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becomes much poorer than the normal shock value. Some systematic
work exists for ramjet diffusers; with mest of the attention being
paid to external compression configurations. Boundarv layer effectfg,
including methods for its control, have been studied to some extentl
For supersonic ejectors, ccemprehensive studies have been made, and
useful empirical design methods are available. We find that non-
equilibrium flows in diffusers or c¢jectors have not been studied.
Since the flows in the test section of hypersonic wind tunnels,

and in the cavity of gasdyvnamic laser systems, are known to be
significantly out of equilibrium, knowledge of nonequilibrium
effects in diffusers is particularly important in these situations.
. Therefore, a systematic study on noneguilibrium flows 1in supersonic
i diffusers should be made. Finally, a biblicgraphy with over ninety
entries and a summary of the principal features of idealized flow
in diffusers are included in the appendices.
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This report covers a literature survey on the status

3 of present knowledge on supersonic diffusers. Three types
'7§ : of diffusers are examined: wind tunnel diffusers, ramjet
inlets, and supersonic ejectors. No systematic study on

" wird tunnel gdiffusers has bzen found. The results obtained
in specific studies, made in conjunction with the design
and installation of a number of wind tunnels, show that
100% of normal sheek recovery is obtained for M<10. At
higher test section Mach numbers, the pressure recovery

: becomes much poorer than the normal shock value. Some
systematic work exists for ramjet diffusers, with most of
the attention being paid to external conpression configu-
raticns. Boundary layer effects, including metihods for its
control, have been studied to some extent. ¥For supersonic
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ejectors, comprehensive studies have been made, and useful
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egquilibrium flows in diffusers or ejectors have not been
studied. Since the flows in the test section of hypersonic
wind tunnels, and in the cavity of gasdynamic laser systems,
are known to be significantly out of equilibrium, knowledge
of nonequilibrium effects in diffusers is particularly im-
portant in these situations. Therefore, a systematic study
on nonequilibrium flows in supersonic diffusers should be
made. Finally, a biblicgraphy with over ninety entries and
a summary of the principal features of idealized flow in
diffusers are included in the appendices.
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I. INTRODUCTION

The importance of supersonic diffusers to a wide
variety of flow processes in research, development, flight
and applied science is well known. Efficient pressure
recovery is a dominant.consideration in establishing the
design and power requirements of wind tunnels. Rotating
flow machinery may encounter supersonic flow fields with
the requirement of providing efficient supersonic dif fus-
ers. Flying articles with supersonic inlets reguire high
and well controlled pressu;e recovery for stable coperation
and reliable pexformance. The duration and strength of
the high intensity outpui firom yas dynamic lasers are
critically sensitive to predictable and nigyh pressure
recovery associated with high mass flow rate.

Because of this importance and because it has seemed
that fundamental guesticons romain uvnanswared, we have
undertaken a survey of the current literature o, tns

status of present knowledge on supersonic diffuserz. 7To
this end, we have sought to obtain some relatively unavail-
able industrial, governmental, and private laboratory
reports as well as papers published in the usual archival
journals. To assist this undertaking a formal library-
computexr search has been made of appropriate titles. 1In
addition, direct contacts, correépondence, and other pri-
vate communications between ourselves and other workers

in the field have been included in our efforts as we
attempt to achieve completeness. Altogether, over 160
reports and abstracts were studied, of these about ninety
were considered relevant to the subject being reviewed and

listed in the Bibliography.

This report summarizes our results to date. We have

performed no new experimental or theoretical work; we can
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: only evaluate and analyse the work of others at this time,
. E However, cur efforts in this regard are felt to be a nec-
f essary and timely prerequisite to much needed systematic
improvement in the state-of-the-art.

e aam s el

1X. REVIEW OF RESEARCH ON DIFFUSERS

A. Wind Tunnels ;

Diffusers for supersonic and hyperscnic wind tunnels
have been studied at a number of wind tunnel installations.?*
These studies were usually made in order to determine the

7 overall pressure ratio reqguired for the operation of a
,% particular wind tunnel configuration. This information
ig, in turn, used to estimate the power reguirements for

DL A

- 3 the wind tunnel. Thus, virtually all the wind tunnel

gl

. ] diffuser studies known to us are design-oriented and they
7; i are optimizea for a singie raciiity. Most or the diffusers
’;% 3 were of standard configuration, with a converging entrance,

) & constant area throat section, and a diverging exhaust
section. The converging and diverging secticns were simply

B T FE T S S

frustrums of a cone, pyramid, or a wedge. The lengths of
each section, the throat area and the entrance angle were

e at

% : varied and an optimum combination of these, giving the most
: ’ favorable operating condition, were noted. The studies

tend to ke very specific; usually only the diffuser entrance

and exit pressures have been measured. The Reynolds number

g

i : and Mach number effects in these flows were not systemati-~
: cally investigated.

