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INVESTIGATION OF SHOCK DIFFUSERS AT MACH NUMBER 1.85
I - PROJECTING SINGLE-SHOCK CONES

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

SUMMARY

In an investigation conducted in the Cleveland 18- by 18-inch
supersonic tunnel to determine design conditions for optimum perform-
ance of shock diffusers results were obtalned at a Mach number of 1.85
with a series of Brojecting single~-shoock cones having argles of 20°,
309, 40°, 50°, 60”, and 70°, Fach cone was tested with a curved and
with & straight diffuser-inlet section. The variation of total-
pressure recovery with tip projection and outlet ares was investigated
for each cone to determine optimum contraction ratiocs and shock
locationa. -The effect of angle of attack was also investigated for
geveral configurations.

The maximum total-pressure recovery was obtained with the, 50°
cone using s straight inlet. At an angle of attack of 0°, an outlet
total pressure of 92.2 percent of the free-stream value was attalned.
At an angle of attack of 5°, this value was reduced to 90.8 percent
of the free-stream value. These total-pressure recoveries correspond
to efficlencles of kinetic-snergy conversion of 96.6 and 95.8 percent,
respeotively. Several other configurstions gave total-pressure
recoveries greater than 90 percent at an angle of attack of 0°,

In many tests, particularly with the larger cone angles, the
totel-preassure recovery in the vicinity of the maximum recovery was
insensitive %o changes in outlet area, The highest total-pressure
recoveries were obtalned with subsonlc entrance flow. )

INTRODUCTION

For efficient conversion of the kinstlic energy of a supersonic
alr stream lnto ram preassure, the flow must be decelerated to low
supersonic Mach numbers before the normal shock occurs. The dsceler-
ation may be accomplished with small total-pressure loss by conkracting
the flow in a converging channel or by locating one or more oblique
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shocks shead of the diffuser inlet. With the first method, the amowunt
of decsleration allowable before the occurrence of the normal shock

is limited because the normal shock will not enter the diffuser when
the contraction ratic of the convergent channel is great enough to
accelorate the subsonic flow behind the normal shock to sonlc velociby.
(See veforence 1.) With the second method (that is, with e shock
diffuser) no such theoretical limitation exists. The supersonlc
stream may be theoretically reduced to sonic veloclty with nogligible
total-pressure loss if a sufficient number of obligua shocks of emall
intensity can be located ahead of the diffuser Iinlet.

Experiments with shock diffusers have been conducted by Oswatitsch
(references 2 and 3), who determined the perfcermence of shock diffusers
having several types of projecting cone and several diffuser-inlet
dsalgns. One of these configurations ylelded efflciencies greater
than the theoretical maximum gttainable with convergent- divorgent dif -
fusers at the same Mach nuwbers.

An investigation i1s being'conducted in the Cleveland 18- by 18-inch
supersonic tunnel to determins the sffect on the peiformance of shock
diffusers.of varying the. form of the projecting cones, the contraction
ratios, and the inlet design: The results obtalned with a serles of
single~shock cones in combination with a straight and with a curved

inlet section are presented in thie report. The effect of angle of
attack was also investigated for several configurations.

SYMBOLS

The notation used at the shock-diffuser inlet is shown in figure 1.
The symbols used in the report are defined as follows:

A area
Aq inlet area wilth cone removed
Ap/Ap  total contraction ratio

Ag/hp  internal contraction ratio

L tip projection, inches
M Mach nuwber
P tatal pressureg

Sipmant]
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D gtatic pressure
v velocity
¥4 ratio of specific heats
1 efficiency of kinetic-energy conversion
8c half-engle of cone, degrees
A angle hetween flow divection and free-stream direction
P density
¥ angls between conical ray and free-gtream direction
Subscripts:
0 condltions in free stream -
1 conditions immedistely hehind oblique shock
) 2 conditions at minimum flow area
. 3 conditions behind normel shock
4 conditlons at diffuser outlet
c conditions on cone surface
cr critical valuss
e - conditions at diffuser entrance

