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THE USE OF PERFORATED INLETS FOR EFFICTENT
SUPERSONIC DIFFUETONL-
By Jobn C. Evvard and John W. Blakey

SBMARY

The use of wall perfaretions on supersonic diffusers to aveld
ths internal oontraction-ratic limitation 1s desocribed. Erxperimental
results at a Mach number of 1.85 cn a preliminary model of a parforated
diffuvger having a geametric internal contracticn ratio of 1.49 (the
isentropic value) are presented. A theoretiocal discussicn of the
flow coefficlents as well as the size and the spacing of the Ora~-
tions 1s also Inoluled. At angles of attack of 09, 3°, and 5°, total-
Iressure recoverlea of 0.831, 0.920, and 0.908, respectively, were
cbtalined,

INERODUCTION

Supersonlc diffusion may be most easlly accomplished by means
of a noxrmal shock., Associated with this discontinuous process is a

progreaslivs decreases in the tota)-pressure recovery ratio as the Mach
number 1s Increased. The losses In total preasure across ths shock
may be minimired, however, by decelerating the superscnlc stream by
moane of stream contraction to a low supersonic Mach number before
the shock occurs.

The usable stream contraction and the amomnt of stream decelera-
ticn i limited on scme types of supersonic diffoser. If the iInternsl
ocontrection ratio (the entrance area divided by the throat area) of
the diffuser 1s made too large, ths enbtrancs masg flow will not pass
through ths throat of the diffuaser, choking will cococur, and a2 normal
shock and bow wave configuretion will form ehead of the inlet. The
shock will not be swallowed again hy the diffunser vntlil ths Internal
contraction allows the subsonic stream behind, the normal shock to bs
aceslerated to a Mach mmber of unity at the throat. This value aof
the contraction ratie is less than required far isentropic supersonic

lgupersedes recently declassified NACA Research Memcrandum ES1B10
by John C. Evvard and John W. Blakey, 1951.
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diffusion. In the deslgn of a supersonic diffuser, either a loss in
total. pressure must therefore be acoepted or some means must be pro-~
vided to prevent choking.

One method to prevent choking that has been effectively applied
iz to acoomplish the supersonis diffusion ahead of the inlet (such
a8 on a oonjocal shook diffuser). During the starting operstion, the
subgonio mess flow behind the normal shock, which will not pass through
the throat of the diffuser, spills over the edge. Investigations of
shook or spike diffusers have been reported in raferemoces 1 to 5.
Atthough the pressure recoverdies that may be obtained with the syplke
diffusers are very satisfactory, the external wave drag of this type
diffvser is likely to be large unless the position of the shocks is
carefully controlled. Furthermors, the high recoveries of total pres-
sure may be obtalned only on single mmits besause, 1f the diffuser la
operated in casoede (suoh as on & supersonic compreasor) or if the
diffuser is confined as a second throat in & superscmio twmnsl, the
flow splllage that allows the diffuser to start may be prevented.

The convergent-divergent type diffuser investigated by Kantrowlbz
and Donaldson (ref. 6) and by Wyatt and Hunczak (ref. 7) need not have
& 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 spiliege is required for starting, the
diffuser may be operated at the design Mach mmbex in cascade or as
the second throat of a supersonic wind tunnel. The maln disadvan-
tage of the convergent-divergent diffusexr investigated heretofore ls
that the comtraction ratio on the supersonio portion rmmst be less than
the contraction ratio required to dsoglerate the free strsam isentropi-~
oally to wnity because of starting diffioulties. This diffuser than
inherently acoepts & loss in total pressure. In addition, the normal
shock must be located nser the throat of the diffuser for optimm pres-
sure recovery and, consequently, a slight increase in back pressure can
cause the ghock to Jump irreversibly ehead of the Inlet, which lsads
to a disconbinuity of mmss flow and Pressure recovery.

