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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

CHARACTERISTICS OF PERFORATED DIFFUSERS
AT FREE-STREAM MACH NUMBER 1.90

By Henry R. Hunczsk and Emil J. Kremzier

SUMMARY g

An investigation of a series of perforated convergent-
divergent diffusers was conducted in the NACA Lewis 18- by 18=-inch
tunnel at & Mach number of 1.50. Contraction ratios of 1.40,

1.49, 1.53, 1.55, 1.59, 1.63, and 1.70 and various perforation
distributions were investigated to determine (a) the average sub-
sonic flow coefficient (effective area ratio), (b) the perforation
distribution required for establishing supersonic flow in the inlet,
and (c) the effect of various perforation distributions on pesk
total=-pressure recoveries, relative mass flow, and shock stability.

The circular, sharp-edged orifices used to perforate the inlets
had an average subsonic flow coefficient of 0.5 when spilling the
subsonic flow behind the normal shock.

A wide range of peaek total~-pressure recoveries and relative
mass flows were obtained over the range of contraction ratlos
investigated. A maximum total-pressure recovery of 96 percent
wag obtained with an inlet having a contraction ratio of 1.83. The
relative mass flow at this recovery was 82 percent. An inlet with
a contraction ratio of 1.40 gave a meximum relative mass flow of
98 percent while attaining a total-pressure recovery of 0.80.

Pressure recoveries up to 92 percent were obtained using a
theoretical distribution of perforations based on the design con-
glderations for neutral shock equllibrium. For some of these
configurations, shock stability at the throat of the inlet was
obgerved. Additional perforations upstream of the throat stabilized
the shock in the converging section of the diffuser and improved the
pressure recovery, but reduced the relative mass flow.

Agreement between theoretical and experimental relative mass

flows was within approximately 1 percent over a range of conbtraction
ratios from 1.40 to 1.59 with the perforation distributions used.
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INTRODUCTION

Supersonic diffusion that results in pressure recoveries
exceeding those of & free-streem normal shock is usually obtained
by decreasing the shock Mach number through a contraction of the
supersonic flow-stream tube. Two methods of contraocting the
flow-stream tube are by extermal diffusion in which the flow is
compressed by a projecting cone or wedge, and by internal 4if-
fusion in which a converging channel forces a compression of the
flow.

When the second method is employed, at least two factors
limit the full untilization of the diffusion process. First, the
contraction of the converging chenmel (inlet) is limited by the
subsonic mess flow behind the normsl shook, which mmst pass
through the minimum area (throat) when the shock is at the inlet
entrance; and second, when the shock 1s in the vieclnity of the
minimm ares or throat, its Instebility limits the minimm shock
Mach number that can be realized (references 1 and 2).

Perforations elong inlet walls may be utilized to minimize
or to eliminete the contraction limitation and the shock instebility
discussed in the previous paragraph (reference 3). Because of
the gtatic-pressure rise across & normal shock, the perforations
along the inlet spill & high rate of mass flow when the shock is
ahead of the inlet and the statio-pressure differential across the
perforations is high, and spill a low rate of mass flow when the
shock 18 at the throat and the statlc-pressure differential l1s
low. (Thus the inlet can contract the flow until the shock occurs
at sonic veloclty and the static pressures before and after the
shock are equal.) For positions of the shock in the inlet, the
perforations tend to maintalin a balance of the flow spillage nec-
egsary to stabilize the shook; therefore, with the normal shock
occurring at sonic or close to sonic veloclty and with shock
stability, high pressure recoveries are obtained (reference 3).

An inherent characteristic of the perforated inlet is the
continuous flow spillage through the perforationg when the shock
is at or downstream of the throat. Although spillage may represent
8 loss in thrust on a ram-Jet configuration, it may also serve as
8 boundery-layer bleed and & source of flow turbulence to minimize
flow separation.

A study wes made &bt the NACA Lewls laboratory of some of the
sbabllity considerations of the perforated convergent-divergent
diffuser. The pressure recoveries thet can be obtained with

S
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perforated inlets over a range of contraction ratios and the amount
of mass flow spilled assoclated with each inlet were experimentally
determined. A method of evaluating the relative merits of increase
In pressure recovery assoclated with this lost mess flow on an
internal -thrust~coefficient basis is also included.

SYMBOLS
The following symbols are used in this report:

summation of perforated ares upstream of diffuser throat, (sq ft)

1
7+l z

2 (2 \-t
RT (7+l>
internal thrust coefficient
diameter, (in.) -
thrust, (1b)
fuel=-air ratio
acceleration due to gravity, (£t/sec?)
length along inlet measured from entrance of supersonic inlet, ( in.)
Mach number
mass flow, (slugs/sec)
stagnation or total pressure, (1b/sq ft)
static pressure, (1b/sq ft)
subsonic Plow coefficient of perforations (effective-area ratio)

supersonic flow coefficient of perforations (effective-area
ratio) :

dynemic pressure, (lb/sq £t)
ges constant, (£t/°R)

diffuser area, (sq ft)
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T stagnation temperature, (°R)
v  velocity, (£t/sec)

B angle between velocity vector v and oubtward-drawn vector
normal to 44, (deg)

v4 ratlio of specific heats

] angle between final Mach line and diffuser wall, (deg)
p static density, (slugs/cu f£t)

T  heat~-release perameter

o] coordinete angle bebween Mach line at M = 1 and local
Mach line, (deg)

V  Prandtl-Meyer expension angle, (deg)

® angle between positive directlion of x and outward-drawn
vector normal to 44, (deg)

Subscripts:

0] free stream

1 inlet entrance

2 | Inlet throat

3 pitot-static rake in simlated combustion chamber

4 outlet of simlated combustion chamber or ram-Jjet exhaust
nozzle

e exlt of perforations
X,y local statlons within diffuser

* indicates corditions at sonic velocity

ANALYSIS

The characteristics of the perforated diffuser at a given
free-streem Mach number may, in part, be controlled by the

1254
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conbtraction ratio and the distribution of perforations. The
analysis to determine these characteristics is in three parts:
(1) the criterion for stable , unstable, and neutral shock
equilibrium in the convergent portion of the diffuser, (2) the
design of diffusers for neutral shock equilibrium, and (3) the
conditions for normal shock entrance. A knowledge of the con-
cepts of reference 3 1s assumed.

Criterion for stable, unstable, and neutral shock equilibriuvm. =
A normal shock is In stable equillibrium if momentary displacements
of the shock are accompanied by reactlons that tend to return the
shock to its equilibrium position. Stabllity of the shock at various
stations in the perforated diffuser shown in the following sketch
ey be determined by means of the equation of contimmity assuming
one=dimensional flow:

3 .
x' 4
L35 2 = —_— 1
- aum ——
Mo I = .
- ,.--
= . /—'

Regardless of the position of the shock, the mass flow through the
throat of the diffuser (station 2) must equal the mass flow through
the choked outlet (station 4); therefore

. PoSoMy > PySy4 5
e 7+l \(eRT, ol Nem,

2(y-1) 2(y-1)

)

7 z

&RT, &R, and if the
shock is downstream of the throat, PyS, and M, are constant so
that for shock equilibrium the product ©P4S, must be constant.
Should the shock be displaced from its equilibrium position, from
Sy to Sy', by means of some temporary disturbance, the Mach
number ahead of the shock will increage and hence P, will
decrease. For a constant outlet area S,;, Iinsufficient mess flow
will egress through the outlet, the shock will be moved towards
its equilibrium position, and the condition will be stable.

For the case of no heat addltion,
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When the shock is located upstream of the throat, the flow
between the throat and the outlet is subsonic, the stagnation
pressure Py can be consldered proportional to P; 1in equa-

tion (1), and the throat Mach number M, 1s then a funotion of
only the outlet area S,. Equation (1) is now satisfied for a
range of values of the throat stagnation pressure.

If the equilibrium position of the shock is at Sy, the

mass flow through the shock must equal the mass flow through the
throat plus the mass flow through the perforations between Sy

and Sp,. A transient displacement of the shock from Sy to Sy'

will inecrease the throat stagnatlion pressure and hence will increase
the mass flow through the throat and through the perforatlons between
Sy' and S,. This increese and its counterpart, the decrease

in mass flow through the perforations between Sy' and Sy', is
expressed a8 & fraction of the mass flow through the shock station
sy'. For neutral shock equilibrium, the fractional increase in

mess flow through the throat and perforations between Sy‘ and Sp

mist be equal to the fractional decrease in mess flow through the
perforations between Sy and Sy'. If stable equilibrium is to
occour, the fractional decrease in mass flow through the perforations
between Sy and Sy’ mst be greater than the fractionally

increased mass flow through the throat and perforations between

Sy' end Sg. The ailr will then accumilate downstream of the shock

and force it towarde 1ts equilibrium position. Similerly, unsteble
equilibrium willl occur should the fractional decreease 1ln mass flow
through the perforations between Sy and S.' be less than the
fractional increase in mass flow through the throat and perforations
between Sy' and S2. TIt-'ghould be noted that the criterion for
shock equilibrium depends only on the local conditions. At any
station along a glven inlet the stablility of the shock may therefore
be made unstable, neutral, or stable by adJjusting the distridbution
of the perforations.

