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WAVE STRUCTURE OF THE GAS FLOW IN A TRUNCATED NOZZLE WITH A
LONG BELL-SHAPED TIP

B ocTaHHi poku Bce Ginblue yBarn npyBepTaldTb COMMa 3 HETPaAWLiiHUM KOHTYPOM, LUO Bifpi3HAIOTHCS
Bifl KOHTYPY K/laCM4HOro conna Jlaeans, cnpogifboBaHOro 3a NiHiAMK CTpyMy. Y Takux connax nons Tedii, sk
npaswmo, BKNKOYalOTb HaA3BYKOBI i [03BYKOBI MOTOKW, LLO B3aEMOAiHOTb, HalyacTille 3 peuupKynsayiiHuMmn
061acTAMM i CKNafHO XBMIbOBOKD CTPYKTYPOIO MOTOKY.

Y uii po6oTi YMcenbHO [OCNIAKYETHCA XBUNbOBa CTPYKTYpa Tedii rasy B Hafi3ByKOBOMY YKOPOYEHOMY CO-
nni 3 A3BOHONOAI6GHUM HacaKoM eninTUYHOT (hopMM Ta BENMKOT JOBXMHM (MOPIBHAHO 3 KOHIYHOK AiNSHKOK Ha
BX0Ai B Hacafok). MofentoeTbes NOTIiK rasy BCEPeAuHi conna Ta Y 30BHILUHbOMY MPOCTOPI 3 BUKOPUCTAHHAM
nakety npuknagHux nporpam «ANSY S». Po3paxyHKn NpoBefeHi B HECTaLiOHapHili BiCbOCHMETPUYHIN nocTaHo-
BLIi Ha OCHOBI ycepefHeHMX 3a PeliHoMbACOM piBHAHb HaBbe—CTOKCa, 3aMKHEHMX 3 BUKOPUCTaHHAM SST-Mmogeni
TYp6YNEeHTHOCTI 3 PYHKLISMM MPUCTIHOK i MNONPaBKOK Ha CTUCAMBICTb. Y po3paxyHKax BapitoBa/IMCb TUCKU Ha
BXOZi B COM/IO Ta 30BHILIHBOrO cepefoBuLLa. KopeKTHICTb METOANYHUX MiAXOAIB 40 BUPILLEHHS 3aBAaHHSA AOCAi-
[DKeHb Bepu(ikoBaHa y norepeaHix poboTtax aBTopis.

PesynbTaTn focnigkeHb nMokasan Take. [pu HEBENMKUX 3HAYEHHAX TUCKY Ha BXogi B conso (Po<50 6ap)
Ta 30BHiLUHLOMY TUCKY 1 6ap Ha CTiHLi Hacafika iCHye pO3BMHEHA BifpVBHA 30HA 3 BEIMKOMACLUTabHUM i Api6-
HoMacwTabHnm (B 06nacTi 3pisy Hacagka) Buxopamu. B obnacTi nepLuoi «6ouku» MOTOKY rasy i3 comna icHye
«cignonogibHa» XBUIbOBa CTPYKTYpa CTUCHEHHS! Masioi IHTEHCUBHOCTI. Mpu BifpUBHIl Teuii TUCK Ha CTiHUi B
30Hi BigpMBY Ha ~ 15 % MeHLIe TUCKY 30BHiLIHBOrO cepegosuila. Mpyu Po>100 6ap TWCK Y MOTOLi Ha CTiHUi
Hacafika 3MiHHETbCSA NPaKTUYHO NPOMOPLIAHO TUCKY Ha BXofi B conno. Mpu poboTi y BepxHix Luapax aTmocde-
pW CTaTUYHWIA TUCK rasy y nonepevyHoMy nmepepisi Ha 3pisi Hacafka MOHOTOHHO 3MEHLLYETHCS, MOYMHAKOUN Bif,
oci conna 0 TOYKM MiHIMYMy 3Ha4YeHHsl TUCKY, MOTiM NiHIHO 3pOCTae A0 MAaKCUMA/IbHOTO 3HAYEHHS Ha CTiHLi
Hacagka. [pw BigpuBHIN Teuii B HacafKy npu poboTi Ha piBHI MOPS CTaTUYHUIA TUCK rasy y BKasaHOMy nepepisi
Ma€ TaKuid e xapakTep Ans BXigHoro Tucky Po>50 6ap. Mpu Po=50 6ap icHye ABi TOUKM 3MiHU XapakTepy CTa-
TUYHOTrO TUCKY: Bif OCi TUCK MOHOTOHHO 3MEHLLYETLCS 40 MiHIMYMY 3HAYeHHS Y NepLUiil TouLi, IKa 3HaX0ANTbCA
6nxye 4o oci NOTOKY, Aani TUCK 36iNbLUYETHCA A0 APYrol 40AATKOBOT TOUKM, B AKill TUCK AOCAraE MakCUMarb-
HOFO 3HAYeHHs i Aasli HE3HAYHO 3MEHLUYETLCS A0 CTIHKM HacagKy.