E * In Appendix I, we summarize the principal features of
3 idealized wind tunnel diffuser flow.
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In 1953, Lukasiewicz made an extensive study of the
test results of a number of supersonic wind tunnel diffus-
ers then in existence. They included the 18 cm x 18 cm
{7.1" x 7.1") tunnel (Diggins 1951)* and the 12 ¢m x
12 e (4.7" x 4.7") tunnel (Wegener and Lobb 1953) of the
Naval Ordnance Laboratory, the 2" x 2.53" tunnel of Cal
Tech (Heppe 1847}, the 11" hypersonic tunnel at NASA -
Langley (Bertram 1950}, and the 1.3* x 1.3" tunnel of MIT
{Neumann & Lustwerk 1951}.‘ Prom these data, Lukasiewicz
concluded that for test section Mach numbers of 1 < M < 10,
the statir pressures achievable at the exit of fixed~geo-
metry diffusers where M~0 were close to those computed
from normal shock recovery theory. With variable-geometry
diffusers, a maximum pressure recovery of almost twice the
normal shock recovery could be attained. The test-section
Reynolds numbers based on nozzle exit height ranged from
2 x 10° to 3 x 10° in these wind tunnels. ALl of the test
sections had closed~jets.

A nunmber of studies have been made on wind tunnel
diffusers since the time of Lukasiewicz' summary. The
Mach number range has been extended to twenty-six, and low
Reynolds number data have become available. 1In addition,
some results have been obtained for the monatomic gases
argon and helium. The optimum diffuser pressure recoveries,
defined as the ratioc of nozzle supply pressure to diffuser
exit pressure, Pto/ptz' realized in these wind tunnels are
compared to the theoretical normal chock recovery in Figs.l
and 2, for vy = 1.4 and 5/3 respectively. Unless otherwise

* Complete reference to papers cited may be found in
Appendix II, the Bibliography. This includes all rele~
vant diffuser literature known to us, even though not
cited in the text.
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stated, the results were obtained in "clean” wind tunnels
{(i.e., without models}. The results compiled by Lukasiewicz
{1953) are also plotted in Fig.l, it is clear from Figure
¢ 1 that the conclusion reached by Lukasiewicz on pressure
recovery holds for M < 10. At higher Mach numbers, the
recovery is significantly poorer than the normal shock re~ f
covery. However, since the Reynolds numbers in these high
Mach number tunnels are lower than those for M < 10, it is
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not clear that this deterioration in pressure recovery is i
due exclusively to higher Mach numbers.

The results reported by Hastings (1954), (1953}, by
Midden and CoCke {1964), and by Austin (1966) all fall in i
the Mach number range of 1 < M < 16. The test section ;
Reynolds numbers in these wind tunnels ranged from 2 x 105 <§
(Austin 1966} tc 8 x 106 {(Hastings 1955), i.e. they varied !
by a factor of forty. These conditions are reoughly the

same as those of Wegener and Lobbk (1953), Heppe (1247) ang

i Neumarnn and Lustwerk {1949, 1951). It is not surprising

E that the results of these new studies agree with the normal
shock recovery theory which was found in the older studies.
i : . The diffusers used by Hastings (1954,55) are of the two-

. dimensional, adjustable wall type, similar te that descriied
by Wegener and Lobb (1533,. Hastings (1954) has moogrover

-

k.
3
.

25 5 2ig

AT ol e
st s e\ o, b e,

studied the effects- of suction aéplied to the wind tunnel
test chamber, to remove about 10% of the test gas before
entering the diffuser. The limits of pressure recovery

i achieved with and without suction are indicated by the length
) of the bar in Fig.l. The application of suction improved the
diffuser pressure rscovery by as much as a factor cf two at
M = 5. 1It should be remembered that this improvement in
recovery is obtained at the expense of additional pumping
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power. Thus, the usual economic benefits associated with
improved pressure recovery are compromised in this case.

