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ABSTRACT 

 

Experiment about characteristics of gas-centered swirl coaxial injector for staged 

combustion cycle engine was investigated. A 9-tonf class staged combustion cycle engine 

for space launch vehicle was developed based on its basic research. Gas-centered swirl 

coaxial injector was used for this experiment and it was designed by hydraulic of swirl 

injector method through ideal and viscous liquid theory and some references.  

In liquid rocket engine, role of injector is not only supplying spray but also 

suppressing combustion instability. For this similar experiment, spray characteristics of 

injector and dynamic characteristics were understood. Spray photographs were captured 

by synchronizing stroboscope and digital camera and sometimes high speed camera and 

Xenon lamp were used. To measure the liquid film, liquid film measurement system was 

adopted by using electrical conductance method. For excitation, an acoustic speaker was 

used to supply its frequency to gas. Gas velocity and effect of excitation was measured 

though hot-were anemometry. The liquid fuel and gaseous oxidizer are simulated by 

water and air, respectively. 

To know the spray characteristic of gas-centered swirl coaxial injector, liquid film 

thickness and spray angle were measured. It was found by changing momentum flux ratio, 

recess ratio and gap thickness which are important variables in coaxial injector. Liquid 

film thickness and spray angle were changed by following the velocity of gas and liquid. 

When the velocity of liquid was slow and gas was fast, liquid film thickness and spray 

angle were decreased. On the other hand, when the velocity of liquid was fast, liquid film 
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thickness and spray angle were maintained steady even though the velocity of gas was 

fast. Spray characteristics are well expressed by showing velocity of gas and liquid in 

momentum flux ratio. It was found out that overall spray characteristics was reduced by 

increase in momentum flux ratio. These characteristics were changed when momentum 

flux ratio was low and recess ratio was increased, and also spray angle was highly 

decreased. Moreover, spray characteristics was varied depended on the change in gap 

thickness, and when gap thickness went thicker, it did not fully fill but certain liquid film 

thickness was maintained. When gap thickness is thin, which also means when liquid film 

thickness is thin, it went thicker though entrain effect of liquid which comes from gas. 

From these results, not only momentum flux ratio and recess ratio, which are well known 

as major parameter of coaxial injector, but also gap thickness could be used as major 

parameter in design. 

To find out the dynamics characteristics of gas-centered swirl coaxial injector, 

excitation was supplied to gas supply line through an acoustic speaker. Together with 

spray characteristics experiment, momentum flux ratio, recess ratio and gap thickness 

were varied. the ratio of gas velocity to velocity perturbation was marked as input value, 

and the ratio of liquid film thickness that was measured in injector exit to liquid film 

thickness perturbation ratio was marked as output value. Ratio of input and output value 

were expressed in injector transfer function. Gain was changed based on input frequency, 

and higher gain was occurred in 2 specific frequencies. High gain occurred in low 

frequency was judged as resonance effect between the input frequency and the frequency 

of gas-liquid shear instability. However, high gain occurred in high frequency was judged 



 iii

as resonance effect between the input frequency and the resonance frequency according 

to length of gas supply line. The frequency with high gain has spray pattern carrying its 

frequency so it has similar spray pattern with self-pulsation. Gain was increased by 

following the increase in momentum flux ratio. Gain was generally increased because 

mixing space of gas and liquid was increased when recess was longer. Also, when gap 

thickness got thinner, perturbation of liquid film relatively occurred bigger so gain went 

increased. 