A simple modifiocation that mey be made to the oonvergent-ilvergent
diffuser, which removes the oontraction-ratic limitation esteblished by
Kantrowitz and Doneldson (ref. 6) is described. Results cbtained dur-
ing November, 1946, with a preliminary experimental model at a Mach num-
ber of 1.85 are also included.
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FUNCTION OF FERFORATICRS

If diffusion ls attempted by mesans of a reversed de Laval noz:le,
a pormal shock will form ahead of the inlet as required by the theory
of reference 6 and the supsrsonic diffunslion process will not be
eotablished., Under this oconditicn a high pressure differential will
exist botween the Immer and outer surfaces of the convergent portion
of the diffuser. If a succeassion 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 shook will move nearer to the inlet (fig. 1(a)).
I¥ a sufficient nmuber of holes is drilled in the diffuser, the normal

-shook will pass throngh the inlet as in figures 1(b) and 1(o).

As the shook 1s swallowed by the diffuser, supersonic flow will
be established in the convergent inlet. The density and the stetic
pressure will then have low valuss ocorresponding to the looal super-
sonic Mach nmmber and a low preagsure differential will exist acrcss
the oriflces. Likewlse, the orifices beoome less effeotive as the
Mach mmber is inoreased because the high-apeed air has less time to
swerve and pess through the holes, Rach of these factors tende to
reduce the loss of mass flow through the perforations as compared with
the subsonic regime. The perforatioms thus eact as automatic valves,
which are open during the sterting process and pertly closed (in terms
of mess flow rete) during cperation. The contraction ratic of the
convergent-divergent diffuser may then be extended beyond the 1imit
originally described in reference 6. In fact, if edditional entrance
area 1s included to account for the mass flow lost through the holes
in the supersonic regime, campression t0 a Maoch number near wnity at
the throat may be achieved. A theoretical treatment of the area dis-
tribution of the perforations and the diffuser oross-sectionzl area
distribution as a function of Mach number is presented in the appendix.

If the area of the perforaticops is uniformly increased beyond

ths minimm value required for shock entrance, the shock mey be loocated
at any station in the convergent portion of the diffuser and the flow

the throat of the diffuser will be subsonio. Under these con-
ditions, the mass flow rate will be continuous through the diffuser
and 1in fact, if a trensient pressure disturbance should force the shook
sbead of the inlet, the shock would again be swallowed by the diffuser
as soon as the disturbance ceased. The irreversible discontimity in
performance asgoclated with operation of the usual convergent-divergent
diffuser is thus eliminated. The action of the perforations in the
control of the boundary layer should alsc be noted.
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AFPPARATUS AND PROCEDURE “

A preliminary model of a pexrforated supersonic diffuser was built
for en investigation at & Mach number of 1.85 in the 18~ by 18-inch &
supersonic tunnel at the NACA Tewis laboratory. This model, machined
of plestic (fig. 2(a)), consista of a converging inlet having an
internal geometric coutraction ratic of 1.49, the isentropic valne for
¥ach number of 1.85, The inlet was attached tc the 59 conical auvbsonic
diffvser diagremmed in figure 2(b). The flow through the diffuser was
conbrolled by a 90° conioal damper at the diffuser exit.

The subsonic portion of the diffuser was thoroughly instrumented
for statio-preseuwre distributions; total- and static-presswre distri-
butions at the diffuser exit were chtained with the rake shown in
figure 2(c). The free-gtream total preseures were cbtalned as dsacribed
in reference 7. All pressures were photographiocally recorded on a
mltlple-~tube mercury manometer board.

Because the diffuser as First ingtalled in the supersonic tunnel
had en inaufficient number of perforations, the normal shock would
not enter the inlet. A mltipliocity of randomly spaced holea was
then drillsd by & trall procedure until the shook entered the inlet,
A photograph of the final conflguration is shown in figure 2(a). The
performance of the diffuser at angles of attack of 0°, 3%, and 5° was
determined for a Mach number of 1.85.

&y

RESULTS ARD DISCUSSION

The total-pressure recovery xatic ocbtained with the reliminary
model of the perforated supersomic diffuser is plotted agalnst the
ratic of plemm-~chamber outlet area to diffuser throat area in fig-
ure 3. The partion of the curve at area ratios greater than about
1.2 is spproximately a rectangular hyperbola. (See vef. 7.) In
this reglon, the masa flow rate through the Giffuser is constant.