In addition to pressures at the nozzle and diffuser exits,
Hastings (1854) also made continuous static pressure surveys
along the diffuser sidéwall and took some schlieren photo-
graphs. These provide useful informaticn for an under~
standing of the flow and shock patterns in diffuser flows.
He found that the larger amount of static pressure rise was
accomplished in the supersbnic part of the diffuser. Not
shown on Fig.l is another Qtudy by Hastings and Roberts
{1957) using the same 18 cm x 18 cm wind tunnel where they
found that nearly 100% of normal shock recovery was obtained
at M = 2.86 and 4.%2 with atmospheric supply conditions. The
wind tunnels used by Austin (1966) and Midden and Cocke (1964)
are both axisymmetric open-jet s -ztems with fixed geometry
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gsectional area (11" diameter) by models may be tolerated in
their wind tunnel.

Clark (1965}, using the Langley 12" hyperscnic "ceramic
heated tunnel”, measured the pressure recovered in the fixed
geometry, axisymmetric diffuser. The Mach number in the free
jet test section is about 13.6, and the Reynolds number based
on the nozzle exit diameter ranged from 2 x 104 to 1.8 x 105
depending on the nozzle supply pressure. This nine-fold
variation in Reynolds number is the widest range covered in
a single study. Effects of diffuser blocking (not shown in
Fig.l) were also studied with various models by Clark. Dit-
fuser performance at much lower Reynolds numbers (Re'~103)
was investigated by Boylan (1964). Here, diffusers of the
same bas.c design, a constant area duct with cones fitted

at both ends, were used. The lengths and cross-sectional
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areas of the constant area and conical sections were system-
matically varied. Boylan's (1964) setup permits the free
jet length to be varied from zero {(i.e., closed jet config-
uration) to fourteen nozzle exit diameters. He found that
optimum results were obtained with a free jet length of
roughly six nozzle exit diameters. Argon was also used by
Boylan as the test gas, and results for argon are plotted
in Pig.2. . )

A mcdel blockage stud& of a 4" diameter Mach 10 to 14
free jet wind tunnel was made at Ohio State University by
Scaggs and Petrie (1961). Diffuser performance with models
(1/8" p-5/8"D) installed in the test section was investi-
gated. At Mach numbers of 10 and 14.3, pressure recoveries
of 44% to 60% of the normal shock value were obtained,
depending on the size of the model. The diffuser efficien-
cies reported by Thomas, Lee and Von Eschen (1957, 1959) of
the Chic State University 8" hypersonic tunnel and by Scaggs,
Burggraf, and Gregorek (1963) of the ARL-30" tunnels are
rouchly 100% of the normal shock recovery, as guoted by
Clark {1965). The highest Mach numbers studied were in the
range 22 < M < 26 at Princeton University (Vas and
Koppenwallner 1964, Vas and Allegre 1966). The Reynolds
numbers in both tunnels are abcuat 3 x 104. The static
pressure recovery {(from 5% of normal shock value at M = 17.7
to 46% at M = 25.7) was rather pdor compared with other wind
tunnels. The hypersonic nitrogen tunnel at the Aerodynanic
Recgearch Facility at G&ttingen described by Koppenwallnex
(1966 is of practically the same design as-the Princeton
tunnel (Vas and Koppenwallner 1964). With a nozzle exit
diameter gf 25 cm, the Reynolds number in the test section

is 3 x 10" <« Re, < 4.7 x 109, The pressure recovery
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achieved in the diffuser in this tunnel is betﬁer than that
obtained by Vas and Koppenwallner. Still, only about 50%

of the normal shock recovery was attained in the Géttingen
tunnel.

It is not clear at this time why the pressure recovery
is so much poorer than the normal shock recovery for these
hypersonic wind tunnels. Both viscous and nonequilibrium
effects may be responsible for this deterioration in dif-
fuser efficiency. Not cnly is the Reynolds number in these
tunnels much lower than the tunnels at moderate Mach numbers,
but also the high Mach number flow in the test section is
known to be significantly out of equilibrium.