 

Keywords: Gas-centered Swirl Coaxial Injector, Staged Combustion Cycle Engine, 

Momentum Flux Ratio, Recess Ratio, Gap Thickness, Film Thickness, Spray 

Angle, Instability, Injector Transfer Function, Excitation, Resonance 

Student Number: 2009-20678  
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CHAPTER 1  

INTRODUTION 

 

Liquid rocket engine cycles are classified into pressure-fed engine cycle and pump-

fed engine cycle by propellants supply method. The pressure-fed engine cycle has low 

thrust and relatively simple structure. Although the pump-fed engine cycle is more 

complex than the pressure-fed engine cycle, it is applied in space launch vehicle due to 

high pressure and efficiency [Sutton and Biblarz, 2001]. The pump-fed engine cycles are 

also classified into a gas generator cycle, an expander cycle, and a staged combustion by 

the method of use in exhaust gas which operates the turbine. In gas generator cycle, 

because exhaust gas is thrown away which is produced in the gas generator, it simplifies 

plumbing and turbine design, and results in less expensive and lighter engine but it has 

relatively low efficiency. In an expander cycle and a staged combustion cycle, the exhaust 

gas is used for combustion in main combustor. Thus, they have higher efficiency than a 

gas generator cycle despite of complex structure. The difference of two cycles is whether 

pre-burner exists or not and staged combustion cycle has it. The schematic for these 

cycles are illustrated in Fig. 1.1. 

In development process of engine, the combustion instability is significant problem. 

When the combustion instability occurs, the engine is occasionally damaged and the 

engine will explode when it gets worse. The combustion instability in liquid rockets is 

classified in three principal types. 1) Low frequency (10-400 Hz), often referred to as  
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(a)                      (b)           (c) 

Fig. 1.1 Schematic of pump-fed cycle for liquid propellant engines; (a) gas generator 
cycle, (b) expander cycle (c) staged combustion cycle. 

 

"chugging" or "system instability", this is linked pressure interactions between the 

propellant feed system, if not the entire vehicle, and the combustion chamber. In whole 

vehicle scenarios, this is the usual cause of the dreaded pogo effect. 2) Intermediate 

frequency (400 - 1000 Hz), often called "buzzing" or entropy waves, this is normally 

linked with mechanical vibrations of structure, flow eddies in the injector manifold, 

fuel/oxidizer ratio fluctuations and propellant feed system resonances. 3) High frequency 

(above 1000 Hz), called "screaming", "screeching", or "squealing", this is normally 

linked with combustion process forces (pressure waves) and chamber acoustical 

resonance properties [Sutton and Biblarz, 2001]. The passive and active methods are used 

to suppress combustion instability. The passive method is generally used in liquid rocket 

engines such as baffles and cavities. But these added structures increase weight of 

engines and reduce the performance of engines. The active method, which is usually used 
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in Russian rocket engines, employs tuned injectors that change the mass flow rate of 

propellants and atomization characteristics.  

The process of the thrust generation in liquid rocket engines includes injection, 

atomization, vaporization, mixing, reaction and expansion as shown in Fig. 1.2 [Yang and 

Anderson, 1995]. And the injectors are responsible for injection, atomization, 

vaporization and mixing processes. To perform these responsible, many types of injector 

have been employed for liquid rocket engines such as impinging jet injector, shear coaxial 

injector, pintle injector and swirl coaxial injector. Especially, swirl coaxial injectors are  

 

 

Fig. 1.2 Physicochemical processes involved in liquid rocket thrust chambers. 
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widely used in liquid rocket engines because of the high atomization quality, good mixing 

efficiency and a wide range of stable operation. Swirl coaxial injector are classified 

according to propellant phase such as liquid-liquid and gas-liquid. In case of gas-liquid 

phase, the injectors are divided into the liquid-centered and gas-centered swirl coaxial 

(GCSC) injector by a position of propellants. 

Gas-centered swirl coaxial injectors have been adopted to RD-8 and RD-170 engines 

which have the staged combustion cycle in Russian space launch vehicles. Research of 

Gas-centered swirl coaxial injectors had been conducted restrictively in the Soviet Union. 

Recently, research in this field have been studied in the US and Asia [Muss et al., 2002, 

Cheng et al., 2003, and Miller et al., 2007, Im et al, 2010, Li et al., 2014]. Muss et al. 

[2002], suggested the injector design method through the characteristics of spray and 

combustion in gas-centered swirl coaxial injector. Schumaker et al. [2011] studied the 

spray characteristic by capturing the internal flow varying the injector geometry and the 

momentum flux ratio. Im et al. [2010] compared the spray characteristics of the gas-

centered swirl coaxial injector to the liquid-centered swirl coaxial injector. Matas et al.  

