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The Graduate School 
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The 400N class small rocket engine is widely used for applications such as apogee 

engine for geosynchronous satellite or attitude control engine for manned or 

unmanned spacecraft. Conventional small rocket engines have mostly used toxic and 

corrosive hypergolic propellants. In recent years, however, the development of 

reusable launch vehicles and manned space exploration projects have led to the 

development of small methane rocket engine in countries such as the United States, 

Russia, and China.  
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Methane is a hydrocarbon but a cryogenic liquid, and oxygen / methane propellant 

is a non-hypergolic propellant that requires an igniter. Therefore, the properties of 

methane are different from any other propellants for small rocket engine that is 

currently in use or developed. Also, since the methane engine has a short history of 

development and there are few cases of actual use, it seems that proper method of 

propellant mixing and injector type have not been established. 

In this study, concept design of combustion chamber and injection system of small 

rocket engine with a single bipropellant injector was performed. Oxygen and 

methane are used as a propellant in this engine. After designing the geometry of the 

combustion chamber, the combustion patterns by the injection and mixing system 

according to the combination of the swirl and jet injectors were compared. The finite 

element analysis method was used for the comparison, and the type of the injector 

suitable for the engine was selected as the gas centered double swirl injector. This 

type of the injector was designed by calculating the individual geometry and 

performance of the liquid and the gas injector, and then coaxially arranging them.  

The spray characteristics of the coaxial injector according to the variation of the 

lip thickness of the gas injector and the recess length were investigated by cold test. 

In the case of the external mixing without the recess length, the droplet size 
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decreased and the fluctuation of mass distribution was weakened as the lip thickness 

increased. When the recess length corresponds to the critical mixing, a flow of fine 

droplet like mist was observed inside the spray cone, which increased with 

decreasing lip thickness. When the recess length corresponds to the internal mixing, 

the atomization performance of the injector was lower than that of the critical mixing 

as a whole. 
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Chapter 1. INTRODUCTION 

 

1.1 Background 

 

A small rocket engine generally refers to an engine with a thrust of 0.01N to 1600N 

[1], and is used for orbital transition and attitude control in space. Among them, 400N 

class rocket engines are used in various ways such as apogee engine (TR-308, S400), 

reaction control system (R-4D), and main engine for planetary explorer (S400). Due 

to this versatility of operation, many types of 400N class engines have been 

developed and are in operation. 

Small rocket engines have a short residence time of propellant because 

combustion of propellant takes place in a small volume. In addition, as shown in 

Figure 1.1, if the flame is formed too close to the injector head, the head will be 

damaged, and if it is formed too far away, the propellant will not completely burn. 

These design challenges must be solved in the development process, and it is 

important to achieve high atomization, mixing and combustion efficiency while 

avoiding thermal damage. 

The injector is one of the major components affecting the combustion process of 

the rocket engine by participating in the atomization, evaporation and mixing of the 
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propellant [2] and determines the performance of the rocket engine together with the 

parameters such as the shape of the combustion chamber and the characteristics of 

propellant. In the case of small rocket engine, the cross-sectional area of the injector 

head is as small as a few centimeters, and the number of injecting elements is small. 

Therefore, it is difficult for the flame to uniformly form, and the liquid propellant 

may reach the combustion chamber wall. For this reason, the propellant fed by each 

injector will affect both the performance and the cooling of the engine, and proper 

injector design is essential in the development of small rocket engine. 

 

 

 

Figure 1.1 Characteristics of small rocket engine 

Conventional small rocket engines mainly use hypergolic propellants (NTO + 

MMH, UDMH) which are highly corrosive and carcinogenic. These propellants are 

very dangerous to the human body, so special attention is required. In the United 

States, Russia and China, however, engine development is underway to replace toxic 

propellants with oxygen / methane. 

According to the article [3], methane is not harmful enough to be supplied to the 
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home, and the pollution caused by incomplete combustion products is small. In 

addition, the cocking limit is high, so there is less soot after combustion. Moreover, 

methane has high efficiency, and it is used in a variety of industries, making it 

inexpensive and easy to supply.  

Therefore, it is expected that small engines using methane will continue to be 

developed. However, it seems that the phase of the propellant, the suitable type of 

injector, and the cooling method of small methane engine have not been established 

because the development history of small methane engine is short. In addition, the 

selection range of them is wide due to the nature of methane having medium 

characteristics of hydrogen and kerosene. Therefore, further study is needed to find 

suitable components for small methane engines. 
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1.2 Overview of previous works 

 

 

Table 1.1 Examples of small rocket engines [4-13]             

Conventional engines have mainly used hypergolic propellants because of 

operational advantages. These engines include the US R-4D, TR-308, European 

S400, and the Russian 11D458. The R-4D was used for the Apollo spacecraft [4], 

the TR-308 and S400 were mainly used for satellites [5,6], and the 11D458 were 

used for RCS of the Mir and ISS [8]. 

The injectors of these engines can be divided into impinging type, pintle type, and 

double swirl type. In particular, the engines with double swirl injector such as the 

European Airbus Astrium S400 engine and the Russian NIIMash’s 11D458 are 

mainly composed of a single bipropellant injector [7,9].  
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Figure 1.2 Schematic of Astrium S400 engine [7] 

 

Figure 1.3 Schematic of NIIMASh 11D458 engine [9] 

According to the literature [7,9], the two engines mentioned above use hydrazine 

type (MMH, UDMH) fuel and nitric oxide type oxidizer. In both cases, the oxidizer 

is located outside of the injector, and the spray angle of the oxidizer is larger than the 

fuel. This arrangement causes the oxidizer to have a cooling effect on the wall.  

Moreover, depending on the material of the combustion chamber, and the 
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relationship between the distribution of the combustion products, and the shape of 

the combustion chamber, it may be necessary to apply an additional cooling system. 

For example, the Russian engine shown in Figure 1.3, a jet injector mounted inside 

the coaxial injector forms an additional oxidizer cooling film at the rear of the 

combustion chamber [9] 

 

Figure 1.4 Schematic of KBKhM S5.165 engine [14] 

There are also various types of small engines using swirl injectors, one of which 

is shown in Figure 1.4. According to the article [14], in the combustion chamber of 

the engine, fuel is injected at the central swirl injector and the jet injector injects the 

oxidizer to the deflector annularly surrounding the combustion chamber. The 

injected oxidizer impinges on the deflector and then flows along the wall, forming 

an oxidizer film. This film collides with the fuel cone injected from the swirl injector 
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and burns.  

In recent years, a small engine using methane which is harmless to the human 

body has been developed for the purpose of utilization in manned space exploration 

[13]. 

 

             

 

 

 

Figure 1.5 Aerojet 100-lbf LOX/LCH4 engine (Left),                  

Northrop Grumman TR-408 engine (Right) [13] 

According to the literature [13], Aerojet developed a 100 lbf class small methane 

engine through the test data of methane engine developed by modifying LOx / 

ethanol engine. Liquid methane and oxygen are injected into the combustion 

chamber by triple impinging injectors, and both the combustion chamber and the 

nozzle are made of niobium.  

