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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE 3767 

THE USE OF PERFORATED INLETS FOR EFFICIENT 

SUPERSONIC DIFFUSIONl 

By John C. Evvard and John VI. Blakey 

The use of ,vall perforations on supersonic diffusers to avoid 
the internal contraction-ratio limitation is described. Experimental 
results at a Mach number of 1.85 on a preliminary model of a perforated 
diffuser having a geometric internal contraction ratio of 1.49 (the 
isentropic value) are presented. A theoretical discussion of the 
flow coefficients as well as the size and the spacing of the perfora
tions is also included. At angles of attack of 00 , 30 , and 50, total
pressure recoveries of 0.931, 0.920, and 0.906, respectively, were 
obtained. 

INTRODUCTION 

Supersonic diffusion may be most easily accomplished by means 
of a normal shock. Associated with this discontinuous process is a 
progressive decrease in the total-pressure recovery ratio as the Mach 
number is increased. The losses in total pressure across the shock 
may be minimized, however, by decelerating the supersonic stream by 
means of stream contraction to a low supersonic Mach number before 
the shock occurs. 

The usable stream contraction and the amount of stream decelera
tion is limited on some types of supersonic diffuser. If the internal 
contraction ratio (the entrance area divided by the throat area) of 
the diffuser is made too large, the entrance mass flow will not pass 
through the throat of the diffuser, choking will occur, and a normal 
shock and bow wave configuration will form ahead of the inlet. The 
shock will not be swallowed again by the diffuser until the internal 
contraction allows the subsonic stream behind the normal shock to be 
accelerated to a Mach number of unity at the throat. This value of 

, the contraction ratio is less than required for isentropic supersonic 

ISupersedes recently declassified NACA Research Memorandum E5lBIO 
by John C. Evvard and John VI . Blakey, 1951. 
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diffusion. In the design of a supersonic diffuser, either a 10s8 in 
total pressure must therefore be accepted or some means must be pro
vided to prevent choking; 

One method to prevent choking that has been effectively applied 
is to accomplish the supersonic diffusion ahead of the inlet (such 
as on a conical shock diffuser). During the starting operation, the 
subsonic mass flow behind the normal shock, which will not pass through 
the throat of the diffuser, spills over the edge. Investigations of 
shock or spike diffusers have been reported in references 1 to 5. 
Although the pressure recoveries that may be obtained with the spike 
diffusers are very satisfactory, the external wave drag of this type 
diffuser is likely to be large unless t he position of the shocks is 
carefully controlled. Furthermore, the high recoveries of total pres
sure may be obtained only on single units because, if the diffuser is 
operated in cascade (such as on a supersonic compressor) or if the 
diffuBer is confined as a second throat in a supersonic tunnel, the 
flow spillage that allows the diffuser to start may be prevented. 

The convergent- divergent type diffUser investigated by Kantrowitz 
and Donaldson (ref. 6 ) and by Wyatt and Hunczak (ref. 7) need not have 
a shock in the vicinity of the entrance. This diffuser should there
fore be less critical with respect to external wave drag than the 
shock diffuser. Because no spillage is required for starting, the 
diffuser may be operated at the design Mach number in cascade or as 
the second throat of a supersonic wind tunnel . The main disadvan-
tage of the convergent-divergent diffuser investigated heretofore is 
that the contraction ratio on the supersonic portion must be less than 
the contraction ratio required to decelerate the free stream isentropi
cally to unity because of starting difficulties. This diffuser then 
inherently accepts a loss in total pressure. In addition, the normal 
shock must be located near the throat of the diffuser for optimum pres
sure recovery and, consequently, a slight increase in back pressure can 
cause the shock to jump irreversibly ahead of the inlet, which leads 
to a discontinuity of mass .flow and pressure recovery. 

