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Preface

The advantages of liquid/gel rocket engines include high specific impulses, the ability
to start and shut down multiple times, and adjustable working time and thrust settings,
all of which will surely play an important role in the development of the human explo-
ration of space for a long time. The fields in which liquid/gel rockets are applicable
continue to expand, objectively requiring a more in-depth study on the working
characteristics of liquid/gel rocket engines, and the modeling and simulation anal-
ysis of the operation of liquid/gel rocket engines is an important aspect of this type
of study. The performance analysis of liquid/gel rocket engines during operation is a
comprehensive application of software design, fluid mechanics, engineering thermo-
dynamics, heat transfer, combustion, and liquid rocket engines. Simultaneously, it is
the most actively applied direction of liquid/gel rocket engines at home and abroad.

The operation of the liquid/gel rocket engine described in this book includes
startup, transition from the rated condition to the high-level or low-level condition,
and shutdown. Due to the complexity of the physical formulas and mathematical
expressions of the operation of each component of a liquid/gel rocket engine, while
considering the main functions of liquid rocket engine components, a large number
of auxiliary processes must be considered, such as the boiling of a low-temperature
propellant, the flow of liquid or gas through the labyrinth, type of sealing mechanism,
operation of heat exchanger, operation of various valves, filling and draining process
of mixing head inner cavity of engine and combustion chamber, supply to mixing
head under transitional condition or support propulsion under transitional condition,
and the influence of gases from the emulsification effect of the emulsifying agent. Of
course, the improvement of the physical and mathematical models was jointly carried
out by experts from the various liquid/gel rocket engine model development institutes
and scientific research academies. In the process of improving the mathematical and
physical models of the liquid/gel rocket engine during the operation, more attention
should be given to the identification of calculation and test data.

In Part I of this book, based on the test equipment of the new-generation space
propulsion system, a mathematical model of the working process was established,
including mathematical models of the gas cylinder, electric explosion valve, pressure-
reducing valve, storage tank, liquid pipeline, orifice plate, filter, solenoid valve, filling
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pipeline, and thrust chamber. The simulation program of the operation of each compo-
nent was compiled in the Modelica language, and the simulation software of the
whole space propulsion system was assembled with the simulation module of each
component. Numerical calculations were performed on the operation of the space
propulsion system, and based on a large amount of numerical calculation results, the
dynamic characteristics of the space propulsion system in the startup, steady-state,
and shutdown processes were analyzed.

Part IT discusses the working process characteristics of the gel propulsion system.
After the mathematical model of the gel propulsion system was established, the
simulation program was compiled using the modular method. Through analysis of a
large number of simulation results, the filling and shutdown process characteristics,
response time characteristics of the transient process, flow distribution pattern, water
hammer characteristics, and thrust regulation characteristics of the gel propulsion
system were obtained, which provide guidance for the design, testing, and application
of the gel propulsion system.

In Part III of this book, the mathematical models of the pump-fed liquid rocket
engine were established, including the mathematical models of the liquid pipeline,
centrifugal pump, flow regulator, solenoid valve, re-generative cooling channel, and
combustor. The mathematical models of the nozzle and turbine were used to simulate
and analyze the characteristics of the starting process of the pump-fed liquid rocket
engine.

This book is a summary of the authors’ long-term engagement in modeling and
simulation analysis of liquid/gel rocket engines during operation and a summary
of famous books published at home and abroad, for which we express our heartfelt
thanks. In addition, the modeling and simulation analysis of liquid/gel rocket engines
during operation is a very complex research area. Many operation mechanisms are
still unclear, and the modeling and simulation analysis of liquid/gel rocket engines
is still undergoing constant development and change. There are bound to be many
omissions in this book. Readers are sincerely invited to criticize and correct them.

Changsha, China Minchao Huang
Changsha, China Yugiang Cheng
Shanghai, China Jia Dai
Changsha, China Jian Li

March 2023



Introduction

This book takes a space propulsion system, gel propulsion system, and pump-fed
liquid rocket engine as the research objects and establishes and elaborates the theory,
dynamic models, and numerical calculation methods of liquid/gel rocket engines
during operation. Part I of this book describes mathematical models of a space propul-
sion system, including mathematical models of the gas cylinders, electric explosion
valves, pressure-reducing valves, storage tanks, liquid pipelines, orifice plates, filters,
solenoid valve, filling pipeline, and thrust chamber; then, the characteristics of the
space propulsion system in the startup, steady-state, and shutdown processes were
simulated and analyzed. In Part II, a mathematical model of the gel propulsion system
was established, and the flow distribution pattern, water hammer characteristics, and
thrust regulation characteristics of the gel propulsion system were simulated and
analyzed. In Part III, a mathematical model of the pump-fed liquid rocket engine
was established, and simulation analysis was performed to investigate the charac-
teristics of the starting process of the pump-fed liquid rocket engine. The above
theoretical or dynamic models reflect the latest research results on the operation of
liquid/gel rocket engines.

This book can be used as a textbook or reference book for teachers, students, and
scientific personnel in the fields and professions of aerospace, aeronautics, and power
engaged in the simulation analysis of liquid/gel rocket engines during operation.

vii
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Part I

Modeling and Simulation Analysis

of the Operation of a Space Propulsion
System



Chapter 1 ®)
Introduction Check for

1.1 Significance of Performance Analysis

According to the type of propellant, space propulsion systems are divided into mono-
propellant, bipropellant, cold gas propulsion and electric propulsion systems. The
operation of a space propulsion system is closely related to the working status of the
structure, control, thermal control, power supply, telemetry, remote control and other
subsystems [1]. A space propulsion system has obvious characteristics in terms of
working methods, technical performance, and system structure:
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Working in a high-altitude and weightless space environment, the working
environment is harsh due to the effect of space thermal radiation.

A system is composed of multiple thrusters, with thrust magnitudes from a few
N to several thousand N.

Multiple machines are connected in parallel and work together through liquid
pipelines and gas pipelines coupling.

After multiple starts, the cumulative number of times of operation or cycle life
is from a few times to thousands of times.

It usually adopts a pulse working method. The solenoid valve installed at the
head of the thrust chamber directly controls the propellant entry into the combus-
tion chamber. The filling process is relatively fast, and the response time is
generally 4-25 ms.

Not only can it work under the rated thrust, but the thrust can also be adjusted
according to different tasks, with the maximum thrust being more than 10 times
that of the rated thrust.

A pressurized propellant supply system is adopted, which has a stable operation,
high reliability, and light structural weight.

Combustion is organized by the use of spontaneous combustion bipropellants
or monopropellants.

© National University of Defense Technology Press 2025 3
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4 1 Introduction

Most space propulsion systems work under unsteady state conditions. Each
thruster is frequently started and shut down, and the valve opening and closing time
is very short; as a result, a water hammer may occur in the propellant supply system.
Water hammers may not only cause damage to the structure of the propulsion system
but also affect the dynamic performance of systems coupled through the liquid path
[2-6]. Therefore, how and to what extent the operational performance of multiple
thrusters coupled with hydraulic circuits affects each other through the system struc-
ture and work mode and how to optimize the system dynamic performance through
the design of the system structure and work mode are topics worthy of study. On the
one hand, numerical simulation, as an important means of modern scientific research,
has been extensively used in the design of space propulsion systems. Compared with
experimentation, numerical simulation is not only more economical and safer but
also easier to control under various conditions and thus can be used to study the
effect of a single factor. Numerical simulation methods are of great significance for
avoiding defects in propulsion system design, optimizing its performance, shortening
the development cycle of new types of propulsion systems, and reducing the costs of
development and experimentation. On the other hand, the reliability of the numerical
simulation results is poorer than that of the experimental results. In general, limited
experimental results must be used in research to correct numerical simulation results
and then use numerical simulation results to guide model development. Therefore,
it is very important to use experimentally validated numerical calculation methods
to study the dynamic performance of space propulsion systems during operation and
to reveal the intrinsic patterns.

1.2 Recent Relevant Research

1.2.1 Study on the Response Characteristics of a Propellant
Supply Pipeline

The response characteristics of a propellant supply pipeline are one of the impor-
tant study contents of the dynamic characteristics of the rocket engine system. The
startup and shutdown processes, thrust regulation process, combustion chamber pres-
sure fluctuation, turbopump inlet cavitation zone oscillation, and propellant pipeline
leakage and blockage of the liquid rocket engine will all cause unsteady flow in the
propellant supply pipeline (transient flow), and the propellant supply pipeline of a
liquid rocket engine has the characteristics of small diameter, large flow rate and
high pressure. Therefore, how to establish a reasonable and practical mathematical
model of a propellant supply pipeline has been an important topic of study by many
scholars, and He has greatly promoted the development of fluid transport theory.

In the low-frequency (< 50 Hz) range, the transfer characteristics of liquid
pipelines may neglect the compressibility of liquid and be regarded as the flow
resistance and inertial of lumped parameters, and the transfer characteristics of gas
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pipelines may neglect the inertia of gas and be regarded as the flow resistance of
lumped parameters. Liu Rong and Hongjun Liu [2] and MP Binder et al. [3] used
the lumped parameter of flow resistance, flux, or flow volume to model the dynamic
characteristics of fluid pipelines [4]. When analyzing the dynamic characteristics of
a liquid pipeline, the influence of the compressibility, inertia, viscosity, and local
resistance of the fluid need to be considered. If the lumped parameter method is
used to describe these physical properties, the condition that the space length is
very small compared to the wavelength must be satisfied, for example, the pipeline
segment length L << A = a/fnax, @ is the speed of sound, and fiax = Omax /27 is
the maximum vibration frequency, which is discussed in detail in the literature [5-7].
A liquid rocket engine contains a series of organized flow paths for non-isothermal
gas movement: combustion chamber, gas generator, gas pipeline, etc. Therefore, in
addition to the pressure and flow rate, the temperature variation of the combustion
gas must also be considered in gas pipelines, unlike in liquid pipelines.

At medium and high frequencies, the distribution parameter characteristics of the
pipeline fluid need to be considered [8—12]. Since the lumped parameter method is
used in this paper, the distributed parameter method is not described in detail.

Many studies have been performed at home and abroad on the analysis of water
hammer characteristics. Currently, relatively mature theories have been established,
and a relatively complete set of mathematical models has been established. In
1897, the Russian scholar Zhukovsky elucidated the water hammer mechanism and
presented a calculation formula for the water hammer wave propagation velocity.
In 1902, Italian scholar Avignon mathematically established the basic differential
equations for unstable flow, which laid the theoretical foundation for water hammer
analysis. Since then, various methods have been developed. Due to the limitation of
calculation means at that time, the water hammer problem was not able to be accu-
rately solved. Therefore, the graphical method and analytical method could only
be used to solve the relatively simple water hammer problem. Although numer-
ical solutions can be used to solve the water hammer problem in complex pipeline
systems, manual calculations are basically impossible due to the large computa-
tional workload. In the 1960s, due to the rapid development of computer technology,
the numerical solution of the Aviglier equation could be realized. In particular, the
current development and popularization of computers have made numerical solutions
more accurate, faster and more convenient. Therefore, water hammer calculations
have been further developed with the help of computer technology. Scholars Shuren
Wang, E B Wylie, etc., have provided detailed introductions and studies on the theory
of water hammer calculation. The controlling equations of the water hammer calcu-
lation, i.e., the motion equations and the continuity equations, are a set of nonlinear
hyperbolic equations. Although there are few variables, it is very difficult to find
accurate analytical solutions for the case with complex geometrical boundary condi-
tions. In fact, an analytical solutions may be impossible to achieve. At present, the
methods of water hammer calculation can be summarized as follows: analytical
methods, graphical methods and numerical solution methods. An analytical method
of water hammer calculation can only solve the simplified basic equations and is only
suitable for simple pipelines without considering the head loss; a graphical method
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is complicated and tedious and has low accuracy, so it is seldom used now; a numer-
ical solution method uses computer simulation to replace a physical model test, and
specific numerical calculation methods include the characteristic line method and
difference method [13-16]. The characteristic line method is the most commonly
used at present, has a relatively complete theory, is convenient to solve, and is not
limited by the complexity of the pipeline system. By using a computer to solve
the water hammer problem, the calculation results can be displayed in clear and
conspicuous graphics, which makes problem analysis and research more convenient
and intuitive and is more conducive to achieving the purpose of engineering problem
research. Compared with conventional physical model testing, numerical simulation
has strong adaptability and a wide range of applications; it not only is less costly,
allows process quantification, has a high accuracy and fast calculation speed, and
provides intuitive results but also can be used to quickly discuss key questions with
physics-based equations. The simulation calculation of the validity and sensitivity
of each influencing factor is not limited by the number of physical models tested, so
it has more flexibility and better portability. However, the calculation must depend
on the reliability of the fundamental equations. Experimental research at home and
abroad have mainly been conducted to study the valve actuation time, throttling
devices (such as orifice plates and Venturi tubes), and back pressure [17-21].

1.2.2 Study on the Response Characteristics of the Valve
and Regulator

The dynamic characteristics of valves and regulators have a great impact on the
fluid transient process of the propellant supply pipeline system. There are various
types of valves and regulators used in liquid rocket engines. Due to the differences in
structures, the dynamic models of the valves and regulators are different; therefore, it
is difficult to describe them with a unified mathematical model. Pyotsia established
a highly accurate dynamic mathematical model of a four-way pneumatic control
valve, which has reference value for modeling pneumatic hydraulic valves [22]. Dr.
Chibing Shen performed a detailed analysis on the response characteristics of an
electromagnetic pneumatic hydraulic valve [23]. Hongjun Liu studied the response
characteristics of a flow regulator [2]. For the valve and regulator, a simpler method
is to consider it as an orifice plate resistance element with a variable cross section
and use a quasisteady-state relationship to describe the relationship between the
upstream and downstream pressure and mass flow rate. A Venturi tube is a type
of steady-flow regulator with a constant flow area commonly used in liquid rocket
engines. In the cavitation state, the mass flow rate of the Venturi tube is independent of
the downstream pressure fluctuation, but the variation in the volume of the cavitation
zone will affect the downstream pressure. Scholars such as Jue Wang and others
considered this dynamic process of the Venturi tube in detail.
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1.2.3 Study on the Response Characteristics
of the Combustion Chamber

The complex physical and chemical changes occurring in the combustion chamber
of a liquid rocket engine are difficult to describe in detail. For system analysis, von
Karman proposed the concept of combustion time delay, which was further discussed
by Crocco and Summerfield, which laid the basis of the combustion time-delay model
used for system analysis [24]. This model represents the combustion process with a
simple time delay, which makes the analysis simpler; therefore, it is still the most
commonly used model today.

Combustor models for system analysis are not well developed. Professor Liu Kun
divided the combustion chamber into the combustion zone and the flow zone [30],
but the boundary could only be determined experimentally. J. Benstsman established
a control-oriented reaction flow model for the combustion chamber, which is a more
elaborate model, but it still has major deficiencies [25]. MP Binder considered the
effect of propellant density change on the startup process [3], but this consideration
was still based on the time-delay model. Researcher Chibing Shen studied the effect
of time delay on the dynamic characteristics of a small-thrust engine system [26]. Dr.
Jianguo Tan proposed a 1D combustion chamber model in response to the limitation
of the time-lag model [27].

The study of the dynamic process of the combustor emphasizes the study of the
spray combustion process mechanism, combustion instability and numerical simula-
tion of the flow field. The models are one-dimensional and multidimensional (2D or
3D) evaporation and reaction flow models, and the main methods are computational
fluid dynamics (CFD) methods. Due to the complexity of the actual spray combustion
process and the importance of the combustion process to the performance of liquid
rocket engines, this type of study is still a hot research topic internationally. However,
at present, to simulate and analyze the dynamic characteristics of an engine system,
even the use of a 1D model with a relatively simple spray combustion process is
still too complicated. Therefore, in the open literature reports on the simulation and
analysis of the dynamic process of a liquid rocket engine system, the focus was on
all combustion chambers as zero-dimensional models using the reaction averaging
effect. The research and adoption of a relatively simple mathematical model that can
simultaneously describe the dynamics of the combustion chamber in more detail for
the analysis and simulation of the dynamic characteristics of the engine system will
be the goal pursued by relevant scholars and experts.

1.2.4 Modular Modeling and Simulation of the Working
Process

Compared with the research on general-purpose calculation methods for engine static
characteristics, the research on modular modeling and simulation of engine working
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process is still in the preliminary stage, but its development space is considerable,
and the prospects are optimistic.

The Rocket Engine Transient Simulation (ROCETS) software system developed
by Pratt Whitney can simulate the steady state, startup, shutdown and variable work
conditions of the entire engine [34]. Its structure, the definition of system compo-
sition, the method of system preprocessing (connection, calibration), the descrip-
tion of component models, the description of submodules (a type of subroutine
used for the calculation of component characteristic curves, physical parameters
and public functions), and the descriptions of the simulation example of a tech-
nology test bed engine (TTBE) performed by ROCETS have been introduced in
several studies. ROCETS has established eight types of state derivative element
modules, including preburners; main combustion chambers; injectors; rotor systems;
pipelines considering fluid inertia, fluid mixers, fluid distributors and lumped param-
eter volumes (pumps, turbines, nozzles, etc.); incompressible fluid pipelines that only
consider pressure loss; and compressible gas pipelines that only consider orifice
plate resistance loss. All element models are based on lumped parameter descrip-
tions or unsteady-state relationship descriptions. ROCETS was used to create the
RL10A-3-3A engine simulation model and perform calculation analysis [3].

Researcher Hongjun Liu used Simulink software to establish the integral (finite
difference) calculation module for the common components of a liquid rocket engine
based on a lumped parameter model and to realize the general-purpose simulation
calculation of the engine state process [2].

Weidou Ni of Tsinghua University built a modular simulation system for thermal
systems based on lumped parameters. The modules were divided according to the
physical equipment or components, and the working fluid import and export of the
components were the input and output interfaces of the modules. They proposed the
relationship between network variables, and the concept of network equations and
the data communication model were used to verify the relationship between system
components and the data transfer and connection between modules [28].

Professor Liu proposed the pipeline-volume modular decomposition method for
the fluid pipeline system. According to the structure and the characteristics of the
calculation problems in the startup and shutdown processes of the liquid oxygen and
liquid hydrogen staged combustion power cycle engine, the corresponding gas—liquid
pipeline, turbopump, and combustor in the calculation model of components such
as nozzles, the engine system model was unified under the finite element descrip-
tion of the segmented lumped parameters, and the dynamic characteristics of the
entire engine system were determined by the initial value problems of a set of
simultaneous first-order differential equations; based on a general simulation system
of engine working process with a visual modeling function (LRETMMSS) [25].
Professor Cheng established a mathematical model of the engine startup calculation,
proposed a single-time-step localized engine system module decomposition method
and a corresponding startup calculation parallelization method using the character-
istic difference method, and developed a PVM program for the startup calculation
[29].
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Researcher Jue Wang used numerical simulation to analyze the startup process
of the YF-73 liquid rocket engine system, which played an important role in the
development of the upper stage propulsion device of a large launch vehicle [30].
Researcher Jie Chen used the node method to create a static model of the engine
system and conducted numerical simulation to perform an extensive study on the
engine system configuration [31]. Jun Chen used mathematical simulation to guide
the system design of the hydrogen—oxygen engine and the formulation of the test
control sequence, which laid the foundation for the development of a high-pressure
supplementary combustion hydrogen—oxygen engine. Dr. Wei et al. discussed the
modeling and simulation methods of liquid rocket engine components and subsys-
tems and developed a simulation module library of liquid rocket engine operational
processes. Sassnick et al. used the fluid internal energy equation of state to unify the
treatment of weakly compressible liquids and gases in the equation form by consid-
ering the effect of wall deformation on the sound velocity and the effects of wall
heat transfer and fluid acceleration in the source term. For the gas—liquid two-phase
flow caused by the heating and evaporation of the low-temperature propellant filling
process, the convective heat transfer of the gas—liquid two-phase flow is considered,
and the precooling of liquid hydrogen and the water hammer of liquid oxygen pipeline
flow after the valve is closed are performed. A numerical example was created and
compared with the test results. Simulation calculation and analysis were performed
on the transient startup process of the Ariane rocket upper stage engine HM60.

1.2.5 System Stability Analysis

The frequency characteristics of liquid rocket engines are the original data for the
control and automatic regulation of the engine systems. In the development of a new
type of engine, it is necessary to accurately calculate the frequency characteristics
of the engine. In the low-frequency range (< 50 Hz), a lumped parameter model can
be used to analyze the dynamic characteristics of the engine system, and through
the linearization and Laplace transform of the mathematical model, the transfer
frequency of each loop in the engine system and the entire system can be obtained. At
this time, the mature frequency characteristics considered in automatic control theory
can be used to qualitatively and quantitatively analyze the stability of the engine
system, which is discussed in detail in the relevant literature by Professor Chen [32].
When the considered frequency range expands, the distributed parameter model must
be used. David T. Harrjc proposed an admittance ratio method, which expressed the
supply system in the form of input admittance to analyze the combustion instability of
an engine. This method can only address the case with a simple pipeline system. It is
difficult to address the situation where the branch pipeline contains other components
and merges with the main pipeline. Doane, G B, Armstrong et al. used this method
to implement an engine stability analysis program. Glickman et al. used the matrix
method for analysis, which can address the situation of more complex systems.
For a liquid rocket engine with a staged combustion cycle, all its components are
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interconnected, and it is often difficult to identify a main link that represents the
dynamic characteristics of the engine. When creating an engine model, the equations
of all the components need to be used to represent the component’s model in the form
of a transmission matrix; the system model is simplified by matrix transformation,
the algebraic equations connecting the disturbance and system variables are obtained,
and the frequency characteristics of the system are obtained numerically.

In general, studies on the dynamic characteristics of liquid rocket engines
performed abroad are mainly focused on simulation studies of system dynamic
processes (including propellant filling, startup transition, varying work conditions,
and shutdown processes) [33-36]. In the development process of various foreign
liquid rocket engines, simulation studies of the system dynamic process, such as
SSME, have been carried out. The methods used are the lumped parameter method
and the distributed parameter method; the studies on the dynamic response char-
acteristics and frequency characteristics of the components were mainly aimed at
turbine pumps and pipeline systems. In the study of the response characteristics of
the combustor focuses on the mechanism of the spray combustion process, the calcu-
lation of the 2D or 3D reaction flow field and the instability of the combustion process
itself, the response characteristics of the turbine pump is investigated by integrating
the flow part of the turbine and pump with the rotation. For part of the calculation, the
complex model of cavitation caused by the pump and the simplified model without
considering cavitation were established; for the pipeline system, the RLC model or
the characteristic line method of instantaneous flow were used. In the study of engine
system stability, the operational stability boundary of the engine system was theo-
retically analyzed, and the simplified mathematical model and linearization method
were used to solve the problem. In addition, physical tests have played an important
role in the study of engine system dynamic characteristics. The test data, i.e., the
transition process time, steady-state value, overshoot or frequency characteristics,
are compared with the calculation results of the built model to comprehensively
evaluate the dynamics system and model accuracy.

In the past ten years, much work has also been done in China on the dynamic
characteristics of liquid rocket engines. This research mainly focused on the analysis
of the starting characteristics of open- and closed-cycle liquid rocket engines, the
analysis of the failure process of liquid rocket engines, and the calculation of the
frequency response characteristics of pipeline systems.

1.3 Introduction to Modelica

In this paper, the Modelica language was used for modeling. Modelica is an
object-oriented modeling language applied to multiple domains [37]. Modelica
was designed to allow convenient, component-oriented modeling of complex phys-
ical systems, for example, systems containing mechanics, electricity, electronics,
hydraulics, thermal, control, and electricity.
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1.3.1 Modelica Generation Background

Since the invention of computers, modeling and simulation have become important
parts of computer applications. Initially, the main task of the modeler was to express
the model by ordinary differential equations (ODE) and then write codes to integrate
these differential equations to obtain simulation results. Later, the wide-area inte-
grator, an independent software unit, appeared so that modelers could focus more on
the expression of the differential equations and the use of noncustom integrators in
simulation operations. Since then, there has been a growing trend to enable modelers
to focus more on the description of the model problem rather than the methods to
solve the mathematical problems.

In the past 30 years, many numerical calculation tools have been developed to
help modelers complete simulation calculations. Some of them are general-purpose
simulation programs, such as ACSL, EASYS, SystemBuild and Simulink, while
others are used in professional engineering fields, such as SPICE circuit software,
multirigid-body ADAMS software or chemical process ASPEN Plus software. Each
simulation software has its own advantages. However, these software programs have
problems when processing models covering multiple physical systems.

In his doctoral thesis in 1978, Hilding Elmqvist first proposed a new method of
creating physical system simulation by designing and executing the Dymola model
platform. The basic idea was to use general formulas, objects and connections to
allow model developers to model from a physical point of view rather than a mathe-
matical point of view, by introducing graphical theoretical algorithms and symbolic
algorithms that can be used in the execution process of the Dymola model platform
to convert the model into a form acceptable to the solver. In the development of this
method, an important milestone was the improvement in the Pantelides algorithm
for solving ADE equations in 1988.

The design idea of Modelica is to create a modeling language that can express the
characteristics of models from multiple engineering fields. In other words, Modelica
is both a modeling language and a model exchange rule. To achieve this goal, devel-
opers of many object-oriented modeling languages, such as Allan, Dymola, NMF,
ObjectMath, Omola, SIDOPS+, and Smile, and experts in various engineering fields
were gathered together to develop Modelica based on their experience.

1.3.2 Main Characteristics of Modelica

Modelica is an object-oriented simulation language that is used to address large,
complex physics problems in different fields. It uses equations to describe physical
phenomena, and Modelica tools have enough information to automatically calcu-
late the values of all variables. Object-oriented and acausal relationships are two
important characteristics of Modelica. Object orientation refers to the architecture
of the model, while acausality refers to the description of model characteristics.
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However, compared with the traditional process-oriented concept in modeling, these
two concepts are used together.

The characteristic of object-oriented modeling is that in object-oriented modeling,
a system can be divided into a group of interrelated objects for study. The total
system is split into relatively simple and easy-to-research objects, with each object-
encapsulating data, characteristics, and structure. Once each object is identified, it is
necessary to determine the relationships among them and the final characteristics of
the entire system. For these detached objects, models and submodels can be created
relatively easily. A model is a mathematical representation of a specific physical
phenomenon. In object-oriented modeling, the model is treated as an object, and
the disassembled objects are described as classes, which serve as the basis of the
model. The representation of a model must support modularity at multiple levels;
that is, a model can have multiple submodels, and a submodel can also have its
own submodels. Models can also be used to study abstract things, which means that
people who use them do not need to understand how the model works internally. In
the abstract model, the interface and the interior of the model may be mentioned.
The interface is the module that describes the interaction between the variables inside
the model and the outside, while the part of the model that has no interaction with
external variables is called internal.

The characteristic of acausal modeling is that it enables the component models
to be used repeatedly. The equations describing the model should be expressed in a
neutral form without more consideration of the order of calculation. This is the so-
called acausal modeling. Many commercial general-purpose simulation software on
the market uses the method of dividing the system into multiple process structures.
Therefore, these models are expressed as the interconnection between submodels
described by ordinary differential equations ODEs, as follows:
{ dx/dt = fi(x, u) (1.1)

y=hx u)

where u is the input vector, x is the state vector, and y is the output vector. Usually, the
equations in the model need to be deformed to obtain this form; thus, a large amount
of work is spent on the analysis and deformation of the equations, which not only
requires considerable skills but is also prone to errors. The process-oriented model is
also limited by the basic principles, and the data flow in the process is unidirectional,
that is, from input to output. Therefore, the need to manually deform the equations
means that it is very complicated to create a physical simulation model library using
a process-oriented language.

In Modelica, equations can be presented in their natural form; that is, models can
be represented by differential algebraic equations (ADEs).

S x,dx/de,y,u) =0 (1.2)
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After the equation is constructed, Modelica can automatically convert the
algebraic differential equation ADE to the ordinary differential equation ODE.

Because of these characteristics of Modelica, in modeling, modules of different
physical systems can be connected as in the actual system, which makes the model
easy to understand and easy to upgrade and maintain. Therefore, Modelica is widely
used in simulation modeling of complex systems such as automobiles, aeronautics,
aerospace and robots.
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Chapter 2 ®)
Mathematical Model of the Operation e
of the Space Propulsion System

2.1 System Composition and Decomposition of the Space
Propulsion System

The space propulsion system is composed of 17 thrusters, including one large thruster
(numbered 0), eight medium thrusters (numbered 1-4 and 9-12), and 8 small thrusters
(numbered 5-8 and 13—16). Seventeen thrusters share one propellant supply system.
The system includes components such as a gas cylinder, electric explosion valve,
pressure-reducing valve, storage tank, liquid pipeline, filter, orifice plate, solenoid
valve, filling pipeline, and thrust chamber, as shown in Fig. 2.1.

Reasonable modular decomposition of a space propulsion system is the first and
critical step in modular modeling. The form of module division determines the assem-
bling method of simulation modules. The result of module division should ensure
that the modular decomposition and module connection of the propulsion system
are easy to perform, and at the same time, the deletion and insertion of any module
should not affect the combination process of the remaining modules.

The basic principles of module decomposition are as follows: (1) the modules can
independently complete the physical functions and thus have mathematical indepen-
dence; (2) the data communication between the internal and external boundaries of
the modules has clear and consistent boundaries and interfaces; and (3) the decompo-
sition of modules is performed for each component, and the boundary of the module
is the actual physical boundary.

According to the basic principles of the above module decomposition, the space
propulsion system (shown in Fig. 2.1) is divided into 12 component modules: (1) gas
cylinder module; (2) electric explosion valve module; (3) pressure-reducing valve
module; (4) storage tank module; (5) liquid pipeline module; (6) liquid pipeline 1
module; (7) orifice plate module; (8) filter module; (9) solenoid valve (with control
gas) module; (10) solenoid valve (no control gas) module; (11) filling pipeline
module; and (12) thrust chamber module.

© National University of Defense Technology Press 2025 15
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(a) Filling valve, (b) gas cylinder, (c) pressure-reducing valve, (d) check valve, (e) oxidizer
storage tank, (f) propellant fill and drain valve,

(g) electric explosion valve, (h) filter, (i) fuel storage tank, (j) orifice plate, (k) cross, (1)
solenoid valve, (m) thrust chamber

oxidizer pipeline, ------------ fuel pipeline, 0~16 correspond to the thrusters

Fig. 2.1 Schematic diagram of the space propulsion system

2.2 Basic Equations of the Gas Cavity

In aspace propulsion system, since many components (the high-pressure gas cylinder,
control cavity of the pressure-reducing valve, gas pressurization cavity of the tank,
gas pipeline, etc.) have approximate working processes, a gas cylinder with a piston
is abstracted. As a physical model of the cavity, it is assumed that it has multiple
inlets and multiple outlets, and the volume of the cavity is variable under the action
of an external spring force, as shown in Fig. 2.2.
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Fig. 2.2 Schematic diagram
of the gas volume

Before constructing the mathematical model of the gas cavity, the following
assumptions are made

(1) The gas composition in the cavity remains unchanged and is evenly distributed;

(2) The specific heat ratio of gas is a constant value;

(3) The equation of state for a gas is pV = mzR,T, where p is the pressure, V is the
volume, m is the gas mass, z is the compression factor, R, is the gas constant,
and T is the gas temperature.

Ignoring the changes in the kinetic energy and potential energy of the gas, the
energy equation of the gas cavity can be expressed as

%=Q—W+Z%Cpﬂ—29e€p7} (2.1
1 e

where Q is the heat exchange rate between the cavity and the environment; W = pAu
is the power exchange rate between the cavity and the environment, where A is the
piston area; ¢, = Rg/(y — 1) is the specific heat of the gas at constant volume,
where y is the specific heat ratio; ¢, = R,y /(y — 1) is the specific heat of the gas at
constant pressure; ¢; and g, are the mass flow rates at the inlet and outlet of the gas
cavity, respectively; and 7; and T, are the inlet and outlet temperatures, respectively.
Equation (2.1) can be further transformed as

d(mT) dr dm  (y —DOQ (y —1)pAu
a T "a e T TR R, +Zw ; Xe:w )

(2.2)
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In addition, the cavity mass equation is

dm
D IR 2.3)
Solving Equations (2.2) and (2.3) simultaneously gives

dar _ (y =DQ (v — DpAu
dr R, R,

+ G Ti—T) =Y q.(yT.—T) (24)

This is the temperature equation for the gas cavity.
For the gas equation of state pV = mzR, T, differentiating both sides gives

yo AV dT+ . dm
ar TP Ty TRy

Substituting the temperature equation into the above equation gives

d —1)¢ —1)pA
VL 4 pua = k| D8 DI S 1) - Y getrTe T
! Rq Rq i ~

+ zRgT(Z i — qu)
i e
and is further organized as

dp .
VE =(y — Dz0 — pAu(zy —z+1) +zR, |:Z qivTi — ZCIeVTe:| (2.5)
This is the pressure equation for the gas volume.

Since the volume of the gas cavity is changing, the volume equation is written as
dv
— = Au (2.6)
dr

where u is the piston movement speed.

2.3 Basic Equations for Liquid Pipelines

Due to the inertia, viscous and compressive properties of liquid propellants flowing
in the pipeline, when the lumped parameter method is used to describe these physical
properties, the constraint that the space length is very small compared to the wave-
length must be satisfied; for example, the pipeline length is L < A/n = a;/(fmax - 1),
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ay is the speed of sound, fiax = Wmax/27 is the maximum vibration frequency, n is
the margin coefficient, and n > 6 — 20. For the oxidizer pipeline a;, ~ 957.82m/s
and fuel pipeline ay ~ 1529m/s, to extract the pipeline fnx = 100 Hz (water
hammer characteristics below a frequency of 50 Hz), n = 20, the oxidizer pipeline
segment length cannot exceed 0.48 m, and the segment length of the fuel pipeline
cannot exceed 0.76 m.

(1) Inertia

Itis assumed that the liquid pipeline segment s filled with inviscid and incompressible
liquid. When calculating the unsteady motion, only the inertia of the liquid column
is considered. From the momentum equation, we can obtain

, du du dg
namely,
[ dg
Ay = A 2.8
aq P P1 (2.8)

where p; and p} are the inlet and outlet pressures of the pipeline segment, respectively,
m is the mass of the liquid column in the segment, A is the segment cross-sectional
area, [ is the segment length, u is the average flow rate of fluid in the section, g is the
mass flow rate of the liquid in the section, Ap; is the segment pressure drop, and p
is the density of the liquid.

(2) Stickiness

In the engine pipeline, the viscosity of liquid is expressed in two forms: along-the-way
resistance and local resistance, which is expressed as

P PR L
P2 = dé“zpu

2
_ <A£ + g)iq— 2.9)

where A is the resistance coefficient along the way, which satisfies the Karman-Prandtl
equation: 1/v/A =21g (Reﬁ) — 0.8. ¢ is the local drag coefficient.

! 1
£ = <AE + §>E (2.10)
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Then, the viscous resistance can be expressed as

q2
P/z—m:APz:S; (2.11)

where £ is the flow resistance coefficient.
If the inertia and viscosity of the pipeline are considered at the same time,
according to the pressure superposition principle, we have

pL—p2= (p1 —p/z) + (p/2 —pz) = Ap; + Ap> (2.12)
[ dg q2
S - L 2.13
aqg pp E,o (2.13)

If the effect of the gravity field is added, Eq. (2.13) becomes

Ldg _ £ 4 (2.14)
A dr =p1—DP2 P 14 .

where h is the height of the pipeline segment, the downward flow is positive, and
the upward flow is negative;g is the acceleration of gravity, and its sea level value is
9.80665 m/s.

Inertial flow resistance R is defined as //A, and considering the directionality of
the flow, Equation (2.14) is written in standard form:

d lq]
R = py—py— 1L 4 g 2.15)
dr 0

This is the flow equation for a liquid pipeline.
(3) Compressibility (Fig. 2.3)

Ignoring liquid column inertia and wall friction losses, the dynamic characteristics
of the liquid pipeline segment mainly depend on the compressibility of the liquid.
The effect of compressibility is manifested in that when the pressure changes, the
mass of liquid in the segment also changes, which means that the instantaneous flow
rates at the inlet and outlet are different. According to the mass balance equation for
unsteady flow,

Fig. 2.3 Compressibility of
the liquid column P

q —> — > ¢
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dm

— =g — 2.16
g - (2.16)

where m is the mass of liquid in the segment, ¢, and g, are the mass flow rates at the
entry and exit of the section, respectively.

The volume of the liquid mass is determined by the volume V' and liquid density
p of the liquid pipeline segment

m=pV 2.17)
So,
d d
:$=V§Juwma (2.18)
In addition,
p K
L (2.19)
do p

where K is the bulk modulus of elasticity of the liquid and ¢; is the speed of sound
in the liquid. From Egs. (2.16), (2.18) and (2.19) we can obtain

Vpdp

—_—— =g — 2.20

Ka -2 (2.20)

When x = %2 = % Eq. (2.20) is expressed as
4

d

A2 g - (2.21)
dr

This is the pressure equation for a liquid pipeline.

2.4 Gas Cylinder Module

In a pressurized propellant supply system, a high-pressure gas cylinder is a cavity
that stores compressed gas, and its function is to provide pressure to the oxidizer
storage tank and the fuel storage tank [38], as shown in Fig. 2.4.

(1) Mathematical model
The equations of the gas cylinder module can be written as

ar _ (v =10

" R, (=ap)(yT. = T) (2.22)
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Fig. 2.4 Schematic diagram
of the gas bottle module

m=pV/(zR,T) (2.23)
Ty, —qp > 0
fe= { TZh —q;b <0 224)
V% = (y — D20 — 2Ry (—qp)y T. (2.25)
0= T;;\jlndz (2.26)
e100(T} — T%) = TZ/_/\CTI = ey00(T¢ — T5) (2.27)

T is the temperature of the gas in the cylinder, where T, is the gasflow temperature
at the gas cylinder outlet, 7} is the inner wall temperature of the gas cylinder, 75 is the
outer wall temperature of the gas cylinder, T is the ambient temperature, 7} is the
downstream temperature of the outlet interface of the gas cylinder module, and T}, is
the upstream temperature of the outlet interface of the gas cylinder module; Q is the
heat exchange rate between the gas cylinder and the environment; —gj, is the interface
mass flow rate, and “—* indicates that the value is passed from another module; y
is the specific heat ratio; R, is the gas constant; z is the compression factor; V is the
volume of the gas cylinder; b is the wall thickness of the gas cylinder; p is gas cylinder
pressure; oy is the Stefan-Boltzmann constant with the value 5.67 x 10’8w/(m2 K4);
€1 is the blackness of the inner wall of the gas cylinder, and ¢, is the blackness of the
outer wall of the gas cylinder; and A. is the thermal conductivity of the gas.

(2) Interface type and interface equation

The gas cylinder module has only one outlet interface, port4b, which is defined by
the Modelica language as

Connector port4b

Real p;, (unit="“MPa”) “Pressure”;
Real T, (unit="K”) “Downstream Temperature”;
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Table 2.1 Gas bottle module

Number Parameter notation Unit Description

1 Vv m? Volume of gas cylinder

2 P ra MPa Maximum pressure of gas cylinder
3 Pin MPa Initial gas cylinder pressure

4 T 1a K Cylinder temperature rating

5 T in K Initial gas cylinder temperature

Real Tp; (unit="K”) “Upstream Temperature”;
flow Real g, (unit="kg/s”) “Mass Flow Rate”;

end port4db;

Interface equations are defined as connection equations between internal variables
of a module and its interface variables or between these interface variables. For the
gas cylinder module, there are two interface equations:

p=rp (2.28)

T=T, (2.29)

(3) Module name and parameter description (Table 2.1)

2.5 Electric Explosion Valve Module

The electric explosion valve is a valve that is actuated by the high-pressure gas
generated by the deflagration of an electric detonator. It actuates by using the sudden
conversion of potential chemical energy into mechanical energy [38]. Because the
electric explosion valve has good sealing performance, small size, light weight, fast
response speed, and its own high-voltage power supply that can be operated with a
small pulse power supply, it is very suitable for use on one-off components, such as
gas pipelines and valves, for the opening or closing of liquid pipeline (Fig. 2.5).

