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Жидкостные ракетные двигатели малой тяги (ЖРДМТ) являются основными двигателями, 

применяемыми в системах управления космических летательных аппаратов (КЛА). Они могут работать 

как в непрерывном, так и в импульсном режимах, при этом работа в импульсном режиме является одной 

из наиболее характерных особенностей. Достоверное заключение о надежности созданных двигателей 

возможно только на основе испытаний их опытных образцов в реальных либо в значительной степени 

приближенных к реальным условиям. 

При создании ЖРДМТ для КЛА различного назначения в процессе конструкторской (опытной) 

отработки большое внимание уделяется вопросам методологии стендовых испытаний, техническому 

оснащению стендов, имитирующих воздействие физических условий космического пространства, а 

также применению диагностических методов и аппаратуры для проведения различных физических 

исследований и измерений. 

Эффективность наземной (стендовой) отработки обеспечивается имитацией условий натурных 

испытаний и учетом влияния всех эксплуатационных факторов, воздействующих на достоверность 

оценки показателей надежности при конструкторской отработке в наземных условиях. Особое место в 

вопросах достижения эффективности испытаний занимают требования по обеспечению точности и 

достоверности результатов испытаний. Значительный объем испытаний при отработке ЖРДМТ 

следует проводить в условиях требуемого вакуума на стендах, оборудованных барокамерами с 

вакуумными системами.  

Для повышения эффективности имитации высотных условий предложено использовать барокамеру с 

трубчатым экраном, в который подается жидкий азот с необходимым расходом. Импульсные режимы 

работы ЖРДМТ инициируют в трубопроводах неустановившиеся (низкочастотные) процессы движения 
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компонентов топлива. Рассмотрены методы обеспечения динамического подобия характеристик 

систем питания двигателя компонентами топлива на стенде и в двигательной установке, в том числе 

соответствие гидравлических, инерционных и волновых характеристик питающих магистралей. 

 

Ключевые слова: жидкостные ракетные двигатели малой тяги, стендовые испытания, имитация 

высотных условий. 
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Low thrust liquid-propellant rocket engines (LTLPRE) are the main type of rocket engines for control systems 

of space aircrafts. The thrusters are able to work either in continuous or impulse regime, which is one of their 

main characteristics.  The suggestion about engines` reliability should come from the results of tests which create 

real or greatly approximated to the real conditions. 

The development process of thrusters takes into a great account the problems of bench testing methodic, 

technical equipment of test benches for creating the closest possible to space conditions and the use of diagnostic 

methods and instruments for various types of physical research and dimensions. 

The ground test effectiveness depends on the level of real conditions imitation and the level of attention to all 

operational factors that influence the credibility of reliability parameter estimation during the development. One 

of the most important questions in terms of testing effectiveness is the question of testing result accuracy and 

credibility. The testing process of thrusters mainly goes under the requested conditions of vacuum, created in 

pressure chambers.   

To increase the effectiveness of space conditions imitation the paper suggests using the pressure chamber, 

equipped with the tube shield with the circulating liquid nitrogen under required mass flow rate. The impulse 

working regime creates instability of propellant moving in pipelines. The paper considers the methods of 

providing dynamically similar characteristics of supply systems in propulsion systems as well as conformity of 

hydraulic, inert and wave characteristics of supply pipelines. 

 

Keywords: liquid-propellant rocket engines of low thrust, bench tests, space condition imitation.    

 

Introduction 

Low thrust liquid-propellant rocket engines (LTLPRE) are currently the main executive device in the 

control system of a spacecraft. They serve for orientation, stabilization and correction of the aircraft in space, 

and are also used in propulsion systems for orientation, stabilization and start-up in the upper stages, carrying 

out spacecraft launch into specified orbits [1]. 

