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@ SHOOK DEFUSERS AT MACH NUMBER 1.95

PROZ30TING SINGLE-SHOCK C~NES

By W. E. Moeckel, J. F. Connors, and A. H. Schroeder

SUMMARY

In an investigation conducted in the Cleveland 18- by 1.8-inch
supersonic tunnel to detemine design conditions for optimum perform-
ance of shock dtifusers results were o%tained at a Mach number of 1.85
with a series of rojecti
30°, 40°) 50°, 608

, and ,n#,single-shook cones having a@es of 20°,
Each cone was tested with a curved and

with a straight diffuser-inlet section. The v=iafion of total-
. pressure recovery with tip projection and outlet area was investigated

for each cone to detemnine optimum mntraction ratios and shock
locations. The effect of angle of attack was also investigated for

. several configurations.

The maximum total-pressure recovery was obtained with the.50°
cone using a straight inlet. At an angle of attack of 0°) an outlet
total yressure of 92.2 percent of’the free-stream value was attained.
At an angle of attack of 5°) this value was reduced to 90.8 percent
of the free-stream value. These total-~ressure recoveries corres~ond
to efficiencies of kinettc-energy conversion of 96.6 and 95.6 percent,
respectively. Several other cotiigurations gave total-pressure
recoveries greater than 90 peroent at an angle of attack of 0°,

ti many tests, pax%icularly with the larger cone angles, the
total-pressure recovery in the vicinity of the maximum recovery was
insensitive to changes in outlet area, The highest total-pressure
recoveries were obtained with subsonic entrance flow.

INTRODUCTION

For efficient conversion of the kinetic energy of a supersonic
air stream into rem pressure, the flow must be decelerated to low
supersonic Mach numbers before the normal shock occurs. The deceler-

0 ation may be accomplished with small total-pressure 10ss by con$mactin$
the flow in a converging channel or by locating one or more oblique
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shocks ahead of the diffuser inlet. With the first method, the amount
of deceleration allowable before the occurrence of the normal shock
ie limited because the normal shock will not ember the diffuser when
the contraction ratio of the convergent channel is great .mough to
accelerate the subsonic flow behind the normal shock to sonic velocity.
(See reference 1,) With the second method (that 5.s,with a shock
diffuser) no such theoretical limitation exists. ‘Thesupersonic
stream uay be theoretically reduced to sonic velocity with ncgliglblo
total-pressure loss if a sufficient number of obllqua shncks of small
intensity can be located ahead of the diffuser inlet.

?Rperiments with shock diffusers have been oonduoted by Oswatitsch
(references 2 and 3), who determined the perfcrmcnce of shock cliffusers
hewing several t~os of -projectingcone and several diffuser-inlet
designs. One of these configurations yielded efficiencies greater
than the theoretical maximum attaiuble with convergent-divor~entdif-
fusers at the same Mach nuuibers.

An lnvesti&at5.onis being conducted in the Cleveland 18- by 18-inch
supersonic tunnel to”determine the effect.on the pel$oxoance of shook .

diffusers.of varying the form of the -projectingcones, the contraction
ratios, and the inlet desigm, The results obtained with a SCMOS of
single-shock cones in combination with a straight and with a curved

.

inlet section are pre~ented in this report. The effect of angle of
attack was also investigated for mmmal configurations.

SYMBOLS
.

The notation used at the shock-diffuser inlet 5.sshown In figure 1.
The symbols ueed in the report are defined as follows:

A area

Ai inlet area with ccmo removed

Ao/A2 total contraction ratio

Ae/A2 internal contraction ratio

L tip projection, inches

M Mach number

P toial pressuro

,@&DEN@j—

k

*
—



C@mmmAK--:.:-.-- .. .....-NO. E6K27

static pressure

velocity

ratio of specific bats

efficiency of

half-engle of’

angle between

density

angle between

Subscripts:

o conditions in

kinetic-energy conversion

cone, degrees

flow direction and free-stream direction

conical ray and free-slmeam direction

free stream

3

1 conditions tiediatel~ behind oblique shock

2 conditions at minimum flow azwa

3 conditions behind normal shock

4 conditions at diffuser outlet

c conditions on cone surface

cr Crftical values

e- conditions at diffuser entrance

APPARATUS AND IRCKEDURE

The data presented were obtnined in the Cleveland 18- by 18-inch
supersonic tunnel, which was operated at a Mach number of 1.85 during
the investigation. The tuunel was calibr~ted.from measurements of the
angles of oblique shocks at cone tips and.from total-pressure measure-
ments. The Mach number and total pressure in the test section
measured by this metiho3_a-e accurate within shout 2 percent. The
relative total-presauze recoveries obtaiinedin the investigathn,
however, are accurate within about 0.5 percent. The Reynolds number
at the diffuser, based on the maximum diffuser diameter (4~ in.), is