The condition for shock stebility may be alternately expressed
in terms of the throat Mach number, the equilibrium position of the
shock, end the ocutlet area S;. For neutral equilibrium, the

required fractional change in mass flow through the diffuser throet
mist be proportional to the fractional change in total pressure
behind the shock should the shock move from Sy to Sy's The

throat Mech number then remsins constant, which satlisfles equa-

tion (1) for a constant outlet area Sg. For stable.equilibrium, the

K St
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required mass flow through the diffuser throat must increase in
greater proportion than the throat total pressure should the shoock
move from Sy to Sy'. The throat Mach number then tends to

increase and equation (1) is satisfled only 1f the shock returns to
Sy or the outlet area 84 1s lncreased.

Degign of diffusers for neutral shock egquilibrium. - The
theoretlcal treatment of reference 3 presents a method of determin-
ing end correlating the perforatlion dlstribution A/Sz* and the

local contraction ratio S/Sox &s a function of the local Mach

number M to obtaln a perforated lsentroplc inlet. With this type
of Inlet, the free-stream flow 1s decelerated to gonlc velocity at
the throat S,y for any positlon of the normal shock between the

inlet entrance S) &and the throat. The local Mach number at any

glven statlon changes only when the shock moves past the station.
Only two Mach numwbers may therefore exist at a glven station,
elther a supersonic Mach number or a subsonlc Mach nmumber thet is
related to the supersonic Mack number by the normal shock relations.
Such diffusers glve neutral shock equlllibrium and have the minimum
area of perforatlions to allow the supersonic flow to be establisghed.
The geometric contraction ratio S;/Spx of the inlet is greater

than the isentroplc contraction ratio Sq/Ss¢ for the free-stream
Mach number MO because of the flow splllage through the perfora-
tions after the shock has been swallowed.

The following assumptlons were made:
1. One~-dimenslonal flow exlstes through the inlet.

2. A total-pressure loss 1In the inlet occurs only through the
normel shock,

3. The subsonic flow coefficlent 1s constent and the mass flow
through the perforations downstream of the normel shock is choked
and varies only with the total pressure.

4. The supersonic flow through the perforatione may be described
by Prandtl-Meyer two-dimenslional theory.

The mathemstical equations (from reference 3) used for calcula-
tions are glven in appendlx A along wlth a simplified method of
obtalning deslred quantlitles througkh the use of available supersonio
flow tables (reference 4).
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The theoretical curves for a perforated isentropic inlet are
presented in figures 1 and 2. The calculations for these curves
are based on & free-siream Mach number of 1.90 and the sssumption
that the statlc pressure at the exit of the perforations pe 1is

equal to the free-siream static pressure pgy. These figures are

plots of the summation of the ratio of perforated area to throat
area A/Sox and the ratio of diffuser area to throat area S/Sx

as functions of the local Mach number. Because of a lack of
experimentel data on flow coefficlents for sharp-edged orifices
having components of veloclty normel and tangential to their sur-
faces, the calculations were made for constant subsonic flow
coefficients Qo of 0.4, 0.5, 0.6, and 0.7. Figures 1l and 2 may
be used to obtaln the relations of the ratios of perforated area
and diffuser area to throat area required for neutral shock equili-
brium for any inlet whose geometric contraction ratio S;/S; 1is

less than that of the perforated lsentropic inlet from the follow=-
ing congliderations:

A perforated isentropic inlet with the normel shock occurring
at any locel area (as shown in the following sketch) may be cut
off at the local area Sy to obtaln a new inlet whose contraction
ratio S;/S, 1s equal to the area ratio Sl/Sy. The perforation
dietribution 1s such that neutral shock equilibrium still exists
for all positions of the normal shock between S; and Sy because

the , flow conditions upstream of and the mass flow immedlately down-
stream of the normsl shock are not changed.

S
1
—-N\S
\\\~S_2-*
M M>1 [M<1 M=1
kil W __ =
—
p—

The Mach number behind the normel shock at the new throat is now
subsonic, but still remains constant for upstream displacements of
the shock. In figures 1 and 2, dashed lines that represent constant
values of the ratio of inlet-entrance ares to diffuser area equal
to the desired contraction ratio S;/Sg are shown. To the right

of the daghed lines, the theoretical curves are applicable to the
desired contraction ratios. The values of the ratios of perforated
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area to throat area and diffuser area to throat area obtained from
the theoretical curves, however, are in terms of the theoretical
throat area Sa* and are displaced along the .ordinate by the values

corresponding to the part of the inlet that is no longer required.

Eliminating the local Mach number as the independent variable
and converting the relations to a specific geometric contraction
ratio results in a direct plot of the perforated-area to throat-
area ratio as a funotion of the diffuser-area to throat-area ratio
with the subsonic flow coefficient as an lndependent parameter, as
shown in figure 3 for a comtraction ratio of 1.55. (The contraction
ratio for the perforated isentroplc inlet is 1.675 at a flow coef-
ficient of 0.5.) The curves determine the theoretical perforation
distribution regulred for neutral shock equilibrium for each assumed
value of the subsonic flow coefficilent.

In the following discussions, reference is made to theoretical
distribution, which is defined as a distribution of perforations
giving nentral shogk equilibrium for an assumed (constant) value of
Qa. Eachk curve in figure 3 1is therefore theoretical according to

definition; however, only the theoretical distributions correspond-
ing to the true value of flow coefficient will provide neutral shock
equilibrium in an actual inlet. The remaining theoretical curves
may then be considered as variations of the perforation distribution
from that requlired for the true subsonlic flow coefficlent and are
glven to illustrate the effect on shock equilibrium as the config-
uration 1s altered.

As an example, the true value of the subsonic flow coefficlent
is assumed to be 0.5. When the perforation distribution conforms to
this velue, the subsonic throat Mach number remains constant at 0.791
for all positions of the shock (the shock position is in terms of
the ratio of inlet-entrance area to local diffuser area) within the
inlet (fig. 4) and the equilibrium of the shock is neutral. Should
the perforation distribution be increased to conform to that indicated
by the subsonic flow coefficient of O.4 while maintaining the true
flow coefficient of 0.5, the throat Mach number Increases continuously
from 0.63 when the shock is at the inlet entrance to 0.77 when the
shock is at the throat, as shown by the lower curve of figure 4.
The equilibrium of the shock is now steble. Conversely, for a
decrease in the perforation distribution to that corresponding to a
flow coefficient of approximaetely 0.55 Hhe throat Mach number
decreases continnously from 0.93 to 0.80 as the shock moves down-
stream within the inlet, as shown by the upper curve of figure 4.
For this distribution the eguilibrium of the shock is unstable.
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The slope of the perforation-distribution curve (fig. 3) is
of particular interest because it is nearly constant and changes
only with subsonlec flow coefflcient. The slope may therefore be
considered independent of the absolute value of the local diffuser-~
ares to throat-area ratio and the local shock Mach number. Con-
sequently, by comparling the slope of the curve at local statlons
of an arbltrary perforation distribution (a variable slope) with
that of the theoretical curve for the true value of the subsonlc
flow coefflclent, the local regions of stable, unstable, and
neutral shock equilibrium may be determined. '

Conditions for normel shock entrance. - For inlets with con~
traction ratlos less than that of the perforated isentroplic inlet,
the minlmum retlo of total perforated area to throat area required
to bring the shock to the inlet entrance with the throat choked 1s
less than that required for neutral shook equilibrium. The relatioms
for thils minlmum total-area ratio can be derived from the equation
of continulty on & one-dimensional basis as

741

7+ a(r-1
(A_l) N R R S R 1 (2)
S2 /min Q| P2 S 1+7'1M02 .

When the shock 1s at the inlet entrance, the throat velocity is
sonlc and the mass flow at the throat o equals the mass flow

entering the inlet entrance at free-gtream condlitlons my minus
that through the perforations m,. If the perforation distribution

is such that the throat will not choke for any lntermedlate location
of the shock between the entrance and the throat, the shock will be
swallowed and supersonic flow wlll be establlished throughout the
inlet. Such a dlstrlibutlion mey be obtained by using a theoreticel
distribution (as defined in conjunction with fig. 3) corresponding
to a subsonle flow coefflclent greater than the true value such that
the minimum total perforated area 1s the requlred amount.