B. Ramjets

The ramjet diffuser serves to decelerate air entrained

5t vt et o memmm A m D e v t-\ v, -y
[ it i R T R RS Y S-POSR N Py

S spczads approprizits tc tha
static pressure requirements for internal combustion. Faro
and Keirsey (1967) have reviewed ramjet diffuser performance
parameters as a part of a series of reports in ramjet tech-
nology. We shall use and follow their treatment of ramjet
diffusers and summarize the principal results contained in
their paper. Although Faro and Keirsey (1967) restricted
their attention to axisymmetric configurations, the prin-
cipal design considerations rega%ding external-compression
limjitations, compression surface design and inlet design

are fundamental to all types. For both internal and exter-
nal diffusion, the three basic characteristics determining
the diffusing effectiveness were held to be total pressure
recovery (the ratio of tctal pressure in the free stream to
total pressure at the diffuser's exit, as previously defined),

the capture-area (or mass flow) ratio, and the total drag
of the diffuser.
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The idealized ramjet with internal compression is dis-
cussed in Appendix I. The fixed thrcat, single-shock dif-
fuser has as advantages itgs low external drag and simpli-
city of construction. However, the area contraction ratio
required during starting imposes low pressure recovery and

‘the overall performance deteriorates rapidly at off-design

Mach numbers once the shock is swallowed. Further, the
length of the convergent section regquired for the most
satisfactory results (typibally, a throat length four
times the throat diameter) gives rise to thick throat
boundary layers. Thus, this configuration, which has had
a more successful application to wind tunnels than to
ramjets, is usualiy limited to flight Mach numbers lecs
than zbout 1.6. On the other hand, variable geometry
devices alleviate many of the adverse effects associated
gith tho L£incd thicat carsa configuxration at a cost of
increased mechanical complexity. Flexible plates in two-
dimensional devices. including ones with boundary layer
bleed, and translating centerbodies in axisymmetric dif-
fusers give consistent improvement in pressure recovery
over the fixed inlets as shown in Figure 3.

By éxternally compressing the flow through obligue
shocks, greater flexibility can be achieved in the ramjet's
operation. As discussed in Appendix I, the recovered
stagnation pressure increases, neglecting boundary layer
effects, as the number of oblique shocks increases; the
limit, of course, is achieved when the compression is
accomplished through an infinite number of very weak waves,
a procedure possible in principle with an isentropic shock-~
free surface. The primary design variables for obligque~
shock diffusers are found to be:

EETRN QTR Y
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1. The shape of the external compressing surface

2. The position of the cowl lip with respect to the
innerbody tip

3. The position and shape of the “"shoulder®™ of the
innerbody with respect to the cowl lip

4. The geometry of the cowl lip

5. The geometry of the diffuser-centerbody configu-
ration downstream Qf the inlet.

These parameters are adjusted so as to control boundary-
layer development and to give stable, unseparated flow in
the duct as well as minimum external drag. Although
practical considerations (such as inlet length, viscous
effects, the limit of external compression dictated by a
consistent shock solution at the point of coalescence,
and Iluasvuable COWL 1ip uray; precluae the occurrence of
a completely isentropic compression, several practical
inlets have nonetheless been developed based on the prin-
ciple of isentropic compression. Figure 4 shows maximum
theoretical pressure recovery for the basic diffuser types;
in each case it is first assumed that there is only a
simple normal shock at the lip (external compression’ and
secondly that the maximum internal contraction a'lowed by
the entering Mach number is followed by a simple normal
shock wave at the associated throat.

Boundary layer problems, even in the absence of flow
separation, can profoundly affect air capture pressure
recovery and inlet drag. Beneficial results have been ob-

tained, insofar as boundary layers on the compression sur-
face are concerned, through the use ¢of surface roughness or
trip rings to assure transition to turbulence and through

e S B
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suction. Bleeding off the boundary layer immediately down-
stream of the sharp turn has been found effective in reduc-
ing problems associated with boundary layers at the throat.
In addition, pressure recovery losses associated with bound-
ary layer-shock wavedinféractions in the throat have been
alleviated by elongating the throat and by using "vortex
traps”; in both cases, improved pressure recovery is
achieved at the expense of other previously well-controlled
parameters. Diffuser "buzg“ is another profoundly important
effect. In this case, a shock wave oscillating at the dif-
fuser's entrance produces fluctuating internal pressures
which cause, under extreme cases, a cycle of flame-out and
re-ignition and a+ the very least a heavy penalty in gross

thrust in the ramjet's performance. Since the buzz theories
and the one-dimensional flow analysis are not sufficiently
developed to predict the performance and stability limits
accurately, results from wind tunnel and free jet tests are
used in matching the inlet and combustor characteristics in
attempts to ensure stable and efficient behavior.

