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ADVANCE CONFIDENTIAL REPORT

PRELIMIVARY INVESTIGATION OF -SUPER bObLC DIFFUSERS

Py Arthur Kantrowitz and Colemen duP. Donaldson
SUMMARY

The deceleration of alr from supersonic velocities
in channels has been studied. It has become apparent
that a normal shock in the diverging part of the diffuser
is probably necessary for stable p_Lom, and ways of mini=-
mizing the intensity of this shock have’ been developed,
The effect of various geometrical parsmeters, espvblully
contraction ratio in the entrance region, on the perforn-
ance of supersonic diffusers has been investigated.

By the use of these results, diffusers were designed
which, st art"ng without initial boundary layer, recovered
90 percent of the kinetic energy in supersonic sir streams
up to a.Mach number of 1.85.

INTRODUCTION

The deceleration of air from supersonic to subsonie
velocifips is a problem that is encountered in the design
f high-speed rotary compressors and supersonic air intakes
Tne efficﬁenﬂf off the supersonic d1+iu ers used to accom=
plish this deceleration has an important effect on the

.
o

pefformance of these machines. The present suaﬂy is
intended to provide informetion upon which to desigzn
efficient supersonic diffusers for use in ceses in which
the flow stsrts without ir 1t1al boundary leyer

The avellable data on supsrsonic diffusers are very
meager and sre reviewed by Crocco in reference 1. This
review indicates that, in the decelerstion cf 2ir from
supersonic velocities, the total-head lO%SC afe sg large
as to impalr seriously the efficiency of machines employing
this process. The experiments reported in reference 1 were
primarily designed to serve the needs of supersonic wind
tunnels, and therefore only diffusers starting with initie
boundary layer were considered.

’.J

I)

st




ro

NAGA ACR No. I5D20
FLOW IN A SUPERSONIC DIFTUSER

Stability.~- In a Laval nozzle the gases start at a
low veTocify, are accelerated to the velocity of sound in
the converging nart of thé nozzle, and are acceleratsd to
supersonic velocities in the diverging part of the nozzle.

The supersonic velocities rcached can be calculated appProx-
imately from the isentropic~mass-flow curve of figure 1 and

the zeometry of the nozzle. It is well known that, for
shoclk-free flow, experiment is in good agreement with this
one~dimensional isentropie theory although, since the

boundary layer thickens in the diverging part of the nozzle,

the Mach numbers reached may be a little lower than the

values calculated. Two-dimensional nozzles can be designed

by the Prandtl-Busemann method (reference 2) to give
essentially shock-free¢ sxpansions, which can be obtained
experimsntally provided no moisture-~condsnsation effects
are present,

It might be supposed that the f£low in a nozzle designed

by the. Pranctl-Busemann method could be reversed and, if
proper allowance were made for boundary~layer displacement
thickness, a smooth decelerstion through the speed of

sound obtained., A flow of this type is, however, unstable
in the sense that it is unattaineble in practice. Consider
that a flow of this type has been established. (See

fig. 2(a).) In this rlow pattern the mass flow per unit
area through the throat is the maximum possible for the
gilven state and velocity of the ;as entering the diffuser.
As long as the flow entering the diffuser is supersonic,
the entering mass {low would be unaffected by events down-
stream. A transient disturbance propagated upstream from
the subsonic region would, however, reduce the mass Tlow
at least temporarily in the velocity~ol~sound region,

Thus, & disturbance would result in an accunulation of

alr ahead of the throat. The perturbation of the ordgdnal
isentropic flow produced by this asccumulation of air would
prevent the mass flow from returning to its initial max-
imum value; thus, air would continue to accumulate ahead

of the throat until the mass flow entering the diffusep

was reduced. In the case of a superscnic diffuser immersed
in a supersonic stream as in the experimental arrangement
described later, this would nscessitate the formation of

a normal shock shead of the diffuser and, in other arrange-
ments, would likewise necessitate drastic changes in the
flow pattern: From the discussion of the starting of
supersonic flows in diffusers siven later, it will be seen
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that these chenges are irreversible (certainly in the
experimentel arrangement described later &nd probably in
most’ other arrangements). It therefore asppears thsat
isentronic deceleration through the speed of sound in
channels is unstseble end unattainable in practice.