Tt 1a therefore of interest to note that the polnt giving the higheat
totael-pressure recovery raetio at all msasured engles of attack falls

tc the laft of the hyperbolic portion of the ourve, whioch Indicates
thet the masa flow rate through the throat of the diffusexr has already
decreased end that the shock 1s atabllized in the convergent portion

of the diffuser. This etablilization is a result of the perforatlions

near ths throat. The portion of the curve at area ratics less than

zbout 1.2 corresponds to progresalve movement of the shock toward the

inlet until the normal shock emsrges from the inlet (aree retios less

then ebout 0.60). p
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Contrary to the performance cbtained with the ususl convergent-
divergent diffuser (refs. 6 and 7), the pexforated diffuser mey ap-
pwoachthepeaktotal-pressurerecoveryﬂmeitherbmnchofthe
curve (fig. 3). The pressure recovery need not be double valued as
a function of the ares ratio, nor need there be a discomtinuity in
the mass Fflow through the diffuser. The irreversible performence of

contraction inlets for epplication to supersonic alrcratt. (On the
model shown in fig. 2(a), the shock moved into the inlet

in discrete steps rather than contimiwously. This phenomenon was probe

ably caused by local varietions of the perforated-area distribution. )

The maxisum total-pressure recovery ratic obtalned with the
perforated diffuser was 0.951. This value may bs compared with
the value of 0.838 obtained on the oonvergent-divergent diffuser
of reference 8. The theoretical meximum allowel in reference 6
for the convergent-divergent diffuser 1s 0.89. Thus the perforated
d1ffuser has experimentally demonstrated that the oontrastion~ratio
1imitation established in reference 6 may be avolded.

The sensltivity of the pexrforated diffuser to changes in angle
of attack (fig. 3) is less than the sensitivity of the comvergemt-
divergent type dlffuser (ref. 7%,191:1: ter than that of the
single conlcal shock diffusers (ref. 3). For angles of attack of
0°, 3°, and 5°, the pexrforated diffuser gave total-pressure recov-
e.'t‘y 1‘8.1‘:108 Of 0-951, 0.920, a.tlﬂ. 0-9%, mﬂpectivelyc m p:I‘.‘BBS‘lJI'e-
recovery ratio of the double-shock cones (ref. 4) was more sensi-
tive than was the perforated diffuser to angles of attack.

The static-preasure distributions along the wall of the
divergent portion of the diffuser are shown in flgure 4 for angles
of attack of 0°, 3°, and 5°. These curves are useful in looating
the normal shock as the outlet area is varied. Apparently on the
perforated diffuser, even with anglea of attack, the shook may be
located forward of the coordinate 0.32 throat diamster. No instru-
mentation was inclvuded in the throat nor in the supersonlo portion
of the diffuser, ioasmmch as the inlet was oonatruocted of plastic.

Statio~ and total-pressure distributions acrose .the diffuser
outlet are presented in figures 5 end 6, respectively, for angles
of attack of 0°, 39, and 59 As was expected from the results of
refersnce 8, the statio pressures were neerly oonstent aoross the
plenmm chember, The variations in the total pressure therefors
indicate the Mach number distribution in the plenum chember.
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It should be emphasized that the reaults presented for the pexr-
foreted diffuser were obtained on the first preliminary model, which
for the sake of expediency wes not carefully designed. Refinements
are olearly feasible.

POTENTIAYT, APPLICATIONS OF FERFORATED DIFFUSER

The wse of perforatlioma to insrease the performamce of supar-
sonic srrangements that involve a stream contraction has many poten~
tial applications. A few examples are shown in figare 7. By a
combination of the perforated and the shook diffusers, a minimm
mmiber of perforations would be required apd the shooks wounld still
be internally confined. OCther considerations may require that the
diffvaexr be short. A compact perforated diffuser may be bduilt simply
by placing a group of smaller perforated diffusers adjacent to esach
other. Such an arrapgement may also yleld a more favorable veloclity
distribution for some purposes than would be possible with a single
diffuser of the sams exit area. B8imllarly, the perforated diffuser
may be operated in oascade, as in the design of supersonlio ocowpressors.
A perforated diffuser shonld also operate when confined in a passage
and may therefore find application as the seoond throat of a super-
sonlo wind tunnel. In this type of arrangement, a detonation wave
oould probebly bs stabilized in a tube. The use of perforations may
even be applled to eliminate the starting difficulties of the Busemann
biplene. Esoh of these potential appllcations reguires further.
research to achieve perfectlion.