KntoyoBi cnosa: yKopoyeHe Hafi3ByKOBe COM/0, A3BOHONOLiIOHNIA HACAAO0K, PO3NOAIN CTAaTUYHOIO THUCKY,
yapHa XBWs, TUCK 30BHILLHBOTO CepeoBLLA.

In recent years, more and more attention has been paid to nozzles with an unconventional profile, which dif-
fers from that of the classical streamline-profiled Laval nozzle. In such nozzles, the flow fields typically include
interacting supersonic and subsonic flows, often with recirculation regions and a complex wave structure of the
flow.

This work is concerned with a numerical study of the wave structure of the gas flow in a truncated super-
sonic nozzle with an elliptical bell-shaped tip whose length is long in comparison with the conical section up-
stream of the tip. The gas flow inside the nozzle and in the surrounding space was simulated using the ANSYS
software package. The calculations were carried out in a non-stationary axisymmetric formulation based on the
Reynolds-averaged Navier-Stokes equations closed with the use of the SST turbulence model with near-wall
functions and a compressibility correction. In the calculations, the nozzle inlet pressure and the ambient pressure
were varied. The correctness of the methodological approaches to the solution of the problem was confirmed in
the authors’ previous works.

The study showed the following. At low values of the nozzle inlet pressure (Po < 50 bar) and an ambient
pressure of 1 bar, the tip wall exhibits a developed separation zone with a large-scale vortex and a small-scale one
(near the tip exit). The first "barrel" of the outflowing gas shows a "saddle" low-intensity compression wave struc-
ture. In the case of a separated flow, the tip wall pressure in the separation zone is about 15% less than the ambi-
ent pressure. At Po > 100 bar, the tip wall pressure is nearly proportional to the nozzle inlet pressure. In the upper
atmosphere, when going in a radial direction from the nozzle axis at the tip exit cross-section, the static pressure
monotonically decreases, reaches a minimum, and then increases linearly to the its maximum value on the tip
wall. In the case of a separated flow in the tip at a sea-level ambient pressure, the static pressure at the tip exit
cross-section behaves in the same manner for inlet pressures Po > 50 bar. At Po = 50 bar, there exist two extre-
ma: the pressure first deceases to its minimum value, then increases to its maximum value, and then decreases
slightly to its value on the tip wall.

Keywords: truncated supersonic nozzle, bell-shaped tip, static pressure distribution, nozzle thrust charac-
teristic, ambient pressure.
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Introduction. The choice and justification of the nozzle design is one of the
important tasks in the design and optimization of rocket characteristics. The com-
plexity of flows in different types of nozzles remains a major problem. In short-
ened nozzles, the flow fields, as a rule, include interacting supersonic and subsonic
flows, often with recirculation regions and a complex wave structure of the flow.
The creation of various nozzle configurations has several goals: improving the en-
ergy characteristics of the propulsion system, in particular, the specific thrust im-
pulse; optimization of performance under various operating conditions — in the sea
level conditions and in conditions of high altitude; improvement of the nozzle de-
sign in conditions of a dense engine layout to increase the rocket payload. In ac-
cordance with these goals, various nozzle shapes are being developed.