A simple modification that may be made to the convergent-divergent 
diffuser, which removes the contraction-ratio limitation established by 
Kantrowitz and Donaldson (ref. 6 ) i s described. Results obtained dur
ing November, 1946, with a preliminary experimental model at a Mach num
ber of 1.85 are also i ncluded . 
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FUNCTION OF PERFORATIONS 

If d.iffusion is attempted by means of a reversed de Laval nozzle, 
a normal shock will form ahead of the inlet as required by the theory 
of reference 6 and the supersonic diffusion process will not be 
established. Under this condition a high pressure differential will 
exist between the inner and outer surfaces of the convergent portion 
of the diffuser. If a succession of holes or perforations are drilled 
in the diffuser, part of the subsonic mass flow entering the inlet 
will pass through the perforations, the flow spilled over the inlet 
will decrease, and the shock will move nearer to the inlet (fig. l(a». 
If a sufficient number of holes is drilled in the diffuser, the normal 

·shock will pass through the inlet as in figures l(b) and l(c). 

As the shock is swallowed by the diffuser, supersonic flow will 
be established in the conver~nt inlet. The density and the static 
pressure will then have low values corresponding to the local super
sonic Mach number and a law pressure differential will exist across 
the orifices. Likewise, the orifices become less effective as the 
Mach number is increased because the high-speed air has less time to 
swerve and pass through the holes. Each of these factors tends to 
reduce the loss of mass flow through the perforations as compared with 
the subsonic regime. The perforations thus act as automatic valves, 
which are open during the starting process and partly closed (in terms 
of mass flow rate) during operation. The contraction ratio of the 
convergent-divergent diffuser may then be extended beyond the limit 
originally described in reference 6. In fact, if additional entrance 
area is included to account for the mass flow lost through the holes 
in the supersonic regime, compression to a Mach number near unity at 
the throat may be achieved. A theoretical treatment of the area dis
tribution of the perforations and the diffuser cross-sectional area 
distribution as a function of Mach number is presented in the appendix. 

If the area of the perforations is uniformly increased beyond 
the minimum value required for shock entrance, the shock may be located 
at any station in the convergent portion of the diffuser and the flow 
through the throat of the diffuser will be subsonic. Under these con
ditiOns , the mass flow rate will be continuous through the diffuser 
and in fact, if a transient pressure disturbance should force the shock 
ahead of the inlet) the shock would again be swallowed by the diffuser 
as soon as the disturbance ceased . The irreversible discontinuity in 
per formance associated with operation of the usual convergent - divergent 
diffuser is thus eliminated . The action of the perforations in the 
control of the boundary layer should also be noted . 

3 



4 NACA TN 3767 

APPARATUS AND PROCEDURE 

A preli~inary model of a perforated supersonic diffuser was built 
for an investigation at a Mach number of 1.85 in the 18- by IS - inch 
supersonic tmmel at the NACA Lewis laboratory . This model, machined 
of plast lc (fig. 2(a)), cormists of a converging inlet having an 
internal geometric contraction ratio of 1. 49 , t he isentropic value for 
l'<ach number of 1.85. The inlet was at tached. to the 50 conical subsonic 
diffuser diagrammed in figure 2(b). The flow through the diffuser was 
controlled by a 900 conical da.."D.per at the diffuser exit . 

The subs oni c portion of the diffuser was thoroughly instrumented 
for static-pressure distribu·cions; total- and static-pressure distri
butions at the diffuser exit ,.ere obtained with the rake shO"..nl in 
figure 2(c) . The free-stream total pr essures were obtained as described 
in reference 7. All pressures were photographically recorded on a 
multiple - tube mercury manometer board. 

Because the diffuser as firs t installed in the supersonic tunnel 
had an insuffic ient number of perforations, the normal shock would 
not enter the inlet. A mult iplicity of randomly spaced holes was 
then drilled by a trail procedure until the shock entered the inlet. 
A photograph of the final configuration is shown in figure 2 (a). The 
performance of the diffuser at a.ngles of attack of 00 , 30 , and 50 was 
determined for a Mach number of 1.85. 