SUMMARY OF RESULTS

A short preliminary inveatigation of a perforated superasonio
d1ffuser at a Mach nmmber of 1.85 for angles of atteck, 00, 39, and
59 gave the following results:

1. Perforations were gpplied to Iincrease the alloweble comtrac-
tion ratio of a convergent-divergent superscnic diffuser. A total-
pressure recovery ratio of 0.931 was obtained with a perforated dif-
fuser as campared wlth 0.838 for the convergent-divergent diffusex.

2. The perforated supersonioc diffuser was relatively insensi-
tive to changss in angle of atteck. Tobtal-pressure recovery xratiocs
of 0.931, 0.920, and 0.906 were obiained at angles of attack of
09, 3°, and 59, respectively.

TEL
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CONCLUSION

The use of psrforations may be applied to eliminate the starting
difficnlties of supersonic passages that inclnde an internal contrac-
tion; hence, the contraction ratio may be increased or the operating
Mach mmber renge may be extended.

Lewis Flight Propulsion Laboratory
National Mvisory Camittee for Aeromautics

Clevelend, Ohio, February l, 1851
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APPERDIX - METHOD POR ESTIMATING SIZE AND
SPACING OF FERFORATIONS

Estimation of flow cosffiolents. ~ In order to stexrt the dif-
fusion proceas, the normal shock must be able to enter the diffuser
end move towmrd the throat. This entrance will be permibtted if the
perforstions {including the throat) downstream of the shock are large
enough to accommodsate the subsonlo mess flow behind the shook. The
1imiting comdition ooours when the flow through the holes resahea
sonlc veloclty. Under thls condition, the mass flow rate per unit
area for perforations dowmstream of the shock becomes

= QaBP (1)
vhere
m mess rate of flow through holes downstream of shook
4 porforated ares
Q, Tratio effective to actual area of perforations downstreem of

normal shook
totel or stegnetion pressure downstream of normal shook

-]

ratio of specific heats

-+ BN

gas constanb
total temperature of fluld

The total presswxre P 1s a function of the Mach number M at
which the ncrmal shock occours end 1s given In texrms of the free-
strean total pressure P anl the supersonioc shock Mach mmber M
as

TSL
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. . 2
P (2l \_(my w2 7 (2)
Po \2p? - 912 2(1 + L1 )

If isentropioc diffusion i1s desired, the entrance of the diffuser
mat be enlarged somewhat to aoccount for the loss of mass flow throngh
the perforations upstresm of the normal shook, The flow rate through
the perforations in the supersonic partion of the diffuser may be
estimated by means of the Prandtl-Meyer theory (ref. 8) for flow
aromnd a oorner. If free-stream statioc mressure ls assumed at the
perforation or hole exit, the pressure differsntial ecross the hole
1s Just suffiolent to ascelerate the flow to the ariginsl free-stream
Mach number. The flow will turn in the violnity of the hols or corner
until the free-gtream Mach number 1s reached and will then proceed
without fwurther deflection until it either passes through the hole
or 1s straightened by the diffuser wall with the formation of a shock,
The limiting streamline denoted by the cooxrdinates »r and @ is shown
in the following sketoh: (In some cases, the final Mach line beccmes
tangeat to or drops below the wall surface, The limiting stresmline
then depends only on the loocal Mach nwmber end the perforation width.)