In practice, various technical solutions are used to increase the expansion ratio
of the nozzle. Under the conditions of dimensional restrictions imposed on the
longitudinal and transverse dimensions of the rocket, the coefficient of geometric
tip expansion is increased by using design schemes of tips with a variable expan-
sion degree, with rigid retractable nozzles, flexible nozzles, and petal rosettes [1].

Recently, duel bell nozzles have been considered very promising for improv-
ing rocket nozzle performance compared to conventional nozzles [2]. Double flare
nozzles allow two different modes of operation that provide higher performance
than conventional flare nozzles for sea level rocket engines [3]. In low-altitude
mode, flow separation occurs, and the separation line is located near the nozzle
wall inflection, in the area characterized by a negative pressure gradient on the
wall, as in conventional nozzles, and in which side loads are possible [4].

Previous [5] studies of the gas flow characteristics in a shortened nozzle with
a bell-shaped nozzle showed a significant difference in the characteristics of the
flow in it from the Laval nozzle of the traditional configuration, profiled along the
streamline. In such a nozzle, separation of the flow from the wall is possible with
the formation of rarefaction waves and shock waves of various nature. The agree-
ment between the calculations of the characteristics of shortened nozzles and the
experiment was also confirmed in previous studies by the authors [5]. The model
of flow turbulence optimal for calculations of such flows was also chosen there,
and studies of the influence of gas properties on the calculated characteristics of
the flow structure in unconventional nozzle configurations were carried out.

In recent years, nozzles with an unconventional contour, the so-called “dual
bell nozzle” nozzles (double expansion bell-shaped nozzle) [6], have attracted in-
creasing attention. The studies of these nozzles are carried out using modern nu-
merical simulation software and modern experiment. Such nozzles have been stud-
ied earlier [7]. In this case, it was necessary to consider the features inherent in
such nozzles, in particular, separated flows in them

An increase in the geometric expansion ratio of the nozzle leads to an over
expanded flow regime inside the nozzle, when the static pressure in a significant
part of the circuit is less than the pressure in the outside of nozzle (in this part of
the circuit, a negative contribution to the nozzle thrust is realized), separation of
the flow from the wall with the formation of shock waves and secondary flows [8].
For nozzle blocks with a large degree of geometric expansion, it becomes possible
for the occurrence of dynamic high-frequency side loads with pressure increase in
the combustion chamber at the start-up stage.

However, it is also possible to achieve an increase in the geometric expansion
degree with other modifications of standard nozzles, in particular, using various
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tips for shortened nozzles [5]. Nozzles of these configurations, which tips follow
the shape of the combustion chamber, can be used in rocket engines with a dense
layout, which allows reducing the mass of the engine.

For the calculation of nozzles, the method of characteristics has been widely
used for a long time [9]. However, unexpected flow expansion in subsonic and
supersonic conditions is a major problem in aerospace applications. Computational
fluid dynamics (CFD) is a promising method for modeling and simulating flow
fields, which makes it possible to obtain reliable results regarding the flow charac-
teristics of nozzles of various designs [10].

The purpose of the work is to determine the wave structure of the gas (air)
flow in the supersonic region of a shortened nozzle with a bell-shaped tip.

The paper studies the features of a supersonic flow at various initial pressures
Po and various external medium conditions - at sea level (pressure of the external
medium behind the nozzle exit P, = 1 bar) and high-altitude layers of the atmos-
phere (P, = 0.1 bar and P, = 0.01 bar ). The gas flow inside the nozzle is simulated
with the subsequent outflow of the jet into the surrounding space using the
ANSYS software package.