The minimum ratlo of total perforeted area to throat area
Al/Sz as a functlon of the geometric contraction ratlo Sl/S2

(dashed curve flg. 5) i1s compared with the ratlo of total perforated
area +to throat area required for neutral shock equilibrium (solid
curve) in figure 5 for a free-stream Mach number equal to 1.90 and
subsonic flow coefficients of 0.4, 0.5, 0.6, and 0.7, The fact that
no perforatlions are required to permit supersonlc flow to be estab~-
lished through the inlet at a geometric contraction ratio of 1.193

oo




52t

NACA RM ES50BO2

is substentiated by the anelytical and experimentel data in ref-
erence 1. The two curves Joln when the gecmetric contraction ratio
equels the perforated lsentropic contraction ratio and the perfo-
ration distributions are then unlque.

APPARATUS AND PROCEDURE

The investigation was conducted in the NACA Lewis 18- by
18=inch supersonic tunnel at a diffuser~iniet Mach number of
1.90 £0,01. The stagnation temperature of the alr was maintained
et approximately 140° F with electric heaters and the dew point
was reduced to -20° F with activated alumina air driers.

The 1investigation was mede with a famlly of elght converglng
inlets, ranging in geometric comtraction ratio Sq/S; from 1.40 to

1.70 and heving equal throet areas. Inbternsl contours of all inlets
were deSigned on a one-dimensional basis by assuming the inlet- .
entrance Mach number to be the isentropic value corresponding to '
the geometric contraction ratio, and by assuming an glmost linear
reduction in local Mach number to sonic veloclty in an axial length
of 1.945 throat dlameters. A throat length of 0.65 throat diameter
was then added +to aid shock stebillity. A schematic dlagram of an
inlet giving the principal dimensions and a teble of coordinates

for the variocus inlets investigated are shown 1n figure 6.

The wall thickness of the inlets wes approximately 3/32 inch,

which determined the external contours. A short cylindrical section
of erbitrery length was added to the entrance of each inlet to
facllitate the use of a sharp entrance edge and to establish the
desired wall thickness ahead of the initial perforations.

The perforations in each inlet were initielly drilled with a
number 43 drill (0.089-in. diam.) perpendicular to the internal
contour at axial stations 1/16 inch apart. They were then made
into sharp-edged orifices with a standard 82.5° countersink. At
each station, the perforations were arbitrerily spaced around the
cilrcumference to produce &8 uniform an over-all denslity pattern as
possible. The actual hole slzes were then measured. A half-
section of an inlet shown in figure 7 illustrates a typical perfo-
ration pattern.

Modifications of the inltial perforatlion distributions were
made by elther enlarging the exlsting holes on each inlet or by add-
ing holes of the same diemeter as the preceding perforations.
Thronghout the entire investigation, however, the average diameter
of all holes drilled in any one intet did not exceed 0.1l2 inch.
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All inlets were mounted on the same test apparatus used in
references 2 and 3. A schematic diagram of the 5° conical subsonic
diffuser and similated combustion chamber is shown in figure 8(a).
The 90° conloal outlet control was used to regulate the back pres-
sure on the diffuser.

Pregsure instrumentation conslsted of a 40-tube pitot-static
survey rake located 0.55 combustion-chamber diasmeter downstreem of
the outlet of the subsonic diffuser (fig. 8(b)). The rake was go
designed that each pitot-static tube was located at the centroid
of one of the forty equal area segments into which the combustion-
chamber cross sectlion was divided.

All pressure readings were teken on a miltiple~tube differential
manometer board with acetylene tetrabromide as a working f£fluild and
were photographlically recorded. Shock-wave configurations around the
inlets were observed with a two-mirror schlieren system.and photo=-
graphs were taken of characterlistic flow patterns.

Total=-pregsure recoveries were calculated by taeking the
numerical average of the totel pressures measured with the pitok-
statlic rake and dividing by the free-gstream total pressure PO'

Precision of measurements and calculations for pressure recovery
was £0.2 percent for any particular run and 0.5 percent for the -
entlire experimental progrem.

In order to evaluate the relative mass flows mz/my from the

pltot-gtatic pressures, the rake in the simmlated combustion chember
wag calibrated with three different unperforated inlets having known
mags flows. A 5° diverging inlet, a cylindrical inlet, and a 5°
converging inlet having a contraction ratio of 1.176 were used for
the calibration. The mass flow entering the inlet entrance m, was
calculated from the free-stream total pressure, Mach number, and
inlet area on a one-dimensional basis. The mess flow mz through

the combustion chamber was calculated by summing uwp the individual
mess flows determined for each area segment from the corresponding
pltot-static pressure ratio. Calculations at the combustion chamber
were mede on & one-dimensional basis, with a correction mede for the
area of the tubes Iin the reke. The callbretions gave a congtant
value of reletive mass flow of 1.06 for all three inlets. This calil-
bration factor was applied as a correction to all inlets Investigated.
From repeated test points, the preclision of measurements of the

relative mass flov mz/mg was approximately'iZ% percent for a single

1254
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test point. For conditions when the relative mass flow remsins
constant as the total-pressure recovery varies, the precision is
believed to be within %1 percent for an average of three or more

test polnts,

Inlets with geometric contraoction ratios less than 1.555 were
used to determine the minimmm ratio of total perforated area %o
throat ares at which each inlet wonld swallow the normal shock. A
high value of Q, was first assumed end the inlet was perforated

according to the corresponding theoretical distribution, as deter-
mined from figures 1 and 2 for the contraction ratio under consider-
ation. The assumed value of Qg was then incrementally decreased

by adding perforations or by increasing the size of existing per-
forations untlil the shock was swallowed. The perforation distribu-
tion was maintained along a theoretical curve. In this manner, the
experimental minimim ratio of total perforated area to throat area
could be used in equation (2) to evaluate an average subsonic flow
coefficient for the perforations. Comparisons of experimental data
with the theoretical computations based on the experimental average
subsonic flow coefficient could then be made. Perforatlions were
then added near the throat to stabilize the shock for a short dis-
tance in the converging section, rather than along the entire

inlet length, and to maintain the mags-flow loss in the supersonic
reglion at a minimim. Further additions were made farther upstream
t0 obtain the effect of stable shock egullibrium over a greater
range of diffuser-area to throst-area ratios.

At the higher contraction ratlos, the perforations near the
throat required for shock stebility were added to the initlal per-
forations before the minimum retio of total perforated area to
throat area had been attained. The subsequent perforation dis-
tributions were again made to increase the range of stable shock
equilibrium, as wlth the inlets of lower contraction ratio.

The perforation distributions used with the various Inlets are
shown in figure 9 and are designasbed by the letters a, b, c, and
go forth., The summation of perforated-area to throat-area ratio
A/S; 1s plotted as a function of diffuser-area to throat-area

ratio $/Sp. Perforation distributions designated "minimm for
gterting” conform to theory in that they were almost linear and were
the first to allow complete entrance of the normal gshock to the
throats of the inlets. Those listed as "starting" allowed complete
entrance of the normal shock but were not theoretical.

For identification, each configuration is designated by its
gecmetric contraction ratio and perforation distribution. The two
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inlets bhaving a contraction ratio of 1.40 and identical contours
are differentiated by the numerals 1 and 2. For comparison, the
theoreticel curve of neutrel shock equilibrium for a subsonic flow
coefflicient of 0.5 1s shown as & dashed line.

RESULTS AND DISCUSSION
Subsonic Flow Coefficient

The average subsonic flow coefficient calculated from the
minimum ratios of totel perforated area to throet area for start-
ing in figure 9 and equation (2) was approximately 0.5, as
grephically shown ln figure 10. The minimum ratio of total per-
forated area to throat area as a function of the contraction ratio
is compared with the theoretical curves from figure 5 for normal
ghock entrance end neutral shock equilibrium. Although the agree-
ment between theory and experiment i1s good, any conclusion should
be qualified by the fact that the subsonlc flow coefficient thus
obtained is an average value of all perforations in the inlet, and
that the pressure differentisl 1s sufficient to cause the flow
through the orifices to be choked. Any variation in the subsonic
flow coefficient wlith the tangential or normsl local Masch number
is not apparent because each configuration covers the range of
subsonlc Mach numbers from 0.596 to 1.0 when the shock is at the
inlet entrance.