C. Ejectors

Ejector-diffuser configurations are important to studies
on rocket and jet engine design. Figure 5 shows flow patterns
in a typical supsrsonic ejector after it has been properly
started. Here, as in the other diffusers just reported,
optimum stable operating condition is represented by a shock
wave in the diverging section of the diffuser. Many addi-

tional complications arise in the case of ejector-diffusers,
not the least of which is the extent to which the variations
in exit pressure over a relatively short range of values can
drastically alter the nature of the flow in the test section
as well as the flow in the air settling chamber so critical
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to effective aerodynamic simulation. In addition, the

ejector performance characteristics are very sensitive to

friction influences explicitly and implicitly in their

sensitivity to diffuser length and to stagnation tempera-
M

tures.

Ginoux (1972) has edited a comprehensi e summary of
the status of research and development on supersonic
ejectors. This summary includes articles by Uebelhack,
Taylor, Addy, and Peters wlth nearly 250 references to
both American and European -literature on the subjects
reported. Topics treated are (1) a one-dimensional jinp-
viscid analysis of supersonic ejectors, (2) an analysis
and design method for ejector systems with second throat
diffusers, (3} the analysis of superscnic ejector systems,
(4) ejector design for a variety of applications, and (5)
ar analysis of ducted mixing anéd burning of coaxial streams.

Taylor's article (in Ginoux 1%72) paid particular
attention to the various empirical ejector design'methods
developed from experimental results which are used for
practical applications; comparisons with one-dimensional
theory are made where possible. Ejector-diffuser inlet
geometry effects were found to be significant; the use of
truncated conical inlets in the cylindrical diffusers pro-
duced as much as a 600-percent improvement in diffuser
performance. Although the compression shock system in a
long duct is a series of lambda shocks resulting from an
interaction between the boundary shock and the boundary
layer on the duct wall, the one-dimensional normal shock
relationship used with the duct inlet Mach number will pre-
dict the pressure rise across the shock system within approxi-
mately 6§ percent. Second throat centracticn ratic and length

ot Mt i 9 e ey e
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of minimum area had the greatest influence on the starting
and operating pressure ratios. The significant parameter
involving nozzle total pressure level was found to be the
unit Reynolds number at the nozzle exit times the nozzle
throat diameter; for values of this parameter of less than
one million, s./gnificant variations in the minimum cell
pressure ratio occurred. In addition, Taylor studied the
effects of different driving fluids on ejector-diffuser
performance. Five different gases were used. The known
variations in specific heat with temperature were included
in a one-dimensional isentropic calculation of pressure
recovery. However, observed values of pressure recovery
were anomalously below the theoretical predictions. These
results have emphasized the importance of real gas phenomena.

D. Conclusion

Many studies have been made for diffusers in conjunc-

tion with the design and installation of new supersonic

g and hypersonic wind tunnels since the time of Lukasiewicz's
review in 1953. However, no systemmatic study has been
found. The available results indicate that about 100% of

the normal shock pressure recovery is obtained in almost all
of the wind tunnels with Mach numbers less than ten. The
pressure recovery deteriorates as the Mach number increases-—
to only 20% of the normal recovery for Mach number about 24.
2 - This result is not explained at this time.

There is some systemmatic work done for ramjet diffusers.
Depite their successful application in wind tunnels, variable
area or translating centerbody diffusers have been found im- :
practical for ramjets. Most ramjet diffuser studiesfocussed :

w3 on the configuration of external compression inlets, in
4 which pressure recovery is obtained through a series of weak

"
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oblique shocks rather than a single normal shock with
accompanying higher entropy incrcase. Boundary layer

i. effects have been studied to some extent. Methods of
controlling boundary layer growth and separation have
been tested. Diffuser "buzz® remains to be a phenomenon
insufficiently studied.

ud

o
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Comprehensive studies have been made for supersonic
ejectors. Many useful experimental resalts and theo-
retical formulations are available in the literature.
In particular, empirical design methods applicable to
a wide variety of uses exist, and they have already
achieved much success. Nonetheless, for problems re-
guiring careful concern for real gas phenomena, much is
yet to be done before satisfactory sclutions can be ob-
tained. =

III. FUTURE WORK

From these results, there are at least three areas ;
where more systematic research on diffuser flows is
needed:

1. Reynolds number effects should be studied as

follows: (a) Re<105 for M«<10 and (b) Re>105 for
M>10. This should include theoretical studies

on viscous éffects and diffuser stability for the
wide range of diffuser configurations as well as
experimental effects.

g e R B A TR DT LA R R R

2. Noneguilibrium phenomena in diffuser flows should
be studied. This should include real gas effects
revealed in variations in specific heats and in
condensation as well as in the usual effects due

; to chemically relaxing processes, (such as disocia-

3
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tion and vibrational excitation!}.

