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YKopoueHi coruia BUKOPHUCTOBYIOTHCS ISl LIIIBHOrO KOMITOHYBAHHS JBHUTYHA pakerd. Taki coruia MarTh
podinbOBaHNH HACAIOK, IKUH J03BOJIsIE MAKCHMMAJIBHO 3aIIOBHIOBATH MPOCTIP Ta 3MEHILYBATHU 3arajbHy Bary. ¥
JaHiil poOOTi JOCTIMKY€ETHCS BIUIUB FeOMETpii Hacajka BKOPOYEHOr0 HaJ3BYKOBOT'O COILIA Ha HOrO XapaKTepHC-
TUKH. PO3IISIHYTO 0COOIMBOCTI MOTOKY ra3y MpH Pi3HUX IMOYATKOBHX THUCKAX Ta PI3HUX YMOBAax 30BHILIHBOTO
CepelloBHUINa B HA/I3BYKOBiil 00JacTi cormia 3 I3BOHONOAIOHMM HacaakoM pi3Hoi qoBxuHH. [IpoBomuiocs Mozae-
JIFOBaHHS Teuil BCEPEANHI COIUIA 3 MOAIBIINM BHTIKAHHSAM CTPYMEHsS B HaBKOJMIIHIN mpocTip. MozaenroBaHHs
Teuil PO3MIHYTHX HACaAKiB Ha PiBHI MOpS IOKa3alo MOAIOHY CTPYKTYpy i3omiHii umcen Maxa, BiIMiHHICTH
MoJsiraa JIMiie B iHTEHCHBHOCTI BUXPOBOI CTPYKTYPH HACTIHHOI obyiacTi Hacaaka. 3i 301JIbIICHHSM THUCKY Ha
BXOZi B COILIO TPOHOPLIifHO 30iIbIIYETHCS TOBXKHHA MEPIIOi «OOUKI» Ta 3MEHIIYETHCS BHXPOBA CTPYKTYpa y
MPUCTIHKOBIN OiMsIHIN Hacanka. [Ipu MozenoBaHHI Tedil B yMOBax poOOTH y BEpXHiX IIapax aTMoc(epy KapTHHA
Tedii 3MiH€eThes. Haa3ByKOBHIA MOTIK y COIUTi O€3BiIpUBHUIA 1 TOMY BUXPOBI CTPYKTYpPH i3 30BHIIIHBOTO CEPEIO-
BuIa BifacyTHi. [10TiK 3a 3pi30M BiIXHJISETHCS Bif OCI HA KYT, SIKM BU3HAa4YaeThes Tedieo [Ipanatas—Maitepa Ha
KYTOBIii To4YLi 3pi3y Hacaaka, a opma mepuioi «00YKM» CHOTBOPEHA BIUIMBOM BHUCSYOTO CTpHOKA. AHal3 OTpHU-
MaHHUX pe3y/bTaTiB MOKa3ye, [0 THCK JOBKILIA 33 3pi30M COIUIA 3HAYHO BIUIMBAE HA CTPYKTYpPY Tedil B COILTI.
BcranoBneHo, o KoedilieHT TSArH PO3IITHYTHX KOHTYpIB IIPH poOOTI Ha PiBHI MOPSI 3MEHIIYETHCS 31 301IbIIeH-
HSM THCKY Ha BXOAI B COILIO, LIO ITOSCHIOETHCS 3MCHILIEHHSM BIUIMBY 30BHIIIHBOIO THCKY Ha CTIHKY HACaJKy.
TIpu po6oTi y BepxHiX mapax atMocep Tedis NPUMHUKAE 10 CTIHKM Hacajka i KoedillieHT TSATH JJIsS PO3IIISHY-
TUX HACaJKiB Pi3HOI JOBKHHH Ma€ OIHAKOBE MOCTiiiHE 3HAYCHHS MPH PI3HUX BXIAHHX THCKaX. [lokasaHo, 1o
3MEHILCHHS JOBXHHH HACaJKa [PH IHIINX PiBHUX F€OMETPHYHHUX PO3Mipax COIUIa ICTOTHO HE BIUIMBA€E Ha iMITy-
JIbCHI XapaKTePHCTHKH.