The purpose of liquid propellant engines and conditions of their operation impose a number of specific 

requirements, in particular, the following: 

– multimodality due to continuous operation (duration up to в > 103 s) and in various pulse modes with a 

minimum turn-on time of 0.03 s or less and with various pauses from 0.03 s to several days; 
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– a large resource in terms of accumulated operation time – up to 50,000 s and more; 

– a large resource in terms of the total number of inclusions – up to 106; 

– a possibility of any combination of switching times and pauses (negotiated in most cases); 

Terminologically, in GOST 22396-77 “low-thrust liquid-propellant rocket engines” are defined as 

executive devices of a spacecraft control system with thrust from 0.01 to 1,600 N. Liquid-propellant rocket 

engines of low-thrust can be united by at least one common element (power frame, panel, fuel supply 

system, thermal insulation, etc.) [2–4]. 

The development of low-thrust rocket engines for domestic spacecrafts is carried out by the Design 

Bureau of Chemical Engineering named after A. M. Isaev (DBHimmash), the Scientific Research Institute of 

Mechanical Engineering (SRIMash), the Turaev Engineering Design Bureau "Soyuz" (TEDB "Soyuz)" [5–

7]. 

DBHimmash created 11 types of engines with thrust from 6 to 2250 N on two-component self-igniting 

fuel and 8 types on single-component fuel with thrust from 5 to 50 N. 

These engines have found wide application in spacecraft for various purposes: ‘Soyuz-TM’, ‘Ekran’, 

‘Prognoz’, ‘Spektr’, ‘Relikt’, ‘Coupon’, ‘Globus’, ‘Phobos’ and a number of others, as well as in the stages 

of reentry vehicles disengagement. They are designed for precise orientation, stabilization and correction of 

spacecraft orbit, for docking and undocking maneuvers with other vehicles. Motors are characterized by 

stability, efficiency, high-speed operation, reusable start-ups, start-ups duration from centisecond to hundreds 

and thousands of seconds. 

Two-component low-thrust engines DST-25, DST-100, DST-100A, DST-200 and DMT-600, created at 

DBhimmash operate on the fuel components traditional for the enterprise – nitrogen tetroxide and 

asymmetric dimethylhydrazine. Reliability of operation and high performance are ensured by the use of a 

niobium alloy combustion chamber with a protective coating, radiation and internal film cooling. 

The DMT-600 engine, which has an ablative cooling combustion chamber in combination with internal 

cooling, showed high energy and mass characteristics not only on traditional fuel, but also on 

monomethylhydrazine used in foreign practice [8]. 

Currently, the requirements for spacecraft, for their propulsion systems of control and for liquid 

propellant rocket engines are increasing, first of all, in terms of active shelf life up to 15–20 years, reliability 

and efficiency. The requirement to optimize the cost of development and manufacture comes to the fore, 

which can become a determining factor when choosing one or another engine [9; 10]. 

Despite the experience gained in the study of ongoing processes and the design of low thrust liquid-

propellant rocket engines, a valid conclusion about the reliability of the created engines is only possible on the 

basis of their prototypes testing in real or substantially approximated to real conditions. Testing is a critical 

part of the program to create a highly efficient and reliable product. 

Thus, live fire testing should be considered as a reasonably required stage of design and research work, 

which finishes with the creation of prototypes. 

 

Basic requirements for testing LTLPRE 

When creating liquid propellant rocket engines for spacecraft of various purposes, in the process of 

design (experimental) much attention is paid to bench tests approach, technical equipment of a bench 

simulating physical conditions effect of outer space, as well as the use of diagnostic methods and equipment 

for various physical research and measurements. In reliability assurance programs (RAP) of low-thrust 

engines, tests are the most important part, requiring significant financial, material and physical costs [2; 11]. 

As the number of tests of liquid-propellant rocket engines in full-scale operating conditions (flight tests) 

is very limited, and in most cases is generally excluded due to their high cost, the ultimate efficiency of their 

ground development should be achieved. 
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The efficiency of ground (bench) testing is ensured by simulating conditions of full-scale tests taking into 

account the influence of all operational factors affecting the accuracy of reliability indicators assessment 

during design testing in ground conditions. Requirements for ensuring the accuracy and reliability of test 

results occupy a special place in achieving test efficiency. 