According to the above literature, northrop Grumman's TR-408 engine was 

developed based on engines using hypergolic propellants, and a pintle injector is 
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installed similar to the TR-308. Methane and oxygen are stored in liquid form in the 

tank, but since regenerative cooling is applied, both fuel and oxidizer are passed 

through the cooling channels and fed to the combustion chamber in a gaseous state. 

Unlike hypergolic propellants, non-hypergolic propellants require igniter to start 

combustion. It is important to select an ignition system that is stable and quick to 

start because small engines may require repetitive restarts depending on their mission. 

Among the small rocket engines with non-hypergolic propellants, the only engine 

used in the space missions is NIIMASh's 200N class 17D16 engine used in the 

Russian reusable spacecraft “Buran”, and there are also several test engines based 

on this engine [15]. 

According to the article [16], the 17D16 engine uses film cooling with oxidizer, 

similar to other NIIMash small liquid rocket engines. Gaseous oxygen and liquid 

kerosene are supplied to the combustion chamber, and a spark type igniter КН-11Б 

is mounted in the ignition chamber.  

Based on this engine, an ethanol engine with a thrust of 235N was developed for 

accomplishing the same performance of the commercial hypergolic engines [16]. In 

this engine, the jet injectors supply proper amount of fuel, and the oxidizer sprayed 

by the swirl injector produces thrust and creates a cooling film on the combustion 
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chamber wall. Cold test using air and hot test were performed to verify design values 

according to the article. 

 

 

Figure 1.6 17D16 engine for Russian space shuttle “Buran” [11] 

NIIMASh's other GOx / Ethanol rocket engines were built with a variety of 

injection systems [17]. According to the literature, the general structure features of 

these engines are internal spark ignition systems, ignition chambers and film cooling 

with fuel. For example, an engine with a thrust of 100N has a fuel jet injector inserted 

into the oxidizer injector as shown in the figure 1.7. Approximately 50% of the 

oxidizer is supplied for cooling the spark plug and then participates in the 

combustion process [17]. 
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Figure 1.7 Injection system of 100E611 engine [17] 
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1.3 Objectives 

 

As demand for satellites and space exploration increases, it is necessary to develop 

high performance small rocket engine. The purpose of this study is to design the 

injector of 400N class methane rocket engine and to identify the spray characteristics 

of the injector through cold test. For this purpose, the concept design of the engine 

was performed first. 

A single bipropellant injector has been adopted to simplify the structure. Applying 

a single injector to the engine has the advantage of reducing the complexity in the 

development process and reducing the number of machining operations as compared 

to the multi-injector. As shown in Table 1.1, Europe and Russia have utilized engines 

with single bipropellant injector for decades  
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 Chapter 2. CONCEPT DESIGN 

 

2.1 Requirements 

 

The development target is an engine for ground testing with a single bipropellant 

injector to produce a thrust of 400N. The propellant was determined to be oxygen / 

methane which is efficient and non-toxic. For ground test purposes, 400N thrust is 

required at the sea level, and nozzle of the engine must be designed considering 

atmospheric pressure. In addition, due to the characteristics of small rocket engine, 

the flow rate is small and the chamber pressure is low, so that the supersonic nozzle 

becomes very short. Therefore, supersonic nozzle for prototype is initially conical 

shape and can be changed later. 

The regenerative cooling and film cooling will be applied to this engine. Unlike 

Northrop Grumman's TR-408 engine, only methane will be used for regenerative 

cooling, so gaseous methane and liquid oxygen will be supplied to the combustion 

chamber. The liquid oxygen fed to the combustion chamber will be used not only for 

thrust generation but also for film cooling, which is similar to the European and 

Russian engines presented above. 

Electric spark igniter was adopted for this engine because it has low unit cost and 
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relatively easy to use. A.V. Kochanov and A. G. Klimenko [18] suggested that typical 

small rocket engines are limited in diameter and the propellant should be reliably 

supplied to the ignition zone. Further, since the heat shielding of the igniter should 

be sufficiently performed, it is preferable that the igniter is installed on the top of the 

injector located on the combustion chamber axis. The 17D16 engine, a small rocket 

engine using a gas-liquid non-hypergolic propellant mounted on the Buran, is also 

known to have applied such an ignition system, and the US ethanol engine also used 

a similar type of igniter [19]. 

 

2.2 Combustion chamber design 

 

According to Alemasov [1], injecting propellant, evaporation and combustion take 

place in the combustion chamber, and all combustion processes are completed in the 

combustion chamber. The nozzle only accelerates the flow inside the engine 

supersonic, but the chemical composition changes due to dissociation and 

recombination. Since the propellant is sprayed into the combustion chamber, which 

is larger than the injector nozzle, it slows down and the pressure rises for a while. 

However, it accelerates again by the chemical reaction. The static pressure is lower 

at the outlet of the nozzle than at the outlet of the combustion chamber because the 
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flow accelerates in the nozzle. The temperature of the flow in the engine is usually 

maximized near the nozzle throat, and the static temperature T decreases as the 

velocity W increases with constant total temperature T0. 

 

 

Figure 2.1 Schematic of combustion chamber and nozzle                             

(In – Inlet of Combustion Chamber, ch – outlet of Combustion chamber,                

cr – Nozzle Throat. a – Outlet of Supersonic Nozzle)  

In the design process, chamber pressure were set to 1.2 [MPa] based on the 

previous works. The supersonic nozzle was determined as a conical shape with a half 

angle of 30 degrees with reference to the literature [21]. Thermodynamic 

calculations were performed by inputting these initial values to the commercial 

program RPA. Flow in the nozzle was assumed to be equilibrium. As a result of 

iterative calculation, the specific impulse was the highest when the O / F ratio was 

2.5 ~ 2.7. Therefore, the O / F ratio was selected as 2.593 (α = 0.65), and the specific 

impulse in this case is 235 sec. This O / F ratio value is similar to the combustion 
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test results of the Aerojet’s methane engine as shown in figure 2.2. 

 

 

 

 

 

Figure 2.2 Comparison of RPA calculation results (Left) and                 

hot test results of Aerojet’s methane engine (Right) [12] 

Thermodynamic calculations of each section of the combustion chamber using 

RPA were also performed and are shown in Table 2.1. Figure 2.3 shows the heat flux 

and temperature distribution at the wall calculated by RPA. Each maximum value 

appears near at the nozzle throat. At a position close to the head, the propellant is 

present in an unburned state, so the temperature and the heat flux are considerably 

low, but the gradient changes abruptly as the combustion progresses.  

The design of the combustion chamber was performed based on the initial value 

and the calculated parameters by RPA. According to the recommended value of small 

engine [15], the combustion chamber loss factor and nozzle loss factor were 0.94 

and 0.97 respectively. 
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Table 2.1 Calculation results by RPA 

 

 

Figure 2.3 Heat flux (Left), and temperature distribution (Right) calculated by RPA 

 

According to V. M. Kudryavtsev [22], the cross-sectional area of the combustion 

chamber can be determined by either the contraction ratio or the relative intensity of 

flow rate. The contraction ratio is the ratio of the combustion chamber cross-

sectional area 𝐹𝑐ℎ to the nozzle cross-sectional area 𝐹𝑐𝑟. If this value is small, the 
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mixing process of propellant is complicated, so the selection of the combustion 

chamber cross-sectional area is limited [34]. On the other hand, the larger the 

contraction ratio is, the smaller the effect of the propellant momentum is [20]. Also, 

when the contraction ratio is large, the rate at which thermal energy is converted into 

kinetic energy increases [35]. 