Knrouosi cnosa: ykopouene conno, Had38yKkogutl nOmix, 0360HON00IOHUL HACAOOK, IMIYIbCHI Xapakmepu-
CMUKU, UXPO6A MeYisl.

Truncated nozzles are used for tight packing of the rocket engine. Such nozzles have a profiled tip to max-
imize the filling of space and reduce the overall weight. This paper is concerned with the study the effect of the tip
geometry of a truncated supersonic nozzle on its characteristics. The features of the gas flow at different initial
pressures and different environmental conditions in the supersonic area of a nozzle with a bell-shaped tip of dif-
ferent lengths are considered. The flow inside the nozzle followed by the jet outflow into the surrounding space
was simulated. The flow simulation for tips at sea level showed a similar structure of the Mach number isolines,
and the only difference was in the intensity of the vortex structure near the tip wall. As the pressure at the nozzle
inlet increases, the length of the first “barrel” increases proportionally, and the vortex structure near the tip walls
decreases. For the upper atmosphere, the flow pattern is different. The supersonic flow in the nozzle does not
undergo separation, and therefore there are no vortex structures from the external environment. The flow down-
stream of the tip exit deflects from the axis through the angle determined by the Prandtl-Meier flow at the corner
point of the tip exit, and the shape of the first “barrel” is distorted by a hanging shock. An analysis of the obtained
results shows that the ambient pressure downstream the nozzle exit significantly affects the flow pattern in the
nozzle. It is established that the thrust coefficient of both circuits at sea level decreases with increasing pressure at
the nozzle inlet, which is explained by a decrease in the effect of the ambient pressure on the tip wall. In the upper
atmosphere, the flow is adjacent to the tip wall, and the thrust coefficient for nozzles of different lengths has al-
most the same constant value at different inlet pressures. It is shown that a decrease in the length of the nozzle, all
other geometrical dimensions of the nozzle being equal, does not significantly affect the impulse characteristics.

Keywords: truncated nozzle, supersonic flow, bell-shaped tip, impulse response, vortex flow.

Introduction. In modern rocket propulsion systems, various types of nozzles
are used: Laval nozzle, annular nozzle, bell-shaped nozzle, double bell nozzle, etc.
The characteristics of the Laval nozzle are well studied by many authors and its
different variations are considered [1, 2]. Recently, interest has been shown in
shortened nozzles with various tips. Shortened nozzles are used for tight packing
of the rocket engine. Such nozzles have a profiled nozzle, which allows you to fill
the space as much as possible and reduce the total weight, which in turn is an ur-
gent task. In the 90s of the 20th century, the authors [3, 4] considered shortened
nozzles with various types of tips. The studies were carried out mainly using ap-

© K. V. Ternova, 2023
Texu. mexanika. — 2023. — Ne 2.

32


https://doi.org/10.15407/itm2023.02.
mailto:ternovayakaterina@gmail.com

proximate methods of calculation and experiments on models. Currently, such
studies are carried out using numerical methods for calculating the characteristics
of the flow in the nozzle using ready-made software packages.

In previous works of the authors [5, 6], the characteristics of the gas flow in
shortened nozzles with bell-shaped tips were considered under changing pressure
at the nozzle inlet and under conditions at sea level or in the upper atmosphere.
The influence of the external space on the combustion processes in a rocket engine
and, accordingly, on the flow characteristics in a supersonic nozzle are considered
in [7, 8]. At the same time, variants of a shortened nozzle with a different total
length and a different conical inlet section were studied in [5] for different values
of the degree of non-design flow and it was shown that, in this case, the flow pat-
terns (velocity fields) change with a change in the length of the conical part. In [6],
the wave structure of gas flow in a supersonic shortened nozzle (5 mm) with a bell-
shaped tip (30 mm) of a compressed, elliptical shape and large length (compared to
the conical section at the nozzle inlet) is studied. Studies show [2] that the com-
pression of the bell-shaped tip affects the wave structure of the gas flow in the
nozzle.