APPARATTS AND PROCEDURE

The data premented were obtained 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 calibrated 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 thils meshod are accurate within about 2 percent. The
relative total-pressure recoveries obtainsd in the investigation,
however, are accurate within about 0.5 percent. The Reynolds mumber
at the diffuser, based on the maximm diffuser diameter (4% in.), is

anproximately 1.34 X 106, a11 pressures were photogrephically
recorded from a multiple-tube mercury manometer. Visual and photo-
grephic observatlions of the flow into the diffuser Inlet were madse
with & two-mirror schlisren apparatus.

e
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The model used is shown in figure 2(a). The conical damper
located at the rear of the cylindrical simulated combustion chamber
was used to vary the outlet ares of the flow through the diffuser.
The pitot-static rake, located as shown in the figure, was used to
obtain pressures at the diffuser outlet. During each test, these
presgsures were recorded for several values of the outlet area,

A section of the diffuser body showing the location of the
internsl support for the projecting cones is presented in Ffigure 2(b).
The cone support ils faired back into the subsonic poxrtion of the
diffuser and is mounted with four struts having biconvex cross
sections and a thickness ratio of 13 percent. The cone support was
degigned to permit instrumentation of the projecting conss; 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-pressure recoveries rather than the pressure distridbutions on

the cone surface, no pressure tubes were installed in the support
body.

The 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 i1s replacesble. A straight
inlet (fig. 2(c¢)) and e curved inlet (fig. 2(d)) were used wlth each
cone,

The six cones used are shown in figure 3. The tip projections
of the cones (&lstance from tip to diffuser inlet) were varied in
succegalve steps of ons-eighth inch, The theoretical location of
the obligue shock relative to the two inlets is indicated for each
cone at minimum tip projection. Bscause the angle of the ailr stream
at the entrance lip varied with cons angle and wlth tip projection,

a different inlet would be required for each cone at each tip pro-
Jjection to obtain the best nossible performance. In order to expedite
the determination of optimum total-pressure recoveries, 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 occurg at the mini-
mum tip projections. Because the form and location of such a bow wave
is not readlly determinable, 1t is not shown in figure 3.

THECRY
Because the flow direction is not uniform in the field between

the oblique shcock and the cone .surface, the theoretical flow areas
Ag end Ay and the average entrance Mach number M, can be exactly

& r
SEONFIDENTIAL
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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 approximstions were considered sufficiently
accurate (see fig, 1):

1. The entrance Mach number My was assumed equal to the aver-
age of M, and M;, where M, is known from conlcal-flow theory

and M; is known from oblique-shock theory.

2. The approximate free-stream flow area Ay was determined
for all except the 70° cone by sketching the limiting streamline of
the entering flow, The direction of the streamline gt the oblique
ghock is known from oblique-shock theory. In order to determine the
direction at other points, & linear variation of the flow angle A
with the engle ¥ of a ray from the cone tip was assumed in the
region between the shock and the cone surface.

For the 709 cone, M, is egual to 0.94 and M; ie 1.05; hence,

- M, 1is lesa than 1.0. Because there is splllage of the flow sround
the entrance lip when M, is subasonic, the method described for
. determining Ay 1is Justified only if My i1s greater than 1,0, For

the TOC cone an alternative method, using the constent-mass-flow
relation, was therefore used to determine Ap:

(Ve
fp_ (pvjezcr Ps (1)
Ay (DV)O Py
_(pv)o’cr

where the ratios (pV)/(pV),, are the reciprocal of the contraction

ratios required to isentropically lower the local Mach number to unity.
Because M, 1s nearly equal to 1.0 for the T0° come, (pV)e/(pV)e,cr

was assumed equal to 1.0, For an M, of 1.85, (pV)O/(pV)O,CI. is
equal to 0.869 and Pg/Py 1s equal to 0.90. Hence, for the 70° cone,
Ay = 1.345 A,

A sufficiently close approximation for A, was obtailned by
gssuning that the flow at the inlet 1s parallel to the cons surfacs.
(See fig. 1.) This assumption gives the minimum possible area for
the entrance flow. (The actual minimum Ay 1is glven by a catenary
curve, but the difference between this valus and the ares normal %o

SONPIIENTIAL  ;
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the cone surface was found to be negligible.) The maximum error
resulting from this approximation was determlned by comparing the
resulting A, with the upper limit for this value (4¢ perpendic-
ular to the free-stream direction). For the most unfavorable case
(6C° cone, L = 0.8 in.) the difference between the lower limit and
the upper limit was about 6 percent, For émaller cone angles, the
maximum error was conglderably less. Inaesmuch as the flow at the
cone gurface is known to be parallel to that surface, the lower limit
should be much nearer the resl value than the upper limit. The var-
lation of Ae/Az with tip projection is shown for each cone-inlet
combingtion in figure 4.

