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B faHWii Yac npu BUpiLLEHHI HOBMX 3aBfjaHb PO3POBGHUKM COMMa N5 PakeTHOro ABUryHa BCE YacTillle 3Be-
pTaroThCs A0 HETPaAULIAHNX KOHirypauiid, Lo BiAPi3HAIOTLCA Bif KnacuyHoro conna Jlasans. MopiBHAHO HO-
BMM HanpsiMOM Y NPOEKTYBaHHI Hafj3BYKOBUX COMe/ € CTBOPEHHS TaK 3BaHOMO [13BOHOMOAIGHOr0 comnna, sike Mae,
Ha BigMiHy Bifi knacuyHoro conna flaBans, 6inblINA KyT BXO4Y B HaA3BYKOBY YacTuHy conna. [Mpw ubomy posr-
NAAA0TLCA COMa 3 jBOMA AiNSHKaMU PO3LLMPEHHS NOTOKY Haf3BYKOBOT YacTUHU conna. Mpu BUpiLLeHHI nogi6-
HWX 3aBfaHb He PO3r/fAaBcs BNAWB CMiBBIAHOLLIEHHS AOBXVH 060X AiNSHOK CKOPOYEHOro COoM/a Ha Moro xapak-
TepUCTMKN. MeToto faHoi po6oTn 6Y/0 BU3HAUYEHHSA BM/IMBY [OBXWHW KOHIYHOT MOYaTKOBOT HAZ3BYKOBOI AiNsH-
KN 3 He3MiHHOK (hOpMOI0 [A3BOHOMOAIGHOrO Hacafka Ha po3nofin CTaTUYHOro TWCKY B COMAi Ta MOro TArosi
XapaKTepPUCTUKN.

Mpw gocnifkeHHi MOKa3HUKIB LibOro comnia BUKOPUCTOBYBaBCA o6uncntoBaibHuii nakeT ANSYS Fluent. B
pe3ynbTaTi AoCNifpKeHb 6yN0 NoKasaHo, L0 KapTWHM Tedil B conni (Mons LUBMAKOCTER) 3MIHIOKTLCA 3i 3MiHOK
[OBXMHMN BXIAHOI (Y HacafoK) KOHIYHOI YaCTWHM i CTyNeHs HeAOpO3LUMPEHHS MOTOKY. B 3eMHMX ymoBax (Pu =
1 6ap) AN BCiX BapiaHTIB CNOCTePiracTbca PO3BMHEHa BiPMBHA 30Ha, L0 MOYMHAETLCS Bif, KYTOBOI TOUKM Nepe-
X0AY KOHIYHOT YaCTMHM B HACafoK; NpW LibOMY TUCK Ha CTiHLi Hacagka NpaKTUYHO LOPIBHIOE TUCKY HABKOMMLL-
HbOr0 CepefioBULLA. 3a BENMKOrO CTYNeHs Heopo3LUMPeHHSs NMoToKy B confi (Po = 300) i B «MOPOXHUCTUX» YMO-
Bax (Pw =0,1 6ap) noTik y Hacagui MpPUMWKae A0 CTiHKW. [pn BENMKOMY CTyrMeHi HeAOPO3LUMPEHHS MOTOKY B
conni TUCK Yy HacafLli 3pocTae Bifj KyTOBOI TOUKM [0 3pi3y HacafKa, a 3i 3MEeHLLEHHAM [JOBXWHU HacafKka TUCK Ha
3pisi Hacagka 36inbLyeTbes. KoeilieHT TArv conna 3MeHLYETbCs 3i 36iNbLUEHHAM CTYNeHs HeAOPO3LIMPEHHS
NOTOKY B COMJIi, AOCAratouM MoCTiiHOrO 3Ha4YeHHs MiCNs NPUMMKaHHS MOTOKY [0 CTiHKM Hacafka 3a KyTOBOH
TOYKOI Nepexody conna B HacafoK. [py BENNKUX CTYMeHAX HefOpPO3LUMPEHHS MOTOKY KOeiLlieHT Taru conna
BULLE ANs conna 3 GibLUOK AOBXMHOK KOHIYHOI YacTuHW. Pe3ynbTaTyi po3paxyHKiB 406pe KOpenrThb 3 pe-
3ynbTaTaMy eKCnepuMeHTaNbHNUX JOCAILKeHb MOAIGHNX conen.

K/t040Bi cnoBa: CKOpoyYeHe Cono pakeTHOro ABUIyHa, A3BOHOMOAiI6HMIA HacafoK, PO3NOAIN WBMAKOCTEl
y NoToLi, po3nogin CTaTU4YHOro TUCKY B cONAi, KoedilieHT TAr conna.