The intensity of flow rate is the mass flow rate through the combustion chamber 

divided by the cross-sectional area. The larger the value, the higher the efficiency of 

the engine but also the higher the possibility of combustion instability [23-25]. The 

relative intensity of flow rate is the combustion chamber pressure divided by the 

intensity of flow rate, and there is a recommended value by experience. According 

to Kozlov [15], the relative flow intensity �̅� for small engines is 4.7 × 10-5 [sec / 

m]. In this study, the combustion chamber was designed using this value.  

𝑞 =
�̇�

𝐹𝑐ℎ
=
𝑝𝑐ℎ ∙ 𝐹𝑐𝑟
𝐹𝑐ℎ ∙ 𝛽

=
𝑝𝑐ℎ

𝐹𝑐ℎ̅̅ ̅̅ ∙ 𝛽
 [

kg

m ∙ sec2
] : Flow rate of intensity 

�̅� =
𝐹𝑐𝑟

𝐹𝑐ℎ ∙ 𝛽
=

�̇�

𝐹𝑐ℎ ∙ 𝑝𝑐ℎ
 [sec/m]: Relative flow rate of intensity 

The static pressure coefficient 𝜖𝑘  can be obtained from the velocity loss 

coefficient of the propellant injected into the combustion chamber and the 

combustion chamber pressure reduction coefficient, and the velocity loss coefficient 
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of injection can be obtained by the average velocity of propellant wcp given by the 

following equation. This value varies with the phase of propellant [20]. 

𝑤𝑐𝑝 =
𝐾𝑚

𝐾𝑚 + 1
∙ 𝑊𝑜𝑥 +

1

𝐾𝑚 + 1
∙ 𝑊𝑓𝑢 

The length of the cylindrical part of the combustion chamber can be obtained by 

using the characteristic length 𝐿∗. The characteristic length is a value obtained by 

dividing the volume of the combustion chamber by the cross-sectional area of the 

nozzle. Assuming that the volume of the combustion chamber is constant, the longer 

the value of the characteristic length becomes, the shorter the length of the 

combustion chamber becomes. As a result, it can be said that the characteristic length 

is proportional to the time of the propellant stay in the combustion chamber.  

In this study, characteristic length was firstly chosen as the statistical intermediate 

value of gaseous hydrogen and kerosene engines because methane has intermediate 

characteristics of hydrogen and kerosene [15,20,22,26]. In addition, the 

characteristic length of small engines is generally known to be about 60% of large 

engines [9, 27], so the characteristic length was set to 0.4 m. In general, the 

characteristic length of a small engine is known to be 0.4 m ~ 0.6 m [27], so this 

value seems reasonable. The shape of the designed combustion chamber with nozzle 

is shown in Figure 2.4. 
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Figure 2.4 Geometry of combustion chamber and nozzle 

 

 

2.3 Numerical analysis 

 

In the previous design process, performance and parameters of the engine were 

predicted based on the results of RPA calculation. However, in the calculation 

process of the RPA, it is assumed that oxidizer and fuel are ideally injected and mixed 

at the inlet of the combustion chamber and assumed uniform distribution over the 

cross sectional area, so each parameter is the same along the cross section[22,28]. 

On the other hand, small rocket engine has a small number of injecting and mixing 

elements and a small volume of the combustion chamber, so it is difficult for the 

distribution of the propellant to be uniform along the cross section. In addition, the 

formula for RPA is based on the theory of large engines. Therefore, the calculated 

values of RPA may differ from the real parameters of engine. As a result, numerical 
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analysis with 3D modeling is needed to verify the geometry of the designed 

combustion chamber. 

Previous work [29] has been conducted to understand the effects of geometric 

parameters of combustion chamber on engine performance and wall heat flux in a 

small rocket engine under ideal conditions. In this study, as shown in Figure 2.5, a 

combustion chamber with a straight subsonic nozzle and a bell-type supersonic 

nozzle with an expansion ratio of 1000 were used. It was assumed that ideally 

uniform high-temperature flows through the combustion chamber without 

considering injection and combustion processes. Therefore, this analysis was 

intended to identify trends, and numerical comparisons are almost meaningless. 

According to the literature [15,22], unlike a large engine, the combustion process 

of small rocket engine is not completed in the cylinder part of the combustion 

chamber because of the small size of the combustion chamber, and the chemical 

reaction occurs until the subsonic nozzle. Thus, not only the diameter and length of 

the cylinder part of the combustion chamber but also the length of the subsonic 

nozzle were also specified as variables. 
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Figure 2.5 Geometry of combustion chamber used in analysis [29] 

 

Figure 2.6 Heat flux calculation results by RPA (Left) and 3D modeling (Right) [29] 

 

 

Figure 2.7 Hot test of Aerojet’s methane engine [12] 
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Comparison of the distribution of the heat flux calculated by RPA and the 

numerical analysis results are as follows. The heat flux distribution calculated by 

RPA shown in Figure 2.3 shows that most of the heat flux is convective heat flux. 

On the other hand, as shown in Figure 2.6, the numerical analysis results of the small 

engine show that the radiative heat flux is larger than the convective heat flux in the 

cylindrical part of the combustion chamber, and these trends were the same in most 

of the cases. The results of previous studies show that there is a difference in the 

results of RPA calculation and 3D modeling of small engines, and the radiative heat 

flux at the combustion chamber can be a problem. In addition, as shown in Figure 

2.7, the hot test image of the Aerojet’s small methane engine show that the cylindrical 

section of combustion chamber walls are heated. Therefore, cooling is necessary to 

prevent thermal damage to the head and combustion chamber walls in small engines. 

However, unlike the conditions of this study, where the ideal flow passes through the 

combustion chamber, the actual small rocket engine is protected by proper cooling 

method. In other words, in most small rocket engines, the injected propellant lowers 

the temperature in front of the combustion chamber, and film cooling can be used 

with fuel or oxidizer. Therefore, the design of the injection system of small rocket 

engines is important both in the performance and cooling. 
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The goal of present study is to design the injector of an engine with a single 

bipropellant injector, so the injector should be selected to be capable of not only 

generating thrust but also cooling the wall. In order to develop such an injector, it is 

necessary to refer to an example of an engine using hypergolic propellants.  As 

mentioned earlier, engines such as the S400 and 11D458, which use a single 

bipropellant injector, are equipped with double swirl injector and are film cooled 

with oxidizer. However, since methane engines differ in temperature, chemical 

characteristics, and phase of propellant from conventional engines, additional studies 

on the proper type of injector are required, so numerical analysis is conducted. 