In this regard, it is important to understand what effect a decrease in the tip
length has on the flow pattern, wave structure, and impulse characteristics of the
nozzle.

The purpose of this work is determination the influence of the tip geom-
etry of a shortened Laval nozzle on the structure of the supersonic flow in the
nozzle.

Geometric model and computational technique. The paper considers the
features of gas flow at different initial pressures Py and different environmental
conditions behind the supersonic part of a nozzle with a bell-shaped tip of different
lengths. The simulation of the flow inside the nozzle with the subsequent outflow
of the jet into the surrounding space is carried out using the ANSYS software
package.

In this work, we study bell-shaped tips (Fig. 1). The conical nozzle at the tip
inlet, in both cases, has a half-angle of 20°. The contour of nozzle Ne 1 is given in
[4], where the results of experimental studies of this nozzle are also given. The
length of the conical part along the axis was 20 mm for both nozzles, the differ-
ence between the considered nozzles was in the length of the tip: for nozzle Ne 1 —
15 mm, and for nozzle Ne 2 — 25 mm. The total length of the supersonic part of the
nozzle is 35 mm (nozzle Ne 1) and 45 mm (nozzle Ne 2), respectively. The radius
of the exit section of the tip is 28 mm. The diameter of the critical section of the
nozzle is 10 mm. The angle of the contour wall relative to the nozzle axis is 0°.
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Fig. 1 — Circuit of shortened nozzles with a bell-shaped nozzle with a total length
of L = 35 mm (nozzle Ne 1) and L = 45 mm (nozzle Ne 2)

The calculations were carried out on a plot of size 5L x 5L, where L — nozzle
length.

The calculations were carried out in a non-stationary axisymmetric formula-
tion based on the Reynolds-averaged Navier—Stokes equations, using the ko SST
turbulence model with near-wall functions and correction for compressibility. This
turbulence model was chosen taking into account the analysis carried out in [3].
Air with adiabatic index y = 1.4 is used as a working medium. The calculations
were carried out at the nozzle inlet pressure Po = 50, 100 bar. The ambient pressure
was assumed to be P, = 1 bar, which corresponded to the operation on the earth's
surface, and P, = 0.1 bar for flights in the upper atmosphere.

Main part. The paper investigates supersonic flows in shortened nozzles with
a total length of the supersonic part of 35 mm (nozzle Ne 1) and 45 mm (nozzle
Ne 2). These nozzles differ in the length of the bell-shaped tip (15 mm and 25 mm,
respectively) and the degree of distortion of the spherical contour of the nozzle.

Figure 2, a), b) shows the distribution of Mach numbers at a pressure at the
nozzle inlet Py = 50 bar and an external pressure P, = 1 bar for nozzle Ne 1 and
nozzle Ne 2. From the analysis of the Mach number distribution pattern, it can be
seen that in the inlet conical part of the nozzle, a preliminary expansion of the gas
flow occurs, and behind its cut (end), an outflow of a flow underexpanded in the
nozzle is observed.
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Fig. 2 — Isolines of the Mach numbers of the gas flow in nozzle Ne 1 (a) and
Ne 2 (b) at inlet pressure Po = 50 bar and at sea level (P, = 1 bar)

Supersonic flows (Fig. 2) in nozzles Ne 1 and Ne 2 have not only similarities,
but also slight differences. In front of the free boundary of the jet 1, a hanging
shock 2 is formed from the nozzle due to the supersonic compression of the char-
acteristics reflected from the free boundary of the jet near the exit edge of the noz-
zle. This jump ends with a Mach disc 3.

In nozzle Ne 1, the length of the tip was reduced by compression, and, as a re-
sult, the radius of the nozzle at its cut was changed, in contrast to the tip in nozzle
Ne 2. This affected the flow in the near-wall region of the tip. For both nozzles, a
large-scale vortex structure 5 is observed near their walls behind the corner point
4. Moreover, for a short nozzle (nozzle Ne 1), this vortex has a lower intensity.