3. Rew gecmetries and. flow deceleratiung mechanisms
should be studied. Grid nozzles and boundary
layer suction and blowing are two examples of
devices and techniques worthy of further examina-

. tion. Grid diffuser should be tried.

In addition, a more comprehensive range of studies on
the usual configuration would be useful. The emphases
would be on thos: investigations which can be conducted so
as to maximize the prospects for generalizations. This
could include, for example, studies of the systematics of
pressure recovery in straight channels so as to extend the
results of Baker (1965) and studies on recovery in gases
cther than air and Ny-




A

Satls

e

1s.

PO W e e s

(696T) Xaerd 4q pazond (p)

*seb 3593 :omufuv

‘geb 3893 usboaIIN

(q4;

‘geb 3893 Ebﬂaw=nnv

(9961) xourtemuaddoy
(996T) 9xbaTTv 3 sea
(S961) IeTD

(9961) urasny

(yve1) xeurresmuaddoy 3 sep
(y96T1) ©20D 3 USPPIN

(r961) ueydlog

mﬂavmnomdv xoxobaxn v jexbbang !sbbeog

4,01 pOTXL V€ €2~ 12
A pOTXP 2> §2-6°LT
auzT ,0T%8T =2 9" €T
du8 OTX2 L739°¢€
Q.8 20 49 yOT*S~€ L°ST-5°22
a.1t o0T%E"2 9°9
tos A (0TX92-9°¢ (o) LT-ET
(0TX§ 2L T (q ET-2T

a.0¢ (0T%2
aud 0T ¥1-01
au€ gOTXE"Z 0z
a .8 G0TXS°2 5zt
w8°STX.8°6T 0T8T §-6°1
WITLXLTL g0TXE'2-5°0 5~2
AL L A gOTXE S 6-L
WTTLXaT L g01%9°1 £-5°2
SZ TXLSZ T 3 Qul 0TX2 €-2
WS ZXuZ g0T*9°1 §°€-5°2

TS W

UOT sUAWq

(v

(1961) @ta3zsd » sbbeog
vﬁowmﬁv TYPFOOITM 3 uUO3IsSUYOL
vnnmmﬁv a2 % sevwoyy

(s56T} sbutisey
(¥S61) sburasey
(£561) qqoT 9 apusbay
(1s61) suibbra

(TS~6V6T) XXIM38NT 3 UUTUMIN
(Ly61) odded

{p

SUOT3[PUOCD UOTI008 380%

Y G 20 KTk

\Els " B i
SEsh .H._nu.i. flisatitiod R 2

IesA pue (8)Ioyiny

 Oc0 D4

v
Y
I
X
v)
N
1
v
<o
o
o




IR S v or o

| . T ASId

b vz T¢ 0T 8L 9L ¥#L TW oL 8 9 v ¢
| _ | _ ] _ ] _
- W "439WNN HOVW

'l i
1
QooeT

Lyt

‘ifi

!

!!l!

0T

l7¥¥

i

'L=4 ‘A¥IAN0DIY I °
AJOHS TVWION Yo | e

vy




17.

¢ IUNDIL

| £/ A4 0z 81 91 %1 A 0t 8 9 14
} | DR _ H i i i _ | H i
IoquInu YoeR
s .
b -
L. or
. b
-
’ »
- y .
LY
| - \ .
€/5 = A
Kxoa0082 Yooys fewroN
—
-
=




R LR A R e e e - R
:, b . ! . G A R L L B R I SE

[ R L Rt S B ST

18,

FIGURE

Free stream Mach number
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Design Mach number
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APPENDIX I
ELEMENTS OF DIrFUSER FLOW

The purpose of a supersonic diffuser is to (a) reduce the
flow of a supersonic stream to subsonic (0 < M< 1) speeds while
(b) retaining the highest possible total or stagnation pressure.
In principle, this can always be accomplished with 100% efficiency
through an isentropic compression. In this ideal situation we
note that the kinetic energy of the flow is converted to pressure
free of losses. In fact, numerous effects arising from the
details in starting procedures, geometric design, shock waves,
viscous effects, etc. conspire to provide loss mechanisms, with
associated entropy increase, and a corresponding total pressure
loss. Theoretical work and experiments on diffuser configurations
are aimed at minimizing these losses. However, owing to the
complications, no simple theory is available. In this appendix,
we briefly discuss three examples of simple diffuser flow: wind
tunnel riow, supersonic intet tlow, and ramjet flow. We limit
ourselves to a review, with some illustrations, of the simplest
elements in each case.