8Tproximately 1.34 x 106. All yesmres were photographically
recorded from a multiple-tube mercury manometer. Visual and photo-
graphic observations of the flow into the diffuser inlet were made
with a two-mirror schlieren apparatus.

@
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The model used is shown in figure 2(R), The conical--el-
.locatedat the rear of the cylindrical siuulated combustion chambey
was used to vary the outlet area of the floi?through th6””diffuser.
Tbe pitot-static rake, located as shown in the figure, was used to
obtain preesures at the diffuser outlet. During each.test, these
pressures were recorded for several values of the outlet area.

A section of tbs diffuser body showing the location of the
internal support for the projecting cones is presented in figure Z(b),
The cone support is faired back into the subsonic portion of the
diffuser and is mounted with four struts having biconvex cross
sections and a thickness ratio of 13 percent. The cone support was
designed to permit instrumentation of the projecting co~s; an outlet
for pressure tubes from the cone is provided toward the rear of the
diffuser. Because the purpose of the investigation was to determine
total-pressurerecoveries rather than tbe pressure distributions on
tb,econe surface} no pressure tubes were installed in the support
body.

Tbe subsonic portion of the diffuser body was designed to expand
the flow at a rate equivalent to a straight divergence of 5° total
angle, The inlet section of the diffuser is replaceable. A strafght
inlet (fig. 2(c)) and a curved Inlet (fig. 2(d)) were used with each
cone.

The six cones used are shown in fi~ure 3. The tip projections
of the cones (distancefrom tip to diffuser “inlet)were varied in
successive steps of one-eighth inch. The t~oretical Iocaticm of
the oblique shock relative to tbe two inlets is indicated for each
cone at minimum tip projection. Because the angle of the air stream
at the entrance lip varied with cone angle and with tip projection,
a different inlet would be required for each cone at each tip pro-
jection to obtain the best possible ~erformance. In order to expedite
the determination of optimum total-yessure .~cover~es, however, only
the inlets of figures 2(c) and 2(d) were used with each cone. With
these inlets a bow wave at the diffuser entrance occurs at the mini-
mum tip ~rojections. Because the form
is not readily determinable, it is not

TBEORY

Because the flow direction is not

and location of such a bow wave
shown in figure 3.

uniform in the field.between
the oblique shcck and the co.ne.surface,the theoretical flow areas
~ and & and the average entrance Mach number J& can be exactly

d&FIm?TIAL
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obtained only if the entire field is determined by an integration .
process, (See reference 4.) For comparison of test results with
theory, the following two approximations were.considered .sufficiently
accurate (see fig, 1): ,

1. The entrance Mach number l% was assmed equal to the aver-
age of ~ and Ml, where Mc is lmown from conical-flow theory
and Ml is known from oblique-shock theory.

2. The approximate free-stream flow area ~ was determined
for all except the ~Oo cone by sketohing the 13miting streamline of
the enter3ng flow. The direction of the streamline at the oblique
shock is known from oblique-shock theory. In order to determine the
direction at other points, a linear variation of the flow angle A
with the angle 9! of a ray frorathe cone tip was assumed in the
region between the shock and the cone surface.

For the 70° cone, ~ is equal to 0.94 and Ml is 1.05; hence,
~ is less then 1.0. Because there is spillage of the flow around
the entrance lip when ~ is eubsonic, the method described.for
determining ~ is Justified only if ~ is greater than 1.0. For
the 70° cons an alternative method, using the constant-mass-flow
relation, was therefore used to detezmine A,o:

[1
(PV)e

‘Q - Pe

‘= (Pv)o&
~ (1)

(Pv)O,cr

where the ratios (PV)/(PV)Cr are the reciprocal of the c~traction
ratios required to isentropically lower the local Mach nmber to unity.
Because 1% is nearly equalto l.Ofor the 70° cone, (pV)e/(pV)e,cr
was assumed equal to 1.0. For an ~ of 1.85, (PV)O/(Pv)O,cr ‘s
equal to 0.669 and Pe/PO is equal to 0.90. Eence, for the 70° cone,
~ = 1.345 ~.