Limiting
&treaml ine

Diffuser wall
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The shook caused by the flow stralghtening will intersect the
final Mach line and mutuel cancellation of shock ani expansion waves
will ocour. Because the extension of the shock depends on the size
of 1y, thla distence should be emall to minimize Internal shock

loaes._

The cooxdinate sngle P of the Prandtl-Moyer theory is a funo-
tion of the Mech number and may be coamputed fram the equation

¥ = 1 ten? ko+ 1 (3)

3

:

¥ g L (4)

From the equation of a streamline in the expeamsion regilon bounded by
the two Mach lines, the ratlo of the raill may be obtalned as

=y
Ty (mkqb K
rg © \cos kpy (5)

Also from the geometry

ro 1
Ty 1 1 (6)
1 o008 0 +8in 6 cot [ 8In” M—{;-a)

The angle € between the final Mach line and the diffuser wall ls
G-ain'li]-ir- (% -Qa)

or, with the aid of equation (3),
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0 = stn-l & - %[m—l (kd/uT-—l) - ten-1 (x,\ﬁ@_ﬁ)] (7)
The effective flow area d4A' 1s given as

e dA 72
M

' o — = 1-:9-
aa ’h‘lu To Ty ()

.

Combination of equationa (3), (5), (6), end (8) thus ylelds

2

e - ] 20800 ] SR N
M | x2(Mp2-1)41 008 6 + sin 6 cot (s:!.n"l Hl—o- - e) '

(9)

where the effective area ratic mpstream of the normal shook Qp
is given by use of equation (9) as

1

G = & K2 (M2-1)+1 = 1 _
¥ x2(mp2-1)41 o8 6 + 8in 6 oot Gm-l n‘% - e)

(10)
The mass Plow ocoefflolent through the holes in the supersonic por-
tion of the diffuser will then be

The product of the density and the veloolty pv is given by
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MPo

Sk

It should be emphasized that in the derivation of the effective
egrea ratio Qp the external pressure was assumed to be equal to the
free-streem gtatic pressure. If scme other statlic preasure versists,
the coardinate angle @' of the final Mach line may be cbtalined
from the eguebion

ov = JoL (12)
(1

)ﬁ%r

71
( 1}’5) 7 e (142) ocos? impg! (13)

Any flow through the holes will, of cowrse, curve the external stream-

lines In the vioinity of the perforation end form a light shock. 4s

a result, the hole-exit static pressure will increese and the mess flow
rate through the perforations in the supersomioc regime will be further

decreased.

n Indloation of the relative effectivensss of the holes in
the supersonic and subsonic regime may be gained from figure 8. The

PYQh
quantity Wa.,_o’ where P&,o is 1:.ha. total pressure behind a freo-

stream normal shook, has been plotted as a funotion of loocal Mach
mmber and represents the supersonic mass flow rate through a perforas
tion divided hy the mass flow rate with the normal shock ehead of
the Inlet when Qa 318 1.0 &nd 0.6. The faoct that the quantity

PR
is generelly less than unity assures the aotion of the per-
ma,o v

forations as automatio valves, allowing the diffuser to start at low
effective conbtraction ratic amd to operate at s high effective con-
traction retio.

Estimation of croes-sectional and perforation area distribution. -
The area of the perforaticns A end the cross-ssotional area 8 may
be measured positively from the throat of the diffuser (mee gketch).

L
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Inle'l'-jlll.—-_.__ Shoock
\&j Throat
| -

The gubscriptse O end 1 refer to the entramce amd the throat of
the diffuser, respectively. Now the mass flow rate through the
aree 8g must be equal to the flow through the perforations upstream

and downstream of the normal shook, plus the flow through the throat.

Because the wells of e diffuser may be gently curved, the effec-
tive subsonic area ratio Qg of tbe throat will be reed by mnity.

On the other hand, the wall perforations may be regarded as sharp-
edged orifices apd Qa for the wall pexforations wlll be less than 1.

Accordingly for a flxed shock positicn the mass flow rate through the
Inlet will be

Ap A
m-j; wad.A+BP‘J'; Q dA + BFS, (14)

Bocause the shock is temporerily staticnary, P was oconsidexred
constent In equation (14).and was therefore taken outside the inte-

gral sign, The quantity Q, wlll generally depend upon the Mach
nmumber near the local perfaration dA particularly for Mach numbexs
near unity. In the absence of éxperimental determinations of Qa
for tengential orifices and in the interest of simpliocity, Q, is
assumed constent in the present analysis. ZRquation (14) may then be
written

|
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)
m= pv Q, dA + BP(Qq A + 83) (15)
A