Let us characterize the pressure recovery as the ratio of
total pressure after the diffuser, Pyos to total pressure before
the diffuser, Peo* For isentropic compressior

(1) Pyo/Prg = Prg/Pyrg = 1
by definition. For normal shocks and with ideal gas flow

2
(v + 1)M1

(1) pyp/pyg = {1 + 27 o - 1))

where Ml is the Mach number immediately upstream from the shock
wave. In this latter case, at M1 =1, ptZ/PtO = 1 and Ptz/Pto
decreases with increasing M, beyond M; = 1. Equations (i) and
{(ii) represent the two limiting cases for an idealized diffuser.
Further, deviations from idealized conditions as a result of
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viscous effects, etc. will reduce the actual pressure recovery
available bhelow the values given in equation (ii) for the nor-
mal shock recovery.

In a given flow environment, the overall goal is that of
minimizing the "strength" of the single normal shock wave since
the major component of total pressure loss is derived from the
increase in entropy across this discontinuity. The ultimate pre-
sence of some shock wave phenomena is dictated by the inherently
nonisentropic nature of supersonic flow starting processes in
ducts and inlets. Thus, for an initially supersonic stream at
M,, if the flow upstream of the shock wave can be decelerated

loss free to a new lower Mach number, Ms <M then as the value

oo !
of Ms approaches 1, the pressure recovery approaches 100%.
Converging ducts decelerate supersonic flow; hence, the converging-
diverging duct with appropriately chosen throat area should im-
prove on the recovery in equation (ii). Boundary layer evolution
is known to eventually decelerate shock waves in shock tube flow;
hence long constant area test section-diffuser configurations
inevitably weaken the shock waves when they are formed far down-~
stream of the supersonic nozzle. Further, deceleration across a
single normal shock wave always involves a greater entropy increase
than the same overall deceleration across more than one oblique
shock wave. Thus, spikes generating oblique shock waves are
expected to improve the recovery when they are introduced into
the diffuser inlet.

With this background, the onset of supersonic flow in a simple

diffuser duct, a case of internal compression, may now be considered.

Our discussion will follow that given in Chapman and Walker (1971).
If a wind tunnel with the two-nozzle-configuration shown in Figure
I-1l is started from rest, the nozzle (1) (or the nozzle N) throat
area ANt must be less than the nozzle (2) {(or the diffuser D)

throat area Ay, in order to avoid choking the teést section., That
is, when hge = Ape and as M = 1 is achieved throughout, further
reduction of the compressor sucticon pressure will not produce any
changes upstream from the diffuser throat. When A, < A, and

VR SR O | 4 MR
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vwhen M = 1 is obtained at the nozzle's throat, continued reduction
ir the downstream pressure establishes supersonic flow in the
divergent portion of the nozzle. As the normal shock appears,
taking successive positions downstream in the nozzle, a ioss in
the stagnation pressure occurs. The diffuser throat area must be

‘large enough to accommodate the stagnation pressure loss of the
_strongest possible shock wave, namely, one occurring at the test

section Mach number Lo The proper area ratio in this case is
also given by equation (ii) since here Ap /Ay, = (ptz/pto)-l.
When this minimum area is satisfied, a starting pressure ratio
given by eguation (ii) (where M; = M;) allows the shock wave to
travel from the nozzle into the test section. Since friction
effects cause all positions in the test section to be unstable,
the shock wave conti.i.es through the test section t» a point in
the diverging section of the diffuser with an area equal to that
of the test section. Once the starting shock is swallowed, the
compressor suction pressure can be increased, causing the shock
wave to move back upstream to positions of lower Mach numbers
and hence less stagnation pressure loss. When the shock wave
returns to the diffuser throat, the condition of minimum stag-
nation loss is achieved. This recovery is given by equation
(ii) where M, is given by M, , the Mach number of the flow at
the diffuser throat.