Nowadays, for solving new problems, rocket engine nozzle developers are increasingly turning to non-
traditional nozzle configurations that differ from the classic Laval one. A relatively new line in the design of su-
personic nozzles is the development of the so-called bell-shaped nozzle, which, unlike the classical Laval nozzle,
has a larger angle of entry into the supersonic part of the nozzle. In this case, dual bell nozzles, which have two
flow expansion sections in their supersonic part, are considered. However, the effect of the length ratio of the two
flow expansion sections of a truncated nozzle on its characteristics has not yet been studied. The goal of this work
is to determine the effect of the length of the upstream conical supersonic section on the static pressure distribu-
tion in the nozzle and its thrust characteristics with the shape of the bell-shaped tip kept unchanged. .

The nozzle characteristics were studied using the ANSYS Fluent computing package. It was shown that the
flow patterns in the nozzle (velocity fields) change with the length of the conical part upstream of the tip and the
underexpansion degree. Under terrestrial conditions (P« = 1 bar), all variants show a developed separation zone
that starts from the corner point where the tip is connected to the conical part. In this case, the pressure on the
nozzle wall is nearly equal to the ambient pressure. At a large flow underexpansion degree (Po = 300 bar) and in
low-pressure conditions conditions (P =0.1 bar), the flow in the tip is adjacent to the wall. At a large flow under-
expansion degree, the pressure in the nozzle increases from the corner point to the tip exit, and the pressure at the
tip exit increases with decreasing tip length. The nozzle thrust coefficient decreases with increasing flow underex-
pansion degree, and it reaches a constant value after the flow becomes adjacent to the tip wall downstream of the
corner point where the tip is connected to the nozzle. At high flow underexpansion degrees, the nozzle thrust
coefficient is higher for a nozzle with a longer conical part. The calculated results are in good agreement with
experimental data on nozzles of this type.

Keywords: truncated supersonic nozzle, bell-shaped tip, static pressure distribution in nozzle, flow velocity
distribution, nozzle thrust coefficient.

Introduction. At present, when solving new tasks, rocket engine nozzle de-
signers are increasingly turning to unconventional configurations that differ from
the classic Laval nozzle.

Nozzles of minimum length and various shapes were investigated with the use
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of the characteristic method [1 — 3]. It was shown that for the shortened nozzle
wave thrust losses increase in it, caused with low-intensity shock waves and local
separation zones in the nozzle.

A relatively new direction in the design of supersonic nozzles is the creation
of the so-called bell-shaped nozzle, which, unlike the classic Laval nozzle, has a
larger entry angle into the supersonic part of the nozzle [4 - 6].

Dual-Bell type nozzles [7, 8] with two bell-shaped sections are also consid-
ered. They are more efficient under conditions of changing flight altitude. Such a
nozzle adapts to height and has two modes of operation. The study [8] revealed the
influence of the nozzle geometry on the flow behavior and, as a result, on the effi-
ciency of the nozzle.

For such nozzles, the method of characteristics no longer allows to detail all
the features of a complex flow in a bell-shaped nozzle. In this case, the Computa-
tional Fluid Dynamics models (CFD) are more preferred [7, 9].

In [10], a shortened Laval nozzle with a spherical bell-shaped tip was studied.
Unlike the Dual-Bell type nozzle, its first section is a conical Laval nozzle, and the
second section is bell-shaped tip. Such a nozzle can be used in the development of
compacted layouts of rockets [4]. At the same time, the advantages of the opera-
tion of such a nozzle with a change in flight altitude are retained. The characteris-
tics of this nozzle were studied using the ANSYS Fluent software package [11].
The solution of the problem was verified with the results of experimental tests of
such nozzles, presented in [12]

Previous researchers have not considered the influence of the length ratio of
both sections of the bell-shaped nozzle on its characteristics was not considered.

In this work, the authors study the effect of the length ratio of the conical ini-
tial supersonic section and the bell-shaped tip.

The purpose of the work is to investigate the effect of the length changing of
the conical initial supersonic section with the unchanged shape of the bell-shaped
tip on the distribution of static pressure in the nozzle and its thrust characteristics.

Main part. The studies are carried out on the base model (Fig. 1) similar to
the model Ne 6 used in the papers [12, 13], where : | — length of the conical short-
ened part of the nozzle; L — total length of the shortened nozzle with a tip;

da — the diameter of the conical part end; a — the half-angle of the opening of
the conical part; o: — tip entry angle.