A sufficiently close approx+aation for ~ was obtained by
assuming that the flow at the inlet is parallel to the cone surface.
(See fig. 1.) This assumption gives the minimum possible area for
the entrance flow, (The actual minimum ~ is given by a catenary
curve, but the difference between this value and the area normal to

#i!@ii@NTIAL .:
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the cone surface Was found to be negligible.) The maximum error
resulting from this approximation was detormlned by comparing the
resulting ~ with.the upper limit “forthis value (~ perpendic-
ular to the free-stresm direction). For the most unfavorable case
(60° cone, L = 0.8 in.) the difference between the lower l@it and
the u~~er limit was about 6 percent. For Qmaller cone angles, the
maximum error was considerably less. Inasaihchas the flow at the
cone surface is known to be parallel to that surface, the lower limit
should be much nearer the real value than the up~r limit. The ver-
iation of &/A2 with tiy projection is shown for each cone-inlet
combination in figure 4.

Two flow conditionsmust be distinguished in determining the
theoretical variation of P4 with A4. These conditions will be
designated the supercritical and the subcr~~jcal, In the
supercritical-flowregion, the mass flow through the diffuser remains
constant as A4 is varied. For this region the theoretical curve
of total-pressurerecovery against outlet area is given by the
equation: — ● .

(2) .

ln the subcritical region, the normal shock stands outside the
diffuser inlet and the mass-flow varies with changes in outlet area,
The theoretical total-pressure recovery under these conditions may
be calculated if the flow ahead of the normal shock is assumed to
remain unaffected as the normal shock moves outward and if any losses
resulting fron spillage of the etitranceflow are neglected. With
these assumptions, the theoretical recovery remains constant as A4

is varied and is equal to the product of the total-pressure ratios
across the oblique and across the normal shock, In the calculation
of this total-pressure recovery for comparison with test data, the
normal shock was assumed to occur at the Mach number ~. As the

a%le of the projecting cones incl”eases* Ms decreases and the
total-pressure loss across-the normal shock thus decreases, The
total-pressure loss across the oblique shock, however, increases with
cone angle. An optimum cone angle should therefore exist for high
efficiencies in the subcritical region,

The value of A4 for which transition.fmm supercritical to
subcritical flow takes place was calculated as follows: If the
contraction ratio Ae/A2 is sufficiently small, tho normal shock

v.

?
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Is located inside the aiffuser past the minimum area for values of
A4 in the supercritical region. When the flow area at the loca’tion
of the normal shock is equal to &, the normal shock occurs at a

Mach nwber 1~, as previously determined. As A4 i.sdecreased,
the normal shock advances toward the diffuser inlet. The critical
A4 is obtained when the normal shock is at the minimum ~ea A2.

The Machnumber at this mininnm srea is determined from &/A2. The
critical value of A4/Ai may thenhe determined from equation (1);

p4/PO is taken equal to tine~roduct of the total-pressure ratios
across the oblique shock and across the normal shock that occurs at
Mach number M2. When ~ i~ subsonic, as tith the 70° cone, only
the total-pressure ratio across the oblique shock was considered.

The preceding analysis is based on the assumption that the
inlets are so designed that the normal shock will pass into the
diffuser when A4/Ai is in the supercritical region. If the normal
shock is forced to remain ahead of the inlet, either because the
angle of deflection at the inlet is too great or because the inter-
nal contraction ratio is too great, theu ~ is less than the
theoretically determine~ valms because the flow spills around the
entrance lip. An estimate of the conditions for which the ncnmal
shock remains outside the diffuser for the inlets actually used
showed that, for the straight inlet, an external bow wave would
occur for the large-angle cones. For these cones, however, the
inlet Mach number is sufficiezrtlysmall that little advantage may
be expected frcaninternal contraction. With the curved inlet, on
the other hand, an external bow wave was to be expected for nearly
all cones and tip projections, but the angle of the entrance lip
provides a closer approx~tion to the actual entrance-flow direc-
tion with large-angle cones tb the straight inlet. Furthermore,
because the minimum area occurs at the inlet for most tip projections ,
with this inlet, a normal shock at the entrance was desirable for
optimum total-pressure recovery.

