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[JocnimKyeTbes NOTiK Y BKOPOUEHOMY HaA3BYKOBOMY cOMi JlaBans 3 [3BOHOMNOAIOHUM Hacagkom («A3Bo-
HOM»). Taka KOHirypauis conna Moxe BUKOPUCTOBYBATUCA NPU CTBOPEHHI LLiNbHMX KOMMNOHOBOK bGaratocTynmi-
HYaCTUX paKeT Manoi [OBXWHW 3 MiABWLLEHUMM eHepromMacoBMMK XapakTepucTukamw. MogibHi Buan conen
po3pobneHi B IHCTUTYTI TexHiuHOT MexaHikn HAH Ta HKA Ykpainn (ITM) y 90-X pokax M1Hynoro ctopivus. 3
BUKOPUCTaHHAM HaGMVKEHUX METOAIB GyN0 NPOBEAEHO PO3paxyHKOBI AOCNIAKEHHs NMapameTpiB PisHUX BUAIB
YKOPOYEHUX COmMen, BUFOTOB/IEHI MOfeni Takux cornen. [poBefeHO NpOAyBaHHA XONOAHUM MOBITPAM AKX
MOZenei 3 BUMIpIOBaHHAM TX xapakTepuctuk. OTpMMaHO TiHbOBI KapTUHW Tedii rasy 3a COMMOM, CaXeMacnsHi
KapTVHW NiHil CTpyMy Ha CTiHUi conna. Lii pesynbTat 6ynn BUKOpUCTaHI Nif Yac MOCTaHOBKY L€l po6oTy.

Y npepfcTaBneHilii po6oTi NPOBOAUTLCS UMCENbHE AOCMIKEHHS 3 BUKOPUCTaHHAM nakeTa «ANSYS» Teuil
rasy B yKopoyeHomy coni flaBans 3i chepuyHMm Hacagkom. [ns uiei KoHgirypauii conna 6yno nposegeHo npo-
[lyBaHHS Mofeni XONOoAHWM MOBITPAM. Pe3ynbTaT po3paxyHKiB BepuiKoBaHi LUNSAXOM MOPIBHSAHHA po3noginy
LUBMAKOCTEN B ra3soBOMY MOTOLi 3a Oro 3pi3oM 3 eKCrepuMeHTaNbHUMW TiHbOBMMMW KapTvHamu. [ofaTkoBuM
NiATBEPKEHHAM KOPEKTHOCTI OTPUMaHMX pesynbTaTiB 6yno NOPIBHAHHA Tedil 3a NpodisiboBaHUM NiHIE CTPY-
My consiom flaBans 3 [OKNaJHO JOCNIMKEHOI CTPYKTYPOH Teuii Hefopo3LMPEHOro NoTOKY 3a 3pi3oM conna B
nepLuiii «6o4i» (1o gvcka Maxa). Mpy NocTaHoBLi 3aBAaHHA B 060X BUNaAKax BUOMPaIMCS OfHAKOBI BUXifHI
[aHi Ta No4aTKoBi YMOBMW, LU0 Aat0Th HalikpaLli (B CeHCi BeputhiKoBaHHs) pe3ynbTaTu.

[JocnimpkeHHs Teuii B yKOpOUeHOMY Hafi3ByKOBOMY COMAi MOKa3anu HacTynHe. 3a KyTOBO BUXiHO TOY-
KOI YKOpOUeHoi AinsHK1 conna JlaBans 3 nepexofoM MOTOKY rasy Yy «A3BiH» CMOCTEPIracTbCs BipuB MOTOKY.
Bigpus 36epiractbca Npu 36ibLUEHHI TUCKY Mepes ConoM ax A0 AesKOoT KPUTUYHOI (4158 JaHOro TUNY Hacafka)
BE/IMUYMHW CTYMeHS Hepo3paxyHKOBOCTI, MICAA AKOr0 3 NOAAIbLUMM 36i/bLUEHHAM CTYMeHs Hepo3paxyHKOBOCTI
NOTiK NPUEAHYETLCA A0 CTIHKM Hacadka, 3anMLaloymnch NpyesHaHUM 3 NOAANbLUMM 36i/bLUEHHAM TUCKY Nepeq,
CONoM. IMMyNbCHa XapaKTepUCTUKa YKOPOUYEHOro Comnna 3 [3BOHOBMM HacafKOM HVDKYe 3HAYeHHS Ans corna
NaBans, cnpothinboBaHOro N0 NiHiT CTPYMY TOrO XX FeOMETPUHHOTO CTYMNEHS PO3LLIMPEHHS.