Geometric model and computational technique. The geometric model is
based on the experimental nozzle given in [5], where the calculations of the flow
characteristics in the nozzle were verified with experimental data.

The nozzle in the expanding supersonic part is made in the form of a cone
with a half-angle of 20°. In contrast to [5], the length of the conical part along the
axis was taken 5 mm. In this work, the same bell-shaped tip is used. The radius of
the exit section of the tip is 28 mm. The size of the critical section of the nozzle is
10 mm. The coefficient of geometric expansion is 5.6. The total length of the su-
personic part of the nozzle is 35 mm. The nozzle contour is approximated by a
polynomial (with the origin at the corner point in the critical section of the nozzle)
y=-0.03x?+1.8453x-0.8466 with a correlation coefficient of 0.9966. The tip wall
angle at the cut relative to the nozzle axis is 0°, the tip cut diameter is 56 mm. The
half-opening angle of the input conical part is 20°.

The calculations are carried out on a section of 30L x 15L, where L is the
length of the nozzle. In [5], a sufficient accuracy of the gas flow calculations in
such a nozzle in an axisymmetric formulation was shown.

The computational area consists of two blocks, one of which is used to simu-
late the flow in the nozzle, and the other allows taking into account the outflow of
the jet into the surrounding space. The use of an extended computational area
makes it possible to reproduce the flow structure not only in the nozzle, but also
behind its outlet affected the characteristics of the flow in the nozzle [5].

The calculations were carried out in a non-stationary axisymmetric formula-
tion based on the Reynolds averaged Navier—Stokes equations closed by using the
SST turbulence model with near-wall functions and correction for compressibility.
The choice of the mentioned turbulence model is due to the analysis carried out in
[11] and the choice of the most optimal model for the flow in similar nozzles under
study. Air is used as the working medium.

To control the convergence of the iterative process, the level of discrepancy of
the searched functions is checked. Calculations stop when the residual level of all
necessary functions reaches 0.0001. The total number of iterations depends on the
environmental conditions (P») and ranges from 100 to 800 iterations.
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Main part. Fig. 1, a), b), ¢) shows the distributions of Mach numbers M, ve-
locity V, and flow density p at a nozzle inlet pressure Py = 50 bar and external
pressure P, = 1 bar. An analysis of the distribution of M and V shows the follow-
ing. In the inlet conical part of the nozzle, a preliminary expansion of the gas flow
occurs with a sound line convex towards the nozzle outlet. Behind the end of the
conical inlet section of the nozzle, there is a pattern of outflow of a flow underex-
panded in the nozzle with a wave structure characteristic of this case
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Fig. 1 — Distribution of Mach numbers (a), velocity (b) and density (c) in a gas flow
at Po = 50 bar and external pressure P, =1 bar
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In front of the free boundary 1 of the jet flowing out of the nozzle, a hanging
shock 2 is observed, caused by a beam of converging characteristics. The jump is a
consequence of the characteristic reflection that appear near the exit edge of the
nozzle from the free boundary of the jet [12]. Behind the corner point 3 of the en-
trance to the tip 4 there is a zone 5 of developed flow separation from the wall of
the tip. At the tip end, a small zone of secondary vortex 6 is formed, which is
caused by a large gradient of change in the tip contour angle. In the core of the gas
jet, the flow accelerates unevenly, high speeds up to M = 5.5 are observed in the
peripheral zone 8 of the jet. On the flow axis in the direction of the tip cut in zone
7, the flow velocity is lower compared to zone 8. This is explained by the exist-
ence of a low-intensity hanging “saddle-shaped” shock in the core of the gas flow
behind the end of the inlet conical part of the nozzle. Hanging shock 2 (Fig. 1, a),
b)) is caused by supersonic compression from a beam of converging characteristics
reflected from the free boundary of the jet. The hanging shock 2 is closed by the
Mach disk 10, behind which the flow becomes subsonic in zone 11. Behind the
reflected shock 12, as well as behind the disk 10, the flow velocity is subsonic, and
the pressure is higher than the surrounding P.. Therefore, behind them (disk and
shock), the gas flow accelerates again, forming a second "barrel™ of less intensity.
This is explained by the wave energy losses of the flow in the first "barrel".