Two flow conditions must be distinguished in determining the
theoretical variation of Py with A4. These condltions will be
designated the supercritical and the suboritical, In the
gsupsrcritical-flow reglon, the mass flow through the diffuser remeins
constant as A4 1is varied. For thls region the theoretical curve
of total-pressure recovery agalnst outlet area is given by the
equation:

Pahy (oV)g 49
Pohy  (oV) Ay

(2)

O,cr

In the subcritical region, the normal shock stands outsilde the
diffuser inlet and the mass-Tlow varies with changes in outlet area.
The theoreitlcal total-pressure recovery under these condltions may
be caloulated if the flow shead of the normal shock 1s assumed to
remain unaffected as the noimal shock moves outward and if any losses
resulting from epillage of the enftrance flow are neglected. With
these assumptions, the theoretical recovery remslns constant as Ay
ig varied and is equal to the product of the total-pressure ratlios
across the obligue 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 Mg. As the
angle of the projJecting cones increasses, My decreases and the
totel-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 subcritlical region,

The value of A4 for which trensition from supercritical to

gubcritical flow takes place was calculated as follows: If the
contraction ratio Ag/Az is sufficiently small, the normal shock

e rivrras . J
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1ls located inside the diffuser past the minimum ares for values of
A, in the supercritical regilon. When the flow area at the location

of the normal shock is equal to Ay, +the normal shock ocours at a
Mach number My, as previously determined. As A4 1s decreased,

the normal shock advaunces toward the diffuser inlet. The critiecal
A4 1is obtained when the normal shock is at the minimum area Ag.

The Mach number at this minimum ares is determined from Ag/Ap. The
critical value of A4fA; may then be determined from equation (1);
P4/Py 1is taken equal to the product of the total-pressure ratios

across the oblique shock and across the normal shock that occurs at
Mach number M, When M, i subsonic, as with 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/A1 is in the supercritical region. If the normal
ghock 1s forced to remain ahead of the inlet, elther because the

~ engle of deflection at the inlet is too great or because the inter-
ngl contraction ratio is too great, then Ay 1s less than the

theoretlcally determined values because the flow spills around the

- entrance lip. An egtimate of the conditions for which the normal
shock remains outside the diffuser for the inlets actually used
showed that, for the stralght inlet, an extermal bow wave would
occur for the large-angle cones. For these cones, however, the
inlet Mach number is sufficlently small that little advantage may
be expected from intermal contraction. With the curved inlet, on
the other hand, an extermal bow wave was to be expected for nearly
all cones and tip proJjections, but the angle of the entrance lip
provides a closer approximation to the actual entrance~flow direc-
tilon with large-angle cones than the straight inlet. Furthermore,
because the minimum area occurs at the inlet for most tip projectionsa
with this inlet, a normal shock at the entrance was desirable for
optimm total-pressure recovery.

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

- shock occurs at the inlet.

——
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Neither of the inlets was designed to gllow entry of the obligue
shocks into the dlffuser. With the siraight inlet, the total-flow
contraction becomes greater than the isentropic contraction ratio
from the free-stream Mach number to unity unless the obligue shock
1s somewhat sahead of the entrance lip. For the curved Inlet, as
previously stated, the angle of the entrence lip results in a bow
wave for most cones and tlp projections. -

RESULTS

For each cone-inlet combination the total-pressure recovery
wvag determined as a function of outlet-inlet area ratio for several
tip projections at an angle of attack of 0°. The effect of angle of
attack and the distribution of the pressures at the diffuser outlset
were algo determined for the configurations giving the highest total-
pressure recoveries. The experimental results are compared with
theoretical cglgulations, and schlieren photogrephs of typical flow
patterns are presented.