In a series of preliminary attempts to produce an
apnroximetion to isentropic deceleration through the speed
of sound, it was fournd that supersonic flow could not be
started 1rto diffusers designe d to produce this flow. In
diffusers with a larger throat ersa, the normal shock
jumped from a position ahead of the diffuser .to a position
in the diverging part of the diffuser. Flows of the type
shown in figure 2(b), which involve a no rmal shock in the
diverging pert of the diffuser, were found to be stable.

Contraction ratic snd losses.- An ilmportant nart of
the 10536t 1n ¢ suporsonic difiuser are associated with
the dissipstion accompenying the normel shock in the
diverging part of. the diffuser. It is therefore important
to consider the factors that determine its intensity. As
in a Laval nozzle, the position of the shock wave 1is
controlled by the back pressure on the diffuser end moves
upstream as the bsck pressure is incressed. When the back
pressure forces the shock to a point close to the minimum
area of ‘the diffuser, the ShOpK Mach number approsches
its lowest value cnd the sociated losses ars minimized.
The magnitude of these mlnlmum losses depends upon how
much the sir entering the diffuser is slowed up by the
time it reaches the minimum cross sectlon. The more the
entrance srea of ths diffuser cean be contracted, the lower
the Mech number of the normel shock and the greater the
efficiency of the diffuser. It is therefore valueble to
consider whet determines the maximum contraction ratio
that can be used. (Contraction ratio i1sg defined ss the
ratio of the area at the entrance of a diffuser to tne area
at its minimum section. 3eec fig. 2(b).)

In most applicatlons, the est tablishment of supersonic
flow is preceded by a normael shock traveling downstream.
If this normal shock is to move into the diffuser at a
given entrance Mech number °n3 thus esteblish supersonic
flow, the throat of the diffuser must bs large enouzh to
nmrmlt the pessesge of the mass flow in a stream tube
heving en srea that corre. onds to the entrance arsa of
the diffuser and 2 total hesd that corresnonds to the
value beghind a normal 5h> k at the esntrancé Mach number,
Thus, 1f the throat ares hgs o2 minimum value for a given

(D
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dlffuser. An aspproximation to the contraction ratio that

produces this condition can be found from conventionsgl

one-dimensional-flow theory. ' The conditions after the

normal shock sre known from the usual normal-shock equations

and it is necessary merely to find the stream tube contrac-

tion, which increases the liesch number at the throast to 1l.

Since the mass flow per unit area at the Mach number of 1

for a given stagnation temperature is proportional to the

total head, the meximum permissible contrection ratio is

equal to the contraction retio ‘that would be required for

an isentropic compression to the Mech number of 1 (from

the initial supersonic conditions) multinlied by the
total-head ratio across the normel shock. The maximum .
theoretical contraction ratio that permits starting of
supersonic flow is. computed in this way in ngehdlﬁ A =nd
is shown In figure 3. 'If the throat area were reduced :
after sunersonic flow had been established or 1f ths flow

through the diffuser were started by temporarily increesing-

\ entrance Mach number, the Mach number at the throat will "
\ be cloese to 1 when ‘there is a Aormal shoek ahead of the {

the entrance Mach number to a value greater than .the
design value, a less intense shock and lower losses could
probably be obtained. . In these cases, the lowest limit
of the shoek intensity would be provided by stability
Gors ke ol on s s -