Thus, the reasons for the choice of these two inlets are as
follows: The straight inlet provided a mesns of testing the effect
of internal contraction ratio for those cones for which internal
contraction is most beneficial (small-angle cones). The curved
inlet, on the other hand, corresponded for most tip projections to
a shock diffuser with no internal contraction. For the large-angle
cones, furthermore, the curved inlet provided a means of detemmlning
the advantage of providing a smooth entrance flow when the normal
shock occurs at the inlet.

&i%....
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Neither of the inlets was designed to allow entry of the oblique
shocks into the diffuser. With the straight Inlet, the total-flow
contraction becomes greater than the isentroplc contraction ratio
from the free-stream Mach number to unity unless the oblique shock
is somewhat ahead of the entrance lip, For tinecurved Inlet, as
previously stated, the angle of the entrance lip results in a bow
wave for most cones and tip projections. –

RESULTS

For each cone-inlet combination the total-pressure recovery
was determined as a function of outlet-inlet area ratio for several
tip projections at an angle of attack o#’OO. The effect of an@e of
attack and the distribution of the pressures at the diffuser outlet
were also determined for the configurations‘givingthe highest total-
pressure recoveries. The experimental results are compared with
theoretical calculations,and schlieren photographs of typical flow
patterns are presented.

.
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Variation of total-pressure recovery with outlet area= - me
experimental data points are pyesented in figure 5 for each of the
configurations tested; the total-pressure recovery P4/Po is plotted
against outlet-inlet area ratio A4/Ai rather than against A4/@
because Ai is a geometrical constant for each inlet, whereas ~
is an approximation. The theoretically computed variation of P4P0
with A.4/Ai is included for comparison. The theoretical critical
area ratio (A4/Ai)Cr is given in each case by the upper limit of
the supercritical portion of the theoretical curves. The subcritical
theoretical lines are dashed to indicate that the assumptions used to
calculate them are incomplete. The fact that most of the data points
in the supgrcritical region fall to the right of the theoretical
curves is to be expected because any boundary-layer build-up at the
diffuser outlet tends to make the flow area less than the measured
geometrical area. Any total-temperaturelosses in the subsonic
portion of the diffuser would also tend to make P4/PO for a given
A4/Ai greater than the theoretically predicted values. In the tests
for which data points fell very close to, or to the left of, the
theoretical curves, the no-l shock remained outside the diffuser
inlet during the entire run. Under these caditions some of the flow
spills around the diffuser entrance lip, and consequently the actual
~ becomes less than the theoretically calculated value. (See
figs. 5(c), 5(e), 5(g), and 5(1).)

Ih agreement with theoretical predictions, the subcritical total-
*

pressure recoveries vary with cone angle. For most of the configurations,
*

am?,md
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P4~0 decreases with A4/At in this region,
the subcritical flow is more complicated than
of P4/PO, however, becomes less as the conk

*
9

which indicateS t~t
assumed. This decrease
angle increases, With

the 500 and 60° cones (figs. 5(g), 5(h), 5(i), and 5(J)), a high
pressure recovery i.s=intained throughout the subcritical region for
some tip projections. It should also be noted that in the vicinity
of the naximum total-pressure recovery> P4~0 becomes less sensitive
to variation in A4/Ai as the cone angle increases. Schlieren

observations showed that for the 60° oone the highest total-pressure
recoveries were obtained “withsubcritical inlet flow,

!l%enmximum total-pressure recovery (P4/Po = 0.922) was obtai~d
with the 50° cone, using the straight inlet and a tip projection of
1.25 inches (fig. 5(g)). With the curved inlet, the beat recovery
(p4/po = O-917) was ob~ined with t~ 60° ~oae at a tip prOjeCtfOn Of

0.925 inch (fig. 5(j)). These recoveries correspond to efficiencies
of kinetic-energy conversion of 96.6 and S6.4 perceat5 respectively.
These experimental efficiencies are greater than the maximm theoret-
ically obtainab~e (95.5 per-cent)with a convergent-divergentdiffuser
designed to allow entry of the normal shock. The max+lmume-xperimen~l
efficiency yet reported with a convergent-divergentdiffuser is
92.5 percent (P4~0 = 0.839). (See reference 5.) The relation

between P4/P0 and q, as defined in reference 1, is given in the
notation of this paper by