RESULTS AND DISCUSSION 

The total-pressure recovery ratio obtained with the preliminary 
mode l of the perforated supersonic diffuser is plotted against the 
ratio of plenum-chamber outlet area to diffuser throat area in fig 
ure 3 . The portion of the curve at area ratios greater than about 
1 . 2 is approximately a rectangular hyperbola . ( See ref. 7.) In 
thi s regi on, t he mass flow rate through the diffuser is constant. 
It is therefore of int erest to note that the point giving the highest 
total-pressure recovery ratio at all measured angles of attack falls 
to the left of the n'yperbolic portion of the curve, which indicates 
that the mass flm. rate through the throat of the diffuser has already 
decreased and t hat the shock is stabilized in the convergent portion 
of tbe diffuser. This stabilization is a result of the perforations 
near tbe throat . The portion of the curve at area ratios less than 
about 1 . 2 corresponds to progressive movement of the shock toward the 
inlet until the normal shock emer ges from the inlet (area ratios less 
trlan about 0.60). 
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Contrary to the performance obtained with the usual convergent
divergent diffuser (refs. 6 and 7), the perforated diffuser may ap
proach the peak total-pressure recovery from either branch of the 
curve (fig. 3). The pressure recovery need not be double valued as 
a function of the area ratio, nor need there be a discontinuity in 
the mass flow through the diffuser. The irreversible performance of 
the perforated diffuser will simplify the control problems of internal 
contraction inlets for application to supersonic aircraft. (On the 
preliminary model shown in fig. 2(a), the shock moved into the inlet 
in discrete steps rather than continuously. This phenomenon was prob
ably caused by local variations of the perforated-area distribution .) 

The maximum total-pressure recovery ratio obtained with the 
per~orated diffuser was 0.931. This value may be compared with 
the value of 0.838 obtained on the convergent-divergent diffuser 
of reference 8. The theoretical maximum allowed in reference 6 
for the convergent-divergent diffuser is 0.89. Thus the perforated 
diffuser has experimentally demonstrated that the contraction-ratio 
limitation established in reference 6 may be avoided. 

The se~~itivity of the perforated diffuser to changes in ~~gle 
of attack (fig. 3) is less than the sensitivity of the convergent
divergent type diffuser (ref. 7), but greater than that of the 
single conical shock diffusers (ref . 3 ). For angles of attack of 
00, 30, and 50, the perforated diffuser gave total-pressure recov
ery ratios of 0.931, 0.920, and 0 . 906, respectively. The pressure
recovery ratio of the double- shock cones (ref. 4) was more sensi
tive than was the perforated diffuser to angles of attack. 

The static-pressure distributions along the wall of the 
divergent portion of the diffuser are shown in figure 4 for angles 
of attack of 00, 3°, and 5°. These curves are useful in locating 
the normal shock as the outlet area is varied. Apparently on the 
perforated diffuser, even with angles of attack, the shock may be 
located forward of the coordinate 0 . 32 throat diameter. No instru
mentation was included in the throat nor in the supersonic portion 
of the diffuser, inasmuch as the inlet was constFucted of plastic. 

static- and total-pressure distributions across .the diffuser 
outlet are presented in figures 5 and 6, respectively, for angles 
of attack of 00, 3 0, and 50. As was expected from the results of 
reference 8, the static pressures were nearly constant across the 
plenum chamber. The variations in the total pressure therefore 
indicate the Mach number distribution in the plenum chamber. 

5 
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It should be emphasized that the results presented for the per
forated diffuser were obtained on the first preliminary model, which 
for the sake of expediency was not carefully designed. Refinements 
are clearly feasible. . 