In the present study, the length of the conical inlet of the Laval nozzle was
varied. In this case, the total length of the nozzle L was changed with some un-
changed parameters: the nozzle radius (R = 28 mm), the diameter of the critical
section of the nozzle (der = 10 mm) and the entrance diameter of the inlet part
(da= 16 mm). The geometrical parameters of the studied variants (1 — 4) of short
nozzles with a bell-shaped nozzle are shown in Table 1 below with the same des-
ignations as in Fig. 1.
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Fig. 1 — Geometric parameters of the shortened nozzle
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Table 1 — Geometric parameters of the studied nozzle variants

variant | |, mm L,mm a, deg i, deg da, mm
1 5 30 30 45 16
2 10 35 20 55 16
3 15 40 11 64 16
4 20 45 8 67 16

The calculations are carried out using the ANSYS Fluent package. The
boundary and initial conditions, as well as the turbulence model, are chosen simi-
larly to previously published papers [10, 13].

Figure 2 shows the distribution of flow velocities in the nozzle with a nozzle
variant 1 (Fig. 2, a)) and 4 (Fig. 2, b)) at an external pressure of P, = 1 bar and
pressure at the nozzle inlet Po= 50 bar.

In both cases, the flow at the outlet of the shortened nozzle separates from the

tip wall at the corner point of transition of the nozzle conical part into the tip
spherical part. With a smaller length of the conical part (Fig. 2, a)), a larger diame-
ter and a shorter length of the first “barrel” are observed due to the larger half-
opening angle (a) of the conical part. In this case, the flow from the ambient into
the region between the tip wall and the jet boundary adjoins the tip wall with a
developed vortex structure at the tip wall and at the free boundary of the flow. A
toroidal vortex is formed on the end section of variant 1 nozzle (Fig. 2, a)), the
scale of which is smaller than for variant Ne 4 (Fig. 2, b)), where the vortex near
the wall spreads from the tip end to the corner point. In the conical part of both
nozzle variants, the pressure gradients differ and are determined by the half-angle
of the shortened part. The subsonic velocities of the vortex structure in both cases
determine the pressure on the tip wall, which is approximately equal to the ambi-
ent pressure (for more details, see below).
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Fig. 2 — Distributions of flow velocities in the nozzle with a tip

At a high inlet flow pressure Py = 300 bar (Fig. 3)), the jet boundary adjoins
the tip wall in both variants (1 and 4).
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Fig. 3 — Distribution of flow velocities in the nozzle with a tip

With a smaller length of the conical part (variant 1 in Fig. 3, a)), due to the
larger half-opening angle of the inlet conical part, a hanging shock in front of the
tip wall of greater intensity is observed behind the tip end compared to variant 4
(Fig. 3, b)), which causes the formation of a more expanded (greater jet opening
angle) of the flow structure behind the nozzle end. Qualitatively, the character of
the change in the static pressure in the nozzle is similar to the character at a lower
inlet pressure (Fig. 2)). More detailed quantitative estimates of the distribution of
static pressure are carried out below.
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The change in the pressure of the external ambient as well as the degree of
non-design flow in the nozzle (N = Po/ Py ) significantly affects the flow pattern in
the nozzle and behind the nozzle. The behavior of the flow in a nozzle with noz-
zles in "empty" conditions is studied — at an external pressure of P, = 0.1 bar. Fig-
ure 4 shows the distributions of velocity (Fig. 4, a)) and flow density (Fig. 4, b)) in
a nozzle with a tip (variant Ne 1) at Po= 50 bar.
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Fig. 4 — Distribution of flow velocities in the nozzle with a tip

As it can be seen, the flow pattern (Fig. 4, a)) is similar to the flow pattern at
Po = 300 bar (Fig. 3, a)). However, the opening angle of the jet behind the nozzle
end is larger than at P, = 1 bar. The first “barrel” of the Mach flow structure has an
extended character with a slightly expressed Mach disk (Fig. 4, a)). For a longer
nozzle (Fig. 4, b)), the length of the first “barrel” is shorter with almost the same
diameter.

Below, we consider the features of static pressure distribution in the nozzle
with a tip (variants Ne 1 — Fig. 5, a), 5, ¢), and variants Ne 4 Fig. 5, b), 5, d) at an
external outlet pressure P, = 1 bar and an inlet pressure Po = 50 bar (Fig. 5, a),
5, b) and Py = 300 bar (Fig. 5, ¢), 5, d)).
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Fig. 5 — Distribution of static pressure in the nozzle of variant Ne 1 (a, ¢) and
variant Ne 4 (b, d) at P, = 1 bar

At Py = 50 bar, the pressure in the nozzle with a short conical part (vari-
ant Ne 1, Fig. 5, a)) is less than for the variant with a longer part (variant Ne 4, Fig.
5, b)). At the same time, for variant Ne 4, the pressure is almost constant along the
entire length of the tip (0.96 bar), while for variant Ne 1 the pressure is not con-
stant and ranges from 0.9 to 0.8 bar (at the nozzle end). This is caused by the
above-mentioned inflow of the external flow to the tip wall and the formation of a
local vortex at its end. The pressure distribution in the shortened conical part is
characterized by a different gradient and the presence of a local pressure increase
at the inlet to the conical section (Fig. 5, a)), which is explained by the large half-
opening angle of the wall of the conical part.

