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Annomayus. Cospemennvie dcuokocmuvle pakemuvie ogueamenu manou masu (KPAMT) npedcmasns-
1Om COOOU CNOJICHBIE UHICEHEPHBLE KOHCMPYKYUU, K KOMOPbIM NPeObasIsaomcs 04eHb 6blCOKUe mpebosa-
HUs o dphexmusHocmu, HAOEHCHOCU U IKOHOMUYHOCIU. [/ NOOMEEPHCOEHUS XAPAKMEPUCUK PA3Pa-
bampieaemvix u30enull HeodX00UM KOMIIEKC UCHBIMAHUL ONLIMHLIX 06pPA3Y08, NO36ONAIOWUL HPOBEPUMb
Ux pabomocnocobHOCMb 8 YCA08UAX, NPUOTUNCEHHBIX K PealbHbiM. B pamkax oanHou pabomul ObLL npose-
0éH mepmoounamuyeckuti pacuém xoumypa kamepovl KPIMT 0na monaueHbix KOMNOHEHMO8, MAKUX KAK
HCUOKULL KEPOCUH U 2A3000PA3HBLI KUCTIOPOO.

Memoouxa pacuéma (hopcyHok, ucnoib306anHas 6 pabome, OCHOBAHA HA NPUMEHEHUU KPUmMepues no-
000us1. Imo no36o0/sem ocyujecmeisims nepexo0 om Maio2cadapumuslx popcyHoK K GopcyHkam, npucoo-
HbIM 0151 UCHBIMAHUL 8 NOTHOMACUMAOHBIX YCI0BUSIX, GKIIOUASL CMEHO08ble UCTILIMAHUS C UCHOb306aHUEM
memooa «2uoponponusy. s npoeedeHus ucnblmanuil Oblid cO30aHA CNeYUAIU3UPOBAHHAS UCTLIMAMENb-
Has YCMAHOBKA, NO360AAI0OWAS MECMUPO8AMb (OPCYHKU, UL0MOBIEHHbIE C NPUMEHEHUEM COBPEMEHHbIX
AOOUMUBHBIX EXHOL02UL, MAKUX Kak 3D-neuams u3 nOMUMEPHLIX MAMEPUATO8. IMO HE MOIbKO CHUNCAET
CMOUMOCTb CO30AHUSL RPOMOMUNOG, HO U YCKOPSen NPoYecc mecmuposanusl.

Hcnoimanus opcynox na cmenOe ucpaiom Kiouesylo poib 6 nposepke ux pabomocnocooHocmu.
Dmom memoo ucnvlmaHuil NO360I51eMm UCCIe008AMb NO8eOeHUe (POPCYHOK 8 YCL0GUSX, MAKCUMATILHO NPU-
ONUIICEHHBIX K IKCNIYAMAYUOHHBIM. B pamiax oamnoeo ucciedosauus ucnonb3o8aiucs (GOpcyHKu, useo-
MosJleHHble ¢ NPUMEHeHUeM AOOUMUBHBIX MEXHOIOSUL U3 NOAUMepHo2o niacmukd. IIpumenenue maxux
Mamepuanog Ha HAYAIbHbIX SMANAX MECMUPOGAHUsl NO360IUL0 COKPAMUMb 3ampamyvl U 6PEeMeHHble pe-
CYPCbl HA NPOU3BOOCMBO ONbIMHBIX 00paszyos. Bo epems ucnvimanuil popCyHKU noosepeanucy 030eucn-
BUI0 AHCUOKOCMU NOO 3A0AHHBIM NEPEenaoomM OAGeHUsl, Yo HO360JSLI0 OYEHUMb UX pAbOmMOCnocoOHOCMb,
PABHOMEPHOCHb PACHPeOeNeHUs MONIUBA.