Bipropellant injector is composed of a combination of an oxidizer and a fuel 

injector, so the atomization and mixing process of the spray may vary depending on 

the combination type as well as the design of the individual injector. Some injectors 

for gas-liquid propellant can be considered. Injector types commonly used in general 

rocket engines include jet injectors and swirl injectors, and there are several 

representative combinations for application to gas-liquid propellants. An example is 

the injector of the RD-170 engine used in the first stage of Energia as shown in figure 

2.8. It is a combination of an internal gas jet injector and an external liquid swirl 

injector [30]. However, since the large engine RD-170 and the small methane engine 
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are different from each other in the number of the injector element and the 

characteristics of the propellant, there is a possibility that a suitable injector for small 

methane engine may be different. For example, the position of the gas injector and 

the liquid injector can be exchanged, and since the volume of the combustion 

chamber of the small rocket engine is small, the use of a gas swirl injector instead of 

a gas jet injector can be considered. Therefore, we can think of the four combinations 

of coaxial injectors as follows: inner gas jet and outer liquid swirl (A), inner liquid 

swirl and outer gas jet (B), inner liquid swirl and outer gas swirl (C), inner gas swirl 

and outer liquid swirl (D) injectors. 

 

Figure 2.8 Schematic of injector of the RD-170 engine [30] 

In order to select an appropriate injector, numerical analysis were performed to 

identify the differences in engine parameters according to the type of injector. 

Unlike the previous study, where the uniform high temperature flow passes through 
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a simplified combustion chamber, the shape of the designed combustion chamber 

was used for the analysis and the droplet combustion model is additionally applied. 

 

 

Figure 2.9 Geometry for numerical analysis of combustion chamber 

 

 

Figure 2.10 Comparison of injector types by numerical analysis 
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ANSYS CFX, a commercial program, is used for numerical analysis. Modeled 

geometry is divided into three parts: Ambient, Wall, and Combustor as shown in 

Figure 2.9. Mesh was scaled considering the boundary layer. The initial values of the 

inlet and outlet conditions are applied with the temperature, pressure and the kind of 

molecules predicted by the RPA.  

Analytical model of each domain is applied with reference to the literature [31] 

for the numerical analysis of the rocket engine. Total energy was used for the heat 

transfer model. Shear stress transport was used for the turbulence model, and Monte 

Carlo model was used for the thermal radiation. At the entrance of the combustion 

chamber, supposing that the injector is installed, the gas and the droplet are injected 

at the speed and diameter assumed by theory. Therefore, the diameter of the droplet 

is constant, and the CAB model is applied as the breakup model. Ranz Marshall 

model was used for the heat transfer model, so the droplets are evaporated. The 

combustion model assumes a single step reaction. The coefficient of the reaction 

equation is determined using the chemical equilibrium calculation result of RPA. The 

Eddy dissipation model is applied as the combustion model. The result of the analysis 

through this method is shown in Figure 2.10. 
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Type (A) is an injector in which a gas jet injector is located inside and a liquid 

swirl injector is located coaxially to the outside. Figure 2.11 shows that a significant 

amount of oxidizer and fuel are not mixed with each other in this case. Therefore, 

there are a large amount of propellants that escape without burning, and thrust and 

specific impulse are low. 

 

 

Figure 2.11 Distribution of propellant when type (A) injector is applied 

 

 

Figure 2.12 Distribution of oxygen when type (B) injector is applied (Left) and 

distribution of methane when type (C) injector is applied (Right) 
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Type (B) is an injector in which the position of the liquid and gas injector are 

reversed, and gas jet collide with the liquid cone. Thus, although the mixing 

efficiency is improved, the amount of propellant still escapes due to the fast axial 

velocity of the gas jet, and a high momentum liquid flow penetrates the jet and burns 

near the wall as shown in Figure 2.10 and 2.12. In this case, although the mixing 

efficiency is improved, the temperature distribution becomes inappropriate.  

Type (C) is a type (B) injector in which the external gas jet injector is replaced by 

a swirl injector. It has the highest mixing efficiency and thrust among the four cases. 

On the other hand, high temperatures at almost all locations in the combustion 

chamber due to high mixing efficiency are a drawback in wall cooling. Although the 

methane pushed up to the wall makes a little fuel rich layer, it is not enough to cool 

the walls of the combustion chamber, as shown in Figures 2.10 and 2.12. 

Type (D) is an injector in which the position of the liquid and gas injectors in the 

injector of type (C) is reversed. The mixing efficiency of the injector is slightly lower 

than the type (C), because the gas spray is hard to penetrate the outer liquid film, as 

shown in Figure 2.13. However, this causes the oxygen-rich region near the wall to 

lower the wall temperature, and this cooling mechanism is similar to conventional 

engines using oxidizer film cooling. Also, since both the liquid and the gas injectors 
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are swirl injectors, combustion efficiency and performance of the engine does not 

drop significantly. 

 

 

Figure 2.13 Distribution of temperature (Left) and oxidizer (Right)          

when type (D) injector is applied 

 

 

Figure 2.14 Schematic of engine with type (D) injector 

In the fluid-dynamic 3D modeling, it is assumed that the droplet is injected at a 

fixed size, so the results of the analysis may be different from the actual value, but it 

can be used to get a tendency. Numerical results show that the injector type (D) is 

advantageous in both performance and cooling of the engine. Therefore, it is 
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considered that the type (D) injector can be used to generate thrust and cool the 

engine simultaneously, even when used as a single injector. Thus, Type D injectors 

have been adopted and, consequently, it is similar to injectors of existing engines 

using single injectors. 

 

2.4 Injector design  

 

In order to overcome the disadvantages of the numerical analysis, it is necessary 

to experimentally verify the injector. In this study, spray characteristics were 

obtained through cold test as the first step. 

According to the literature [32], it is considered that the process from injection of 

propellant to primary atomization is least influenced by propellant reaction during 

the combustion process. Moreover, in coaxial injectors using oxygen / hydrocarbon 

propellants, the reaction time will be slower due to evaporation and mixing, so the 

reaction will have less effect on atomization than impinging injectors that use a 

storable propellant. Therefore, the cold test is an efficient method that can understand 

the spray characteristics without expensive and complex apparatus for hot test. 

The spray characteristics of the coaxial injector are strongly influenced by the 

interactions of two individual injectors. One of the most important parameter for 
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determining the interaction of the two injectors is the difference in momentum 

between the fuel and oxidizer. In addition, spray angle of the two injectors is a 

representative factor that changes the difference in momentum between the fuel and 

oxidizer, and affects the mixing and distribution of the propellant. As shown in the 

numerical analysis results, the distribution of the propellant caused by single coaxial 

injector has a great influence on the engine characteristics due to the small number 

of spray elements in the engine. Therefore, proper adjustment of the spray angle is 

important in the design of small engine 

By this reason, initial values of the injector design were set as the spray angle and 

injection pressure drop. In addition, the expansion coefficient, the number of inlet 

channels, and the mass flow rate calculated by RPA were input. 
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2.4.1 Design of liquid injector 

 

 

Figure 2.15 Schematic of liquid injector 

 

 Liquid injector is designed by the modified methodology of Kesaev [36] and 

Dityakin [37]. This theory first assumes an inviscid condition and describes the 

behavior of the fluid inside the injector, and then applies more realistic conditions. 

The following explanation is based on this theory. 

According to the theory, liquid rotating inside the swirl chamber has a gas vortex 
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at the center, and the liquid occupies only a part of the nozzle cross section. Therefore, 

the ratio of the liquid occupied is expressed by the coefficient of passage fullness 𝜑, 

and when the flow rate is constant, the coefficient is inversely proportional to the 

axial velocity. 