[2014] used the Laser Induced Fluorescence method by capturing the internal flow and 

figured out how similar internal flow works in the same momentum flux ratio and 

measured the liquid film frequency. 

The mass perturbation of propellants is one of many causes that occurs the 

combustion instability. The perturbation of propellants supplied into the combustion 

chamber could be generated by the following problems; the pressure perturbation by 

combustion in pre-burner, mass flow perturbation by turbine, the pressure perturbation by 
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the geometry of supply line and the mass flow perturbation generated from supply system 

by the pressure perturbation of injector exit. When this perturbation is not attenuated 

enough, the pressure perturbation in the combustion chamber increases and the feedback 

that the effect returns persisted. Therefore, the design of the injectors is important thus, 

developed in the middle of the serial process. If the idealized design of injector worked as 

a part of a buffer and suppressed the perturbation coming from supply line, the spray 

instability that led to combustion instability would be prevented. Bazarov et al. [1998] 

displayed the propagation of perturbation occurred between combustion chamber and 

supply system in diagram form and conducted the experimental test about the injector 

dynamics and self-pulsation to solve these phenomena. Khill et al. [2012] studied the 

characteristics of dynamic response of liquid film according to liquid supply perturbation 

in the single swirl injectors. 

This study is specially focused on the characteristics of gas-centered swirl coaxial 

injectors for staged combustion cycle engine. The main objective of this study is to 

understand the spray and dynamics characteristics of gas-centered swirl coaxial injector 

and to suggest design guidelines and criterion of gas-centered swirl coaxial injectors. The 

injector design of a gas-centered swirl coaxial injector for staged combustion cycle 

engine was performed in Chapter 2. And The experimental methods including spray 

imaging method using backlight photography and electrical conductance method for 

measurement of film thickness were described in Chapter 3. To investigate the spray 

characteristics of gas-centered swirl coaxial injectors, the change of momentum flux ratio 

and geometric variables such as recess ratio and gap thickness was performed in Chapter 
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4. In Chapter 5, The experimental investigations about the influence of gas-flow 

excitation on the liquid flow in gas-centered swirl coaxial injector were studied using the 

acoustic speaker and hot-wire anemometry.   
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CHAPTER 2 

DESIGN OF A GAS-CENTERED SWIRL COAXIAL 

INJECTOR 

 

In the present, the liquid rocket engines of KSLV-Ⅱ have been developed with a 

gas-generator cycle which has relatively low efficiency. After the development of KSLV-

Ⅱ, an improvement in cost and efficiency will be required and so, a development of 

staged-combustion cycle engine will be essential. However, the study on staged-

combustion cycle engine have been conducted restrictively and are required for widely 

basic data. 

 

2.1 Basic Conceptual Design for Thrust Chamber 

9 tonf-class staged combustion cycle engine thrust chamber for the space launch 

vehicle’s upper stage was conceptually designed for a basic research. The main 

requirements of the upper stage engine are to attain vacuum thrust over 9 tonf and specific 

impulse over 340 sec. To satisfy these requirements, the thrust chamber for staged 

combustion cycle engine using LOx/kerosene has design chamber pressure of 10.0 MPa, 

propellant mass flow rate of 25 kg/s, and mixture ratio (O/F ratio) of 2.6. The thrust 

chamber designed conceptually has the following structures; chamber pressure (near the 

injector faceplate) of 10.0 MPa, vacuum thrust of 9 tonf, vacuum specific impulse of 351 

sec, nozzle expansion ratio (ε) of 150, and regeneratively-cooled combustion chamber 
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welded with the mixing head and composite nozzle extension.  