Certain requirements are imposed on benches for live fire tests of liquid propellant rocket engines, the 

main of which are as follows: 

– achieving the degree of compliance with altitude conditions (rerefied environment); 

– creation of the identity or dynamic similarity of characteristics of the liquid-propellant rocket engine 

power systems with fuel components, including correspondence of inert, wave and hydraulic characteristics 

of the supply lines; 

– ensuring compliance with the laws of change of inlet pressures into the engine, pressures in the 

combustion chamber; 

– ensuring the temperature values of the fuel components (both negative and positive) within the specified 

limits. 

Most LTLPRE operate at very low ambient pressures, therefore, a significant amount of testing during 

their development should be carried out on benches equipped with vacuum systems. When determining the 

thrust and specific impulse characteristics in the vacuum chamber (with the engine installed in it for testing), 

the specified pressure value is provided for the uninterrupted flow of gas from the nozzle. 

The dynamic processes that occur in the fuel lines for supplying fuel components depend on many factors 

determined by the properties of fuel components, pneumatic hydraulic circuit and the cyclogram of the 

LTLPRE. Therefore, to accurately determine engine characteristics during the tests it is necessary to ensure 

that the dynamic processes occurring in the bench lines are consistent with the processes occurring in the fuel 

supply lines in propulsion systems (PS) with LTLPRE. 

There is no simple solution to this problem via identity design of the system supplying fuel components 

to the LTLPRE at the bench and in PS for a number of reasons: 

– the need to ensure a high degree of safety during bench tests, which requires sufficient removal of fuel 

supply tanks from the vacuum chamber; 

– the possibility of implementing various test programs at the bench, which is associated with the 

installation of additional fittings (valves, throttle devices and measuring instruments) in the fuel lines; 

– design features of the bench. 

It should be noted that at present, to meet the stated requirements, there are practically no standard 

measuring instruments that allow measuring instantaneous values of thrust and consumption of fuel 

components with the required accuracy. Therefore, when testing LTLPRE it is necessary to develop and use 

special measuring instruments and measurement techniques [2; 12]. 

Thus, the bench for LTLPRE live fire tests must have a system that ensures altitude conditions during the 

engine operation, a system for supplying fuel components to the engine with parameters that ensure the 

required test conditions, and a device for measuring thrust in pulsed and continuous modes. 

When testing a liquid-propellant rocket engine, pulsed modes of its operation lead to excitation of 

oscillations in the test bench systems, which generally contribute to obtaining unreliable estimates of engine 

characteristics based on the test results. Wave phenomena in hydraulic lines lead to a difference between the 

required and actual nature and pressures values  of the fuel components at the inlet of the components to the 

engine. Oscillations of the traction measuring device elements distort the estimates of the current thrust 

values and the nature of its change over time. 

Elimination of oscillatory processes influence in bench systems on the results of live fire tests of LTLPRE 

in pulsed modes is an important condition for organizing these tests. 

The parameters of high-altitude operating conditions of liquid propellant rocket engines are usually in the 
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pressure range 10-2-10-5 Pa and depend on the spacecraft orbit in which they are installed. This has a 

significant impact on the processes taking place in the combustion chamber. For example, it has been 

experimentally proven that for N204 + UDMH fuel with a certain mixture formation system, the ignition 

delay value when the ambient pressure drops from 0.1 MPa to values close to zero increases from 0.001 to 

0.01 s. LTLPRE have design pressures in the outlet section of the nozzle ра corresponding to high-altitude 

operating conditions. In the operation modes of the nozzle with overexpansion, when the ambient pressure ph 

exceeds the design pressure at the outlet of the nozzle ра and the degree of off-design reaches a certain 

limiting value, the supersonic flow is detached from the walls of the nozzle of the engine chamber, and 

oblique shock waves are formed in the nozzle. In this case, it is not possible to evaluate the actual (reduced 

to operating conditions) parameters of the tested engine [13]. 