𝜑 = 1 − (
𝑟𝑠𝑤
𝑟𝑐
)
2

∶  Coefficient of passage fullness 

The coefficient of nozzle opening is the ratio of the radius of the swirl chamber to 

the radius of the injector nozzle. When this value is larger than the critical coefficient 

of nozzle opening C𝑐𝑟, it is called an close type injector, and when it is smaller, it is 

called an open type injector. It is generally known that close type injectors are 

suitable for injectors with small flow rates and that the non-uniformity due to the 

number of tangential flow paths is reduced. For this reason, the liquid injector was 

selected as close type. 

The geometrical characteristic coefficient is a parameter related to the shape of the 

injector. As this value increases, the entrance channel becomes narrower and the 

swirl chamber becomes thicker. Therefore, as the geometrical characteristic 

coefficient increases, the tangential velocity increases and the axial velocity 

decreases. 
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𝐴 =
𝑅 ∙ 𝑟𝑐

𝑟𝑖𝑛
2 =

𝐹𝑐 ∙ 𝑅

𝐹𝑖𝑛 ∙ 𝑟𝑐
∶ Geometrical characteristic coefficient 

The discharge coefficient is the ratio of the actual flow rate to the theoretical 

maximum flow rate and is expressed in terms of 𝜑. 

𝜇𝜙 =
1

√
1
𝜑2

+
𝐴2

1 − 𝜑

∶  Discharge Coefficient 

Based on these variables, the liquid spray angle injected under inviscid conditions 

when considering the dynamic pressure due to the central gas vortex of the liquid is 

as follows. 

tan �̅� =
2𝐴 ∙ 𝜇𝜙

√(1 + S)2 − 4𝐴2 ∙ 𝜇𝜙
2

 

𝑆 =
𝑟𝑠𝑤
𝑟𝑐

 

However, since there is viscous friction in the actual fluid flow, angular 

momentum decreases and the spray angle decreases as compared with ideal 

conditions. To obtain the spray angle when there is friction force, the geometrical 

characteristic coefficient and the discharge coefficient are redefined considering the 

viscosity. 

𝐴𝑒𝑞 =
(1 − 𝜑) ∙ √2

𝜑 ∙ √𝜑
 

: Equivalent geometrical characteristic coefficient under viscous conditions 
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𝜇𝜙
′ =

1

√
𝐴𝑒𝑞
2

1 − 𝜑
+
1
𝜑2

∶  Discharge coefficient under viscous conditions 

In addition, spray angle under viscous conditions are redefined through the spray 

angle under the inviscid conditions and the equivalent geometrical characteristic 

coefficient. 

�̅�′ = arctan

[
 
 
 

2 ∙ 𝐴𝑒𝑞 ∙ 𝜇𝜙

√(1 + S)2 − 4𝐴𝑒𝑞
2 ∙ 𝜇𝜙

2

]
 
 
 

∶ Spray angle under viscous conditions   

When there is a viscosity in the liquid, not only the angular momentum is reduced 

but also the pressure drop due to the friction and the shape of the flow path occur in 

each part of the injector. In the calculation process for the injector design, this loss 

is divided into energy loss at the tangential inlet ∆𝑖𝑛, energy loss inside the swirl 

chamber ∆𝑘, energy loss due to swirl chamber length ∆𝐿, and energy loss between 

swirl chamber and injector nozzle ∆𝑛𝑜𝑧. In addition, total energy loss is obtained by 

adding each factor. The newly defined discharge coefficient by this energy loss factor 

is as follows. 

𝜇𝜙
′ =

1

√
𝐴𝑒𝑞
2

1 − 𝜑 +
1
𝜑2

+ ∆𝛴

∶ Discharge coefficient considering energy loss 

∆𝛴 = ∆𝑖𝑛 + ∆𝑘 + ∆𝐿 + ∆𝑛𝑜𝑧 ∶  Sum of energy loss factors 
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In this study, an algorithm was developed to obtain the desired spray angle by 

modifying the equation based on these theories. Therefore, initial value is the spray 

angle, and the injector is designed by adjusting the dimension of each part while 

considering the structural effect on spray characteristics. The geometry of the 

designed injector is as follows. 

 

Figure 2.16 Geometry of designed liquid injector                          

(A portion of the drawing was cut for cross-sectional display.) 
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2.4.2 Design of gas injector 

 

 

Figure 2.17 Schematic of gas injector 

 

Since the gas injector is located inside the liquid injector, the igniter is inserted at 

the top. It is known that when the igniter is installed on top of the close type injector, 

there is a risk of the flame being reflected from the nozzle, causing the injector to 

explode. Therefore, the gas injector was selected as the open type. 

Gas injector is designed by Russian standard method (GOST 21980-76) and the 
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theory of Vigor Yang [38]. Following explanation is based on them. Since the gas is 

a compressible fluid, there is a change in the design equation and the temperature at 

the inlet is added to the initial value. The key equation used in the design of the gas 

injector is given below. 

𝑅𝑒𝑖𝑛 =
4

𝜋√2
∙
𝑚Ф

𝜇√𝑑𝑐

̇
∙ √
𝐴

𝑅
 ∶ Re number in tangential inlet 

𝑚Ф̇ = √2𝑑𝑐 ∙
𝜇Ф ∙ 𝑝𝑜𝑢𝑡 ∙ 𝜑Ф

𝜇√𝑅𝑇𝑖𝑛
∙ √
𝐴

�̅�
 ∶ Mass flow rate of the injector 

𝑑𝑐 = √
4

𝜋√2
∙ √

𝑚Ф̇√𝑅𝑇𝑖𝑛
𝜇Ф ∙ 𝑝𝑜𝑢𝑡 ∙ 𝜑Ф

 ∶  Radius of nozzle of the injector 

 

�̅� = 𝑅/𝑟𝑐, 𝜑Ф is a variable for calculation and is given by the following equation. 

𝜑Ф =
𝑝𝑖𝑛
𝑝𝑜𝑢𝑡

∙

√
  
  
  
  
  

𝑘

𝑘 − 1

(

 
 1

(
𝑝𝑖𝑛
𝑝𝑜𝑢𝑡

)

2
𝑘

−
1

(
𝑝𝑖𝑛
𝑝𝑜𝑢𝑡

)

𝑘+1
𝑘

)

 
 

 

The gas injector also forms a vortex of external gas inside the rotating propellant. 

During design process, the two fluids are separated based on when the axial velocity 

is zero. However, in actual injector, the two gases are mixed with each other and the 

boundary is expected to be blurred. 
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The average spray angle is determined based on the plane with the maximum 

velocity. A gas injector was designed with reference to this basic theory and the 

relationship between the structural dimensions of the injector. The geometry of the 

injector is shown in Figure 2.18. 

 

 

Figure 2.18 Geometry of designed gas injector                            

(A portion of the drawing was cut for cross-sectional display.) 

 

2.4.3 Design of coaxial injector 

 

According to Vigor Yang [38], the coaxial bipropellant injectors for liquid rocket 

engines can be divided into two types: external mixing and internal mixing. External 

mixing is the case where the mixing of two propellants occurs outside the injector. 