Pesynomamer nposedéunvix ucnvimanuii nPOOEMOHCMPUPOBANU GbICOKVIO CENEeHb COOMBEmMCmeuUs
meopemuyeckux paciemos ¢ paxmuseckumu OanHvimu. PopcyHKy NoKa3amu yCmoudugyo pabomy, coom-
BEMCMBYIOWYIO PACYEMHbIM XAPAKMEPUCMUKAM, d TAKJICe OOKA3AMU CE0 NPULOOHOCMb Ot OATbHEUUIUX
amanog paspabomxu. [Ipumerenue a0OUMUBHBIX MEXHOAO2ULL NPU U320MOBIEHUU POPCYHOK NOOMBEPOUNLO
€8010 IPhekmusHOCHb, NO360AUE COKPAMUMb YUK CO30AHUA NPOMOMUNOS U CHUSUMb 3AMPAMbl HA UX
npouszso0cmeo. Kpome moeo, memoouxa «2u0ponpoaueay noxkaszana cebs Kax HadéxcHuwlii cnocob nposep-
KU U sepuurayuy pabouux Xapakmepucmux OpCyHOK, UMo AGIACMC 8AHCHbIM IMANOM HA NYMU K UX
BHEOPEHUIO 8 peanvHylo IKchayamayuro. Takum o6pazom, npeonodHceHHas MemoouKda, KI0Yawas uc-
HONb306aHUE KpUumepues noooous u a0OUMuUGHbIX MEXHOI02UL, NO360JIAEN CYUWECMEEHHO YRPOCUMb NPo-
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yecc pa3pa6omi<u u IleI’lblmClHI/lIJ, no6vblCUMb UX MOYHOCMb U npu6jzu3umb K pealbHbIM YCI1068UAM IKCNYd-
mayuu. Omo 0cobenno 6aicHo 0/ NOBLIUECHUS HAOENCHOCU U KAYeCMEa KOHEYHbIX u3()€]lu12, ucnoivizye-
MblX SpClKen’lHO—KOCMMItECKOIZ mexHuKke, umo cnoc06cm6yem CHUJICEHUIO pPUCKO6 npu dKcnjiyamayuu.

Knrouesvle cnosa: cmeceobpaszosanue, cmecumenbHas 20J1068Ka, JHCUOKOCMHOU PAKEMHbBII 08Ucamely,
osuzametb MAaiol MmA2uU, UCHbIIMAHUAL.
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Abstract. Modern liquid rocket engines of low thrust (LRELT) represent complex engineering struc-
tures, which are subject to very high requirements in terms of efficiency, reliability, and cost-effectiveness.
To confirm the characteristics of the developed designs, a comprehensive set of tests for prototype samples
is required, allowing their operability to be verified under conditions close to real-life operation. As part of
this work, a thermodynamic calculation of the LRELT chamber for fuel components such as liquid kerosene
and gaseous oxygen was conducted. The injector calculation method used in this work is based on the ap-
plication of similarity criteria. This allows the transition from small-scale injectors to those suitable for
full-scale testing, including stand tests using the “hydroflush” method.

For testing, a specialized test rig was created, allowing the testing of injectors manufactured using
modern additive technologies, such as 3D printing from polymer materials. This not only reduces the cost
of creating prototypes but also accelerates the testing process. The injector tests on the stand play a crucial
role in verifying their operability. This testing method allows studying the behavior of injectors in condi-
tions as close to operational as possible. In this study, injectors manufactured using additive technologies
from polymer plastic were used. The use of such materials in the early stages of testing helped to reduce
costs and time resources for producing prototype samples. During the tests, the injectors were subjected to
liquid at a specified pressure differential, which allowed their operability and fuel distribution uniformity
to be assessed.

The results of the tests demonstrated a high degree of correlation between theoretical calculations and
actual data. The injectors showed stable operation corresponding to the calculated characteristics, and
also proved their suitability for further development stages. The use of additive technologies in the manu-
facturing of the injectors confirmed its effectiveness, allowing the prototype production cycle to be short-
ened and costs reduced. Moreover, the “hydroflush” method proved to be a reliable means of verifying and
validating the working characteristics of the injectors, which is an important step toward their implementa-
tion in real-world operations.

Thus, the proposed methodology, which includes the use of similarity criteria and additive technologies,
significantly simplifies the process of development and testing, improves accuracy, and brings the results
closer to real operating conditions. This is especially important for increasing the reliability and quality of
final products used in rocket and space technology, contributing to a reduction in operational risks.

Keywords: mixing, mixing head, liquid rocket engine, low-thrust engine, testing.