Effect of Perforation Distribution

The configurations investigaeted may be grouped according to
the theoretical consideration of the requirements for shock
entrance into the inlets and shock equilibrium at the experi-
mentelly determined average subsonic flow coefficient of 0.5 Into:
(1) inlets having insufficient perforated area to permit normal
shock entrance; (2) inlets having the minimum perforated area to
permit normal shock entrance; (3) inlets with no region of stable
shock equilibrium; and (4) inlets with some region of stable shock
equilibrium. A further qualification necessary to differentiate
between the configurations of the second and third groups is that
those of the third group have more then the minimum perforated
area required to permit normal shock entrance. Inlets with neutral
shock equilibrium have been cmitted because they form a borderline
case between those of the third and fourth groups and it is doubtful
thet this condition of shock equilibrium could be experimentally
obtained over the entire range of shock positions within the inlet.
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Inlets having insufficlent perforated area to permit normsl
shock entrance. - The total-pressure recovery Pz/P; as a

functlion of the relative mass flow E§.= E§Z§§§ was independent
oo PoveSy
of the perforation distribution and all curves remeined similar
(f1g. 11). When the relative mass flow 1s varisble (suberitical
region of flow), the slight change in totel-pressure recovery is
largely the result of a change in subsonlc diffusion losses because
the only shock losses are extermel to the inlet entrance (refer-
ence 2). When the relative mass flow is small, the subsonic 4if-
fusion losses are negligible and the total-pressure recovery of
0.77 (fig. 11) corresponds to the total-pressure recovery across a
free-stream normel shock (0.767).

At the transition from suboritical to supercritical flow
(a constant relative mass flow), the throat Mach number reaches
unity. The subsonic diffusion losses (without internal shocks)
are then a meximmm, and the total-pressure recovery of 0.74 1s
approximstely constant for all the configurations listed in
flgure 11 and may be used to evaluate & subsonic diffuser pressure
recovery Pz/Pg of 0,74/0.77 or 0.96.

In the supercritical region of flow, the relative mass flow
remaeins constant within the limlts of precision of the Ilnstru-
mentation, The decrease In total-pressure recovery occurs through
an internel shock because of an acceleration of the flow to super-
sonic velocities downstream of the throat (reference 2).

Configuration 1.63=b (fig. 1l1l(k)) allowed a partial entrance
of the normal shock into the inlet as a result of adding perforations
near the inlet entrance. The peak pressure recovery of 0.815 is
greater then the free-stream normal shock recovery of 0.770, and a
discontinuity appears between the subcritical and supercriticel con-

ditions of flow.

The average relative mass flows of the supercritical flow
conditions from figure 11 are presented in figure 12 with the
gecmetric contraction ratio as the independent variable. The
solid theoretical curve is glven by the equation

7+l
71, 2 \20D
mg T PpSpMp(lt Mo (3)
mn o my | Pn 54 My 7-1 . 2
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where Pp/Py is the pressure recovery through the free-stream

normal shock ahead of the inlet entrance and the throat Mach
number is unity.

The agreement between theoretical end experimental relative
mess flows is wlthin the preclsicn of the instrumentation and
verifies the assumption that the flow through the throat of the
inlet may be considered one dlmensional,

Inlets having minimum perforated area necessary to permit
normal shock entrance. - Configurations with the minimum ratio
of total perforated area to throat area (4;/Sp)pi, Decessary

to permit normal shock entrance have a large discontinuity between
the subcritical and supercritical conditions of flow (fig. 13).
The discontinuity in relative mass flow, which averaged approxi-
mately 20 percent, illustrates the relative effectiveness of the
perforations in removing mass flow before and after the normal
shock is swallowed. The curves of the subcritical conditions of
flow remain unchanged, terminating at approximetely the same end
points., For supercritical flow conditions, the curves are dis-
placed by the change in relative mass flow. The total-pressure
recovery is increaged through & reduction in shock Mach number.
The relative mass flow remains constant up to the peak pressure
recovery with no evidence of stable shock equilibrium within the
inlet. The apperent increase In relative mass flow at low velues
of pressure recovery is probably due to measuring errors assoclated
with the separations of the flow when the shock approaches the
pltot~static reke.

The average experimental relative mass flow for the super-
eritical conditions of flow in figure 13 is shown in figure 14
and is compared with the theoretical values for neutral shock
equilibrium at a subsonic flow coefficient of O.5. The average

relative mass flow of each configuration is approximately 1%-to

2 percent above the theoreticel curve and 1s consistent with the
theory and the experimentally determined value of the subsonic
flow coefflcient, because the perforated-area distribution in
each oase is less than that for neutral shock equilibrium, The
meximum relative mass flow of 0.98 for configuration 1.40-a-1
corresponds to the minimum ratio of total perforated area to
throat aree over the range of contraction ratios.

The theoretical dete points in figure 14 were obtained by a
numerical integration of the equation
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My =mp =m - k[’ PVQLdA (4)
0

based on the theory of reference 3, in which the perforation
distributions from -figure 9 were used to evaluste 4dA 1in each
case., The theoretical deta show excellent agreement with the
experimental results. Further comparisons in tabular form will
be given subsequently.

Maximm totel-pressure recoveries Pz/P, obtained with each

configuration are shown in figure 15 for configurations with the
minirmm perforated-area distributions required for starting. The
slight changes in peak pressure recovery (0.90 to about 0.91) are
negligible compared to the range in contraction ratio from 1.40

to about 1.55. Because the normal shock was downstream of or at
the throat of the inlet and the calculated reduction in throat
Mach mumber with increasing contraction ratio for the configurations
was from 1.42 to 1.25, the peak pressure recovery appears limited
by either a decreasing effectiveness of the straight throat section
" in stabilizing the shock downstream of the throat (reference 2) or
a deterioration of the subsonic diffusion process with increasing
subsonlic Mach number behind the shock. An apprecisble gain in
total~pressure recovery was obtained over the maximm of 0.838
reported in reference 2 for a convergent-divergent inlet with a
contraction ratio of 1.176 at a Mach number of 1.85.

Inlets with unstable shock equilibrium. - Configurations with
more than sufficient perforations to permit normal shock entrance
but less than those required for neutral shock equilibrium had the
same characteristics as those of the preceding group. (See fig. 16.)
Although stable shock equilibrium wes evidenced with configurastion
1.49-4 as & decrease in relative mass flow for positlions of the
shock within the inlet, the peak total-pressure recovery did not
Increase over that obtained with configuration 1.49-c (fig. 13).

The stable shock equilibrium over the short range of relative mass
flows was unexpected but was not surprising in view of the small
deviation of the slope of the perforation-distribution curve from
that of the theoretical curve. The maximim pressure recovery
obtained was about 0.92 for configuration 1.53-d, which had a theor-
etical distribution of perforations based on the design consider-
ations for neutral shock equilibrium.

Inlets with some region of steble shock equilibrium. - The
relations of total-pressure recovery to relative mass flow are pre-
sented in figure 17 in an order of progressively increasing

SERETL
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perforation distribution for each inlet (fig. 9). From these
relations, steble shock equilibrium within the inlets may be

noted ag a continuous decrease in the relative masgs flow from

thet of the supercritical condition of flow. Becausme the slopes

of the perforation-distribution curves d4ld not exceed the theo-
retical values required for neutral shock equilibrium over the

entire range of diffuser-area to throat-ares ratios, a discontinuity
gti1ll exists but it is in the subcritical condition of flow, that is,
the condition of wvarilable relative mass flow.

The date points at totel-pressure recoveries close to that of
a free-gtream normael shock correspond to the condition of a steady
shock external to the inlet entrance. The second set of data
points (for example, fig. 17(b)) in the subcriticel condition of
flow (below the peak pressure recoveries and above those of & free-
gstream normel shock) were obtalned with only the more highly per-
forated configurations. - These data pointe correspond to a con-
dition of flow in which the normal shock rapidly oscillated from a
position shead of the inlet entrance to & position dovnstream
of the diffuser throat. (The positions of the shock were observed
from high-gpeed motion plctures of the schlieren image in which
sectlons of the normal shock could be seen through perforations
in alinement with the optical light path.) Because the pressure
impulses were rapldly damped in the tubes between the piltot-static
rake and the manometer, the pressure recoveries recorded are some
average of the true pressure recoveries at the two extreme shock
posltions modifled by the time the shock perslste at each position.
The relatlver mass flows are only a rough approximation becauge a
prerequisite for the method of calculation used is a steady-state
leo :

For configurations 1.49-g, 1.53-g, 1.55-e¢, 1l.59-e¢, and 1l.63-e
(figs. 17 (1), (1), (o), (r), and (u), respectively), the oscillat-
ing type of flow extends over the entire subcritical region. The
lower date points (a steady shock shead of the inlet entrance) were
obtained only when the tunnel was started with the diffuser outlet
olosed. Acocording to theory, the shock should elther remain in
gtable equilibrium within the inlet or revert to & corresponding
position ahead of the inlet entrance. Whether the oscillating-flow
phenomenon ig an inherent characteristic of the perforated-type
inlet, a characteristic of the test model, or an effect of local
flow veriations that may be remedled by using smeller, more numerous
perforations 1s unknown. ;

The experimental results are in agreement with those theoreti-

celly expected from consideration of the effect of the slope of the
perforation-distribution curve on stable shock equilibrium. With the
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exception of configuration 1.55-6 (fig. 17(m)), all configurations
indicate some stabllity. For configurations 1.40-c-l, 1.40-c-2
1.53-e, 1.55~c, and 1.59-c, (figs. 17(a), (o), (J), (m), and ('_ps,
respectively), the siopes of the perforation-distribution curves
exceeded those theoretically required for neutral shock equilibrium
for only e short range of diffuser-area to throat-area ratios
(approximately 1.05) and the degree of stable shock equilibrium is
within the limits of instrumentation precision. As the slopes of
the perforstion-distribution curves were progressively increased
over a greater range of local inlet-area ratios (approximately 1.20),
the degree of stable shock equilibrium was increased.