(1) Mathematical model
The equations of the electric explosion valve module can be expressed as
Fig. 2.5 Schematic diagram

of the electric explosive
valve module
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0 O<r<t
A1) ={ ’ =r=b (2.30)
{1 —exp[—ke(t —1p)]} - Zd?, t>1,
HAWPa | 2y (@)Z/y _ (p_b)(V-H)/V » o (L)V/(V—l)
R T, y=1 Pa Pa > Pa y+1
s Pa pr
uA(z)pu\/V(Lyy“)/(y_')’ » o~ (L)y/(y—l)
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- »Pa < Db
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2.31)

where T, is the downstream temperature of the inlet interface of the electric explosion
valve, T, is the upstream temperature of the inlet interface of the electric explosion
valve, g, is the mass flow rate at the inlet interface of the electric explosion valve, p,
is gas pressure at the inlet port of the electric explosion valve, T}, is the downstream
temperature of the outlet interface of the electric explosion valve, T is the upstream
temperature at the outlet interface of the electric explosion valve,g;, is the mass flow
rate at the outlet interface of the electric explosion valve, p, is gas pressure at the
outlet port of the electric explosion valve, ¢ is the mass flow rate of the electric
explosion valve, d; is the minimum inner diameter of the electric explosion valve
after it is fully opened, A(¢) is the choke area, # is the energization time of the electric
explosion valve, and &y is the fractional exponent.

(2) Interface type and interface equation

The electric explosion valve module has an inlet interface port4a and an outlet inter-
face port4b, where the inlet interface port4a is defined by the Modelica language
as

Connector portda

Real p, (unit="MPa”) “Pressure”;

Real T, (unit="K”) “Downstream Temperature”;
Real T; (unit="K”) “Upstream Temperature”;
flow Real g, (unit="kg/s”) “Mass Flow Rate”;

end portda;

For the electric explosion valve module, there are four interface equations, which
are

da =4 (2.32)
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Table 2.2 Electric explosion valve module

Number Parameter notation Unit Description

1 ts s Electric explosion valve energization time

2 ky Fractional index

3 d; m Minimum inner diameter

4 % Flow coefficient
q4=4p (2.33)
T,=T, (2.34)

Ty =Th (2.35)

(3) Module name and parameter description (Table 2.2)

2.6 Pressure-Reducing Valve Module

A pressure-reducing valve is a closed-loop gas pressure regulating device. It can
reduce the pressure of upstream high-pressure gas to the working pressure needed
by downstream devices. When the upstream pressure changes or the downstream
load flow rate changes, it can still maintain the outlet pressure within the allowable
deviation range, thus ensuring that the engine system has a certain stability [39].

(1) Mathematical model

The operation of the pressure-reducing valve is very complicated. To construct
the dynamic mathematical model, the following assumptions may be made: @ the
diaphragm stiffness is ignored; @ the working fluid is in the supercritical state; @
the equation of state for the working fluid is pV = mzR,T; @ the gas flow process
is an isentropic process; and ® the gas pressure, density, and temperature in the two
cavities are evenly distributed, regardless of parameter fluctuation characteristics.

The pressure-reducing valve includes Cavity 1, Cavity 2, orifice and spool, as
shown in Fig. 2.6. The mathematical models are described below.

® Basic equations of Cavity 1

dr
mld—t‘ = (—qa)(yTyi = Ty) — q(y Ty — Ty) (2.36)

my = p1Vi/(zR,Th) (2.37)
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Fig. 2.6 Schematic diagram of the pressure-reducing valve module

Tav_Qazo T1,QZO
T, = ,Tie = 2.38
1i {Taly_qa<0 le {Tz,q<0 ( )
dp
vld—; = 2Ry (—q) ¥ Tii — 2Reqy The (2.39)

where T, is the downstream temperature of the inlet interface of Cavity 1, T, is the
upstream temperature at the inlet interface of Cavity 1, —q, is the mass flow rate at
the inlet interface of Cavity 1, p, is the gas pressure at the inlet port of Cavity 1,
T, is the gas temperature in Cavity 1, p; is the gas pressure in Cavity 1, V| is the
volume of Cavity 1, m; is the gas mass in Cavity 1, T); is the gas temperature at the
inlet of Cavity 1, T}, is the gas temperature at the outlet of Cavity 1, T is the gas
temperature in Cavity 2, and ¢ is the mass flow rate through the orifice.

@ Basic equations of Cavity 2

dT
mzd—f = q(yTo — T2) — (=q) (¥ Taet — T2) — (—q) (¥ Taer — T)
y —1

8

—(=qa)(yToes — T1) + PauAr (2.40)

my = paVa/ (2R, T») (2.41)
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T
A2=15M3+ddy+ﬁ) (2.42)
T'_ TlanO _ Tb,_QhEO _ Tca_fIcZO T
2i — Tz,q<0’ 2el — Thl,_Qb<0’ 2e2 — Tcl,_qc<0, 2e3
_ { Ty, —qa >0 (2.43)
Ta1,—qa <0
dp>
Vzg = zRqy Ty — 2R (—qp) Y Toe1 — 2R (—qc) Y Tae2
— 2Ry (—qa) Y Tre3 + pouAr(zy —z+1) (2.44)
dva A (2.45)
— = —u .
dr 2

where T}, is the downstream temperature of the outlet port of Cavity 2b, Tj, is the
upstream temperature of the outlet port of Cavity 2b,—¢; is the mass flow rate of
the outlet port of Cavity 2b, p,, is the gas pressure of the outlet port of Cavity 2b; T,
is the downstream temperature of the outlet port of Cavity 2¢, T, is the upstream
temperature of the outlet port of Cavity 2c, —q. is the mass flow rate of the outlet port
of Cavity 2c, p,. is the gas pressure of the outlet port of Cavity 2c, Ty is the downstream
temperature of the outlet port of Cavity 2 d, T, is the upstream temperature of the
outlet port of Cavity 2¢, —q, is the mass flow rate of the outlet port of Cavity 2d,
pa is the gas pressure of the outlet port of Cavity 2d, T, is the gas temperature in
Cavity 2, p; is the gas pressure in Cavity 2, V; is the volume of Cavity 2, m; is the
gas mass in Cavity 2, Ty; is the gas temperature at the inlet of Cavity 2, T, is the
gas temperature at the outlet from Cavity 2b, Ty, is the gas temperature at the outlet
from Cavity 2c, T».3 is the gas temperature at outlet from Cavity 2d, u is the spool
travel speed, A; is the effective area of the rubber diaphragm, d; is the diameter of the
rubber diaphragm mounting support, and d» is the diameter of the rubber diaphragm
hard core.

® Basic equations of the spool

du
i = F,— Fe— (2.46)
Fy, = (po — p2)Az + (p2 — p1) (A1 — Aw) (2.47)
Fo = cilxi0 + (x — x0)] — c2lx20 — (x — x0)] (2.48)

Fy = Fysign(u) + fu (2.49)
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T 2 T o
1= Z(do +D)" Ay = de (2.50)
dx
7 u 2.51)

Initial conditions
Xli=g = X0, Ul;=9 =0

where m;, is the mass of the moving parts of the reducer, F), is the pneumatic force
acting on the spool, F. is the spring force acting on the spool, Fy is the friction
force acting on the spool, ¢ is the secondary spring stiffness, c; is the main spring
stiffness, xy is the initial opening of the orifice, x}¢ is the precompression amount of
the secondary spring, x, is the precompression amount of the main spring, Fy is the
static friction force, f is the friction coefficient, A, is the spool action area, dj is the
inside diameter of the valve seat,b is the width of the valve seat sealing surface, A,,
is the unloading area, and d,, is the unloading diameter.

@ Basic equations of the orifice

A, = m(dy + b)x (2.52)

uA,pl _y ,2 Z/V_ e\ 2 y/(r=1
1 P1 P y+l1

Mtpl L G+D/=D S (2 y/(r=1)
y+1 = \r+1

»P1 = D2

"e|‘u
=S

q =
— /LArpz z_ p_ 2\ (2 \D
1 p P2 ’ p2 y+l1
»P1 < P2
_ MA:pv 2 +D/y=D noo (2 y/(r=1)
v+l ’ p2 — \v+l

(2.53)

where A; is the orifice area of the orifice.
(2) Interface type and interface equation

The pressure-reducing valve module has one inlet port4a and three outlet ports port4b,
where outlet portdb b is connected to the inlet of the oxidizer storage tank, outlet
portdb c is connected to the inlet of the fuel storage tank, and outlet portdb d is
connected to the gas source inlet of solenoid valve NF58-0A.



2.7 Tank Module 29

The eight interface equations of the pressure-reducing valve module are

Pa =P (2.54)
P2 =Dy (2.55)
p2 =pe (2.56)
P2 =D (2.57)
T, =T (2.58)
T, =T, (2.59)
T, =T, (2.60)
Ty =T, (2.61)

(3) Module name and parameter description (Table 2.3)

2.7 Tank Module

As shown in Fig. 2.7, the tank generally includes two parts: a pressurized gas cavity
and a liquid propellant cavity. A positive discharge device is used in the middle to
separate the pressurized gas from the liquid propellant to ensure that the tank can
provide a directional and continuous supply of liquid propellant.

(1) Mathematical model

@ Basic equations of pressurized gas cavity

dT y —1
mS- = (~q) (T, = T) -

7 R, p(—=qp)/p (2.62)

m =pVg/(zRgT) (2.63)

T — { Ta.=qa =0 (2.64)
Tala —Yqa < 0
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Table 2.3 Pressure-reducing valve module

Number | Parameter notation | Unit | Description
1 Vi m3 Volume of cavity 1
2 m; kg Mass of the moving parts of the pressure-reducing valve
3 h min m Valve minimum opening
4 N max m Maximum opening of the valve
5 X0 m Initial valve opening
6 X10 m Auxiliary spring precompression
7 X20 m Main spring precompression
8 do m Seat inner diameter
9 b m Seat sealing surface width
10 dj m Diameter of the rubber diaphragm mounting support
11 dy m Diameter of the rubber diaphragm hard core
12 dm m Unloading diameter
13 cl N/m | Secondary spring stiffness
14 c N/m | Main spring stiffness
15 f N Static friction
16 f Ns/m | Friction coefficient
17 T 1a K Cavity gas temperature rating
18 T in K Initial cavity gas temperature
19 P ra MPa | Cavity gas pressure rating
20 Din MPa | Initial cavity gas pressure
21 Vain m3 | Initial volume of cavity 2
22 U rq m/s | Spool travel speed rating
23 U in m/s | Initial spool travel speed

dp —qb

Vo— = Re(=q)yTi —p—— @y —z+ 1) (2.65)
dr 0
Ve _ —a (2.66)
dr 0

where T, is the downstream temperature at the inlet interface of the gas cavity, T, is
the upstream temperature at the inlet interface of the gas cavity, —gq, is the mass flow
rate at the inlet interface of the gas volume, p, is the gas pressure at the inlet interface
of the gas cavity, T, is the temperature at the outlet interface of the propellant cavity,
—qp 1s the mass flow rate at the outlet interface of the propellant cavity, p;, is the gas
pressure at the outlet interface of the propellant cavity, T is the gas temperature in
the gas cavity, p is the gas pressure in the gas cavity, V, is the volume of the gas
cavity,m is the gas mass in the gas cavity, 7; is the gas temperature at the inlet of the
gas cavity, and p is the propellant density.
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Fig. 2.7 Schematic diagram
of the tank module

Ta’ Tale : ‘CIa, pa

: Propellant

T, E -qb, Db

@ Basic equations of the propellant cavity

e 4=a)
dt prd?

(2.67)

where x is the height of the liquid column and d is the inside diameter of the cylinder.
(2) Interface type and interface equation

The tank module has an inlet interface port4a and an outlet interface portlb, where
the outlet interface portlb is defined by the Modelica language as

Connector portlb

Real pp, (unit="“MPa”) “pressure”;
Real T, (unit="K”) “Temperature”;
flow Real g;, (unit="kg/s”) “Mass Flow Rate”;

end portlb;

The four interface equations of the tank module are

Pa=Pp (2.68)
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Table 2.4 Tank module

Number Parameter notation Unit Description

1 kind Propellant type: O— oxidizer, 1- fuel

2 d m Inner diameter of cylindrical section of tank
3 P ra MPa Gas cavity pressure rating

4 Pin MPa Initial gas cavity pressure

5 T ra K Gas cavity temperature rating

6 T in K Initial gas cavity temperature

7 V gin m? Initial gas cavity volume

8 x m Maximum liquid column height

9 X in m Initial liquid column height

P +xpg =pp (2.69)
Ta=T (2.70)
Tiw=T, (2.71)

(3) Module name and parameter description (Table 2.4)

2.8 Liquid Pipeline Module

(1) Mathematical model

As shown in Fig. 2.8, if a liquid pipeline is divided into N segments, the 2N inde-
pendent variables are N pressure p; and N flow ¢g;, and the corresponding differential
equations are expressed as

d lq11
Rl% = pe—p1— G+ ED TN 1 kg (2.72)
t Y
dg; qilqil .
Ri— =pi1 —pi —& +hipg, i=2,...,N (2.73)
dr 0
dp; .
Xi— = {4i — q4i+1, 121,...,N—1 (274)
dr
d
XNﬂ =qn — (—qp) (2.75)

dt
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Fig. 2.8 Schematic diagram of the liquid pipeline module (Line)

where R; = [/(NA) (i = 1,...,N) is the inertial flow resistance of the liquid
pipeline segment, [ is the length of the liquid pipeline, A = mwd?/4 is the cross-
sectional area of the liquid pipeline, d is the inner diameter of the liquid pipeline,
hi =h/N(@ =1,...,N)istheheight of the liquid pipeline segment, / is the height of
the liquid pipeline, x; = V p/(NK) is the flow volume of the liquid pipeline segment,
V = mld?/4 is the volume of the liquid pipeline, p is the propellant density, K is
the bulk modulus of propellant; &, = ¢,/(2A?) is the flow resistance coefficient at
the pipeline inlet, ¢, is the local resistance coefficient at the pipeline inlet, & =
Aﬁ # (i=1,...,N) is the flow resistance coefficient of the pipeline segment, A
is the resistance coefficient along the pipeline segment, T, is the temperature at the
inlet interface of the liquid pipeline, g, is the mass flow rate at the inlet interface of
the liquid pipeline, p, is the pressure at the inlet interface of the liquid pipeline, T
is the temperature at the outlet interface of the liquid pipeline, —g; is the mass flow
rate at the outlet interface of the liquid pipeline, and p;, is the pressure at the outlet
interface of the liquid pipeline.

(2) Interface type and interface equation

The liquid pipeline module has an inlet interface port1la and an outlet interface port1b,
where the inlet interface portla is defined in Modelica language as

Connector portla

Real p, (unit=“MPa”) “Pressure”;
Real T, (unit="K”) “Temperature”;
flow Real g, (unit="kg/s”) “Mass Flow Rate”;

end portla;

The four interface equations of the liquid pipeline module are
—qnl—qpl
PN—DPpb=&——— (2.76)
o
T,=T Q.77

T=T, (2.78)
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Table 2.5 Pipeline module

Number Parameter notation Unit Description
1 kind Propellant type: O— oxidizer, 1- fuel
2 l m Liquid pipeline length
3 d m Liquid pipeline inner diameter
4 h m Height of liquid pipeline
5 b m Liquid pipeline wall thickness
6 N Number of liquid pipeline segments, N>1
7 Ca Local resistance coefficient at pipeline inlet
8 ¢ Local resistance coefficient at pipeline outlet
9 D ra MPa Liquid pipeline pressure rating
10 Pin MPa Initial liquid pipeline pressure
11 q ra kg/s Liquid pipeline mass flow rating
12 qin kg/s Initial liquid pipeline mass flow rate
da = 41 (2.79)

where &, = ¢,/(2A?) is the flow resistance coefficient at the pipeline outlet, ¢, is the
local resistance coefficient at the pipeline outlet, and T is the propellant temperature
in the liquid pipeline.

(3) Module name and parameter description (Table 2.5)

2.9 Liquid Pipeline 1 Module

As shown in Fig. 2.9, at the upstream connection of the liquid pipelines with
converging flow, except for one liquid pipeline, which is modeled using the pipeline
module, the other liquid pipelines must be modeled with the pipeline 1 module due
to the connection requirements of the modules.

(1) Mathematical model

Fig. 2.9 Schematic diagram
of liquid pipeline connection

Line Line
Linel Line
Linel [ I Line
Linel Line

Linel Line
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LU

Fig. 2.10 Schematic diagram of the liquid pipeline 1 module (pipeline 1)

As shown in Fig. 2.10, if a liquid pipeline is divided into N segments, the 2N + 1
independent variables are N pressure p; and N 41 flow ¢;, with differential equations
of

dqi q1lq1

Rld_ =pa—p1— & +E)—— +hipg (2.80)
t P
dg; qilqi )
i— =pi-1 —pi — & +hipg, i=2,...,N (2.81)
dr o
d | |
Ry+1 qgt Ly — by — (Ev + sb)% + hy 4108 (2.82)
dpi )
xid—fi=q,-—qi+1, i=1,....N (2.83)

where Ry = [/(2NA), R, = [/(NA)(i = 2,...,N) and Ryy; = [/(2NA) are the
inertial flow resistances of the liquid pipeline segment, [ is the length of the liquid
pipeline, A = md?/4 is the cross-sectional area of the liquid pipeline, d is the
inner diameter of the liquid pipeline, h; = h/(2N), h; = h/N(i = 2, ..., N) and
hy+1 = h/(2N) are the heights of the liquid pipeline segments, /4 is the height
of the liquid pipeline, x; = Vp/(NK)(i = 1,...,N) is the flow volume of the
liquid pipeline segment, V = wld?/4 is the volume of the liquid pipeline,p is the
propellant density, K is the bulk modulus of propellant; £, = ¢,/(24?) is the flow
resistance coefficient at the pipeline inlet, ¢, is the local resistance coefficient at
the pipeline inlet, &, = ¢,/(2A?) is the flow resistance coefficient at the pipeline
outlet, ¢, is the local resistance coefficient at the pipeline outlet, £ = Aﬁ %%,
& = Aﬁﬁ(i =2,..,N)and &y, = Aﬁﬁ%z are the flow resistance coefficients
of the pipeline segment, A is the resistance coefficient along the pipeline segment, 7,
is the temperature at the inlet interface of the liquid pipeline, g, is the mass flow rate
at the inlet interface of the liquid pipeline, p, is the pressure at the inlet interface of
the liquid pipeline, T}, is the temperature at the outlet interface of the liquid pipeline,
qp is the mass flow rate at the outlet interface of the liquid pipeline, and p; is the

pressure at the outlet interface of the liquid pipeline (Fig. 2.10).

(2) Interface type and interface equation
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Table 2.6 Pipeline 1 module

Number Parameter notation Unit Description

1 kind Propellant type: O— oxidizer, 1- fuel

2 l m Liquid pipeline length

3 d m Liquid pipeline inner diameter

4 h m Height of liquid pipeline

5 b m Liquid pipeline wall thickness

6 N Number of liquid pipeline segments, N>1
7 Ca Local resistance coefficient at pipeline inlet
8 ¢ Local resistance coefficient at pipeline outlet
9 D ra MPa Liquid pipeline pressure rating

10 Pin MPa Initial liquid pipeline pressure

11 q ra kg/s Liquid pipeline mass flow rating

12 qin kg/s Initial liquid pipeline mass flow rate

The liquid pipeline 1 module has an inlet portla and an outlet port1b.
The three interface equations of the liquid pipeline 1 module are

T,=T (2.84)
da = 41 (2.85)
an+1 = G (2.86)

where T is the propellant temperature in the liquid pipeline.

(3) Module name and parameter description (Table 2.6)

2.10 Orifice Plate Module

As a traditional throttling device, the orifice plate has many advantages, such as a
simple structure, good throttling effect, low price and wide adaptability [40]. Simi-
larly, orifice plates are also widely used in liquid rocket engines. In addition to
adjusting the pressure of the supply system, they can also effectively reduce the
water hammer effect generated by the propellant flow (Fig. 2.11).

(1) Mathematical model
The equation of the orifice plate module can be rewritten as

co 4qlql

S A 2.87
2uPA? p 287

Pa — Pb =
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Fig. 2.11 Schematic

diagram of the orifice T, d Ty
module qa e d, -qp
Pa Py

Table 2.7 Orifice modules

Number Parameter notation Unit Description

1 kind Propellant type: 0— oxidizer, 1— fuel

2 d m Pipeline inner diameter

3 d, m Inner diameter of orifice throat

4 co Orifice plate resistance correction factor

where T, is the temperature at the orifice plate inlet interface, g, is the mass flow
rate at the orifice plate inlet interface, p, is the pressure at the orifice plate inlet
interface, T}, is the temperature at the outlet interface of the orifice plate, —g,, is the
mass flow rate at the outlet interface of the orifice plate, pj, is the pressure at the outlet
interface of the orifice plate, co is the orifice plate resistance correction factor, ¢ is
the mass flow rate of the orifice plate, u is the flow coefficient of the orifice plate,
A =m/ (4d,2) is the minimum flow area of the orifice plate, d; is the inside diameter
of the orifice throat, and p is the propellant density.

(2) Interface type and interface equation

The orifice plate module has an inlet portla and an outlet port1b.
The three interface equations of the orifice plate module are

T,=T, (2.88)
4a =q (2.39)
q9=—q (2.90)

(3) Module name and parameter description (Table 2.7)

2.11 Filter Module

The filter can effectively prevent redundant substances such as aluminum chips from
blocking the propellant flow channels, causing seal failure or even structural damage
to the rotating components [41]. Therefore, filters play a very important role in liquid
rocket engines (Fig. 2.12).
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Fig. 2.12 Schematic T T
diagram of the filter module a b
9a e -q»
Pa Db
(1) Mathematical model
The equations of the filter module can be written as
N¢ qlq|
—Pp=—=— 291
Pa — Pb 242, ( )
13(1—&)+ (1/e = 1), Re > 400
¢ = ( )+ (1/ ) R (2.92)
1.3co(1 —€) + co(1/e — 1), Re < 400

where T, is the temperature at the filter inlet interface, g, is the mass flow rate at the
filter inlet interface, p, is the pressure at the filter inlet interface, 7}, is the temperature
at the filter outlet interface, —q, is the mass flow rate at the filter outlet interface,
Py is the pressure at the filter outlet interface, g is the mass flow rate of the filter,
A = 1/(4d?) is the pipeline flow area, d is the inner diameter of the pipeline, p is the
propellant density, ¢ is filter local resistance coefficient, ¢ = Ap/A is the filter area
ratio, Ag is the mesh area, co € (1, 1.4) is filter resistance modification coefficient,
Re is the pipeline Reynolds number, and N is the number of filtering mesh layers.

(2) Interface type and interface equation

The filter module has an inlet interface portla and an outlet interface portlb.
The three interface equations of the filter module are

T, =T, (2.93)
da =4 (2.94)
q=—qp (2.95)

(3) Module name and parameter description (Table 2.8)

2.12 Solenoid Valve (With Control Gas) Module

As shown in Fig. 2.13, the electric gas valve is connected to the high-pressure gas
source, the propellant inlet of the pneumatic liquid valve is connected with the propel-
lant supply pipeline, and the outlet is connected with the propellant filling pipeline.
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Table 2.8 Filter module

Number Parameter notation Unit Description

1 kind Propellant type: 0 oxidizer, 1- fuel
2 d m Pipeline inner diameter

3 N Number of filter layers

4 & Mesh area to pipeline area ratio

5 co Filter resistance correction factor

After the coil of the electric gas valve is energized, the coil current increases expo-
nentially. When the trigger current is reached, the armature starts to move, and the
electric gas valve gradually opens. The large pressure difference between the high-
pressure gas source and the gas in its control cavity sharply increases the gas pressure
in the control cavity. When its own pressure rises, the control cavity of the electrop-
neumatic valve inflates the control cavity of the pneumatic liquid valve. When the
gas pressure in the control cavity of the pneumatic liquid valve rises to a certain
pressure, the piston of the pneumatic liquid valve starts to move until the pneumatic
liquid valve is completely opened. When the shutdown command is issued, the coil
of the electric gas valve is powered off, the magnetic flux gradually attenuates to the
point of releasing the magnetic flux, and the suction force is no longer enough to
hold the armature. The spring force overcomes the gas pressure and electromagnetic
force to push the armature assembly to move, and the armature starts to release. This
continues until the electropneumatic valve is closed. At the same time, the gas in the
control cavity of the electropneumatic valve flows out through the exhaust port, the
pressure of the control cavity is released, and the pressure of the control cavity of
the pneumatic hydraulic valve is released accordingly. The piston of the pneumatic
Iquid valve is gradually closed under the action of the spring force, to complete its
shutdown process.

(1) Mathematical model

For the operation of the solenoid valve (with control gas), when establishing the
dynamic mathematical model, the following assumptions are made: @ the influence
of thermal inertia and eddy current of the electromagnetic system is ignored; @ the
gas is in the supercritical state; @ the equation of state for the gas is pV = mzR,T; @
the gas flow process is an isentropic process; ® the parameters, such as gas pressure,
density and temperature, in two control cavities are uniformly distributed, and the
fluctuation characteristics are not considered.

The solenoid valve (with control gas) includes an electric circuit, magnetic circuit,
armature assembly, electric gas valve control cavity, piston actuation rod, pneumatic-
liquid valve control cavity, and propellant channel. The mathematical models are
described below.
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1-electromagnetic conductor, 2-coil, 3-electric gas valve spring, 4-armature assembly, 5-
electric gas valve control cavity, 6-pneumatic liquid valve control cavity, 7-oxidizer inlet, 8-
fuel inlet, 9- pneumatic liquid valve spring, 10-piston actuating rod, 11-high-pressure gas
source inlet

Fig. 2.13 Schematic diagram of a solenoid valve (with control gas) module (valve with controlling

gas)

@ Basic equations of the electric circuit

d ch dC
U=iki+ W gy IV ey y 9

— 2.96
dr dr de (2.96)

where U is the coil field voltage, i is the current, R; is the coil resistance, i is the
total flux linkage of the electromagnetic system, N is the number of coil turns, and
¢, is the magnetic flux in the magnetic circuit.

@ Basic equations of the magnetic circuit

According to Kirchhoff’s magnetic pressure law, the mathematical model of magnetic
circuit calculation can be derived, that is,

iN = ¢5(Rs + Ry + R.) (2.97)
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where ¢ is the magnetic flux in the gas gap, R; is the working gas-gap reluctance, Ry
is the nonworking gas-gap reluctance, and R, is the corresponding magnetic circuit
reluctance. Ignoring the nonworking gas-gap reluctance, Eq. (2.97) becomes:

iN = ¢sRs + H.L, (2.98)

where H,. is the magnetic field strength and L. is the magnetic path length. The
gas-gap reluctance is

Ry =8/ (110A) = (hmax — x1)/ (110A) (299)

where § is the gas gap length, 1 is the vacuum permeability, A is the magnetic pole
area at the gas gap, fimax 1S the maximum gas gap, and x; is the armature displacement.

B.=¢./A (2.100)

where B, is the magnetic induction intensity in the magnetic circuit. For the magneti-
zation curve data of the material, 1D linear interpolation is used to perform piecewise
data interpolation to complete the magnetic induction intensity B, vs. magnetic field
strength H.,.

If the flux leakage is considered, the flux leakage coefficient is o, expressed as

o =¢/ s (2.10D)

For a DC solenoid, the flux leakage coefficient is . The empirical formula is

1) 0.138 L 2(ry —
o=1+21067+ +r1+r2 Ly (2 Fl)_l
ry r Tr 8(1’2—1‘1) 7'L'Lk
rn—n
+1.4651g = } (2.102)

where L; is the coil assembly height, and r; and r, are the structural dimension
parameters of the electromagnetic mechanism [23].

According to Maxwell’s electromagnetic attraction formula, the electromagnetic
attraction force of the solenoid valve F, is

Fy = ¢3 [ (21oA) (2.103)

® Basic equations of armature assembly

du1
m,lg =TIy +F,,1 —Ffl —F(‘l (2104)
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where m; is the total mass of the moving parts of the electric gas valve, u; is the
movement speed of the electric gas valve piston, F),; is the compressive force acting
on the piston of the electric gas valve, Fy; is the friction force acting on the moving
parts of the electric gas valve, and F,, is the spring force acting on the piston of the
electric gas valve.

dx;

- — 2.105
dr uj ( )

where x; is the displacement of the electric gas valve piston.

Fpl = (p1 — Po)Ani (2.106)
where p; is the gas pressure in the control cavity of the electric gas valve, pg is the

ambient pressure, and A, is the cross-sectional area of the electric gas valve piston
rod.

Fei = Feo1 +cix; (2.107)

where F_q is the spring preloading force of the electric gas valve and ¢ is the spring
stiffness of the electric gas valve.

Fry = sign(uy) Fg + fiug (2.108)

where F; is the static friction force of the electric gas valve and f; is the friction
coefficient of the electric gas valve.

@ Basic equations of the electric gas valve control cavity

dTy y—1
m— =q,(yTu —T\) —q(yTe —T1) —q(yTI — T1) — P1uiAn
dr R,
(2.109)
my = p1Vi/(zR,Th) (2.110)
1= Todaz0 g 11020 _fThar=0 @111
Ta1,94 <0 T,q <0 To,q <0
dp
Vly = ZRequyT1i — 2Reqy T1e — ZReqiy T) — pruiA 2y — 2+ D (2.112)
Wi A 2.113)
— . = WAy .
ar 140

where T, is the downstream temperature at the inlet interface of the electropneumatic
valve control cavity, T, is the upstream temperature at the inlet interface of the
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electropneumatic valve control cavity, g, is the mass flow rate at the inlet interface
of the electropneumatic valve control cavity, p, is the gas pressure at the inlet port of
the electric gas valve control cavity, T} is the temperature of the leak port interface
of the electropneumatic valve control cavity, g; is the mass flow rate at the leak
port interface of the electropneumatic valve control cavity, p; is the gas pressure
at the leakage port interface of the electric gas valve control cavity, T is the gas
temperature in the control cavity of the electric gas valve,p; is the gas pressure in
the control cavity of the electric gas valve, V| is the volume of the electric gas valve
control cavity,m, is the gas mass in the control cavity of the electric gas valve, T;
is the gas temperature at the inlet of the electric gas valve control cavity, T, is the
gas temperature at the outlet of the electric gas valve control cavity, T, is the gas
temperature in the control cavity of the pneumatic lquid valve, and ¢ is the mass flow
rate from the control cavity of the electropneumatic valve to the control cavity of the
pneumatic liquid valve.

® Basic equations for the gas source inlet of the electric gas valve

Jd? —d3

a=—"F7"" 2.114
5 (2.114)
14+x/Qa
Ay = mdjax, +2 /(24) (2.115)
V@ /2 + (a+x)>
pinAupa | 2y <p1>2/y <p1>(y+1>/y ” (2 )y/w )
A ReTa \| V™ Pa Pa C e o\ =
KiAinPa (L)(y“)/()’_” p o (L)}//(V '’
RgTa y y+1 ’ Pa — +1
qa =
WitAipi 2y Pa 2/y Pa r+/y Pa 2 y/(y—1)
 SRTa || 7T (1’_‘> _(I’_l) e (T
s Pa < D1
HilAilp 2 r+0/r= Pa < 5 y/(y=1)
_«/RgTal y(m) ’ P — (T)
(2.116)

where d is the diameter of the piston rod ball end of the electric gas valve, d;; is the
diameter of the gas source inlet of the electropneumatic valve control cavity, A;; is
the throttle area of the gas source inlet of the electropneumatic valve control cavity,
and u;; is the flow coefficient of the gas source inlet in the control cavity of the
electropneumatic valve.

® Basic equations of the throttle channel between two control cavities

Ap = nd}/4 (2.117)
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HAnpy 21/ (pz)z/y _ (&)(VH)/V o (L)V/(V*I)
R T D1 > P y+1
» P1 sz
Ay y<L>(V+1)/(V—l) o (L)y/(y—l)
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R\ 71\ P2 P > Y|
» P1 < P2
_ pAnps y(i)(””/(y‘” n oo (L>y/(y—1)
/R T +1 * pp — \y+1
(2.118)

where dj; is the inlet diameter of the control cavity of the gas-driven hydraulic valve,
Aj is the throttling area of the control cavity inlet of the gas-driven hydraulic valve,
and ;, is the flow coefficient at the inlet of the control cavity of the pneumatic liquid
valve.

@ Basic equation for the leakage port of the electrohydraulic valve

A =md}/4 (2.119)

2/1/_ 0 y+D/y noo (2
pi > pi y+1
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+
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R,To\| Y~ Po Po ’ Po +1

» P1 < Po
A, 5 /=D moo (2 y/ty=1
)T ke ()
(2.120)

where d; is the inside diameter of the leak port in the control cavity of the electric
gas valve,A; is the cross-sectional area of the leakage port in the control cavity of the
electropneumatic valve, u; is the flow coefficient of the leakage port in the control
cavity of the electropneumatic valve, and 7 is the ambient temperature.

Basic equations of the piston actuation rod of the pneumatic liquid valve

duz
mo— = = Fp = Fry —Fep (2.121)

where m, is the total mass of the moving parts of the pneumatic liquid valve, u,
is the piston speed of the gas-driven hydraulic valve, F); is the pressure acting on
the piston of the gas-driven hydraulic valve, Fy, is the friction force acting on the
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moving parts of the pneumatic hydraulic valve, and F,; is the spring force acting on
the piston of the gas-driven hydraulic valve.

d)C2

— = 2.122
i ( )

where x; is the piston displacement of the gas-driven hydraulic valve.

Fp2 = (p2 = po)Am2 + (Pb — P0)Anox + (P _pO)Anfu (2.123)

where p; is the gas pressure in the control cavity of the pneumatic liquid valve, A,
is the cross-sectional area of the piston rod of the gas-driven hydraulic valve, A, is
the cross-sectional area of the oxidizer inlet pipeline, and A,y is the cross-sectional
area of the fuel inlet pipeline.

Foo=Fn+ cx (2.124)

where Fq, is the spring preload of the pneumatic liquid valve and c; is the spring
stiffness of the pneumatic liquid valve.

Fry = sign(uz)Fro + foun (2.125)

where Fjy is the static friction force of the gas-driven hydraulic valve and f; is the
friction coefficient of the pneumatic hydraulic valve.

©® Basic equations of the control cavity of the pneumatic hydraulic valve

dT2 j/—l

- = Ty — 1) — A, 2.126
m q(y T 2) R, D2u2Anp ( )
my = paVa/ (2R, T>) (2.127)
T1,9>0
T, = 2.128
2 { Tz, q < 0 ( )
dp>

Vzg =Ry qyTai — paudAa(zy —z+ 1) (2.129)

dv,
— = A, 2.130
a e (2.130)

where T is the gas temperature in the control cavity of the pneumatic liquid valve,
P> is the gas pressure in the control cavity of the pneumatic liquid valve, V; is the
volume of the control cavity of the pneumatic liquid valve, m; is the gas mass in the
control cavity of the gas-driven liquid valve, and T5; is the gas temperature at the
inlet of the control cavity of the pneumatic liquid valve.
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Basic equations of oxidizer channels

A, = wd,xs (2.131)

dq, 1\ 4019l
Ro— =p,—pa— | & 2.132
q —Pr—pd (E + M%A(Z,) S ( )

where A, is the area of the chokepoint of the oxidizer channel, p, is the flow
coefficient at the throttle site of the oxidizer channel, R, = [,/A,. is the inertial
flow resistance of the oxidizer inlet pipeline, [, is the length of the oxidizer inlet
pipeline,A,, = md? /4 is the cross-sectional area of the oxidizer inlet pipeline,
d,, is the inside diameter of the oxidizer inlet pipeline,p, is the oxidizer density,
& = )\od% 2,4% is the flow resistance coefficient of the oxidizer inlet pipeline, A, is
the resistance coefficient along the oxidizer inlet pipeline, 7} is the temperature at the
inlet interface of the oxidizer channel, g, is the mass flow rate at the inlet interface of
the oxidizer channel, p,, is the pressure at the inlet interface of the oxidizer channel,
T, is the temperature at the outlet interface of the oxidizer channel, g, is the mass
flow rate at the outlet interface of the oxidizer channel, and p, is the pressure at the
outlet interface of the oxidizer channel.
Basic equations of fuel channels

Af = JTdfu)Q (2133)

dgy 1\ grlg
ng =Pc— Pe — (Sf + M?A%) 7 (2.134)

where Ay is the area of the chokepoint of the fuel channel, ji; is the flow coefficient
at the throttle site of the fuel channel, Ry = I; /Ay, is the inertial flow resistance
of the fuel inlet pipeline, [ is the length of the fuel inlet pipeline, Az = ndfi /4 1s
the cross-sectional area of the fuel inlet pipeline, dj, is the internal diameter of the
fuel inlet pipeline; pr is the density of the fuel, & = Ar ;im ﬁ}u is the flow resistance

coefficient of the fuel inlet pipeline, Ay is the resistance coefficient along the route of
the fuel inlet pipeline, T, is the temperature at the inlet interface of the fuel channel,
q. is the mass flow rate at the inlet interface of the fuel channel, p. is the pressure at
the inlet interface of the fuel channel, 7, is the temperature at the outlet interface of
the fuel channel, g, is the mass flow rate at the outlet interface of the fuel channel,
and p, is the pressure at the outlet interface of the fuel channel.