Main specifications of the thrust chamber for staged combustion cycle engine are 

listed in Table 2.1. Oxygen rich gas generated from the pre-burner and kerosene which 

cooled the chamber wall enter into the mixing head and atomize, mix and burn in the 

combustion chamber. Chamber pressure is decided to 10.0 MPa under the consideration 

of previous domestic development experience and manufacturing technology level, 

turbopump discharge pressure, etc. The mixture ratio is selected as 2.6 which is similar to 

the value in the previous staged combustion cycle engine (e.g. RD-8 engine’s mixture 

ratio 2.4). The mixing head is composed of LOx dome and manifold, LOx feeding parts, 

fuel manifold, injector faceplate, and injectors (include baffle injectors). The injectors are 

connected to injector face plate on concentric circles by brazing. For suppressing pressure 

oscillation (combustion instability), the baffle injectors are adopted with one hub and six 

blades.  

Table 2.1 Thrust Chamber Basic Conceptual Design. 

Parameter Value 

Chamber Pressure (MPa) 10.00 

Total Mass Flow Rate (kg/s) 25 

Fuel Mass Flow Rate (kg/s) 6.94 

Oxidizer Mass Flow Rate (kg/s) 18.06 

O/F ratio 2.6 

Isp at Vacuum (sec) 351.0 
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2.2 Injector Array in the Faceplate of the Mixing Head 

The injectors have mass flow rate of 261 g/s per injector and are distributed in 5 

rows on concentric circles as shown in Fig. 2.1. The details of injector array in the 

faceplate of the mixing head are as follows: 

- Overall injectors’ row and number: 5 rows and 91, respectively  

- Average distance between the injectors: 14.0 mm 

- Locations of the hub baffle injectors: 3 rows  

- 1 hub (injector 18 ea) and 6 blades (injector 12 ea (2×6)) 

 

 

 

Fig. 2.1 Injector array of the thrust chamber. 
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2.3 Characteristics of Swirl Injectors 

Coaxial injectors have been widely used in many countries. Shear coaxial type 

injectors have been favored by Europe, the United States and Japan; being employed in 

their active gaseous hydrogen/liquid oxygen (LOx) fed thrust chambers [Mayer and 

Tamura, 1996]. Russia can be considered a leading country in trying to get the best out of 

this type of an injector. Most Russian liquid rockets serviced so far have employed a 

coaxial injector both swirl and shear types. Due to their good propellant mixing 

characteristics and inherent resistance to combustion instability, swirl coaxial injectors 

have been used extensively in Russian open-cycle rocket engines fed by bi-liquid 

propellants [Yang, V. and Anderson, W. E., 1995].  

A swirl injector has advantages and disadvantages, respectively. Bazarov et al. [2004] 

summarized advantages and disadvantages of each injector type in his work as follows.  

The following advantages of swirl injectors, which determine their predominant 

applications in Russia LPREs, are as follows: 

1) For the same pressure drop and liquid flow rate, the average median diameter of 

droplets is 2.2 to 2.5-fold smaller than that of jet injectors. This advantage 

prevails for high flow rates and decreases when the counter pressure (i.e., the 

sum of the combustion chamber pressure and the centrifugal pressure created by 

liquid swirling motion) grows. 

2) Compared with jet injectors, swirl injectors are not so sensitive to manufacturing 

errors such as deviation from prescribed diameter and surface misalignment. 
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3) The flow passage areas of swirl injectors are much larger than those of jet 

injectors with the same flow rates, and consequently they are less susceptible to 

chocking or cavitations. 

4) The pressure drop across a swirl injector is shared between the tangential 

channels ΔPT and the vortex chamber ΔPvc. Under steady-state conditions, the 

relation between ΔPT and ΔPvc can be easily defined, with the latter much higher 

than the former in most operational injectors. During the engine startup, when 

the vortex chamber is initially empty, the entire pressure drop is applied to the 

tangential channels and the liquid velocity much higher than its steady-state 

value. The vortex chamber begins to be filled with high-speed rotating liquid. 

The ensuing increases in the centrifugal pressure and viscous losses then 

decrease the pressure drop across the inlet passage and subsequently the mass 

flow rate prior to ignition. This self-running capability with variable flow 

resistance under transient conditions improves the engine startup operation. 