? 1-=

the equation

(3)1-1
2

(7-1) M02 ,_ ~

Effect of angle of attack. - The effect of angle of attack on
the total-preusure recoveries for the three ‘bestconfigurations_is
shown in figu?e 6. When the acgle of attack was increased.to 5°)
the maximum td.ai-pressnme ratio dropped from 0.922 to 0,S08 for the
50° cone with Lk= straight inlet (fig. 6(a)) With the curved inlet,
the zmiximumtota~-gressure mtio dropped from 0.513 to 0.863 for the

f 0 C0210(figs. 6(b)50° cone ~d from 0.S14 to 0.875 for the JO
and 6(c), respectively). These results ccm~irm those of Oswatitsch
(reference 2), who found that the effect of angle of attack was
small for the shock diffuser that he investigated.

Pressure distributional diffuser outlet. - In figure 7, the
total-and static-pressure distribut~nat the inlet of the simulated
combustion chsmber is plotted for the configuration giving the uximum
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recovery. (See fig, 5(g).) The static-yressuredist-
ribution (fig. 7(a)) is uniform. The total-pressure distribution
plotted in figure 7(b) is therefore an indication of the velocity
distribution at the combustion-chamberinlet. This velocity distri-
bution is seen to %e satisfactory for values of A4/Ai near the
critical value. Tor greater values of A4/Ai, the yresence of the
outlet for the pressure tubes (fig. 2(b)) apparently disturbed the
regularity of the flow. In the region of interest (near the
critical A4/Ai) the presence of the central cone, Its support body,
the supporting struts, and the pressure-tube-outlethad no serious
effect on the regularity of the velocity distribution.

T~ical inlet flow patterns. - Some typical flow patterns
observed with s.chlierenphotographs for various cone-inlet combi-
nations are shown in figure 8. F3.gu~e 8(a) is a photograph of’a
t~i~l schlieren ~ttern obtained when the total contraction ratio
was too great. There is some spillage of tie flow, although A4/Ai
is far in the supercriti%l region. The double image of the oblique
shock indicates that a vibration of the shock pattern may be taking
pbCS. !ChiSphotograph was obtained for a test using the 30° cone
with a straight inlet, a tip projection @ “1.55inches, and an angle
of attack of OO. (See fig. 5(c).) The disturbances on the outside
of the diffuser body arise from the pressure tubes used for determinl~
internal pressure distrilxati&. These tubes were not used i.nthe tests,

!l?h3types of flow ~t~ern .@tained in ~he”subcriti~l region
and in the supercritiwl region with Optim tip projections are
shown In figures 8(b) and 8(c), respectfve~Y.. The configuration
sho~ iS the 40° cone with the straight inlet, a tip projection of
1.50 inches, and an ~le of attack of OO. With subcritical fl~
(fig. 8(b)) a somewhat complicated shock pattern is obtained, and
there iS SO~ sp~llage of the flow around the entrance lfp. The
faint dark line parallel to the diffuser inlet fS the projection of
the I)OW wave and should not be interpreted as an additional shock.
The total-pressure recovery for ~is condition is on~ slightly less
than the maximum obtained at this tip projection. (See fig 5(e).)
me Supercritical flow pattern for the game configuration is shown in
figure 8(c). The bow wave now curves tow~ the inside of the dif-
fuser. The narrow dark strip at the diffuser inlet again does not
indicate an external normal shock, but Is the projection of the thrOe-
dimensional bow wave. A second oblique shock appeared to be rem.,t
in the field between the cone tip and the diffuser inlet. Such shocks
probably result from boundary-1.ayerbuild-up and have a beneficial
effect on total-pressure recovery. Oswatitsch found that the maximum
kotal-press~e recovery of his shock diffusers was slightly decreased
when boundary-layer suction was employed (reference 2).

.

.
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The flow pattern at an,angle of’attack of 50 is shown in fig-
ure 8(d) for the ocmfiguration that yielded the highest.total-pressure
recovery in the present tnvestigation. (See fig. 5(g).) Again, as
in figure 8(b), a faint dark line, which is the projection of the bUW,
wave, appears ahead of the inlet. That a considerable portion of the
entrance flow is subsonic may %e deduced from the spillage around the
entrance lip. A sepmation of’the boundary layer is visible on the
upper surface of the cone.