But the rate .of mess flow through the area 8p 18 independent of
the position of the shock end the shock may be moved to a new
posiumwithoutcha.ngmg m. The total pressures P and pvQ,

of the shock Mach mmber. Differentiation
oteq_ua:lﬂ.on( th respect to the shock Mach mmber ylelds

A -14ap
8 L
pv

(16)

|_l

a
A L
3"

ed nmmerically by summing the

1
1
Qa
Equation (16) may bve aimply integrat
may integrated explicitly to give

differentials, or it be

aM
———-f;b; (27)

The qr;an-bity L4 o equetion (17) is glven fram equstion (2) as

- 37012 - 1)2 18
M (29 ~ 741)(1 + Z—nﬂ) =

The quenbity ;-'i,-% umsy be. conputed with the aid of equations (12),

(20), (7), (1), emd (2).
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The sssumption that @ is a constant now gppears as a worksble
approximation; inthonsi@a‘borhoodoct’ M=1l, vhere Qa would be

expeoﬂdtovarymtmpﬂly,fd-ﬂ has a zero of second ordexr.

From equation (16), A(S—l) is then nearly zero in the visinity of

M =1 regardless of the value of Q if Q, does not approach Q
in such a mammer as to glve a zero of the same order In the demominator.

Equation (18) was solved mmerically for an My of 1.85 for
values of Qu = 1, 0.6, and 0.5. The resulting plot of A/S; as

a funotion of Mach mumber is presented in figmre 9. The approximate
perforated-area distribution of the experimental model is also
incindied on figure 9. For this curve, the loas of mass flow through
the holes in the supersonic regime was negleoted and one-dimesnsional
flow equations were assumed to ocalculate the Mzmoh number. Although
the experimemtal ocurve indiostes the approximate value of Qn, the
holes were so crmdely drilled in the preliminary model that the per=-
forated area 1s probably largexr than necessary.

In oxdler to obtain the hole-area dlatyibution A a3 a funotion
of the cross-seotional area 8, a relation is required between 8
epd M. This relation will depend on the particular design of the
diffuger. If cne-dimsnesional flow applies, the ocontraction ratlo
corrected for the meass flow through the perforations In the supersonic
portion 1s glven by the squetion

4o 8o
(m-j; mu);-iéﬂ%s (19)

Becanss m = py Vg 8p, eguation (19) beocames

povoso-\J’:opvadA-ms (20)

For conditions at the throat, eguation (20) beocmes
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Po Yo Bo -“[;Ao pv Q dA = (pv)1 8y (21)

Subtractiocn and rearvangement of equatioms (20) and (21) give

a (vl 1 [2 A
B +.=—-_[; ov @ 2(4) s

Equation (22) was solved numerically in conjunstion with equa-
tion (16) for en initial Mach number of 1.85 and valuee of Qu = 1,

0.5, and 0.5. The resulting plot of B/8; es & function of Maoh
muiber is presented in figmure 10. The value of 8/S) at the free-

stream Mach number 1.85 1s the geomestric contraoctlon ratio required
to deoslerate the supersonic stream to a Mach mumber of unity at the
throat. By a comparison of this value with the lsentropic contrac-
tion ratio, the mass flow lost through the holes may be estimated.
For & vyalue Qg of 0.8, the percentage mass flow lost 1s

%‘—Q—S-XIOO-SWM.
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(b) Bchemstic drawing of perforsted inlet, subsonic diffuser, sud plentm chaxber.
Flgure 2. - Continued. Preliminary test model of perforsted supersonic diffuser.
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P . Pitot tube

8 Static-pressure
orifice

P Pitot static tube

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

(c) Bchematic dreawing of pressure instrumentation at diffuser outlet.

Figure 2. - Concluded. FPreliminary test model of perforsted supersonic
diffuser.

- o e A — o — 8



Total-prespure recovery ratic

. AT =
/ \ 3
- 71
ANR

.80‘ ;oV

I
R
\

.70

L4

.69

T 2

.55k
0o -4 .8 1.2 1.6 2.0

Plenum-chanbar outlet area
Diffuser throat area

Figure 5. - Total-pressure recovery of perforated supersonic diffuser. Free-
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Fig_ure 8. - Ratio of mass flow through perforation with normal shock at
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