The disadvantages of swirl injectors are: 

1) the internal-cavity volume is significantly larger than that of a jet injector and 

has a longer startup transient time, which restricts their application in low thrust 

LPREs with pulse operations; 

2) complex configurations and heavy weight. 
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2.4 Design of Gas-Centered Swirl Coaxial Injectors 

Gas-centered swirl coaxial (GCSC) injectors are used in the thrust chamber of staged 

combustion cycle engines for their high atomization performance and high efficiency 

propellant mixing. GCSC injectors have characteristics of both pressure-swirl (e.g. a swirl 

chamber) and shear-coaxial (e.g. strong shearing forces) injectors but are unique from 

both. Oxygen-rich gas generated in the pre-burner passes through the turbine of the 

turbopump unit and enters via a gas duct into the mixing head where it is injected as a 

gaseous jet through the center orifice of the GCSC injector. Liquid fuel (kerosene) flows 

into the mixing head after cooling the thrust chamber, and is injected through tangential 

holes along the outer wall of the GCSC injector forming a swirling sheet. A set of GCSC 

injectors for a staged-combustion engine thrust chamber designed in Chapter 2.1 was 

designed for the present research. The initial input data for designing GCSC injector are 

given in Table 2.2. Based on the engine system analysis, these data are determined.  
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Table 2.2 Input data for designing GCSC injector. 

Parameter Value 

Total mass flow rate for TC (kg/s) 25 

Oxidizer (kg/s) 18.06 

Fuel (kg/s) 6.94 

O/F ratio for TC 2.6 

Number of injector in mixing head 91 

Total mass flow rate per injector (g/s) 261 

Oxygen-rich gas (g/s)* 201.7 

Fuel (g/s)** 59.3 

Density  

Oxygen-rich gas (kg/m3) 67.7 (T=570 K) 

Fuel (kg/m3) 728 (T=400 K) 

* include fuel mass flow rate in the exhaust gas from preburner (O/F=60) 

** exclude film cooling mass flow rate (18% of total fuel mass flow rate for TC) and 

fuel mass flow rate in the exhaust gas from preburner 
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2.4.1 Gas Injector Design  

Oxygen-rich gas discharge velocity Ug from injector is known to affect largely high-

frequency combustion stability in thrust chamber incorporating bipropellant gas-liquid 

injector. Generally, the more is Ug, the less is stability. Therefore, the primary goal when 

designing mixing head with gas-liquid injectors is to provide maximum flow area of 

injector to supply oxygen-rich gas, . The more is the number of injectors in a mixing 

head, the less is oxygen-rich gas per injector. In view of this fact it is necessary that the 

number of injector should be varied in the course of investigation and evaluation of 

combustion process in a thrust chamber in order to achieve best performance in terms of 

both combustion stability and efficiency. The mixing head of the thrust chamber designed 

for staged combustion cycle engine in Chapter 2.2 is adopted with 91 GCSC injectors on 

concentric circles. The outer diameter of GCSC injector was decided to be considered 

chamber diameter and distance between injectors. And then, the gas nozzle diameter (dg) 

was decided to be considered wall thickness of fuel nozzle drilled tangential holes, gas 

nozzle lip thickness, and gap height. Therefore, the gas velocity, Ug of the present injector 

is 105.4 m/s.  

Generally, transversal oscillations in a combustion chamber are known to trigger 

longitudinal oscillations in gas passages of GCSC injector. The gas passage of GCSC 

injector plays a significant role in acoustic damping like acoustic resonators [Sohn et al., 

2007 and NIICHIMMASH contract report, 2002]. This effect is employed to optimize 

geometric dimensions of gas passages. To enhance combustion stability to high frequency 
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oscillations it is essential that gas passage of GCSC injector should be acoustically tuned 

to a certain frequency of transversal oscillations, preferably to oscillation frequency of 

first tangential mode f1T. In this case gas passage acts as a half-wave resonator. Acoustic 

tuning is performed in choosing a length of gas passage that natural frequency of first 

longitudinal mode f1L of the injector coincides with natural frequency of first tangential 

mode f1T of the chamber. 