For diffusers in which the ge m@try (perticularly \

the throat srea) cannot be varied and in which the supesr- l

sonic flow cannot be started by temporerily increasing the

entrance Mach numbsy, th: minimum-loss diffusion occurs \

with the shock just downstream from the minimum section. ‘

The Mach number preceding such a shock (with isentrovic

flow gssumed) can be found from the ccmputed contractiocn r

ratio (figs 3) end equation (2) of appendix A. The total- |

hesd loss across a normal shock at this Mach number

(equation (L), appendix A) is then an sepproximation te |

the minimum loscses with boundary-laysr losses neglected) }

in a supersonic diffuser subject to the foregoing starting ‘

restrictions. The performances of Wdiffusers obtained in

this wey are given in figure L. \
|
|
|
!
|
|

It should be pointed out thst these theoretical
considerations are derived with the tacit assumption that
conditions in a plsne pervendicular to the exis of the
channel ars constent; that is, one-dimensional flow is
essumed. For phamplc,tne occurrencs of oblique shocks
at the entrsnce of a diffuser would slightly elter these
conditions; in particuler, the normel shock in the diverging ’

!
J
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pert of the diiffuser would have a somewhat redFred
intensity and the theorstical efficiency wouldk ée some=-
what higher. It is considered, however, that the general
features would not be much sltered by the departures from
one-dimensional flow thsat would occur in diffusers such

as those discussed in the exverimental part of this report.

EXPERIMENTAL TECHNIQUE

In order to investigate experimentally the properties
of constant-geometry superscnic diffusers, the apparatus
shown -schematically in figure 5 was designed and con-
structed. The settling chamber was connected to a supply
of dry compressed alr controllud by a valve in such a way
that the chember nressurs could bs held constant at any
desired value. The ailr left the chamber through inter-
changeable two-dimensiocnal nozzles that were designed to
give parallel flow at various desired Mach numbers. The
feather-edge tip of the diffuser (fig. 6) wes held in the
center of the supersonic jet at the exit of the nozzle.
The experimental arrangement was designed to study the
operation of supersonic diffusers that started without
initial bounQQﬂy layer. This condition was studied for
two ressons: (1) It is the simplest defined boundery-
layer condition to obtain experimentally, and (2) 1t is
considered to approximete more closely than any other the
boundery-layer conditions thet occur at the entrence to
supersonic diffusers used in compressors. A long sub-
sonic diffuser cone behind the supersonic diffuser tip
wes -provided to complete the diffusion process. The valve
behind the cone was used to control the back pressure in
the subsonic vortion of the diffuser and =n orifice was
used to measure the mess flow through the diffuser, The
surface in the supersonic diffuser tins was mechined
stesl, whereess the cone in the subsonic vportion was rolled
end finished heavy sheet steel. :

In order to compsre the efficiencies of the verious

diffuser combinstions tested, two.quentitiecs were reoquired:

(1) the percentage of the totﬁl head thet the diffuser
recovered ond (2) the entrance Mech number et which the
diffuser atteine 1 thls recowsry.

Because the losses in well-d
nozzles sre small, the bSOluto D
chember wes ess Ambd 151(6] bb the tot

esigned supersonic
essurs in the settling
1l heed before diffusion.
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This pressure was measured with a large mercury menometer.
The total hesd aftsr diffusion cesn he assumed quol bes ivhie
stabtic pressure st the .end of the subsonic difrfuser cone
without appreciable error, inasmuch sas the kinetic energy
at the end of the cones was of the order of 0.16 percent
of the entering kinetic energy. A mercury menometer was
used to measure the difference betwesen the total heads
before and after diffusion. These two measurements were
sufficient to determine the percentage of total head
recovered.

The mass flow per unit ereéea and the stegnstion con-
ditions are sufficiesnt to determine’ the Mach number at
eny point. (See equation (2), appendix A.) The Mech
number at which a diffuser was operating wes determined
by measuring the mass flow through the diffuser, which
had 2 known entrancs erez, and bv measuring the settling
chamber nressure end temperaturc thst cerrespond to
stagnation conditions.

ct

Two other observations were made. The pressure jus
inside the supersonic tip of the diffuser was measured to
make sure that the sheock had passed down the diffuser and
that supersonic flow existed in the contracting portion.
The flow in the nozzle and into the diffuser was observed
with a schlieren system to check visuslly whether the
shock had entered the diffuser.