For example, for M, = 3.0, p, = 10 psia, T, = 483.6°R,

- Agy = 0.236 £12, Ay = 1.0 £t2, one finds:

Pea/Peo |, _ 5 o = 003283 = Ane/Ppy

for the "swallowing" condition. Therefore

A, = 0.720 £t2

and we note

Tos = Ppo/Pyy = 1/0.3283 = 3.05

+ —
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as the starting pressure ratio for the wind tunnel with a start-
ing compressor inlet or suction pressure of 3.28 psia. Isentropic
expansion from Aut' where M = 1, to Ane gives

= 2,655
Moy = 2.8

ptzlpto M = 2.655 = 0.440
i.e., a final compressor inlet pressure of 4.40 psia for maximun
pressure recovery.

The starting properties of a fixed geometry supersonic inlet
diffuser (our next case) are illustrated in Figure I-2. This is
also a case of internal compression. The fact that inlets are
started from rest usually dictates the details of the shock wave
phenomena in the starting processes. There are two possible
seqguences. In this discussion, let us use Mmd as the design
Mach number and Ac/At as the diffuser area ratio. If the diffuser
is sized so that a shock wave stands at the entrance when M, = de,
then for 1 < M < Mud a curved, detached shock stands in front of
the diffuser. As M, increases to M_ = M_,, the shock wave
reaches the diffuser's lips, is swallowed and assumes a position
in the diverging part cf the diffuser where A = A. (assuming the
appropriate back pressure). With a subsequent increase in the
diffuser back pressure, maximum pressure recovery is achieved
when the shock wave can be returned to the throat. If, on the
other hand, the diffuser for Mud is sized so that isentropic
compression to sonic speed is possible in principle between the
lip and the throat, then the flow in the supersonic freestream
must first be accelerated until the subsonic flow downstream from
the external shock wave in the diffuser lips is appropriate for
sonic flow at the throat. This will be true at M_ = M_ > M

woby
Then the shock wave can be swallowed, the flow decelerated to

d.
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M, = u-d and the shock wave at the throat vanishes giving 100% :
pressure recovery. Both of these seguences for the supersonic

inlet are shown in Figure I-2,
Let us now design a supersonic inlet for M,q = 3.0 and

§ examine two alternative two-dimensional configuratioms. First,
b ~ assume that the flow deceleration takes place at the inlet
b . through one normal shock wave. For M, = 3.0, equation (ii) gives

Pep/Pro = 0-328.

Next assume a diffuser with a wedge shaped spike containing two
successive 8° turning angles. In this case, the deceleration
occurs through two weak oblique shock waves followed by a normal
shock wave. For ?. = 3,0, Hw1 = g.SS and sz = 2.20 with wave
angles ewl = 25,8 and ewz = 29.5°. Using these wave angles,

M = 1,305 and HWl.n = 1.26 gives

15. ®.n

pwllpw = 1.82; pr/Pwl = 1.686.

From these:

3 Piwl - Prwl " Pu1 < Py = 0.930
f P P Pe Pew
Prw2 | Prw2 . P2 Pal oo
Pew1 Py2 Py1 Ptwl

For M_, = 2.20, p,/p, ., = 0.628 and -
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Thus, the overall pressure recovery is greater and the advantage
of diffusing through several oblique shock waves is seen. This é
is an example of external compression. Theoretically, if the :
flow is allowed to pass through a large numbexr of oblique shock
vaves, each turning the flow through a very small angle, the
inlet flow conditions should approach those of an isentropic
compression. This discussion leads us to our final case, the
external "spike" diffuser, or ramjet diffuser, shown in Figure
I-3.

e ST, AN T AN i L e

st ad dn

. There are three different modes of operation for the spike
diffuser. Critical operation occurs with the diffuser operating
at cdesign speed and the downstream engine conditions appropri-
ately chosen. If, for some reason such as changing turbine
speed, fuel flow rate, etc., the flow resistance downstream of
the inlet increases, the ncrmal shock wave moves ahead of the

inlet, ®onos, maeg flew i reduccd by spillover, and the

Loaavr st on b wfOd @b v S s

N SPET I I

pressure recovery is unfavorable. If, on tte other hand, the
downstream resistance decreases, the normal shock reaches an
equilibrium position inside the diffuser. The mass flow rate

is not affected; however, the pressure recovery is again re-
duced since the normal shock wave occurs at a higher Mach
number in the diverging channel. 1In actual operation, the
supercritical mode is preferred since it offers the greatest
Mach number flexibility without loss of mass fiow to the engine,
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supersonic wind tunnel. From Chapman and Walker (1971).

Figure I-1. The sequence of flow states in the process of starting a
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