The most significant discrepancy between the experimental
results of figure 17 and the theory is the ocourrence of ‘the peak
pressure recovery with the shock very close to its most upstream
stable position within the inlet and the incremental increase in
peak pressure recovery with perforation distribution after stable
equilibrium of the shock has bheen obtained. Theoretical consider-
atlions of the inlet alone dictate that the peak pressure recovery
be obtained when the shock Mach number is & minimm. This minimum
shock Mach number is at the throat unless the increase in local
Mach number due to the mass flow removed by the perforations
pvQLdA exceeds the decrease in local Mach number due to the con-

traction of the stream tube by the inlet wall. Thus, in terms of

aa/s
the perforation distribution slope, 25 1. The maximm peak
dS;SZ Qp

pressure recovery for & given contraction ratio, however, should be
vbtained with the first perforation distribution that allows stable
shock equilibrium, because the minimum stable shock Mach number is
the lowest. This discrepancy between theory and experiment cannot

_be rationalized within the limlts of the assumptions made. Although

the exact reasons for the lnoreases in peak-pressure recovery are
unknown, the occurrence may be the result of minimizing an inter-
action of the shock with boundary layer and of an improvement in
subsonic-iiffuser efficiency. Whereas the shock Mach number increases
with the ratio of diffuser area to throat area, the perforations
behind the shock provide a relief for any boundary-layer thickenming
ceused by the adverse pressure gradient through the shock. The flow
conditions at the entrance to the subsonic diffuser are thereby
improved and a net improvement in peak pressure recovery ocould result.
The 1imiting perforation distribution at which this effect produces
the maximmm peak pressure recovery for a given conbtraction ratio is
not well defined. An increage in the perforation distribution slope
over practicelly. the entire length of configuration 1.59-e (fig. 9(f)),
however, decreased the peak pressure recovery from approximetely 0.95
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to 0.94 (figs. 17(q) and 17(r)). A similar decrease in the peak
pressure recovery .1s noted between configurations 1.70-a and

At the contraction retio of 1.40, the local increase in the
slope of the perforation-distribution curve near the throat of the
‘starting configuration 1.40-c-2 (fig. 9(b)) over that of 1.40-a-1
(fig. 9(a)) had no effect, and the same peak pressure recovery of
0.90 and relative mass flow of 0.98 were obtained. Also, the
ratio of tobtal perforated area to throat area regnired for starting
was the seme. At the higher contraction ratios of 1.59 and 1,63,
the increase in the glopes of the perforation distributions improved
the peek pressure recoveries for the starting configurations 1.59-c
and 1,63-c (fig. 17(p) and (s), respectively) approximately 4 per-
cent over. the value of 0,90 for the starting configurations with
theoretical perforation distributions (fig. 15). The starting
ratios of total perforated area to throat area in figures 17(p) end
(s) were increased above the values expected for a subsonic flow
coefficient of 0.5 and the relstive mass flows for supercritical
conditions are approximately 2 percent helow the theoretical values
for neutral shock equilibrium given in figure 14.

The highest peak total-pressure recoveries at all contraction
ratios were obtelned with configurations highly perforeted in the
vicinity of the throat. The data points on figure 18 are for
configurations 1.40-d-l, 1.40-f-2, 1.49-g, 1.53-g, 1.55~1, 1.59-4,
1.63-0, and 1.70-a. The solid curve is the theoretical peak pressure
recovery for neutral shock equilibrium at a subsonic flow coefficient
for the perforations of 0.5, and represents only normal shock losses
at the inlet throat. The trend of the experimental date approximates
the theoretical curve up to a contraction ratio of 1.55 and then
levels offf. Although the maximum experimental total-pressure recovery
of 0.958 was obtained at a contraction ratio of 1.63, the experimental
date have no well-defined peak, and pressure recoveries of approxi-
mately 0.95 were attained over a range of contraction ratios from 1.53
to 1.70.

Up to a contraction ratio of 1.55 the assumption of isentropic
flow upstream of the shock is a good approximation at the Mach number
of the investigation because the difference of approximastely 3 per-
cent between the highest peak total-pressure recoveries and the
theoretical curve may be accounted for by the subsonic diffusion
losses. At contraction ratios greater than 1.55, the experimental
curve in figure 18 levels off at & value of approximately 5 percent
below the theoreticel values. This leveling off of the experimental
curve may be the result of supersonic-diffusion losses, and at a
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contraction ratio of 1.70 the supersonic diffusion losses may be
estimated at approximately 2 percent if the subsonlc diffusion
logses are assumed constant.

The relative mass flows corresponding to the peak total-
Pressure recoverles presented in figure 18 were comsiderably below
the theoretical values for neutral shock eguilibrium. For config-
uration 1.63-e, (fig. 17(u)), the relstive mass flow of 0.82
assoclated with the peak total-pressure recovery of 0.958 is
approximately 12 percent less than the theoretical value. Calcula=~
tions indicate that approximately 5 percent of this reduction is due
to the increase in perforation distribution over the theoretical
distribution; the remasining 7 percent 1s due to the increased flow
spillage of perforations behind the normal shock in the converging
portion of the inlet.

Comparison of Experimentel and Integrated
Relative Mass Flows

The relative mass flow for supercritical conditions of operation
may be evaluated by a numericel integration of equation (4). Experi-
mental and integrated relative mass flows for supercritical Plow
conditions were compared. The results for several perforation dis-
tributions of the 1.49, 1,53, and 1.59 inlets are shown in the follow-
ing table; the percentage wvariation is shown as positive when the
integrated value exceeds the experimental value:

Configuration | Mass-flow ratio, mz/m |Variation
Experimental |Integrated} (percent)
1.49-c 0.972 0.965 ~0.7
1049"6 .956 .949 -.7
1l.49-g <934 .922 ~1.3
1053 =C O .960 00956 ﬁ.&
1053-6 .942 .938 -.4
1.55-f .951 .924 -.7
1l.53-g .306 .896 -1.1
l.sg-c 0.915 0'925 l.l
1.59-4 .901 .910 1.0
1.59-e .892 «899 .8

The variation between méasured and integrated values remains
approximately within the limits of experimental precision (+1.0 per-
cent). This agreement indicates that the proposed assumption and



2z NACA RM ES0BO2

method of evaluating U[

0
that are practicable approximstions to the supersonic flow
through the perforations, .

pvadA in reference 3 give results

Visual Flow Observations

Typioal schlieren photographs of the flow pattern sabout inlets
with stable shock equilibrium are presented in figure 19 for severel
operating conditions. In figure 19(a) with the shock downgtream of
the throat, the mass flow spilled through the perforations is =a
minimim for the configuration, and is indicated qualitatively by the
boundary layer that appeers as a light area (upper balf) and a dark
area (lower balf) adjacent to the inlet wall., With the shock
positioned in the inlet, the Increase in flow spillage is noticesble
in figure 19(b) as a thickening of the light and dark areas down-
stream of the shock. (The approximete position of the internsl
shook is indicated by the arrow.) Coincident with this thickening,
& flow compression emanates from the boundery layer, This compres-
sion is probably the result of s supersonic flow deflection generated
by the inoreased flow splllage that appears to form the boundary
layer into a virtual remp. The transition in flow pettern between
figures 19(a) and 19(b) was observed to be & contimmous funotion of
the shock position.

The appearance of the osclllating flow when visually observed
is 1llustreted in figure 19(c). The range of shock positions was
from the blurred image of the bow wave ahead of the inlet to a
location downstream of the throat., Photographs teken at
4-microsecond exposure (figs. 19(d) end 19(e§) reveal the details
of the shock pattern for two positions in its oscilletion. In fig-
ure 19(d) the shock appears as & typlcal bow wave encountered in
the suberitical condition of flow. The flow pettern behind the
shock indicates considersble turbulence. In figure 19(e), the shock
is within the inlet at & position coinciding approximately with the
oblique wave emanating from the inlet wall. The flow l1s entering
the inlet entrance at free-stream conditions and the shock petiern
approximates that which would be expected under a steady-state flow
condltion.