Introduction

In recent years, there has been significant development in the production technologies of liquid rocket
engines (LRE) [1-4], especially low-thrust ones, which are widely used in the aerospace industry. Im-
proving these engines requires not only the development of new designs, but also the modernization of
existing test rigs. The use of the stand for educational and demonstration classes will also improve the
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quality of training for students studying in this area. One of such stands is the test complex of the Re-
shetnev Siberian State University of Science and Technology [5], designed for fire tests of rocket en-
gines with components such as “gaseous oxygen” and “gaseous methane”. Despite the successful opera-
tion of this stand, there was a need to upgrade it for testing rocket engines operating on the components
“liquid kerosene” and “gaseous methane”. The main reason for this is the need to provide better cooling
of the engine chamber, which in the future will increase the engine operating time and provide higher
resistance of the chamber to the effects of high temperatures of combustion products.

As part of the modernization of the test rig for fire tests of low-thrust liquid rocket engines (LRELT),
designed to operate on liquid kerosene and gaseous methane, a series of thermodynamic calculations of
the engine chamber were carried out. The purpose of these calculations was to determine the geometric
parameters of the actual ratio of fuel components and their mass flow rate, as well as the temperatures of
combustion products and specific impulse. The thermodynamic calculation was carried out using the
methodology [6; 7], the initial data for performing the calculation and the main results obtained are pre-
sented in Table 1. The gas-dynamic contour and three-dimensional model of the engine chamber ob-
tained during the calculation are shown in Figs. 1 and 2.

Table 1
Mixing head designed for 3D printing
Initial data
Oxidant 0,
Fuel T1
Chamber pressure 1 MIla
Nozzle exit pressure 0.00084 MIla
External pressure 0.00001 MITa
Thrust 200 H
Calculation results

Mass flow 0.062 xr/c
Fuel consumption 0.02 xr/c
Oxidizer consumption 0.042 xr/c
Temperature in the combustion chamber 3256 K
Temperature at the nozzle exit 1026 K
Specific impulse 3480 m/c
Oxidizer Excess Ratio in the Combustion Chamber Core 0.909
Oxidizer excess coefficient for the wall layer 0.07
Average oxidizer excess ratio 0.6
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Puc. 1. 'a3oquHamMuyecknii KOHTYp KaMephl ABUTATEINS

Fig. 1. Gas-dynamic circuit of the engine chamber
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Puc. 2. 3D-monens kaMepsl JBUTATENS

Fig. 2. 3D model of the engine chamber

Statement of the problem

Designing a new mixing head for a liquid propellant rocket engine is a critical step, since the stabil-
ity and efficiency of the engine operation depend on the efficiency of mixing the fuel components.
The main task of the mixing head is to ensure uniform mixing of liquid kerosene and gaseous meth-
ane, which allows achieving complete and efficient combustion of the fuel. The most important and
complex processes in the engine occur in the combustion chamber. Their nature is determined by the
fuel and the mixing head. The prototype for the mixing head was the chamber of the LRELT propel-
lant rocket engine, operating on the components “gaseous methane — gaseous oxygen” [1-4], which
made it possible to reduce the task of designing the mixing head to the task of designing a fuel injector
— liquid kerosene.

A single-component centrifugal injector with tangential component supply was selected as the fuel in-
jector. The injector diagram with the main designations is shown in Fig. 3.
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Puc. 3. PacuerHas cxema (OpCYHKH IOPIOUETO

Fig. 3. Design diagram nozzle

When designing a single-component nozzle, different spray angles were taken into account 2a,
pressure drops AP, geometric characteristics of the injector A:

A= th T
2.
Lnhon
Injector flow rate coefficient p:
P
=0, |——
2-9¢
Where ¢ is nozzle cross-section coefficient:
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Equivalent geometric characteristic of the injector, taking into account the influence of the viscos-
ity of the real liquid,

4 - A

(5

1+%th (R +dy—1,)°

where A is friction coefficient determined under the conditions at the inlet to the nozzle.

The friction coefficient under the conditions at the inlet to the injector A is determined using an
empirical relationship:

25,8
lgh=——"—55-2
(lgR,)™

Reynolds number at the nozzle inlet:

4m

Tcndvh \/a ’

where 1 is dynamic viscosity of the fuel component supplied through the injector , g is mass flow
rate of the component through the nozzle.

Revh =

Parameters for performing calculations
As a result of calculations using the method [8—11], three variants of a nozzle for liquid kerosene
were developed; the geometric dimensions are presented in Table 2.