The nature of the dynamic processes in the lines for supplying fuel components has a significant effect on 

the engine parameters, which is especially important for LTLPRE, since operation in pulsed modes that cause 

dynamic processes is one of the features of such engines. Pulse modes are accompanied by a change in the flow 

rates and pressures of the fuel components over time. Sharp changes in flow rate causes pressure waves, the 

magnitude of which largely depends on the geometry and elastic properties of the bench hydraulic systems 

pipelines. The dynamic processes occurring in the fuel lines also depend on other factors determined by the 

properties of the fuel components, the pneumatic hydraulic circuit and the cyclogram of the liquid-propellant 

rocket engine. When the frequency of pulsation of the fuel component coincides with the frequency of free 

oscillations of the component in the fuel pipelines, resonance is inevitable, which leads to a significant increase 

in the amplitude of pressure fluctuations, causing intense pressure pulsations in the combustion chamber of the 

LTLPRE. Therefore, to accurately determine the engine characteristics during the tests, it is necessary to ensure 

that the dynamic processes occurring in the bench lines are consistent with the processes that occur in the 

supply fuel lines in the propulsion system with LTLPRE [14; 15]. 

The evacuation system of the bench must create such a pressure in the pressure chamber so that during 

the entire time of LTLPRE operation uninterrupted outflow of gas from its nozzle is ensured, while in the 

study of the LTLPRE start-up characteristics - the pressure must correspond to altitude conditions (Fig. 1). 

As an alternative to the above requirements, it is possible to create test benches without maintaining the 

required pressure level in the pressure chamber. However, this approach significantly reduces the number 

and duration of LTLPRE start-ups, and determining the engine compliance with the given parameters is 

carried out indirectly, based on the pressures inside and outside the nozzle [16; 17]. 

In the interval (0, t1), the pressure in the pressure chamber is in a state that is created by working vacuum 

pumps. At time t1 the engine is started. 
 

 
 

Рис. 1. Принципиальная схема изменения давления в барокамере:  

tраб  – время работы двигателя; t паузы – время паузы между включениями;  

Рв, Рн – верхнее и нижнее допустимые значения  

давления в барокамере соответственно 
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Fig. 1. The principal scheme of pressure changing inside a pressure chamber:  

Tw – engine working period; t pause – time between working cycles;  

Pu Pl – upper and lower limiting pressure values respectfully 

 

In the interval (t1, t2) with the engine running, combustion products enter the pressure chamber with 

mass flow rate ( ).m t The mass of combustion products entering the pressure chamber during engine 

operation is 

.)(
1

2

dttmM

t

t

                                                               (1) 

 

    Also, in the interval (t1, t2), the vacuum pumps of the test bench are switched on at full capacity, which 

continue to operate in this mode and in the interval (t2, t3). The mass of the gas mixture removed from the 

pressure chamber by the vacuum system in periods from t1, before t3, is considered by the expression: 

3

1

выбр ну ( ) ,

t

t

M Q t dt                                                               (2)       

where ρну – density of the gas mixture under normal conditions; Q{t) – volumetric capacity of the vacuum 

system, reduced to normal conditions.. 

Thus, the interval (tx, t2) is characterized by the fact that during this period a part of the gas mixture in 

amount of 1 2
выбрM   is carried away from the pressure chamber by the vacuum system, and the remaining part 

of the gas mixture is determined by the formula 

2

1

1 2 1 2
бар выбр ну( ) ( ) .

t

t

M М M m t Q t dt 
 

                                               (3) 

The value of the mass must satisfy the condition of not exceeding the upper permissible limit Рu when 

filling the internal volume Vbar of the pressure chamber. 

Taking, with some assumptions, the gas mixture in the form of a mixture of ideal gases, we write down 

the expression for calculating the optimal value of the pressure chamber volume: 

1 2
бар пс бар пс бар

бар

в в

M R T R T
V

P P



   = 
2

1

ну( ) ( ) ,

t

t

m t Q t dt
                                    (4) 

where Rпс is the gas constant; Tbar is the temperature of the gas mixture. 

In the interval (t2, t3), the gas mixture 1 2
выбрM   remaining at time t2 is evacuated from the pressure chamber by 

vacuum pumps. By the time t3, a pressure value equal to the lower permissible limit Рl should be reached. 