In order to mske a test, the nozzle was brought up

to design speed by increasing the pressure iIn the settling
chember p, to some value thet wss held consteant through=-
out the test. The throttling valve behind the diffuse

cone was open and the shock passed down the difruser, 1f
the contraction rstio permitted, end stopped at some place
in the diffuser cone. The throttlinw alve was then
slowly closed, thus increasing the préssure st the end of
the cone ppe and pushing the shock uustrcan to lowsr and

lower Msch numbers. When the shock hsd been moved upstream
as far as possible, thet is, just dovmstream from the
minimum section ‘of the diffuser, pp reached 1ts maximum
valus. Although pge was increased during this process,

the mass flow through the diffuser was not affected because
the flow was supersonic into the diffuser tip. When the
valve was closed farther, the shock wave passed the mini-
mum section and suddenly moved out in front of the diffuser.
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The mess flow immediastely dropped (and continued to drop
s the valve was closed farther) and the pressure inside
the diffuser tip immediately jumped to a subsonic value.
The results of a typical test are presented in fig=
ure 7. The breaks in the mass-flow and tip-pressure
curves give an excellent indication of when the dififuser
was operating at meximum efficiency end when it failed
to act as a sunersonic diffuser. The .slight change in
mess flow while the diffuser was operating was due to the
fact that the pressure in the settling chamber varied
slichtly from the beginning to the end of the test run.
The curves indicate thﬁt a given diffuser may have any
value of total-hesd recovery, up to a certain maximum,

-depending upon the nosition of the shock. Therefore, the

obvious method of comparing the performence of a number
of diffusers is to compare their maximum recoveries.

The primery design parsmeter of a suversonic diffuser
is its contraction ratio, which determines the minimum

‘Masch number et which the supersonic diffuser operates and

the amount of compression that the entering air undergoes
before it must negotiate the normal shock. If the con-
traction retim of a diffuser is increased, the minimum
Mach number at which it operates theoretically increases
as shown in figure 3. The minimum Mach numbers at which
a number of diffussrs were observed to operate and the
Mach numbers at which they first failed to operate ere
shown in figure 3. The points so plotted give excellent
agreement with the theoreticsl contractien-ratio curve.

As was pointed out previously, the effect of contrac-
tion ratio unon the performance oi a supersonic diffuser
should be approximstely es shown in figure L. The observed
performances of three diffusers with different contra aection

ratios are plotted in figure B8, The effect of contraction
ratio is very similar to thé approximate theoretical
results shown in figure li. The indicated discrepsency
between exnerimentsal and theoretical results is probably
chiefly due to losses in the subsonic portion of the
dlffuger. ' :

r. the contraction ratlo of a-supersonic diffuser
has been fixed according to the minimum Mach number at
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which it must operate, two othsr parameters - the entrance=-
ccne sngle snd the exlt-cone engle - may be considered.

Owing to the difficulty of measuring the exact
entrance sngles on the small diffusers tested, the data
evaluating the effect of the entrance-ccne angle are not
considered quantitative and are not presented herein.
The trend observed, however, was that the lerger the.
entrsnce-cone sngle, the better the performence ol the
diffuser. Further experiment is needed to determine the
optimum entrence-cone engles slthough, for the three
diffusers of figure 8, the entrence-cone angles are
probsbly so close to the optimum that nc large gain in
recovery could be expected from & change in this parameter,

-In the diffusers tested, the internal shape was faired in

2 smooth curve betwsen the entrance cone and the exit cone.
The curve was close to & circular arc end started very near
the leading edge cf the entrance cone.