Table 2
Geometric dimensions of kerosene injectors
Spray angle, deg 90 100 110
Inner radius, r ;,,, mm 0.56 0.6 0.7
Outer radius of the entrance, R, mm 1.12 1.2 1.4
Inner radius of the entrance, R ;,,, mm 0.35 0.29 0.27
Nozzle length 1 ¢, mm 0.89 0.96 1.12
Nozzle height, h, mm 1.12 1.2 1.4
Twist radius, R, mm 1.47 1.49 1.67

In order to confirm the obtained calculation results, it was decided to conduct tests of the injector
for hydraulic spillage on a special stand. Since the direct use of liquid kerosene is impossible due to
the design of the stand, the study of the injector spray parameters is carried out on the working fluid -
water.

For similarity of two or more hydrodynamic processes, the same coefficients must be identical
(idem): Euler criterion — Eu and Reynolds criterion — Re in the nozzle cavities: and,
where C is speed; U is kinematic viscosity; L is nozzle diameter; p is density;
p is pressure.

Thus, the hydrodynamic similarity of the injector cavities on water and liquid kerosene will be
achieved by matching the coefficients. To evaluate the test results on the working fluid (water) and
recalculated to the working fluid (liquid kerosene), the parameters of the liquids presented in Table 3
were used.

Based on the obtained values, a comparison of the similarity criteria of two liquids for injectors
with different opening angles (90, 100, 110) was carried out. The results of calculating the similarity

criteria of the injectors are presented in Table 4.
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Results of calculations of similarity criteria of injectors

Table 3
Liquid parameters
Kerosene Water
Kinematic viscosity 9, m’/s 0,00000182 Kinematic viscosity 9, m’/s 0,00000115
Density p, kg/m’ 819 Density p, kg/m’ 1000
Injector nozzle diameter Jlnametp coruia pOpCyHKH
Loy, m 0.00112 Loy, m 0.00107
Ligp, m 0.0012 Ligp, m 0.00117
Ly, m 0.0014 Ly, m 0.00131
Pressure Pressure
Pyy, MPa 1.25 Py, MPa 1.25
P10, MPa 1.4 P10, MPa 1.4
P19, MPa 1 Py19, MPa 1
Table 4

For Kerosene 90° For Water 90°
8.89-0.00112 8.05-0.00107
Re= 02090112 _ 54y Re = 3:05-0.00107 _
©="0.00000182 >+ ©=0.00000155 >’
—m 00072 g gom/s _m 00072 g5
oF. 819-9.883-10 oF.  1000-8.944-10
. 6 . 6
uleoz:lg,g Euleoz:w,_g
819-8.89 1000-8.05
For Kerosene 100° For Water 100°
7.78-0.0012 6.73-0.00107
_7.78-0.0012 _ Re= 073000107 _ 50,
°=0.00000182 1% ©=70.00000155
i 0.0072 i 0.0072
_ o _ _ o 00072 pas
oF T819.1.13.10°  om/s oF. 1000-1.07-10 mes
1.4-10° 1.4-10°
__La-do” —_—+lU g
Eu=g19775 =282 “=1000-6.732
For Kerosene 110° For Water 110°
7.78-0.0014 5.3-0.00131
®=0.00000182 > ©=0.00000155 ~ 7
o 0.0072 i 0.0072
_m_ 00072 4 o OO0072 5,
oF 819154100 > ™M/S oF. 1000-135-10° ~~ "¢
6 106
e 1-10 _ Eu = 1-10 ~3]
819-5.72 1000-5.32

The deviation of the Eu and Re coefficients does not exceed 5 %, therefore, the hydrodynamic
processes in the cavities of the liquid kerosene nozzle and the water nozzle are similar. These results
made it possible to obtain the geometric dimensions of the nozzle for testing with water spillage. The
geometric dimensions of the nozzles for hydro-water spillage on the test bench are presented in Table
5, three-dimensional models of the nozzle for subsequent printing on a 3D printer are shown in Figs. 4

and 5.
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Table 5
Geometrical dimensions of nozzles for hydraulic flushing on the stand
Spray angle, deg 90 100 110
Inner radius, rj,,, mm 0.53 0.58 0.65
Outer radius of the entrance, R, mm 1.07 1.17 1.15
Inner radius of the entrance, R;,,, mm 0.33 0.28 0.24
Nozzle length Ic, mm 0.86 0.94 1.05
Nozzle height , h, mm 1.07 1.17 1.15
Twist radius, Ry, mm 1.4 1.45 1.4

\ =) |\
\ T § A

Puc. 4. 3D-monens GpopcyHKH B pazpese

Fig. 4. 3D cross-sectional model of the nozzle

Experimental study

Puc. 5. 3D-moznens popcyHku

Fig. 5. 3D model of nozzle

The next stage of the work was printing nozzles with different geometric parameters and nozzle
opening angles on a 3D printer for subsequent tests on a hydraulic flow stand. The purpose of this
study was to analyze the change in flow direction depending on the geometry and spray angle to de-
termine the best configuration of geometric dimensions and spray quality, as well as the uniformity of

the nozzle torch. The setup diagram is shown in Fig. 6.