POTENTIAL APPLICATIONS OF PERFORATED DIFFUSER 

The use of perforations to increase the performance of super
sonic aF~angements that involve a stream contraction has many poten
tial applications. A few examples are shown in figure 7. By a 
combination of the perforated and the shock diffusers, a minimum 
number of perforations would be required and the shocks would still 
be internally confined. Other considerations may require that the 
diffuser be short. A compact perforated diffuser may be built simply 
by plaCing a group of smaller perforated diffusers ad j acent to each 
other. Such an arrangement may also yield a more favorable velocity 
distribution for some purposes than would be possible with a singl e 
diffuser of the same exit area. Similarly , t he perforated diffus er 
may be operated in cascade, as in the design of supersonic compressors. 
A perforated diffuser should also operate when confined in a passage 
and may therefore find application as the second throat of a super
sonic wind tunnel. In this type of arrangement, a detonation wave 
could probably be stabilized in a tube. The use of perforations may 
even be applied to eliminate the starting difficulties of the Bus emann 
biplane. Each of t h ese potential appl ications requires further 
research to achieve perfection. 

SUMMARY OF RESULTS 

A short preliminary investigation of a perforated s upersonic 
diffuser at a Mach number of 1.85 for angles of attack , 00 , 30

, and 
SO gave the following results: 

1 . Per for ations wer e applied to i ncrease the allowable contr ac
tion r atio of a convergent-divergent super sonic diffuser. A total
pressure r ecovery r atio of 0 . 931 was obtai ned with a perfor ated di f 
f user a s compared wit h 0 . 838 f or the conver gent-diver gent diffuser . 

2. The perforated supersonic diffuser was relatively insensi
tive to changes in angle of attack. Total-pressure recovery ratios 
of 0.931, 0.920, and 0.906 were obtained at angles of attack of 
00 , 30 , and So, respectively. 
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CONCLUSION 

The use of perforations may be applied to eliminate the starting 
difficulties of supersonic passages that include an internal contrac
tion; hence, the contraction ratio may be increased or the operating 
Mach number range may be extended. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, OhiO, February 1, 1951 

7 
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APPENDIX - METHOD FOR ESTIMATING SIZE AND 

SPACING OF PERFORATIONS 

Estimation of flow coefficients . - In order to start the dif
fusion process, the normal shock must be able to enter the diffuser 
and move toward the throat. ~nis entrance will be permitted if the 
perforations (including the throat) downstream of the shock are large 
enough to accommodate the subsonic mass flow behind the shock. The 
limiting condition occurs when the flow through the holes reaches 
sonic velocity . Under this condition, the mass flow rate per unit 
area for perforations downstream of the shock becomes 

1+1 

( ) 

{-l 

iT Y!l = 
QaBP 

where 

m 

A 

P 

R 

T 

B = 

mass rate of flow through holes downstream of shock 

perforated area 

ratio effective to actual area of perforat i ons downstream of 
normal shock 

total or stagnation pressure downs tream of normal s hock 

ratio of specific heats 

gas constant 

total temperature of fluid 

The total pressure P is a funct i on of t he Mach number M at 
which the normal shock occurs and is given i n terms of t h e free 
stream total pressure Po and the super s onic shock Mach number M 
as 

-- - - --------

( 1) 



(\J 
! 

o 
U 

NAeA TN 3767 9 

(2) 

If isentropic diffusion is desired, the entrance of the diffuser 
must be enlarged somewhat to account for the 1088 of mass flow through 
the perforations upstream of the normal shock. The flow rate through 
the per for ations in the supersonic portion of the diffuser may be 
estimated by means of the Prandtl-Meyer theory (ref . 8) for flow 
around a corner. If free-stream static pressure is assumed at the 
perforation or hole exit, the pressure differential across the hole 
is jus t sufficient to accelerate the flow to the original free - stream 
Mach number. The flow will turn in the vicinity of the hole or corner 
until the free-stream Mach number is reached and wi ll then proceed 
without further deflection until it either passes through the hole 
or is straightened by the diffuser wall with the formation of a shock. 
The limiting streamline denoted by the coordinates r and ~ is shown 
in the following sketch: (In some cases, the final Mach line becomes 
t angent to or drops below the wall surface. The limiting streamline 
then depends only on the local Mach number and the perforation width.) 