The distribution of velocity vectors in the flow (Fig. 2 a) clearly demonstrates
the vortex structure in the zone of flow separation from the tip wall.
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Fig. 2 — Distribution of velocity vectors (a) and isolines of Mach numbers (b) in the flow at
Po=50 bar, P4=1 bar

Here, there are two vortices: large-scale 1 originating from the corner point 2
of the tip inlet, and small-scale vortex 3 (or 6 in Fig. 1, a)) at the exit edge of the
tip. In a “saddle” hanging shock (12 in Fig. 2, b)) and 7 in Fig. 1, b)), the velocity
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vectors practically do not deviate along the streamline. The deviation of the vec-
tors in the streamlines is observed on the hanging shock 4, in the vortex zone 5,
and on the free boundary 5 of the gas flow (Fig. 2, a), b)). At the periphery of the
subsonic zone 6, the flow accelerates again in zone 7, which corresponds to the
Mach number (M = 5.3) of the isentropically expanded gas flow.

Figure 2, b) shows a picture of the isolines of the Mach number in the flow.
The "saddle-shaped” hanging shock mentioned above is characterized by anoma-
lous behavior of isolines. The envelope 11 of the isoline maxima in the region of
the "saddle" shock forms zone 12 with a constant velocity on the nozzle axis in the
region close to the nozzle exit. This "saddle-shaped™ hanging shock is clearly visi-
ble in Fig. 2, a) with the velocity distributions in the flow. In these figures, hanging
shocks are also clearly visible, limiting the first "barrel" in the jet flowing from the
nozzle. After the first barrel there follow the periodic acceleration and deceleration
of the flow, which decays downstream, where the flow pressure equalizes with the
ambient pressure

Figure 2 b) also refines the flow structure in separation zone 1 (zone 5 in
Fig. 1, a), b)). The external flow enters the tip with the maximum speed in the
middle part of the separation zone (between the free boundary of the supersonic jet
flowing from the shortened conical part of the nozzle and the tip wall). Thus, a
large-scale vortex 1 is formed (Fig. 2, a), b)) between the free boundary of the jet
and the tip wall. A small-scale separation zone 3 is formed near the tip end on its
wall (Fig. 2, a); zone 6 in Fig. 1, a)).

From Fig. 2 b) it follows that the flow within the wave structure of the first
barrel expands (according to the isolines) up to M = 5.9, i.e. more than with isen-
tropic expansion to the tip area (M = 5.3). This discrepancy can be explained by
the additional nonisentropic expansion of the flow in zone 9 (Fig. 2, a)) up to the
secondary hanging shock 8, which has moved away from the tip wall. Reflected
shock 10 is formed at the end of zone 9. Estimates of the flow expansion degree
according to one-dimensional theory show that an increase in the transverse area
bounded by hanging shocks 1 and 8 corresponds to an increase in the Mach num-
ber within the first barrel from M =5.3 to M = 5.9. Indeed: the Mach number M =

2 2
5.3 corresponds to q; =(g*j z(ﬁj =3.19-1072. The Mach number M = 5.9

a 1

2
corresponds to Q, =(g—*J =2.04-1072, where (on the scale of Fig. 2, b)) d; =

2
15.9 mm is the diameter of the hanging shock 1 the first barrel in its maximum sec-
tion; d, = 19.5 mm is the diameter of the secondary shock 8 in the same section of
the gas flow.

Figure 3 shows the distribution of Mach numbers in the gas flow at Py =
50 bar, Py = 0.1 bar.