Two diffusers of equal contraction ratlo and entrance-
cone sngle but different exit-cone angle were tested. The
nerformences of the two diffusers with exit-cone angles
of 5° and 3° are plotted in figure 9. The diffuser with
an exit-cone angle of 30 wes found to give consistently
higher recoveries. As is pointed out in reference 5, the
boundary layer is thick .after a normal sho¢k and therefore
the pressure recovery in the subsonic cone must be slow
to prevent separation, The slightly different shepe of
the performance curve of these diffusers when compsred
with the other diffusers reported (fig. 8) may be due to
the fact that, although the two diffusers correspond
closely to sach other except for exit-cone angles, they
do not correspond to the other three diffusers.

The totel-head recoveries meesured in the experiments
were trensformed into energy efficiencies. The energy
efficiency 7 1is defined sz the percentasge of avallable
kinetic ensrgy recovered in the diffusion process or the
kinetic energy.of zn expension from the pressure at rest
after diffusion Pp to the pressure at the entrence of

the diffuser pe divided by the kinetic energy of an
expansion from the initiel chamber pressure p, tO DPge

Because no externel work is done, the whole process of
expension and diffusion is & throttling process and the
stagnestion tempsreture T, 1s the seme after diffusion
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83’ in the dettling chamber.:. The equation for the energy
efficlency may be written

3 P T
/pe\R/cp

2CA|[Ta = TA —
g i €

i pe\n/cp“
20y |7y = T ( —
v \Po/

- -

The symbols sre defined in sppendix B. When —= = 3.5,

51/P

O

\1/2.5
}

£/

fOi
g

£5
)
t
}
1
L
where M is the Mach number of the flow entering the
dist e,

=

The efficiencies obtained by equstion (1) are compared
in figurs 10 with the typicel sfficiencies (converted to
efficiency es defined in equeation (1))of the work previously
done with supersonic diffusers presented by Crocco 1
reference 1, the efficiency c¢f 2 normsl shock (combined
with compression to rest wlthout further loss), and the
approximate maximum theoretical efficiency for constant-
geometry diffusers previously derived. Figure 10 shows
that the normal-shock efficiency masy be exceeded snd that
energy recoveries of over 90 percent cen be obtaired up
to a Mach number of 1.85; thus, the results presented for
supersonic diffusers in reference 1 are far too conservative
for diffusers that have no initial boundary layer.

CONCLUDING REMARKS

stigation of the deceleration of air in chennels
from supersonic to subsonic velocities was conducted. A
channel flow involving the shock-free deceleratien of s
gas stresm through the local specd of sound wes found to
be unstable. A stesble flow probably involves a normal
shoek in the diverging part of the diffuser. The losses
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involved in this normel shock can be minimized by making
the throdt area as small as possible for a given entrence
Mach number. The maximum contraction ratio that permits
starting of supersonic flow at a given entrance Mach
number has been calculeted and checked very closely by
exoeriment.

With the use of these results,  diffusers were designed
which, starting without initial boundsry layer, recovered
over 90 percent of the kinetic energy in supersonic air
streams up to a Mach number of 1.85. :

Langley Memorial Aercneuticsl Laboratory
Nationel Advisory Committee for Aeronszutics
Langley Field, Va.
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APPENDIX A
CALCULATION OF MAXIMUM PERMISSIBLE CONTRACTION RATIO

It can be shown that the mass {low per unit area at
Mach number M 1is

where the symbols are deflined in appendix B.

The isentropic area-contraction retio from a Mach

‘number M to the locel welocity of sound is then

where pV 1s computed from equstion (2).