Variation of total-pressure recovery with outlet area. - The
experimental data points are presented 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/Ao

because Aj 1is a geometrical constant for each inlet, whereas Ag
is an approximetion. The thecretically computed veriaetion of P4/Po

with Ag/A; is included for comparison. The theoretical critical
area ratio (Ag/A1)sp 1s glven in each case by the upper limit of

the supercritical portion of the theoretical curves. The subocritical
theoretical lines are dashed to indicate that the assumptions used to
calculate them are incomplete. The fact that most of the data pointa
in the supercritical region fall to the right of the theoretical
curves 1s to be expected because any boundary-layer build-up at the
diffuser outlet tends to make the flow aree less than the measured
goometrical area. Any total-temperature losses in the subsonic
portion of the diffueer would alsoc tend to make P4/PO for a given
AyfA; greater then the theoretically predicted values. In the tests
for whioch date points fell very closs to, or to the left of, the
theoretical curves, the normal shock remained outside the diffuser
inlet during the entlire run. Under these conditions some of the flow
spilis around the diffuser entrance lip, and consequently the actual
Ap becomes less than the theoretically calculated value. (See

figs. 5(c), 5(e), 5(g), and 5(1).)

In agreement with-theoretical predictions, the subcritical total-
pressure recoveries vary with cone angle. For most of the configurations,
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Py /Pog decreases with A4/A; 1in this region, which indicates that

the subcritical flow ig more complicated than essumed. This decrease
of PyfPg, however, becomes less as the cone angle increases. With
the 50° and 60° cones (figs. 5(g), 5(n), 5(1), and 5(J)), & high
pressure recovery is maintained throughout the subcritical region for
some tip projections. It should also be noted thet in the vicinity
of the maximum total-pressure recovery, Py/Pg becomes less sensitive

to variation in Ag/Ay as the cone angle increases. Schlieren

obgervations showed that for the 60° cone the highest total-pressure
recoveries were obtained with subcritical inlet flow,

The maximum total-pressure recovery (Pg/Pp = 0.922) was obtained
with the 50° cons, using the straight inlet and a tip projection of
1.25 inches (fig. 5{g)). With the curved inlet, the best recovery
(P4/Po = 0.917) was obtained with the 60° cone at a tip projection of
0.925 inch (fig. 5(3)). These recoveries correspond to efficiencies
of kinetic-energyv conversion of 96.6 and 26.4 percent, respectively.
These experimental efficiencles ars greater than the maxinum theoret-
ically obtainable (95.5 percent) with & convergent-divergent diffuser
designed to allow entry of the normal shock. The maximum eXperimental
efficiency yet reported with a convergent-divergent diffuser 1s
92.5 percent (P4/Pg = 0.839). (See reference 5.) The relation

between P4/Pg and 7, as defined in reference 1, is given in the
notation of thie papsr by the equation

7-1

2 Po )7
Tl=l-(',~'-l) Mo’ P—4> o *

Effect of angle of attack. - The effect of angle of attack on
the total-preusure recoveries for the three best configurations i1s
shown in figure 6. When the argle of attack was Ilncreased.to 5°,
the maximum total-pressure ratio dropped from 0.922 to 0,508 for the
50° cone with the straight inlet (fig. 6(a)) With the curved inlet,
the maximum total-pressure ratio dropped from 0.913 to 0.863 for the
50° cone and from 0.914 to 0.875 For the 50° cous {(figs. 6(b) .
and 6(c), respectiveiy:. These results confirm those of Oswatitsch
(reference 2), who fouwad that the effect of angle of attack was
smsll for the shock diffuser that he investigated.

Pressure distribution at diffuser outlet. - In figure 7, the
total-and static-pressure distribution at the inlet of the simulated
combustion chamber is plotted for the configuration giving the maximum

Eg@" {(F TDENTTAT,
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total~pressure recovery. (See fig. 5(g).) The static-pressure dis-
tribution (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-chamber inlet. This velocity distri-
bution is seen to be satisfactory for values of Ayg/A4 mnear the
critlcal value. TFor grester values of A4/Ai, the presence of the
outlet for the pressure tubes (fig. 2(b)) apparently disturbed the
regularity of the flow. TIn the region of interest (near the
critical A4/A4) the presence of the central cone, lts support body,
the supporting struts, and the pressure-tube outlet had no serious
effect on the regularity of the velocity distribution.