Kntoyosi cnosa: Conno JlaBans, BKOPOUeHe Comnno, A3BOHOMOAIOHUIA HacafokK, CTPYKTYypa NoTOKy.

Flow in a truncated supersonic Laval nozzle with a bell-shaped tip (“bell”) is investigated. This nozzle con-
figuration can be used in tight layouts of multistage rockets of short length with improved energy-mass character-
istics. Similar types of nozzles were developed at the Institute of Technical Mechanics of the National Academy
of Sciences and the State Space Agency of Ukraine in the 1990s. Using approximate methods, the parameters of
variously configured truncated nozzles were calculated, and their models were made. Some of the models were
blown with cold air, and their characteristics were measured. Shadow patterns of gas flow downstream of the
nozzle and soot-oil patterns of streamlines on the nozzle wall were obtained. These results were used in the formu-
lation of this work.

In this work, a numerical study with the ANSYS package was carried out for gas flow in a truncated Laval
nozzle with a spherical tip. For this nozzle configuration, its model was blown with cold air. The calculated results
were verified by comparing the velocity distribution in the gas flow downstream of the nozzle exit with the exper-
imental shadow patterns. An additional confirmation of the correctness of the calculated results was a comparison
of the flow downstream of a streamline-profiled Laval nozzle with the underexpanded flow pattern downstream of
the nozzle exit in the first “cask” (up to the Mach disk) studied in detail. The same initial data and initial condi-
tions that give the best results in terms of verifiability were chosen in both cases.

The study of flow in a truncated supersonic nozzle showed the following results. Downstream of the corner
exit point of the truncated section of a Laval nozzle, flow separation is observed where the gas flow enters the
“bell”. The separation is retained as the pressure upstream of the nozzle increases up to a certain critical (for a
given tip type) value of the underexpansion ratio, after which (with a further increase in the underexpansion ratio)
the flow attaches to the nozzle wall and remains attached with a further increase in the pressure upstream of the
nozzle. The impulse response of a truncated nozzle with a bell-shaped tip is lower than that of a streamline-
profiled Laval nozzle of the same geometric expansion ratio.

Keywords: Laval nozzle, truncated nozzle, bell-shaped tip, flow pattern.

Introduction. For designing new rockets used to conditions of severe dimen-
sional restrictions (dense layouts of aircraft), nozzles with a compressed (bell-
shaped) contour of the supersonic part are of special interest. In particular, it can
be a shortened Laval nozzle with a bell-shaped tip, similar in configuration to the
structural elements of the next rocket stage, or a nozzle with a forced reversal (cen-
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tral plate-type body) of the flow in the critical section, also having a short profile.
Thus, Aerojet Strategic Propulsion developed a project [1, 2] for a dense layout of
a solid-fuel two-stage ballistic missile, in which the contour of the nozzle of the
first rocket stage was close to the configuration of the front bottom of the second
stage. It made possible to reduce the overall rocket length and increase its energy-
mass characteristics. Similar projects were developed in some organizations of the
former USSR. At the Institute of Technical Mechanics of the National Academy of
Sciences and State Space Agency of Ukraine (ITM) short nozzles of various con-
figurations were studied. The main results of these studies are given in [3, 4]. The
studies were carried out mainly using approximate calculation methods and exper-
iments on models.