(2) Interface type and interface equation

The solenoid valve (with control gas) module has one inlet port4a, two inlet ports
portla, one inlet port2a, one outlet port1b and two outlet ports por3b. Inlet portda a
is connected to the outlet of the pressure-reducing valve, inlet portla b is connected
to the oxidizer pipeline, inlet portla c is connected to the fuel pipeline, inlet port2a
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f is connected to the control system, outlet portlb / is connected to the atmospheric
environment, and outlet port3b d is connected to the oxidizer. The filling pipeline

and outlet port3b e are connected to the fuel charging pipeline.
The entry interface port2a is defined by the Modelica language via

Connector port2a

Integer mark , “Control signal: 0— power off, 1— power on”;
end port2a;
The egress interface port3b is defined by the Modelica language as
Connector port3b

Real p;, (unit=“MPa”) “Pressure”;

Real T, (unit="K”) “Temperature”;

Integer mark; “Control signal: 0— power off, 1—- power on”;
flow Real g} (unit="kg/s”’) “Mass Flow Rate”’;

end port3b;

The nine interface equations of the solenoid valve (with control gas) module are

marky = markg

marky = mark,

Thn=T
T, =T,
T.=T,
4b = 4o
4o = 4qd
4ec = qr
qr = {qe

(3) Module name and parameter description (Table 2.9)

(2.135)

(2.136)

(2.137)

(2.138)

(2.139)

(2.140)

(2.141)

(2.142)

(2.143)
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Table 2.9 Valve with controlling gas module

Number | Parameter | Unit | Description
notation
U v Coil excitation voltage

2 R Q Resistance

3 L, m Effective length of the magnetic conductor in the magnetic
circuit

4 my1 kg Mass of moving parts of electric gas valve

5 ng Number of coil turns

6 ag m? Armature suction area

7 N 1min m Electric gas valve closing gas gap

8 h Imax m Maximum gas gap of electric gas valve

9 dn m Diameter of central axis of piston rod of electric gas valve

10 dj m Coil assembly inner diameter

11 dy m Coil assembly outer diameter

12 L m Coil assembly height

13 Feco1 N Electric gas valve spring preload

14 c1 N/m | Electric gas valve spring stiffness

15 Fp N Static friction force of electric gas valve

16 f1 kg/s Electric gas valve friction coefficient

17 mujy Flow coefficient of gas source inlet in electric gas valve
control cavity

18 di m Diameter of gas source inlet in the electric gas valve control
cavity

19 d m Diameter of ball head of electric gas valve

20 muj Flow coefficient of control cavity inlet of pneumatic Iquid
valve

21 dip m Pneumatic liquid valve control cavity inlet diameter

22 mu | Flow coefficient of pressure relief port in control cavity of
electropneumatic valve

23 d m Diameter of pressure relief port in control cavity of
electropneumatic valve

24 mep kg Mass of moving parts of pneumatic liquid valve

25 h 2min m Pneumatic liquid valve piston minimum displacement

26 h 2max m Maximum displacement of pneumatic liquid valve piston

27 dp m Diameter of central axis of piston rod of pneumatic liquid
valve

28 nox m Diameter of central axis of oxidizer piston rod

29 d m Diameter of central axis of fuel piston rod

30 Feon N Spring preload of pneumatic liquid valve

31 1) N/m | Pneumatic liquid valve spring stiffness

(continued)



2.13 Solenoid Valve (Without Control Gas) Module 49

Table 2.9 (continued)

Number | Parameter | Unit Description
notation
32 Fro N Static friction of gas-operated hydraulic valve
33 f2 kg/s Pneumatic hydraulic valve friction coefficient
34 d ox m Oxidizer valve seat aperture
35 Lo m Oxidizer valve inlet length
36 f m Fuel valve seat aperture
37 r m Burner valve inlet length
38 Psi wb Initial total flux linkage of the electromagnetic system
39 Ulrq m/s Electric gas valve piston speed rating
40 Ulin m/s Initial electric gas valve piston
41 Xlin m Initial piston displacement of electric gas valve
42 T 1a K Rated values of temperature for both control cavities
43 T in K Initial values of temperature in the two control cavities
44 Pra MPa | Rated values of pressure in the two control cavities
45 Pin MPa | Initial values of pressures in the two control cavities
46 Viin m? Initial electric gas valve control cavity volume
47 Urq m/s Pneumatic liquid valve piston speed Rating
48 Win m/s Initial piston speed of pneumatic liquid valve
49 X2in m Initial piston displacement of pneumatic liquid valve
50 Vain m3 Initial control cavity volume of pneumatic liquid valve
51 q ora kg/s Oxidizer mass flow rate rating
52 q oin kg/s Initial oxidizer mass flow rate
53 q fra kg/s Fuel mass flow rate rating
54 q fin kg/s | Initial fuel mass flow rate

2.13 Solenoid Valve (Without Control Gas) Module

The structure of the solenoid valve (without control gas) is shown in Fig. 2.14. The
inlet of the solenoid valve is connected to the propellant supply pipeline, and the
outlet is connected to the propellant filling pipeline. After the solenoid valve coil
is energized, the coil current increases exponentially. When the trigger current is
reached, the armature starts to move, and the solenoid valve is gradually opened
until it is fully opened. When a shutdown command is issued, the solenoid valve coil
is powered off, and the magnetic flux gradually attenuates to the point of releasing
the magnetic flux. The suction force is no longer enough to hold the armature. The
spring force overcomes the propellant pressure and electromagnetic force to push
the armature assembly to move, and the armature starts to be released. The solenoid
valve closing process is completed until the electric gas valve is closed.
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(1) Mathematical model

The solenoid valve (without control gas) includes an electric circuit, magnetic circuit,
armature assembly, and propellant channel, as shown in Fig. 2.14. The mathematical
models are described below.

@ Basic equations of the electric circuit

d ch dC
Ui+ _ g SN ey 92
ar ar dr

(2.144)

where U is the coil field voltage, i is the current, R; is the coil resistance, i is the
total flux linkage of the electromagnetic system, N is the number of coil turns, and
¢. is the magnetic flux in the magnetic circuit.

@ Basic equations of the magnetic circuit

iN = ¢sRs + H.L, (2.145)
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where N is the number of coil turns, ¢; is the magnetic flux in the gas gap, R; is
the working gas-gap reluctance, H, is the magnetic field strength, and L. is the
magnetic path length.

® Basic equations of armature assembly

du
m,E:FX+Fp—Ff—FC (2.146)
where m;, is the total mass of the moving parts, u is the speed of the moving part,
F), is the compressive force, Fy is the friction force, and F. is the spring force.

% . (2.147)
where x is the displacement of the moving part.
Fy = ¢3 / (2noA) (2.148)
Fp = (p = po)A, (2.149)
F.=Fp+cx (2.150)
Fr = sign(u)Fg + fu (2.151)

where A is the armature suction area and A, is the cross-sectional area of the
piston rod.

@ Basic equations of the propellant channel

A; = wdix (2.152)

dg 1\ 9plap|
Ry =y~ py = (s,, T ;ﬁA?)T 2.153)
1 1

where A; is the area of the choke point of the propellant channel,u; is the flow
coefficient at the chokepoint of the propellant channel, R, = 1,/A,~+[;/A;, is
the inertial flow resistance of the propellant inlet pipeline, /, is the length of the
propellant inlet pipeline, A, = nd[f /4 is the cross-sectional area of the propellant
inlet pipeline, d, is the inside diameter of the propellant inlet pipeline, /; is the
length of the seat hole, A;, = ndiz /4 is the cross-sectional area of the seat hole,

d; is the seat aperture, p is the propellant density, &, = A,,(fiiﬁ + fi—ﬁ) is
P 4 in

7
3

the flow resistance coefficient of the propellant inlet pipeline, A, is the resistance
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coefficient along the propellant inlet pipeline, 7, is the temperature at the inlet
interface of the propellant channel, g, is the mass flow rate at the inlet interface
of the propellant channel, p,, is the pressure at the inlet interface of the propellant
channel, T}, is the temperature at the outlet interface of the propellant channel,
qp 1s the mass flow rate at the outlet interface of the propellant channel, and p,
is the pressure at the outlet interface of the propellant channel.

(2) Interface type and interface equation

The solenoid valve (without control gas) module has an inlet portla, an inlet port2a
and an outlet port3b. The inlet portla a is connected to the propellant supply pipeline,
the inlet port2a c¢ is connected to the control system, and the outlet port3b b is
connected to the propellant filling pipeline.

The four interface equations of the solenoid valve (without control gas) module
are

mark, = mark, (2.154)
T,=T, (2.155)
da = qp (2.156)
i = 2.157)

(3) Module name and parameter description (Table 2.10)

2.14 Filling Pipeline Module

(1) Mathematical model

The filling pipeline includes pipelines, liquid collection cavities and capillary nozzles,
as shown in Fig. 2.15. The mathematical models are described below.

@ Basic equations of the pipeline

d lq]
R =p—pa—E+E+E) T +hog (2.158)
dp
— = —q, — 2.159
X4 9a—9q ( )
ﬂ !l p_iA , wl.lile propellant. in filling process (2.160)
de =424 while propellant in shutdown process

PA
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ValveWithoutControllingGas module

Number | Parameter | Unit | Description
notation

1 kind Propellant type: 0— oxidizer, 1- fuel

2 U v Coil excitation voltage

3 R Q Resistance

4 L, m Effective length of the magnetic conductor in the magnetic
circuit

5 m; kg Mass of moving parts of electrohydraulic valve

6 ng Number of coil turns

7 ag m? Armature suction area

8 h min m Electrohydraulic valve closing gas gap

9 N max m Maximum gas gap of electrohydraulic valve

10 dp m Diameter of central axis of piston rod of electrohydraulic
valve

11 dy m Coil assembly inner diameter

12 dy m Coil assembly outer diameter

13 Ly m Coil assembly height

14 Foo N Spring preload of electrohydraulic valve

15 c N/m | Spring stiffness of electrohydraulic valve

16 f N Static friction of electrohydraulic valve

17 f kg/s Electrohydraulic valve friction coefficient

18 di m Seat aperture

19 ¥ m Seat hole length

20 d m Inner diameter of inlet pipeline

21 lp m Inlet pipeline length

22 Psi iy, wb Initial total flux linkage of the electromagnetic system

23 U rq m/s Electrohydraulic valve piston speed rating

24 U in m/s Initial electrohydraulic valve piston

25 X in m Initial piston displacement of electrohydraulic valve

26 q pra kg/s Propellant mass flow rate rating

27 q pin kg/s Initial propellant mass flow rate

28 Do MPa | Ambient pressure

where R = [ /A is the inertial flow resistance of the pipeline,  is the filling length
of the pipeline, A = md?/4 is the cross-sectional area of the pipeline, d is the
inner diameter of the pipeline, 4 is the height of the pipeline;x = V p/K is the
flow volume of the pipeline, V = wld*/4 + v + N.wd?l./4 is the volume of
propellant in the filling pipeline, v is the filling volume of propellant in the liquid
collecting cavity, N, is the number of capillary pores, d. is the inner diameter
of the capillary pore, I is the filling length of the propellant in the capillary,
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Fig. 2.15 Schematic diagram of Filling Line Collector Nozzle module

p is the propellant density, K is the bulk modulus of propellant, & = ¢;/(2A?)
is the flow resistance coefficient at the pipeline inlet, ¢; is the local resistance
coefficient at the pipeline inlet, & = AL 773 A2 is the flow resistance coefficient of
the pipeline, A is the resistance coefficient along the pipeline, £, = ¢./(2A4%)
is the flow resistance coefficient at the pipeline outlet, ¢, is the local resistance
coefficient at the pipeline outlet, 7, is the temperature at the inlet interface of
the filling pipeline, —¢, is the mass flow rate at the inlet interface of the filling
pipeline, and p, is the pressure at the inlet interface of the filling pipeline.

@ Basic equations of the liquid collecting cavity

Pci ™ Pee (2161)

d 4 while propellant in filling process
! = { - Prop Ep (2.162)

- while propellant in shutdown process

where p,; is the inlet pressure of the collecting cavity, p.. is the outlet pressure
of the collecting cavity, v is the filling volume of the collecting cavity, and ¢ is
the mass flow rate of the filling pipeline.

® Basic equations of capillary pores

For each capillary, the flow equation is

d(q({tN ) —pp —co(Ei + E. + gce)M + hopg (2.163)

c

where R, = . /A, is the inertial flow resistance of the capillary pore, [, is the filling
length of the capillary pore, A, = wd?/4 is the cross-sectional area of the capillary
pore, d, is the inner diameter of the capillary pore, A, is the height of the capillary,
Ei = Cif (2A2) is the flow resistance coefficient at the capillary entrance Lei 18
the local resistance coefficient at the capillary entrance, &, = kc A 2A2 is the flow
resistance coefficient of the capillary pore, A. is the resistance coefficient along the
capillary, &, = ./ (ZAE) is the flow resistance coefficient at the capillary exit, ..
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is the local resistance coefficient at the capillary exit, co is the capillary resistance
correction factor, 7} is the temperature at the outlet interface of the filling pipeline,
qp is the mass flow rate at the outlet interface of the filling pipeline, and pj, is the
pressure at the outlet interface of the filling pipeline.

For each capillary, the filling length satisfies

% . ﬁ, while propellant in filling process

= 2.164
” ( )

ﬁ, while propellant in shutdown process

(2) Interface type and interface equation

The filling pipeline module has an inlet interface port3a and an outlet interface por3b.
The inlet port3a a is connected to the outlet of the solenoid valve, and the outlet port3b
b is connected to the inlet of the thrust chamber.

The inlet interface port3a is defined by the Modelica language as

Connector port 3a

Real p , (unit="MPa”) “Pressure”;

Real T , (unit="K”) “Temperature”;

Integer mark , “Control signal: 0— power off, 1- power on”;
flow Real g , (unit="kg/s”’) “Mass Flow Rate”;

end port3a;

The four interface equations of the Filling Line Collector Nozzle module are

mark, = marky, (2.165)
Pa =P (2.166)
T, =T, (2.167)
q9=qp (2.168)

(3) Module name and parameter description (Table 2.11)
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Table 2.11 Filling line collector nozzle module

Number | Parameter notation | Unit Description

1 kind Propellant type: O—oxidizer, 1-fuel

2 L m Pipeline length

3 d m Pipeline inner diameter

4 h m Pipeline height

5 b m Pipeline wall thickness

6 ¢ Local resistance coefficient at pipeline inlet
7 Ce Local resistance coefficient at pipeline outlet
8 Vira m? Volume of collecting cavity

9 [ cra m Capillary length

10 d. m Capillary inner diameter

11 h m Capillary height

12 ¢ i Local resistance coefficient at the capillary inlet
13 ¢ee Local resistance coefficient at the capillary outlet
14 co Capillary resistance correction factor

15 D ra MPa | Pipeline pressure rating

16 D in MPa | Initial pipeline pressure

17 q ra kg/s Filling pipeline mass flow rate rating

18 qin kg/s Initial mass flow rate in filling pipeline

19 Lin m Initial pipeline filling length

20 Vin m? Initial filling volume of collecting cavity

21 ! cin m Initial capillary pore filling length

2.15 Thrust Chamber Module

(1) Mathematical model

For the operation of the thrust chamber, when establishing the dynamic mathematical
model, the following assumptions are made: (1) the gas in the thrust chamber satisfies
the ideal gas equation of state; (2) the period from the injection of liquid propellant
into the combustion chamber to the conversion into gas occurs after a combustion
time delay, which includes the oxidizer sensitive time delay, fuel sensitive time delay
and invariant time delay; ® the flow of gas in the nozzle is adiabatic and isentropic; @
parameters such as gas pressure, density and temperature in the combustion chamber
are uniformly distributed, regardless of their fluctuation characteristics.
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Fig. 2.16 Schematic diagram of the thrust chamber module (Thrust Chamber)

The thrust chamber includes a combustion chamber and nozzle, as shown in
Fig. 2.16. The mathematical models are described below.

@ Basic equations of the combustion chamber

When the liquid propellant enters the combustion chamber, a part of the propellant
is converted to gaseous combustion products, and the other part is in the liquid phase
and exits the combustion chamber with the combustion gases. Where the time for
the formation of a mixture between the liquid oxidizer and the liquid fuel due to the
processes of atomization, heating, evaporation, diffusion, and turbulent mixing can
be approximately expressed as

T, =a)p ® (2.169)

T = asp™™ (2.170)

where 7, and 77 are the sensitivity time delays of the conversion process of the liquid
oxidizer and liquid fuel, respectively, p is the combustion chamber pressure, and a;,
a, az and a4 are constants.

The mass changes of the liquid oxidizer and liquid fuel accumulated in the
combustion chamber are expressed as

dmlo mio
= g1 — 2o _ 4 2.171
ar diol - dio2 ( )
dm[f mlf
—_— = - — — 2.172
ar qif1 . qir2 ( )

where my, and mys are the liquid oxidizer and liquid fuel accumulated in the combus-
tion chamber, respectively; g;,1 and g are the mass flow rates of the liquid oxidizer
and liquid fuel flowing into the combustion chamber, respectively; and g;,> and g>
are the mass flow rates of the liquid oxidizer and liquid fuel flowing out of the
combustion chamber, respectively.
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Suppose the instantaneous values of the mass of the gaseous oxidizer and the
mass of the fuel in the combustion chamber are mg, and myy, respectively. Then,
the average instantaneous value k, of the gas component ratio in the combustion
chamber is

Mgo

Mt

ke = (2.173)

For the mass of each gaseous component in the combustion chamber, the mass balance
equation can be written independently as

dmy,
4 = et T den (2.174)
dmgf
“ar = qqf1 — qgf2 (2.175)

where the gas flow rate at the inlet of the combustor g1 (f) = Geo1(f) + qgr1(1),
the oxidizer flow rate in the combustion chamber inlet gas g,,1(f) = %, the
my (1—1,)
T t—7)°
constant time delay between the oxidizer and the fuel to form combustion products

due to the chemical reaction, and the gas flow rate at the exit of the combustor is
qg2 = Ggo2 +qgp2. Oxidizer flow rate g,,, and fuel flow rate g,> are determined from
component ratio k, and total flow rate g,>.

combustor flow rate in the combustion chamber inlet gas g1 (f) = 7, is the

k 1

8
L S - 2.176
g2 ko + 92> g2 T + 1482 ( )

The following is derived from Egs. (2.173)—(2.176)

dk, 1 dmg mg, dmg 1 Mgy
A g A wt a T my e T A
& of &f of

_ kg _ Mgo
Mo (g + 1) m2 (ke + 1) |7

1 Mg Z_i: Mgo
:_'qgol__z'qgfl_ ‘ ) 452
Mgs My mgf(kg + 1) mgf(kg + 1)
1 0
L= g @i
Mgt Mep
With m, = my, + my and kg = mg,/my ,
e — mekg , my = —78 (2.178)
8 kg + 1 ke 41
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Substituting Eq. (2.178) into Eq. (2.177) gives

dky kg +1
— = ——(qgo01 — k 2.179
dr mg (q(g 1 gngl) ( )

where the gas quality ism, = pV, /(R,T); R, is the gas constant; V, =V —my,/p,—
myy / pr is the volume of gas in the combustion chamber; p, and p; are the densities of
the liquid oxidizer and liquid fuel, respectively, and V is the volume of the combustion
chamber.

If the thermal conductivity and the diffusion coefficient are considered to be
infinite (i.e., the instantaneous and complete mixing model of the gas pipeline), then
the instantaneous gas temperature of the entire combustion chamber 7T (x, f) (except
for the gas that just entered the entrance at this instant) is equal to the temperature at
the exit of the combustion chamber.

T©,1) =Ti(), x =0

T, 1) =T1), 0 <x<I (2.180)

T(x,t) = {

Ignoring the change in the kinetic energy of the gas in the combustor and assuming
that the flow is adiabatic, the energy conservation equation of the combustor is
expressed as

d(mgchz)
T cp1T1ggine — cppTaqen (2.181)
where ¢, = % is the specific heat at constant volume, ¢, = ;’—fgl is the specific heat
at constant pressure, y is the specific heat ratio, R, T> represents the working ability
of gas, and 7, is the combustion efficiency. Equation (2.181) expands to

d(RgT2) dm, Y1 V2
R,T—2 =(y —1)| ——R,T ¢c— ——R,T.
M4 + K, ar (v )<J/1 —eth1gg1n yy — 182 261g2>
(2.182)
From mass conservation, we have
dm,
& = (g1 — g (2.183)
Therefore,
d(RgTZ) Vi V2
Mg (y — 1)(ﬁRnglqglnc - FRgZTZQg2> — Ry Ta(qe1 — 452)

(2.184)
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From the gas equation of state, it can be written that
mg =pVy/(R;T>) (2.185)
Taking the derivative on both sides becomes

Ve dp pVg d(RgTz)_dﬁ
R, T, dt (RgT2)2 d dt

=dqg1 —(qg2 (2.186)
Substituting Equation (2.184) into Equation (2.186) gives
v (P RaTign. — 2 RaTage (2.187)
S dr yi—1 y2—1

@ Basic equations of the nozzle

v+l v
UPA; 2 y=1 2 y—1
ey () %= ()
R, T- y+1 y+1
q= ’ (2.188)

2 v+l v
6 -0 )5 ()"
R\ V1 P )4 y+1

where p is the nozzle flow coefficient; A, is the cross-sectional area of the nozzle
throat; p is the ambient pressure; and 7> and p are the temperature and pressure of
the gas in the combustor, respectively.

<3

<3

® Performance parameters of the thrust chamber

2/y D/ 2 NYU D 1 [ AN
G)-G)=Gh) T/ G) ew
p p y+1 y+1 A,

2 . (y=1/y
we= | —LR,|1- (”—) (2.190)
y —1 p
F = qgu, + Ac(pe — Po) (2.191)
Iy =F/qe (2.192)

JYR.T
. Ve l2 (2.193)

cC =
2 y+D/(y=D
()
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o) 2 (y+D/(y=1 . (y=1/v A, — Dy
o = _V(_) 1_(&> LALTP (5 1oy
y—1\y+1 p A p

where u, is the gasflow velocity at the nozzle exit, F' is the thrust, I, is a specific
impulse, c* is the characteristic velocity of the combustion chamber, and cf is the
thrust chamber thrust coefficient.

(2) Interface type and interface equation

The thrust chamber module has two inlet ports port3a, where the inlet port3a a
is connected to the outlet of the oxidizer filling pipeline, and the inlet port3a b is
connected to the outlet of the fuel filling pipeline.

The four interface equations of the thrust chamber module are

Pa =P (2.195)
Pp=p (2.196)
—4a = qlol (2.197)
—4qb = qif1 (2.198)

(3) Module name and parameter description (Table 2.12)

Table 2.12 Thrust chamber module

Number | Parameter | Unit Description
notation

1 I8 m Length of cylindrical section of combustion chamber

2 153 m Length of convergent section of combustion chamber

3 d m Inner diameter of cylindrical section of combustion chamber

4 d,; m Inner diameter of nozzle throat

5 e m Inner diameter of nozzle outlet

6 b m Combustion chamber wall thickness

7 aj Constants in the calculation formulas of oxidizer sensitive
time delay

8 a) Constants in the calculation formulas of oxidizer sensitive
time delay

9 az Constants in calculation formulas of fuel sensitive time
delay

(continued)
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Table 2.12 (continued)

Number | Parameter | Unit Description

notation
10 ag Constants in calculation formulas of fuel sensitive time
delay

11 taor s Constant delay

12 eta Combustion efficiency

13 mu Nozzle flow coefficient

14 epsilon Blackness of combustion chamber wall

15 lam Wi/ Thermal conductivity of the combustion chamber wall

(m.K)

16 m jora kg Combustion chamber liquid oxidizer mass rating

17 m Join kg Initial liquid oxidizer mass in combustor

18 m ifra kg Combustion chamber liquid fuel mass rating

19 m kg Initial liquid fuel mass in the combustor

20 k gra Rated value of gas component ratio in combustion chamber
21 k gin Initial gas component ratio in combustion chamber

22 k max Maximum gas component ratio in combustion chamber
23 T ra K Combustion chamber gas temperature rating

24 T in K Initial combustion chamber gas temperature

25 P ra MPa Combustion chamber gas pressure rating

26 D in MPa Initial combustion chamber gas pressure
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Chapter 3 ®)
Analysis of the Response Characteristics e
of the Tank Pressurization System

and a Single Thruster

Based on the mathematical models of the operation of the space propulsion system
components established in Chap. 2 and the Modelica programs for the startup, steady-
state and shutdown processes of the components, the thruster simulation system for
each type of thrust can be conveniently assembled. By inputting known parame-
ters of the thruster, such as the gas cylinder and pressure-reducing valve structural
parameters, propellant density, pipeline diameter and length, and thrust chamber
structural parameters, into the simulation system, the response of a single thruster
can be analyzed in terms of pipeline pressure, flow rate, combustion chamber pres-
sure, temperature, component ratio, thrust and other parameters, on which basis in
this book it discussed the effects of the gas cylinder pressure, pressure-reducing
valve characteristics, filling and shutdown characteristics, thruster response time,
the effects of the combustion chamber volume and the inner diameter of the nozzle
throat.

3.1 Effect of Cylinder Pressure

This space propulsion system is a constant-pressure pressurized gas system, as shown
in Fig. 2.1.

A high-pressure gas cylinder is one of the important components in a space propul-
sion system, and its main function is to pressurize and charge the storage tank. Before
the startup of a space propulsion system, the compressed gas is added into the gas
cylinder through the inflation valve on the gas cylinder, and the pressure in the gas
cylinder is monitored with a pressure gauge. To prevent the gas cylinder and pipeline
from being damaged due to too high of a pressure, a safety valve is installed on the gas
cylinder or pipeline. When the space propulsion system is working, the gas flowing
out of the gas cylinder is controlled at a given pressure by the pressure reducer to
squeeze the propellant in the storage tank. This system can keep the pressure of
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Fig. 3.1 Simulation system of a large thruster

the storage tank constant, but the pressure of the gas cylinder must meet certain
requirements. Simulation is performed for specific analysis below.

Figure 3.1 shows the simulation system of a single large thruster, which includes
a gas cylinder module, an electric explosion valve module, a pressure-reducing valve
module, a storage tank module, a pipeline and orifice plate module, a solenoid valve
module, a filling pipeline module, a thrust chamber module, a virtual control module.
Using this simulation system, the variation trend of the working parameters of the
pressure-reducing valve can be simulated by selecting different gas cylinder pres-
sures, as shown in Figures 3.2 and 3.3. It can be seen from these figures that when the
gas cylinder pressure becomes low, the pressure flutter at the outlet of the pressure-
reducing valve in the startup process of the tank pressurization system becomes
small; when the initial gas cylinder pressure is greater than 10.0 MPa, for a single
large thruster, pressure-reducing valves can ensure a stable outlet gas pressure for
approximately 10 s; when the initial gas cylinder pressure is less than 5.0 MPa, the
pressure-reducing valve is always in the fully open state (i.e., the relative displace-
ment of the spool x/ y.x =1.0). At this moment, the pressure-reducing valve, if the
pressure valve loses its ability to regulate, cannot guarantee the gas pressure required
by the storage tank.

3.2 Analysis of the Characteristics
of the Pressure-Reducing Valve

The simulation system of a large thruster shown in Fig. 3.1 is also used. The viscous
drag coefficient, outlet volume, spool displacement, spring stiffness, valve seat inner
diameter and spool mass of the pressure-reducing valve are changed and analyzed
based on the simulation characteristic curve in the time domain. The effects of param-
eters on the pressure-reducing valve are provided as reference information for the
design of the pressure-reducing valve.
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3.2.1 Effect of Viscous Friction

In the structural design of the pressure-reducing valve, both the dry friction provided
by the cup structure and the viscous friction provided by the resistance hole should
be considered. The dry friction force is a piecewise constant function of speed,
which takes a negative value when the speed is positive, and vice versa. When
the spring force and pneumatic force on the spool of the pressure-reducing valve
cannot overcome the dry friction force, the spool will stop moving. Therefore, the
dry friction force must be moderate. If the dry friction is too large, the pressure-
reducing valve will be unstable. If it is too small, the system will not work. Due to
material and structure limitations, the dry friction is generally difficult to determine,
and it changes with the change in environment and over time, which will lead to
unstable operation of the pressure-reducing valve. In contrast, the viscous friction
is easy to determine and is stable. Therefore, in the design of the pressure-reducing
valve, the influence of dry friction should be reduced as much as possible, and the
function of viscous friction should be reasonably adjusted.

As shown in Figs. 3.4 and 3.5, when the viscous friction coefficient is between
0.0 and 10.0; changing the viscous friction coefficient has little effect on the outlet
pressure and spool displacement of the pressure-reducing valve studied in this project.
The effect of the spring force on the spool is far greater than the effect of the viscous
friction force. However, when the viscous friction coefficient is greater than 1000.0,
the vibration amplitude of the outlet pressure of the pressure-reducing valve during
the startup process of the tank pressurization system becomes significantly smaller,
indicating that the viscous friction coefficient becomes larger and the stability of the
pressure-reducing valve gradually increases.

3.2.2 Effect of Outlet Volume

The outlet pressure curve and the relative displacement curve of the spool obtained
from the simulation when only the outlet volume of the pressure-reducing valve
is changed are shown in Figs. 3.6 and 3.7. V, is the design outlet volume of the
pressure-reducing valve. It can be seen from the figure that as the outlet volume of
the pressure-reducing valve increases, the vibration amplitude of the outlet pressure
of the pressure-reducing valve decreases significantly, indicating that the stability of
the tank pressurization system gradually increases.

The outlet volume of the pressure-reducing valve is the sum of the volumes of the
pressure-reducing valve of Cavity 2, the connecting pipeline and the gas cavity in
the storage tank. Since the volume of the pressure-reducing valve of Cavity 2 and the
gas volume of the storage tank are not easy to change, a long and thick connecting
pipeline can be selected to increase the outlet volume, but it is required that there
should be no throttling at the connection between the outlet of the pressure-reducing
valve and the pipeline, i.e., the outlet diameter of the pressure-reducing valve should
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be greater than or equal to the outlet diameter. This type of gas pipeline structure is
conducive to improving the stability of the tank pressurization system.

3.2.3 Effect of Spring Stiffness

In this section, the main spring stiffness of the pressure-reducing valve is changed
independently, while the other parameters remain unchanged. The outlet pressure
curve and relative displacement curve of the spool obtained from the simulation are
shown in Figs. 3.8 and 3.9. ¢, is the design value of the main spring stiffness of
the pressure-reducing valve. The corresponding diagrams show that when the spring
stiffness multiple is between 1.0 and 1.8, changing the spring stiffness has little effect
on the vibration amplitude of the outlet pressure during the startup process of the
regulator; however, the larger the spring stiffness is, the lower the outlet pressure
of the regulator in the steady state. In addition, in previously published literature
[43], a conclusion was reached from the analysis of other pressure-reducing valves:
the larger the spring stiffness is, the better the system stability. Therefore, different
spring stiffnesses correspond to different system stabilities and different steady-state
outlet pressures, and a trade-off must be made.
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Fig. 3.8 Outlet pressure curve of the pressure-reducing valve
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3.2.4 Effect of Seat Inner Diameter

The inner diameter of the valve seat of the pressure-reducing valve was changed
while keeping the other parameters unchanged. Figures 3.10 and 3.11 show the
outlet pressure curves and relative displacement curves of the spool corresponding
to several different valve seat inner diameters. d is the design value of the inner
diameter of the pressure-reducing valve seat. It can be seen from these figures that
the smaller the inner diameter of the valve seat is, the smaller the vibration amplitude
of the outlet pressure during the startup process of the pressure-reducing valve, and
the more stable the tank pressurization system. The smaller the inner diameter of the
valve seat is, the greater the resistance to gas flow, and thus the lower the pressure
at the outlet of the pressure-reducing valve. Therefore, to increase system stability
while maintaining a constant outlet pressure, the inner diameter of the valve seat
must be reduced while increasing the opening of the spool.

The effect of the pressure-reducing valve seat inner diameter on the stability of
the tank pressurization system is of practical significance in engineering. Especially
when solving the chatter problem during the startup process of a pressure-reducing
valve, appropriately reducing the inner diameter of the pressure-reducing valve seat
is the key to solving the problem of pressure reduction. It is one of the effective
solutions to the valve chatter problem.
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3.2.5 Influence of Spool Mass

The spool mass of the pressure-reducing valve was changed while keeping the other
parameters unchanged. Figures 3.12 and 3.13 show the outlet pressure curves and
relative displacement curves of the spool corresponding to several different spool
masses. m;, is the design value of the pressure-reducing valve spool mass. It can be
seen from the figure that the lower the mass of the spool is, the smaller the vibration
amplitude of the outlet pressure during the startup process of the pressure-reducing
valve, and the more stable the tank pressurization system. Compared with other
factors, it is more effective to reduce the mass of the spool to improve stability. In
general, the structural size of the spool is not large, and therefore, the control of the
mass of the spool is easy to ignore in the design of the pressure-reducing valve. It can
be seen from the simulation analysis that the change in the mass of the spool has a
great impact on the stability of the tank pressurization system. Therefore, focusing on
the quality control of the spool movement component is an effective way to improve
the stability of the tank pressurization system from the design point of view.
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Fig. 3.12 Outlet pressure curve of the pressure-reducing valve
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Fig. 3.13 Relative displacement curve of the pressure-reducing valve spool

3.3 Analysis of the Characteristics of the Filling
and Shutdown Process

The simulation system of a single medium thruster and a single small thruster are
similar to that of a single large thruster (Fig. 3.1). Their tank pressurization systems
and basic composition are the same, and the supply of each type of thruster is the
same. Structural parameters (such as pipeline inner diameter and length, nozzle throat
inner diameter and outlet diameter) of the pipeline and thrust chamber are different.
In the simulation of the pipeline filling and shutdown process of the supply system,
the working program of the space propulsion system was set to 1.3 s+2x0.5 /0.5 s
(“1.3 s” represents the standby time before the first pulse, “2” represents the value of
2 pulses, the first “0.5 s represents the pulse working time, and the second “0.5 s”
represents the pulse interval time); the volume of the liquid collection cavity varies
by + 50.0%, + 20.0%, — 20.0% and — 50.0%.

In Figs. 3.14 and 3.15, the relative volume (v/v ,,) is defined as the ratio of the
filling volume of the propellant in the collecting cavity to the volume of the collecting
cavity ata certain time. It can be seen from these two figures that the larger the volume
of the liquid collecting cavity is, the longer the propellant filling time. Figs. 3.16 and
3.17 show that changing the volume of the liquid collection cavity has almost no
effect on the steady values of the thruster’s combustion chamber pressure and the
nozzle gas flow rate. This is because the liquid in the liquid collection cavity has
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Fig. 3.14 Relative volume curves for the filling process of the oxidizer manifold for the large
thruster

a negligible flow resistance. Remember, although changing its dimension will not
affect the steady working state of the thruster, it will change the ascent process of
the thruster. In Figs. 3.18 and 3.19, the relative length (/[ ,,) is defined as the ratio
of the filling length of the propellant in the pipeline at a certain time to the length of
the pipeline. As shown in Figs. 3.18 and 3.19, during the shutdown process of the
thruster, due to the absence of gas to blow off, only a small amount of propellant
in the pipeline is expelled, and most of the rest of the propellant stays in the liquid
collection cavity, waiting for the next startup. However, in practical applications, if
the outlet of the nozzle is downward, the residual part of the propellant will slowly
flow out of the collecting cavity under the action of the gravity of the propellant
itself.

3.4 Effect of Combustion Chamber Volume and Inner
Diameter of Nozzle Throat

Figures 3.20, 3.21, 3.22 and 3.23 show the combustion chamber pressure curves
when the combustion chamber volume changes for the large thruster, medium Type
I thruster, medium Type II thruster and small thruster, respectively. V, is the design
value of the combustion chamber volume. During simulation, the working procedure
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Fig. 3.15 Relative volume curve for a large thruster during the fuel manifold filling process
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Fig. 3.16 Combustion chamber pressure curve for a large thruster
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Fig. 3.19 Relative length curve of the fuel pipeline shutdown process for a large thruster

of each thruster was 1.3 s+2x0.5 s/0.5 s; the volumes of the combustion chambers
were larger than their design values. V. increased 3, 7, 11 and 15 times. It can be
seen from these four diagrams that during the startup process of each thruster, as the
volume of the combustion chamber increases, the response time of the pressure rise
of the combustion chamber increases. This is because, in the mathematical models
established in this paper, the processes of propellant atomization, heating, evapora-
tion, diffusion, turbulent mixing, and chemical reaction are assumed to be completed
within one combustion time delay, and the speed of pressure rise in the combustion
chamber is mainly determined by the combustion chamber. When the volume of
the combustion chamber increases, the response time of the pressure rise becomes
longer. The shutdown process of the thruster is similar to the startup process. With
the increase in the combustion chamber volume, the response time of the combustion
chamber pressure drop also increases.

Figures 3.24, 3.25, 3.26 and 3.27 show the combustion chamber pressure curves
when the inner diameter of the nozzle throat changes. d; is the design value of the
inside diameter of the nozzle throat. During simulation, the working program of
each thruster was 1.3 s + 2 x 0.5 s/0.5 s; the inner diameter of the nozzle throat was
changed from the design value by — 20.0%, — 40.0%, — 50.0%, — 60.0% and —
70.0%, respectively. The simulation results show that during the startup process, the
smaller the inner diameter of the nozzle throat is, the more severe the combustion
chamber pressure oscillation, and the larger the overshoot the increase in the combus-
tion chamber pressure after stability. During the shutdown process, the smaller the
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Fig. 3.20 Combustion chamber pressure curve for a large thruster
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Fig. 3.21 Combustion chamber pressure curve of the Type I thruster
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Fig. 3.22 Combustion chamber pressure curve of the Type II thruster
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Fig. 3.23 Combustion chamber pressure curve for a small thruster
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Fig. 3.24 Combustion chamber pressure curve for a large thruster

nozzle throat inner diameter is, the more severe the combustion chamber pressure
oscillation, and the larger the overshoot. The larger the combustion chamber pressure
is, the longer the falling time of the combustion chamber pressure. In the steady-state
process, when the inner diameter of the nozzle throat is less than a certain value (the
values of various thrusters are different), the combustion chamber pressure oscillates
at a low frequency, which should be avoided in the development of the propulsion
system.

3.5 Analysis of Thruster Response Time

The response time of the space propulsion system in the transient process mainly
includes the startup acceleration time ¢ g and the shutdown deceleration time ¢ i,
where ¢ o is defined as the time from the moment the solenoid valve is energized
until the room pressure or thrust rises to 90% of its steady-state value, and ¢ | is
defined as the time from the moment the solenoid valve is deenergized to the time
when the room pressure or thrust drops to 10% of its steady-state value.

Table 3.1 lists the combustion chamber pressure response time under the normal
working state of the space propulsion system. A comparison of the actual measured
and simulated values of the response time in the table shows that the simulated
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values are basically distributed within the range of the measured values, indicating
that the pressure response time of the space propulsion system is within the range
of the measured time. The mathematical model of the transient process of the space
propulsion system is basically correct.

Table 3.2 shows that when the volume of the liquid collection cavity increases,
because more propellant is needed to fill the liquid collection cavity, the acceleration
time for the first start of the thruster is longer; on the other hand, the propellant
in the liquid collection cavity is almost not removed during shutdown, causing a

Table 3.1 Pressure response time of combustion chamber

Type 190, S 110, S
Actual value Simulated value | Actual value Simulated value
Large thruster 0.037 0.037 0.028 0.029
(0.029 ~ 0.046) (0.025 ~ 0.030)
Medium thruster (Type | 0.070 0.063 0.083 0.095
1)) (0.059 ~ 0.107) (0.076 ~ 0.091)
Medium thruster (Type | 0.128 0.120 0.117 0.120
1) (0.110 ~ 0.141) (0.099 ~ 0.138)
Small thruster 0.169 0.140 0.118 0.132
(0.144 ~ 0.394) (0.111 ~ 0.137)
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Table 3.2 Response time of the combustion chamber in the medium thruster (Type II) when the
volume of the liquid collection cavity changes

Percent volume change (%) t9o, s (Simulated value) t10, s (Simulated value)
+50.00 0.128 0.121
+20.00 0.124 0.121
0.0000 0.120 0.120
—20.00 0.116 0.120
— 50.00 0.112 0.120

Table 3.3 Response time of the combustion chamber in the medium thruster (Type II) to volume
change

Percent volume change (%) t90, s (simulated value) 110, s (simulated value)
+1500.0 0.137 0.136
+1100.0 0.132 0.130
+700.00 0.127 0.125
+300.00 0.123 0.121
0.00000 0.120 0.120

small change in the shutdown and deceleration time. Table 3.3 shows that when the
volume of the combustion chamber increases, because the derivative of the combus-
tion chamber pressure is inversely proportional to the volume of the combustion
chamber, the acceleration time at startup and the deceleration time at shutdown are
both longer.
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Chapter 4 ®)
Analysis of the Response Characteristics e
of Coupled Multiple Thrusters During

the Working Process

In this chapter, the response characteristics of the coupled liquid pipeline space
propulsion system shown in Fig. 2.1 were analyzed. Using the mathematical model
of the operation of the space propulsion system constructed in Chap. 2, the model
of the space propulsion system (containing 17 thrusters) was programmed in the
Modelica language. The simulation software is shown in Fig. 4.1. It is assumed that
in the tank pressurization system, the electric explosion valve is energized and opened
at the beginning, and the switching action of the solenoid valves of each thruster is
controlled by the signal output from the virtual controller module.

4.1 Analysis of Water Hammer Characteristics

4.1.1 Effect of the Elastic Deformation Modulus
of the Pipeline Material on the Water Hammer

Since the propellant pressure in the water hammer caused by the sudden opening and
closing of the valve is proportional to the sound velocity of the fluid in the pipeline,
reducing the fluid sound velocity can reduce the water hammer. Considering the
structural characteristics and compressibility of the pipeline, the calculation formula
for the sound velocity of the fluid in the pipeline can be expressed as [7]

- /X ,/1+K—d 4.1
a= 5 B 4.1)

where K is the bulk modulus of elasticity of the liquid, p is the liquid density, d is the
inside diameter of the pipeline, E is the elastic deformation modulus of the pipeline
material, and b is the pipeline wall thickness.
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Fig. 4.1 Simulation software of the space propulsion system

It can be seen from the above formula that the sound velocity can be reduced
if the elastic deformation modulus of the pipeline material is reduced. The elastic
deformation modulus of titanium alloy and steel is several orders of magnitude larger
than the bulk modulus of liquid (Table 4.1). Therefore, if titanium alloy and steel are
used as pipeline materials, the sound velocity in the liquid will be relatively high;
when the elastic deformation modulus of the metal hose is lower than that of the
liquid, it can greatly reduce the sound velocity in the liquid.