The average value of the vacuum pumps capacity for the interval (t2, t3) can be calculated as 

 

1 2
бар*

ну 3 2

.
( )

M
Q

t t



 
 

                                                               (5) 

A significant drawback of formula (4) is the accepted assumption that the functional dependences 

( )m t and Q(t) are known, while in practice this is not always the case, since these dependences can only be 

obtained by carrying out a series of tests of the corresponding LTLPRE [18]. 

With a sufficient degree of reliability, it is possible to estimate the optimal volume of the pressure chamber 

from the known statistical values of the parameters that affect the volume. These parameters are: the average 

values of the total consumption of fuel components 
*m  and the productivity of the vacuum system *

срQ in the 

range of permissible pressures in the pressure chamber from Рu to Рl. 



 
 
 

Раздел 2. Авиационная и ракетно-космическая техника 
 

 345 

Taking the test time of the engine under k start-ups according to the cyclogram (Fig. 1), 

вк раб паузы( ),k k t t   the average values of the masses for k start-ups will be as follows: 

* * * * * *
раб выбр ну ср раб бар ну ср паузы;  ; .M m kt M Q kt M Q kt     

For the values of masses of combustion products entering the pressure chamber when the engine is started 

and removed from the pressure chamber during the period t work, we obtain: 

* * * * *
бар выбр раб ну ср( ).M M M kt m Q                                              (6) 

Then the final expression for estimating the internal volume of the pressure chamber of the test bench 

according to statistical data is 

*
бaр пс бар пс бар раб* * *

бар ну ср

в в

( ).
M R T R T kt

V m Q
P P

                                          (7) 

Thus, the obtained dependence, when organizing the process of fire tests of LTLPRE allows: 

– to evaluate the required internal volume of the pressure chamber *
барV for the values of Рв, вк ,  k, *m  

specified by the test program, and the accepted productivity of the vacuum system of the bench *
ср;Q  

– to determine the permissible number of engine starts k under known values of other quantities included 

in the formula (7), with the provision of the requirement Рбар  Рв;  

– to evaluate the required performance of the bench vacuum system *
срQ at the accepted value *

бар ,V  

ensuring the execution of the test program, which sets the values of Рв, вк ,  k, * ;m  

– to evaluate the possibility of testing a specific LTLPRE with the provision of the condition Рбар  Рв  at 

the given program Рв, вк ,  k, *m  on a test bench with indicators *
барV  и *

ср.Q  

Based on the analysis of expression (7), it follows that for small numerical values of Pu, the quantity 

*
барV can take on such relatively large values that it will require a significant decrease in the number of k 

inclusions while maintaining the pressure in the pressure chamber within the specified limits. 

To improve the efficiency of simulating altitude conditions, it is proposed to use a pressure chamber with 

a tube shield, into which liquid nitrogen is supplied at the required flow rate (Fig. 2). 

 

 
 

Рис. 2. Схема расположения трубчатого экрана в барокамере 
 

Fig. 2. The scheme of tube shield arrangement inside a pressure chamber 

 

The shield cooled by liquid nitrogen ensures the deposition on it of the combustion products of the fuel 

components formed during the operation of the tested LTLPRE, which significantly increases the time for 



 
 
 

Сибирский аэрокосмический журнал.  Том 22,  № 2 
 

 346 

maintaining a given pressure (vacuum) in the pressure chamber at the nozzle output of the combustion 

chamber during engine operation. In this case, the calculated (without separation of the flow from the nozzle 

wall) mode is maintained not only by the volume of the pressure chamber, but also by the deposition of the 

combustion products of the fuel components on the cooled shields. With the length of the tube shield L, the 

outer diameter d and n of the pipelines that make up the shield, it is possible to obtain the relationship 

between the engine operation time, the total consumption of fuel components and the geometric dimensions 

of the tube shield: 

раб твпс *
,

d
t nL

km

                                                              (8) 

where твпс,    are the layer thickness and density of combustion products deposited on the shield, 

respectively. 