Limit i ng 
streamline 

Diffuser wall 

./ 
/' 

ov~ / 
-1 1 S"t> /' 

s in M ./ 
0 / 

Diffuser wall 
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The shock caused by the flow straightening viII intersect the 
final Mach line and mutual cancellation of shock and expansion waves 
will occur. Because the extension of t he shock depends on the size 
of Tl, this distance should be small to minimize internal shock 
losses. 

The coordinate angle ~ of the Prandtl-Meyer theory is a func
tion of the Mach number and may be computed fram the equation 

where 

k2 1'-1 
- ),+1 

From the equation of a streamline in the expansion region bounded by 
the two Mach lines , the ratio of the radii may be obtained as 

Also from the geometry 

1 
"2 

r2 :: (_CO_S--:k~ClQ_) k 
rO cos k~ 

I 

cos e + sin e cot ( sin-l ~O 

The angle e between the final Mach line and the diffuser wall is 

or, with the aid of equation ( 3 ), 

(3 ) 

(4 ) 

( 5) 

(6) 
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The effective flow area dA' is given as 

(8) 

Combination of equations (3), (5), (6), and (8) thus yields 

dA' e + sin e c~t (Bin-1 to -e) ] " QbdA 

(9) 

where the effective area ratio upstream of the normal shock ~ 
is given by use of equation (9) as 

1 

cot ( sin-l M~ 

The mass flow coefficient through the holes in the supersonic por
tion of the diffuser will then be 

dmb 
dA = pvQr, 

The product of the density and the velocity pv is given by 

(10) 

(11) 
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. u.[ MFa ] pv =AJRT y+l 

(1 + 7;1 M2 ) 2(y-l) 

(12) 

It should be emphasized that in the derivation of the effective 
area ratio Qb the external pressure was assumed to be equal to the 
free-stream static pressure. If some other static pressure persists, 
the coordinate angle CPo t of the final Mach line may be obtained 
from the equation 

(13 ) 

Any flow through the holes will, of course, curve the external stream
lines in the vicinity of the perforation and form a light shock. As 
a result, the hole-exit static pressure will increase and the mass flow 
rate through the perforations in the supersonic regime will be further 
decreased. 

An indication of the relative effectiveness of the holes in 
the supersonic and subsonic regime may be gained from figure 8. The 

PvQb 
quantity rL1:~p ,where Pa 0 

"I'.(:I.-U a, O ' 
is the total pressure behind a free-

stream normal shock, has been plotted as a function of local Mach 
number and represents the supersonic mass flow rate through a perfora
tion divided by the mass flow rate with the normal shock ahead of 
the inlet when Qa is 1.0 and 0.6. The fact that the quantity 

pVQb 

QaBPa 0 , is generally less than unity assures the action of the per-

forations as automatic valves, allowing the diffuser 
effective contraction ratio and to operate at a high 
traction ratio. 

to s text at low 
effective con-

Estimation of cross-sectional and perforation area distribution. -
The area of the p;rforations A and the cross:sectional area S may 
be measured positively from the throat of the diffuser (see s ketch). 
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Inlet 

Throat 

The subscripts 0 and 1 refer to the entrance and the throat of 
the diffuser, respectively. Now the mass flow rate through the 
area So must be equal to the flow through the perforations upstream 
and downstream of the normal shock, plus the flow through the throat. 

Because the walls of' a diff'uEer may be gently curved, the effec
tive subsonic area ratio Qa of the throat will be read by unity. 
On the other hand, the wall perforations may be regarded as sharp
edged orifices and Qa for the wall perforations will be less than 1. 