On the tip wall the flow is unseparated, the hanging shock 1 originates from
the corner point 2 of entry into the tip and extends to the cut 3 of the tip, almost
equidistant to the tip wall. Behind the shock 1 in front of the nozzle wall, a zone 4
of low velocity and high pressure is formed, caused by the turn of the flow in the
shock. Behind the tip end, the flow from zone 4 with increased pressure flows out
of the nozzle with the formation of an expanding stream 5. This flow distorts the
shape of the hanging shock 1, in other words, it deforms the first “barrel” of the
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supersonic flow just after the tip end 6. The free boundary 7 of the flow behind the
cut deviates from the axis by an angle determined by the Prandtl-Meyer flow at
the corner point of the tip cut. The decrease in the intensity of the hanging shock 1
with approaching the corner point 2 (upstream) of the tip inlet is explained by the
decrease in the radial displacement of the flow streamlines, which leads to a weak-
ening of the flow overexpansion just behind the corner point 2. The longitudinal
dimensions of the first (distorted) "barrel" significantly exceed the dimensions of
the barrel at P, = 1.0 bar.
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Fig. 3 — Distribution of Mach numbers in gas flow at Py = 50 bar, P,= 0.1 bar

Figure 4 shows the distribution of Mach numbers in the flow at Py = 50 bar,
P, = 0.01 bar. With a decrease in external pressure from P, = 0.1 to P, = 0.01 bar,
the configuration of the first "barrel” in the flow practically does not change. The
flow at the free boundary changes in proportion to the decrease in external pres-
sure. The free boundary 1 deviates in the Prandtl-Meier current by a correspond-
ingly larger angle. The flow rate in zone 2 also increases in proportion to Py. In
this case, it should be noted that there is practically no “saddle-shaped” wave
structure in the first “barrel” of the flow at P, = 0.1 bar and P, = 0.01 bar. This is
due to a more uniform radial expansion of the flow within the first "barrel".

Mach Number

7.820

6.951 — 2
6.082
J— 1

5214
‘ - 4345
I 3476

2.607

1738 4

0.000
Fig. 4 — Distribution of Mach numbers in the gas flow at Po = 50 bar, P,= 0.01 bar

Fig. 5, a) shows the distribution of Mach numbers in the flow at P, = 100 bar,
P.=1 bar. In contrast to the distribution at Po = 50 bar, P, = 0.1 (Fig. 3), in this
case, there is no separation vortex zone (5 in Fig. 1, a)) near the tip wall, caused by
the entry of the air into the tip near its wall. Zone 1 is observed near the tip wall
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from the corner point of entry into it to the tip end behind a hanging (disconnected)
shock 2, which is formed in front of the tip wall due to the inflow of the expanded
supersonic flow onto the wall.
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Fig. 5 — Distribution of Mach numbers (a), density (b) in a gas flow at P, = 100 bar and
external pressure P, =1 bar

The free boundary 3 of the flow starts from the nozzle end, in contrast to the
case Py = 50 bar, P, = 1 bar, where the free boundary starts from the corner point
in the nozzles. In this case, the wave structures inside the first “barrel” (Fig. 5, a)
and Fig. 1, a)) are similar. A similar jet structure is also observed in the far track
behind the first “barrel”. The length of the first “barrel” compared to Py = 50 bar
(Fig. 1, a)) increases in proportion to the increase in inlet pressure, i.e. doubled
(Fig. 5, a)) and is closed by a Mach disk 8. At the base of the Mach disk, a reflect-
ed shock 9 is observed. This is explained by the action of a high-pressure flow
from zone 1 of flow stagnation near the nozzle wall behind the detached shock
wave 2 (Fig. 5, a). This also causes a change in the structure of zone 6 (Fig. 5, a))
and its transverse dimensions compared to the case Py = 50 bar, P, = 1 bar (Fig. 1,
b)). The wave structures inside the first “barrel” are similar according to Mach
number distribution in the flow at sea level at Py = 50 bar (Fig. 1, a)) and P, = 100
bar (Fig. 5, a), b)). In both cases, inside the first "barrel” there is a "saddle-shaped”
compression wave 7 of similar geometry.