The flow patterns corresponding to the best total-pressure
recovery obtained with the 60° cone are shown in figures 8(e) and 8(f).
The configuration in figure 8(e) Is the straight inlet with tip p?o-
jectionof 0.925 inch. With the same cone but with curved Inlet, the
best recovery was obtained with the fluw pattern shown in fi.gure8(f).
The data for these two tests are plotted in figures 5(i) and 5(j),
respectively. These photographs, together with figure 8(d), show that
the lest recoveries with the 50° and 60° cones were obtained with
subcritical flow.

Variation of maximum total-pressure recovery with tip prejection
and contraction ratios. - I&ximum total-pressure recoveries obtained
with the straight,and the curved inlet are plotted in figure 9 against
tip projection, total contraction ratio, and inteznialcontraction ratio
for each of the oones tested. For the 20° cone (fig. 9(a)) the optimum
tip projection occurs for the straight inlet at 2.875 inches, corre-
spending to a total contraction ratio ~/A2 = 1.37 and an internal
contraction ratio ~/A2 = 1.195. With the curved inlet the optimum
point was not determinable because the minimum tip projection attain-
able was 2.5 inches. The data points.indicate, however, that the
maximum l?4~0 would fall below that obtained with the straight inlet.

An exmnination of the sdhlieren photographs for the straight-inlet
tests showed that the no-l shock remained outside the diffuser inlet
for tip projections less than 2.875 inohes-
pressure recoveries were obtained.

, consequently, lower total-

The variation of maximum P4/PO with tip projection and contrac-
tion ratio is similar for each of the cones tested. The mximum
P4/PO drops quite rapidly as ‘thetip projection is decreased or
increased from optimum. When & is supersonic, the decrease in
P4/PO with tip projections greater than optimum (Ae/A2 less than
optimum) is to be expected, because the normal shock occurs at a
higher Mch number as ~/A2 decreases. For tip projections less
than optimum the maxtmum PA/po is ~robe,bly lower because the normal
shock remains
however} &

outside the d~ff~ser entrance. With the 70° cone,
is already subsonic, and the bow wave does not extend

#!& 21XNTIAL_
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into the subsonic region, For this cone, therefore, the reasons for
the decrease In total-pressure recovery for tip projections less than
an&greater Wan optimum are less obvious.

!l%e maximum P4/PO at optimum tip projection is greater for the
straQht than for the curved inlet for all except the 60° and 70° cones
(fig. 9), For the 50° and 60° cones (figs; 9(d) and 9(e)) total-
pressure recoveries alove 90percent were obtained with the straight
and with the curved inlet.

ANALYSIS OF KESULTS

The maximum total-pressure recovery ‘throughaseries of obltque
shocks followed by one normal shock vas determined theoreticallyby
Oswatitsch (reference 2) far a range of Mach numbers from 1 to 4.
He found that the optlumm recovery through such a series of shocks
was obtained when the static-pressureratio was the same across eaoh
shock. Theoretical recoveries htgher than the values calculated by
Oswatitsch are poseible with a shock diffuser employing conical pro-
jections. -The isentropic’compressions between the shock and the cone
surface and from the inlet to the minfmum internal area, not considered
by Oswatttsoh, tend to lower’the Mach number at which the normal shock
takes place and hence tend to raise the maximum total-pressure recovery.

.

.

In the notation of figure 1, the assumptions made by Oswatltsch
correspond to a shock diffuser with dni.mum cross section at & and
with ~ = Ml. Theoretical curves based on the assumption that Ae/A2
is equal to the maximum allowable contraction ratio for a Mach number
of Mej according to one-dimensional-flowtheory, are plotted in
figures 2.0and 11. Because ~ is not unif~rn.qtcthe inlet, two
curves were calculated: ‘The solid and dashed curves correspond b the
assumptions that ~ = ~ and ~ = Ml, regp6ctive~.” %cause the
avemage & 116s between thesq two extremes! the theoretical maximuM
recoveries should Me between the dashed and solid curves. In fig-
ure 10 the theoretical recoveries’areplotted against cone an@e for
various Mach numbers. T@ maximm” theoretical recoveries are obtained
with cone angle~”of about 50° for Mach numbers greater than 2.0. In
figure 11 the maximum recoveries from figure 10 are plotted as func-
tions of free-stream Mach number. The curve obtained by Oswatftsch
is included for comparison.