The pipeline in front of the large thruster solenoid valve was replaced by steel,
titanium alloy and other metal hose material. The elastic deformation modulus of
the metal hose material was set to 500 MPa. The simulation results in the maximum
water hammer volume of the pipeline when the large thruster is shut down are shown
in Table 4.2.

Table 4.1 Elastic deformation modulus of the pipeline material and bulk modulus of the elasticity
of liquid

Material Steel Titanium alloy | Metal hose | Oxidizer
Elastic deformation modulus E (MPa) |2.06 x 10° | 1.02 x 10° 102 to 103 | 1.52 x 103




4.1 Analysis of Water Hammer Characteristics 87

Table 4.2 Effect of the elastic deformation modulus of the pipeline material on the maximum water
hammer

Material Steel Titanium alloy Metal hose
Fuel pipeline 29.18 28.45 7.78
Maximum water hammer volume (MPa)

Oxidizer pipeline 37.18 36.59 11.69
Maximum water hammer volume (MPa)

As shown in Table 4.2, the use of metal hose material with a small elastic defor-
mation modulus not only meets the pipeline strength requirement but also can greatly
reduce the water hammer during shutdown.

4.1.2 Effect of Different Power-On and Power-Off Modes
of the Thruster on the Water Hammer

During the startup and shutdown processes of the liquid rocket engine, due to the
short opening and shutdown time of the startup valve and stop valve, a severe water
hammer will occur in the propellant supply system. Water hammers may not only
cause damage to the structure of the thruster but also affect the dynamic perfor-
mance of multiple thrusters coupled through hydraulic channels. A space propulsion
system needs to be turned on and off and subsequently pulsed continuously many
times. When some thrusters are turned on and off, the water hammer will affect the
performance of other thrusters, thus affecting the orbit control of a space vehicle.

To compare the response characteristics of the space propulsion system in different
work modes, two power-on and -off modes are selected in this section. Mode 1: the
working program of thruster 0 is 1.5 s + 1 x 0.5 s/2.0 s; the working program of
thrusters 1-161is 1.3 s + 1 x 1.0 s/1.7 s. Mode 2: the working program of thruster 0
is 1.3s 4+ 1 x 2.7 /0.0 s; the working program of thrusters 1-4is 1.3 s+ 1 x 0.5 s/
2.2 s; the working program of thrusters 9-12is 1.3 s 4+ 1 x 0.5 s/2.2 s; the working
program of thrusters 5-8 is 1.3 s + 1 x 1.0 s/1.7 s; the working program of thrusters
13-161is 1.3 s + 1 x 1.5 s/1.2 s. Mode 1 studies the effect of a large thruster (0) on
the response characteristics of other thrusters (1-16). Mode 2 studies medium Type I
thrusters (1-4), and the medium Type II thrusters (9—12) and small thrusters (5-8 and
13-16) were shut down at different times and affected the response characteristics
of other thrusters.

4.1.2.1 Mode 1 Effect on Water Hammer Characteristics of a Thruster

Figure 4.2 shows the following: (1) From the pressure curves of the main oxidizer
and fuel pipelines, the water hammer volume of the main pipeline induced by the
shutdown of the large thruster is larger than the water hammer volume of a main
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pipeline induced by the simultaneous shutdown of the other thrusters. However,
the water hammer fluctuation attenuates quickly. The water hammer volume of the
main oxidizer pipeline is larger than that of the main fuel pipeline; in particular, the
peak water hammer pressure of the main oxidizer pipeline induced when the large
thruster is shut down is 1.40 times the rated value. The peak water hammer pressure
of the main pipeline is 1.23 times the rated value; the peak water hammer pressure
of the main oxidizer pipeline, induced by the simultaneous shutdown of the other
thrusters, is 1.11 times the rated value, and the peak water hammer pressure of the
main fuel pipeline is 1.08 times the rated value. (2) The medium Type II thruster
shutdown induced the largest water hammer in branched pipelines, followed by the
large thruster, followed by the medium Type I thruster; the small thruster shutdown
induced the smallest water hammer. Among them, the peak water hammer pressure
of the oxidizer pipeline for the large thruster is 2.19 times the rated value, the peak
water hammer pressure of the fuel pipeline is 2.21 times the rated value, the peak
water hammer pressure of the Type I oxidizer pipeline for the medium thruster is
2.1 times the rated value, and the peak water hammer pressure of the fuel pipeline
is 2.21 times the rated value. The peak water hammer pressure of the burning agent
pipeline is 1.77 times the rated value, the peak water hammer pressure of the Type II
oxidizer pipeline of the medium thruster is 2.80 times the rated value, the peak water
hammer pressure of the fuel pipeline is 2.22 times the rated value of the oxidizer
pipeline of the small thruster, the peak water hammer pressure is 1.80 times the rated
value, and the peak water hammer pressure of the fuel pipeline is 1.48 times the
rated value. (3) The large thruster is shut down first, and the pressure curve of the
combustion chamber of the other thrusters and the pressure curves of the oxidizer
and fuel pipelines are affected. Fluctuations appear in all thrusters, with a —6.66%
variation in the combustion chamber pressure of the medium Type I thruster, —5.19%
variation in the combustion chamber pressure of medium Type Il thruster, and —5.21%
variation in the combustion chamber of the small thruster.

4.1.2.2 Mode 2 Effect on Water Hammer Characteristics of a Thruster

Figure 4.3 shows the following: (1) The water hammer value induced by the shutdown
at different times of the medium Type I thruster, medium Type II thruster and small
thruster is much less than the water hammer value induced when they are shut down
at the same time. (2) The shutdown of a certain thruster will cause the pressure of the
combustion chamber of the other thrusters and the pressure of the oxidizer and fuel
to fluctuate, with the shutdown-induced fluctuation of the medium Type II thruster
being the largest, followed by that of the medium Type I thruster, and lastly that of
the small thruster. (3) The water hammer pressure induced by the shutdown of the
thruster itself is larger than the water hammer pressure induced by the shutdown of
other thrusters.
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(c) Pressure curve of the combustion chamber of the large thruster

Fig. 4.2 Effect of mode 1 on the water hammer characteristics of a thruster
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Fig. 4.2 (continued)
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Fig. 4.2 (continued)
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4.2 Flow Matching Analysis

4.2.1 Mode 1 Effect on Thruster Flow Characteristics

The following can be determined from Fig. 4.4: (1) From the flow curves of the main
of the oxidizer and fuel pipelines, when the large thruster is shut down, the flow rate
in the main pipeline decreases and fluctuates and then quickly reaches the steady-
state value, which can satisfy the requirements of the other 16 thrusters. When the
other 16 thrusters are shut down at the same time, it causes violent fluctuations in
the flow rate in the main pipeline, and it takes a long time for the fluctuation to stabi-
lize; the fluctuation amplitude of the flow rate in the main pipeline of the oxidizer
is larger than that in the main pipeline of the fuel, and the fluctuation attenuation is
slower. (2) As shown in Fig. 4.4c-h, when the large thruster shuts down, it causes
fluctuations in the flow curves of the other thrusters. Among them, the absolute flow
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(a) Pressure curves of the main oxidizer and fuel pipelines
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(b) Pressure curves of the oxidizer and fuel pipelines for the large thruster

Fig. 4.3 Effect of mode 2 on the water hammer characteristics of a thruster
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(g) Pressure curve of the oxidizer pipeline of the medium Type II thruster
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(h) Pressure curve of the fuel pipeline of the medium Type II thruster

Fig. 4.3 (continued)
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(k) Pressure curve of the fuel pipeline for the small thruster

Fig. 4.3 (continued)
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Fig. 4.3 (continued)

rate fluctuation generated by the medium Type I thruster is the largest, followed by
that of the medium Type II thruster, and the absolute flow rate fluctuation gener-
ated by the small thruster is the smallest. The maximum amplitude of the oxidizer
flow fluctuation generated by medium Type I thruster accounted for approximately
36.68% of the rated value, and the fluctuation duration was approximately 0.13 s.
The maximum amplitude of the fuel flow fluctuation accounted for approximately
37.28% of the rated value, and the fluctuation lasted for approximately 0.13 s. The
time is approximately 0.10 s; the maximum amplitude of the oxidizer flow fluctua-
tion generated by medium Type II thruster accounts for approximately 20.68% of the
rated flow value; the fluctuation duration is approximately 0.15 s; and the maximum
amplitude of the fuel flow fluctuation accounts for approximately 20.68% of the rated
flow value. 20.99% of the rated value, and the fluctuation duration is approximately
0.12 s. The maximum amplitude of the oxidizer flow fluctuation generated by the
small thruster accounts for approximately 33.87% of the rated flow rate, the fluctu-
ation duration is approximately 0.15 s, and the maximum amplitude of the burner

flow fluctuation is approximately 0.15 s. It accounts for 30.33% of the rated flow
rate, and the fluctuation duration is approximately 0.12 s.
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(b) Flow curves of the oxidizer and fuel pipelines for the large thruster
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(c) Flow curve of the oxidizer pipeline of the medium Type I thruster

Fig. 4.4 Effect of mode 1 on thruster flow rate
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(d) Flow curve of the fuel pipeline of the medium Type I thruster
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(e) Flow curve of the oxidizer pipeline of the medium Type II thruster
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(f) Flow curve of the fuel pipeline of the medium Type II thruster

Fig. 4.4 (continued)
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(g) Flow curve of the oxidizer pipeline for the small thruster
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(h) Flow curve of the fuel pipeline for the small thruster

Fig. 4.4 (continued)

4.2.2 Mode 2 Effect on Thruster Flow Characteristics

It can be seen from Fig. 4.5 that (1) as shown in Fig. 4.5a, when the medium Type I
thruster, the medium Type II thruster and the small thruster are shut down at different
times, the flow curve in the main pipeline will decline in a stepwise manner, resulting
in fluctuation; the shutdown of the medium Type II thruster causes the largest fluc-
tuation in the main pipeline flow rate, followed by the medium Type I thruster type,
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and the shutdown of the small thruster causes the smallest fluctuation; the medium
Type II thruster and small thruster cause the longest flow fluctuation in the main
pipeline caused by the shutdown, while the duration of the flow fluctuation in the
main pipeline caused by the shutdown of the medium Type I thruster is the shortest.
(2) A comparison of Figs. 4.4a and 4.5a shows that the flow fluctuation amplitude
in the main pipeline induced by the simultaneous shutdown of multiple thrusters is
much larger than the flow fluctuation amplitude in the main pipeline induced by their
respective shutdowns at different times. The fluctuation lasts for a long time. (3) A
comparison of Figs. 4.4g and 4.5g shows that the shutdown of one large thruster has
the same effect on the flow rate of the small thruster as the shutdown of four medium
thrusters.

4.2.3 Effect of Mode 3 on the Flow Characteristics
of a Thruster

Mode 3 is expressed as follows: the working program of thruster O (large thruster) is
1.5 s+ 1 x 0.5 /2.0 s; the working program of thruster 1 (medium thruster) is 2.5 s
+ 1 x 0.5 s/1.0 s; the working program of thruster 5 (small thruster) is 1.0s + 1 x
2.5 8/0.5 s; and the working programs of thrusters 2—4 and 6-16 are 0.0 s 4+ 0.0 s/
oos. As shown in Fig. 4.6, the maximum amplitude of the fluctuation in the oxidizer
flow of the small thruster induced by the shutdown of the large thruster accounts
for approximately 40.33% of its rated value, while the oxidizer flow fluctuation
of the small thruster induced by the shutdown of the medium Type I thruster has
the maximum value. The amplitude accounts for approximately 22.73% of its rated
value. Therefore, when a thruster with a lower thrust (low disturbance) shuts down,
it has a lesser impact on the flow rate of other thrusters than that of a thruster with a
higher thrust.

4.3 Pulse Program Analysis

Dual-element small-thrust space propulsion systems have been widely used in launch
vehicles and spacecraft to provide control force, control moment and small thrust for
attitude control, orbit correction and transfer in specific space work environments.
Its pulse operational performance directly affects the orbit control of a spacecraft. In
this section, the operation characteristics of large, medium (Type I), medium (Type
II) and small thrusters under different pulse programs are investigated.
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(b) Flow curves of the oxidizer and fuel pipelines for the large thruster

[ Tnmstorno. 1 —— ThustorNo 2 —— Thrustor No.3 —— Thrustor No. 4]

01

010

0.08-

0.06

qo fkgfs

004
002

0007_‘

-0.02-

(c) Flow curve of the oxidizer pipeline of the medium Type I thruster

Fig. 4.5 Effect of mode 2 on thruster flow rate
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(d) Flow curve of the fuel pipeline of the medium Type I thruster
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(e) Flow curve of the oxidizer pipeline of the medium Type II thruster
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Fig. 4.5 (continued)
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(g) Flow curve of the oxidizer pipeline for the small thruster
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Fig. 4.5 (continued)

Figures 4.7, 4.8, 4.9 and 4.10 show the 15 different pulse programs (including
400 ms/400 ms, 300 ms/300 ms, 200 ms/200 ms, 100 ms/100 ms, 80 ms/100 ms,
60 ms/100 ms, 40 ms/100 ms, 20 ms/100 ms, 80 ms/80 ms, 70 ms/70 ms, 60 ms/
60 ms, 50 ms/50 ms, 40 ms/40 ms, 30 ms/30 ms, and 20 ms/20 ms).
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Fig. 4.6 Effect of mode 3 on the flow rates of the oxidizer and fuel in the small thruster

The following can be observed from Figs. 4.7, 4.8, 4.9 and 4.10: (1) Due to the fast
response characteristics of the large thruster itself, its pulse program can be designed
within a wide range, for example, extending from 400 ms/400 ms to 300 ms/300 ms.
(2) For the medium Type I thruster, when its pulse working time is greater than
40 ms and pulse interval time is greater than 100 ms, it can work normally. With
the pulse programs of 40 ms/40 ms, 30 ms/30 ms and 20 ms/20 ms, the pressure of
the combustion chamber of the medium Type I thruster decreases to only more than
56% of the maximum value; thus, it is in a high oscillation state. (3) For the medium
Type II thruster, when the pulse time is greater than 60 ms and the pulse interval
is greater than 100 ms, it can work normally. When the pulse program is 40 ms/
40 ms, 30 ms/30 ms and 20 ms/20 ms, the pressure of the combustion chamber of
medium Type II thruster decreases to only more than 47% of the maximum value,
so it is also in a high oscillation state. (4) For the small thruster, when the pulse
time is greater than 80 ms and the pulse interval is greater than 100 ms, it can work
normally. When the pulse program is 40 ms/40 ms, 30 ms/30 ms and 20 ms/20 ms,
the combustion chamber pressure of the small thruster decrease to only more than
52% of the maximum value, indicating that it is also in a high oscillation state.
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Fig. 4.7 Pressure curves of the combustion chamber of the large thruster
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Fig. 4.9 Pressure curves of the combustion chamber of the medium Type II thruster



4.3 Pulse Program Analysis 121

—— 200ms/200ms

08

07+

06

05+

0.4

pe MPa

03

024

014

00 T T T T T

—— 100ms/100ms

074

06

05+

0.4

pe MPa

03

0.2

0.1

Fig. 4.9 (continued)



122 4 Analysis of the Response Characteristics of Coupled Multiple Thrusters ...

—— 80ms/100ms

pe /MPa
=
v

—— 60ms/100ms

07

06+

054

0.4+

peMPa

034

02+

014

00 T T T T T T T

Fig. 4.9 (continued)



4.3 Pulse Program Analysis 123

—— 40ms/100ms

06

05+

04|

03

peiMPa

024

014

tis

—— 20ms/100ms

05

045

0.40

035

0304

0254

peMPa

0204

015

0104

005

tis

Fig. 4.9 (continued)



124 4 Analysis of the Response Characteristics of Coupled Multiple Thrusters ...

—— 80ms/80ms

07

06

054

0.4

pe MPa

0.3+

0.2

0.4+

0. T T T T T T T

tis

()

07

06+

05

0.4+

pe MPa

03

0.2+

01|

00 T T T T T T T

Fig. 4.9 (continued)



4.3 Pulse Program Analysis 125

—— 60ms/50ms

07

pe /MPa

—— 50ms/50ms

07

06

054

0.4+

pe MPa

03

0.2

0.4

00 T T T T

Fig. 4.9 (continued)



126 4 Analysis of the Response Characteristics of Coupled Multiple Thrusters ...

—— 40ms/40ms

06

peMPa

tis

(m)

06

po/MPa

tis
(n)
—— 20ms/20ms

056

po/MPa

Fig. 4.9 (continued)



4.3 Pulse Program Analysis 127

—— 400ms/400ms
09
08+
07+
06+
05+
I
=
= 044
034
024
014
o T T T T T T T T T
1 2 3 4 5 6 . 9
tis
(2)
—— 300ms/300ms
09
08
07+
05+
05+
I
2
= 04
03
02
0.1
o T T T T T T
1 2 3 4 5 5 7
tis

Fig. 4.10 Pressure curves of the combustion chamber of the small thruster



128 4 Analysis of the Response Characteristics of Coupled Multiple Thrusters ...

—— 200ms/200ms

09

0.8+

074

06+

05+

pe/MPa

0.4

03

0.2

0.1

00 T T T T T

—— 100ms/100ms

09

08+

074

06+

05+

pe MPa

0.4

034

02

014

00 T T T T T T T T

Fig. 4.10 (continued)



4.3 Pulse Program Analysis 129

—— 80ms/100ms.

pe MPa

—— 60ms/100ms

08

0.7+

06

05+

0.4

pe MPa

034

0.2+

014

00 T T i T T T T

Fig. 4.10 (continued)



130 4 Analysis of the Response Characteristics of Coupled Multiple Thrusters ...

—— 40ms/100ms

06

05+

0.4+

034

pe MPa

0.2

0.1

00 T T T T T T

tis

—— 20ms/100ms

04

035

0304

025

020

pe MMPa

015

0104

0.05

tis

()

Fig. 4.10 (continued)



4.3 Pulse Program Analysis 131

—— 80ms/B0ms

08

074

056

054

0.4

pe /MPa

03

0.2

014

00 T T T T T T T

—— 70ms/70ms

08

07+

056

05+

0.4

pe MPa

03

02+

0.1

00 T T T T T T T

Fig. 4.10 (continued)



132 4 Analysis of the Response Characteristics of Coupled Multiple Thrusters ...

—— 60ms/50ms

pe MPa
°
IS
r

50ms/50ms:

P MPe

tis

O

Fig. 4.10 (continued)



4.3 Pulse Program Analysis

—— 40ms/40ms

074

peMPa

07

pe P

tis

()

pe MPa

Fig. 4.10 (continued)

133



134 4 Analysis of the Response Characteristics of Coupled Multiple Thrusters ...

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

Part 11

Modeling and Simulation Analysis

of the Operation of the Gel Propulsion
System



Chapter 5 ®)
Mathematical Model of the Operation e
of the Gel Propulsion System

5.1 Basic Assumptions

In establishing the mathematical model and performing computer simulation of the
operation of the gel propulsion system, it was assumed that the diaphragm valve and
the electric detonation valve are opened at the beginning and that the gel propellant
had already filled the main pipeline of the supply system (including the catheter, the
reducing catheter, the orifice catheter, filter, flow regulator, etc.). After the electric
gas valve or solenoid valve is energized and opened, the gel propellant starts to
fill the liquid collection chamber, capillary tube, nozzle, etc. After the propellant
is added, it enters the decomposition chamber to undergo atomization, evaporation,
catalysis, and decomposition to generate high-temperature and high-pressure gas.
Then, the gas is accelerated in the nozzle and is ejected at high speed from the nozzle
to generate thrust. To obtain the main characteristics, the following assumptions are
made regarding the working conditions of the propulsion system:

(1) The gel propellant is a time-independent non-Newtonian fluid that flows in the
pipe as a 1D flow. Some flow parameters (such as flow rate) are taken as the
average value of the radial distribution of the pipe.

(2) The heat transfer on the tube wall is not considered during the flow process of
the gel propellant.

(3) The combustion gas in the decomposition chamber satisfies the ideal gas
equation of state.

(4) The time from the injection of propellant into the decomposition chamber to
the conversion into gas is completed within one combustion time delay (divided
into sensitive time delay and invariant time delay), and it is assumed that the
sensitive time lag varies with the pressure of the decomposition chamber.

(5) The gas flow in the nozzle is adiabatic and has no dissipation, and the gas flow
parameters satisfy the adiabatic isentropic relationship pv” = const.
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5.2 Systemic Decomposition of the Gel Propulsion System

In the modeling and simulation of gel propulsion systems, after establishing a math-
ematical model and writing a computer program (modeling for short) for a specific
model, simulation analysis is performed. If the structural form of the system changes,
the equations must be rederived, the mathematical model of the system must be
reestablished, and the computer programs must be completely or partially repro-
grammed. However, for such a complex power system as the gel propulsion system,
the above methods require an enormous software workload, which often prevents the
use of mathematical models and computer simulation technologies from performing
in-depth analysis and study on the gel propulsion system. This influence is particu-
larly prominent in the design and development of the novel gel propulsion system.
This is also one of the reasons that in the past, the design and development of propul-
sion systems basically relied on test methods, which resulted in a long development
cycle and high development cost.

Reasonable modular decomposition of the research object is the first and critical
step in modular modeling. The form of module division determines the assembling
method of simulation modules. The result of module division should ensure that the
process of modular decomposition and module connection of the system is easy to
perform, and at the same time, the deletion and insertion of any module should not
inconvenience the combination process of other modules.

According to the module decomposition method, the gel propulsion system
(shown in Fig. 5.1) is divided into the following 15 component modules: (1) tank
module; (2) conduit module; and (3) diaphragm valve and electroexplosion valve
module; (4) multiport module; (5) orifice module; (6) filter module; (7) priming
valve module; (8) liquid collection cavity module; (9) capillary module; (10) nozzle
module; (11) decomposition chamber module; (12) nozzle module; (13) solenoid
valve (with control gas) module; (14) solenoid valve (without control gas) module;
and (15) virtual module (added due to simulation boundary connection).

5.3 Theoretical Formulas for Gel Propellants

(1) Constitutive relationship of the gel propellant

As a homogeneous non-Newtonian fluid, a gel propellant can be considered with a
yield power-law volume fluid model, that is,

T =1, +ky" (5.1)

where 7 is the shear stress, Pa; 7, is the yield stress, Pa; y = du(r)/dr is the shear

strain rate, s~'; u(r) is the fluid flow rate, m/s; r is the radial coordinate of the circular

tube, m; k is the consistency coefficient, Pa s”; and 7 is the mobility coefficient.
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Fig. 5.1 Layout diagram of the gel propulsion system

(2) Critical Reynolds number

Based on the 2D Navier—Stokes equation, Gowell [10] separated the turbulent term
and the stationary term in the critical Reynolds number of the power-law fluid inside
the tube and obtained a stability coefficient from the ratio of these two terms to obtain
a general calculation formula for the critical Reynolds number.
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6464n 24

ec

For example, for Newtonian fluids, the mobility coefficient is n = 1, and the critical
Reynolds number is Re, = 2100; for non-Newtonian fluids, when n = 0.38, the
critical Reynolds number is Re, = 3100.

(3) Volume flow rate and average velocity

To satisfy the relationship T = 1, + ky" when the yield power-law volume fluid
is steady laminar flow in the tube, Meng et al. [11] derived that the actual velocity
distribution on any cross section is as follows:

el -9 - G- Jrurzn

ntl

KR n_(Tw _ L\
rwn+1(k k) +us, r<T"p

u(r) = (5.3)

where r, = Rt, /1, is the radius of the plug flow zone in the tube, 7, is the shear
stress on the inner wall of the tube, and u; is the slip speed (Fig. 5.2). Thus, the
volume flow rate of the steady flow in the gel propellant tube is

R

qv = /2n'ru(r)dr = n[u(r)r2 — frzdu(r)]’f]e 5.4
0

Substituting Eq. (5.3) into Eq. (5.4) gives

n+l

noo/To\: 7\ "
=R’ =) r-=
v=n n—l—l(k)( ‘L’w>
wlio 2 (%) 2 AN + 7R, (5.5)
— - = — (1 - = TR u; (5.
M+ 1 ) Cnt DG+ ) .

Then, the average velocity of the propellant in the tube is

ntl

1
- qv no(Ty\n 7\ ”
"TIR n+1 ( k ) ( tw)
! 2n ! Ty " 2n? ! Ty 2 n (5.6)
X — - = —_— 1 - — Us .
2n+1 T, Qn+D@Bn+1) T, ’

(4) Generalized Reynolds number

It is assumed that the gel propellant is a time-independent non-Newtonian fluid and
that it undergoes steady laminar flow in the tube. The propellant has a slip flow
phenomenon when it flows in the tube, and the following assumptions are made:
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Fig. 5.2 Schematic diagram of the flow in the gel propellant tube
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@ There is a slip layer at the inner wall of the propellant, the thickness of the slip

layer is very thin, and the particle concentration in the layer is very low.

@ The propellant in the slip layer flows at the slip velocity;

® Because the thickness of the slip layer is very thin and the concentration is very
low, the fluid in the slip layer can be considered a “Newtonian fluid” with laminar
flow along the inner wall of the tube, and the shear stress at any place in this thin

layer is considered to be the same everywhere. Namely t = 7, = ..

For steady flow of viscous fluid in the tube, the resistance coefficient along the

way is

Ap

A=
30

&~

(5.7

where u is the average flow rate in the tube. In addition, the shear stress on the inner

wall of tube 7,, satisfies
nR2Ap = 1,27 RI
It is derived from Eqs. (5.7) and (5.8) that

[
P ZSLWZ'

7200 P
Making appropriate changes to Eq. (5.9) gives

(tw/pe)/@Bu/d) 64 64

A =064 — = = —
pud /e Re,,/M Re

(5.8)

(5.9)

(5.10)
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where Re,,, = pud /L., an intermediate variable M = (t,,/1t.)/(8u/d), the general-
ized Reynolds number Re = Re,, /M, and p, is the effective viscosity, which is the
quotient of the tube wall shear stress and the imaginary shear rate under the no-slip
condition [12], that is,

Ty
e — 5.11
e = Sit/d G-I
From the mass flow rate formula g = ¢; + ¢,
anzﬁ = ,onRzuS + anzﬁC

8u  8u 8u,
== ¢ 5.12
=t (5.12)

= Va = Vas t Vac

where y, is the superficial shear rate, y,; is the increment of the superficial shear rate
caused by slip, and y,. is the imaginary shear rate under no-slip conditions.
Because the slip layer is very thin, the fluid in the layer can be considered a

Newtonian fluid, and the internal shear stress is equal everywhere. If t = 7,, = 7,
then

Ty 7 .

M=y, (5.13)

Me Me
where 7, is the tube wall shear stress under no-slip conditions. Substituting Eqs.
(5.12) and (5.13) into the intermediate variable M,

v oo Olte) Ve Ve s (5.14)

s Gu/d) v Y i
Then, the generalized Reynolds number is

__Rey, pud

Re = = - (5.15)
M Me(l - us/u)

The average speed in Eq. (5.6) was u is substituted into Eq. (5.15), and after
simple mathematical derivation, the expression for the generalized Reynolds number
is derived as

pud[a (1 — a)]'""
Re =

= 5.16
king) 7 —us/ﬁ)f(a) 10

4n 4na 8n*a®
3n+1 @n+1)GBrn+1) Ww+1D2n+1)3n+1)

fla) =
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B 8nia’
n+1DR2n+1)@Bn+1)

where a = 1,/7,, T, is the fluid shear stress at the tube wall, 7,, is calculated by
Eq. (5.5) or Eq. (5.8), u, is the fluid slip velocity, and u is the average fluid velocity.
The above calculation formulas for the Reynolds number are suitable for Newtonian
body, Bingham body, power-law body and yield power-law body fluids.

(5) Resistance along the way
The resistive pressure drop along the way can be expressed as

A —,\“ T (5.17)
pP=rgaP ’

For Re < Re,, the fluid is in laminar flow, and the resistance coefficient along the
way is A For

A = 64/Re (5.18)

For Re > Re,, the fluid is in turbulent flow, and the along-path force coefficient is
A, which satisfies the Karman-Prandtl equation [13]:

1
== 21g(Re«/X> ~ 038 (5.19)
(6) Local resistance

The local resistance pressure drop can be expressed as
L
Ap=1¢ Epu (5.20)

where the local resistance coefficient ¢ can be calculated by measuring the fluid
pressure and velocity [14] or obtained from the look-up table based on the Newtonian
fluid.

5.4 Basic Equations of Liquid Piping

Since the flow characteristics of liquid pipelines include inertia, viscosity, and
compressibility, the use of the lumped parameter method to describe these physical
characteristics must satisfy the condition that the space length is very small compared
to the wavelength; for example, the pipe length L << A = a;/fmax, a; is the speed of
sound, and fpax = @max/27 is the maximum vibration frequency. Thus, when the
propellant sound velocity ¢; = 1300 m/s, to extract the pipeline fi,.x = 100 Hz (water
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hammer characteristics below 50 Hz), assuming “<«” is equivalent to 1/20, and then
the length of the pipeline segment cannot exceed 1300/(100 x 20) = 0.65 m.

(1) Inertia

Itis assumed that the liquid pipeline segment is filled with inviscid and incompressible
liquid. When calculating the unsteady motion, only the inertia of the liquid column
is considered. From the momentum equation, we can obtain

du du dg
Namely,
[ dg ,
——=p1—p,=A 5.22
Aq PP D1 (5.22)

where p;, p, are the inlet and outlet pressures of the pipeline segment, respectively,
m is the mass of the liquid column in the segment, A is the segment cross-sectional
area, [ is the segment length, u is the average flow rate of fluid in the section, ¢ is
the mass flow rate of liquid in the section, Ap; is the segment pressure drop, and p
is the density of the liquid.

(2) Stickiness

In a liquid pipeline, the viscosity of the propellant is expressed in two forms: the
along-the-way resistance and the local resistance, which is expressed as

l 1,
Apy = |\A-+g|5pu

d 2
l 1 &
= (1= e S
(d“)zppw
—(Eio) ! q (5.23)
a7, ‘
where
(il o)t (5.24)
"7 7)o ‘

Then, the viscous resistance can be expressed as

q2
Py —p2=Ap, = 5; (5.25)

where £ is the flow resistance coefficient.
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If the inertia and viscosity of the pipeline are considered at the same time,
according to the pressure superposition principle, we have:

pL—pr= (p1 —p/z) + (p/2 —pz) = Ap; + Aps (5.26)
[ dg 7
L —p, —p, — 5.27
aqg o Sp (5.27)

If the effect of the gravity field is added, Eq. (5.27) becomes

Ldg _ $q2+h (5.28)
A dr =p1—P2 P P8 .

where / is the height of the pipe segment, the downward flow is positive, and the
upward flow is negative;g is the acceleration of gravity, and its sea level value is
9.80665 m/s.

Inertial flow resistance R is defined as %, and considering the directionality of the
flow, Eq. (5.28) is written in standard form:

d 4l
Rd—q =p1—pr— 1L 4 ppg (5.29)
! o

(3) Compressibility

Ignoring liquid column inertia and wall friction losses, at this time, the dynamic
characteristics of the liquid pipeline segment mainly depend on the compressibility
of the liquid. The effect of compressibility is manifested in that when the pressure
changes, the mass of liquid in the segment also changes, which means that the
instantaneous flow rates at the inlet and outlet are different. According to the mass
balance equation for unsteady flow (Fig. 5.3),

dm
— =q - (5.30)

dr
where m is the mass of liquid in the segment and ¢q;, ¢, are the mass flow rates at the
entry and exit of the section, respectively.
The volume of the liquid mass is determined with the flow path segment V and
liquid density p.

Fig. 5.3 Compressibility of
the liquid column P

q; > > g,
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m= oV (531)
So,
d d
d_n: = Vd—l(t)’ V = const. (5.32)
In addition,
d K
@ _ & _ a12 (5.33)
do p

where K is the bulk modulus of elasticity of the liquid and ¢; is the speed of sound
in the liquid. From Egs. (5.30), (5.32) and (5.33) can be derived:

Vpdp
— 2 =g - 5.34
K dr q1 — q2 ( )
If x =22 = %, then Eq. (5.34) is expressed as
d
XL =g —q (5.35)
dr

5.5 Basic Equations of the Combustion Chamber
(Decomposition Chamber)

Figure 5.4 shows the operation of the combustor. When the liquid propellant enters
the combustion chamber, a part of the propellant is converted to gaseous combustion
products, and the other part is in the liquid phase and exits the combustion chamber
with the combustion gases. The time required for the oxidant and fuel to become
gas-phase reactants due to processes such as atomization, heating, evaporation, and
diffusion can be approximately expressed as

T, = ap_b (536)

v =cp ! (5.37)

where 7, and 7, are the sensitivity time lags of the oxidant and fuel conversion
processes, respectively; a, b, ¢, and d are the empirical coefficients; and p is the
combustion chamber pressure.

The mass changes of the liquid oxidant and liquid fuel accumulated in the
combustion chamber are expressed as
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Fig. 5.4 Schematic diagram

. qio1
of the combustion chamber o2
(decomposition chamber) 2 kg T;p &
/ m, Vg QIZ
qin
0 /
dm1 my,
L= qiol — — — qin (5.38)
det 7,
dm,f m,f
— - =an - — 5.39
a dn 7 qif2 (5.39)

where m;, and mys are the liquid oxidant and liquid fuel accumulated in the combus-
tion chamber, respectively, g;,1 and gjr| are the mass flow rates of the liquid oxidant
and liquid fuel flowing into the combustor, respectively, and g,» and g, are the
mass flow rates of the liquid oxidant and liquid fuel flowing out of the combustor,
respectively.

Suppose the instantaneous values of the masses of gaseous oxidant and fuel in the
combustion chamber are m,,, m,r; then, the average instantaneous value k, of the
gas component ratio in the combustion chamber is

m
80
kg =

(5.40)
Myf

For the mass of each gaseous component in the combustion chamber, the mass balance
equation can be written independently as

dmyg,

dr = {qgol — Ygo2 (5.41)
dmgf
a qef1 — qer2 (5.42)

of which go1 = geo1 + gor1 and g2 = Geo2 + ggr2. The oxidant flow rate in the

combustion chamber inlet gas is gg1 (f) = mel=%) ‘the fuel flow rate in the combus-

To(—7;)
% , and 7, is the invariant time delay between

the oxidant and fuel to form gas-phase products due to the decomposition reaction.
The oxidant flow rate g, and fuel flow rate g4, are determined with the component
ratio k, and total flow rate g,».

tion chamber inlet gasis g (f) =

1

—_— 5.43
kg I 1Qg2 ( )

qgo2 = qg2 5, g2 =

K
ke + 1

It is derived from Eqs. (5.40)—(5.43) that
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dk, 1 dmg  mg, dmygr

dt my dt mﬁf' dr

1 Mg k Mgo
- . Qg()l - i . ngl - & - B g Qg2
My L mgf(kg + 1) mgf(kg + 1)

Mgy
1 g Mg, g ﬁ Mg, q
= —— "Ygol — —5 "Yg1 — - g2
Mgy iy mgp (kg + 1) m2 (ke +1)
1 My,
= — qgol — —5 " qgf1 (5.44)
mgf mgf

With mg = myg, + mgr and kg = mg, /Mgy,

mgk, Mg

)= . mg = 5.45
T S+ M Tk ©45)

Substituting Eq. (5.45) into Eq. (5.44) gives

dkg_kg—i—l
dr my

(qgo1 — keer1) (5.46)

where the gas mass is m; = pV,/(RT), R is the gas constant, V, = V — my,/p, —
my / pr is the volume of gas, p, and p; are the densities of the liquid oxidant and
liquid fuel, respectively, and V is the volume of the combustion chamber.

If the thermal conductivity and the diffusion coefficient are considered to be
infinite (i.e., the instantaneous and complete mixing model of the gas pipeline), then
the instantaneous gas temperature of the entire combustion chamber 7 (x, #) (except
for the gas that just entered the entrance at this instant) is equal to the temperature at
the exit of the combustion chamber.

TO,t)=T(), x=0

I, n="T), 0<x=lI (5.47)

T(x,t) = {

Ignoring the change in the kinetic energy of the gas in the combustor and assuming
that the flow is adiabatic, the energy conservation equation of the combustor is
expressed as

d(mgc, T,
% = cpTigge = cTade (5.48)
where ¢, = % is the specific heat capacity at constant volume, ¢, = VTRI is the

specific heat capacity at constant pressure, R is the gas constant of the combustion
gas, y is the specific heat ratio, RT, represents the working ability of gas, and 7, is
the combustion efficiency. Equation (5.48) expands to
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d(RT») dmy V1 V2
+RT,—= =(y — )| ——R|T . — R,T. 5.49
me— 2 (y—1D — 1T1gq1m — 2T2qe2 | (5.49)
From mass conservation, we have
dm,
? ={qg1 —(qg2 (5.50)
Therefore,
d(RT?) V1 1)
=@ —-D| —RT . — R,T. — RT. —
my— (r—=D o= 1 igsine = o Rl 2(q51 — 952)

(5.51)

From the gas equation of state, the above expression can be rewritten as m, =
pV,/(RT»), and taking the derivative on both sides, it becomes

Ve dp pV d(RT>)  dm,

=— = — 5.52
RT, dr ~ (RT)? dr ar  der T e (552)
Substituting Eq. (5.51) into Eq. (5.52) gives
v _ o (R Tigan. — — P RoThg (5.53)
gdl yl_lllglc y2_122g2 .

5.6 Basic Equations of the Solenoid Valve (with Control
Gas)

(1) Composition and working principle of the solenoid valve (with control gas)

The structure of a solenoid valve (with control gas) is shown in Fig. 5.5. It is
composed of an electric gas valve and a pneumatic liquid valve. The electric gas
valve is connected with a high-pressure gas source, and the propellant inlet of the
pneumatic liquid valve is connected with the propellant supply pipeline, and the
outlet is connected to the propellant filling pipeline. After the electric gas valve coil
is energized, the coil current increases exponentially. When the trigger current is
reached, the armature starts to move, and the electric gas valve gradually opens.
There is a considerable pressure difference between the high-pressure gas source
and the gas in its control cavity. When its own pressure rises, the control chamber
of the electropneumatic valve inflates the control chamber of the pneumatic fluid
valve. When the gas pressure in the control chamber of the pneumatic fluid valve
rises to a certain value, the piston of the pneumatic fluid valve starts to move until
it is fully opened. When a shutdown command is issued, the coil of the electric
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gas valve is powered off, and the magnetic flux gradually attenuates to the point of
release. The suction force is no longer enough to hold the armature. The spring force
overcomes the compressive force and the electromagnetic force to push the armature
assembly to move, and the armature starts to be released. At the same time, the gas
in the control chamber of the electropneumatic valve flows out through the exhaust
port, the pressure of the control chamber is released, and the pressure of the control
chamber of the pneumatic hydraulic valve is relieved accordingly. The piston of the
pneumatic hydraulic valve is gradually released under the action of the spring force

(2) Basic equations of the electric gas valve

The dynamic process of the electric gas valve follows the voltage equilibrium equa-
tion in the circuit, the Maxwell equations of the magnetic field, the d’ Alembert equa-
tions of the movement, and the heat equilibrium equation of the thermal path. These
equations are related to each other and constitute a mathematical model describing
the dynamic process of the entire electromagnetic mechanism. Due to the very short
duration of the dynamic process of the electric gas valve and the thermal inertia of
the electromagnetic system, the temperature change is very slight, and the resulting
change in resistance is very small and can be ignored. Therefore, the heat equilibrium
equation is not included in the mathematical model.

@ Circuit equation

. v . dNd,) . dd,
U=iR+— =iR +——= =iRi+N
dr dr dr

(5.54)

Fig. 5.5 Schematic diagram 5
of the solenoid valve (with /
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where U is the coil field voltage, i is the current, R; is the coil resistance, ¥ is the
total flux linkage of the electromagnetic system, N is the number of coil turns, ¢ is
time, and ®, is the magnetic flux in the magnetic circuit.