Typical inlet flow patterms. - Soms typical flow patterns
observed with schlieren photographs for various cone-inlet combi-
nations are shown in figure 8. Figure 8(a) is a photograph of a
typical schlieren pattern obtained when the total contraction ratio
was too great, There 1g some spillage of the flow, although Ag/A4
1s far in the supercritical region. The double image of the obligue
shock indicates that a vibration of the shock pattern may be taking
Place. Thls photograph was obtained for a test using the 30° cone
with a straight inlet, a tip projection of 1.55 inches, end an angle
of attack of 0°. (8ee fig. 5(c).) The disturbances on the outside
of the diffuser body arise from the pressurd® tubes uged for determining
internal pressure distribution. These tubes were not used in the tests.

The types of flow pattern obtained in the subcritical reglon
end in the supercritical region with optimum tip projectiona are
shown in figures 8(b} and 8(c), respectively. The configuration
shown is the 40° cone with the straight inlet, a tip projection of
1.50 inches, and an angle of attack of 0°. With subcritical flow
(fig. 8(b)) a somewhat complicated shock pattern is obtained, and
there is some spillage of the flow around the entrance 1lip. The
faint dark line parallel to the diffuser inlet is the projection of
the bow wave and should not be interpreted as an additional shock.
The totel-pressure recovery for this condition ig only slightly less
than the maximum obtained at this tip projection. (BSee fig 5(e).)
The supercritical flow pattern for the same configuration is shown in
figure 8(c¢). The bow wave now curves toward 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 three-
dimensional bow wave. A mecond oblique shock appearsd to be ress.t
in the field between the cone tip and the diffuser inlet. Such shocks
probably result from boundary-layer build-up and have a beneficial
effect on total-pressure recovery. Oswatitasch found that the maximum
total-pressure recovery of his shock diffusers was slightly decreased
when boundary-leyer suction was employed (reference 2).

Jg%ﬁﬁFIﬂENTTﬁif?
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The flow pattern at an angle of attack of 5° is shown in fig-
ure 8(d) for the configuration that ylelded the highest.total-pressure
recovery in the present investigation. (See fig. 5(g).) Again, as
in figure 8(b), a faint dark line, which is the projection of the bow,
wave, sppears ahead of the inlet, That a considerable portion of the
entrance £flow is subsonic may be deduced from the splllage around the
entrance lip. A separation of the boundary layer is visible on the
upper surface of the conse. -

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) 1s the straight inlet with tip pro-~
Jection of 0.925 inch. With the same cone but with curved inlet, the
best recovery was obtained with the flow pattern shown in figure 8(F).
The date for these two tests are plotted in figures 5(i) and 5(3),
respectively., These photographs, together with figure 8(d), show that
the best recoveries with the 50° and 60° cones were obtained with
subcriticel f£low.

Varistion of maximm total-pressure recovery with tip projection

and contraction ratios. - Maximum total-pressure recoveries obtained

- with the straight and the curved inlet are plotted in figure 9 agalnst
tip projection, total contraction ratio, and interhal contraction ratio
for each of the cones tested. For the 20° cons (fig. 9(a)) the optimm
tip projeotion occurs for the straight inlet at 2.875 inches, corre-
sponding to a total contraction ratio Ag/As = 1.37 eand an internal
contraction ratio Ag/Ap = 1.195. With the curved inlet the optimum
point was not determinable because the minimum tip projection attaln-
able was 2,5 inches. The date points indicate, however, that the
waximum Pg/Pp would fall below that obtained with the straight inlet.
An examination of the schlieren photographs for the straight-inlet
tests showed thet the noxmal shock remainsd outside the diffuser inlet
for tip projections less than 2.875 inches; consequently, lower total-
Pressure recoverlss were obtalned.