In internal mixing, the spray cone of inner injector collides with the wall of the outer 

injector. Following explanation is based on the above literature 
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There are two design methods for external mixing, one of which is the case where 

the inner injector is located in the gas vortex of the outer injector. In this case, the 

two injectors are independent of each other, and the geometrical characteristic 

coefficient is calculated by using the difference of the spray angle of the two injectors. 

Then, the inlet flow path and the diameter of the nozzle of each injector are calculated. 

Finally, the injector is designed by repeating confirmation that the condition of Re 

number is satisfied. 

The other is the case where the nozzle of the inner injector invades the liquid film 

of the outer injector. In this case, the diameter of the nozzle should be increased to 

compensate for the reduced flow rate without changing the injection pressure drop 

and the spray angle. Therefore, the discharge coefficient is proportional to 

𝑟𝑐,𝑜𝑢𝑡/𝑟𝑐,𝑖𝑛. The design method in this case is to calculate the outer nozzle diameter 

of the inner injector, and then determine the nozzle diameter of the outer injector 

such that a suitable gap is obtained. And then confirms whether the injection pressure 

drop of the outer injector satisfies the desired condition. The injection pressure drop 

is obtained using the following formula. 

∆𝑝𝑖𝑛,𝑜𝑢𝑡 =
0.05�̇�𝑖𝑛,𝑜𝑢𝑡

2

𝜇𝑜𝑢𝑡
2 𝜌𝑜𝑢𝑡𝑟𝑐,𝑜𝑢𝑡

4  
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Figure 2.19 Schematic of external mixing injector 

 

Figure 2.20 Schematic of internal mixing injector 
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In the internal mixing injector, the propellant sprayed from the inner injector is 

mixed in the nozzle of the outer injector. This is because the inner injector of the 

coaxial injector was retracted to a certain distance from the injector head surface as 

shown in Figure 2.20. Generally, injectors of engines using non-hypergolic 

propellants apply a premixed section called a recess to increase ignition and 

combustion efficiency. 

 The length of the mixing zone is the distance from the point where the spray of the 

inner injector collides with the wall of the outer injector to the outlet of the outer 

injector. It determines the residence time of the mixed propellant in the injector. 

The residence time should be set within a reasonable range that permits sufficient 

mixing and does not detonate the injector. It is known that the recommended value 

depends on the type of propellant and the flow rate of the injector, and the appropriate 

residence time increases as the flow rate of the propellant increases. For non-

hypergolic propellants, the recommended value of residence time is 0.5 × 10−3sec 

when the total propellant flow rate is 0.5 ~ 1.0 kg / sec. The specific impulse 

increases until the residence time increases to 1.0 × 10−3 sec. However, if the 

residence time increases further, the specific impulse is constant until the injector 

explodes. When designing the injector, the residence time is assumed to be 
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0.1~0.5 × 10−3sec. Finally, it is determined by hot test of the engine.  

In the case of a liquid-liquid injector, it is possible to predict the velocity of 

propellant in the injector and reflect the recommended value of the residence time in 

the design process. However, in the case of gas swirl - liquid swirl injector, it is 

difficult to predict the velocity of the propellant because two propellants with 

different phases are rotating inside the injector. Therefore, in this study, the recess 

length was determined by other methods.  

Kim et al. [2] analyzed spray characteristics according to recess length in the case 

of external mixing, tip mixing, and internal mixing. External mixing and internal 

mixing are the same as mentioned above. In tip mixing, the spray cone of the inner 

injector contacts the nozzle outlet of the outer injector. Yang and Ge [39] also 

classified the recess lengths in the same way, and the tip mixing case was called 

critical mixing. In these three cases, the mixing mechanism of the propellant is 

different, and it is expected that the spray characteristics will be significantly 

different. Therefore, the recess number was selected as 0, 1, and 2 with reference to 

the above papers, and the differences in spray characteristics of each case were 

investigated through the cold test. 

As mentioned above, the spray angle of the propellant has a large influence on the 



 

 

44 

operation process of the small engine. For this reason, experiments were carried out 

to observe spray and atomization characteristics of the coaxial injector with varying 

liquid spray angle while the gas spray angle was fixed. This is because the gas spray 

angle is almost unchanged even if the design parameters are changed. Also, the liquid 

spray angle is relatively easy to be changed by geometric parameters. 

According to Kesaev and Vigor Yang [36, 38], in the swirl coaxial injector, when 

the wall of the inner injector invades the liquid film of the outer injector, the spray 

characteristics is affected by the ratio between the outer diameter of the inner injector 

and the radius of the outer liquid film surface. That is, as the lip thickness increases 

under the same design conditions, the outer liquid spray angle decreases.  

Therefore, the lip thickness t and the recess length Lr were determined as 

parameters affecting the interaction between the gas and liquid injector. 
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Chapter 3. EXPERIMENTAL METHOD AND 

APPARATUS 

 

3.1 Experimental conditions 

 

 

To characterize the coaxial gas-liquid injector, it is necessary to derive the spray 

characteristics of the individual injector, and the spray angle of the inner injector is 

required to determine the recess length based on the recess number. Therefore, the 

spray angle of the gas injector was measured, and experiments were also carried out 

to find out the effect of lip thickness on liquid spray angle. 

To understand the change of spray characteristics of coaxial injector according to 

the geometry of injector, 9 cases shown in the Table 3.1 were defined. There are three 

cases for each variable. In the case of lip thickness, the experiment was performed 

when the spray angle of the liquid was larger, smaller or parallel to the spray angle 

of the gas. The recess lengths are determined according to whether the start position 

of mixing is inside the injector or near the exit or outside. It is expected that different 

types of mixing and break up processes will appear in each case. To find out the 
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effects of recess length on spray characteristics, injectors with different nozzle 

lengths were manufactured and combined with a gas injector.  

 

 

Table 3.1 Experimental conditions 

Hollow cylinders with multiple outer diameters have been used to change the lip 

thickness as shown in Figure 3.1. The purpose of this tool is to examine changes in 

spray angle and spray characteristics while changing the lip thickness from when the 

cylinder does not touch the liquid film until it invades the liquid film. Each cylinder 

has a screw thread inside it so that it can fit into the gas injector nozzle. Therefore, 

the inner diameter of the cylinder corresponds to the outer diameter of the gas 
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injector nozzle, and the outer diameter of the cylinder was determined based on the 

calculation of the internal liquid film thickness of the outer injector. In other words, 

outer wall of the cylinder was located before and after the expected position of liquid 

film surface to investigate the change of the spray angle according to the relationship 

between the liquid film and the inner injector. As a result, lip thicknesses were 

determined as 3 mm, 3.2 mm, 3.4 mm, 3.6 mm, and 3.8 mm, respectively. 

 

 

Figure 3.1 Hollow cylinder for changing the outer nozzle diameter of gas injector 

According to the design and test experience of a Russian company NIIMash, it is 

necessary to maintain the pressure drop for balance between the supply system and 

the combustor, so the injection pressure drop of all experiments was the nominal 

value. That is, the injection pressure drop of liquid injector was 2.3bar and the gas 

injector was 6.5bar.  
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3.2 Water and air supply system 

 

If the actual propellant is used in a cold test, there is a risk of an explosion by 

propellant that accumulates without burning during the experiment. Thus, the 

working fluid has been replaced by a simulant. According to the literature [40], water 

is a valid simulant of LOx in a cold test condition, so water and compressed air 

replaced liquid oxygen and gaseous methane, respectively. Two pressure vessels 

were used in the experiment. One of the two was filled with water and the other was 

filled with pressurized air from the compressor. The water filled vessel was also 

pressurized with compressed air. Each vessel was equipped with a pressure sensor. 

