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Аннотация. Современные жидкостные ракетные двигатели малой тяги (ЖРДМТ) представля-

ют собой сложные инженерные конструкции, к которым предъявляются очень высокие требова-

ния по эффективности, надёжности и экономичности. Для подтверждения характеристик разра-

батываемых изделий необходим комплекс испытаний опытных образцов, позволяющий проверить 

их работоспособность в условиях, приближенных к реальным. В рамках данной работы был прове-

дён термодинамический расчёт контура камеры ЖРДМТ для топливных компонентов, таких как 

жидкий керосин и газообразный кислород.  
Методика расчёта форсунок, использованная в работе, основана на применении критериев по-

добия. Это позволяет осуществлять переход от малогабаритных форсунок к форсункам, пригод-

ным для испытаний в полномасштабных условиях, включая стендовые испытания с использованием 

метода «гидропролив». Для проведения испытаний была создана специализированная испытатель-

ная установка, позволяющая тестировать форсунки, изготовленные с применением современных 

аддитивных технологий, таких как 3D-печать из полимерных материалов. Это не только снижает 

стоимость создания прототипов, но и ускоряет процесс тестирования.  
Испытания форсунок на стенде играют ключевую роль в проверке их работоспособности. 

Этот метод испытаний позволяет исследовать поведение форсунок в условиях, максимально при-

ближенных к эксплуатационным. В рамках данного исследования использовались форсунки, изго-

товленные с применением аддитивных технологий из полимерного пластика. Применение таких 

материалов на начальных этапах тестирования позволило сократить затраты и временные ре-

сурсы на производство опытных образцов. Во время испытаний форсунки подвергались воздейст-

вию жидкости под заданным перепадом давления, что позволяло оценить их работоспособность, 

равномерность распределения топлива.  
Результаты проведённых испытаний продемонстрировали высокую степень соответствия 

теоретических расчетов с фактическими данными. Форсунки показали устойчивую работу, соот-

ветствующую расчетным характеристикам, а также доказали свою пригодность для дальнейших 

этапов разработки. Применение аддитивных технологий при изготовлении форсунок подтвердило 

свою эффективность, позволив сократить цикл создания прототипов и снизить затраты на их 

производство. Кроме того, методика «гидропролива» показала себя как надёжный способ провер-

ки и верификации рабочих характеристик форсунок, что является важным этапом на пути к их 

внедрению в реальную эксплуатацию. Таким образом, предложенная методика, включающая ис-

пользование критериев подобия и аддитивных технологий, позволяет существенно упростить про-
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цесс разработки и испытаний, повысить их точность и приблизить к реальным условиям эксплуа-

тации. Это особенно важно для повышения надёжности и качества конечных изделий, используе-

мых в ракетно-космической технике, что способствует снижению рисков при эксплуатации. 
 

Ключевые слова: смесеобразование, смесительная головка, жидкостной ракетный двигатель, 

двигатель малой тяги, испытания. 
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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  O2 
Fuel  Т1 
Chamber pressure  1 МПа 
Nozzle exit pressure  0.00084 МПа 
External pressure   0.00001 МПа 
Thrust   200 Н 

Calculation results  
Mass flow  0.062 кг/с 
Fuel consumption   0.02 кг/с 
Oxidizer consumption  0.042 кг/с 
Temperature in the combustion chamber  3256 К 
Temperature at the nozzle exit   1026 К 
Specific impulse   3480 м/с 
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 

 

 
Рис. 1. Газодинамический контур камеры двигателя 

 

Fig. 1. Gas-dynamic circuit of the engine chamber 
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Рис. 2. 3D-модель камеры двигателя 
 

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.   
 

 
 

Рис. 3. Расчетная схема форсунки горючего 
 

Fig. 3. Design diagram nozzle 
 

When designing a single-component nozzle, different spray angles were taken into account 2α, 

pressure drops  ∆P, geometric characteristics of the injector А: 
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Equivalent geometric characteristic of the injector, taking into account the influence of the viscos-

ity of the real liquid, 

 
e

vh c1  
2
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R R d r




   , 

where λ 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 λ is determined using an 

empirical relationship: 
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Reynolds number at the nozzle inlet: 
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,  

where η is dynamic viscosity of the fuel component supplied through the injector , ṁф is mass flow 

rate of the component through the nozzle. 
 