Accordingly for a fixed shock position the mass flow rate through the 
inlet will be 

13 

rAO rA 

m = J A pv ~ dA + BP J 0 'ta. d.A + BPS 1 (14) 

Beoause the shock 1s temporarily stationary, P was considered 
constant in equation (14) and was therefore taken outside the inte
gral sign. The quantity % will generally depend upon the Mach 
number near the local perforation dA particularly for Mach numbers 
near unit y. In the absence of experimental determinations of Qa 
for tangential orifices and in the interest of simplicity, Qa is 
assumed constant in the present analysis. Equation (14) may then be 
written 
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But the rate of mass flow through the area So is independent of 
the position of the shock and the shock may be moved to a new 
position without changing m. The total pressures P and pvQb 
than become functions of the shock Mach number. Differentiation 
of e quation (lS) with respect to t he shock Mach number yields 

_ ! dP d.M 
paM :----

pv Qb 
1 - =---:--BP Qa 

Equation (16) may be simply integrated numerically by summing the 
differentials, or it may be integrated explicitly to give 

The quantity ~ ~ of equation (17) 1s given from equation (2) as 

PV 'it 
The quantity may be computed with the aid of equations (12), BP Qa 

(10), (7), (1), and (2). 

(15) 

(16) 

(17) 

(18) 
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The assumption that ~ is a constant now appears as a workable 
approximation; in the neighborhood of M = 1, where Qa would be 

1 dP expected to vary most rapidly, p dM has a zero of second order. 

From equation (16), 6 (SAl) is then nearly zero in the vicinity of 

M ~ 1 regardless of the value of Qa if Qa does not approach ~ 

15 

in such a manner as to give a zero of the same order in the denominator. 

Equation (16) was solved numeric'ally for an Me of 1.85 for 
values of Qa = 1, 0.6, and 0.5. The resulting plot of A/sl as 
a function of Mach number is presented in figure 9. The approximate 
perforated-area distribution of the experimental model is also 
included on figure 9. For this curve, the loss of mass flow through 
the holes in the supersonic regime was neglected and one-dimensional 
flOW equations were assumed to caloulate the Mach number. Although 
the experimental curve indicates the approximate value of Qa., the 
holes were so crudely drilled in the preliminary model that the per
forated area is probably larger than necessary. 

In order to obtain the hole-area distribution A as a function 
of the cross-sectional area S, a relation is required between S 
and M. This relation will depend on the particular design of the 
diffuser. If one-dimensional flow applies, the contraction ratio 
corrected for the mass flow through the perforations in the supersonic 
portion is given by the equation 

pv S 
Po vo 

Because m = Po Vo SO, equation (19) becomes 

PO va So -lAo pv 'It, dA = pvS 

For conditions at the throat, equation (20) becomes 

(19) 

(20) 
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Subtraction and rearrangement of equations ( 20 ) and (21) give 

Equation (22) was solved numerically in conjunction with equa
tion (16) for an initial Mach number of 1.85 and values of ~ = 1, 

0.6, and 0.5. The resulting plot of S/Sl as a fun.ction of Mach 
n.umber is presented in figure 10. The value of S/Sl at the free
stream Mach number 1.85 is the geometric contraction ratio required 
to decelerate the supersonic stream to a Mach number of unity at the 
throat. By a comparison of this value with the isentropic contrac
tion ratio, the mass flow lost through the holes may be estimated. 
For a value Qa of 0.6, the percentage mass flow lost is 
1.57 - 1.495 

1.495 X 100 = 5 percent. 
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(a) Plastic perforated inlet. 

Figure 2 . - Preliminary test model of perforated supersonic diffuser. 
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(b) Schematic drawing of perforated inlet, subsonic diffuser , and plenum chamber . 

Figure 2 . - Continued. Preliminary test model of perforated supersonic diffuser . 
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P Pitot tube 
S Static -pressure 

orific e 
PS Pitot static tube 

Cross section at A- A (fig . 2(b)) 

( c ) Schematic drawing of pressure instrumentation at diffuser outlet . 

Figure 2 . - Concluded . Preliminary test model of perforated supersonic 
diffuser . 
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