The experimental maximum total-pressure recoveries ob~ined with
each of the cones are com@Yed with the theoretical maximum values in
figure 12, and the internal contraction ratios for which these recov-

.

cries were obtained are compred with the maximum theoretical contraction
,

@YFngy3+LJ
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ratios given by one-dimensional theory. For the straight inlet, the
experimentally determined optimum contraction ratios lie quite close
to the theoretical curves except for that of the 30° cone, for which
the optimum mntraction ratio i.aconsiderably above the theoretical
maximum. The reason l?orthis excessive optimum contraction ratio.is
unknown,

The variation of the mximum total-pressure recoveries with cone
angle for the straight inlet is s~ilar to the theoretical variation,
although the data points are from 2 to 8 prcent below the higher
theoretical curve. Some of this difference maybe attributed to
total-pressure losses in the subsonic part of the diffuser. The high
recovery obtained with the 20° cone with straight inlet is probably
due to the additional oblique shock from the entrance lip tuward the
interior. This additional shock should be especially valuable with
small cone angles for which ~ is still fairly large. It should be
noted that the 30° cone, whose optimum contraction ratio is con-
siderably above the theoretical value, yields a maximum total-pressure
recovery somewhat low in comparison with the recovery obtained with
the 20° cone.

With the straight lnletj the 20°, 30°, and 40° cones gave maximum
values of P4/PO at values of Ae/A2 greater than the maximum theo-
retical values (fig. 12). This discrepancy cannot be explained by
assuming an error in the approximation of & for these cones because
this a~proximtion is very close to the minimum possible value. For
the 60° cone, on the other hand, the optimum contraction ratio is
slightly less than the theoretical maximum contraction ratio. With
this particular configuration, the maximum recovery ocourred with
subcritical flow (fig. 5(i)) for which an optimum value of &/A2
of 1.0 is to be expected.

With the curved inlet the optimum contz%a.ctionratio was below
the theoretical maximmn for all cones tested because, for larger
contraction ratios (smaller tip projections), the oblique shocks did
not pass outside the entrance lip and consequently a bow wave formed
ahead of the diffuser inlet for the reason previously stated. The
maximum total-pressure recovery (fig. 12) was below that obtained
with the straight inlet for all except the 60° and the 70° cones.
With these two cones, the highest recoveries were obtained with
subsonic entrance flow for which internal contraction ratios less
than 1.0 (expansions) are not harmful. (The points for the 20°
cone with the curved inlet should be disregarded because no optimum
values were obtained for this configuration, fig. 9(a).)

For the straight inlet, therefore, the condition for optinnm
tip projection is that the internal contraction ratio must be . .
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a-~yoxirnately
will permit a

Et@m2Ew.‘“7

eq~l .tothe maximum theoretical contraction ratio which
nozmal.shock at Mach mmber & to enter the “diffuser

i nleti l?orthe curved inlet, the condition is that the obiique shock
must wss just outside the entrance lip, The extent to which these con-
ditions apply may be seen from the following table:

i ;Tlp projec-! Experimental
,Minimumtip :tion.for ; ‘tipprojec-

Cone Inlet \projection :maximum i tion for
(deg) ~ !fok-external!“theoretical’maximum

t
i ;Ob:iyn,;~~c~~*/A: ~1”)

; I ;?. )In.

!%raighti i,66 ; .i”.94-:‘:: :
---do--~ 1.52 1“

1.99 ,:.!

40. ---W--J 1,28 , 1.52
50 ---do--J 1.08 1.22
60 ---dO,--’ .88

,98 1.:
I

20 Curved! 1.50 I 1.80.
30 ---do---, 1.38 I 1.14
40 ---do---l”--“~.16 ---

I
.93

50 ---do---! .98 .81 !-
60 ---do---!“’ ,80 .65

2.875
‘1.80
1.50 ‘
1.25
1.175_

Not determined
1.55
1.25 “““- ““
1.125
;925 _ -.