Figure 6, a), b) shows the velocity field and the density distribution of the
flow for Po=200 bar and P, = 1 bar.
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Fig. 6 — Distribution of velocity (a) and density (b) of the gas flow at Py = 200 bar,
P.=1.0 bar

In comparison of these parameter distribution at P, = 200 bar and P = 100 bar
(Fig. 6 and 5), a doubling of the length of the first "barrel” is observed. In this
case, the transverse dimensions of zone 1 also increase in proportion to the in-
crease in Po. The transverse size of the Mach disk 2 (Fig. 6, a)) decreases in com-
parison with the case Py = 100 bar (Fig. 4).

Wave structure 3 inside the first “barrel” (Fig. 6, b)) remains similar to struc-
ture 7 in the case of Py = 50 bar (Fig. 1, b)) and Py = 100 bar (Fig. 5, b). In this
case, the relative (to the length of the first “barrel”) longitudinal dimensions of the
“saddle” wave structure 3 decrease with an increase in the inlet pressure Py (com-
pare Fig. 1, ¢) at Po = 50 bar, Fig. 5, b) at P, = 100 bar and Fig. 6, b) at P, =200
bar). It should be noted the change in the velocity field behind the first “barrel” at
Po = 200 bar (Fig. 6, b)) compared to approximately the same fields at Py = 50 bar
(Fig. 1, ¢)) and Po = 100 bar (Fig. 5, a).

A comparison of the Mach number isoline fields at Po/Py = 50/0.1 bar
(Fig. 7, a)) and Po/P, = 50/0.01 bar (Fig. 7, b)) shows the following. In both cases,
a peripheral (conical) zone 1 with an increased gas flow rate relative to the veloci-
ty on the axis is observed behind the cutoff the conical inlet (into the tip) nozzle.
This zone extends to about half the length of the tip.

Further downstream, starting from Mach M = 4, the flow expands with a
weakly expressed unevenness, which forms the above "saddle-shaped” compres-
sion wave inside the first "barrel”. The shock wave 2 separated from the tip wall is
similar in both cases in terms of geometry and intensity.

48



Mach Number

7.382
' 6.814
6.246
| 5.678
AT
4.543
3.975
- 3.407
2.839
2271
- 1.704
1.136

0.568

0.000

Mach Number
7.741

[ 7.145

| 6.550

- 5.954
5.359
4.764
4.168
3.573
2.977
L 2.382
[ 1.786
1.191
0.595
0.000

Fig. 7 — Distribution of the Mach number isoline in the gas flow at Po= 50 bar at
P, =0.1bar (a) and P, = 0.01 bar (b)

Behind the nozzle cut there is a developed zone 3 of gas outflow from the
zone 4 of increased pressure behind the separated (detached) shock wave 2. This
outflow leads to the above-mentioned distortion of the shape of the first “barrel”
behind the tip end. At the tip end edge, the gas flow expands in the Prandtl-Meyer
5 flow to the value of the turn angle corresponding to the external pressure Py, i.e.
larger angle for lower pressure Py.

Figure 8 — 10 shows the pressure distributions on the tip wall at different
scales at pressures Py = 50, 100, 200 bar and external pressure Py = 1 bar. The
pressure on the wall of the conical nozzle section inlet to the nozzle corresponds to
the pressure at the nozzle inlet Po. The pressure on the tip wall corresponds to the
described wave structure of the gas flow in the tip near its wall (Fig. 1, 5, 6). At
Po= 50 bar in the separation zone near the nozzle wall, the pressure on the wall
(Pw) is almost constant and equals approximately Py= 0.8 P, (Fig. 8). At Po = 100
and 200 bar, the nature of the change in pressure on the wall along the length of
the tip is the same (Fig. 9, 10). The difference is only in the pressure level, which
corresponds to the level Po. When the pressure at the nozzle inlet doubles, the
pressure on the tip wall also doubles.
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Fig. 8 — Pressure distribution on the wall of the shortened nozzle with
external pressure Py = 1.0 bar and inlet pressure Po = 50 bar
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Fig. 9 — Pressure distribution on the wall of the shortened nozzle with
external pressure P, = 1.0 bar and inlet pressure Py = 100 bar
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Fig. 10 — Pressure distribution on the wall of the shortened nozzle with
external pressure Py = 1.0 bar and inlet pressure Po= 200 bar