The variation of maximum Pé/PO with tip projection and contrac-

tion ratio is similar for each of the cones tested. The maximum
P4/Po drops quite rapidly as the tip projection is decreased or
increased from optimum. When M, is supersonic, the decrease In
Pé/Po with tip projections greater than optimum (Ae/Az less than
optimum) is to be expected, because the normal shock occurs at a
higher Mach number as Ae/Ag decreases, For tlp projections less

R than opbtimum the maximum P4/Py 1s probably lower because the normal
shock remains outside the diffuser entrance. With the 70° cone,
however, Mg is already subsonic, and the bow wave does not extend
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into the subsonlc region. For this cone, therefore, the reasons for
the decrease in total-pressure recovery for tip projections less than
and greater than optimum are less obvious. B

The maximum Py/Py at optimum tip projlection is greater for the
straight than for the curved inlet for all except the 60° and 70° cones
(fig. 9). TFor the 50° and 60° cones (figs. 9(d) and H(e)) total-
pressure recoveries above 90 psrcent were obtalned with the stralght
and with the curved inlet. '

ANALYSIS OF RESULTS

The meximum total-pressure recovery through & geries of obligque
shocks followed by ons normal shock vas determined theoretically by
Oswatitsch (reference 2) far a range of Mach nugbers from 1 to 4.

He found that the optimum recovery through guch a saeries of shocks

was obtalned when the statlc-pressure ratio was the same across each
shock, Theoretical recoverles higher than the values calculated by
Oswatitsch are possible with a shock dilffuser employing conical pro-
Jections. -The isentroplc compregsions between the shock and the cone
surface and from the inlet to the minimum internal area, not considered
by Oswatitesch, tend to lower the Mach nuwber at which the normal shock
tekes place and hence tend to ralse the maximum total-pressure recovery.

In the notation of figure 1, the assumptions made by Oswatitsch
correspond to a shock diffuser with minimum cross section at Ay and
with Mg = Mj. Theoretical curves based on the assumption that Ag/Ap
is equal to the mweximum allowable contraction ratio for a Mach number
of Mgy, according to one-dimensionsl~-flow theory, are plotted in
figures 10 and 11. Because My 1s not uniform agt-the inlet, two
curves were calculated: The solid and deshed curves correspond to the
assumptions that My = My and M, = M;, respectively. Because the
aversge Mg lies between these two extremes, the theoretlcal maximum
recoveries should lie between the dashed and solid curves. In fig-
ure 10 the theoretical recoveries are plotted against cone angle for
various Mach numbers. The maximum theoyetical recoveries are obtalned
with cone angles 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 Oswatitsch
is included for comparison. '

The experimental maximuin total-pressure recoveries obtalned with
sach of the cones are compdved with the theoretical maximum values in
Figure 12, and the internal contraction retios for which these recov-
eries were obtained are compared with the maximum theoretical contraction
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retios given by one-dimenslonal theory. For the straight inlet, the
experimentally determined optimum contractlion ratios lle quite close
to the theoretical curves except for that of the 30° come, for which
the optimum contraction ratio is considerably above the theoretical

maximum. The veason Tor this excessive optimum contraction ratio is
unknown.,

The variation of the maximum total-pressure recoveries with cons
angle for the straight inlet ig simllar to the theoretical variation,
although the date points are from 2 to 8 percent below the highsr
theoretlcal curve. Some of this difference may be attributed to
total-pressure losses in the subsonic pert of the diffuser. The high
recovery obtalned with the 20° cone with straight inlet is probably
due to the additional oblique shock from the entrance lip toward -the
interior. This additional shock should be especlally veluable with
small cone angles for which My is still fairly large. It should be
noted that the 30° cone, whose optimum comtraction ratio is con-
slderably above the theoretical value, ylelds a maximum total-pressure

recovery somewhat low in comparison wlth the recovery obtalned with
the 20° cons.

With the straight inlet, the 200, 30°, and 40° cones gave maximum
values of Py/Pop at values of Ag/Ap greater than the maximum theo-
retical values (fig. 12). This discrepancy cannot be explained by
assuming an error in the approximation of Ay for these cones because
thie approximation is very close to the minimum possible value. TFor
the 60° cone, on the other hand, the optimum contraction ratio is
glightly less than the theoretical maximwm conbtraction ratio. With
this partlicular configuration, the maximum recovery ococurred with
subcritical flow (fig. S5(i)) for which an optimum value of Ag/A2
of 1.0 is to be expected.