Because for the configurationswith the straight inlet the obliqu~
shock was outside.beforethe maximum theoretical.internal contraction
was reached, only the contraction-ratiocondition is significant.

The optimum tip projection was determined for the ourved inlet
by the condition that the oblique shock mus~apss outside the entrance
lip. The lower total-pressure recoveries objained with.the curved
inlet for the 20°1 30°) 40°) and 50° cones are probably due to the
limitation in internal contraction ratio”imposed by the oblique-shock
condition. There is no reason to suppose that_theee recoveries could
not be raised to values obtained with the s<raight ~lgt_by altering
the geometry of’th,ecurved inlbt to gitieop~im@”.inte~l_ contr~ction
while an external oblique shoe is maintaineil.

%

-----
I~”&much as the to;al-

pressure recoveries for the 60 and the_70°cone6 were.greater for~the
curved than for the straight inle~j a smooth turning of the flow may
be of some advantage, at any rate for suhsoiilcenttince flow.

,
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—
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—

—
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SUMMARY OF RESULTS

An investigation in the Cleveland 18- by 18-inch supersonic tunnel
of the total-pressure recovery obtainable with shock diffusers that
have single-shock pro~ecting cones gave the following results:

1. The maximum total-pressure recovery was obtained with a 50°
cone in combination with a straight inlet. At an angle of attack of
0°, an outlet total pressure of 92.2 yorcent of the free-stream value
was attained with this configuration. At an angle of attack of @,
this value was reduced,to 90.8 percent o? the free-stream value.
These total-pressure recoveries corroaynd to officiencicm of kinetic-
energy conversion of 96,6 and 95.6 percent, res ectively.

8
Sevezal

other confi~urations at an angle of attack of O yielded total-
pressure recoveries greater th~ 90 Tercon’t(efficiencies greater than
95.5 percent). (The maximum theoretical total-pressure recovery for
a convergent-divergentdiffuser is 89 yercent, whereas the maximum
experimental recovery thus far attatnod is 83.9 percent (efficiency,
92.5 precent).)

2. Those maximum recoveries were obtained with subsonic entrance
flow and high recoveries were maintained throughout the subcritical
region with tho 50° and 60° cones.

3. An optimum tip projection was found for each cone-inlet com-
bination tested. With external oblique shocks, this optimum tip
projection occurred when the internal contraction ratio was approxi-
mately equal to the maximum theoretical contraction ratio allowable
to permit entry of a nozmal shock at the entranco Mach number.

4. The variation of maximum total-pressure recovery with cone
angle was found to be in approximate agreement with theoretical
predictions.

Flight Proplusion Research Laboratory,
National Advisory Committeo for Aeronautics,

Cleveland, Ohio.
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lnl~t; L, I .55 inches;

A4/A1, 1 .336; p4/pO, 0-495;

angle of attack, OO.
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Figs. 8a, b,c

(b) Subcritical flow with ogti -
mum tip projection: 40

cone; straight inlet; L,
I .5o inches; A4/Ai/ 0.705

P41 Po, 0.900; angle of

attack, OO.
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(c) Supercri tical flow with op-
timum tip projection: 4CP

cone; straight inlet; L,
1.50 inches; A4/Ai2 1.4to;

P4/Po, 0.500; angie of

attack, OO.

Figure 8. - Schlieren photographs of typical flow patterns.
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totai-pressure recovery ob- total-pressure recove~:
~ 00

tained with angie of attack
cone; straight iniet; L,
i.i75 inches; A4/Ai, 0.544;

of 5°. 50° cone; straight
iniet; L, i.25 inches; P4/ P @ 0.9i2; angie of

A4/Ail 0.705; P4/Poj 0.908. attack, OO.

NACA
C-17177
11-8-46

(f) Subcritical fiow with high
total-pressure recovery: 60°

cone; curved iniet; L, 0.925
inch; A4/Ai, 0.760; p4/p0,

0.893; angie of attack, OO.

Figure 8. - Concluded. Schl ieren photographs of typicai

fiow patterns.
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Figure 10.. Variation of maximum theoretical total-pressure
reoovery of single-shock cliffuser with cone angle for
various Mach numbers.
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Fig- II NACA RM No. E6K27

I —Ae/A2 =(Ae/A2)mx for Me = M.
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\> —.— Me = ?41; Ae = A2 (reference 2)
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