According to the experience gained while conducting live fire tests of LTLPRE under vacuum conditions 

at the test facility of one of the rocket and space industry enterprises, the thickness of combustion products 

deposition on the tube shield with the practical preservation of the deposition efficiency is  = 0,8…1,0 mm. 

The combustion products deposited on the tube shields have a structure similar to the snow cover, with the 

density (0.4…0.6)103 кг/м 3 14; 18.  

Taking into account statistical values, the approximate formula for calculating the maximum possible live 

fire operating time of the engine between two successive shield defrosting processes has the form 

1 *
,

d
t K nL

m




                                                                 (9) 

where К1 = 1.0…1.9 – empirical factor. 

Taking into account nd  0,8 D according to fig. 2 we obtain 

бар

2 *
,

V
t K

m D







                                                              (10) 

where K2 = 3.2///6.1 – coefficient; D – inner diameter of the pressure chamber. 

 

Dynamic equation of fuel components supply lines  

Pulse modes of LTLPRE operation initiate unsteady (low-frequency) processes of movement of fuel 

components in pipelines. Optimization of LTLPRE live fire tests requires solving the problem of dynamic 

similarity of the engine supply systems characteristics with fuel components on the bench and in the 

propulsion system, including the correspondence of the hydraulic, inert and wave characteristics of the 

supply lines [14; 15; 18]. 

The conditions for hydrodynamic processes similarity arising during unsteady motion of an incompressible 

fluid can be described using the well-known differential equations of unsteady motion and fluid continuity 

(Navier – Stokes equations) [19]. 

To study the unsteady motion of a viscous incompressible fluid in the bench pipelines, we use the 

following scale or basic values: T – time characteristic of the process; L – linear dimension; Сиp* are the 

velocity and pressure known at a selected point of the liquid medium at a given time, respectively. 

Analysis of the known Navier – Stokes equations, reduced to dimensionless form, shows that for the 

similarity of two or more hydrodynamic processes, the same coefficients Sh, Eu, Fr, Re must be the same 

(idem). Thus, the hydrodynamic similarity of the fuel components lines in the propulsion system and at the 

bench will be achieved by matching the coefficients: 
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* 2

2
Sh idem, Eu idem, Fr idem, Re idem,

L p C CL

CT gLC
       


 

also the congruence of Mach numbers M = C / a, dimensionless wave resistance  = Са / р* and relative 

friction losses  р / р* (where ,  are the density and kinematic viscosity of the fluid, respectively; a is the 

reduced sound speed in system "pipeline-liquid") [20]. 

Inertia is one of the elements with which hydraulic systems models are formed. Assuming for the analysis of 

the inertial characteristics of the pipeline that its section (Fig. 3) is filled with an inviscid incompressible fluid, 

we can write the dynamic equation of the pipeline supplying the fuel component to the LTLPRE as follows: 

2

вх вых ,
2

m

dm c
j p p p

dt


                                                      (11) 

 

where j is the coefficient of inertial losses; l – length; F – the flow area of the pipeline section; m – second 

liquid consumption; рвх, рвых – pressure at the inlet and outlet of the pipeline section, respectively; рт is the 

pressure of the mass forces of the liquid column on F area;  

  – coefficient of hydraulic resistance [20; 21]. 

To determine the requirements for bench pipelines for 

fuel components supply in LTLPRE with pulsed 

operation with frequency f, let us consider the question of 

the natural frequency of fluid oscillations in the pipeline 

f0. Free vibrations, and first of all the frequencies of free 

vibrations (natural frequencies), are the determining 

factors when considering the dynamic characteristics of 

bench lines. With a frequency ratio f0   f in the bench 

fuel lines, resonance is inevitable, and processes that 

significantly affect the operation of the tested LTLPRE 

will be initiated. This will lead to unreliable estimates of engine parameters based on test results. 

The frequency of liquid natural vibrations depends on the capacitive time constant, considering the 

medium compressibility and the inert one, which takes into account inertia. According to the methods 

described in the works of B.F.Glikman, D.N.Popov, the natural frequency is determined: 

о е и2 / ( ),                                                                (12) 

where е 2( )pL Ca    – capacitive time constant; и / /сL p mL pF     – inertial time constant. 