Currently, such studies are carried out using numerical methods for calculat-
ing the flow characteristics in the nozzle using ready-made software packages, for
example, ANSYS. At the same time, new features of the gas flow in the nozzle are
revealed, which were not found in previous works, but which has not only scien-
tific but practical interest. Numerical studies of the flow in the Laval nozzle [5]
and the annular nozzle [6] can serve as an example of such works.

An essential role in such studies is played by the verification of the results ob-
tained, which are largely determined by the choice of initial conditions for the
solving problem.

The purpose of this work is a numerical study of the flow in a shortened su-
personic nozzle with a bell shaped tip. In this case, the configuration of the nozzle
studied in [3].

Main part. Figure 1a) shows a sketch of the investigated nozzle. Such a noz-
zle was fabricated and tested in cold air at ITM [4]. A photograph of the studied
model of a shortened nozzle with a tip is shown in Figure 1b).

57 p
r’fl ,p_)
| N ;
l 120” S
sl o 10
S 35
Q Q
a) b)

Fig. 1 — Model of a shortened Laval nozzle with a bell shaped tip [4]

The critical section (diameter d. =10 mm) is followed by the conical section

of the Laval nozzle with an opening half-angle of 20°. The conical section of the
nozzle passes into a bell shaped tip with an entry angle (relative to the nozzle wall)
into the nozzles of 57°. The transition from the nozzle to the tip is carried out at
the corner point. Exit angle from the tip is 0°. The length of the conical nozzle sec-
tion is 10 mm. The length of the shortened nozzle with a tip is 35 mm. Radius of
conical section end is d, =17.3 mm. Nozzle wall radius is 28 mm. The geometric

expansion degree of the nozzle with the tip, determined by the relative pressure in

front of the nozzle, is %=31.36.

*
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The correctness of the initial condition choice (in particular, models of turbu-
lence, physical properties of gas, etc.) before performing calculations of a short-
ened nozzle with a tip was substantiated by result verification of gas flow calcula-
tions in the Laval nozzle. The comparison results of flow patterns are shown in
Figs. 2, where 2 a) is the velocity distribution calculation of underexpanded flow
behind the Laval nozzle exit (d.=10mm, d, =17.3 mm, M, =248, p, =50

bar) using the software package "ANSYS"; 2 b) — a picture of an underexpanded
flow behind the Laval nozzle exit, taken from [7], where 1 is a hanging shock, 2 is
a streamline, d-d Mach disk, d-n is a reflected shock, agmn — the boundary of the
jet (of the first "cask™).

Mach Number
Contour 2

7.308
6.902
6.496
6.090
5.684
5.278
4.872

b)

a) the calculated picture of the jet velocity distribution from the profiled Laval noz-
zle; b) the flow pattern of an underexpanded gas jet from the Laval nozzle [7]

Fig. 2 — Flow in a shortened Laval nozzle profiled along the streamline

The flow structure in the Laval nozzle is not considered here. It has been stud-
ied in sufficient detail by various authors using various methods. In this paper to
verify the results of ANSYS software package calculations for a bell shaped tip,
the main characteristics of the first “cask” (the structure of the gas jet behind the
nozzle exit, ending with a Mach disk) are compared with the underexpanded flow
obtained by exact and approximate calculation. In Fig. 2 numbers and letters show
the main parameters of the first "cask™. In Fig. 2a) vertical lines (Xm, l4, In) indicate
the calculation results of the the first "cask™ parameters according to the one-
dimensional theory, namely the flow parameters for the distances from the nozzle
exit (a-a) to the characteristic section of the first "cask".
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According to the one-dimensional theory, the reduced mass flux density in the
Laval nozzle is determined by the relation.

k+1

IV R S =Y
q(M)—M[k+1(l+ ;M H =

c
where M — the Mach number of the gas flow in the considered section, k =—- —

CV
adiabatic exponent, F — nozzle cross-sectional area (with index * — in the critical
section of the nozzle, a — at the nozzle exit).