@ Magnetic circuit equation
According to Kirchhoff’s magnetic pressure law, the mathematical model of magnetic
circuit calculation can be derived, that is,

iN = ®5(Rs + Ry + R.) (5.53)

where ®; is the magnetic flux in the air gap, R; is the working air-gap reluctance, Ry
is the nonworking air-gap reluctance, and R, is the corresponding magnetic circuit
reluctance. Ignoring the armature and nonworking air-gap reluctance, Eq. (5.55)
becomes

iN = ®sRs + H.L, (5.56)

where H, is the magnetic field strength and L. is the magnetic path length. The
air-gap reluctance is

Rs = 8/(oA) = (hmax — x1)/(1oA) (5.57)

where § is the air gap length, w is the vacuum permeability, A is the magnetic pole
area at the air gap, hmax 1S the maximum air gap, and x; is the armature displacement.

B, = ®./A (5.58)

where B, is the magnetic induction intensity in the magnetic circuit. For the magneti-
zation curve data of the material, 1D linear interpolation is used to perform piecewise
data interpolation to complete the transformation between the magnetic induction
intensity B, and magnetic field strength H.,.

If the flux leakage is considered, the flux leakage coefficient o expressed as

o=,/ Ps (5.59)

For a DC solenoid, the flux leakage coefficient is o

1) 0.135 L 2(r, —
o=1+210674 +r1+r2 Ly (r2 Fl)_l
ry r Tr 8(7’2—1‘1) JTLk
n—n
+1.4651g 5 } (5.60)

where Ly is the coil assembly height and r, r, are the structural dimension parameters
of the electromagnetic mechanism [15], respectively.
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According to Maxwell’s electromagnetic attraction formula, the electromagnetic
attraction force of the solenoid valve F, is

F = ®3/2uoA) (5.61)

® Motion equation

du
m,ld—tl =Fx+Fp — Fp1 — Fo (5.62)

where m; is the total mass of the moving parts of the electric gas valve, u; is the
piston speed of the electropneumatic valve, F,; is the compressive force acting on the
piston of the electropneumatic valve, Fy; is the friction force acting on the moving
part of the electropneumatic valve, and F,, is the spring force acting on the piston
of the electropneumatic valve.

dx;

- = 5.63
dr uj ( )

where x; is the displacement of the electropneumatic valve piston.

Fp1 = (p1 — po)An (5.64)

where p; is the gas pressure in the control chamber of the electric gas valve, py is
the ambient pressure, and A,,; is the cross-sectional area of the piston rod of the
electropneumatic valve.

Fep = Feo1 + Cixy (5.65)

where F o, is the electropneumatic valve spring preload and C is the spring stiffness
of the electropneumatic valve.

Fr1 = fiu (5.66)

where f is the friction coefficient of the electric gas valve.
@ Basic equations for the gas in the control chamber

The gas in the control cavity is regarded as an ideal gas, and the change in kinetic
energy of the gas is ignored. The energy equation of the gas in the control cavity is
expressed as

d(mc,Ty)

dr = CIlinCpiTi - q2incpjTj - qoutcpeTe - plAnlul (567)
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where m; is the gas mass in the electric gas valve control chamber, 7 is the gas
temperature in the electric gas valve control chamber, ¢g;;, is the electric gas valve
controlling the flow rate of gas flowing from the cavity, ¢;, is the pneumatic fluid
valve controlling the incoming gas flow rate from the cavity, g,,, is the outflow gas
flow rate from the electric gas valve controlled cavity, ¢, is the specific heat capacity
at constant volume, ¢, is specific heat capacity at constant pressure, and the subscripts
i, ], e represent the inlet of the control cavity of the electropneumatic valve, the inlet
of the control cavity of the pneumatic-fluid valve, and the drain outlet of the control
cavity of the electropneumatic valve, respectively. ¢, = %R and ¢, = ﬁR are
regarded as constants. y is the isentropic exponent, and R 1s the gas constant, so Eq.
(5.67) becomes

dT] Y — 1
mj g = qlinVTi - qunyT}' - QOutyTe -1 (qlin — Q2in — qout) - plAnlul
(5.68)
According to the ideal gas equation of state,
P1 V1 = mlRTl (569)

where V| is the volume of the electric gas valve control cavity. Taking the derivative
on both sides of the above equation yields

Vl— +p1— =m1R—t +RT1— (570)

Substituting Eq. (5.68) into Eq. (5.70) gives

dpi
Vi~ = @QuinyRT: = @ainY RTj = Gowy RTe = yp1Amin (5.71)
SR (5.72)
Wi 4 .
dr 141

Equations (5.68), (5.71) and (5.72) are the mathematical models of the gas in the
Gin =0, T; =Ty {6]2;‘;120, T, =T

control cavity of the electric gas valve. { ) )
G1in <0, Ti=T1 |qun <0, T; =T

>0, T,=T . . .
and { Qour =, e ! . Ty is the high-pressure gas source temperature, Ty is the

Gour < 0, Te = TO
ambient temperature, and 7 is the gas temperature in the control chamber of the
pneumatic liquid valve.

(3) Basic equations of the pneumatic hydraulic valve

The pneumatic hydraulic valve is composed of a control chamber and air hole, a
spring, a piston, two propellant inlets and outlets, and a valve body. The propellant
outlet of this valve is close to the inlet of the injector, and the outlet of the injector
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is close to the inlet of the decomposition chamber. After high-pressure gas enters
the control chamber, when the air pressure increases to a certain value, it will simul-
taneously push the piston of the actuation chamber to move against the hydraulic
pressure, friction force and spring force, thus causing the propellant to flow into the
injector cavity. When the electropneumatic valve is closed, the gas in the control
chamber of the pneumatic-hydraulic valve is discharged from the electropneumatic
valve and the air vent under the action of the spring force and hydraulic pressure.
During the movement of the piston, it is accompanied by changes in the gas flow
rate, pressure, volume, density, temperature, displacement and speed of the piston
and changes in spring expansion and contraction. Therefore, the dynamic process of
the pneumatic hydraulic valve should follow the law of mass conservation, the law
of energy conservation and Newton’s second law.

To establish a mathematical model of the dynamic process of the air-operated
hydraulic valve, the following assumptions are made: because the dynamic process
of this valve is very short, the heat transfer process inside the valve is not considered;
the compressibility of the propellant is not considered; and the gas in the control
chamber is considered an ideal gas.

@ Motion equation

mzz% =Fp—Fn—Feo (5.73)
dr
where m;; is the total mass of the moving parts of the pneumatic fluid valve, u, is the
piston speed of the air-driven hydraulic valve, F; is the pressure acting on the piston
of the air-driven hydraulic valve, Fy, is the friction force acting on the moving parts
of the pneumatic hydraulic valve, and F,; is the spring force acting on the piston of
the air-driven hydraulic valve.

dx;
— = 5.74
dr 125} ( )
where x; is the piston displacement of the air-driven hydraulic valve.

Fp2 = (p2 — Po)An2 + (P10 — Po)Ais + (piy — po)Ay (5.75)

where p, is the gas pressure in the control chamber of the pneumatic fluid valve,
A, 1s the cross-sectional area of the piston rod of the air-driven hydraulic valve, py,
is the oxidant inlet pressure of the pneumatic liquid valve, A, is the cross-sectional
area of the piston rod corresponding to the oxidant of the pneumatic fluid valve, p;e
is the fuel inlet pressure of the pneumatic fluid valve, and A is the cross-sectional
area of the piston rod of the pneumatic fluid valve corresponding to the fuel.

Fo =Fpp + Coxp (5.76)
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where Fq; is the spring preload of the pneumatic fluid valve and C; is the spring
stiffness of the pneumatic fluid valve.

Fry = fouy (5.77)

where f5 is the friction coefficient of the pneumatic hydraulic valve.

@ Basic equations that control the gas in the cavity

dT2 )/—1

I’I’lz? = q2iny7} — Taq2in —

D2A Uy (5.78)

where m; is the gas mass in the control chamber of the pneumatic liquid valve.

dp>

Vza = QinyRT; — yprAnpuz (5.79)

where V) is the volume of the control cavity of the pneumatic fluid valve.

dv,

O = Apu (5.80)

Qin >0, T, =T

Gin <0, T,=T,"
Regarding the gas mass flow rates qy;,, ¢2i» and g, for the solution, four cases,

supercritical, subcritical, forward and reverse gas flow, were considered. The specific

mathematical model is as follows:

for which {

When pi < pn, qiin = \/

When py > py, qiin = \/

When p, < p1, qin = \/
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. P2Asin 2 VT (2 )7
Hain” T, V<y+1> pr = vl
Y

When p; > p1, qain = 2 L v
P2A2in 2y P\’ Py’ pi 2 !
s 2R [ 2y | (P (P poo (2
Main 7R\ 71 |:( 2) (Pz) i|’ P2 (V-H)

P1Aour y=1 Po 2 y=1
M()uf /RTil V(V 1) i S ()/Jrl)
Y

When Po = P15 Gour = 2 y+l v
P1Aou | 2y po\" _ (po)7? P (2 =
Hour” Jr | v=1 i i > pi y+1

_ PoAou 2 Vv o (2 )]

M()ut /RT() V(},+1) *po — (V+1)

When Po = P15 Your = 2 y+l
Py _ (pL) 7 oo (2
Po Po > po y+1

— o, PoAow [ 2y
M()ll[ m y71
where (11;, is the flow coefficient of the electric gas valve control cavity, w;, is the
flow coefficient of the air-driven hydraulic valve control chamber, 1., is the outflow
flow coefficient of the electric gas valve control cavity, Ay;, is the area of the inflation
hole in the control cavity of the electric gas valve, Ay;, is the area of the air filling
hole in the control chamber of the pneumatic fluid valve, and A, is the area of the
exhaust valve in the electric gas valve control cavity.

Solving the dynamic differential equations of the electric gas valve gives x; and
up; in fact, the external factors that affect the gas inflow rate and the volume of the
control chamber of the pneumatic liquid valve are obtained. Only on this basis can the
dynamic model of the air-actuated hydraulic valve be solved. However, the pressure
in front of the piston of the electropneumatic valve is related to the movement of the
pneumatic liquid valve, so the dynamic differential equations of the electropneumatic
valve and the pneumatic hydraulic valve need to be solved simultaneously.

|V

—1

~

5.7 Basic Equations for the Solenoid Valve (Without
Control Gas)

(1) Composition and working principle of the solenoid valve (without control gas)

The structure of the solenoid valve (without control gas) is shown in Fig. 5.6. The
inlet of the solenoid valve is connected to the propellant supply pipeline, and the
outlet is connected to the propellant filling pipeline. After the solenoid valve coil
is energized, the coil current increases exponentially. When the trigger current is
reached, the armature starts to move, and the solenoid valve is gradually opened until
it is fully opened. When the shutdown command is issued, the solenoid valve coil is
powered off, and the magnetic flux gradually attenuates to the point of release. The
suction force is no longer enough to hold the armature. The spring force overcomes
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Fig. 5.6 Schematic diagram Spring
of the solenoid valve ~Electromagnetic
(without control gas) conductor
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the compressive force and the electromagnetic force to push the armature assembly
to move, and the armature starts to be released. The electric gas valve is closed to
complete the closing process of the electromagnetic valve.

(2) Basic equations of the solenoid valve

@ Circuit equation

U=IiR, +— (5.81)
dr

where U is the coil excitation voltage, i is the coil current, R; is the coil resistance,
W is the total flux linkage of the electromagnetic system, and ¢ is time.

@ Magnetic circuit equation
iN = ®&5(Rs) + H.L, (5.82)
where N is the number of coil turns, ®; is the working air-stop magnetic flux, R;

is the working air stop reluctance, H. is the magnetic field strength, and L. is the
effective length of the magnetic circuit.

® Motion equation

m— = Fy+F, — Fy — F, (5.83)

= —u (5.84)
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where m; is the mass of the pole face center of the iron core, converted to the
moving component of the electromagnetic system, u is the piston rod speed, F, is
the electromagnetic force, F), is the compressive force, F is the friction force, F, is
the spring force, and x is the piston rod displacement. The calculation formulas for
the electromagnetic force, compressive force, friction force and spring force are

Fy = ®5/2uoA) (5.85)
F, = (@ —po)A, (5.86)
F.=F,+ Cx (5.87)
Fy = fu (5.88)

5.8 Mathematical Model of the Assembled Module

(1) Tank-pipeline module

The flow equation for the first section of the pipeline connecting the tank is (Fig. 5.7)

dq1 q1lqi
Ri— =pr—p1—4&
dr P

+ hipg (5.89)

Fig. 5.7 Schematic diagram
of tank-pipeline connection
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Fig. 5.8 Schematic diagram of liquid pipeline segmentation

where R; = ﬁ = %, h = %, N is the number of connected pipeline segments,

A is the cross-sectional area of the connecting duct, and pr is the tank pressure.
The height from the liquid level of the tank to the top of the tank satisfies

_/;171 CIIdt

x() =x(t—1)+ wpldx(t — 1) — x(t — 1)?]

(5.90)

where x(¢) ¢ is the height from the liquid level of the storage tank to the top of the
storage tank at all times.

(2) Liquid pipeline module

If a pipeline is divided into N segments, the 2N independent variables are N pressure
p; and N traffic g;, and the corresponding differential equations are expressed as
(Fig. 5.8)

dg; ilgi .
R g T e =0 N (5.91)
dr P
dp;
xid—’zzqi—q,-ﬂ, i=1,.,N—1 (5.92)

where R; = N[—A = %, h; = % and x; = x—l‘;. The differential equations for gy, py are

related to the boundary conditions of this pipe and must be solved jointly with other
components.

(3) Tee module

The differential equations describing the tee block include (Fig. 5.9)

d
XN% =qn —q (5.93)
dq1/+q// ql/_‘r_q// q1/+q//
Ry (dit‘) PN T 1] Tl PP
dg./ /g1’
i LR [ Ty, (5.95)

dt



160 5 Mathematical Model of the Operation of the Gel Propulsion System
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Fig. 5.9 Diagram of the connection of three-way modules

R//dq,l, _ 1 //ql |q |

ldt_p P1— 5

+ K pg (5.96)

_Vp _ 1 _ _ _ A
where xy = 72, Ry41 = 305, vt = 54, Ri/ = 50 b/ = 45 R = 55—, and
h// _ h”

N7

(a7 +q)) a7+ 4"

D =pn —ény1 +hni10g (5.97)
Dy = —py/ — g /q1 )qul | +I’l1/,0g (5.98)
D, = s{/%'q d + K/ pg (5.99)
Then, Egs. (5.94)—(5.96) are rewritten as
d /+ 7
Ry, St (5.100)
dr
d
R — 4, (5.101)
dr
d i
RIZL —p 1D, (5.102)
dr
Adding Eq. (5.100) to Eq. (5.101) gives
dql/ dq,l/
(Ry+1 +R1/)W + Ry 41 m =D+ D (5.103)

Adding Eq. (5.100) to Eq. (5.102) gives
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d d 7
Ry+1 % + (Rvs1 +R) =L =D+ D, (5.104)
Joint solving of Egs. (5.103) and (5.104) gives
dgi/ _ —DiRy41 + DaRyy1 — DRY — DR (5.105)
dr Ry11R1/ + Ry 1R} + Ry/R| '

dg  DiRyy1 — DaRyy1 — DRy — DaoRy/
dr Ry+1R1/ + Ry 1R + Ri/R]

(5.106)

Equations (5.93), (5.105) and (5.106) are the dynamic equations describing the
three-way module.

(4) Pipeline—throttle element—pipeline module

The differential equations describing the pipeline-throttle element-pipeline module
include

dpy

—_ —q1/ 5.107
AN = AN T D ( )
g/l
(Ry+41 +R1/)— =pn —p/ — vy + & +§1/)q1 7
+ (v + ) pg (5.108)

Vp 1 4
where xy = y2, Ry41 = 507, Ri/ = 5 v+ = o, and hy/ = 4 (Fig. 5.10).

(5) Pipeline—valve-liquid collecting chamber—capillary—nozzle—decomposition
chamber module

Pipeline part0: The pressure equation in the last segment is (Fig. 5.11)

dpn Vo
—_— = —d, = — 5.109
N—g =T XN =g ( )

Pipeline part0: The flow equation from the last section to the startup valve is

EPNJ Parl‘lihrottle element | P! / part2, Pipeline

v

gn pi Pe 'qz Y

A

\ part0, Pipeline

Fig. 5.10 Schematic diagram of the pipe-throttle element-pipe connection
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Fig. 5.11 Connection diagram of pipeline—valve-liquid collection chamber—capillary tube—

nozzle—decomposition chamber

dq' q\q
RN+IE = DN — Divo — En+1 | + hyi108
where RN+1 = %,hN+1 = %
/ 7
D =py —ény + hny108

Equation (5.110) is rewritten as

R p
N+1 dr - Pivo

For starting valve part1, if

q'|q
Dl = _%-vo—|
0
then its static equation is
0 = Pivo — P1/ +D1
From Egs. (5.112) and (5.114),

dqg’
RN+IE =D+ D, —pv

For the liquid collection chamber part2, the differential equation is

dp’
X/E — q/ _ q//
dq// q// q//
R(V)? =P/ —Pic —§O) | |

0

(5.110)

(5.111)

(5.112)

(5.113)

(5.114)

(5.115)

(5.116)

(5.117)
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/ 1

dv 4 —q
i~ p

(5.118)

2
where x' = w, R(v) = Ry, &(v) = &y, v is the volume of propellant

in the liquid collecting chamber, V is the volume of the liquid collecting chamber, [ is
the propellant filling length in the capillary, d. is the inner diameter of the capillary,
and N, is the number of capillaries.

i v
mzﬂ—smi%l (5.119)
Equation (5.117) becomes
R(v) < =D; — pic (5.120)
dr

For capillary part3, the differential equation is

d(q"/N. q"/Nc)|q"/Ne
R(D% = Pic — Pec —5(1)%" +h(Dpg (5.121)
dl Z)I«{—([\ZJ) while the propellant in filling process (5.122)
d | - (gF/g) ,  while the propellant in draining process ’
where R(l) = [ 6 /%, h(l) = %hc, and /. is the length of the capillary.
EDq'lq"
D; = —W% + h(l)pg (5.123)
Equation (5.121) becomes
R() dg”
o =P = Pec+Ds (5.124)
For nozzle part4, if
D, = —g,,w (5.125)
0
then its static equation is
0 = pec —pc + Dy (5.126)

The combination of Egs. (5.120), (5.124) and (5.126) gives
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partl, Virtual component | PV / part2, Pipeline

S gy Y p q ¥ qu':?

\ part0, Pipeline

Fig. 5.12 Schematic diagram of pipeline-virtual component-pipe connection

=Dy + D3+ D4y — p, (5.127)

R()7]dq”
|:R(v)+ N, } ar

(6) Pipeline—virtual component—pipeline module

The differential equations describing the pipeline-virtual component-pipeline
module include (Fig. 5.12)

dp

N
— = — 5.128
N—q =4 ( )
dpy
AN~ = g + g (5.129)
dr
dg qlq|
Ry~ =pv—p—énvi1— + hvyipg (5.130)
dr P
d lq]
Rygiot =p—py — Evpt T8 4 iy 1pg (5.131)
dr 0
where xy = %, Ryy1 = ﬁ, hyy1r = 2I—1N, AN = ,\%@, Ryy1 = ﬁ/w, and

hyy1 = 2LN Adding Eq. (5.130) to Eq. (5.131) gives
d lql
(Rn 11 +RN'+1)d—6t] =pv —pn — Evp + EN’+I)%

+ (hyg1 + hyy1) pg (5.132)

(7) Decomposition chamber module

T, = ap_b (5133)

7 =cp? (5.134)
dm,,

52 = Qo1 — Goon (5.135)
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dmgf
T = g1 — qgr2
dk, ke + 1
_8 _ o —k
d g (‘Ig 1 gqgfl)

d(RT)
mg =(y — 1)( " RiTigg1nc — LRZTZC]gZ)

dr y — 1 o —1

- RT(‘Igl - ‘1g2)

V2

dp 14
v, —(y - ) LR Ty g1 — R,T
sqr = )<)/1 —RiTigan TR 261g2>

(8) Nozzle module

The nozzle flow rate is

UPcA; 2 \7 T Pa o (2
VRT, Y y+1 pe — \r+l

q= 2 vt
upA: | 2y Pa)? _(Pa) 7 | Pa - 2
VRT\| v—1| \ pe Pe Pe y+1

N
I
<
=

~
I [=
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(5.136)

(5.137)

(5.138)

(5.139)

(5.140)

where w is the nozzle flow coefficient, p, is the ambient pressure, and p, is the gas

pressure in the decomposition chamber.

(9) Solenoid valve (with control gas) module

The equation of state describing the operation of the solenoid valve (with control

gas) includes

U =IiR +d\IJ
=1 i —_—
dr

iN = ®5(Rs) + H.L.

dLl]
s = Fy+Fp —Fr1 — Fe
t
dxl
— —u
dt !
dT,
ml? = qunyT; — qunVTj = QoY Te — T1(q1in — G2in — Gour)

y —1

D1An U

(5.141)

(5.142)

(5.143)

(5.144)

(5.145)
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dp,

Vi = @iV RT: = qainY RT; = Gouy RTe = y p1aAmin (5.146)
av
— = A (5.147)
dr
duz
mp— = Fpy — Fyy — F (5.148)
dt
dx
—=u (5.149)
dt
dr _q
mzd—tz = @inyTj — T2q2in — Y DP2Am U (5.150)
dp>
Va—= = qunyRTj = yp2Aour (5.151)
P2_a (5.152)
42 _ 4 .
dt 22U

(10) Solenoid valve (without control gas) module

The equation of state describing the operation of the solenoid valve (without control
gas) includes

4w
U=iR+ — 5.153
iR; + ar ( )
iN = ®5(Rs) + H.L. (5.154)
d
m,d—bt’ = F,+F,—F — F, (5.155)
w (5.156)
— = U .
dr

5.9 Solutions to the System of Equations

When modeling each simulation assembly module, the intermediate variables are
continuously resolved and excluded so that for every independent variable added
to the equations, there must be a corresponding independent equation. Therefore,
for the entire system, the number of equations is consistent; that is, the constructed
mathematical model of the propulsion system is closed.
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In programming, the fourth-order Runge—Kutta method with a variable step size
is used to solve such equations. For the specific algorithm used here, please refer
to “Numerical Algorithms and Programs Commonly Used in Computers” (C++)
(Beijing: People’s Posts and Telecommunications Press), edited by Yu He in 2003.

5.10 Component Module Interface

(1) Interface variables of the tank module (Table 5.1)

(2) Interface variables of the pipeline module (Table 5.2)

(3) Interface variables of the throttle component module (Table 5.3)

(4) Interface variables of the priming valve module (Table 5.4)

(5) Interface variables of the filter module (Table 5.5)

Table 5.1 Tank (kind, kind1, p, d, x, number)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 p Tank pressure

4 d Tank inner diameter

5 X Distance from liquid level to tank top

6 number Tank number

Table 5.2 Pipeline (kind, kindl, pl, p2, q, L, d, h, b, ¢, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 L Pipe length

7 d Pipe inner diameter

8 h Height difference between entrance and exit
9 b Tube wall thickness

10 < Local resistance coefficient

11 nl Number of segments
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Table 5.3 Static element (kind, kind1, p1, p2, q, d, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 d Orifice diameter

7 nl Number of segments

Table 5.4 Startup valve (kind, kind1, pl, p2, q, 1, d, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 1 Resistance length

7 d Seat aperture

8 nl Number of segments

Table 5.5 Filter (kind, kind1, p1, p2, q,&, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 & Flow resistance coefficient

7 nl Number of segments

(6) Interface variables of the liquid collection chamber module (Table 5.6)

(7) Interface variables of the capillary module (Table 5.7)

(8) Interface variables of the gas pipeline module (Table 5.8)

(9) Interface variables of the nozzle module (Table 5.9)

(10) Interface variables of the nozzle module (Table 5.10)
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Table 5.6 Collector (kind, kindl, p1, p2, q, R, V, pg, nl)

Number | Interface variable | Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment

3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 R Inertial flow resistance of liquid collecting chamber

7 \% Volume of collecting chamber

8 pg Pressurized gas pressure during emptying (not used temporarily)
9 nl Number of segments

Table 5.7 Capillary (kind, kindl, p1, p2, q, L, d, h, b, ¢, number, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 L Pipe length

7 d Pipe inner diameter

8 h Height difference between entrance and exit
9 b Tube wall thickness

10 9 Local resistance coefficient

11 Number Number of capillaries

12 nl Number of segments

(11) Interface variables of the solenoid valve (with control gas) module (Table 5.11)

(12) Variables of the solenoid valve (without control gas) module (Table 5.12)
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Table 5.8 Gas pipeline (kind, kindl, p1, p2,q, T, r, 1,d1,d2, b, a y, a2, ml, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 T Fuel-gas temperature

7 r Propellant component ratio

8 1 Pipe length

9 dl Inner diameter of inlet

10 d2 Outlet inner diameter

11 b Tube wall thickness

12 a) Sensitive time lag T = a;p~®
13 a Sensitive time lag T = a;p~*
14 ml Liquid propellant mass

15 nl Number of segments

Table 5.9 Convergent-divergent nozzle (kind, kind1, p1, p2, q, dt, mu, pa, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 dt Nozzle throat diameter

7 mu Flow coefficient

8 pa Ambient pressure

9 nl Number of segments
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Table 5.10 Centrifugal nozzle (kind, kind1, p1, p2, q, dh, mu, number, nl)

Number Interface variable Description

1 kind Propellant ID number

2 kind1 Number of dynamic variables for each segment
3 pl Inlet pressure

4 p2 Outlet pressure

5 q Traffic

6 d Nozzle exit diameter

7 mu Flow coefficient

8 Number Number of nozzles

9 nl Number of segments

Table 5.11 Valve (kind, kind1, tS, dtl, dt2, tE, nl, U, R, Lm, v1, m1t, nB, aq, hlmin, hlmax, dnl,
FcO0l1, cl, Ffsl, f1, x1, pl, gama, Rg, muil, dil, d, muol, dol, mu /, d /, T1, V1, v2, m2t, h2min,
h2max, dn2, dnox, dnfu, Fc02, c2, Ffs2, 2, x2, p2, T2, V2, d1, d2, Lk)

kind Propellant ID number kindl | Number of dynamic variables for each
segment
tS Solenoid valve energization dtl Valve energization time interval (pulse
(open) time work)
de2 Time interval between valve tE Valve power-off (closing) moment
power-off (pulse not working)
Psi Total flux linkage of U Coil excitation voltage
electromagnetic system
R Resistance Lm Effective length of the magnetic
conductor in the magnetic circuit
vl Solenoid-pneumatic valve piston | mlt The moving components of the
speed electromagnetic system are converted to
the mass of the core pole face center
nB Number of coil turns aq Armature suction area
hlmin | Solenoid-pneumatic valve closes |hlmax | Maximum air gap of electromagnetic
the air gap pneumatic valve
dnl Diameter of central axis of piston | FcOl Solenoid-pneumatic valve spring preload
rod of electromagnetic pneumatic
valve
cl Solenoid-pneumatic valve spring | Ffs1 Static friction force of electromagnetic
stiffness pneumatic valve
fl Solenoid-pneumatic valve friction | x1 Piston displacement of electromagnetic

coefficient

pneumatic valve

(continued)
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Table 5.11 (continued)

kind Propellant ID number kindl | Number of dynamic variables for each
segment
pl Solenoid-pneumatic valve controls | gama | Specific heat ratio of working gas
gas pressure in the chamber
Rg Working gas constant muil Flow coefficient of control chamber inlet
of electromagnetic pneumatic valve
dil Solenoid-pneumatic valve control |d Solenoid-pneumatic valve ball head
cavity inlet diameter diameter
muol | Flow coefficient of control dol Pneumatic liquid valve control cavity
chamber inlet of pneumatic fluid inlet diameter
valve
mu / Flow coefficient of pressure relief |d Diameter of pressure relief port in
port in control chamber of control chamber of electromagnetic
electromagnetic pneumatic valve pneumatic valve
T1 Solenoid-pneumatic valve V1 Solenoid-pneumatic valve control cavity
controls cavity gas temperature volume
v2 Pneumatic fluid valve piston speed | m2t Mass of moving parts of pneumatic
liquid valve
2min | Pneumatic liquid valve piston 2max | Maximum displacement of pneumatic
minimum displacement liquid valve piston
dn2 Diameter of central axis of piston |dnox | Diameter of central axis of piston rod at
rod of pneumatic liquid valve the oxidant inlet
DNFU | Fuel inlet piston rod bore diameter | Fc02 Spring preload of pneumatic liquid valve
c2 Pneumatic liquid valve spring Ffs2 Static friction of air-operated hydraulic
stiffness valve
2 Pneumatic hydraulic valve friction | x2 Piston displacement of pneumatic fluid
coefficient valve
p2 Pneumatic liquid valve control T2 Pneumatic liquid valve control chamber
chamber gas pressure gas temperature
V2 Volume of control cavity of dl Coil assembly inner diameter
pneumatic fluid valve
d2 Coil assembly outer diameter Lk Coil assembly height
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Table 5.12 Valvel (kind, kindl, tS, dtl1, dt2, tE, nl, U, R, Lm, v, mt, nB, aq, hmin, hmax, dn, Fc0,
¢, Ffs, f, x, d, d1, d2, Lk)

kind | Propellant ID number kindl | Number of dynamic variables for each segment
tS Solenoid valve energization | dtl Valve energization time interval (pulse work)
(open) time
dt2 | Time interval between valve |tE Valve power-off (closing) moment
power-off (pulse not
working)
Psi Total flux linkage of U Coil excitation voltage
electromagnetic system
R Resistance Lm Effective length of the magnetic conductor in the
magnetic circuit
\ Solenoid valve piston speed | mt The moving components of the electromagnetic
system are converted to the mass of the core pole
face center
nB Number of coil turns aq Armature suction area
hmin | Solenoid valve closes air gap | hmax | Maximum air gap of solenoid valve
dn Diameter of central axis of | FcO Solenoid valve spring preload
solenoid valve piston rod
c Solenoid valve spring Ffs Solenoid valve static friction force
stiffness
f Solenoid valve friction X Solenoid valve piston displacement
coefficient
d Diameter of circular plate at | d1 Coil assembly inner diameter
piston rod head of solenoid
valve
d2 Coil assembly outer Lk Coil assembly height

diameter
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Chapter 6 ®)
Simulation Analysis of the Operation e
of the Gel Propulsion System

6.1 Effect of Tank Pressure Change

Gel propellant is a viscous non-Newtonian fluid. Only when the pressure of the
storage tank is high enough can the gel propellant flow rapidly in the supply pipeline.
Figures 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, 6.7 and 6.8 show the pressure versus flow curves
for the outlet pipeline and decomposition chambers of the storage tank. The working
program of the propulsion system was selected to be 0.3 s 4+ 10 x 0.5 s/0.5s (0.3 s”
represents the standby time before the first pulse, “10” represents 10 pulses, the first
“0.5 s” represents the pulse work procedure, and the second “0.5 s” represents the
pulse interval time); in addition, the set pressure of the tank decreased by 14.29%,
28.57% and 42.86% compared to the rated value within 10 s, respectively.

Figures 6.1 and 6.2 show that the pressure of the storage tank has a great impact
on the pressure and flow rate in the supply system pipeline. When the pressure of the
storage tank decreases linearly, the pressure and flow rate in the pipeline basically
show a linear decreasing trend during each pulse. It can also be seen from Fig. 6.1
that the pressure decrease of the storage tank does not cause a significant change
in the impact pressure of the outlet pipeline of the storage tank. This is because the
impact pressure is related to the opening process of the propulsion system, the fluid—
solid coupling condition, the energy level of the propellant flow (the sum of kinetic
energy and potential energy), and the propellant flow pattern. After the pressure of
the storage tank decreases, the propellant in the supply system is the same as in the
normal situation, with a relatively low energy level, and the flow is laminar. At this
time, the viscous resistance of the propellant is relatively strong and will not induce
strong impacts on the propellant flow in the pipelines.

The effects of tank pressure on thrust chambers are shown in Figs. 6.3, 6.4, 6.5,
6.6, 6.7 and 6.8. With the linear decrease in the pressure of the tank, the pressure
and flow rate of the decomposition chamber of the medium Type I thrust chamber,
the medium Type II thrust chamber and the small thrust chamber basically show a
linear decreasing trend during each pulse, and the thrust of the thrust chamber also
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Fig. 6.1 Pressure curves of the outlet pipeline of the storage tank
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Fig. 6.2 Flow curves of the outlet pipeline of the storage tank

decreases accordingly. The propulsion system cannot meet the thrust requirement of
a space vehicle. Therefore, the pressure-reducing valve behind the gas cylinder must
work reliably to ensure constant tank pressure for the gel propellant.
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Fig. 6.3 Pressure curves of the decomposition chamber in thrust chamber 1
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Fig. 6.4 Flow curves of the decomposition chamber for thrust chamber 1

6.2 Effect of the Number of Pipeline Coils

Figures 6.9, 6.10 and 6.11 show the thrust curves when the catheter runs in different
directions. “n circles” in the diagrams means that the catheter between the ring
pipeline and the injector is rolled into n turns with equal diameter, and “‘straight
line” means that the catheter runs without any bend. During simulation, the working
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Fig. 6.6 Flow curves of the decomposition chamber for thrust chamber 2
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program of all solenoid valves in front of the thrust chamber was selected to be
0.3 s 4+ 10 x 0.5 s/0.5 s. It can be seen from these three figures that although the
catheter between the annular pipeline and the injector is rolled into different shapes,
the influence on the thrust of the medium Type 1 thrust chamber, the medium Type 11
thrust chamber and the small thrust chamber is so small that it can almost be ignored.
This indicates that the local resistance generated by the direction of the catheter is
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Fig. 6.7 Pressure curves of the decomposition chamber for the small thrust chamber
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Fig. 6.8 Flow curves of the decomposition chamber with a small thrust chamber

very small and will not significantly change the working state of the gel propulsion
system. This conclusion is reached when the catheter is continuously and smoothly
routed. The above conclusion will not be true if the catheter is bent in half or at other

angles that result in sharp changes in the flow area.
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Fig. 6.9 Thrustcurves of thrust chamber 1 (0—straight line, 1—one circle, 2—two circles, 3—three

circles, 4—four circles)
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Fig. 6.10 Thrust curves of thrust chamber 2 (O—straight line, 1—one circle, 2—two circles, 3—

three circles, 4—four circles)
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Fig. 6.11 Thrust curves of the small thrust chamber (0—straight line, 1—one circle, 2—two circles,
3—three circles, 4—four circles)

6.3 Analysis of the Filling and Shutdown Process

During the simulation of the pipeline filling and shutdown process of the supply
system, the working program of the propulsion system was setto 0.3 s + 1 x 0.5 s/
0.5 s; the volume of the liquid collecting cavity or the length of the capillary was
changed by + 50.0 and + 20.0% of their respective design values.

Since the effect of the change in the liquid collection cavity on the pipeline filling
process of the thruster supply system with different thrusts is similar, only the working
parameter curve of the liquid collection cavity for the medium Type 1 thrust chamber
is given here. From Figs. 6.12, 6.13, 6.14 and 6.15, whether it is the filling process
or the shutdown process, changing the volume of the collecting cavity has almost
no effect on the steady-state values of the propellant pressure and flow rate in the
collecting cavity because the collecting cavity is a containing cavity. Its flow resis-
tance is negligible. In Figs. 6.16 and 6.17, the relative volume is defined as the ratio
of the filling volume of the gel propellant in the collecting cavity to the volume of
the collecting cavity at a certain time. Figure 6.16 shows that for different volumes
of the liquid collection cavity, the times for the filling of the propellant are different.
Figure 6.17 shows that during the shutdown process, due to the lack of gas to blow
off, the gel propellant is almost not expelled. Instead, it stays in the liquid collection
cavity and capillary, waiting for the next startup. However, in actual application, if the
exit of the nozzle is downward, the propellant will slowly flow out of the collecting
cavity under the action of its own gravity.

Figures 6.18, 6.20 and 6.22 show that when the length of the capillary changes, the
steady value of the propellant flow rate during the capillary filling process changes
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Fig. 6.12 Pressure curves during the filling process of thrust chamber 1 in the collection cavity
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Fig. 6.13 Pressure curve of the liquid collection cavity in the shutdown process of thrust chamber

1

slightly. This is because the capillary is a resistance component, and its resistance
along the way is proportional to its length. In this way, the difference in resistance
will cause different flow states in the supply system. In Figs. 6.19, 6.21 and 6.23,
the relative length is defined as the ratio of the filling length of the propellant in the
capillary at some time to the length of the capillary. From Fig. 6.21, since different
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Fig. 6.15 Flow curves of the liquid collection cavity in the shutdown process of thrust Chamber 1

capillary lengths correspond to different propellant filling volumes, the termination

times of the propellant filling process are different.
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Figures 6.24, 6.25 and 6.26 are the pressure curves of the decomposition chamber
when the volume of the decomposition chamber changes. V., is the design value of
the decomposition chamber volume. During simulation, the working procedure of
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Fig. 6.21 Relative length curves of the capillary filling process of thrust chamber 2

the propulsion system was 0.3 s + 4 x 0.5 s/0.5 s; the volumes of the decomposition
chambers were larger than their design values. V, increased by 1, 3, 5 and 7 times. It
can be seen from these three diagrams that during the startup process of the propulsion
system, as the volume of the decomposition chamber increases, the response time
of the pressure rise of the decomposition chamber becomes longer. This is because,
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Fig. 6.23 Relative length curves of the capillary filling process of the small thrust chamber

in the mathematical models established in this paper, it is assumed that the propel-
lant atomization, evaporation, catalysis, and decomposition reactions are completed
within one combustion time lag, and the speed of pressure rise in the decomposition
chamber is mainly affected by the volume of the decomposition chamber. When
the volume of the decomposition chamber increases, the response time of pressure
rise becomes longer. The shutdown process of the propulsion system is similar to the
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startup process. As the volume of the decomposition chamber increases, the response
time of the pressure drop of the decomposition chamber also becomes longer.
Figures 6.27, 6.28 and 6.29 are pressure curves of the decomposition chamber
when the inner diameter of the nozzle throat changes. d; is the design value of the
inside diameter of the nozzle throat. During simulation, the working procedure of the
propulsion system was 0.3 s + 4 x 0.5 s/0.5 s; the inner diameter of the nozzle throat

1.0 4
0.8 '“ —38.0xVe
i ----6.0xVe
! 4.0xVe
1 -—=2,0%X Ve
< 06 i 1.0xVe
o
=
\0
a
0.4
0.2 4
0.0 , . 3
2.2 2.6 3.2

t/s

Fig. 6.24 Pressure curves of the decomposition chamber in thrust chamber 1
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Fig. 6.25 Pressure curves of the decomposition chamber for thrust chamber 2
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Fig. 6.26 Pressure curves of the decomposition chamber for the small thrust chamber

was changed by — 20.0, — 40.0, — 50.0 and — 65.0% from the design value. The
simulation results show that during the startup process, the smaller the inner diameter
of the nozzle throat is, the more severe the pressure oscillation of the decomposition
chamber and the larger the overshoot, and the pressure of the decomposition chamber
increases after stabilization. Especially when the inner diameter of the nozzle throat
is at least smaller than a certain value (e.g., 0.4d;), the pressure in the decomposition
chamber oscillates at a low frequency in the steady process, which should be avoided
in the design of a propulsion system.