For thin-walled cylindrical pipes the sound speed in terms of the walls elasticity  

ж

тр

,

1

t
t

a
a

E

E



 

                                                              (13) 

where ta  is the sound speed in an unlimited volume of liquid, with regard to the current temperature T; 

0( );t ta a T T a     – the sound speed in an unlimited volume of liquid at a temperature То; t – 

temperature coefficient; Еж, Етр – the elastic moduli of the fluid and the material of the pipe walls, 

respectively; /D    – dimensionless parameter of the pipe, D and  – diameter and thickness of the pipe  

walls, respectively [15;20; 22]. 

Having performed the substitution and taking into account that f = / 2  , we obtain the dependence of 

the natural frequency on the pipeline parameters and liquid characteristics (fuel component): 

 
 

Рис. 3. Гидравлическая схема участка 

трубопровода 
 

Fig. 3. The hydraulic scheme  

of pipeline area 
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Resonant frequencies have the following meanings: 

ж

ж

1 2
,

4
o

En
f

l




 
                                                     (15) 

where n  = 0, 1, 2, … ; см = ж ж/Е  – the speed of disturbances propagation in the line (sound speed); l is 

the line length. 

The problems of low-frequency dynamics (up to  20 Hz), including the problems associated with the 

study of fluid movement in bench hydraulic lines, can be described with a sufficient degree of accuracy by 

simple dependencies if the pipeline is considered as a system with lumped parameters. The compressibility 

of the fluid and deformation of the pipe walls have little effect on the unsteady hydrodynamic process if 

ж

ж м

,
Е

l
Т l

c


   

where T is the time characteristic of this process. 

    In this case, the length of the hydraulic line fmах should be significantly less than the wavelength пр of the 

highest process frequency fmах taken into account in the calculations. 

    Taking the speed of longitudinal waves propagation equals to the speed of sound in the liquid a and the 

wavelength пр = а / fmах, we write 

max

max

.
n

a
l

f
                                                                (16) 

When assessing the dynamic characteristics of LTLPRE under pulsed modes, the arising in a thrust 

device (TD) inertial forces can introduce significant errors in evaluating parameters that determine the 

dynamic characteristics. The error in measuring these parameters increases when the frequency of the pulsed 

mode of the tested LTLPRE is in the range of the natural frequency of TD due to the resonance effect. 

Therefore, when creating TD, it is necessary to ensure a significant excess of natural frequency
тиу0f  over the 

pulse mode frequency
тиу0f .  

It is worth noting that the solution to the problem of reducing the error, arising from the dynamics of 

pulsed modes of LTLPRE operation, is possible by including in the test bench calibration devices that correct 

the inertial forces in real time. This method significantly increases testing material costs and also reduces the 

reliability of the test bench [14; 18]. 

 

Performance optimization of bench lines  

Proceeding from the main requirement that determines LTLPRE live fire bench tests organization is 

obtaining reliable information about the engine performance under operating conditions; the main criteria for 

bench lines performance optimization are formulated as: 

– propellant components flows in bench lines and spacecraft lines  should be similar; 

- oscillatory processes arising as a result of operating pulse modes of the tested LTLPRE should not cause 

additional errors in the assessment of its performance [16; 19; 21]. 
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The hydrodynamic similarity of the fuel components lines in the spacecraft and on the bench is achieved 

by the correspondence in the equations of fluid motion with the coefficients of the same name Sh, Eu, Fg, 

and Re, as well as by the congruencies of Mach numbers, dimensionless wave drag a and relative friction 

losses, */p p  then, for a given fuel components consumption m с, taking into account m  = cF, we obtain: 

2

2
Sh idem; Fu idem;

( )

lF pF

mt m

 
     

2

2 2

( )
Fr idem; Re idem.