Figure 11, a) shows the distribution of static pressure at the tip exit along the
radius R at pressures in front of the nozzle Py = 20 bar, 50 bar, 100 bar and 200 bar
and at an ambient pressure P, = 0.1 bar. As it can be seen from the graphs, their
character is the same in all cases from the nozzle axis to the height = 0.9R, the
pressure P decreases monotonically (P is the pressure on the tip wall, Ra— radius

of tip exit (end), ﬁzRi. Up to R = Ry, the pressure increases linearly up to the
a

maximum value. The pressure level P in all cases (curve 1-4) corresponds to the
pressure level Py at the nozzle inlet.

Figure 11, b) shows the distribution of static pressure at the nozzle exit along
radius R at P, = 1 and Py = 50 bar (curve 2), 100 bar (curve 3), 200 bar (curve 4).
At Py = 50 bar, the pressure from the nozzle axis to R = 0.57 decreases monoton-
ically, then to R = 0.8 it increases to 0.85P,, after which it slightly decreases to
0.82 P, towards the tip exit. At Po = 100 and 200 bar, the pressure along the radius
at the nozzle exit changes similarly to the change in the nozzle at P, = 0.1 bar
(Fig. 11, ).
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P. =0.1 bar (a), P, = 1.0 bar (b) and inlet pressure Py = 20 (curve 1), 50 (curve 2),
100 (curve 3), 200 (curve 4) bar

Conclusions. 1. The wave structure of a supersonic gas flow in a shortened

nozzle with an elliptical bell-shaped nozzle with a length equal to | :ti —0.86 has
S
been studied.

2. At low values of pressure at the nozzle inlet Po<50 bar and external pres-
sure Py=1 bar, there is a developed separated zone with a large- and small-scale
vortex in the area of the nozzle cutoff on the tip wall from the corner point of entry
into the tip to its cut.

3. In the area of the first “barrel” of the gas flow, behind the cut of its inlet
conical part, there is a “saddle-shaped” compression wave structure of low in-
tensity. Its dimensions and intensity depend on the pressure Py at the inlet to the
nozzle.

4. Behind the cut of the conical inlet (to the tip) section of the nozzle, there is
a toroidal zone with an increased flow velocity, its longitudinal dimensions depend
on the pressure Pyo.

5. The pressure on the nozzle wall differs in the cases of separated and contin-
uous (unseparated) flow on the nozzle wall. In the case of separated flow into the
nozzle (at Po < 50 and P, = 1 bar), the pressure behind the corner entry point into
the tip is a little lower (by = 15 %) than the external pressure P.. At Po > 100 bar
and P, = 1 bar, the pressure on the tip wall changes almost in proportion to the
pressure change at the nozzle inlet, retaining its character.

6. The static pressure in the cross section at the tip cutoff at P, = 0.1 bar is

proportional to the pressure at the nozzle inlet. From the nozzle axis t0 .89 R,

a
the pressure decreases monotonically to a value corresponding to the pressure at
the nozzle inlet. Then it increases linearly to the value at the tip wall, also propor-
tional to the nozzle inlet pressure.

7. At an external pressure of P, = 1 bar, the static pressure in the cross section
at the tip cutoff at Po> 100 bar has the same character as at P, = 0.1 bar. At Po< 50
bar, the static pressure in the transverse section pressure decreases monotonically
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up to the radius R = 0.57. Higher up to the tip wall, the pressure monotonically
increases to the value in the separated zone on the tip wall (~ 0.85 bar).
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