 

 	 	 	 	 	 1.0 (2.1) 

 

where 0.586	 	 1  (2.2) 

 

 1  (2.3) 

 

where Cch, Cg is the sound velocity in the chamber and injector gas passage, Dch is 

the chamber diameter, Leff (= lin + Δl)is the effective length of gas passage with respect to 

end effects (Fig. 2.2), where Δl (=Δ1 + Δ2 = 0.4 dinl, in + 0.4 dout, in) is length or mass 

correction factor. And dinl, in , dout, in are injector passage diameters at the passage inlet and 

outlet. If there is a damping orifice at the injector inlet, then dinl, in = dorif. And Mg (= 

Cg/Ug ) is Mach number in the injector, Mch is Mach number in the combustion chamber. 
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Fig. 2.2 Diagram of effective length of the gas passage of GCSC injector. 

 

With relationship Cg/f1T = λ1T comprising length of a disturbance wave propagating 

throughout the injector passage at a frequency of chamber oscillation f1T expression for 

Eq.(2.1) can be written in the following form : 

 

 ∆ 	 1  (2.4) 

 

From the engine system analysis, Cg is determined and then the length of gas 

passage is calculated from Eq.(2.4). This equation expresses theoretically the optimum 

length of the injector canceling the acoustic oscillation coming from the chamber with the 

frequency of f1T. 

Damping orifice upstream of the injector has an optimum diameter in terms of 

maximum damping of fluctuations inside the injector at a frequency of f1T. Approximate 

value of optimum diameter corresponds to the condition;  
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	 	 	 	 	 , 	 ,               (2.5) 

 

The optimum value 	  obtained in experiments with GCSC injectors was 

equal to 0.44 [NIICHIMMASH, 2002].  

With this damping orifice installed upstream of the injector with dg, inl, the pressure 

drop across the orifice will be 

 

       ∆ ∆              (2.6) 

 

where ξorif (=2.52) is coefficient of local pressure loss. The flow velocity through the 

damping orifice, ΔUg is calculated following equation.  

 

            ΔUg = U1-U2 =U2(U1/U2 -1) = U2[(d2/d1)2-1]            (2.7) 

 

                    ∆ ,
, 1             (2.8) 

 

And then the pressure drop across the orifice is calculated. Downstream of the 

damping orifice at ξin (=1.0), pressure drop across the oxidizer element will be calculated 

from following equation. 



 18

 

                          ∆              (2.9) 

 

The total pressure drop across the gas passage in the injector will be equal to 

 

                        ∆ 	 ∆ 	 ∆                     (2.10)     

 

Gas inlet passage diameter, dg,inl should be adequately designed considering the 

pressure drop of the gas and geometric configuration of the injector. 

 

2.4.2 Liquid Injector Design  

The basic difference between swirlers and other injectors is that the liquid flowing 

through the swirler obtains in it angular momentum with respect to the axis of the nozzle. 

There is an extensive literature devoted to calculation methods for swirl injectors 

[Borodin et al., 1968, Bayvel and Orzechowski, 1993]. There are two main approaches to 

the calculations. The first uses the so-called principle of the maximum flow, the second 

the equation of conservation of momentum. The first approach is historically older and 

more popular than the second. Both approaches differ with respect to the methodology 

used, but they establish the same relationships between the flow characteristics, such as 

discharge coefficient Cd, orifice filling efficiency φ, spray angle α, and geometric constant 

K. The relationship between these parameters of the swirl injector is represented on Fig. 
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2.3. For K = 0, the spray angle is zero and for K → ∞, the spray angle increases up to 

180°. The condition of K = 0 corresponds to the vortex free flow of typical jet injectors. 

Generally, swirl injector was designed through the ideal liquid theory and then 

design parameters (Cd, φ, α, K, din, and ΔP, etc.) of swirl injector are corrected according 

to viscous liquid theory. Friction coefficients and hydraulic parameters of injectors can be 

affected by liquid viscosity. Due to viscosity of the liquid, friction forces develop at the 

wall of the swirl chamber, which cause the decrease of the angular momentum. As a 

result, the angular momentum in the discharge orifice is smaller than at the tangential 

inlet to the swirl chamber, therefore the radius of the gas core and spray angle α decrease. 