The structure of Mach number isolines for both nozzles has a similar charac-
ter. A characteristic hanging "saddle" shock 6 of low intensity is observed in the
core of the gas flow behind the cut of the inlet conical part of the nozzle. The
length of the first "barrel” practically does not change with increasing nozzle
length.
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For rocket engines operating in the upper layers of the atmosphere, it is im-
portant to know the characteristics of the flow in the nozzles at low external pres-
sure of the atmosphere. For this purpose, the patterns of gas flow in the nozzles
described above at an external pressure P, = 0.1 bar are considered.

Figure 3 shows isolines of the Mach numbers in the gas flow at an inlet pres-
sure Py = 50 bar and an ambient pressure during operation in the upper atmosphere
P, =0.1barin Ne 1 (a) and Ne 2 (b). According to the figures, with a change in
environmental conditions, the gas flow in the nozzles changes. The supersonic
flow in the nozzle fills the entire space of the tip and does not allow external flow
to get inside. There are no vortex structures (Fig. 2) from the external medium to
the separation zone behind the tip corner point observed at sea level (P, = 1 bar).
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Fig. 3 — Isolines of the Mach numbers of flows in nozzle Ne 1 (a) and Ne 2 (b) at inlet pres-
sure Py = 50 bar when operating in the upper atmosphere (P, = 0.1 bar)

As it is seen from Fig. 3, a hanging shock 2 originates from the corner point 1
of the tip entry and propagates to the nozzle exit. Zone 3 is formed between shock
2 and the packing wall; this is a zone of low velocity and high pressure. If we
compare this zone in Figs. 3, a) and 3, b), we can see that this area is practically
absent in the short nozzle head (Fig. 3, a). The flow from zone 3, flowing out of
the tip, forms an expanding flow 4. This flow affects the hanging shock 2 and dis-
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torts its shape and the shape of the first "barrel” 5. The free boundary 6 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. Comparing Fig. 2 and Fig. 3, we can con-
clude that the dimensions of the first (distorted) "barrel" in Fig. 3 significantly ex-
ceed the dimensions of the barrel at P, = 1.0 bar in Fig. 2.

Figure 4 shows the distribution of Mach numbers of the flow at Py, = 100 bar,
Pn=1 bar.
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Fig. 4 — Isolines of Mach numbers of flows in nozzle Ne 1 (a) and Ne 2 (b) at inlet
pressure Po= 100 bar when operating at sea level (P, = 1 bar)

In this case, the flow structure practically does not differ from the structure at
Po = 50 bar, P, = 1.0 (Fig. 2) and in front of the free boundary 1 of the jet, a hang-
ing shock 2 is formed from the nozzle, which is caused by supersonic compression
of the characteristics reflected from the free jet boundary near the exit edge of the
nozzle. There is a decrease in the separation vortex zone 4 (Fig. 4) near the pack-
ing wall, formed due to the entry of the atmosphere into the tip.

The free flow boundary 1 starts from the corner point 3 into the tip, just as in
the case of Py = 50 bar, P, = 1 bar, the wave structures inside the first “barrel”
(Fig. 4 and Fig. 2) are similar. The length of the first "barrel” in comparison with
Po =50 bar (Fig. 2) increases in proportion to the increase in inlet pressure. In both
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cases, inside the first "barrel” there is a "saddle-shaped" compression wave 5 of
similar geometry.

Figure 5 shows the distribution of Mach numbers in the gas flow at Py =
100 bar, P, = 0.1 bar for two tips of different lengths.
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Fig. 5 — Isolines of the Mach numbers of flows in nozzle Ne 1 (a) and Ne 2 (b) at in-
let pressure Po = 100 bar when operating in the upper atmosphere (P, = 0.1 bar)

At the wall of the tip, the flow is just as unseparated as in the case of Py =50
bar (Fig. 3), a hanging shock 2 is formed from the corner point 1 of the entrance to
the tip and propagates to the tip cut of the nozzle. Between shock 2 and the wall of
the tip, zone 3 of low velocity and high pressure is practically absent for nozzle Ne
1, and for nozzle Ne 2 it is more pronounced. In this case, the flow from zone 3,
flowing out of the tip, forms an expanding flow 4 up to the free boundary 6 of the
flow. The shape of the first “barrel” 5 is distorted by the influence of a hanging
shock 2.