For the nozzle shown in Fig. 2a), q(M,) =0.39. This value corresponds to the
Mach number of the flow at the cut (exit) of the shortened section of the Laval
nozzle M, =2.48. The parameters of the first “cask” calculated according to the
one-dimensional theory for the nozzle overdesign degree
N = Po

Py [1 + kz_l M7

— distance from the nozzle exit to the maximum cask diameter

*m _0.7M VKN =3.57;

KT~ 3.02 have the following values:

a
. : : I
— distance from the nozzle exit to the end of the first cask - =1.6x,, =5.71,
a

— distance to the Mach disk (Iji =0.8l,=4.57.

a
In Fig. 2a), on the scale of the figure, the values of the indicated characteristic
dimensions Xm, lg, In are specified. An analysis of figures 2a) and 2b) shows their
satisfactory consistency both qualitatively (in the sense of the jet wave structure)
and quantitatively (in the sense of the correspondence between the package 3D
calculation and the calculation according to the one-dimensional theory of the the
first "cask™ geometric parameters).
The flow is studied in a shortened Laval nozzle with a bell shaped tip, while
the geometric parameters are taken: d, =17.3 mm, d, ;, =17.3 mm. The calcula-

tions are carried out at a pressure at the nozzle inlet po =50 bar, 75 bar, 100 bar and
ambient pressure p, =1 bar.

Figure 3, 4 and 5 shows the calculating results of the flow in a shortened La-
val nozzle with a bell shaped tip where figure with letter a) show density distribu-
tion in the flow with shadow pattern of the flow; figure with letter b) show veloci-
ty (Mach number) distribution in the flow. The shadow pattern (see photo below)
was obtained in experiments [4] behind the cut of a bell shaped tip with the same
nozzle geometry as a whole (see Fig. 1). These three figures explain the influence
of inlet flow pressure po on the flow characteristics. The calculation is performed
with the ANSIS software package for the initial flow characteristics: ideal gas, en-
tropy index y = 1.4, total flow temperature To=300 K, turbulence model — kw-SST.
In Fig. 3 — 5 number designations are used the same as following: 1 — shortened
Laval nozzle; 2 — bell shaped tip; 3 — hanging jump; 4 — Mach disk; 5 — reflected
shock; 6 — secondary hanging jump; 7 — separation zone; 8 — zone of low speeds
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b)
Fig. 3 — Flow in a shortened Laval nozzle with a bell shaped tip (po =50 bar)

In the gas flow from a nozzle with a tip the Mach disk 4 (see Fig. 3) is sepa-
rated from the cut (end) of the shortened nozzle at a distance 3.5 da, sh (Where da, sh
— cut diameter of the shortened Laval nozzle). It means that the length of the first
"cask" when the gas jet flows from the Laval nozzle into the nozzle decreases by
about 20% compared to the value 4.57 da, Lavar fOr Laval nozzle without tip. The
maximum diameter of the first "cask" is reduced by 1.35 times. That is, the longi-
tudinal and transverse dimensions of the “cask” decrease approximately propor-
tionally (taking into account the measurement inaccuracies in the calculated and
experimental flow patterns). The Mach disk in the flow from the nozzle increases
in diameter compared to the flow behind the nozzle without a tip (see Fig. 2a) and
shocks 3 and 5 are more intense. The same is observed in the shadow photograph
of the flow behind the cut of the bell shaped tip (see the photo in Fig. 3a). Hanging
shocks 4 and 6 originate almost from the edge of the shortened Laval nozzle (Fig.
3b). Separation zone 7 is formed by the free penetration of the surrounding atmos-
phere into the area between the free boundary of the gas flow from the nozzle and
the tip wall.
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The Mach number of the expanded flow in front of the Mach disk 4 is M =5.4.
The value of the velocity in front of the Mach disk calculated according to the one-

dimensional theory is M = 5.32 (for q(la)=%=0.0319). Behind the Mach disk,

a
there is a developed zone 8 with a low flow velocity (see Fig. 3b).