With a large underexpansion of the flow in the nozzle (N = 300), the pressure
in the nozzle behind the corner point increases in both variants (Fig. 5, ¢) — variant
1, Fig. 5, d) - variant 4), having the same character of change along the length of
the tip. With a short length of the nozzle (variant Ne 1, Fig. 5, ¢)) the pressure rises
to the end up to 5 bar and for variant Ne 4 (Fig. 5, d)) the pressure rises to 3 bar. At
the nozzle exit, a pressure drop occurs, caused by the acceleration of the expanding
flow in the boundary layer at the tip exit (Fig. 2).
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At low external pressure (in “empty” conditions, P, =0.1 bar), the character of
pressure change in the nozzle is similar to the character of pressure change in case
of large underexpansion of the flow (in “terrestrial” conditions, P, =1 bar). In this
case, the pressure at the nozzle section of variant Ne 1 (1.35 bar, Fig. 6, a)) is also
higher compared to variant Ne 4 (0.7 bar, Fig. 6, b)). At the same time, the pressure
at the nozzle section differs almost twice for variants Ne 1 and Ne 4 at different
external (P, =1 bar, Fig. 5 and P, =0.1 bar, Fig. 6) and inlet pressures (Po= 300 bar
Fig. 5, ¢)), 5, d) and Po =50 bar Fig. 6).
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Fig. 6 — Distribution of static pressure in the nozzle of variant Ne 1 (a)
and variant Ne 4 at P, = 0.1 bar; Po= 50 bar

Flow calculations in the nozzle with a tip were carried out for all 4 variants
(see Table 1).

0 100 200 300 Po,bar
1:1-5mm;2-10 mm; 3 -15 mm; 4 —20 mm; 5 — experiment at | = 15 mm
(model Ne3 [12]); 6 — experiment at | = 10 mm (model Ne6 [12])

Fig. 7 — Dependence of the nozzle thrust coefficient on the pressure
in front of the nozzle at P, = 1 bar

The efficiency of a nozzle is determined by its thrust coefficient (K;). The de-
pendence of the thrust coefficient on the pressure at the nozzle inlet has the same
character with a decrease in the length of the conical part of the nozzle (Fig. 7).
With an increase in the degree of non-design flow in the nozzle, the thrust coeffi-
cient decreases to an approximately constant value after the flow past the corner
point to the tip wall. With the length of the conical part | =5 mm (variant Ne 1),
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this occurs when Py = 100 bar. For variant Ne 2 — Ne 4, this occurs at Py = 200 bar.
After that, the thrust coefficient remains almost constant. The thrust coefficient for
variant Ne 1 is the smallest and amounts to ~ 1.5. For variants Ne 2 — 4, this value
is ~ 1.6. The experimental values of the thrust coefficient obtained in [12] are in
good agreement with the calculated values (Fig. 7): at | = 15 mm, the value is K; =
1.566; at | =10 mm - K;= 1.536.

Conclusions. It is shown that the patterns of flow in the nozzle (velocity
fields) change with a change in the length of the inlet (into the nozzles) conical
part and the degree of non-design flow.

Under terrestrial conditions (P4 = 1 bar), for all variants, a developed separa-
tion zone is observed, starting from the corner point of the transition of the conical
part into the tips. For this case, the pressure on the tip wall is practically equal to
the ambient pressure. With a large degree of flow underexpansion in the nozzle
(N = 300) and in "empty" conditions (P, =0.1 bar), the flow in the tip adjoins the
wall. With a large degree of non-design flow in the nozzle, the pressure increases
in the tip from the corner point to the nozzle exit, and with a decrease in nozzle
length, the pressure increases at the tip exit.

The nozzle thrust coefficient (K) decreases with an increase in the degree of
flow non-design in the nozzle, reaching a constant value after the flow adjoins the
tip wall behind the corner point of the transition of the nozzle into the tip. At high
degrees of non-design flow, K; is higher for a nozzle with a longer conical part.
The calculation results correlate well with the results of experimental studies of
such nozzles.
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