A Controller was installed between the compressor and the vessels to control the 

pressure of the vessels and whether the supply valve is open or closed. The injector 

was installed in the test rig, and pressure gauges were installed in front of the 

manifold to compensate for friction losses. 
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3.3 Optical equipment 

 

DSLR camera (Canon EOS 7D) with a Canon EF 180mm f/3.5L MACRO LENS 

and a stroboscope (SUGAWARA MS-230DA) was used to observe the 

characteristics of liquid injector and coaxial injector. 

In the case of a gas injector, it is difficult to observe the air. Therefore, in order to 

visualize the spray of the injector, two mirrors with a diameter of 300 mm and a 

Canon EOS 7D camera were used to capture the schlieren image. Since the injected 

air shows a very irregular shape due to turbulence, it is difficult to distinguish the 

spray angle. So, 500 images taken over time were accumulated to get an average 

image. The spray angle of the liquid and gas was determined based on the intensity 

in the averaged spray image using the LaVision SprayMaster program. The liquid 

spray angle was obtained by accumulating 100 images. 
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Chapter 4. RESULT AND DISCUSSION 

 

4.1 Characteristics of gas injector 

 

Measuring the spray angle of a gas swirl injector is important in analyzing the 

interaction of the two propellants through the difference from the liquid spray angle 

and determining the recess length. The spray image taken by the schlieren technique 

are shown in Figure 4.1. The accumulated image and measured spray angle are 

presented together. Under nominal conditions, the spray angle 2βex was 80 deg, 

which is smaller than the design value of 90 deg. 

 

 

Figure 4.1 Spray angle measurement of the gas injector 
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4.2 Characteristics of liquid injector 

 

Experiments were performed to analyze the characteristics of the liquid injector 

without injecting gas in order to investigate the change of the flow characteristics of 

the liquid injector according to the lip thickness of the internal injector.  

 

 

Figure 4.2 Relationship between lip thickness and spray angle 

Figure 4.2 shows the change of the liquid spray angle according to the lip thickness. 

The spray angle decreased with increasing lip thickness. When the lip thickness was 

3mm, the liquid spray angle was similar to the design value, and at 3.4mm, the liquid 

spray angle was similar to the gas spray angle. Therefore, the lip thicknesses 

corresponding to the experimental conditions of non-impinging, parallel and 
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impinging shown in Table 3.1 are 3.0, 3.4 and 3.6 mm, respectively. 

Figure 4.3 shows the spray image of the liquid injector taken at the three lip 

thickness conditions. When the lip thickness was 3.4 mm, the axial velocity was 

considered to be faster because the spray angle was smaller than when the lip 

thickness was 3.0 mm. Thus, the position at which the liquid film broke into droplets 

was further away from the injector head. On the other hand, when the lip thickness 

was 3.6 mm, the liquid film thinned by the inner injector wall was torn from near the 

head. Therefore, the point at which the liquid film broke into the droplet or ligament 

was variable, and sometimes the atomization occur closer to the head than when the 

lip thickness was 3.4 mm. When the lip thickness was 3.8 mm, the gas injector almost 

completely blocked the nozzles of the liquid injector, so that the angular momentum 

of the liquid almost disappeared and the spray became very uneven. 
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3.0mm 

 

 

3.4mm 

 

 

3.6mm 

Figure 4.3 Spray images of the liquid injector when the lip thickness of the gas 

injector is 3.0 mm, 3.4 mm and 3.6 mm 
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Figure 4.4 Spray images of the liquid injector when the lip thickness of         

the gas injector is 3.8 mm 

As the lip thickness of the gas injector increases, the liquid injector nozzle exit is 

blocked, so the experiment was conducted to investigate the change of the mass flow 

rate with the change of lip thickness. Experimental results show that the flow rate 

decreased with increasing lip thickness. However, when the lip thickness was 3.6mm, 

the cross sectional area of the outlet of the liquid injector decreased by 91%, but the 

mass flow rate decreased only by 5.8% compared to 3.0mm. This seems to be due to 

the increase in the axial velocity of the liquid by the reduction of the spray angle 

when the lip thickness increases. In case of Lip Thickness of 3.8mm, which showed 

abnormal spray pattern, the flow rate decreased sharply. In addition, the flow rate 

was similar to the design value of 128.65 g/s in most of the cases of lip thickness, 

except when the lip thickness was 3.8 mm. 
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Table 4.1 Mass flow rate of the liquid injector according to the lip thickness of   

the gas injector  

 

4.3 Characteristics of coaxial injector 

 

 

Figure 4.5 Spray characteristics in all cases 
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4.3.1 No recess 

 

In the case of external mixing, spray characteristics was observed when the 

selected three lip thickness were applied. In the case of parallel, although the spray 

angle of the gas and liquid of the individual injectors was close to parallel, they are 

encountered by entrainment rather than proceeding side by side. 

Comparing the three cases, it was impinging case that the size of the droplet is 

relatively small and uniform. Also, as the lip thickness increased, fluctuation of mass 

distribution was reduced. In the impinging case, the liquid film was most affected by 

the momentum of the gas because the two spray cones meet each other. Therefore, it 

is presumed that atomization occurred efficiently and uniformly, so the mass flow 

was not concentrated at one point and the change in the mass distribution is small.  

 

 

Figure 4.6 Fluctuation of mass distribution in non-impinging case 
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4.3.2 Shallow recess 

 

The shallow recess was designed such that the spray cone of the gas contacts the 

outlet of the liquid injector (RN = 1), and the deep recess was designed to have the 

recess length twice that of the shallow recess. However, since the gas is injected into 

the liquid injector nozzle, mixing of liquid and gas occurs in the nozzle even when 

the spray cone does not meet each other inside the nozzle in the calculations. 

As shown in Figure 4.5, when shallow recesses were applied, the spray angle was 

decreased and the spray became more stable, but the droplet size seemed slightly 

larger than no recess case. Comparing the non-impinging and the impinging cases, 

the thinner the lip thickness, the larger the spray angle and droplet size of the coaxial 

injector. This result is similar to the no recess case. 

In addition, when a shallow recess was applied, droplets scattered outside the 

spray cone were less and the change of the spray angle was small. In addition, a mist-

like flow of fine droplets was observed inside the hollow cone. In the average image 

shown in figure 4.7, it can be seen that the thinner the lip thickness is, the clearer the 

mist-like flow is. It is considered that as the lib thickness increases, the axial velocity 

of the liquid increases and the residence time in the recessed region decreases, 
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making the mist generation more difficult. Such mist is considered to be 

advantageous for facilitating ignition and achieving high combustion efficiency at 

the central region of the combustion chamber. 

