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STUDY OF THE-TWO-DIMENSIONAL FLOVW THROUGH
A bONVERGING~DI?ERGINGANOZZLE

By Arthur Kantrowitz; Robert E. Street, and John R. Erwin
INTRODUCT ION

A study of a flow through a straight converging-
diverging nozzle of simple design has been made prelimi~
nary to studies of other supersonic flows. The divergiag
part of the nozzle was designed by the Prandtl-Busemann
method (reference 1) to give a uniform pressure at its
exit of 0.298 times the initial total head, that is, to
give a Mach number of 1,436. Schlieren photographs of the
flow and pressure-distribution measurements along the
diverging part of the nozzle were made., A comparison of
the theory with these msasurements is presented.

TEST APPARATUS

A source of compressed air (hum1d1t3 about O. a pery
cent by weight) was throttled into a settling chamber 7—
inches in diameter, and the flow was smoothed out by pa5>~
ing through three 60-mesh screens. The passaze was then
necked down smoothly to a two-dimensional channel 1 inch
wide between two pleces of thick plate glass in which the
nozzle blocks were placed. The pressure ratio across the
nozzle was therefore the ratio of chamber pressure to
atmospheric pressure.

The schlieren photographic setup consisted of two
large front-surface mirrors with the knife edge parallel
to the axis of the nozzle, A high voltage spark was tae
source of illumination,

. One of the nozzle blocks was equipped with pressure
orifices in the diverging section.
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DESIGN OF NOZZLE

The supersonic (diverging) part of the nozzle was
designed to give a uniform pressure at the exit in a
short distance in order to keep boundary-layer effects
small, The design started with a minimum section of 1
ineh.that was held for 0.188 inch; the walls were curved
until they diverged 10° (total angle) at a distance 0.228
inch from the minimum section, The angular shock (Mach)
waves originating in this curved portion were then
neutralized at the opposite wall by suitable local wall
curvature, Typical Mach waves drawn by the method of
reference ‘1 and the nozzle ordinates arc -shown in fig-
ure 1. :

_RESULTS

Schlieren photographs.-  Schlicren photographs of
typical flows at various pressure ratios zrc given as
figure 3., The direction of the knife esdge produced
light regions whers the density gradient was positive
upward and vice versa.

At pressure ratios less than about 1.3 the flow was
subsonic throughout. At pressure ratios larger than this
value .a supersonic flow raogion formed, followed by a shock
wave normal to the flow. The shock wive formed first just
berond the minimum section and its nosition wes unsteady,.
At higher pressure ratios the wave moved dowastrecam and its
position became steady. The shock reached the coxit at a
pressure ratio of about 2. Thie position of the normal
shock mcasured from the photosraphs is plotted against
pressure ratio in figure 3.

These more savere snock waves were preczded by angu-
lar compression regions and wera followed by turbulent low
nzar the corners of the nozzlc, Examianaztion of the photo-
graphs (for example, the photograph of flow for a pressure
ratio of 1,602) will show that, although there is a sharp
density risec associated with the normal shock at the center
of the nozzle, ncar the wall tne risc¢ is much smaller.
Pressure distributions, to be discussed subscquently support
this obssrvation.
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At pressure ratios larger than 2 the normal shock
moved out the end of the-nozzle, Angular shock waves
starting at the edges JOlnCd with a nearly normal shock
in the center of the jet. r The normal section -of the
shock shortened as the pressurg ratio increased and
finally disappeared at a prossure ratio of 2.6, In '‘tHe
pressure~ratio range between 2,6 and about 2.9, crossed
shock waves formed at the end of the nozzle., A%t pressurc

ratios larger than 2.9 expansion ‘waves appeared at the
nozzle exit,

These phenomena edcurring after the normal shock had
left the nozzle can be readily compared with theooretica
considerations. For & region whare the chamber gressure
was below the désign value, it would bes expected that the
pressure at the ndzzle exit would be below atmospheric and
that the jet would contract on leaving the nozzle. This
flow should be similar to ‘the supersonic flow in a corncr,
In these experiments the initial conditions, that is, the
flow before . the shock, could be assumsd to be known from
the design of the nozzle. +The pressure ofter the shock
could be assumed atmospheric; thus ‘he flow 1is determined,
Similarly, if the chamber pressurc is larger than the de-
sign pressure, the pressure just ihside the nozzle will
be above atmosplieric. The jet will expnnd on leaving the
nozzle and the flow will be similar to the flow around a
cornar. Both flows have boen calculated in referance 2
and resulting formulas for the various wave angles and
jot deflections are given in the appendix, A comdarison
of these theoretical results with rngles mersured from the
schlieren photographs is given in figure 4, If the initial
conditions for these calculations are tnken from th2 mensurcd
pressure distridbution as given in figure 5, the results shown
as dot~dash lines in figure 4 arc obtained. The ngreement
between theory ~nd cxperiment is gonsidercd satisfactory.