( )

m ml

Fj g F l
   

 
 

As the tests must be carried out in full-scale conditions, the equations for the spacecraft and the bench are 

true: 

ст КА ст ст КА ст КА; ; ; .t t m        

After some transformations, with respect to the presented equations, we obtain the following conditions 

for the similarity of the bench and spacecraft lines: 

ст

ст ст

Eu Fr idem или idem;
( ) ( ) ( )

КА

КА КА

p pp

j g l j g l j g l
    

  
 

ст

ст

Re idem или .КА

КА

l ll

F F F
    

The last expression can be represented in terms of the diameters of the main lines of the stand Dст and 

spacecraft Dка in the form 

2 2
ст ст КА КА/ / .l D l D  

The dependence of the natural frequency of liquid oscillations in the pipeline on the characteristics of the 

fuel component and the pipeline is expressed by the formulas 
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ж

0
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.
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2
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ED
f
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                                 (17) 

To exclude the resonance phenomenon, which causes negative (in terms of similarity) non-stationary 

processes, the natural frequency of the lines should differ significantly from the frequency of forced 

oscillations excited by the pulsed operating mode of the tested LTLPRE. The following dependence of the 

frequency f0 and the maximum frequency of forced oscillations fдв max can be taken with respect to the safety 

factor 0 дв maх .f nf : 

Taking the value of the coefficient n = 10 and considering that the value a significantly exceeds the 

value ,t , i.e. a >> 0( ),t Т Т   the formula can be transformed: 

стmax

ж
двmax

тр

0,1
,

2
2

a
l

ED
f

E



 


                                                   (18) 

where стmaxl  – the maximum value of the bench pipeline length.  

In the obtained expression, the known values are: frequency fдв max, determined by the test program for a 

specific LTLPRE, values a and Еж - characteristics of the corresponding fuel component. Also known are the 

elasticity moduli for stainless steels of 12X18H10T type. The unknown variables are D and . 
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Taking into account the dependence min пр  = a / f mах,, where a is the sound speed in a liquid, we write 

ст дв max0,1 /l a f    или   стmax дв max0,1 / .l a f  

Thus, the bench line length must have its natural frequency at least 10 times higher than the maximum 

frequency of the LTLPRE pulsed operation during testing. 

Then the design criteria for bench pipelines will be determined by the following expressions: 

2 2
ст cт КА КА ст max ст max дв max

ж
дв max

тр

0,1
/ / ;  ;  0,1 / .

2
2

a
l D l D l l f

ED
f

E

  

 


 

Most often, when designing bench pipelines the available material resources are taken into account - a 

range of pipes with parameters Dф and ф.. 

If the assortment of pipes with the parameters Dф and ф is known, then taking this into account the 

design calculation procedure for pipelines will be as follows: 

– according to similarity conditions, the length of the pipeline is determined 

2 КА
ст тр ф 2

КА

;
l

l D
D

  

– the maximum length of the pipeline is determined according to the value а, known for a particular fuel 

component  

lст max = 0,1a / f дв max; 

– the maximum permissible length of the pipeline is calculated according to the known values  

стmax

ж
двmax

тр

0,1
;

2
2

a
l

ED
f

E



 


 

– the design value of the pipeline maximum length is selected and, according to the data obtained, the 

process stability condition is checked  

lст nh < lст доп. 

When testing LTLPRE, fuel consumption can be measured applying a bellows primary converter with an 

inductive bellows displacement meter while recording displacement on the oscillogram. The accuracy of the 

flow measurement depends mainly on the accuracy of the bellows movement measurement. The relative 

error is 4 %. At very low flow rates, the thrust and fuel consumption are determined as the average value 

over a series of pulses [14; 18]. 

The test control is fully automated, so that LTPRE start-up occurs without the observer’s intervention at 

the moment when the pendulum passes the stable equilibrium position. 

 

Conclusion 

As a result of theoretical, computational and analytical studies based on practical experience in LTLPRE 

bench testing, a method for assessing the frequency characteristics of the bench hydraulic lines for testing 

LTLPRE has been developed. A mathematical model of a complex technical system for simulating high-

altitude conditions of LTLPRE operation diring the live fire tests in a wide range of pulsed modes has been 

presented. 
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