Four-microsecond photographs of the inlet with the shock at
its most dowvmstream position of oscilliatlion are unavailable. A
study of high-speed motion plctures, however, indlcates the flow
pattern to be simlilar to that of figure lS(aS.
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Angle of Attack

At an engle of attack of 3.9, the highest peak pressure
recoveries of figure 18 were reduced from 2 to 3 percent. In
this respect, the performsnce of the inlets appears comparable
to that of shock-type inlets. The change in relative mass flows
from those obtained at zero angle of attack indicated slight
reduction within the limits of instrumentation.

Estimation of Importance of Total-Preasure
Recovery and Relative Mass Flow

A method by which the relative merits of an increase in total-
pressure recovery cbtained at the expense of a decrease in relative
mags flow may be evaluated is to determine the intermsl thrust coef-
ficient Ct,s for a simlated ram=-jet unlt from the experimental
relations of total-pressure recovery to relative mass flow. The
equation for the internal thrust cocefficlent as developed in
appendix B 1s

P m. P m v
0.525 °3 l 3 4 _ _B3\%e
Cy,3 = ms Bo (4 324-0.509 P—) 2 + 2 <1 m—>—vO (5)

In equation (5), the geometry of the ram-jet unit is variable so
that the internsl thrust coefficient is independent of physical
dimensions. The velocity recovery me/vo represente the fraction

of free-gtream velocity retained by the air spllled through the
perforations and is a design parsmeter as yet unlmown. An
inspection of equation (5) reveals, however, that should the
velocity recovery equel unity the internsl thrust coefficient has
its limiting maximmm value. No penality is placed on the inlet for
decreases in relative mass flow; identical results are obtained
when the relative mass flow is unity. When the veloclity recovery
is gzero, the reduction in internmal thrust coefficient is a maxlimum;
the intermal thrust coefficient then has its limiting minimam
values. In generel, the velocity recovery should lie between
unity and zero. Although veristions in the velocity recovery with
contraction ratio, perforation distribution, and relative mass flow
may be expected, a first approximation may be made by holding the
veloclity recovery constant.
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Typical internal thrust coefficlents calounlated from experi-
mental values of total-pressure recovery and relative mass flow
are presented in figures 20(a) and 20(b) for velocity recoveries
of 0 and 0.6, respectively. The inlet contraction ratio is 1.49.
Confilgurations with less than the minimum ratio of total perforated
area to throat aree required for starting and the suboritical
conditions of flow wlth extermal shocks are not considered because
they do not represent practicable design points. The dashed curves
are lines of constent relative mass flow. A vertical displacement
of & given data polnt below the dashed curve on which relative mass
flow equals unity represents the change in internsl thrust coef-
ficient due to & momentum loss of spilied air.

The supercritical region of flow 1s indicated in figures 20(a)
and 20(b) by the linear variation in internsl thrust coefficient
wilth tobtal-pressure recovery. Shock stability in the converging
gection of the inlets is characterized by the decreasing glopes of
the curves as the peak pressure recovery is approached.

When & velocity recovery of zero was assumed (fig. 20(a)), the
effect of the momentum lossg of the spilled alr was severe. Conflgursa-
tion 1.49~c, which had the highest relestive mass flow of 0.97 for its
contraction ratio, gave the highest Intermal thrust coefficient of
0.814, Subsequent configurations 1.49-f and 1.49-g increesed the
reek total-pressure recoveries to 0.924 and 0.940 and reduced the
internal thrust coefficlent to 0.80 and 0.69, respectlively. The peak
internal thrust coefficients for all configurations corresponded
clogely to the supercriticel oconditions of flow.

For ean assumed velocity recovery of 0.6, (fig. 20(b)), an
increase in the peak internal thrust coefficlent from 0.83 with con-
figuration 1.49-c to approximately 0.84 for configuration 1.49-f
wag realized. The peak internel thrust coefficient of 0.823 for
configuration 1.49-g is lower, but is in the subcritical region of

flow.

At an assumed velocity recovery of unity, the highest internal
thrust coefficients occur at the highest peak pressure recoverles.
- A velue of internal thrust coefficient of 0.88 for configuration
1.49-g is obtalned by vertically projecting the peak total-pressure
recovery of 0.94 to the relative mass~flow curve of unity on elther
figure 20(a) or 20(b). Although this velocity recovery would not
be encountered in practice, it represents e limiting condition of
flow. ,

Over the entire range of contraction ratios and perforation
distributions investigated, the highest values of the internal

_ONFIDENrﬂL
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thrust coefficlents are presented in figure 21 for velocity
recoveries of O, 0.6, and 1.0. The configurations for these
deta polnts are listed in the following table:

Inlet Perforatlon distribution
contraction Velocity recovery
ratio 0 0.6 1.0
1.40-1 e c a
1.,40=2 c a £
1.49 c £ g
1.53 e e =3
1.55 a f h
1l.59 c c a
1.63 c c e
1l.70 ) a a

For an Improvement in veloclty recovery, the peak internsl thrust
coefficlent appears to occur at higher contraction ratios and
inoreased perforation distributlons as indicated by figure 21 and
the preceding table, respectively.

At an assumed velocity recovery of O, the highest internsl
thrust coefficients are obtained between contraction ratios of 1.40
and 1,49. An increase in the velocity recovery to 0.6 shifts the
highest internal thrust coefficlent to a contraction ratio of
approximately 1,59, For the limiting condition of velocity recovery
equals 1.0, a contraction ratio of 1.63 that glves the maximum pres-
sure recovery has the mexlimim intermal thrust coefficlent of 0.90.

In terms of perforation distributions the trend is similar,
In general, configurations that first permitited normel shock
entrance gave the highest values of peak lnternal thrust coef-
ficlent at a veloclity recovery of zero. These configurations have
the highest relative mass flow at thelr respective contractlion
retios. (The one exception is configuration 1.53-e.) The data
points correspond closely to the peak total-pressure recovery and
to supercritical conditions of flow. At & velocliy recovery of
0.6, the data points correspond to configurations with ratios of
total perforated area to throat area greater than that required for
normal shock entrance. All data points correspond to superoritical
conditions of flow, but are not necessarily for the peak total-
pressure recoveries of thelr respective configurations. For the
1imiting condition of velocity recovery equals 1.0, the data points
correspond to the more highly perforated conflguration at each con-
traction ratio. All deta points are in the subcritical condition of
flow and are for the peek total-pressure recovery.

S
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A comparison may be made of the internal thrust coefficients
of perforated inlets with the convergent-divergent inlets of ref-
erence 2 because the relative mass flow of the convergent-divergent
Inlets is unity. The values of internal thrust coefficient then
coincide with the corresponding thecretical curve of figures 20(a)
or 20(b). The inlet of 10° straight taper and 1.176 contraction
ratio with a Z-inch cylindrical throat of reference 2 at a free-
stream Mach oumber of 1.90 gave a peak total -pressure recovery of
0.810. The peak internal thrust coefficilent for this inlet i1s
0.72, & decline of approximately 1l percent from the value of 0.814
for an Inlet having a 1.49 comtraction ratio at a velocity recovery -
of 0, and a reduction of approximately 15 percent from the value of
0.85 for an inlet having a contraction ratio of 1.59 at a velocity
recovery of 0.6,

SUMMARY OF RESULTS

An investigation of perforated-type convergent-divergent inlets
at a Mach number of 1.90 gave the following results:

1. The experimentel average subsonic flow coefficient for the
clircular sharp-edged perforations used was approximately 0.50.

2. A maximum total-pressure recovery of 96 percent of the
free-gstream totael pressure at a relative mass flow of 82 percent
was obtalned with an inlet having & contraction ratioc of 1.63.

A maximim relative mass flow of 98 percent was obtalned with a peak
pressure recovery of 90 percent using an lnlet having a contraction
ratio of 1.40.

3., Pressure recoveries up to 92 percent were obtained using a
theoretical distribution of perforations based on the design con~
siderations for neutral shock equilibrium. For some of these
configurations, shock stability at the throat of the inlet was
observed. Additional perforations upstream of the throat stabilized
the shock in the converging section of the diffuser and improved the
pressure recovery, but reduced the relative mass flow.

4, Theoreticel (integrated) and experimental values of the
supersonic flow removed by the perforetions during supercriticel
operation agreed to approximately 1 percent over a range of con~-
traction ratios from 1.40 to 1.59 and the perforation distributions
Investigated. ’ ' ‘

5. A theoretical comparison of the effectiveness of total-
.- pressure recovery and relative mass flow was made in terms of an

ST
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internal thrust coefficient. For a velocity recovery of 0 of the
flow spilled through the perforations, gains in pressure recovery
were offset by losses in mass flow, &nd an inlet with a contraction
ratio of 1.40 or 1.49 was found to be preferable. For & veloclty
recovery of 0.6, moderate mass=flow losses may be tolerated and an
inlet with a conbraction ratio of 1.59 gave the maximum internal
thrust coefficlent.