Pressure distribution.,- The pressure digtridbution in
the diverging section of the nozzle is shown in figure 5 for
a series of chamber pressures, At the lows:st pressure the
flow was entirely subsonic, At higher przssures the pressure
rose smoothly through the region of the shock wave in spilte
of the fact that the schliercn photographs showed a shearp
steady normal shock. This may be due to the action of local
turbulent flows in the vicinity of the interscction of the
shock wave and the walls. There is also some reason for
believing thet the boundary layers in the corners exerted
an important influence on theses prossure distridbutions.




‘At still higher pressures,; after the normal shock
had disappeared, the nozzle began to approach the theo-
réetical pressurs distribution., The remaining discrep~
ancy at the highest chamber pressures is %0 be attridbuted
to the nozzle boundary layer. e : e

CONCLUSION

With allowances for boundary-layer effects, the
experimental results obtained from the ‘pressure-
distribution measurements of supersonic flow through a
straight converging-diverging nozzle after the normal
shock had been blown out of the nozzle were in close
agreement with conventional theory. Readings from pres-
sure orifices in the nozzle walls showed a smooth rise in
pressure in the region of the normal shock, even though
the position 6f the shock as determined from the schlieren
photographs was quite steady. : -

Langleéy Memorial Aeroqautical Laboratory,
National Advisory Committee for Aeronauticsy
Langley Field, Va. v '

APPENDIX

. FLOW IN AND AROUND CORNZERS

Meyer'!'s theory of supersonic flow inside a sharp

. corner is described in raference 2 as flow through an
oblique shock. Although the derivation of these equations
is not presented, the results are given hgerein, Wwith the
ratio of the heat capacities ¥ = 7/5 for air, the equation
for angle A in figure 4 1is

i Pa
2 = — eoi=d
cos‘ A 712 <l f 6 p1>

where

Pe Pa  Pa




and
M Mach number
Py atmospheric pressure

Pi pressure just before shock

P, chamber pressure
From the nozzle design =+ = 0,298, M = 1,436, The

equation for angle (€ is ¢

. T

Py !

cot C = tan A
3,891 - 28.
Py

For flow around a corner, the pressure r.tio at any
radius which makes an angle @ to a fixed radius is given
in reference 2 as

vl :
: i 1 s
-<§~‘ v (1 + cos 278)

Po/ Y+ 1

. o . .
with A =:\/‘v * The complement of the Macia aazle m 1is
¥ ¢ 3 i

denoted by V¥ and is obtained from

tan V¥ = tan AP

> I

The angle VvV turned throwgh by the stream relative to the
flow at P = 0 is then V=08 V¥, A :raph was made of 9,
¥, and V against p/p, from these relations for "V = 7/5
(fig. 6)0

The initial conditions are fixed for the case of exit

pressures above atmospaeric at %l = 0,298, The corresponi=-
c
ing volues of 9, ¥V, and v are read frow the graph as




55.,9°, 45.9°, and 10,0°, respectively. As a result, the
theoretical valucs of V¥, B, and € shown in figure 4
are VY = constant = 45.9°9,

naea-—ﬂ+\y=ﬂa-1o°
and
C = 90° 4+ (Vg -V) =80° + v,

The valucs of Ga and v, whero the subscript a is

used to indicate that ® and v are functions of p,/p..
are read from the same graph. .
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Figure 1.- NOZZLE DESIGN.

CRO3S SECTION S OF NOZZLE AS A FUNCTION OF DISTANCE
X MEASURED FROM REFERENCE LINE A«A AT
SUPERSONIC END OP MINIMUM SECTION

b & s X S
(in.) (in.) (in.) (1n.)
«1.658 3. 238 0.126 1.0066
«1,618 2.680 0.151 1,0092
'10 ” 2.2“ 00176 1.0122
«1.018 1.896 1.0158
-10258 1.576 00228 lgom
«1,058 1.316 0.429 1.0550
-0.258 i'l g. 72 :.mo
'0. . .
-o.h?g 1.311. 0.789 1.1
0,2 1,002 0.876 1.11
0001 1.0000 ) ]70 1.12
0 1,0000 1 0 1.1292
0.02L 1.0004 1.128 1.13
0.0L9 1.0012 1.211 1.1367‘2‘

0,075 1. 002 1.2 1.1%
0.101 1.0044 1.;22 1.137L




FIGURE 2, = SCHLIEREN PHOTCGRAPHS OF FLOW THROUGH THE
- NOZZLE. NUMBERS ARE CHAMBER PRESSURE
&3 UPDATA 977N AITMOSPHERES
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