An analysis of the results shows that the pressure of the external space behind
the nozzle exit significantly affects the structure of the flow in the nozzle. The su-
personic flow in the nozzle is continuous and does not allow external flows to hit
the wall. There are no vortex structures shown in Figs. 2 and 4 from the external
medium to the separation zone behind the corner point of the tip, observed at sea
level (Pn =1 bar).
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For the considered cases, the thrust coefficient (Ky) was also calculated. In
this case, it’s equal to the integral of the pressure forces (along the contour) divid-
ed by the thrust of the "spectacled” nozzle, i.e. R, - F,, .

Figure 6 shows the dependences of Ky on the initial pressure and nozzle
length.
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Fig. 6 — Thrust coefficients for nozzle Ne 1 and nozzle Ne 2

It can be seen from the graph that for nozzle Ne 1 at external pressure for flow
at sea level, Ky is greater than that for nozzle Ne 2 under the same conditions. But,
if we consider the flow in the upper layers of the atmosphere, then Ky is greater for
nozzle Ne 2.

The thrust coefficient Ky for nozzle Ne 1 and nozzle Ne 2 at P, =1 bar decreas-
es with increasing pressure Py at the nozzle inlet due to the effect of external pres-
sure on the tip wall. And when operating in the upper layers of the atmosphere, the
flow is adjacent to the wall of the tip and for two tips of different lengths the thrust
coefficient Ky has almost the same constant value Kr = const at different values of
Po.

An analysis of the results shows that a change in the length of the tip, with
other equal geometric dimensions of the nozzle, does not significantly affect (dif-
ference no more than 1%) the impulse characteristics (see in fig. 6 curves 1, 2 and
3, 4). It has been established that with an increase in the inlet pressure, the impulse
characteristics (thrust coefficient) decrease and tend to a constant value of Ky ob-
tained at a low pressure of the external environment (i.e., under conditions of flight
in the upper layers of the atmosphere) — curves 3, 4. This is explained by the influ-
ence of the degree of overexpansion of the gas flow in the tip with a change in the
relative (to the pressure of the external environment) pressure at the nozzle inlet,
and the changing of the flow structure in the tip into a separated flow.

Conclusions. It is shown that the pressure of the external environment (behind
the nozzle exit) significantly affects the flow structure in the bell-shaped tip. When
operating at sea level and low inlet pressure (Po<50 bar), considered tips have a
separation zone starting from the corner entry point into the tips. For considered
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tips, the vortex structures in the separation zone slightly differ in intensity (veloci-
ty of the vortex flow). With an increase in pressure at the nozzle inlet, the length of
the first "barrel" increases proportionally and the size of the separation zone de-
creases.

When operating in the upper layers of the atmosphere, the flow from the
shortened nozzle adjoins the tip wall behind the corner point, and behind the tip
cut it deviates to a large angle, which increases with increasing pressure at the
nozzle inlet. In this case, an increase in the size of the first "barrel" of the flow
from the nozzle is observed.

The thrust coefficient of both circuits of the considered nozzles decreases for
sea level operation with increasing pressure at the nozzle inlet, which is explained
by a decrease in the effect of external pressure on the tip wall. When operating in
the upper layers of the atmosphere, the flow is adjacent to the tip wall and the
thrust coefficients for tips of different lengths have almost the same constant value
at different inlet pressures.

The study found approximately the same (difference no more than 1 %) impulse
characteristics of the shortened nozzle with the investigated forms of bell-shaped tips
of an elliptical configuration, therefore, the length of the considered tips does not
significantly affect the impulse characteristics of the shortened nozzle.
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