Figure 4 shows the results of flow calculation in a nozzle with a tip at a pres-
sure of 75 bar and ambient pressure p.=1 bar. The shadow pattern of the flow be-
hind the tip exit (see the photo in Fig. 4a) corresponds to the calculated density
distribution in the flow.
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b)

Fig. 4 — Flow in a shortened Laval nozzle with a bell shaped tip (po= 75 bar)

With an increase in pressure from 50 to 75 bars, the characteristic dimensions
of the first "cask” increase by 10%. As well as at a pressure of 50 bar, the jet
boundary does not adjoin the tip wall. The velocity distribution in the jet flowing
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out of a nozzle with a tip (Fig. 4b) is similar to the distribution at a pressure of 50
bar. The size of the subsonic region behind the Mach disk (blue color in Fig. 4b)
also increases by 10% compared to the size at a pressure of 50 bar (see Fig. 3b). In
separation zone 7 (see Fig. 4b), the flow entering from the outer atmosphere near
the packing exit flows onto the packing wall, causing a local increase in static
pressure (see Fig. 4, line 2).

Figure 5 shows the results of flow calculations in a shortened nozzle with a tip
at a nozzle inlet pressure of 100 bar and an external pressure of 1 bar. In this case,
the jet boundary in the tip is adjacent to the tip wall. The additional force caused
by the gas viscosity presses the jet against the nozzle wall. At the same time, at
the edge of the nozzle cut, there is a breaking point of the hanging shock 3 caused
by the indicated force (Fig. 5b).
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b)
Fig. 5 — Flow in a shortened Laval nozzle with a bell shaped tip (po = 100 bar)

Figure 5 shows the results of flow calculations in a shortened nozzle with a
nozzle at a nozzle inlet pressure of 100 bar and an external pressure of 1 bar. In
this case, the boundary of the jet in the nozzle is adjacent to the nozzle stack. The
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additional force caused by the viscosity of the gas presses the jet against the nozzle
wall. At the same time, at the edge of the cut of the nozzle, there is a breaking
point of the hanging shock 3 caused by the indicated force (see Fig. 5b). The shock
3 penetrates into the nozzle almost along its wall up to the cut of the shortened La-
val nozzle (see Fig. 5a, 5b).

The dimensions of the first "cask™ are increased by 10% compared to the case
po = 75 bar. The flow behind the primary hanging shock 3 to the secondary (weak-
ly expressed) 6 has a lower velocity in comparison with the case of flow at pres-
sures of 50 and 75 bar.

The performed analysis shows a good coincidence the gas flow characteristics
obtained in the calculation and at experimental cold air blows. Thus, the above
indicates a qualitative and quantitative verification of the calculation results in a
shortened Laval nozzle with a bell shaped tip.

Conclusions. The flow pattern in a shortened Laval nozzle with a bell shaped
tip has been studied. The shortened nozzle forms a flow in the bell shaped tip. Be-
hind the cut of the shortened nozzle the flow, maintaining a cask-shaped shape,
depends on the ambient pressure. The underexpanded gas flow behind the cut of
the shortened nozzle does not adjoin the nozzle wall, and the geometrical charac-
teristics of the “cask” depend on the expansion degree of the gas jet flowing from
the shortened nozzle. A developed separation zone is observed between the jet
boundary and the tip wall, which propagates against the flow from the nozzle exit
to the cut of the shortened nozzle. The characteristics of this zone depend on the
flow expansion degree in the shortened nozzle. With a high degree of flow under-
expansion the jet boundary in the nozzle adjoins the nozzle wall, distorting the
shape of the first jet “cask”. In this case, the perturbation from the external envi-
ronment is transmitted along the boundary layer of the jet attached to the wall.

Numerical calculations using the ANSYS package are compared with the re-
sults of calculations based on the one-dimensional theory of the Laval nozzle and
with the results of experimental studies performed at the Institute of Technical
Mechanics of NASU and SSAU. Thus, based on the results of the study, we can
conclude that the results of numerical calculations are verified by the results of
experimental studies and calculations according to the one-dimensional theory of
flow characteristics in a shortened nozzle with a bell shaped tip.
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