 

 

Figure 4.7 Averaged spray image in shallow recess case            

 

4.3.3 Deep recess 

 

Comparing the case of the shallow recess with that of the deep recess, in the deep 

recess case thick ligaments were observed and the boundary of spray became more 

apparent. This seems to be due to the fact that in the shallow recess case, the gas flow 

scratches and atomizes the liquid film at the outlet of the liquid injector, but in the 

case of deep recess, the momentum of the gas is reduced by the friction inside the 

recessed region. Commonly, in the deep recess case, the number of tiny droplets was 

smaller than that of the shallow recess case, so large droplets were dominant, and 
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mist was also difficult to observe. In addition, comparing the difference according to 

lip thickness, the number of tiny droplets was decreased when lip thickness was 

increased. 
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Chapter 5. CONCLUSION 

 

The concept design of the 400N class methane rocket engine with single 

bipropellant injector was carried out to design the injector for the engine. The 

geometry of the combustion chamber and nozzle, cooling method, arrangement of 

the igniter, and type of injector were addressed. A gas centered swirl coaxial injector 

was adopted as a result of the numerical analysis of the combustion chamber 

designed on the basis of Kurpatenkov 's theory and four types of spray pattern. 

The liquid injector was designed by modifying the theory of Kesaev and Dityakin, 

and the gas injector was designed by the Russian standard method and the theory of 

Vigor Yang. Coaxial injector design was also based on the theory of Vigor Yang. 

The gas spray angle measured by the schlieren technique was about 80 degrees, 

which was 10 degrees different from the design value. The liquid spray angle was 

similar to the design value when the lip thickness was 3.0mm. In the case of 3.4mm, 

the liquid spray angle was similar to the spray angle of the gas injector, and when 

the lip thickness was 3.8mm, the shape of the spray was very uneven. The flow rate 

did not deviate significantly from the design value except when the lip thickness was 

3.8 mm. 
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The spray characteristics of the coaxial injector according to the lip thickness and 

recess length were observed in 9 cases. In the case of no recess (RN = 0), the 

fluctuation of mass distribution and droplet size decreased as the lip thickness 

increased. In the case of shallow recess (RN = 1), a mist-like flow is observed inside 

the spray cone. In addition, the mist was more visible as the lip thickness decreased. 

In the case of deep recess (RN = 2), the atomization performance of the injector was 

lower than the case of shallow recess (RN=1). 

Quantitative analysis such as accurate SMD measurement and measurement of 

mass flow distribution through patternator is required as the next step. In addition, 

based on the results of the cold test, it is necessary to study the optimization of the 

geometry of the combustion chamber and the injector to find a suitable injector for 

the engine. Finally, it must be verified through hot test. 
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초    록 

 

400N 급 소형 로켓 엔진은 정지궤도 위성의 원지점 엔진이나 유, 무인 

우주선의 자세 제어용 등으로 널리 활용되고 있다. 기존 소형 로켓 

엔진은 대부분 유독하고 부식성이 높은 자동점화성 추진제를 사용해 

왔으나, 최근에는 재사용 발사체의 개발 및 유인우주탐사가 다시 

시도되면서 미국, 러시아, 중국 등 우주 선진국에서 메탄을 연료로 하는 

소형 엔진이 개발되고 있다. 

메탄은 탄화수소이면서도 수소와 같이 극저온 액체에 속하며, 산소-

메탄 추진제는 점화기가 필요한 비자동점화성이다. 따라서 그 특성은 

현재 사용 중이거나 개발되었던 어떠한 소형 로켓 엔진용 추진제와도 

다르다고 할 수 있다. 또한 메탄 엔진은 개발 역사가 짧고 실제 사용된 

이력이 거의 없으므로 적합한 추진제의 혼합방식이나 분사기 형식이 

정립되지 않은 것으로 보인다. 

본 연구에서는 산소 / 메탄을 추진제로 하고 단일 이원 분사기를 

가지는 소형 로켓 엔진의 연소실 및 분사 시스템의 기초 설계를 

수행하였다. 연소실의 형상 설계 후 유한요소해석법을 통해 스월 및 
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제트 분사기의 조합에 따른 분무-혼합 시스템의 연소 패턴을 

비교하였으며, 해석 결과에 따라 적합한 분사기의 유형을 기체 중심 

이중 스월 분사기로 정하였다. 

해당 형식의 분사기는 액체분사기 및 기체분사기의 개별적 성능과 

형태를 계산한 후 산화제와 연료분사기를 동축에 배치하는 순서로 

설계를 진행하였다. 수류 실험을 통해 기체 분사기의 립 두께와 리세스 

길이의 변화에 따른 동축 분사기의 분무 특성을 확인하였으며, 리세스 

길이가 없는 외부 혼합일 경우 립 두께가 증가할수록 액적의 크기가 

감소하였고 시간에 따른 유량분포의 변동이 약화됨을 확인하였다. 

리세스 길이가 임계 혼합에 해당할 경우 분무 원추 내부에 안개와 같이 

미세한 액적으로 이뤄진 흐름이 관찰되었으며 이는 립 두께가 

감소할수록 증가하였다. 리세스 길이가 내부 혼합에 해당할 경우 

전체적으로 임계 혼합일 경우보다 분사기의 미립화 성능이 저하되었다.  

 

 

주요어: 소형 메탄 로켓 엔진, 기체-액체 분사기, 연소실 설계, 분사기 

설계, 기체 중심 이중 스월 분사기, 분무 특성 

 

학  번: 2017-22838 


	Chapter 1 INTRODUCTION
	1.1 Background
	1.2 Overview of previous works
	1.3 Objectives

	Chapter 2 CONCEPT DESIGN
	2.1 Requirements
	2.2 Combustion chamber design
	2.3 Numerical analysis
	2.4 Injector design
	2.4.1 Design of liquid injector
	2.4.2 Design of gas injector
	2.4.3 Design of coaxial injector


	Chapter 3 EXPERIMENTAL METHOD AND APPARATUS  
	3.1 Experimental conditions
	3.2 Water and air supply system
	3.3 Optical equipment

	Chapter 4 RESULTS AND DISCUSSION
	4.1 Characteristics of gas injector
	4.2 Characteristics of liquid injector
	4.3 Characteristics of coaxial injector
	4.3.1 No recess
	4.3.2 Shallow recess
	4.3.3 Deep recess


	Chapter 5 CONCLUSION
	References
	Abstract in Korean


<startpage>14
Chapter 1 INTRODUCTION 1
 1.1 Background 1
 1.2 Overview of previous works 4
 1.3 Objectives 11
Chapter 2 CONCEPT DESIGN 12
 2.1 Requirements 12
 2.2 Combustion chamber design 13
 2.3 Numerical analysis 20
 2.4 Injector design 31
  2.4.1 Design of liquid injector 33
  2.4.2 Design of gas injector 38
  2.4.3 Design of coaxial injector 41
Chapter 3 EXPERIMENTAL METHOD AND APPARATUS   47
 3.1 Experimental conditions 47
 3.2 Water and air supply system 50
 3.3 Optical equipment 51
Chapter 4 RESULTS AND DISCUSSION 52
 4.1 Characteristics of gas injector 53
 4.2 Characteristics of liquid injector 54
 4.3 Characteristics of coaxial injector 57
  4.3.1 No recess 58
  4.3.2 Shallow recess 59
  4.3.3 Deep recess 60
Chapter 5 CONCLUSION 62
References 64
Abstract in Korean 69
</body>