With the curved inlet the optimum contraction ratio was below
the theoretical maximum for all cones tested because, for larger
contraction ratios (smaller tip projections), the obliqus shocks did
not pass outside the entrance lip and consequently a bow wave formed
ahead of the diffuser inlet for the reason previocusly stated. The
maximum total~pressure recovery (fig. 12) was below that obtained
with the streight inlet for all except the 80° and the 70° cones.
With these two cones, the highest recoverles were obtained with
subsonic entrance flow for which internal contraction ratios less
than 1.0 (expansions) are not haymful. (The points for the 20°
cone with the curved inlet should bhe dlsregarded because no optimum
values were obtained for this configuration, fig. 9(a}.)

For the straight inlet, therefore, the condition for optimum
tip projection is that the internal contraction ratlo must be .
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g -mroximetely equal to the maximum theoretical contraction ratio which
will permit s normal shock at Mach number Mg to enter the diffuser
inlset For the curved inlet, the condition is that the oblique shock
muat rass Just outside the entrance 1ip. The extent to which these con-
ditions apply may be seen from the followlng table:

;Tip projec-, Experimental

l Minimum tip :tion. for  tip projec- -
Cone Inlet |projection ~ [maximum I tion for
(deg) ifor external [theoretical’ maximum
lobligue shock' Ag/Az - .P4/Po
| o (n) Mg =m) | (dm)
20 Straight = 1,66 . 2.94 2.875
30 . je=-GO~-= 1.52 | 1,99 7 1.80 B
40, f---do--4 . 1,28 . 1.52 1.50
50. ---do--+4  1.08 1.22 . 1.25
60 S P .88 | .98 *- 1.175_
20 Curvedf - 1.50 ! 1.80 . |Not determined
20 wmedo--=  1.38 SV 1.55
40 ~--do-= " T.16 ] .93 1.25
50 -=-do--= . .98 .81 1. 1.125
60  |---do=-- = .80 | w85 |- s -

. . i
Because for the configurations with the straight inlet the oblique
shock was outside before the maximum theoretical internal contraction
was reached, only the contraction-ratio condition is significant.

The optimum tip projection was determined for the curved inlet
by the conditlon that the oblique shock must pass outside the entrance
lip. The lower total pressure recoveries ob;ained with the curved
inlet for the 20°, 30°, 409, and 50° cones are probably due to the
limitation in 1nterna1 contraction ratio imposed by the oblique-shock
condition. There 18 no reason to suppose that thesge recoverles could
not be ralsed to values obtalned with the straight inlet by altering
the geométry of the curved inlet t6 give optimum. internal contrgction
while an external obligue shocg is meintained. ZInaswuch as the toﬁal-
pressgure recoverles for the 60~ and the 70~ cones were greater for the
curved than for the straight inlet, a smooth turning of the flow may
be of scme advantage, at any rate for subgonic entrance flow.

14
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SUMMARY OF RESULTS

An investigatlion in the Cleveland 18- by 18-inch supersonic tunnel
of the total-pressure recovery obtalnable with shock diffusers that
have single-shock projecting cones gave the following results:

1. The maximum total-pressure recovery was obtained with a 50°
cone in combination with a stralght inlet. At an angle of attack of
0°, an outlet total pressure of 92.2 porcent of the free-stream value
was attained with this configuration. At an angle of attack of 5°,
this value was reduced to 90.8 percent of the freoe-stream value.

These total-pressure recoverles corrospcond to ofificiencles of kinetilc-
energy conversion of 96.6 and 85.6 percent, resgectively. Several
other configurations at an angle of attack of 0~ ylelded total-
pressure recoveries greater than 90 percent (efficiencies greater than
95.5 percent). (The maximum theoretical total-pressure recovery for
g convergent-divergent diffuser is 89 percent, wherecas the maximum
experimental recovery thus far attained is 83.9 percent (efficilency,
92.5 precent).)

2. Those maximum recoveries were obtalned with subsonic entrance
. flow and high recoveries were maintained throughout the subcritical
region with the 50° and 80° cones.