When air crosses a shock weve, its stagnation
temperature 1s unchsanged; hence, the reduction in possible
mase flow per unit aree, from equation (2) and the perfoact
gas' law, 1s proportionel to the -total-head loss across
the shock. The total-head ratio pz/po across a normal

shock wave can be shown tc be

I+1 2y
(v t_;) Y 1
2 il (L)
po Y l

c . o | . G ° 1
Multiplying equetion (4) by expression (3) gives the
maximum contraction ratio that vermits supersonic fTlow to
gstart in a diffuser. This quantity is nlotted in figure 2.
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APPENDIX B

SYMBOLS

ratio of specific heat at constent pressure to
gpecific heat at comstant wvolume

density
velocity of sound
velocity

Mach number

specific heat st constant prsssure

gas constant
sfficiiency

pregssure at entrance

pressure at rest after

initiel chember press

of diffuser

diffusion

ure

total head after normal shock wave

pre

Q.OJ

sure st internal
iffuser (see fig.

gn Mach number of
8, minimum starting Mach number of diffu

leading edge of supersonic

7)

Supersonic . diffusery that
ser

Q

b
with given contraction ratio

entrence angle of diffuser (sece fig. 6)

exlit smgle of diffuser

dimensions used in

contrac tien

=y
(U]

@ 2

ratio (see flE 2 i)
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S passage areea
A temperature

The subscript o refers to initial stagnation conditions.
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Figure 1.- Isentropic-mass-flow ratio as a function of Mach number. E
Mass flow measured through area S at Mach number M; Py, density; s

a,, speed of sound at initial stagnation conditions.
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Supersonic flow Subsonic flow

Sonic boundary
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(a) Reversed Laval nozzle with isentropic flow (unstable).

!

__——-»b(,_ e e e

T

i_l Supersonic flow Subsonic flow
Shock
(b) Stable supersonlc diffuser flow. (For circular
dlffuserJﬁy Cgr» where CR is contraction
ratios )

Figure 2.- Flow in a converging-diverging diffuser.
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Total-head-recovery ratio, pﬁ/po

J—
.
(o

AN

—

o

T .
Sl

/!
/4

o2

! NATIONAL ADVISQRY
g COMMITTEE FOR AERONAUTICS

1.0 1.8 ki 1.6 1.8 2.0 242 2.4 2.6 2.8 2.0

Entrance Mach number, M

0

Figure h.— Theoretical performance by approximate method of five supersonic diffusers
with maximum theoretical contraction ratios corresponding to minimum starting or

design Mach numbers of 1.0, 1.4, 1.8, 2.2, and 2.6. Vertical lines indicate design
Mach numbers.

*ON ¥DV VOVN

02ds1

*814



I

L-71

Chamber control valve

Variable two-dimensional nozzles
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Diffuser exit cone
Secreens or
Interchangeable circular diffuser tip

Settling-chamber pressure P, (
see fig. 6)
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Figure .- Schematic diagram of apparatus used to test supersonic diffusers
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Figure 6.- Interchangeable circular diffuser tips for which performances
are shown in figures 8 and 10. These different tips were screwed into
a permanent cone having an exit angle of 30, 7, entrance-cone angle.
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Figure T7.- Performance of a supersonic diffuser during typical test.

.6

5

3

o2

ol

P4/ Po

Pressure at diffuser tip,

*ON ¥DV VOVN

02dG1

‘814




e A o= ' ; . 5 . =713 ..

Cp = 1.137
Mg = 1.679
7 = 18°
ke 1 Cp = 1.295
My = 2.385—
7 d
Q\ 7 = 209
ﬂ17>;;::‘

Total-head-recovery ratio, pf/p0

NATIQNAL ADVISORY
COMMITTEE FOR AZRO UTICS

1.2 1.h 1.6 .8 2.0 22 2.h 26 2.8 3.0

Entrance Mach number, M

Figure 8.- Performance of the three diffusers shown in figure 6
with exit-cone angles of 3°. T, entrance-cone angle.
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Figure 9.- Effect of exit-cone angle on the performance of two supérsonic diffusers
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with equal contraction ratios and entrance-cone angles. 6

‘

exXxit-cone angle.
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10

with theoretical results and with results of former experiments.

Experimental points are from same tests as those shown in

figure 8.