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 inn, mm 0.56 0.6 0.7 

Outer radius of the entrance, Rout, mm 1.12 1.2 1.4 

Inner radius of the entrance, R inn, mm 0.35 0.29 0.27 

Nozzle length l с, mm 0.89 0.96 1.12 

Nozzle height, h, mm 1.12 1.2 1.4 

Twist radius, Rtw, 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 С is speed; υ  is kinematic viscosity; L is nozzle diameter; ρ is density;  

р 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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Table 3 
Liquid parameters  

 

Kerosene  Water 
Kinematic viscosity  ϑ, m

2
/s 0,00000182 Kinematic viscosity ϑ, m

2
/s 0,00000115 

Density ρ, kg/m
3 819 Density ρ, kg/m

3 1000 
Injector nozzle diameter  Диаметр сопла форсунки 

L90, m 0.00112 L90, m 0.00107 
L100, m 0.0012 L100, m 0.00117 
L110, m 0.0014 L110, m 0.00131 

Pressure  Pressure  
P90, МPa 1.25 P90, МPa 1.25 
P100, МPa 1.4 P100, МPa 1.4 
P110, МPa 1 P110, МPa 1 

 

 

 

Table 4 
Results of calculations of similarity criteria of injectors  

 

For Kerosene 90º 
8.89 0.00112

Re 5471
0.00000182

   

7

0.0072
8.89 /

819 9.883 10c

m

F
C m s


 

 
&

 

6

2

1.25 10
19.3

819 8.89
Eu

 


 

For Water 90º 
8.05 0.00107

Re 5557
0.00000155

   

7

0.0072
8.05 /

1000 8.944 10c

m

F
C m s


 

 
&

 

6

2

1.25 10
19.3

1000 8.05
Eu

 


 

For Kerosene 100º  
7.78 0.0012

Re 5129
0.00000182

   

6

0.0072
7.78 /

819 1.13 10c

m

F
C m s


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 
&

 

6

2

1.4 10
28.2
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Eu

 


 

For Water 100º 
6.73 0.00107

Re 5080
0.00000155

   

6
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6.73 /

1000 1.07 10c

m

F
C m s


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 
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6

2

1.4 10
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For Kerosene 110º  
7.78 0.0014

Re 5984
0.00000182

   

6

0.0072
5.7 /

819 1.54 10c

m

F
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 
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For Water 110º 
5.3 0.00131
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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,  rinn, mm 0.53 0.58 0.65 
Outer radius of the entrance, Rout, mm 1.07 1.17 1.15 
Inner radius of the entrance, Rinn, mm 0.33 0.28 0.24 
Nozzle length  lс, mm 0.86 0.94 1.05 
Nozzle height , h, mm 1.07 1.17 1.15 
Twist radius,  Rtw, mm 1.4 1.45 1.4 

 

 
 

 

Рис. 4. 3D-модель форсунки в разрезе 
 

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

 

Рис. 5. 3D-модель форсунки 
 

Fig. 5. 3D model of nozzle 

 

Experimental study  

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.  
 

 

 

Рис. 6. Схема установки для испытания форсунок:  
1 – манометр; 2 – форсунка; 3 – ротаметр; 4 – вентиль; 5 – насос; 6 – бак с водой;  

7 – стеклянные трубки; 8 – насадки для снятия распыленной воды по радиусу или окружности;  
9 – приспособление для измерения угла факела распыла 

 

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 



 

 
 

Siberian Aerospace Journal.  Vol. 26,  No. 1 
 

 9

 

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.  

 

          

                                                             а                                                                   б  

Рис. 7. Установленная форсунка во втулку для пролива 
 

Fig. 7. Installed nozzle in the bushing for spillage 
 

 

 
 

 

Рис. 8. Установленная втулка с форсункой 
на стенде 

 

Fig. 8. Installed bushing with nozzle on a stand 

 

Рис. 9. Пролив форсунок 
 

Fig. 9. Nozzle testing 

 

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  

 

2α (spray angle ),in degrees  40 50 50 

m (mass flow ), g/s 122.15 152.55 178.6 

P (injector inlet pressure ), MPа 0.0784 0.141 0.204 

 

Table 7 

Nozzle 2, average values  

 

2α (spray angle ),in degrees  57.5 60 70 

m (mass flow ), g/s 100.5 128.7 143.8 

P (injector inlet pressure ), MPа 0.0784 0.141 0.204 

 

Table 8 

Nozzle 3, average values  

 

2α (spray angle ),in degrees  67.5 75 80 

m (mass flow ), g/s 80.8 104.3 131 

P (injector inlet pressure ), MPа 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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