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

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

Flight Proplusion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Total-pressure recovery, P4/P0
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Total-pressure recovery, P4/PO
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: NACA RM No. E6K27 JFONETDENTIAL Figs. 8a,b,c

- e

{a) Supercritical flow with tip {(b) Subcritical flow with opti-

projection less than opti- mum tip projection: 40°
mum: 30° cone; straight cone; straight inlet; L,
. iniet; L, 1.55 inches; .50 inches; A /A;, 0.705
Ag/Ay, 1.336; Py/Pg, 0.495; P,/ Pgs 0.900; angle of
o
angle of attack, Ov. attack, 0°.

NACA
c-17176

11-8-46

(c) Supercritical flow with op-
timum tip projection: 40°
cone; straight inlet; L,
.50 inches; A4/A;, 1.410;
. P4 /Pgs 0.500; angle of

attack, 0°.

Figure 8. - Schiieren photographs of typical flow patterns.
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Subcritical fliow for highest
total-pressure recovery ob-—
tained with angie of attack
of 5°. 50° cone; straight
inlet; L, |.25 Inches;
AglAy, 0.705; P4/PO, 0.908.
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subcritical fiow with high
total-pressure recovery:
cone; straight inlet; L,
I.175 inches; A,/A;, 0.544;
P4/Po, 0.912; angle of

attack, 0°.

60°

NACA
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{f} Subcritical flow with high
total-pressure recovery: 60°
cone; curved inlet; L, 0.925
inch; AglAy, 0.760; P4/PO,

0.893; angle of attack, O0°.

Figure 8. Concluded. Schlieren photographs of typical

flow patterns.
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Figure 10.~ Variation of maximum theoretical total-pressure
recovery of single-shock diffuser with cone angle for
various Mach numbers.

EONFIDENTIAL?
T ———r——


http://www.abbottaerospace.com/technical-library

Security Classification of ThisrReportrEes Beensdance

Fig. 11 FEorrioenT NACA RM No. E6K27
Ae/Ag = (Ag/Ag) i, TOP Mg = Mgy
1.0 S — — —A/hy = (Ag/Ap)p,, TOT Mg = My
\\\> \ —_———Mg = My; Ae = Ap (reference 2)
W\ N
’ ‘\\\ NATIONAL ADVISORY
. \ COMMITTEE FOR AERONAUTICS
v\
\ \\\
.8 Y
i W
- M\
o> v\
R o\
& -7 Y\
Y
" \ )
f TN
2 \
o vy
Eee R
; \
» X \
: VA
3 AN
-
2 —3
g N \
g .4 AR
P {0\
= N W\
\
-3 W
\\
A\
N
.2 N
1.0 1.8 2.6 3.4 4.2 5.0

Free-stream Mach number, Mg

Figure 1l,- Varlation of maximum theoretical total=pressure
recovery of single-shock diffuser with Mach number for

several assumptions,

ReonFioenTTAL

tlq


http://www.abbottaerospace.com/technical-library

67k

NACA RM No. E6K27 MJDENHMJ Fig. 12

" NATIONAL ADVISORY
g COMMITTEE FOR AERONAUTICS
g™
73 o
] 5
T g T &
et - \\ = — ~“
. ~~ 0
EEEEE “::—1 Sy
——— N\\‘
555 0 I s i U
£Q0 q e
QEQ . o
9
2
~ 0o
295
Lo °
Vin (]
PP Q
Fen .80
o]
.98
L] \
I ISPRES Sep N
’é / ’ﬂ” \'R
~E oa "] e N
n.o "/ . \
\e ’,/ - Y
8. P ]
S - o @ N
”
. ) AN
£ .90}« N
I S
o 8 °
= o
- 4 (o]
5 .88
[';]
]
4
5 Inlet
< a Straight
L .82 o Curved -
o ) Theoretical: N, = Mg
g | 1V 1 v |1 { t{t-—-—-- Theoretical: Mg = M,
E
'5 ]
= .78
20 . 28 36 4 52 60 68

Cone angle, 26,, deg

Flgure 12.- Varlation of maximum theoretical and experimental total-
pressure recovery and i{nternal contraction ratio with cone angle,

5N F I DENTIA o


http://www.abbottaerospace.com/technical-library