6. The maximum thrust coeffilclent of the perforated diffuser
at a velocity recovery of zero was 11 percent greater then that of
a convergent-divergent diffuser. At a velcclity recovery of 0.8, the
meximm internsl thrust coefficient was 15 percent greater than that
of e convergent-divergent diffuser.

Lewis Flight Propulsion lLaboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohio.
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ANEFSoRE.

APPENDIX A
THEORETICAL EQUATIONS USED IN DESIGNING
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PERFORATED INLETS

The originel derivation of the eguation for calculating per-
foration size and distribution 1s given in rgferenoe 5., The cal-

culations for ovap and LY. Qy may be simplified if the egueticus
BPQg PaVe

are presented in a form that utilizes one-~dimensional supersonic

flow and normal shock relations, and two-dimensional Prandtl -Meyer

expansion equations. These are available in tabulated form in

reference 4.

The general equation that is numerically integrated to obtaln
the number and the distribution of perforations along a diffuser as
a function of the local Mach number is

14aP
M - pay M
1- 0%
- BP .
.'_A'— = —l—- e M* aQa' - l (Al)
S2 * qa
where
7+l
b 1 o) .2 a1l .
—— g e | — Me = in(Sin v 6> (Az)
BE2Q Qe (1’2 1+ 2P ° Mo

and where M, 1s obtained from the ratio of the static to total
pressure pe/Po end 6 1is the angle between the final Mach line
and the diffuser wall.
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In terms of the coordinate angles ® and P,
-1 1 <1 1 <11
gin™ = -0 = gin™ = - 8in™ = + (9. -0 (a3)
i e BT

The coordinate angles may be expressed, however, in terms of the
Prandtl-Meyer expansion angle V¥ +through which a stream must turn
to expand from sonic velocity My +to a supersonic Mach number M.

Because .
=, |7t tan=L, [2=1 (M21
P ‘\’7-1 7+1( )
and .

W =p [74L tan™t, [7=1 (MB-1) - <90-sin'l 1
7=1 7+l M

sin~t M_le_ -8 =N -V (a4)

The equation that is numerically solved in conjunction with
equation (Al) to obtain the diffuser cross-sectionsl area as a
function of the local Mach number is

(pv) £

v

S . X 5 —l; SN <§~’i-> (as)
Sz* pv p o 2%




v,
Multiplying through by Pev¥e and Po¥o glves
PeVe Po"o

NACA RM ESOBO2

s _Povo [(P¥)y DA/ oy o) 2% 5
Sox Ox PoY0 o PeVe POY0

A
Sa

)

However,
_%__"'J-_y
. 2{7-1
Q M. 1+ -72—1!42 7 -
b T M\ E sin (Vo-V)
Ly M
pe e
= sin (Vg-V)
or
ﬁ Q, = sin (V=¥
e e
Also,
l 4ap
s b (A, 2\EECY
Sox S2x 9 1 - PVQy,
BPZQa

(a8)

(A7)

(48)

(49)

The guentities on the right side of equation (A9) have been
previously calculated in evaluating equation (Al).

If the pressure D, 1is assumed constant and equal to g,
M, = My in equations (A2), (A3), and (A4); and Vo =V¥g in

equations (A4), (A7), and (AS).
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It has been brought to the atbtention of the authors that a
limiting condition for determining the exit Mach number M, exists.

When the final Mach line of the Prandtl-Meyer expansion at a per-
foration becomes parallel to the inlet wall, the angle € 1in
equations (A2), (A3), and (A4) 1is then zero and the exlt Mach number
& maximum. Should the final Mach line fell outside the inlet wall,
the maximm exlt Mach number Me,ma.x of the perforetion is the
value that exists 1in the expansion at the Mach line that 1s parallel
to the inlet wall; Me,max ‘then becomes & functlon of only the local

inlet Mach mumber and is given in terms of the Prandtl-Meyer expan~-
sion angle V¥ by the equation _

Vo= (U)ppy - sin™t i 1 (A10) -
e,max

A solution of equation (A10) for the maximum exit Mach number
in terms of the local Mach number is shown in flgure 22. These

velues for Me —— from flgure 22 ghould be used to evaluate

J
equations (A2), (a3), (a4), (a8), (A7), and (A8) whenever the final
Mech line falls oubslde the inlet wall. For the assumption that
the static pressure p. 1s constaent and equal to py, this

phencmenon -first occurs at & locel inlet Mach number of unity when
the free-gtream Mach number ig 2.083.
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APPENDIX B

BASIS FOR COMPARING DIFFUSERS TO DETERMINE
OPTIMUM DESIGN POINTS

The equation used to evaluate the design thrust coefficilents
shown in figure 20 was cbtalned through an integration of the
momentum equation about & genersl ram-Jet unit, considering only
the effects of pressure recovery and relative mass flow of the air
approaching the supersonic diffuser inlet. In order to isolate
these Internal effects, the extermasl velocity is considered to be
zero and the external pressure ls agsumed equal to the free-sireem
gtatlc pressure pgy, which ls analogous to having the alr supplied

to the unlt at the free-stream Mach number My 1y means of a ram
plpe with a dlameter equal to that of the diffuser inlet (fig. 23).

Integrating about the two-dimensional bounderies a, b, c, and
d, the generel equation for thrust is

a a a a
F= pdA cosw + (ovdA cos B)vy (B1)
c b . c b

where the thrust i1s positive in the negative direction of =x, ® is
the angle between the posltive dlrectlion of x and the outward-
drawn vector normel to dA, and f 1s the angle between the veloclty
vector v and the outward-drewn vector normal to dA.

Across boundary - ab the mass flow My emerging from the ram
pipe may be segregated into three parts Iyy M, and m, for pur-.
poses of analysis. (m, 1s the flow spilled aheed of the Inlet

entrance when the normal shock 1s upstream of station 1; m, 1s
the flow spilled through the perforetions; and m; 1s the flow

passing through the throat.) Across boundary cd, +the veloclty
of my and m_, 1s assumed to be v, and v, unormel to cd and

at the free-stream statlc pressure pgy. The mass flow m, issulng
from the jet is choked and at a statlc pressure p,-

C




Integrating equation (Bl), the internal thrust beccmes

F =myvy - movg + Sq(pg-p0) + mvy + e Ve (B2)
The internal thrust coefficient based on the maximmm area of the unit is

C = .—F...—
Jb,3 q‘OSS

or, using one-dimensional and thermodynemlc relations,

= -1
5 L2 7oL )70
S, |2 g (U+8£) 1+ = P<1+___uo
Oy 5 = = | ——2 | 1+ L2 -0 2 ) -2 +
AR Hg \ 74t / 7a L7} s
\7Z N
| — - _J
MarVa + Y,
AAsmee (85)
L°3 .

: 7,R,T
where the heat-release parsmeter is T = ...‘%..%..i, the relative mass flow is mz/mn,
YoRoTo -
and the fuel-alr ratio is £,

2060GH WY YOVM

ee
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For oconditlons where the normal shock is within the inlet
entrance, m, 1is zero., Then e

m3
mevenl"momove_2<_2§ Ve 51 -
9053 1083 o/ Vo 83
81/8z may also be expressed as
70+l
70'1 w2 {70'15
EJ_‘. = —l— ?E.E:é. il 2 MO (35)
s ZsToMol, Tt e
mg z 3
when 7 equals 70,
The thrust coefficient then hecomes
70‘!‘1
0~ 2 2 (1+£) 1 4 20° 2
5w 2 281 T M o e
o 2 M3 —Z
4 — > ) ]
-2
-1 70"1
0 2
Py L+ M0> mA\V
1 o< 2 3\'e
— ] - — 2+2 (1 - =)=
<1+;,4= 1-g 7 \( ( =) | (38
s
» 74+l —j -
N 2 .