6.5 Pulse Program Analysis

From Figs. 6.30, 6.31, 6.32 and 6.33, when the pulse program is 0.2 s/0.5 s, 0.1 s/
0.55,0.065/0.1s,0.06 5/0.08 s, the decomposition chamber can build pressure during
the pulse working time, and the pulse repeatability is good, but the pulse time (the
sum of pulse working time and pulse interval time) is too long, which can be used
as reference for pulse program design of propulsion system. Figures 6.34, 6.35 and
6.36 show that, when the pulse program is 0.06 s/0.06 s, 0.05 s/0.05 s, 0.04 s/0.06 s,
the pressure of the decomposition chamber is near the rated value for approximately
35 ms, 25 ms and 15 ms, respectively. The pulse time is moderate according to
the requirements. Figures 6.37 and 6.38 show that when the pulse programs are
0.03 s/0.06 s and 0.02 s/0.06 s, due to the short pulse time, the gel propellant cannot
completely fill the collected liquid within the first or second pulse. Because of the
cavity and capillary, the medium Type 1 and II thrust chambers has no pressure
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Fig. 6.28 Pressure curves of the decomposition chamber for thrust chamber 2

build-up during this time. In addition, during the pulse working time, the pressure
of the decomposition chamber continues to fluctuate, so these two pulse procedures
are eliminated. Figures 6.39, 6.40 and 6.41 show that to ensure normal startup and
shutdown of the thruster, the shortest pulse interval should not be less than 0.03 s.
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Fig. 6.29 Pressure curves of the decomposition chamber for small thrust chamber
6.6 Response Time Analysis

The response time of the gel propulsion system in the transient process mainly
includes the startup acceleration time fgy and the shutdown deceleration time t;,
where tgg is defined as the time from the moment the solenoid valve is energized
until when the chamber pressure or thrust rises to 80% of its steady-state value, and
1o is defined as the time from when the solenoid valve is deenergized to when the
chamber pressure or thrust drops to 20% of its steady-state value. Table 6.1 lists the
pressure response times of the decomposition chamber under the normal state of the
propulsion system. A comparison of the measured and simulated values of response
time in the table shows that the simulated values are basically distributed within
the range of the measured values. The mathematical model of the system transient
process is basically correct.

Table 6.2 shows that when the tank pressure decreases, the startup acceleration
time and shutdown deceleration time of the thrust chamber remain almost unchanged.

Table 6.3 shows that when the volume of the liquid collection cavity changes,
only the acceleration time of the cold start changes, while the acceleration time of
the hot start and the deceleration time of the shutdown remain unchanged. This is
because the cold start process includes the entire propellant filling process, while the
hot start process almost does not. This is caused by the propellant filling process.

Table 6.4 shows that although the change in capillary length will not only affect
the filling process but also change the state of the propulsion system, it has little
impact on the acceleration time at startup and the deceleration time at shutdown
during the operation of the thrust chamber.
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Table 6.1 Pressure response times of the decomposition chamber of the gel propulsion system

Type 180 hot» S 120 hot» §
Actual value Simulated value Actual value Simulated value
Medium Type I 0.119 0.079 0.148 0.095
thrust chamber (0.064-0.146) (0.109-0.172)
Medium Type 1T 0.068 0.056 0.102 0.096
thrust chambers (0.058-0.096) (0.092-0.154)

Table 6.2 Response times of the decomposition chamber in the medium Type 1 thrust chamber
when the tank pressure decreases

Percentage of pressure 180 cold» S (simulated 130 hot» S (simulated 120 hot» S (simulated
reduction (%) value) value) value)
0.000 0.105 0.079 0.095
14.29 0.108 0.080 0.095
28.57 0.106 0.079 0.095
42.86 0.108 0.079 0.095

Table 6.3 Response times of the decomposition chamber in the medium Type 1 thrust chamber
when the volume of the liquid collection cavity changes

Percent volume 180 cold» S (simulated 130 hot» S (simulated 120 hot» S (simulated
change (%) value) value) value)
+ 40.00 0.120 0.079 0.096
+ 20.00 0.108 0.079 0.096
0.0000 0.105 0.079 0.095
—20.00 0.101 0.079 0.095
—40.00 0.098 0.079 0.095

Table 6.4 Response times of the decomposition chamber for thrust chamber 1 when the capillary

length varies

Percent change of 130 cold» S (simulated 180 hot» S (simulated 120 hot» S (simulated
length (%) value) value) value)

+ 40.00 0.108 0.083 0.096

+ 20.00 0.106 0.079 0.096

0.0000 0.105 0.079 0.095

—20.00 0.104 0.080 0.095

—40.00 0.102 0.080 0.095
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Table 6.5 Response times of the resolution chamber volume change for thrust chamber 1

Percent volume 130 cold, S (simulated 180 hot» S (simulated 120 hot» S (simulated
change (%) value) value) value)
+ 700.0 0.136 0.110 0.125
+ 500.0 0.125 0.104 0.114
+ 300.0 0.115 0.094 0.107
+ 100.0 0.109 0.086 0.096
0.0000 0.105 0.079 0.095

Table 6.5 shows that when the volume of the decomposition chamber increases,
the acceleration time at startup and the deceleration time at shutdown both become
longer.

6.7 Analysis of Water Hammer Characteristics

During the propellant delivery process, the fluctuation process in which the propellant
pressure in the tube undergoes a sharp alternating rise and fall due to the closing or
opening of the electromagnetic valve in the pipeline is called shock. The phenomenon
of flow rate fusion and the considerable pressure generated by the propellant in
the tube is called the water hammer phenomenon [17], and the generated pressure
is called the water hammer pressure. The internal causes of water hammer in the
pipeline are the compressibility of the propellant, the energy and inertia of the flowing
propellant, and the elasticity of the pipeline wall. These properties of the propellant
and pipeline wall endow the pipeline carrying propellant with the flexibility and
power to produce a water hammer [18, 19], as shown in Fig. 6.42.

In the analysis of water hammer characteristics, based on calculations for the main
pipelines of the propulsion system, the Reynolds number of the gel propellant flowing
in the pipelines is approximately 300, which is far less than the critical Reynolds
number of 2300, so the propellant flows laminarly. The flow resistance is relatively
large, which can effectively reduce the water hammer effect. In addition, due to the
flow restriction of the capillary in the injector, the impact response of the propellant

Valve openning Pipeline rupture Pipe-wall vibration Foudat'ion vibration
Pressure / Fluid-solid \1 Pipe-wall /
fluctuation \ coupling movement \

Fluid machinary Other interferences || Impulse Mechanical equipment

Fig. 6.42 Schematic diagram of the effect between the water hammer and pipeline
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Fig. 6.43 Pressure curves of the liquid collection cavity. 1—medium Type I thrust chamber pres-
sure, 2—medium Type II thrust chamber pressure + 2.5 MPa, 3—small thrust chamber pressure +
5.0 MPa

flow before the injection is greatly slowed. Figures 6.43 and 6.44 also illustrate this
conclusion. The pressure fluctuation range of the liquid collecting chamber is in the
range of — 3.8 to 50%, which is far less than the warning value of + 400%; the
pressure fluctuation range of the outlet pipeline of the storage tank is in the range
of — 10.0 to 11.5%, less than the warning value of £ 20%. Therefore, for the gel
propellant supply system, due to the good system design, a water hammer does not
occur.

6.8 Flow Matching Analysis

Figures 6.46, 6.47, 6.48 and 6.49 show the flow curves to the thrust chamber when
the working sequences of the propulsion system do not overlap. The subscripts “i”
and “e” represent the inlet and outlet flow rates of the thrust chamber, respectively.
During simulation, the working program of all thrusters was 0.3 s 4+ 10 x 0.5 s/0.5 s.
It can be seen from these five diagrams that in the steady process of the propulsion
system, the flow rate of the thrust chambers changes near the design value, and the
flow rate of each thrust chamber meets the working requirement; the flow rates of
the inlet and outlet of each thrust chamber basically overlap, except that there is a
difference during the startup or shutdown process. One point of separation is caused
by the net inflow or outflow of propellant mass during the transient process of the
thrust chamber (Fig. 6.45).
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Fig. 6.45 Flow curves for thrust chambers 1-4. 1—gq1i, 2—¢q1e, 3—¢q2i + 0.16kg/s, 4—qre +
0.16 kg/s, 5—q3; + 0.32 kg/s, 6—qze + 0.32kg/s, 7—qua; + 0.48 kg/s, 8—qae + 0.48 kg/s

Figures 6.50, 6.51, 6.52 and 6.53 are used to show the effect of the switching
action of the medium Type II thrust chamber and small thrust chamber on the steady
process of the medium Type I and Type II thrust chambers. During simulation, the
working program of the medium Type II thrust chamber and small thrust chamber
was 0.4 s + 3 x 0.4 s/0.4 s, and the working program of the medium Type I and
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Fig. 6.47 Flow curves for thrust chambers 9-12. 1—qyj, 2—q1e, 3—¢q2i + 0.16kg/s, 4—qgre +
0.16 kg/s, 5—q3i + 0.32kg/s, 6—¢q3e + 0.32kg/s, 7—qui + 0.48 kg/s, 8—qae + 0.48 kg/s
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Fig. 6.49 Flow curves for thrust chambers 17-20. 1—q1;, 2—¢q1e, 3—q2i + 0.16 kg/s, 4—qoe +
0.16 kg/s, 5—q3i + 0.32kg/s, 6—q3e + 0.32kg/s, 7—qu; + 0.48 kg/s, 8—qae + 0.48kg/s

Type II thrust chambers was 0.3 s 4+ 2 x 0.6 /0.5 s. From the figure, although the
switching process of the medium Type II thrust chamber and small thrust chamber
caused the fluctuation in the 16 flow curves of the medium Type I and Type II thrust
chambers from — 19.7 to 21.6%, the fluctuation in the 8 thrust curves ranged from
— 9.7 to 5.8%, but they converged quickly.
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Fig. 6.50 Flow curves for thrust chambers 1-4. 1—q1i, 2—q1e, 3—¢2i + 0.16kg/s, 4—qre +
0.16 kg/s, 5—q3; + 0.32 kg/s, 6—q3e + 0.32 kg/s, 7—qua; + 0.48 kg/s, 8—quse + 0.48 kg/s
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Fig. 6.51 Thrust curves for thrust chambers 1-4. 1—F,2—F, + 250N, 3—F3 + 500N, 4—F4 +

750N

Figures 6.54 and 6.55 are used to show the effect of the switching action of the
medium Type I and Type II thrust chambers and small thrust chamber on the steady
process of the medium Type II thrust chamber. During the simulation, the working
program of the middle II/medium Type I thrust chamber and the small thrust chamber
was 0.6 s + 4 x 0.25 s/0.25 s, and the working program of the medium Type II
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Fig. 6.52 Flow curves for thrust chambers 5-8. 1—q1i, 2—q1e, 3—¢2i + 0.16kg/s, 4—qoe +
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Fig. 6.53 Thrust curves for thrust chamber 5-8. 1—F5, 2—F¢ + 250N, 3—F7 + 500N, 4—F§ +

750N

thrust chamber was 0.3 s + 1 x 1.5 s/0.7 s. It can be seen from the figure that
the switching process of the medium Type I and Type II thrust chambers and small
thrust chamber caused the eight flow curves of the medium Type II thrust chamber
to fluctuate between — 55.5 and 50.5%, and the fluctuations in the four thrust curves
were between — 23.7 and 13.7%, but they also converged rapidly.
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Fig. 6.55 Thrust curves for thrust chambers 9-12. 1—F9, 2—F 9 + 250N, 3—F; + 500N,
4—F1, + 750N

Figures 6.56 and 6.57 are used to show the effect of the switching action of the
medium Type I and Type II thrust chambers on the steady process of the small thrust
chamber. During simulation, the working program of the medium Type I and Type
II thrust chambers was 0.6 s + 4 x 0.25 s/0.25 s, and the working program of the



6.9 Thrust Regulation Analysis 213

0.0275 :
h L i ‘i
0.0250 i 4 | ! ]
0.0225 - i i
002004 i |
i ! , { ’f } o A
0.0175 - i 1 i -
3 [ T S 6
2 00150 P 7
7 00125+ _ b b S
1 T ! : v
0.0100 f | !
4 it
0.00754 __ | i e
0.0050 " } | | j
j i | 4 |
0.0025 -
0.0000 | . * I % 1.% 1. °% 4 S I PR Y PR |
000 025 050 075 100 125 150 175 200 225 250
t/s

Fig. 6.56 Flow curves for thrust chambers 13-16. 1—¢q1;, 2—¢q1e, 3—¢q2i + 0.16kg/s, 4—q2e +
0.16 kg/s, 5—qz; + 0.32kg/s, 6—q3c + 0.32kg/s, 7—qa; 4+ 0.48 kg/s, 8—qase + 0.48 kg/s

small thrust chamber was 0.3 s + 1 x 1.5 s/0.7 s. It can be seen from the figure that
the switching process of the medium Type I and Type II thrust chambers caused the
flow curves of the 16 small thrust chambers to fluctuate between — 34.8 and 30.4%,
and the fluctuations of the eight thrust curves were between — 16.5 and 11.3%. The
curves continued to fluctuate for a period; therefore, the opening and closing of other
thrust chambers should be avoided during the working period of the small thrust
chamber (Figs. 6.58 and 6.59).

6.9 Thrust Regulation Analysis

The pulse “digital” variable thrust gel propulsion system studied in this book is
different from the “step”-type variable thrust gel propulsion system [20] that is
equipped with an adjustable injector and an adjustable cavitation Venturi. The pulse
“digital” variable thrust gel propulsion system adjusts the flow rate by setting orifice
plates in the supply system. The component ratio of the decomposition chamber
remains unchanged. The thrust of each pulse can be adjusted to a certain “number”
(such as medium Type I or medium Type II) according to the demand. This system
has thrust regulation and pulse width regulation capabilities. In addition, the flow
regulator has the advantages of simple structure, reliable operation, and easy engi-
neering implementation. However, the limitation of this variable thrust propulsion
system is that the fluctuation in tank pressure has a great impact on the pressure and
flow rate of the decomposition chamber, as shown in Figs. 6.3 and 6.4.
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Fig. 6.57 Thrust curves for thrust chambers 13-16. 1—F13, 2—F4 + 10N, 3—F5 + 20N, 4—
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Fig. 6.58 Flow curves for thrust chambers 17-20. 1—q1i, 2—q1e, 3—¢2i + 0.16 kg/s, 4—qgre +
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To further understand the thrust regulation characteristics of this variable thrust
propulsion system, a specific simulation analysis is performed below. Figures 6.60,
6.61, 6.62, 6.63, 6.64 and 6.65 show the simulation curves of pressure, thrust and
specific impulse of the medium Type I and II thrust chambers when the orifice plate
inner diameter changes. d; is the design value of the orifice plate inner diameter in
the thruster under Working Condition 1, and d; is the design value of the orifice plate
inner diameter in the thruster under the Working Condition 2. During simulation, the
working procedure of the propulsion system was 0.3 s + 10 x 0.5 s/0.5 s; the ambient
pressure was 1000 Pa. From Figs. 6.60, 6.61, 6.62, 6.63, 6.64 and 6.65, when the
inner diameter of the orifice plate changes, its pressure drop changes accordingly,
causing the pressure of the decomposition chamber to change within the range of
0.09-1.73 MPa, the thrust force to change within the range of 9-194 N, and the
specific impulse to change within the range of 2039-2300 N s/kg. It can be seen that
in theory, thrust regulation can reach 20:1, while the variation in specific impulses
does not exceed 12%. This shows that the medium Type I and II thrust chambers can
achieve variable thrust within a wider range, resulting in a higher performance. The
upper limit of thrust is mainly limited by the full flow at the throat of the nozzle. To
obtain a higher thrust, the decomposition chamber and nozzle must be redesigned;
the lower limit of thrust is mainly limited by the decomposition stability of the
propellant.
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Fig. 6.61 Thrust curves of the medium Type I and II thrust chambers



6.9 Thrust Regulation Analysis 217

2400 -
1800 |}/
2.0% d,
i ]
%w Secsns 1.5x d,
Z 1200 L6 d,
S | — 0.9% d,
| d,
dl
600 - ——06% d,
—---05% 4,
4 e 0.4x dl
—————— 0.3% d,
0 : : : . ; . : . St
1.4 16 1.8 2.0 22

t/s

1.8 -
| ——35x 4,
d
1.5 2
dZ
] i
1.2 q,
©
.
<, 09- 4,
o | dZ
dz
0.6
dZ
J dz
0.3 q,
0.0 T 1
3.2 42

t/s

Fig. 6.63 Pressure curves of the decomposition chamber of the medium Type I and II thrust
chambers



218 6 Simulation Analysis of the Operation of the Gel Propulsion System

200 -
1 —3.5x 4,
175 - d
| )
150 | i
= d’
125 :
d7
z 1 3
L 100 2
4 dZ
75 d,
4 dZ
50 d,
4 dz

25 -
0 1
3.2 4.2

t/s

Fig. 6.64 Thrust curves of the medium Type I and II thrust chambers

2400
——35xd

2000
—---3.0x d
1 2.5% d,
1600 | S 2.0 d,
2 ] 15 d,
= ,
Z 2004 T L=,
K] 0.9x d2
r 0.8x d,
800 ~ ——0.7x d,
] === 0.6% d,
400 i d,
o 0.4 d,

0 , \ , .

Fig. 6.65 Specific impulse curves of the medium Type I and II thrust chambers



6.9 Thrust Regulation Analysis 219

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

Part 111

Modeling and Simulation Analysis

of the Working Process of the Pumped
Liquid Rocket Engine



Chapter 7 )
Mathematical Model of the Operation e
of a Pump-Fed Liquid Rocket Engine

7.1 Basic Assumptions

The internal operation of a pump-fed liquid rocket engine is a very complex physical
and chemical process. To obtain the main characteristics of pump-fed liquid rocket
engines, the following hypotheses are made:

(1) The propellant (oxidizer and fuel) is a time-independent Newtonian fluid that
flows in the pipeline as a 1D flow. Some flow parameters (such as the average flow
rate) are taken as the average value of the radial distribution of the pipeline. (2)
During the propellant flow process, the heat transfer from the pipeline wall is not
considered. (3) The difference in calorific value between the ignition agent and the
fuel is not considered. (4) The gas in the combustion chamber satisfies the ideal gas
equation of state. (5) The propellant is injected into the combustion chamber to the
end of the combustion chamber. The conversion to gas is completed instantaneously
after a time delay, and the combustion time delay is assumed to be a constant. (6) The
flow of gas in the nozzle is adiabatic without dissipation, and the gas flow parameters
satisfy the isentropic relationship pv? = const.

7.2 Decomposition of the Pump-Fed Liquid Rocket Engine
System

The pump-fed bipropellant liquid rocket engine (shown in Fig. 7.1) is divided into
18 component modules: (1) tank module; (2) pipeline module; (3) diaphragm valve
and electric explosion valve module; (4) multipass module; (5) orifice module; (6)
filter module; (7) centrifugal pump module; (8) flow regulator module; (9) preburner
module; (10) turbine module; (11) liquid collection cavity module; (12) regenerative
cooling channel module; (13) injector module; (14) combustion chamber module;
(15) nozzle module; (16) solenoid valve (with control gas) module; (17) solenoid
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Fig. 7.1 Test setup for a
pump-fed bipropellant liquid

rocket engine Oxidizer Fuel
Ignition
pipeline
Regulator
Check
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Thrust Control gas

-
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chamber

valve module (without control gas); and (18) virtual pipeline module (a newly added
module due to boundary connection simulation).

7.3 Relevant Formulas for Propellant Flow Resistance

(1) Resistance along the way

The resistance pressure drop along the pipeline can be expressed as
Ap =2 p (7.1)
P=Tg 2P '

where f is the resistance coefficient along the way, [ is the pipeline length, p is
the propellant density, u is the average propellant flow rate, d = 4A/Il,,, is the
equivalent diameter of the circular pipeline, A is the cross-sectional area of the runner,
and IT,,.; is the length of the wetted perimeter on the cross-section of the runner.
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When the Reynolds number Re is less than the critical Reynolds number Re, =
2100, the fluid is in laminar flow, and the resistance coefficient along the way is f

f = 64/Re (7.2)

where Re = pud/p is the Reynolds number and p is the propellant dynamic
viscosity.

When the Reynolds number Re > Re,, the fluid is in turbulent flow. For a smooth
circular pipeline, the along-path force coefficient f satisfies the Karman-Prandtl
equation [1]:

% - 21g(Re\/f_) ~08 (1.3)

For a rough circular pipeline, the resistance along the way is not only related to the
Reynolds number Re but is also related to the relative roughness of the pipeline wall
h/d. Atthis time, the Colebrook-White empirical formula is used for calculation [2]:

1 wd 251
Vi 21g(3.7 +—Re\/f> (7.4)

where £ is the height of the pipeline wall roughness, with a value in the range of
0.03-0.1 mm.

(2) Local resistance

The local resistance pressure drop can be expressed as
L
Ap=¢ S Pu (71.5)

where the local resistance coefficient ¢ can be calculated by measuring the fluid
pressure and velocity [3] or by lookup table [4].

7.4 Basic Equations of Liquid Pipelines

To specifically analyze the flow characteristics of a liquid pipeline, many of its
physical properties, including inertia, viscosity and compressibility, must be consid-
ered. Using the lumped parameter method to describe these physical properties must
satisfy the constraint that the space length is very small compared to the wave-
length; for example, the pipeline length L « A = a;/fmax, a; is the speed of
sound, and fiax = ®max/27 is the maximum vibration frequency. For the oxidizer
pipeline a;, ~ 911 m/s, for the fuel pipeline ay =~ 1330 m/s. To calculate the
pipeline information with f;,,x = 100 Hz, the following conditions must be satisfied:
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L, < 911/100 =9.11 mand L; < 1330/100 = 13.3 m. If you consider that “<”
is equivalent to taking 1/20, then L, < 0.46 m and L; < 0.67 m, that is, to extract
information within 100 Hz (water hammer frequency below 50 Hz) from simulation
results, the length of the oxidizer pipeline should not exceed 0.46 m, and the length
of the fuel pipeline should not exceed 0.67 m.

(1) Inertia

Itis assumed that the liquid pipeline segment s filled with inviscid and incompressible
liquid. When calculating the unsteady motion, only the inertia of the liquid column
is considered. From the momentum equation, we can obtain

, du du dg
Namely,
L p = A (7.7)
Adt

where p; and p), are the segment inlet and outlet pressures, respectively. m is the
mass of the liquid column in the segment, A is the segment cross-sectional area, / is
the segment length, u is the average flow rate of fluid in the section, ¢ is the mass
flow rate of the liquid in the section, Ap; is the segment pressure drop, and p is the
density of the liquid.

(2) Stickiness

In the engine pipeline, the viscosity of liquid is expressed in two forms: along-the-way
resistance and local resistance, which is expressed as

+ g) L (7.8)
o
Set

! |
£ = (f—+§>— (7.9)
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Then, the viscous resistance can be expressed as

q2
Py —p2=Ap, = S; (7.10)

where £ is the flow resistance coefficient.
If the inertia and viscosity of the pipeline are considered at the same time,
according to the pressure superposition principle, we have

p1—p2=(p1 —py) + (P — p2) = Ap1 + Apa (7.11)
Simultaneous solution of Egs. (7.7), (7.10) and (7.11) gives

[ dg q2
o p —p—tLl 7.12
Aq o Ep (7.12)

If the effect of the gravity field is added, Eq. (7.12) becomes

[ dg q2
— i —pr—tL 4n 7.13
AT Ep + hpg (7.13)

where £ is the height of the pipeline segment, the downward flow is positive, and the
upward flow is negative, and g is the acceleration of gravity, and its sea level value
is 9.80665 m/s.

The inertial flow resistance R is defined as [ /A, and considering the directionality
of the flow, Eq. (7.13) is written in standard form:

d gl
Rd—q=p1—pz—$ﬂ+hpg (7.14)
t P

(3) Compressibility

Ignoring liquid column inertia and wall friction losses, at this time, the dynamic
characteristics of the liquid pipeline segment mainly depend on the compressibility
of the liquid. The effect of compressibility is manifested in that when the pressure
changes, the mass of liquid in the segment also changes, which means that the
instantaneous flow rates at the inlet and outlet are different. According to the mass
balance equation for unsteady flow (Fig. 7.2),

dm

— =g — 7.15
g - (7.15)
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Fig. 7.2 Compressibility of
the liquid column p

g —> —> ¢

where m is the mass of liquid in the segment, g; and ¢, are the mass flow rates at the
inlet and outlet of the section, respectively.

The volume of the liquid mass is determined with the flow path segment V and
liquid density p

m=pV (7.16)
So,
dm _yde t (7.17)
— =V—, = const. .
dr dr
In addition,
dp K
Lo (7.18)
dop

where K is the bulk modulus of elasticity of the liquid and g is the speed of sound
in the liquid. From Egs. (7.15), (7.17) and (7.18) can be derived

Vodp
—— =q — 7.19
Ka - (7.19)

Order x = % = alz, then Eq. (7.19) can be expressed as
1

dp
= =g - 7.20
Xy =0~ (7.20)

7.5 Basic Equations of the Centrifugal Pump

As shown in Fig. 7.3, a centrifugal pump is composed of an inlet pipeline, an inducer,
an impeller and a diffuser. For the inlet pipeline, the pressure equation and flow
equation can be written as
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Fig. 7.3 Schematic diagram
of a centrifugal pump

Pr 49ip, Tlp
dp;
Xip— dr L = dip — 49p (721)
dg; dip|4i
Rip dt” =p1—Pip—Sp——— ”‘ i + hippg (7.22)
where x;, = %, Ry, = (f’ %), Vip is the volume of the inlet pipeline of the

centrifugal pump, /; is the length of the inlet pipeline, A(/) represents the variation
in the cross-sectional area of the inlet pipeline with position, &;, is the inlet pipeline
height, and p, is the pressure at the inlet connection of the centrifugal pump.

For the inducer and impeller, the pressure lift equation is

2
q dw dg
2 4 b
Pep — Dip = an”p + bng, —c; +JPE —-R, -

(7.23)
where a, b, c are coefficients in the pressure rise equation of the centrifugal pump in
the steady process, which are fitted with experimental data; n is the rotation speed of
the centrifugal pump; w = 27 /60 is the angular velocity of the centrifugal pump;
J), is the moment of inertia of the propellant in the inducer and impeller; and R), is
the inertial flow resistance of the propellant in the inducer, impeller and vane guide.
Equation (7.23) can be rewritten as

q,, nJ, dn
30 dr

dg,

p 7.24
P dr (7.24)

= pip — Pep +an*p + bng, —

When the liquid rocket engine is working, the actual temperature of the propellant
components at the inlet of the centrifugal pump may change within a certain range;
at the same time, the temperature of the propellant rises when it flows through the
centrifugal pump, and its density p is subject to change. Generally, p = f (p, T'). For
a centrifugal pump, when calculating the propellant density p, take p = (pip +pep) /2
and T = T,,. The average temperature of the propellant in the centrifugal pump 7,
is calculated according to the following formula.
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d7, 1 —n,
TR

Ny = qep - Top (7.25)

where m, is the mass of the propellant in the centrifugal pump; Tj, and T, are the
propellant temperatures at the inlet and outlet of the centrifugal pump, respectively
(Tep = 2T,+T}); gip and g, are the propellant mass flow rates at the inlet and outlet of
the centrifugal pump, respectively; 1, is the overall efficiency of the centrifugal pump;
¢p is the propellant specific heat capacity at constant pressure; and N, = ¢, Ap,/(1,0)
is the centrifugal pump power, Ap, = p., — pip- Under stable working conditions,
the total efficiency of the centrifugal pump decreases with decreasing rotation speed.
Reference [4] recommended the following two equations for the calculation of the
total efficiency of the centrifugal pump for large-thrust, medium-thrust and small-
thrust liquid rocket engines.

Npst .
n, = (high thrust) (7.26)
g [npst + (1 - npst)(nst/n)o'n]

mp =1 — (1 = npy) (ng/m)**  (medium thrust and low thrust) (7.27)
where ny, is the rotational speed of the centrifugal pump under steady-state conditions
and 7, is the overall efficiency of the centrifugal pump under steady-state conditions,
which is expressed as

2 3 4
Mot = di & — d2<g> + d3<€) - d4(2) (7.28)
n n n n
where d, d,, d3, d4 are the coefficients fitted with experimental data.
For a diffuser, the pressure equation and flow equation can be written as

dp,
xepd—t” =qp—qep (7.29)
dg., Gep|qe
Rep dt” =Dep — P2 — Eep rlde| + hepog (7.30)
le dl

where x., = %, Ry = |y A0 Vep is the volume of the diffuser, /, is the diffuser
length, h,, is the height of the diffuser, and p, is the pressure at the outlet connection
of the centrifugal pump.
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7.6 Basic Equations of the Flow Regulator

Figure 7.4 shows the system structure of the flow regulator. At the beginning of
engine starting, the regulator is in the starting state, its flow rate is 0.55 kg/s, and the
fuel is from the starter tank. When the pressure after the primary fuel pump reaches
25 kgf/cm?, the control fluid enters the regulator control cavity and pushes spool 1,
and the regulator starts to rotate, at approximately 0.8 s later, the test condition is
reached, and its flow rate is 2.9 kg/s. When the pressure after the secondary fuel pump
is higher than the pressure of the starter tank, the fuel is supplied by the secondary
pump instead. The flow rate of the regulator is sensitive to the pressure difference
between the first cavity and the second cavity, and its stability is maintained by the
spool (2).
Flow dynamic equation of the flow regulator

dqaq Gad |qGad|
Radd—: = Piad — Pead — Sad% + hadpg (731)

where R,; = OZ“" %, 1,4 1s the flow channel length of the flow regulator, A, is the
runner height, p;,s and p..; are the inlet and outlet pressures of the flow regulator,
respectively, q,q is the flow rate of the flow regulator, and &,; is the total flow
resistance coefficient of the flow regulator, which can be expressed as

b =61+ & (7.32)

where & is the flow resistance coefficient between lumen 1 and lumen 2 and &, is the
flow resistance coefficient between lumen 2 and lumen 3. The calculation formulas
for &; and &, are

From hydraulic From Starter

relawl| |i| box | |

CaVity 2 Cavlty 3 ecccccece

From secondary Outlet

fuel pump

Fig. 7.4 Schematic diagram of a flow regulator



232 7 Mathematical Model of the Operation of a Pump-Fed Liquid Rocket Engine

a-p - 7.0
=128 4 - (7.33)
100.0 200
a-p -8
== ° = 7.34
& TR fa(x2) (7.34)

where f;(-) and f(-) are interpolation functions. x; and x, are the travel positions of
spools 1 and 2, respectively, and their dynamic equations are

d2X1

m1—2 =Fp1 —Ffl —FC] (735)
dr
d*x

msz; =Fp—Fn—Fo (7.36)

where m; and m; are the masses of spools 1 and 2, respectively, F), is the compressive
force acting on the piston, Fy is the friction force of the moving part, and F, is the
spring force acting on the piston. The calculation formulas for the two compressive
forces are

Fy1 = (pg — Po) - 824.346(N) (7.37)
Fpp=117.88 -a; - g2, + 13.04 - \/4.15 - a5 - 7, /83(N) (7.38)

where p, is the control pressure for the gas and py is the ambient pressure.

7.7 Basic Equations of the Regenerative Cooling Channel

(1) Governing equation of heat transfer from gas to wall [5, 6]

The heat transfer from the combustion gas to the wall includes convective heat transfer
and radiation heat transfer. The convective heat flux from the gas to the wall can be
expressed as

9gc = hg (Tr - ng) (7.39)

where hy is the convective heat transfer coefficient; 7, is the gas side chamber wall
temperature; and 7, is the recovery temperature, also known as the adiabatic wall
temperature, which can be expressed as

T, = Ty +r(T* = T,) (7.40)

where r is the restitution coefficient. For turbulent gasflow, Driest suggested that
r = Pr'/3. Pris the Prandtl number of the gas. The relationship between the gas
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temperature T, and total gas temperature 7* is
-1
T, = T*/<1 n VTMa2> (741)

where y is the isentropic exponent, Ma is the Mach number, and A / A, is the nozzle
area ratio. The following relationship exists between them:

A 12 — M2/ eRe =Dl
_[M} 42

A_,zMa y +1

The convective heat transfer coefficient in Eq. (7.39) is hg. According to the
formula recommended by Bartz, it is expressed as

h :_0'026 :“'O'ch mg o8 ﬁ 1.8(7’ (7.43)
a0 pte\ 4 d .

where d; is the diameter of the nozzle throat, d is the diameter of any cross-section,
qmg 18 the gas mass flow rate, and ¢, is the gas specific heat capacity at constant
pressure. The gas Prandtl number Pr, dynamic viscosity u and correction factor for
the change in gas properties when passing through the boundary layer o’ can be
expressed as

4y
Pr ~ R (7.44)
Y —
w=1.184-10"" M, - T**¢ (7.45)
T, 1 1 —0.68 1 —-0.12
o' = [5 s (1 ; VTMa2> T 5} (1 n TMaz) (7.46)

where M, is the molar mass of gas.
The radiation heat flux density of the gas with uniform composition to the wall is
expressed as

qgr0 = Eweff O (88 T: - OZWT;;A’) (7.47)

where o is the Stefan-Boltzmann constant with the value of 5.67 x 10~8 w / (m2 K4),
ewer = (1 4 &,,)/2 is the effective blackness of the inner wall, &, is the blackness of
gas, and «,,, is the wall absorptance. Due to, Tg‘,‘ > Tj,g the second term in parentheses
can be ignored. The blackness of combustion gas is mainly the sum of the blacknesses

of water vapor and carbon dioxide:
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£y = €H,0 + €CO, — €H,0 - £CO, (7.48)

where ep,0 and eco, are the function of partial pressure py,o, partial pressure pco,,
fuel-gas temperature T, and radiation distance.

Due to the existence of the low-component-ratio edge region in the combustion
chamber, the composition and temperature of the gas are nonuniformly distributed
along the radial direction. The flow can be roughly divided into three layers: high-
temperature gas central gasflow with a certain component ratio; near-wall layer;
intermediate transition layer with a composition and temperature between the other
two layers. Due to the mutual absorption between the layers, the calculation is very
cumbersome, so approximate statistical values are used for the calculation of radiant
heat flow:

Goro = 0.658yeir 06, T, (7.49)
For the cylindrical section of the combustion chamber, g, = g,,0. For the nozzle
section, when d/d; > 1.2(subsonic region), g, = gg0; When d/d;, = 1 (throat),
qer = 0.5¢4,0; when d/d; = 1.5 (supersonic region), g, = 0.15g,0; and when
d/d; = 2.5 (supersonic region), g = 0.044g,,0. The radiation heat flux density at
each point along the axis of the thrust chamber is obtained by interpolation.

(2) Governing equation of heat transfer on the thrust chamber wall [7]

A schematic diagram of the ith unit of the regenerative cooling thrust chamber is
shown in Fig. 7.5. The length, area, volume and mass of the relevant thrust indoor
wall of each unit are calculated as follows:

~

i = Xx;/cosf

di = (di+di;1)/2
a; = (a; +ai1)/2

Agi = nd?/4

Ay =nd; /4

Ay = 70(d; + 28 + b)b — naib

Ay=n (Ei +25+ b)b — nab (7.50)
Sei = wd;l;

Si = [71 (Ei v 23) . (E,» +25+ 2b) — 2na; + 2nb] I

Vi = Agl;

S =n (Ei + 23)zi
my,; = Py |:7T (d_, + 8)8 + nﬁ,b]l,

[TPe1]

where subscript “g” represents parameters of the gas channel, the subscript “/” repre-

sents the parameters of the coolant channel; symbol “s” represents the heat transfer
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Fig. 7.5 Schematic diagram
of regeneratively cooled
thrust chamber segmented
unit i

area, and S is the equivalent heat transfer area of the coolant wall; m,,; and p,, are
the mass and density of the ith unit on the thrust indoor wall, respectively.
The temperature equation of the ith unit at the thrust indoor wall is

dT,,; ,
mwicw? = (Qgci + Qgri)Sgi - qliS,‘ (751)

where c, is the specific heat capacity of the thrust chamber wall; T,, =
(Tvgi + Tuii) /2 is the average temperature of the inner wall along the radial direction;
ngi and T ,,; are the average temperature of the gas wall and the average temperature
of the liquid wall along the axial direction of the i-th unit, respectively;qgq.; and g,
are the convective heat flux and radiation heat flux of the gas to the ith unit on the
inner wall, respectively; and g;; is the convective heat transfer density of the ith unit
on the inner wall to the coolant, which can be expressed as

qii = oui(Toii — Ti) (7.52)

where T,,;; = [Twli + Twl(i+1)] /2 is the average temperature of the liquid wall of the
ith unit along the axial direction, T;= [Tl,- + T,([H)]/ 2 is the average temperature of
the coolant along the axial direction, and ¢; is the convective heat transfer coefficient
between the ith unit on the thrust indoor wall and the coolant and can be expressed
as

)\0'660'4 v
ay = 0.023<pd;°-2( i )(1 + 0.01457l’> (7.53)
1298 Vi

where ¢ is the heat sink effect coefficient; d; = 2bw /(b 4+ w) is the equivalent
diameter of the cooling channel; w is the groove width of the cooling channel; A; is
the thermal conductivity of the coolant; ¢, is the specific heat capacity of the coolant
at constant pressure; y; is the dynamic viscosity of the coolant; v, is the qualitative
kinematic viscosity of the coolant wall temperature; and v, is the qualitative kinematic
viscosity at the coolant temperature.

(3) Coolant flow equation
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Fig. 7.6 Schematic diagram of the segmentation of the regenerative cooling channel
If the regenerative cooling channel is divided into N segments, the 3N independent

variables are N pressure p;;, N flow g,,,;; and N temperature 7T};, and the corresponding
differential equations are expressed as

dqmi Qi |G| .

Ri m =P1(i71)—Pli—§iM+hiPli8’ l=2,...,N (754)
dt 0
dpy; .

Xi~g, = dmi = qmGtn), 1= L...,N—1 (7.55)

dT;; iS] .
Vipi—— = quiTii + i gmi+n T+, i=1,...,N (7.56)

dt Cpli

where R, = A;—A = %, h; = 1% Xi = %, Vi is the volume of the ith unit of the

cooling aisle, and g; is the convective heat transfer density of the ith unit on the
inner wall to the coolant. The differential equations for g,,; and p;y are related to the
boundary conditions of the cooling channel and must be solved jointly with other
components. In addition, for the coolant flow channel, to enhance the convective eat
transfer effect, the pipeline wall roughness is artificially increased in engineering.
Therefore, the Colebrook-White empirical formula must be used to calculate the
coolant flow resistance (Fig. 7.6).

7.8 Basic Equations of the Combustion Chamber

Suppose the instantaneous values of the oxidizer and fuel masses in the combustion
chamber are m,, and my ; then, the average instantaneous value k of the gas component
ratio in the combustion chamber is (Fig. 7.7)

mg,

k=2 (7.57)
my

For the mass of each component in the combustion chamber, the mass balance
equation can be written independently as
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Fig. 7.7 Schematic diagram

of the combustion chamber Qo \ kT P
q1,T —>q>
/ m,V
an
0 /
dm, _ (7.58)
dr =dqo1 — {402 .
dmy _ (7.59)
dr qar1 — 452 :

of which g1 = go1 + gr1, g2 = go2 + gr2. The oxidant flow rate is g,, and the fuel
flow rate is gr,. From the component ratio k and total flow rate g»,

k 1
— Gy, Gry = 7.60
qo2 k+1612 qr2 k+1¢12 (7.60)
It is derived from Egs. (7.57)—(7.60) that
dk 1 dmyg m, dmy 1 Mo k Mo
T T T T T3 T = 4ol — —3 "4qf1 — - q2
e mp dt m% . — mpg ¢ m}% 4 my (k + 1) mJ%(k +1
mey
R I
Ty T T G e |
1 m,
:_"Iol__;'Qf] (7.61)
With m = m, + my and k = m, /my,
mk m
o = —— = — 7.62
Mo T (7.62)
Substituting Eq. (7.62) into Eq. (7.61) gives
dt k+1 RT
— = —(go1 — ki = (k+ D (go1 — kgr1)— 7.63
a = o~ kan) = Gt Dlgon —kan) 7 (7.63)

where R is the gas constant and V is the volume of the cavity.

If the thermal conductivity and the diffusion coefficient are considered to be
infinite (i.e., the instantaneous and complete mixing model of the gas pipeline), then
the instantaneous gas temperature of the entire combustion chamber 7 (x, f) (except
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for the gas that just entered the entrance at this instant) is equal to the temperature at
the exit of the combustion chamber.