7 z

Puc. 6. Cxema ycTaHOBKH A7 UCHIBITAHUS (POPCYHOK:
1 — maHOMeTp; 2 — GopcyHKa; 3 — poTaMeTp; 4 — BEHTUIIb; 5 — Hacoc; 6 — 0ak ¢ BOAOii;
7 — CTEKJIIHHbIE TPYOKH; 8§ — HaCaJKH AJIs CHATUS PACIbUIEHHON BOABI 10 PaJIlyCy WU OKPY>KHOCTHY;
9 — npucnocobiIeHue Ul U3MEPeHUs yria ¢akesa paciblia

Fig. 6. Installation diagram for testing nozzles:
1 — pressure gauge; 2 — nozzle; 3 — rotameter; 4 — valve; 5 — pump; 6 — water tank;
7 — glass tubes; 8 — nozzles for removing sprayed water along a radius or circle;
9 — device for measuring the angle of the spray torch
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The working fluid in the installation is water. Water from tank 6 is fed by pump 5 through valve 4
and rotameter 3 to the inlet of nozzle 2 (Fig. 7 and 8). The required pressure drop on the nozzle is ad-
justed by valve 4 and measured by pressure gauge 1. Water flow is measured by rotameter 3 or by the
volume of water drained in a known time. The spray angle is measured visually using special device 9
(Fig. 9). To remove the distribution of sprayed liquid along a circle or radius, nozzles 8 are used, from
the sections of which water flows into glass tubes 7, where its level is measured. Water is poured into
the tank from the water supply.

a o
Puc. 7. YcranoBieHHast ()OPCYHKA BO BTYIKY JUIS IPOJIUBA

Fig. 7. Installed nozzle in the bushing for spillage

Puc. 8. YcraHoBneHHast BTyska ¢ (OpCyHKOH Puc. 9. IIponus dpopcyHOK
Ha CTEHIIEe

Fig. 9. Nozzle testing
Fig. 8. Installed bushing with nozzle on a stand

Research results

The spray pattern of a centrifugal injector is an important parameter that determines the efficiency
of mixing the fuel with the oxidizer and, as a result, the quality of combustion in the chamber of a liq-
uid rocket engine (LRE). Depending on the operating conditions and the design of the injector, the
shape of the spray pattern can vary significantly, which affects the combustion process. The main
types of spray patterns include a cone, tulip, and bubble, which are formed depending on the pressure
drop and the action of various forces, such as inertial and surface tension forces of the liquid [12—15].

The results of flushing the three variants of injectors from Table 5 are presented in Tables 6-8.
Each specimen was flushed 3 times at different pressure values from the specified range in order to
determine the average value.
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Table 6
Nozzle 1, average values
2a (spray angle ),in degrees 40 50 50
m (mass flow ), g/s 122.15 152.55 178.6
P (injector inlet pressure ), MPa 0.0784 0.141 0.204
Table 7
Nozzle 2, average values
2a (spray angle ),in degrees 57.5 60 70
m (mass flow ), g/s 100.5 128.7 143.8
P (injector inlet pressure ), MPa 0.0784 0.141 0.204
Table 8
Nozzle 3, average values
2a (spray angle ),in degrees 67.5 75 80
m (mass flow ), g/s 80.8 104.3 131
P (injector inlet pressure ), MPa 0.0784 0.141 0.204

Conclusion

Based on the presented results, it can be concluded that nozzle 3 has the best performance
(Table 8). The pouring process of this nozzle with fixation of the spray torch angle and the “cone”
shape is shown in Fig. 9.

The presented methodology, which includes the use of similarity criteria, as well as additive tech-
nology methods, allows us to significantly simplify the development process and bring the testing
process as close as possible to the actual operating conditions of the injectors.
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