If the Mach number M3 is held constant at 0.2 and the hesat-releasse

parsmeter at 4.0, the fuel-air ratio required will depend on the
efficiency of the combustion prooess for & given fuel. For purposes
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of comperison, however, the fuel-air ratio term may be neglected,
74 mway be taken at l.4, and the total pressure before and after
combustion may be assumed equal wlth negligible change in the
relative values of the thrust coefficient between the various

inlets. From an evaluation of the constants in equation (B6) on
this basis,

Pz | m P
Cy 3 = 0.525 '3 3 <4.324-0.5088 .0} 2 42 ~58\ el  (m7)
% Bz Poimo Pz =0/ 0

mo

The lower limit of the total-pressure recovery P3/‘P0 for

Py _ P
which equation (B7) is valid 1s obtained when e 0.528,
3 3
the static total-pressure ratlo required for sonic veloclity at the
Jet ocutlet. The lowest value of the relatlive mass flow for which
the combustion chamber ls the major dlameter is glven by

S _, _o0.525 F3

my
or
=3 _ 0.525
my
when
P
P—3 = loo
0

Should the relative mass flow be less than the value thns determined,
the inlet becomes the major diameter of the unit. It 1s noted that
the internsl thrust coefficient thus computed represents the design
condition of & unit for the inlet test polnt consldered.
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Figure 3. ~ Theoretical distribution of perforations along
diffuser inlet. Contraction ratio, 1.55; free-stream Mach
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Theoretical for neutral shock equilibrium
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Flgure 6. ~ Sketch of typical inlet with table of
coordinates for contraction ratios investigated.
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= Photograph of inlet 1l.59-e illustrating distribution of perforations.
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(2) Schematic diagram showing component parts.

(b) Pitot-static survey rake located at statlon A-A.

Figure 8. - Sketch of experimental model.,
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Flgure 10. = Ratlo of total perforated area to throat area as
function of contraction ratlo for starting and neutral shock
equilibrium. Subsonlc flow coefficlent Qy, 0.5; free-stream
Mach number M,, 1.90.
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Figure 1ll. = Variatlion of total-pressure recovery wlth relative
mass flow for lnlets having insufficlent perforations to permit
normal shock entrance., Free-stream Mach number Mg, 1.90.
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Total-pressure recovery, P5/P0
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Figure 13. - Variation of total-pressure recovery with relative
mass flow for 1inlets having just sufficient perforations to
permlt normal shock entrance. Free-stream Mach number M,,

1.90.
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1.90,
T

55



56

NACA RM EB0BO2

4 ngg@_j i

Steady flow
— — — Digcontinuous flow
I
1.0 b4
.9 )
.8 /. £
o_o_—('“c‘\oﬁgl i o—o—a—o /]
g i
-] L
» :> -
B
4 .5 o
§ (a) Inlet 1.40-b-1. (b) Inlet 1.49-d. .
7
b
% 1.0
)
4
N
.9
3 ,'
5 /
1 .8 I
10— —0—t
.7 -
6
7S
05 - -
0 2 o4 .6 8 1.0 0 2 .4 6 .8 1.0
Relative mass flow, mz/m,
(¢) Inlet 1.53-d.
Flgure 16, ~ Variation of total-pressure recovery with relative )

flow for inlets having more than sufficlient perforations to

permit normal shock entrance and less than those required for
neutral shocit equilibrium. Free~stream Mach number Mg, 1.80. .




1254

NACA RM E508B02 57

1.0 ‘ Steady Tlow
~JACA.~ -——— Oscillating or
9 Q discontinuous flow on
[ f y 7
el
// p~-0---C4
'so——o—H / N /
¢7 L %
o6 N lo
5 &)
(a) Inlet 1,40-c-1, {b) Inlet 1.,40-d-1.
n? 1.0
> |
* .9 p p
E / "/
> 8 /£ /
o ° 7 .
g O'O"—O-——O..._____Qi D= L\O‘O}
P
.7
:
u 06 l
b4 o f
o
~a b o)
% {¢) Inlet 1.40-c-2. (d) Inlet 1.40-d-2.
® 1.0
.9 - -2
/ ,O’
I, -
«8 7
¢7 . 6
6 é
.5 9
0 .2 -4 o6 .8 1.0 0 2 Y- -6 -8 1.0
Relative mass flow, mz/m,
(e) Inlet 1,40-e-2, {(f) Inlet 1,40-f-2.

Figure 17, - Variation of total-pressure recovery with relative mass
flow for inlets having some region of stable shock equilibrium. '
Free-stream Mach number Mgy, 1,90,



58

1.0

.9

.8

o7

.6

.5

[
o

o7

.6

D

Total-pressure recovery, P:S/PO

[
(o]

.9

.8

o7

.6

5

Figure 17. - Continued.

NACA RM E50B02

] Steady flow
:E§§; ————— Oscillating or
. o iscontinudus flow X
S o B
/ /"-—- _____ - - y Q
, 9 Vi /
/] el / d
O ———0-—0 ¥ \O-\d
Q
(g) Inlet 1.49-e. (h) Inlet 1.49-f,
,Pq )
7 g 7P
Q --"6 (o —”
\o__._._-- = I/‘ 'lo___ Lo~ I/ )
O
o
o
O o]
(L) Inlet 1.49-g. (}) Inlet 1.53-e.
o
JUIFDb ,// 5\
1 od-_ _a©
g-=1=—=10—""1 / o5
7 )
o——P—o-0d I o—q— <i
D %
o
o .2 4 «6 .8. 1.0 o .2 o4 .6 «8 1,0

Relatlve mass flow, mz/m,
(1) Inlet 1.53-g.

(k) Inlet 1,53~f.

Variation of total-pressure recovery with

relative mass flow for lnlets having some region of stable shock

equilibrium,

Free~stream Mach number Mo, 1.90.

vaer



NACA RM ES50B02 —L 59

1.0 i ———Steady flow
:EEIZ; ————— Oscillati or
.9 discontiggous flow ;x;
#C )/
= / A
5 / (o / %
L) V; 7
O~ O——G—0—ly__# Q p—P—C—o—1.d #
.’7 -
) QG
o
-6
P ‘f
q
.5 < ‘ o
(m) Inlet 1.55-¢c, (n) Inlet 1.55-d.
> 1.0
3 P
E’ 9 yi j\ l%
. ,d 7 Q
LY L’ ,’
> °‘~o—--—D;"° A
v .8 7 +
3 o—o——Jd l O—O'_Ch{)—,.o.ol
o ‘ g
= o7
)
3 $ I
w ]
w I !)
4 o
T .5
3 (o) Inlet 1.55-e. (p) Inlet 1.59~c.
)
& 1.0
[«
9 '% /|
= ’,ol oll
P - /4 j °°~~.__°__ __9_,.-0' C
-8 7 7
o—o——.o-ﬁé_ol !} O——O—0—1d
.7 . ?
.6 + %
o T
.8 (o)
0 .2 ..4 6 8 1.0 o .2 o4 6 .8 1.0
Relative mass flow, mgz/m,
(q) Inlet 1.59—&. (r) Inlet 1-59-3-

Flgure 17. -« Continued. Varliation of total-pressure recovery with
relative mass flow for inlets having some region of stable shock
equilibrium, Free-stream Mach number Mg, 1l.90.



C WA DENTIA NACA RM E50B02

1.0 T
.9 II% ;r%
) d
o ’°¢P
. o | ]
o—~0—0—o-! / o——<}—-i—< 4 1
. i ' p—0~0
o7
.6 t +
. i
(s) Inlet l.63-c. (t) Inlet 1.63«d.
o 1.0
2y
NN . ,,'Lap ?‘%
=¥} g 7 g
. /
;': _____43/8 ‘—’:o
8 8 o----_o-- ol Io-—-.__C)-—‘ l,
> . 7 7
§ O——C——qa—d 1>——'O——o——cb..d
I S
[}
: :
w 06
: b :
JONY -
g (u) Inlet 1,83-e. (v) Inlet 1,70-a.
® 1.0
R
.g ,l 50 :
<t _o_____,cr'o ﬁ Steady flow
.8 A 5 ----0scillating or
o—<k-<>__<*<{ discontinuous flow
4
.6 G
) = : b
0 2 .4 8 .8 1.0 (6] 2 .4 6 .8 1.0

Relative mass flow, ms/mo
(w) Inlet 1.70-b.

Figure 17. - Concluded., Variation of total-pressure recovery with
relative mass flow for inlets having some region of stable shock
equilibrium. Free-stream Mach number M,, 1.90.

TN 3



[

. : ' - 1254“.

Theoretical

-4
%; —=0—- Experimental
a,
£ 1.00 —
B [ —
p ——
[ 4
o] /
g a96 ’// —_ g
B ] 8o —p——" ‘—""'U——""-““--~o
g = g |_ -1~ a 2
& / — [e]
o _‘;a"" 1
. £-2 4=

- -
v oo,02 o
i B 4
- Wi
: :
5 %
X ,88 1

1.40 1.50 S 1.60 1.70
Contraction ratio, 8;/85

Figure 18. -« Varlation of maximm total-pressure recovery with contraction ratio. Free-
stream Mach number M;, 1.90.

208083 WY YOVN

L

19







NACA RM EB50BO2

(&) Inlet 1.53-g; Pz/Py, (b) Inlet 1.53-g5 Pz/P,,
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Figure 19, = Schlleren photographs of typleal flow patterns ebout several perforated
inlets. Free-stream Mach mumber Mg, 1.90.
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