TO,t)=T,(), x=0

T, t)=Txt), 0<x<I (7.64)

T(x,t) = {

Ignoring the change in the kinetic energy of the gas in the combustor and assuming
that the flow is adiabatic, the energy conservation equation of the combustor is
expressed as

d(me,T,)

e cpiTigy — cppTagn (7.65)

where ¢, = %. is the specific heat capacity at constant volume, ¢, = yy—_Rl is the

specific heat capacity at constant pressure, R is the gas constant of the combus-
tion gas, y is the specific heat ratio, and RT, represents the working ability of gas.
Equation (7.65) expands to

d(RT2) +RT d =( 1) R\T
m — - —
dr 2 dr Y 1 1hgqt =

= ]R2T2q2> (7.66)

From mass conservation, we have

dm (7.67)
FTERA '
Therefore,
d(RT>) V2
m =y-1 —R1qul - RyThq> | — RTx(q1 — q2)  (7.68)
dr 1 2 —1

From the gas equation of state, it can be written that

_prv

= — 7.69
RT (7.69)
Taking the derivative on both sides becomes
V d V dRT,) dm
__p — p 3 2 = — = 41 — qZ (770)
RT, dt (RT») dr dt
Substituting Eq. (7.68) into Eq. (7.70) gives
v _ o —RT 2_R.T 71.71)
dt_ 1 14191 — _1226]2 .
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If the combustion time lag of the propellant is considered, T and the combustion
efficiency 7., and based on Eqgs. (7.63), (7.68) and (7.71), the basic equation of the
operation of the combustor is derived as

dlk()] RT»(t)
T—[k(t)+l][qu(t T) — k(t)qr (¢ T)]p(t)V (7.72)
p(t)V dRT,(1)]
RT, (1)  dr
=(y—1>[ R\ Ti(t = D1t — Type — —2 Rsz(t)qz(t)}
yi—1 v —1
—RT>(1)[q1(t — T) — q2(0)] (7.73)
d{p(®)
v [’; ]=<y—1)[ PR\ = )i — O — —2 Rsz(l)Cn(f)]
t y —1 -1
(7.74)

where g1 (t — 7) = qo1 (t — ) + g1 (t — 7).

7.9 Basic Equations of the Solenoid Valve (with Control
Gas)

(1) Composition and working principle of the solenoid valve (with control gas)

The structure of a solenoid valve (with control gas) is shown in Fig. 7.8. It is
composed of an electric gas valve and a pneumatic liquid valve. The electric gas
valve is connected with a high-pressure gas source, the propellant inlet of the pneu-
matic liquid valve is connected with the propellant supply pipeline, and the outlet is
connected to the propellant filling pipeline. After the electric gas valve coil is ener-
gized, the coil current increases exponentially. When the trigger current is reached,
the armature starts to move, and the electric gas valve gradually opens. The enormous
pressure difference between the high-pressure gas source and the gas in its control
cavity makes the gas pressure in its control cavity. When its own pressure rises, the
control cavity of the electropneumatic valve inflates the control cavity of the pneu-
matic hydraulic valve. When the gas pressure in the control cavity of the pneumatic
hydraulic valve rises to a certain pressure, the piston of the pneumatic hydraulic valve
starts to move until it is completely closed. When a shutdown command is issued,
the coil of the electric gas valve is powered off, and the magnetic flux gradually
attenuates to the point of release. The suction force is no longer enough to hold the
armature. The spring force overcomes the compressive force and the electromagnetic
force to push the armature assembly to move, and the armature starts to be released.
At the same time, the gas in the control cavity of the electropneumatic valve flows
out through the exhaust port, the pressure of the control cavity is released, and the
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Fig. 7.8 Schematic diagram
of the solenoid valve (with
control gas). 1 7
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pressure of the control cavity of the pneumatic hydraulic valve is relieved accord-
ingly. The piston of the pneumatic hydraulic valve is gradually released under the
action of the spring force.

(2) Basic equations of the electric gas valve

The dynamic process of the electric gas valve follows the voltage equilibrium equa-
tion in the circuit, the Maxwell equations of the magnetic field, the d’ Alembert equa-
tions of the movement, and the heat equilibrium equation of the thermal path. These
equations are related to each other and constitute a mathematical model describing
the dynamic process of the entire electromagnetic mechanism. Due to the very short
duration of the dynamic process of the electric gas valve and the thermal inertia of
the electromagnetic system, the temperature change is very slight, and the resulting
change in resistance is very small and can be ignored. Therefore, the heat equilibrium
equation is not included in the mathematical model.
@ Circuit equation

. dw ) dND,) . do,.
U=iRi+—=IiRi+—— =IiR;+N
dt dt dt

(7.75)

where U is the coil field voltage, i is the current, R; is the coil resistance, W is the
total flux linkage of the electromagnetic system, N is the number of coil turns, ¢ is
time, and ®, is the magnetic flux in the magnetic circuit.

@ Magnetic circuit equation

According to Kirchhoff’s magnetic pressure law, the mathematical model of magnetic
circuit calculation can be derived, that is,

iN = ®5(Rs + Ry + R.) (7.76)
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where ®; is the magnetic flux in the gas gap, R; is the working gas-gap reluctance, Ry
is the nonworking gas-gap reluctance, and R, is the corresponding magnetic circuit
reluctance. Ignoring the armature and nonworking gas-gap reluctance, Eq. (7.76)
becomes:

iN = ®5(Rs + Ry + R.) (7.77)

where H, is the magnetic field strength and L. is the magnetic path length. The
gas-gap reluctance is

Rs = 8/(1oA) = (hmax — x1)/(1oA) (7.78)

where § is the gas gap length, i is the vacuum permeability, A is the magnetic pole
area at the gas gap, fiyax 1 the maximum gas gap, and x; is the armature displacement.

B.=®./A (1.79)

where B, is the magnetic induction intensity in the magnetic circuit. For the magneti-
zation curve data of the material, 1D linear interpolation is used to perform piecewise
data interpolation to complete the magnetic induction intensity B, versus magnetic
field strength H, transformation.

If the flux leakage is considered, the flux leakage coefficient is o expressed as

o=7>o./Ps (7.80)

For a DC solenoid, the flux leakage coefficient is . The empirical formula is

1) 0.135 L 2(ry —
o=14+—1067+ oty mh e-n) _

r r1 Try 8(rp — 1) L

41.465 1g%} (7.81)

where Ly is the coil assembly height, r| and r; are the structural dimension parameters
of the electromagnetic mechanism [8].

According to Maxwell’s electromagnetic attraction formula, the electromagnetic
attraction force of the solenoid valve F is

F = ®3/2uoA) (7.82)
® Motion equation

du1
m,lg = Fx +Fp1 —Ffl _Fcl (783)



242 7 Mathematical Model of the Operation of a Pump-Fed Liquid Rocket Engine

where m; is the total mass of the moving parts of the electric gas valve, u; is the
piston speed of the electropneumatic valve, F),; is the compressive force acting on
the piston of the electropneumatic valve, Fy; is the friction force of the moving
parts of the electric gas valve, and F,, is the spring force acting on the piston of the
electropneumatic valve.

& (7.84)
— = Uu .

dr ]

where x; is the displacement of the electropneumatic valve piston.

Fp1 = (p1 — po)An (7.85)

where p; is the gas pressure in the control cavity of the electric gas valve, pg is
the ambient pressure, and A, is the cross-sectional area of the piston rod of the
electropneumatic valve.

Fep = Feo1 + Crxy| (7.86)

where F . is the electropneumatic valve spring preload and C is the spring stiffness
of the electropneumatic valve.

Fr1 = fiu (7.87)

where f is the friction coefficient of the electric gas valve.

@ Basic equations for the gas in the control cavity

The gas in the control cavity is regarded as an ideal gas, and the change in kinetic
energy of the gas is ignored. The energy equation of the gas in the control cavity is
expressed as

d(myc,T1)

dr = qlincpiTi - quncpjTj - qoutcpeTe — P1Anug (7.88)

where m; is the gas mass in the electric gas valve control cavity, T) is the gas
temperature in the electric gas valve control cavity, gy;, is the electric gas valve
controlling the flow rate of gas flowing from the cavity, ¢;, is the pneumatic liquid
valve controlling the incoming gas flow rate from the cavity, g,,, is the outflow gas
flow rate from the electric gas valve controlled cavity, ¢, is the specific heat capacity
at constant volume, ¢, is the specific heat capacity at constant pressure, and the
subscript i, j, e represents the inlet of the control cavity of the electropneumatic
valve, the inlet of the control cavity of the pneumatic-liquid valve, and the pressure
relief outlet of the control cavity of the electropneumatic valve, respectively. Because
cp = %R, cy = +1R are regarded as constants. y is the isentropic exponent, R is
the gas constant, so Eq. (7.88) becomes



7.9 Basic Equations of the Solenoid Valve (with Control Gas) 243

dT, Y1
my g = qunyTi — qunyT}' — GowVTe — T1(q1in — Q2in — Gowr) — 2 1A
(7.89)
According to the ideal gas equation of state,
p1Vi=mRT; (7.90)

where V| is the volume of the electric gas valve control cavity. Taking the derivative
on both sides of the above equation yields

d dv dr dm
P S R R (7.91)

V
: dt dr dr dt

Substituting Eq. (7.89) into Eq. (7.91) gives

dp:
Vi— = = @QuinyRT: = QainY RTj = Gowy RTe = yp1Amin (7.92)
av;
— =4 7.93
dr 1 (7.93)

Equation (7.89), (7.92) and (7.93) are the mathematical models of the gas
> =
in the control cavity of the electric gas valve, where Grin 2 0, Ty =Ty ,
qiin <0, T; =T,

> — > =
{qz”’ 20,7 =T and {qo‘" 20, T =T, . Ty is the high-pressure gas source

q2in<0,Tj=T2’ Goww <0, T, =Ty
temperature, T is the ambient temperature, and 75 is the gas temperature in the
control cavity of the pneumatic liquid valve.

(3) Basic equations of the pneumatic hydraulic valve

The pneumatic hydraulic valve is composed of a control cavity and gas hole, a spring,
a piston, two propellant inlets and outlets, and a valve body. The propellant outlet of
this valve is close to the inlet of the injector, and the outlet of the injector is close to the
inlet of the engine combustion chamber. After high-pressure gas enters the control
cavity, when the gas pressure increases to a certain value, it will simultaneously push
the piston of the actuation cavity to move against the hydraulic pressure, friction force
and spring force, thus causing the propellant to flow into the injector cavity. When
the electropneumatic valve is closed, the gas in the control cavity of the pneumatic-
hydraulic valve is discharged from the electropneumatic valve and the gas vent under
the action of the spring force and hydraulic pressure. The movement of the piston is
accompanied by changes in the gas flow rate, pressure, volume, density, temperature,
piston displacement, speed, and spring expansion and contraction. Therefore, the
dynamic process of the pneumatic hydraulic valve should follow the law of mass
conservation, the law of energy conservation and Newton’s second law.
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To establish a mathematical model of the dynamic process of the gas-operated
hydraulic valve, the following assumptions are first made: because the dynamic
process of this valve is very short, the heat transfer process inside the valve is not
considered; the compressibility of the propellant is not considered; and the gas in the
control cavity is considered an ideal gas.

@® Motion equation

dI/tQ
mo——="Fyp —Fp —Fo (7.94)
dr
where my, is the total mass of the moving parts of the pneumatic liquid valve, u,
is the movement speed of the pneumatic liquid valve piston, F,; is the compressive
force acting on the piston of the pneumatic hydraulic valve, Fy; is the friction force
of the moving parts of the pneumatic liquid valve, and F,, is the spring force acting
on the piston of the pneumatic hydraulic valve.

dx,

= 7.95
g e (7.95)

where x; is the piston displacement of the pneumatic hydraulic valve.

Fpo = (p2 — Po)An2 + (1o — Po)Aio + (piy — po)Ay (7.96)

where p; is the gas pressure in the control cavity of the pneumatic liquid valve, A, is
the cross-sectional area of the piston rod of the pneumatic hydraulic valve, py, is the
oxidizer inlet pressure of the pneumatic liquid valve, A;, is the cross-sectional area
of the piston rod corresponding to the oxidizer of the pneumatic liquid valve, py is
the fuel inlet pressure of the pneumatic hydraulic valve, and Ay is the cross-sectional
area of the piston rod of the pneumatic liquid valve corresponding to the fuel.

Fo=Fop+Cx (7.97)

where Fq, is the spring preload force of the pneumatic hydraulic valve and C; is the
spring stiffness of the pneumatic liquid valve.

Fry = four (7.98)

where f is the friction coefficient of the pneumatic hydraulic valve.
@ Basic equations that control the gas in the cavity

d7,

y —1
— = qoin¥Ti — Taqgrin — ————prAy 7.99
my—- =iy Tj — gy R P2Amin (7.99)

where m; is the gas mass in the control cavity of the pneumatic liquid valve.
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dp2
VZE = q2inVRTj — YDAy (7.100)

where V), is the volume of the control cavity of the pneumatic liquid valve.

Va4 (7.101)
_— n u .
dr 22U

Gin 20, T; =T
Gin <0, Tj =T~

Regarding the gas mass flow rate q;,, g2in and g, for the solution, four cases,
supercritical and subcritical, and forward and reverse gas flow, were considered. The
specific mathematical model is as follows:

of which when {

When p; < py,

1y, PV AL (z >ﬁ p_1<< 2 >—
MURTY N T\ y +1 pv ~ \r+1

2 il
u DPNA1in 2y (Pl )V < 1\ 7 P < 2 )V'
li — =) - | = , — —
"VRTy\ v — 1| \pn PN PN y +1

When p; > pu,

qlin =

P1ALn 2\ py 2\
—M1in V4 , — =< |\——
~/RT} y+1 D1 y+1
qlin = 2 y+1 v
M DiAiin 2y (PN)V < N> v Py < 2 )V‘
—Mlin - 4 . -\ — y T -
VRT Ay — 1|\ pi P1 D1 y+1

When p; < py,

1A2m 2 T P2 2 vt
H2in — = | —
VRT y+1/) 7 pi y+1

Q2in = 2 y+l v
Pi1Asin | 2y (Pz) v <P2> 2 ( 2 >V'
MZin— - 7 - - - T > -
RTi\|y — 1|\ 1 1 y+1
When P2 = pi,
prAain 2\ opy 2\
—H2in 14 , — =< | ——
~/RT, y+1 )2 y+1
Qin = +1 v

2 y+l

D2Asin | 2y <P1>V (Pl) v p1 < 2 )V‘
—M2in — — i , — > | ——
VRT | v — 1| \p2 2 2 y+1
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Whenpo < Ppi,
v
pleut ( ) Po < 2 )VI
Heout —=\|\—
VRT, y+1 1 y +1
Gour = 2 v+l v
u Prhou | 2y (@)V B (@) TP ( 2 )V'
" URTi\y—1|\p | "o \y+1
When py > py,

Gour =

pOAout 2 =T 1 2 v
—Mout 14 , — =< | ——
~RTy y+1 Po y+1
o

2 +1
—u pOAout 2]/ <p1>y _ (&)VV & - ( 2 )y

M JRTo\ v — 1 Po " po y+1
where 111;, is the flow coefficient of the electric gas valve control cavity, (,;, is the
flow coefficient of the gas-driven hydraulic valve control cavity, (4., is the outflow
flow coefficient of the electric gas valve control cavity, Ay;, is the area of the inflation
hole in the control cavity of the electric gas valve, Ay;, is the area of the gas filling
hole in the control cavity of the pneumatic liquid valve, and A,,, is the area of the
exhaust valve in the electric gas valve control cavity.

Solving the dynamic differential equations of the electric gas valve gives x; and
u1; in fact, the external factors that affect the gas inflow rate and the volume of the
control cavity of the pneumatic liquid valve are obtained. Only on this basis can the
dynamic model of the gas-actuated hydraulic valve be solved. However, the pressure
in front of the piston of the electropneumatic valve is related to the movement of the
pneumatic liquid valve, so the dynamic differential equations of the electropneumatic
valve and the pneumatic hydraulic valve need to be solved simultaneously.

7.10 Basic Equations for the Solenoid Valves (Without
Control Gas)

(1) Composition and working principle of the solenoid valve (without control gas)

The structure of the solenoid valve (without control gas) is shown in Fig. 7.9. The
inlet of the solenoid valve is connected to the propellant supply pipeline, and the
outlet is connected to the propellant filling pipeline. After the solenoid valve coil
is energized, the coil current increases exponentially. When the trigger current is
reached, the armature starts to move, and the solenoid valve is gradually opened until
it is fully opened. When the shutdown command is issued, the solenoid valve coil is
powered off, and the magnetic flux gradually attenuates to the point of release. The
suction force is no longer enough to hold the armature. The spring force overcomes
the compressive force and the electromagnetic force to push the armature assembly
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Fig. 7.9 Schematic diagram Spring
of the solenoid valve (no Electromagnetic
control gas) conductor

| _—~Coil

[ |
/Arma ture assembly

| L

[ Propellant

outlet

ﬁPropcl lant inlet

to move, and the armature starts to be released. The electric gas valve is closed to
complete the closing process of the electromagnetic valve.

(2) Basic equations of the solenoid valve

@ Circuit equation

U=IiR +— (7.102)
dr
where U is the coil excitation voltage, i is the coil current, R; is the coil resistance,
W is the total flux linkage of the electromagnetic system, and ¢ is time.
@ Magnetic circuit equation

iN = ®5(Rs) + H.L. (7.103)

where N is the number of coil turns, ®; is the working gas-stop magnetic flux, R;s
is the working gas stop reluctance, H, is the magnetic field strength, and L. is the
effective length of the magnetic circuit.

® Motion equation

d

%£=ﬂ+&—ﬂ—ﬂ (7.104)
dr (7.105)
— =1u .
dr

where m, is the mass of the pole face center of the iron core, converted to the
moving component of the electromagnetic system, u is the piston rod speed, F, is
the electromagnetic force, F), is the compressive force, Fy is the friction force, F, is
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the spring force, and x is the piston rod displacement. The calculation formulas for
the electromagnetic force, compressive force, friction force and spring force are

F = ®3/2uoA) (7.106)
Fy = (p = po)A, (7.107)
F.=F.+ Cx (7.108)
Fy = fu (7.109)

7.11 Basic Equations of the Turbine

The turbine flow equation is (Fig. 7.10)

y+l v
WePirAn y 2 y-1 Pib 2 y-1
VRT; y—1 pi — \v+l1

qmt = 2 v+l -
WipiAn | 2y pw " _ (e} 7 |pe o (2 )7
/RTj y—1 Pit Pit Pit y+1

where w, is the turbine flow coefficient; p;; is the turbine inlet pressure; A, is the
sum of the minimum cross-sectional areas of the turbine stator vane nozzles; T is
the turbine inlet gas temperature; and p;; is the exit pressure of the turbine stator,
which can be considered equal to the inlet pressure of the moving blades, and its
calculation formula is

(7.110)

y=17 57
Piv = Pi [9 F(1+ 9)(%) } (7.110)
it

where 6 is the reaction force of the turbine. For the impulse turbine, 6 = 0, for the

reaction turbine 6 = f (.:l_,’ %)’ and the relationship is obtained from the turbine

blowing experiment, ¢; is the axial velocity of the turbine gas, which can be rewritten

as
) y=1
Y
o= | =Y Rrr,|1- (@) (7.111)
y—1 Pir

where p,, is the turbine exit pressure.
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Fig. 7.10 Schematic
diagram of the turbine

>

Pet
The calculation formula for turbine efficiency is
2
n n
n,:a(—) +b—+c (7.112)
Ct Ct

The coefficients in the above formula, a, b, c, are fitted with experimental data.
The power equation of the turbine is

2
Ny = Smdl q;”"’ (7.113)

The equation of the turbine exit temperature is

y-1
To =Ty — T,»,[l - (”—) }7, (7.114)
Dit

7.12 Mathematical Model of the Assembled Module

(1) Tank-pipeline module

The flow equation for the first section of the pipeline connecting the tank is

dg, q1lq1l
Ri— =pr—p1—§& +hipg (7.115)
dt P
where R; = ﬁ = %, h = %, N is the number of connected pipeline segments,
A is the cross-sectional area of the connected pipeline, and pr is the tank pressure

(Fig. 7.11).
The height from the liquid level of the tank to the top of the tank satisfies
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Fig. 7.11 Schematic
diagram of the tank-pipeline
connection

‘/;t—l qldt

M= D T — ) —x— 1]

(7.116)

where x(¢) is the height from the liquid level of the storage tank to the top of the
storage tank at time 7.

(2) Liquid pipeline module (Fig. 7.12)

If a pipeline is divided into N segments, the 2N independent variables are N pressure
pi and N flow ¢;, and the corresponding differential equations are expressed as

dg; ilqi .
R _ 4N oo N (7.117)
dr 0
dp; .
Xi—— = {q4i — 4i+1, l=1,...,N—1 (7118)
dr
where R; = ﬁ = ,%, h, = ,%, and y; = ,‘\/,—,’;. The differential equations for ¢; and

pn are related to the boundary conditions of this pipeline and must be solved jointly
with other components.

art
P P2 / P 24
Ya A2 'gsN :qN S v
- o o - -

Fig. 7.12 Schematic diagram of liquid pipeline segmentation




7.12 Mathematical Model of the Assembled Module 251

(3) Tee module (Fig. 7.13)

The differential equations describing the tee module include

dpy
= — gy — 7.119
N=g =IN 4 ( )
d q/ + q// q/ _"_ q// q/ + q//
RNH% = pwn —p—%m]( L ai)lar +4 +hyapg  (7.120)
d !
R =p E{qlm + ipg (7.121)
t
d i
R =gt Ll (7.122)
Where XN = I‘GK’ RNJrl = ﬁ’ hN+1 = %7 R/l = #//va h/l = %7 R/l/ =
y
2N,,A,,, and hi = 55.

(¢, +4q)|a) + 4"

D =pny —ény1 +hny108 (7.123)
/ /
Dy =—p — l/q1|‘h| (7.124)
D, = 1” " + 1 pg (7.125)
Then, Egs. (7.120)—(7.122) are rewritten as
d / + /"
RNHM —D—p (7.126)
dr
, dg
dr
//dQ1
Ri—F=p+D (7.128)
Adding Eq. (7.126) to Eq. (7.127) gives
A dgy
(R1 +R) b+ Ry b =D+ Dy (7.129)
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\ part0, Pipeline

Fig. 7.13 Diagram of the connection of tee module

Adding Eq. (7.126) to Eq. (7.128) gives

d ! , d a
RN+1§+(RN+1 +R’1)% —D+D, (7.130)

Joint solving of Eq. (7.129) and Eq. (7.130) gives

dg;  —Di\Ryy1 + DaRyy1 — DR] — DiR|
dr Ry 1R, + Ry 1R} + R,R!

(7.131)

dg{ _ DiRyi1 — DaRy+1 — DR| — DiR;
dr Ry+iR] + Ry 1R] + R\R|

(7.132)

Equations (7.119), (7.131) and (7.132) are the dynamic equations describing the
three-way module.

(4) Pipeline-throttling component-pipeline module (Fig. 7.14)

The differential equations describing the pipeline-throttle assembly-pipeline module
include

dpy

p ,
XNF =qn — q; (7.133)

partl, Throttling
component

DN

gN 3 Di Pe

\

Fig. 7.14 Schematic diagram of the pipeline-throttle assembly-pipeline connection

part0, Pipeline
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/ /!

d NAs
§=PN—P/1—(§N+1+$S+$1) ]

(Rv+1 +R)) + (hy41 + h))pg (7.134)

W

and /) = 2 N

where yy = 1‘\;—1‘;, Ry = R, =

2NA’ 2N’A WUESES 21v’

(5) Pipeline-oxidizer pump-pipeline module

Referring to Fig. 7.15, the differential equations for the oxidizer pump and its pipeline
are

dp
XN—N aN — iy (7.135)
dr
dq qip|Yq;
(Ry+1 +Rip)d_tlp = pn — Pip — (&n+1 + &) 7l + (w1 + hip)pg - (7.136)
dp;
Xipd_tl’ = Gip — 4y (7.137)
dg q nJ, dn
de_tp =Pip —Pep t an’p + bng, — C;p + 25 30 dr (7.138)
dT, l1—n
mﬂd—zp = qpTip + Ny = GepTep (7.139)
P
dp.
Xepd_tp =dqp —Gep (7.140)
N Gep |9,
(REP +R1) d;p = Pep — Py — (gfp + 51/) p| p| + (heP +h/1)'0g (7.141)
where yy = 1%, Ryy1 = ﬁ’ R ﬁ My = % W =

2}'—1\;,, and ¢., = q).
(6) Pipeline-primary fuel pump-pipeline 2 module

Referring to Fig. 7.16, the differential equations of the primary fuel pump and its
pipeline are

dPN

—q; 7.142
dl‘ =d4Nn — Yip ( )

dg; in|4i
(RN+1 +Rip)% 61,7‘61,7|

=pn —Pip — (Ent1 + &p) + (hvg1 + hip)pg  (7.143)
dpip

Xip— .~ dr =dqip — 49 (7144)
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P

GorTer ¥ > <§

>
> >
o V'

part0, Inlet pipeline

part2, Outlet pipeline

P iy ‘\ partl, Oxidizer pump
POoA N

AT > |ty

V'S V'S

Fig. 7.15 Schematic diagram of the pipeline-oxidizer pump-pipeline connection

dgp q,, nJ, dn
Par =Dip — Dep + an’ o + bng, — 30 dr (7.145)
dT, 1—
my—F = apTip + PN, — GeTep (7.146)
14
dp.,
Xon% =d4qp — 6]/1 - q/f (7147)
dg. Gep|9e

Reﬂ dlp = Pep — P2 _Eep p| p| +heppg (7.148)

, dq, A ,
litl —p — & “ i + K, pg (7.149)

, g 44114 "

Ri—o =P =Pl =& 1’ Lt o (7.150)
where AN = Xl[lg’RNH = 2NA’R/ = 2N’A’ R = sy v = 2]_1th/1 =
2N/7 h// = 2N”’ and gep = 61/1 + q/l/

Gep|qe d\ +41) a4y + qf
D =p, — & vlder + heppg =pep—$e,,( L+ ai)lgi + 4] + heppg (7.151)

/ /
Dy = —p| — 1’q1|q1|

(7.152)

D, = —p) — gy ’ + K pg (7.153)
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partl, Primary fuel pump

part0, Inlet pipeline

..... \ part3, Outlet pipeline
Gips Tip

Fig. 7.16 Schematic diagram of the connection between pipeline-primary fuel pump-pipeline 2

Then, Egs. (7.148)—(7.150) are rewritten as

d(q; +47)

Ry——=D-m (7.154)
d /
R\= = p2+ D) (7.155)
| 7.156
qr =p2+Ds (7.156)
Adding Eq. (7.154) to Eq. (7.155) gives
dg, dg{
Ry +R)— +R;,— =D+D 7.157
( p + 1) dt + Ry dr + Dy ( )
Adding Eq. (7.154) to Eq. (7.156) gives
d / d /!
Ryl + (R + R)) 2L = D+ D, (7.158)

Joint solving of Egs. (7.157) and (7.158) gives

d¢; _ —DiRey+ DR,y — DR{ — DiR] (7.159)
dr RepRll + ReI’R/l/ + R/lR/l/
dilll — _DlRep - D2R€l’ — DR,I — DZR/I (7160)

dr RoyR, + Ro,R| + R\R|
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The above formulas (7.142)—(7.147), (7.159) and (7.160) are the dynamic

equations describing the pipeline-the primary fuel pump-pipeline 2 module.

(7) Pipeline-secondary fuel pump-flow regulator-pipeline module

Referring to Fig. 7.17, the differential equations of the secondary fuel pump and its
pipeline are

dp

N
XN? =4n —qip (7.161)
d%‘ qip |4
(Rn+1 +Rip)d_;p =pxn — Pip — (§n+1 + &) rla + (w1 + hip)pg  (7.162)
dp;
Xipd_t/’ =qip—qp (7.163)
dg g wl,dn
de_tp =Pip —Pep t an’p + bng, — C;p + 3_0175 (7.164)
d7, 1—n,
My = q9ipTip + Np = GepTep (7.165)
t P
dp.
XEpd_tp =dp — YGep (7.166)
dqep Dep |9
(Rep + Rua +R/1) d;l = Pep — P| — (";:ep + & + E{)# + (hep + haa + h’l)pg
(7.167)
where xv = 3£, Rvei = mp R = s hve = gy, B o=
2"—[\,,, and ¢, = q}.
partl, Secondary fuel qepsTep

pump

part0, Inlet
pipeline

part2, Flow regulator

gipsTip \ MEIEEN ERN (;
> —>

part3, Pipeline

Fig. 7.17 Schematic diagram of pipeline-secondary fuel pump-flow regulator-pipeline connection
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part0 part2, Filling pipeline P 5, Preburner \

Pipeline

7] |
> Pivo Pevo q_ pif'o : Peco = Ts, D, ko

L]
/
partl, Valve /
part3, Manifold partd, Injector

Fig. 7.18 Connection diagram of pipeline-valve-filling pipeline-manifold-injector-preburner

(8) Pipeline-valve-filling pipeline-manifold-injector module (Fig. 7.18)
The pressure equation in the last segment of pipeline parz 0 is

dpn , Vo
gy =, oy = — 7.168
AN—qT = AN T XN = e ( )

The flow equation from the last segment of pipeline part O to the valve is

/ /

q'\q
RN+IE = DN — Pivo — &n1 | +hni10g (7.169)
where RN+1 = %, hN+1 = %
q|q|
D =py —énp . + hyi108 (7.170)
Equation (7.169) is rewritten as
dg’
Ry+1— =D —pivo (7.171)
dr
For valve part 1, if
D, = —gmw (7.172)
0
then its static equation is
0 = pivo — P} + D (7.173)

Simultaneous solving of Egs. (7.171) and (7.173) gives

dd’
RN_Hd—z =D+D1 —p/] (7174)
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For filling (draining) pipelines part 2, the differential equation is

/ dp/l / 1
=q — 7.175
X dr q —dq ( )
dq// , q// q//
R() a =P Pieo = S(l)% + h(D)pg (7.176)
d_q-d (7.177)
dr — pF() '

where R(l) = fol /%, h() = fh’, and / is the length of the liquid column in the

filling pipeline.

q// q//
D, = —E(l)% + h()pg (7.178)
Equation (7.176) can become
dq// ,
R() a — P Picot D2 (7.179)

For the liquid collection cavity part 3, the differential equation is

dq// q// q//
R(V) d = Dico — Peco — s(V)L (7180)
! p
dv %”, while the propellant in filling process (7.181)
dr —‘%, while the propellant in draining process '

where R(v) = Ry, §(v) = 3;&v, and v is the volume of liquid in the liquid collecting
cavity.

! !/
Dy = —g(v)M (7.182)
o
Equation (7.180) can be changed to
dq//
R®) = Pico — Peco — D; (7.183)
dr
For the oxidizer injector part 4, if
q//|q//|

Dy=—-&—— (7.184)
0
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then it static equation is
0 = peco — pp + D4 (7.185)

Addition of Eqgs. (7.179), (7.183) and (7.185) gives

a

d
(R() +RO) == = pi = py + Dy + D+ Dy (7.186)

The above formulas (7.168), (7.174), (7.175), (7.177), (7.181) and (7.186) are the
dynamic equations describing the pipeline-valve-filling pipeline-liquid collection
cavity-injector-preburner.

(9) Pipeline-valve-filling pipeline module

From Fig. 7.19, for pipeline part 0, the pressure differential equation in the last
segment is

dpy Vp

XN?ZQN_q/p N = (7.187)

The flow equation from the last segment of pipeline part O to the valve is

dg g4
Ry, =Py = Par = Enan i +hyv1p8 (7.188)
where RN+1 = %, hN+1 = %
ard
D =py — &N+ + hyt1p8 (7.189)
Equation (7.188) is rewritten as
dg;
Ryi1—L =D — piy (7.190)
dr
For valve part 1, if
part0 part2 pr’
Pipeline Filling pipeline \
P [O] P 41 92

>

b

partl, Valve

Fig. 7.19 Schematic diagram of pipeline-valve-filling pipeline connection
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a7
Dy = —£; - (7.191)
P
then its static equation is
0 = piyy — Peryy + D1 (7.192)

For filling pipeline part 2, its first small segment differential equation is

d / , q/ q/
Ry(lh) (;1; = peyy —P1 — 1) 1L1| +mh(h)pg (7.193)

v
pA’ ll = 2N . . .
, while the propellant in filling process

)
do _ ] 1 Ga h> oy (7.194)
a | (-4, <L '
pA - 211y , while the propellant in draining process
pA’ L > 35

where R (I}) = fo" & () = i), and -1’ is the length of the filling pipeline.

41|Q1|

D, = —p| — &(h)—— + h(l)pg (7.195)

Equation (7.193) becomes

d
Rl(ll)f = Py + D> (7.196)

Equations (7.190), (7.192) and (7.196) are combined as

/

(Rn 41 +R1(11))— =D+ D+ D (7.197)

Equations (7.187), (7.194) and (7.197) are the state variable equations describing
the pipeline-valve-filling pipeline module.

(10) Filling pipeline module

The segmentation of the filling pipeline module is shown in Fig. 7.20. If a filling
pipeline is divided into N segments, the 3N independent variables are N pressure
pi, N flow ¢; and N filling length /;, and the corresponding differential equations are
expressed as

q,Iq,I

dg; .
Ri(li)d_ci = pi-1 —pi — &) +hilhpg, i=2,....N (7.198)
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dp;
xi<l,~)d—”t=q,-—ql~+1, i=1,....N-1 (7.199)

i I
o i = 2y while the llant in filli
dis1 i . pI'OpG ant 1n mg process

% _ oA li > N
dr 4 < Sk . . . ’
q‘ffl 2, while the propellant in draining process
PA ’ li 2N
i=1.2,... .N—1 (7.200)

I ) ) h

where Ri(l) = [y &, hi(l) = %hi, i) = Sxili = £ = £ = 3£, 1is
the length of the filling pipeline, and A is the cross-sectional area. The differential
equations for gy, py, Iy are related to the boundary conditions of this pipeline and

must be solved jointly with other components.
(11) Filling pipeline-throttle assembly-filling pipeline module

Referring to Fig. 7.21, the differential equations of the filling pipeline-throttle
assembly-filling pipeline module are

d

XN(IN)—(I;IN =gy — ¢, (7.201)
/ ! dp, / !
)y =4 -4 (7.202)

/7 /

dg /
(R tw) + Ry ()] = pv = 7l v () + &) + (1)) 2191

+[An1 Un) + K (1}) ] pg

(7.203)
&Iy
Z‘f‘ - 2?’ , while the propellant in filling process
dly oA In > 55
e o g1 (7.204)
{ z’ p - 2N , while the propellant in draining process
pA> 'N 2N

\THIN VYo an VqN

— t_zw—¢

Fig. 7.20 Schematic diagram of the sections for the filling pipeline
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part0 \ Py ’ partl X part2
TR Y oY p¥ gy 92 ¥
Tt 1
> /v < >/«
I I I I

Fig. 7.21 Schematic diagram of the connection of the filling pipeline (part0)—the throttle assembly
(part1)—the filling pipeline (part2)

, while the propellant in filling process

q I
i i > (7.205)
dr a4 o< I )
A L= 2N while the propellant in draining process
9> 4 !
T T

where xv(v) = 2x, x{(1}) = X Ryi1(ly) = f”zv & hyii(y) = 2 2h;

by () = { &y R = A ) = s x = Y ) = B2 the
length of ﬁlhng plpehne part 0, A is the cross-sectional area of filling pipeline part
0, h is the height of filling pipeline part 0; I’ is the length of filling pipeline part 2,
A’ is the cross-sectional area of filling pipeline part 2, and /' is the height of filling
pipeline part 2.

(12) Filling pipeline—throttle assembly-recycle pool module

Referring to Fig. 7.22, the differential equations of the filling pipeline-throttle
component-recycle pool module are

d
XN (lN)% =gy — ¢, (7.206)

/

d
Ry+1 (lN)d—‘j = pv — po — [En 1) + &y () +hy(n)pg  (7.207)

qq|
Ip

s l [

A V= 2?’ , while the propellant in filling process

- f’A’ W= o 7.208

[T R (7209
{ p - :

IV while the propellant in draining process

lN>m

pA’
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Fig. 7.22 Schematic

diagram of the connection 0 PN art]
between the filling pipeline part / p
(part0)—throttle assembly an pivpo g’
(part1)—recycle pool > P l
L /v ]
Recycle
I} 2NIy—=1/2
where xv(y) = %x, x = Y2 Ryai(y) = [if & hvpi(ly) = N+/h;
2
0,0, <l . . . .
Eplly) = fily =1 ; [ is the length of filling pipeline part O; A is the cross-
vfs bn =

sectional area of filling pipeline part 0; h is the height of filling pipeline part 0; and
po is the ambient pressure.

