction required to decelerate the free stream
to sonic velocity.

For the configurations reported, the distribution of static
and total pressures across the diffuser outlet was similar to the
distributions obtained with single-shock and double-shock cones.
Plots of this distribution are therefore omitted.

SUMMARY OF RESULTS

An investigation of four shock-diffuser inlet configurations
to determine the total-pressure ratios obtainable at a Mach number
of 1.85 gave the following results:

1. A cone designed to produce three oblique shocks ahead of
the inlet yielded a maximum total-pressure recovery of 0.954 when
used in combination with a curved inlet section. Four oblique
shocks were found to arise from the cone surface, twc of them near
the first break in the cone contour.

2. A cone generated by a parabolic arc, with a tip half-angle
of 10°, yielded a total-pressure recovery of 0.950. The compression
waves from the parabolic contour converged to an envelope shock
ahead of the diffuser inlet.

3. A cone-inlet combination designed by the method of charac-
teristics to decelerate the flow to sonic velocity with no total-
pressure loss gave a maximum total-pressure recovery of 0.967 at
0° angle of attack. Nearly all the total-pressure loss may be
attributed to the subsonic portion of the diffuser. At an angle of
attack of 5°, the maximum recovery was reduced to 0.922. The flow
over the cone surface was similar to the computed flow field except
that the convergence of the compression waves took place slightly
closer to the cone surface than calculations indicated and several
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compression waves were visible in the flow field.

NACA RM No. E7F13

Both of these

effects may be attributed to boundary-layer build-up or small

machining flaws.

4, A 30° single-shock cone in combination with an inlet that
was perforated to allow entry of the normal and oblique shocks
yielded a maximum total-pressure recovery of 0.954.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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(a)

(Scr)

Configuration A; straight
inlet; L, .69 inches;
Ay A;, 0.526; P,/Py,
0.945; angle of attack,
o°.

NACA
C-. 18861
5.27.47

Configuration B; straight
inlet; L, 1.875 inches;
Ag/ A, 0.520; P4/Py,
0.950; angle of attack,
0°.

(b)

(d)

Fig. 4a,b,c,d

Configuration A; curved
inlet; L, |.50 inches;
Ag/A;, 0.665; Py/Py,
0.954; angle of attack,
0°

Configuration B; curved
inlet; L, |1.69 inches;
Ag/A;, 0.562; P,/Py,
0.948; angle of attack,
O

Figure 4. - Schlieren photographs of typical flow patterns.
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(e) Configuration C; isen-
tropic intet; L, 197

inches; Ag/ Ay =SBl

P4/ Py 0.529; angle of

attack, g,

(g) Configuration C; isen-
tropic inlet; L, 1.97
inches; A /A;, 0.687;

P4/Pg, 0.918; angle of

atback, 5°.

| Figure 4. - Concluded.

Fig. 4e,f,g,h
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(f) Configuration C; isen-
toeogic inlet: L, “}.97
inches; A /Ai' 02551

4
P4/Py, 0.964; angle of
attack, 0°.

NACA
C- 18862
5.27.47

(h) Configuration D; perfor-
ated straight inlet; L,
1.49 inches; A, /A;,

1.075; P,/ Py, 0.668;
angle of attack, 0°.

Schlieren photographs of typical
filow patterns.




NACA

Total-pressure recovery, P/Po

RM No. E7FI3 Fiighe
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
rig 1
projegption) L o) tton. L
1% ) 1
1,04 1 5
: basl
/ !
.ap ﬁ d
/ é& ‘/
)
of
g \;\ X
o4 \\n
0 =Ny
Supercritical
T ot Suberitiea)
2
1.0 ﬂ I.FO Q 1
T q
b &
e 3
’, \2 i b
3 1Y
.6
N i
4 \Cl‘ ‘\
~No D
o2
20 1.F6 1.5
K ¢
.8 7
i AR
¢ (\\A ¢
.6
- b
.4 Q.
%% .8 1.6 0 8 1.6 2.4

(a) Configuration A, triple-shock cone,

curved inlet,

2.4
Outlet—inlet area ratio, Ag/A;

(b) Configuration A, triple-shock cone,
straight inlet,

Figure 5,- Variation of total-pressure recovery with outlet-inlet area ratio at angle of
attack of 0°




Eitgs: 9., d NACA RM No.

Total-pressure recovery, Py/Pg

ETEIS

NAT |ONAL ADVISORY
COMMITTEE FOR AERONAUTICS

m;e:étcm, L Jcetgon, L
1.0 ) in, )
685 A.81

——————— Superoritical
= == = — — Suberitical

168 (878

@

/ ‘I
TR )i
A
3 N
o
o8
1.8 U7s 2Loc

e

o
\\
\\
) o S

4 b\

. \\o
\o

.2

0 .8 1.6 2.4 (] .8 1.6 2.4
Outlet-inlet area ratio, Ag/Ag

(c) Configuration B, parabolic-arc cone, (d4) Configuration B, parabolic-arc cone,

curved inlet. straight inlet.

Figure 5.- Continued, Variation of total-pressure recovery with outlet-inlet area ratlo
at angle of attack of 0°,




NACA RM No. E/FI3 Ege#bes f

NAT IONAL ADY I SORY
COMMITTEE FOR AERONAUTICS
pro jpe tmp, L
s in.)
& §.91
i
’
.
.8 -
o
.6 IKXJ
.4
Supereritical
— — ——— Suberitical
o2
1.0 o7
&
b
o
o
S
8. | {
- I'
o
b -6&’
1
: \
1)
@
b
I
fk .
~
3
&
.2 T
rroj ct!oﬂ, L
n.)
1.0
ol p.03s 0,99
o) ’
; R ,‘5‘
«8 . &
E i e )
¢ ; 3
.6 \
g
.4
o2
0 N 1.6 2.4 (4] «8 1.6 2.4
Outlet-inlet area ratio, Ag/Ag
(e) Configuration C, 1sentrople come and inlet, (f) Configuration D, 30° cone and

perforated straight inlet,
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