(13) Pipeline—virtual pipeline—pipeline module (Fig. 7.23)

The differential equations describing the pipeline-virtual pipeline-pipeline module
include

dpy

—_— = — 7.209
AN—g =av—4 ( )
dpy/
xw dN —g+qv (7.210)
t
dg qlql
RNHE =pn—DP— §N+17 +hny10g (7.211)
dg qlql
RN’HE =p—DPNn — SN’HT + hnry108 (7.212)
where xy = X2, Ryi1 = 502, hyver = &, xv = %7 Ry =
s and -y = 5. Adding Eq. (7.211) to Eq. (7.212) gives

Py partl, Virtual pipeline part2, Pipeline

qaN_ P4

\ part0, Pipeline

Fig. 7.23 Schematic diagram of the pipeline-virtual pipeline-pipeline connection
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Fig. 7.24 Schematic

part2,
diagram of the pari, St%tor B]]ade Gas pineline
preburner-turbine-gas Preburner g PP
pipeline connection v g v v
R
kb,Tbypb Dit pib Det kgyTg,Pg
-
N
partl,
Turbine
dgq qlq|
(Ry+1 +RN’+1)E =pyv —pn — (Env1 + 5N’+1)7 + (hy 1 + by 1) pg
(7.213)
(14) Preburner-turbine-gas pipeline module (Fig. 7.24)
The differential equations of the preburner part 0 are
d[kp(1)] RTy (1)
= [k,(t) + 1 ol (t — — ky(t t— 7.214
” [k (2) + 1[qpor (t — T) — k(D) qir1 ( Tb)]pb(t)Vb ( )
po(0)Vy d[RT),(1)]
RT,(t) dr
Vb1 Vb2
= — 1)[ RyTp1 (t — T)qo1 (F — Tp)1p — RZTbZ(I)CImt(t)i|
vo1 — 1 Yoo — 1
— RTy()[gu1 (t — ) — G (1)] (7.215)
d[py(1) % Y
Vi [P0 =wm—-1 PR\ Toi (t = 1)qo1 (= 1)1l — ——Ro T2 (1) ot (1)
dr Y1 — 1 V2 — 1

(7.216)

where k (¢) is the preburner componentratio, 7, (¢) is the preburner temperature, p, (¢)
is the preburner pressure, 7, is the preburner delay, 1, is the preburner efficiency, y; is
the isentropic exponent of the preburner gas, g, (¢) is the mass flow rate of oxidizer
entering the preburner, gyr (?) is the fuel mass flow rate entering the preburner, T3 (¢)
is the preburner inlet temperature, Tp; (¢) is the preburner exit temperature, y;, is the
isentropic exponent of the preburner inlet gas, y;; is the isentropic exponent of the
exit gas of the preburner, and V, is the volume of the preburner.
The turbine inlet pressure can be expressed as

q2
Py — pir = i =~ (7.217)

it
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where & is the flow resistance coefficient of the turbine inlet and p is the average

density, which can be expressed as

ﬁit — Pb + Pit (7218)
2
of which
Pb Dit Dit
=2 oy = = 7.219
Pb RT, Pit RT, _ RT, ( )
Based on the above three equations, we can obtain
Pir = /P — il /2 (7.220)
Similarly, the turbine outlet pressure is
Pet = \/pg + Setqrznz/z (7221)
The turbine flow equation is
v+l i/
HuPicAu 2 ! Di 2 \n!
JRT, Vf(ﬁ) e = (m )
Gm: = B P T (7.222)
WiPitAu ﬂ (&) v (&) 7t Pib > <L> vi—1
m yi—1 Dit Dit Pir ye+1
The turbine stator vane outlet pressure is p;;. The calculation formula is
ER e
Yt
Dib = Pir |:9 +0+0) <%> j| (7.223)
it
where 0 is the reaction force of the turbine.
The differential equations of gas pipeline part 2 are
d[k, ()] RT, (1)
= [k, (0) + 1][Goo1 (1) — ko (£)qor1 (¢ & 7.224
7 [k (1) + 1][ggo1 (1) g<)qgf1(>]pg(t)vg (7.224)
Pe(0)V d[RT, (1] Vel Ve2
= -1 R\ T, (t t) — RyTo(t t
RT, (1) i (ve— 1) — 1Tg1(1)gg1 () - 2Tg2(1)qga (1)

—RT,(1)[qg1 (1) — g2 (1)]

(7.225)
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d t
v, [p:®] z(yg_l)[yfg‘ RT (0g01 (1) - zm leng@)qu(t)}
; 3

dt
(7.226)

where kg (¢) is the gas pipeline component ratio, T (¢) is the gas pipeline temperature,
D (1) is the gas pipeline pressure, y, is the isentropic exponent of the gas pipeline,
Ggo1(t) is the mass flow rate of oxidizer in the fuel gas entering the gas pipeline,
qgr1(t) is the fuel mass flow rate in the gas entering the gas pipeline, T, () is the
gas pipeline inlet temperature, Ty () is the gas pipeline outlet temperature, ¥, is
the isentropic exponent of the gas at the inlet of the gas pipeline, y,» is the isentropic
exponent of the gas at the outlet of the gas pipeline, and V, is the volume of the gas
pipeline.
The calculation formula for the gas pipeline inlet temperature is

v=1

Pet "

Ty =Ty =T, — Tit|:1 - (p_> ]ﬂt (7.227)
it

(15) Combustion chamber module

The differential equations of the combustion chamber are

dlk.(1)] RT.(1)
dr = [k.() + 1][QC01(I —-T) — kc([)‘kfl(t - IC)]pc(l‘)Vc (7.228)
pe()Ve d[RT (1)]
RT. (1) dr
=y — ])|: Vel RiTe1(t — te)ge1(t — Te)ne — Y RZTCZ(I)QV!(I):|
Vel — 1 VYe2 — 1
— RT.()[qe1(t — 1) — gu(1)] (7.229)
d[pe(t ) g
Ve [pd( )] =(Ye — 1)|: Yel R\Tei(t — )ge1 (t — T)ne — Ye2 RQTCQ(Z‘)Q,,(Z‘)}
t Vel — 1 Ye2 — 1

(7.230)

where k. (¢) is the component ratio of the combustion chamber, T, (¢) is the combustion
chamber temperature, p.(¢) is the combustion chamber pressure, 7. is the combustion
delay in the combustion chamber, 7. is the combustion efficiency of the combustor,
¥, is the isentropic exponent of the combustion chamber gas, g.,i () is the mass
flow rate of oxidizer entering the combustion chamber, g (¢) is the mass flow rate
of fuel entering the combustion chamber, T, (f) is the combustion chamber inlet
temperature, 7., (¢) is the combustion chamber exit temperature; y, is the isentropic
exponent of the gas at the combustion chamber inlet, y,, is the isentropic exponent
of the combustion chamber exit gas, g, (¢) is the mass flow rate of gas in the nozzle,
and V., is the volume of the combustion chamber.
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Fig. 7.25 Schematic Turbine  Oxidizer ~ Primary  Secondary Virtual
diagram of the turbopump pump pump pump component
module art( partl part2 part3
| Lpl Tal [al g
|4 4
NN §> IANY R
N, N N, N,

(16) Nozzle module
The nozzle flow rate is

yn+l

Yn
nPcAr yn=l P 2 2
JRT, V”(ym) pe = \ 7t
n = 2 yut1 m
MnDcAr 29 P\ _ (po n Po - 2 yn—1
VRT. yn—l Pe Pe De Yatl

where p, is the nozzle flow coefficient, py is the ambient pressure, and p, is the
combustion chamber pressure.

(7.231)

(17) Turbopump Module (Fig. 7.25).

The speed equation of the turbopump module is

J— =My — ZMH, (7.232)

where J is the total moment of inertia of the rotating parts of the turbine, including
the rotating components of the turbine pump and the liquid part in the pump (the
liquid part is calculated as 5% of the turbine pump part); w is the rotational angular
velocity of the turbopump; and w = 2nm /60, My and Mpy; are the turbine and the
torque of the ith pump, respectively.

The relationship between torque and power is expressed as

N 60N 30N
M = - — = —
w 2nmw nmw

(7.233)

where N is the power of the turbopump, and n is the speed of the turbopump.
Substituting Eq. (7.233) into Eq. (7.232) gives

J—— = —n(NT - ZNH,-) (7.234)

The above formula is
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dn 900
J—=—|Nr — (N, + N, N, 7.235
5 = [N = (No + N+ Np2) (7.235)
where N7 is the turbine power, N, is the power of the oxidizer pump, N and Ny is
the power of the primary and secondary fuel pumps.
The power of the turbine is

2
CrdmeNt

Ny =2

(7.236)

where c; is the turbine gas axial velocity, g, is the turbine flow rate, and 7, is the
turbine efficiency.
The power of the oxidizer pump is

_ dpo AP po
Npo Lo

N, (7.237)

where g, is the oxidizer pump flow rate, Ap,, is the oxidizer pump pressure rise,
and 7,, is the overall efficiency of the oxidizer pump.
The power of the primary fuel pump is

dpr1Appr1

Ny =
Npf10f

(7.238)

where g, is the primary fuel pump flow rate, Ap,y | is the primary fuel pump pressure
rise, and 7,7 is the overall efficiency of the primary fuel pump.
The power of the secondary fuel pump is

A
Npy = 9ef22Ppr2 (7.239)
Npf20f

where g, is the secondary fuel pump flow rate, Ap,s» is the secondary fuel pump
pressure rise, and 1,y; is the overall efficiency of the secondary fuel pump.

(R) Solenoid valve (with control gas) module

The equation of state describing the operation of the solenoid valve (with control
gas) includes:

dw

U=iR+— 7.240
iR+ — ( )
iN = ®5(R;) + H.L, (7.241)

dul
my —— =Fx+Fp1 _Ffl _Fcl (7242)

dt
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dox;

o 7.243
a " ( )
dr, .
my s = q1in¥Ti — @iV Ty — GowrY Te — T1(q1in — G2in — Gour) — = 1A
(7.244)
dp

Vi rrie q1inY RT; — @2inY RTj — Gou Y RT, — yp1A,1uy (7.245)

dv,
4 = An 7.246
dr 1 ( )

dM2
mo—qr = Fr = fp—Fao (7.247)
dxy
P 7.248
a " ( )
dr; y—1
"™y T Q2inY Tj — T2qain — D2AUs (7.249)
dp>

Vasg, = 22y RTj — ypaAmiey (7.250)

av,
4 = A 7.251
dt 2 ( )

(S) Solenoid valve (without control gas) module

The equation of state describing the operation of the solenoid valve (without control
gas) includes:

. dw
U=iR,+ — (7.252)
dr
IN = ®5(Rs) + H.L. (7.253)
du
m,a =F.+F,—F —F, (7.254)
dx
—=u (7.255)

dr
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Chapter 8 ®)
Simulation Analysis of the Starting st
Process of the Pump-Fed Liquid Rocket

Engine

For the operation of a large pump-fed liquid rocket engine, the most important and
critical working process is the starting process of the liquid rocket engine system.
The success of starting is directly related to the success or failure of the launch of
a space vehicle. During the starting process of a liquid rocket engine, very complex
chemical and physical changes occur in the propellant components, and the engine
system parameters change rapidly within a large range. Therefore, it is obviously
important to conduct an in-depth simulation study on the starting process of a liquid
rocket engine to reveal the pattern.

The dynamic characteristics of the starting process of the pump-fed liquid rocket
engine are mainly determined by the valve opening timing. To obtain excellent
starting characteristics of liquid rocket engines, the timing of the opening of various
valves needs to be optimized. In this chapter, the opening time of the main oxidizer
valve, the gas generator fuel valve and the backflow fuel valve were studied, and the
starting process of the pump-fed liquid rocket engine was simulated and analyzed
when the inlet pressure of the liquid rocket engine was constant.

8.1 Description of the Engine Starting Process

The modular model of the starting process of a pump-fed liquid rocket engine is
given in Chap. 7. It should be further noted that before the start, the fuel is filled in
front of the flow regulator and the main fuel valve. When starting, the starter tank is
squeezed first, and then the main valve of oxidizer is opened after a period of time.
The oxidizer fills the pipeline behind the valve and the generator head and then enters
the generator. After a certain period of time, the fuel valve of the generator is opened
to supply the ignition agent and fuel. The gas successively enters the generator, and
they are burned to generate the oxygen-rich gas that drives the turbine. Fuel flow into
the generator is controlled by a flow regulator. After the rotation speed of the main

© National University of Defense Technology Press 2025 271
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Fig. 8.1 Schematic diagram
of the valve opening
sequence in the engine
starting process

to ty t ts

t o: Squeeze starter box
t 1: Open main oxidizer valve
t»: Open generator fuel valve

t 3: Open main fuel valve

turbine pumps (turbine, oxidizer pump, primary fuel pump and secondary pump)
reaches a certain value, the main fuel valve is opened, and the fuel flows into the
recycle pool through three groups of orifice plates. The timing series is shown in

Fig. 8.1.

8.2 Simulation Analysis of the Engine Starting Process

The engine control valves mainly include the main oxidizer valve, starter box, back-
flow fuel valve and gas generator fuel valve. Because they are all controlled by the

electropneumatic valve, they are abbreviated as DQ1, DQ2, DQ3 and DQ4.

8.2.1 Determination of Engine Start Sequence

(1) The purpose and principle of determining the engine starting sequence is

determined.

@® Determine the timing when the oxidizer and ignition agent enter the
generator.

@ Ensure that the work condition changes smoothly when the joint test device
is started.

® After ignition, the time when the mixing ratio of the generator is more
than 200 and less than 50 should not exceed 0.25 s to ensure reliable ignition
of the generator and to prevent ablation of the gas generator and turbine.

@ The transient working parameters of the test device assemblies do not
exceed the design values.

® If the inlet pressure of the fuel valve in the thrust chamber is greater than
6.0 MPa, the valve will not be opened under the action of the control force.
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Therefore, when the valve is opened, the pressure after the primary fuel pump
should not be greater than 6.0 MPa.
® Make sure that there is no backflow in the generator fuel path.

The engine start sequence is as follows: main oxidizer valve, start tank, backflow
fuel valve, and gas generator fuel valve. Therefore, the essential problem of deter-
mining the starting sequence is to determine the actuation timing of the above four
electric gas valves.

(2) Working sequence of DQ1 and DQ4

The working sequence of DQ1 and DQ4 reflects the opening timing of the main
oxidizer valve and the generator fuel valve. The opening timing of the main oxidizer
valve and the generator fuel valve determines the time difference when the oxidizer
and fuel enter the gas generator and thus the temperature variation process of the
gas generator at startup. If this time difference is too short, the temperature of the
gas generator will be too high (extending the time of the low mixing ratio), and the
generator and turbine may be burned; if this time difference is too long, the fuel path
of the gas generator will be reversed (see Table 8.1). The inlet pressure of the flow
regulator is too high when the hydraulic relay starts to change stages, which is out
of the regulation range. The effect of the working timing of DQ1 and DQ4 on the
entire starting process is shown in Fig. 8.2.

According to the simulation results, the time given for oxidizer and fuel to enter the
gas generator must be less than 0.18 s. Therefore, the determined working sequences
are shown in Fig. 8.3.

(3) Working sequence of DQ3

The opening time of the fuel valve in the engine thrust chamber has a certain impact
on the turbine power. Delaying the opening of this valve can enable most of the

Table 8.1 Comparison of simulation results for the working sequences of DQ1 and DQ4

DQI1 turn-on | DQ4 turn-on | Time Low mixing Outlet Is there any
time (s) time (s) difference (s) | ratio time (s) |pressure of | backflow?
secondary
fuel pump
(MPa)
0.28 0.35 0.07 0.248 21.935376 | No
0.26 0.38 0.12 0.206 21.935254 | No
0.26 0.40 0.14 0.166 21.935951 No
0.26 0.43 0.17 0.091 21.935927 | No
0.25 0.43 0.18 0.055 21.936087 | Yes
0.24 0.43 0.19 0.046 21.936100 | Yes
0.26 0.48 0.22 0.016 21.936112 | Yes

Note The turn-on times of DQ2 and DQ3 are 0 s and 0.65 s, respectively
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Fig. 8.2 Effect of the opening time difference of DQ1 and DQ4 on the fuel flow rate of the gas
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Fig. 8.4 Working sequence DQ3 Thrust chamber
of DQ3 fuel valve
energization opening
0.65s 0.71s

turbine power to be supplied to the oxidizer pump, which is beneficial to shorten the
engine starting time and improve the reliability of the starting process. Considering
that when the pressure of the fuel after the primary pump exceeds 6.0 MPa, the valve
cannot be opened, so DQ3 can be energized and opened at 0.65 s, and the fuel valve
in the thrust chamber opens approximately 0.06 s later. At this moment, the pressure
after the primary fuel pump is approximately 3.18 MPa. Therefore, the determined
opening times are shown in Fig. 8.4.

(4) Starting sequence

@® At0s, DQ2 is energized, and the starter box is squeezed. The fuel squeezes
through the flow regulator to break the diaphragm of the ignition pipeline,
and the igniter is filled to the front of the fuel valve in the generator.

@ 0.26 s. When DQI is energized, the control gas opens the main oxidizer
valve. After the main oxidizer valve and the oxidizer cavity of the generator
are precooled and filled, the oxidizer enters the gas generator.

® At 0.43 s, DQ4 is energized to control the gas to open the fuel valve of the
generator. The ignition agent enters the gas generator and initiates ignition
and combustion with the previously entered oxidizer.

@ At 0.65 s, DQ3 is energized, and the control gas opens the fuel valve in the
thrust chamber. After the primary fuel pump, the fuel enters the fuel backflow
system of the test rig (Fig. 8.5).

Fig. 8.5 Starting sequence DQ2 DQ1 DQ4 DQ3
of the joint testing system
Energization energization energization energization

0 0.26 0.43 0.65 s
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8.2.2 Engine Start Sequence Analysis

(1) Engine starting parameter curve

After the igniter enters the gas generator, the generator starts to build up pressure, and
the flow rate of oxidizer starts to decrease, while the fuel flow rate is controlled by
the flow regulator; thus, the mixing ratio of the gas generator drops rapidly, and the
temperature rises. The gas generated by the generator drives the turbine pump. The
pressure of the oxidizer pump increases, the flow rate of the oxidizer increases, and the
mixing ratio increases accordingly. When the pressure behind the primary fuel pump
reaches a certain value, the hydraulic relay starts to turn around. Additionally, the
fuel flow rate starts to increase (due to the high internal pressure of the gas generator,
its flow rate first decreases slightly and then rises), the mixing ratio decreases, the
temperature rises, the internal pressure of the gas generator rises, the oxidizer flow
rate decreases. According to the corresponding increase, the flow rate of the oxidizer
rises rapidly, and the mixing ratio increases accordingly. When the pressure after the
secondary fuel pump is higher than the pressure of the starter tank (approximately
1.2 s), the road from the starter tank to the flow regulator is automatically closed,
the fuel is supplied by the secondary pump, the engine enters the steady working
condition in approximately 1.6 s, and the starting sequence is completed. Figure 8.6
shows the parametric curves of the entire starting process.

(2) Effect of the starting sequence on the entire starting process

@ Influence of DQ4

Fuel can be filled to the front of the generator fuel valve within a certain
time after DQ?2 is energized. Therefore, DQ4 must be opened after the fuel
is filled to the front and rear of the generator fuel valve. With the opening
timing of DQ1 and DQ3 unchanged, delaying the opening of DQ4 can reduce
the time after ignition that the generator mixing ratio is higher than 200 and
lower than 50 (under the premise that the fuel valve in the thrust chamber
can be opened smoothly), which is conducive to the reliable ignition of the
generator, but if the generator is too late, reverse flow will occur in the fuel
path of the generator, as shown in Table 8.2.

@ Influence of DQI1

With the working sequence of DQ4 and DQ3 unchanged, delaying the turn-on
of DQI can increase the time when the mixing ratio of the generator is more
than 200 and lower than 50, reducing the reliability of generator ignition
(because delaying the turn-on of DQ1 can make the mixing ratio of the
generator is very low during ignition; thus, the temperature will be too high,
and the generator and turbine may be burned out). If turned on prematurely,



8.2 Simulation Analysis of the Engine Starting Process

1.00 1.50 2.00
(a)

SAAAL I M B i S I e
0.50

Fig. 8.6 Curves of the
engine starting process

0.00

A~
PWP
I LTI
o990
o090 oM
o090 oY©
— T — gy
X X xOO00O0
e ae I T
ZZZ.85.82
«
«
«
«
< o
7 S
P [
P F
—edo—d__ r
a | L
a1l F
-4 L
ol [o
o
< [~
N F
« £
« £
”0
e
3
E
o
0
o
o
=
00
=
o

b)

(

)

~No~
EQ D
=94
g£== ©Mw0n
0S5 NS ©
Mes oococo
R [N )
con x.8.5.8.°
< +*
< +*
< +
< +
< *
b | | | (B4 F
P
PR | | | 3 E
P B B P, A I
PR | | | (R F
a1 1 1 1 [ [
R P S R P, —d_sa__T
AR | | | [ £
A., | | | | u | [t
QRN T N | | [ [y i |
3 | | | | D4
< +
1" 1 I I I I & I
R B U S B P | da-d-_ ]
1 ! I 1 I 1
| I | 1 |
R DU N U P B
1 | |
1 1
R
1 I

1.00 1.50 2.00

(c)

0.50

400.00

300.00

*
Q
=
IS}

0.00



278

8 Simulation Analysis of the Starting Process of the Pump-Fed Liquid ...

Table 8.2 Comparison of simulation results with different turn-on times of DQ4

DQ4 turn-on time (s) | Time in which the Pressure of the primary | Is there any backflow?
generator mixing ratio | pump when the main
is higher than 200 and | fuel valve is open
lower than 50 (s) (MPa)

0.35 0.434 2.818 No

0.38 0.276 3.071 No

0.40 0.257 3.145 No

0.43 0.213 3.18 No

0.45 0.187 2.248 Yes

0.48 0.188 1.72 Yes

Note The turn-on times of DQ2, DQ1 and DQ3 are 0 s, 0.26 s, and 0.65 s, respectively

even though the oxidizer can drive the turbine to a higher speed, the long
period when the mixing ratio of the generator exceeds 200 will reduce the
ignition reliability and cause a delayed or even impossible start. Backflow
in the generator fuel path may also occur, as shown in Table 8.3. Figure 8.7
shows the effect of the on-time of DQ1 on each parameter.

@ Influence of DQ3

Delayed opening of DQ3 can make most of the turbine power available to the
oxidizer pump, which is beneficial to shorten the startup time of the whole
system. However, it is affected by the opening pressure of the fuel main
valve in the thrust chamber and must be turned on before the pressure of the
primary fuel pump reaches 6.0 MPa.

The working sequence of DQ4 and DQI remains unchanged. Delayed
opening of DQ3 can cause the time when the mixing ratio of the generator
exceeds 200 and is lower than 50, and the outlet pressure of the primary pump
increases, which is unfavorable for the reliability of starting. Early opening
has an insignificant impact on each parameter. This is because the flow regu-
lator is in the small flow state when the pressure after the primary pump is

Table 8.3 Comparison of simulation results with different turn-on times of DQ1

DQI1 turn-on time (s) | Time in which the Time in which the Is there any backflow?
mixing ratio is lower | mixing ratio is higher
than 50 (s) than 200 (s)

0.24 0.046 0.14 Yes

0.25 0.055 0.131 No

0.26 0.091 0.122 No

0.28 0.137 0.099 No

0.30 0.146 0.081 No

Note The turn-on times of DQ2, DQ4 and DQ3 are 0 s, 0.43 s, and 0.65 s, respectively
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less than a certain value. The timing of more fuel entering the combustion
chamber is mainly determined by the time when the flow regulator transfers

from a small flow state to the main-stage state, rather than the opening time

of the fuel valve in the thrust chamber.
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Fig. 8.7 (continued)

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

References

Part 1

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.
18.

D.K. Huzel et al., Modern Engineering Design of Liquid Rocket Engines (N. Zhu et al., trans.)
(China Aerospace Publishing House, Beijing, 2004)

H. Liu, Research on Static and Dynamic Response Characteristics of Supplementary Combus-
tion Cycle Engines (China Aerospace Science and Technology Corporation Sixth Research
Institute of Technology Group Corporation, Xi’an, 1998)

. MLP. Binder, A Transient Model of the RL10A-3-3A Rocket Engine. AIAA-95-2968
. A.Kanmuri, T. Kanda, Y. Wakamatsu, Transient Analysis of LOX/LH2 Rocket Engine. AIAA-

89-2736

. X. Wang, N. Wang, et al., Simulation Study on the Starting Process of DaFYI111-la Engine

Generator Turbopump Joint Test (School of Aerospace and Materials Engineering, National
University of Defense Science and Technology, 2000)

. M. Huang et al., Modular simulation of the starting process of a supplementary combustion

cycle liquid rocket engine. Propuls. Technol. (2001)

. T. Cap et al., Liquid Rocket Engine Dynamics (National University of Defense Science and

Technology Press, Changsha, 2004), p.8

. W.A. Woods, Method of calculating liquid flow fluctuations in rocket motor supply pipes. Am.

Rocket Soc. J. 31(11) (1961)

. R.H. Saersky, Effect of wave propagation in feed lines on low-frequency rocket instability. Jet

Propuls. 24(3) (1954)

J.J. Boehnlein, Generalized Propulsion System Model for NASA Manned Spacecraft Center.
NASA-CR-114915 (1971)

J.C. Eschweiler, H.W. Wallace, Liquid rocket engine feed system dynamics by method of
characteristics. Trans. ASME Ser. B 90(4) (1968)

T.H. Walsh, PF. Thompson, Characterization of Attitude Control Propulsion System. NASA-
CR-115183 (1971)

M. Cheng, Dynamic characteristics of pipeline filling process in spacecraft propulsion system
(1) Theoretical model and simulation results. Adv. Technol. (2000)

M. Cheng, Experimental simulation and result evaluation of dynamic characteristics of pipeline
filling process in spacecraft propulsion system (2). Adv. Technol. (2000)

'W. Nie, Pipeline transient characteristics of attitude control propulsion system engine shutdown.
Propuls. Technol. (2003)

L. Zhang et al., Research on dynamic characteristics of spacecraft propulsion system engine.
J. Aerodyn. (2004)

J. Molinsky, Water Hammer Test of the Seastar Hydrazine Propulsion System. AIAA-97-3226
R.P. Prickett, E. Mayer, Water Hammer in a Spacecraft Propellant Feed System. AIAA-88-2920

© National University of Defense Technology Press 2025 281
M. Huang et al., Performance Analysis of a Liquid/Gel Rocket Engine During
Operation, https://doi.org/10.1007/978-981-97-6485-3


https://doi.org/10.1007/978-981-97-6485-3

282 References

19. K.L. Yaggy, Analysis of Propellant Flow into Evacuated and Pressurized Lines. AIAA-84-1346
20. C.-Y. Joh, K.-D. Park, Pressure surge analysis and reduction in the Kompast propellant feed
system, in Proceedings of the Second European Spacecraft Propulsion Conference (1997)

21. Gibek, Y. Maisonneuve, Waterhammer Tests with Real Propellants. AIAA-2005-4081

22. J. Pyotsia, A Mathematica Model of a Control Valve. PB92-141951

23. C. Shen, Research on the Static and Response Characteristics of Liquid Rocket Engines
(National University of Defense Science and Technology, Changsha, 1997), p.12

24. D.T. Hajie, FH. Lilden, Unstable Combustion of Liquid Propellant Rocket Engines (National
Defense Industry Press, Changsha, 1980), p. 6

25. K. Liu, Distributed Parameter Model and General Simulation Study of Staged Combustion
Cycle Liquid Oxygen/Liquid Hydrogen Engine System (Graduate School of National University
of Defense Technology, Changsha, 1999), p.10

26. J. Benstsman, A.J. Pearlstein, M.A. Wilcutts, Control Oriented Modeling of Combustion and
Flow Processes in Liquid Propellant Rocket Engines. AIAA-90-1877

27. J. Tan, Design and Dynamic Characteristics Research of Three Component Liquid Rocket
Engine System (National Defense Technology Graduate School of University, Changsha, 2003),
p-10

28. W.Nietal., Several Issues in Modeling and Control of Thermal Power Systems (Science Press,
Beijing, 1996), p.10

29. M. Cheng, Model and PVM Simulation Study on Precooling and Starting Process of Liquid
Hydrogen and Liquid Oxygen Engine (National Defense Graduate School of University of
Science and Technology, Changsha, 2000), p.4

30. J. Wang, Analysis of the Starting Process of YF-73 Hydrogen Oxygen Engine (11th Research
Institute of Aerospace Industry Corporation, 1990)

31. J. Chen, Research on the Configuration of Liquid Propellant Rocket Engine for Aerospace
Launch Vehicle (National Defense Science and Technology University Graduate School of
Education, Changsha, 1991), p.7

32. Q. Chen, Theory of Control and Dynamic Characteristics of Liquid Rocket Engines (National
University of Defense Science and Technology Press, Changsha, 1993)

33. H.C. Hearn, Development and Validation of Fluid/Thermodynamic Models for Spacecraft
Propulsion System. AIAA-99-2173

34. M.PJ. Benifield, J.A. Belcher, Modeling of Spacecraft Advanced Chemical Propulsion
Systems. AIAA-2004-4195

35. A.-S. Yang, T.-C. Kuo, Numerical Simulation for the Satellite Hydrazine Propulsion System.
AIAA-2001-3829

36. K. Holt, A. Majumdar, T. Steadman, Numerical Modeling and Test Data Comparison of
Propulsion Test Article Helium Pressurization System. AIAA-2000-3719

37. FE. Peter, Principles of Object-Oriented Modeling and Simulation with Modelica 2.1 (Wiley-
IEEE Press, 2003)

38. N.Zhu et al., Design of Liquid Rocket Engines (Aerospace Publishing House, Beijing, 1994)

39. C. Wei, Analysis of the Characteristics of Reverse Unloading Pressure Valves (Sixth Research
Institute of China Aerospace Science and Technology Corporation, Xi’an, 1990)

40. T. Zhao, Porous Orifice Plate Throttling Test and High Temperature Heat Pump Optimization
Design Method (Harbin Industry Graduate School of University, Harbin, 2005)

41. G. Zhang, High Pressure Staged Combustion Liquid Oxygen Kerosene Engine (National
Defense Industry Press, Beijing, 2005)

42. T. Shen, Research on Modeling and Dynamic Characteristics Simulation of Rocket Gas
Pressure Reducers (National Defense Science and Technology University, Changsha, 2004),
p-11

43. G.Wang, Y. Tan, F. Zhuang, J. Chen, B. Yang, Suppression effect of high frequency longitudinal
combustion instability by the distribution of flood jet intensity. Acta Aeronaut. Sinica 09 (2022)

44. G. Wang, Y. Tan, J. Chen, F. Zhuang, Hongliu, H. Chen, Yang Bao’e. Longitudinal stability
modeling and analysis considering the distribution of jet flow intensity Journal of Aeronaut.
06 (2021)



References 283

45.

46.

47.

G. Wang, Y. Tan, F. Zhuang, H. Chen, B. Yang, Hongliu, J. Chen, High frequency longitudinal
combustion instability of spontaneous combustion propellant model combustion chamber. J.
Aeronaut. 12 (2020)

J. Li, F. Lei, A. Yang, L. Zhou, Jet impingement atomization characteristics under forced
disturbance. J. Aeronaut. 12 (2020)

G. Wang, Y. Tan, J. Chen, H. Chen, The influence of unsteady combustion process on the
stability of liquid rocket engines. J. Aerodyn. 04 (2019)

Part 11

1.

2.

3.

16.

17.

18.

19.

S. Rahimi, D. Hasan, A. Petretz, Preparation and Characterization of Gel Propellants and
Simulants. AIAA 2001-3264 (2001)

Y. Wang, Analysis of Flow Characteristics of Single Component Gel Engine Propellants.
Graduate School of Northwestern Polytechnical University (Master’s Thesis) (2005)

G. Zhang, High Pressure Supplementary Combustion Liquid Oxygen Kerosene Engine
(National Defense Industry Press, Beijing, 2005), p.8

G.Liu, H.Ren, N. Zhu, M. Yu, et al., Principles of Liquid Rocket Engines (Aerospace Publishing
House, Beijing, 1993), p. 6

T. Cao, Liquid Rocket Engine Dynamics (National University of Defense Science and
Technology Press, Changsha, 2004), p.8

K. Liu, M. Cheng, Theory and Application of Liquid Rocket Engine Dynamics (Science Press,
Beijing, 2005), p.5

P. Wei, Research on Intelligent Loss Reduction Control Methods for Reusable Liquid Rocket
Engines (Graduate School of National University of Defense Technology, 2005), p. 3

H. Liu, Research on Static and Dynamic Response Characteristics of Supplementary Combus-
tion Cycle Engines (6th Research Institute of Aerospace Science and Technology Group
Corporation, 1998), p. 9

K. Liu, Distributed Parameter Model and General Simulation Research of Staged Combustion
Cycle Liquid Oxygen/Liquid Hydrogen Engine System (Graduate School of National University
of Defense Science and Technology, 1999), p. 10

G.-W. Gowell, K. Aziz, Flow of Complex Mixtures in Pipelines, vol. 1 (Petroleum Industry
Press, Beijing, 1983)

. L. Meng, L. Kong, Method for determining the kinetic energy correction coefficient of coal

water slurry flow in circular pipes. J. Eng. Thermophys. 14(2) (1993)

. P.Lu, M. Zhang, Y. Xu, Similarity criteria and resistance characteristics of flow in coal water

paste pipes. Combust. Sci. Technol. 8(1) (2002)

. Q. Fang, Calculation of friction factor in the smooth zone of circular straight pipe turbulence.

Pipeline Technol. Equip. (3) (2005)
L. Zhu, L. Shao, H. Sun, Local resistance testing and calculation of viscoelastic fluid pipeline.
Oil Gas Field Surf. Eng. 23(12) (2004)

. C. Shen, Research on Static and Response Characteristics of Liquid Rocket Engines (Graduate

School of National University of Defense Technology, 1997), p. 12

J. Tan, Design and Dynamic Characteristics Research of Three Component Liquid Rocket
Engine System (Graduate School of National Defense University of Science and Technology,
2003), p. 10

Y. Wang, Analysis of the Absorption of Water Hammer Pressure by Bellows in Rocket Propel-
lant Transport Systems. Graduate School of National University of Defense Science and
Technology (Master’s Thesis) (2004), p. 11

J. Zhao, Analysis of the causes of water hammers in pipelines. Oil Gas Storage Transp. 18(5)
(1999)

H. Wu, Y. Ma, Y. Ma, Analysis of liquid solid sui cooperation using simple direct pipe water
hammering. Hydroelectr. Energy Sci. 22(2), 6 (2004)



284 References

20. Q. Chen, Theory of Control and Dynamic Characteristics of Liquid Rocket Engines (National
University of Defense Science and Technology Press, Changsha, 1993), p.12

21. G. Wang, B. Li, Y. Tan, Y. Gao, Overview of high frequency combustion instability in liquid
rocket engines. Acta Aeronaut. Sinica 45(11), 113-139 (2024)

22. S.Liu, D. Wang, Y. Tian, X. Ma, D. Zheng, Technical Analysis of Reusability Design

23. X. Wang, S.-T. Yeh, Y.-H. Chang, V. Yang, A high-fidelity design methodology using LES-
based simulation and POD-based emulation: a case study of swirl injectors. Chinese J.
Aeronaut. 09 (2018)

24. B.Li, H. Chen, D. Ma, Y. Gao, Development progress of 500 tf level liquid oxygen kerosene
high-pressure supplementary combustion engine Rocket Propuls. 02 (2022)

25. J. Sun, M. Zheng, J. Gong, R. Tao, Development progress of 220 tf supplementary combustion
cycle hydrogen oxygen engine. Rocket Propuls. 02 (2022)

26. Y. Fu, Z. Guo, F. Yang, J. Che, Combustion instability analysis based on empirical mode
decomposition. J. Aerodyn. 03 (2016)

Part 111

1. Q. Fang, Calculation of friction factor in the smooth zone of circular straight pipe turbulence.
Pipeline Technol. Equip. (3) (2005)

2. Q. Fang, Calculation of friction factor in turbulent rough pipe areas of circular straight pipes.
Pipeline Technol. Equip. (4) (2005)

3. L.Zhu, L. Shao, H. Sun, Local resistance testing and calculation of viscoelastic fluid pipeline.
Oil Gas Field Surf. Eng. 23(12) (2004)

4. X. Zhang, P. Li, J. Chen, X. Li, Z. Liu, Mathematical Simulation of the Working Process of
Liquid Rocket Engines (Sixth Research Institute of China Aerospace Science and Technology
Corporation, 1999)

5. J. Chen, Research on the Configuration of Liquid Propellant Rocket Engines for Space Launch
Vehicles, vol. 7 (Graduate School of National University of Defense Science and Technology,
1991)

6. N. Lu, Research on Laminar Regenerative Cooling Technology for Liquid Rocket Engines
(Graduate School of Shanghai Jiao Tong University, 2002), p. 1

7. L.Kun, C. Mousen, Theory and Application of Liquid Rocket Engine Dynamics (Science Press,
Beijing, 2005), p.5

8. C. Shen, Research on Static and Response Characteristics of Liquid Rocket Engines (Graduate
School of National University of Defense Technology, 1997), p. 12

9. A.Yang, S. Yang, Y. Xu, L. Li, Periodic atomization characteristics of simplex swirl injector
induced by klystron effect. Chinese J. Aeronaut. 05 (2018)

10. J. Qin, H. Zhang, B. Wang, Numerical evaluation of acoustic characteristics and their damping
of a thrust chamber using a constant-volume bomb model. Chinese J. Aeronaut. 03 (2018)

11. D. Wu, Numerical Study on Unstable Combustion in Liquid Rocket Thrust Chamber. Null
(2021)

12. C.Cao, Y. Tan, J. Chen, L. Li, the influence of gas nozzles and sound chambers on the acoustic
characteristics of combustion chambers. J. Aeronaut. Power 34(8) (2019)

13. Z. Kang, Q. Li, J. Zhou, P. Cheng, Influence of gas-liquid ratio on the combustion process
of liquid center gas-liquid coaxial centrifugal nozzle. J. Natl. Univ. Defense Technol. 40(6),
52-60 (2018)

14. G. Wang, X. Fu, X. Shi, Z. Liu, J. Yang, Study on Nonlinear Pressure Oscillation and Its
Mechanism in Combustion Chamber Rocket Propulsion (2016), p. 02



	Preface
	Introduction
	Contents
	Part I Modeling and Simulation Analysis of the Operation of a Space Propulsion System
	1 Introduction
	1.1 Significance of Performance Analysis
	1.2 Recent Relevant Research
	1.2.1 Study on the Response Characteristics of a Propellant Supply Pipeline
	1.2.2 Study on the Response Characteristics of the Valve and Regulator
	1.2.3 Study on the Response Characteristics of the Combustion Chamber
	1.2.4 Modular Modeling and Simulation of the Working Process
	1.2.5 System Stability Analysis

	1.3 Introduction to Modelica
	1.3.1 Modelica Generation Background
	1.3.2 Main Characteristics of Modelica


	2 Mathematical Model of the Operation of the Space Propulsion System
	2.1 System Composition and Decomposition of the Space Propulsion System
	2.2 Basic Equations of the Gas Cavity
	2.3 Basic Equations for Liquid Pipelines
	2.4 Gas Cylinder Module
	2.5 Electric Explosion Valve Module
	2.6 Pressure-Reducing Valve Module
	2.7 Tank Module
	2.8 Liquid Pipeline Module
	2.9 Liquid Pipeline 1 Module
	2.10 Orifice Plate Module
	2.11 Filter Module
	2.12 Solenoid Valve (With Control Gas) Module
	2.13 Solenoid Valve (Without Control Gas) Module
	2.14 Filling Pipeline Module
	2.15 Thrust Chamber Module

	3 Analysis of the Response Characteristics of the Tank Pressurization System and a Single Thruster
	3.1 Effect of Cylinder Pressure
	3.2 Analysis of the Characteristics of the Pressure-Reducing Valve
	3.2.1 Effect of Viscous Friction
	3.2.2 Effect of Outlet Volume
	3.2.3 Effect of Spring Stiffness
	3.2.4 Effect of Seat Inner Diameter
	3.2.5 Influence of Spool Mass

	3.3 Analysis of the Characteristics of the Filling and Shutdown Process
	3.4 Effect of Combustion Chamber Volume and Inner Diameter of Nozzle Throat
	3.5 Analysis of Thruster Response Time

	4 Analysis of the Response Characteristics of Coupled Multiple Thrusters During the Working Process
	4.1 Analysis of Water Hammer Characteristics
	4.1.1 Effect of the Elastic Deformation Modulus of the Pipeline Material on the Water Hammer
	4.1.2 Effect of Different Power-On and Power-Off Modes of the Thruster on the Water Hammer

	4.2 Flow Matching Analysis
	4.2.1 Mode 1 Effect on Thruster Flow Characteristics
	4.2.2 Mode 2 Effect on Thruster Flow Characteristics
	4.2.3 Effect of Mode 3 on the Flow Characteristics of a Thruster

	4.3 Pulse Program Analysis

	Part II Modeling and Simulation Analysis of the Operation of the Gel Propulsion System
	5 Mathematical Model of the Operation of the Gel Propulsion System
	5.1 Basic Assumptions
	5.2 Systemic Decomposition of the Gel Propulsion System
	5.3 Theoretical Formulas for Gel Propellants
	5.4 Basic Equations of Liquid Piping
	5.5 Basic Equations of the Combustion Chamber (Decomposition Chamber)
	5.6 Basic Equations of the Solenoid Valve (with Control Gas)
	5.7 Basic Equations for the Solenoid Valve (Without Control Gas)
	5.8 Mathematical Model of the Assembled Module
	5.9 Solutions to the System of Equations
	5.10 Component Module Interface

	6 Simulation Analysis of the Operation of the Gel Propulsion System
	6.1 Effect of Tank Pressure Change
	6.2 Effect of the Number of Pipeline Coils
	6.3 Analysis of the Filling and Shutdown Process
	6.4 Effect of Decomposition Chamber Volume and Nozzle Throat Inner Diameter
	6.5 Pulse Program Analysis
	6.6 Response Time Analysis
	6.7 Analysis of Water Hammer Characteristics
	6.8 Flow Matching Analysis
	6.9 Thrust Regulation Analysis

	Part III Modeling and Simulation Analysis of the Working Process of the Pumped Liquid Rocket Engine
	7 Mathematical Model of the Operation of a Pump-Fed Liquid Rocket Engine
	7.1 Basic Assumptions
	7.2 Decomposition of the Pump-Fed Liquid Rocket Engine System
	7.3 Relevant Formulas for Propellant Flow Resistance
	7.4 Basic Equations of Liquid Pipelines
	7.5 Basic Equations of the Centrifugal Pump
	7.6 Basic Equations of the Flow Regulator
	7.7 Basic Equations of the Regenerative Cooling Channel
	7.8 Basic Equations of the Combustion Chamber
	7.9 Basic Equations of the Solenoid Valve (with Control Gas)
	7.10 Basic Equations for the Solenoid Valves (Without Control Gas)
	7.11 Basic Equations of the Turbine
	7.12 Mathematical Model of the Assembled Module

	8 Simulation Analysis of the Starting Process of the Pump-Fed Liquid Rocket Engine
	8.1 Description of the Engine Starting Process
	8.2 Simulation Analysis of the Engine Starting Process
	8.2.1 Determination of Engine Start Sequence
	8.2.2 Engine Start Sequence Analysis


	 References