Also, the discharge coefficient of a viscous liquid is unexpectedly larger than that of an 

ideal liquid. Therefore, to calculate an exact discharge coefficient, a friction coefficient 

due to viscosity in the swirling chamber should be considered. The analytic design 

process of the swirl injector through the ideal and viscous theory is described in appendix 

A. 
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Fig. 2.3 Dependence of discharge coefficient Cd, orifice filling efficiency φ, and spray 
angle α on geometric constant K. 

 

The initial pressure drop and spray angle of fuel injector are selected 0.5 MPa and 

130° respectively. And discharge coefficient Cd, orifice filling efficiency φ, and geometric 

constant K is determined subsequently through the ideal liquid theory. Fuel nozzle 

diameter is calculated from mass flow rate, density, pressure drop, and discharge 

coefficient. And then diameter of tangential passage is calculated with tangential passage 

number and distance from the axis of injector to the center of tangential passage. Through 

the viscous liquid theory, the final discharge coefficient and corrected pressure drop is 

calculated  
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2.4.3 Result of GCSC Injector Design  

The schematic and geometric specifications of the GCSC injectors are shown in Fig. 

2.4 and Table 2.3 respectively. In this configuration, liquid fuel is injected through 4 

tangential holes along the outer wall of the injector into a shrouded channel, and gaseous 

oxidizer is injected through an inlet orifice (damping orifice) and center passage. A short 

section exists where the liquid is sheltered from the gas. This sheltered region allows the 

liquid flow to develop before coming in contact with the gas. The liquid film is stripped 

and fragmented into drops by the high velocity gas stream [White, 1999].  

. The recess length which has a great effect on the performance of the thrust chamber 

is defined as the length from the end of the gas injector exit nozzle to the end of the liquid 

injector exit nozzle. In this study, the GCSC injectors having different recess lengths (6, 

12, and 18 mm) are designed. Recess ratio (RR) is defined as the ratio of the recess length 

to gas nozzle diameter, which can be expressed as Eq. (2.11) 

 

 

Fig. 2.4 Schematic of GCSC injector. 

 



 22

 

  (2.11) 

 

where, Lrecess is the recessed length, and dg is the gas nozzle.  

Also, the gap thickness, which is the distance between liquid and gas orifice, is used 

as another geometry factor. In this study, the GCSC injectors having different gap 

thickness (0.3, 0.5, and 0.7 mm) are designed. 

 

Table 2.3 Design results of GCSC injector. 

 Unit Value Description 

dorif mm 5.3 Gas damping orifice diameter 

dg, inl mm 8 Gas inlet passage diameter 

dg mm 6 Gas nozzle diameter 

do mm 8 Outer nozzle diameter 

din mm 0.85 Liquid inlet tangential hole diameter 

hgap mm 0.3, 0.5, 0.7 Liquid passage height 

LR mm 6, 12, 18 Recess length 

linj mm 44 Total injector length 
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CHAPTER 3 

EXPERIMENTAL METHOD 

 

Spray characteristics of gas-centered swirl coaxial injectors include the spray angle, 

film thickness at the end of injector, mass flow distribution, drop size and so forth. The 

spray patterns and spray angle were measured by instantaneous images obtained by 

backlight photography using digital camera. However, there is a certain limit to 

quantitative analysis by measuring the external phenomena of the spray such as the spray 

angle, mass flow distribution, breakup length in the case of the coaxial spray of large 

mass flow. In a swirl injector, the atomization process is significantly influenced by the 

liquid film thickness. The liquid film thickness was measured by using the electrical 

conductance method at the exit of the orifice. In addition, the acoustic device and high-

speed camera system was used to investigate the acoustic effect on the dynamic 

characteristics. 

 

3.1 Spray Imaging 

Instantaneous images were taken by an backlight photography as shown in Fig. 3.1. 

As the light source, a stroboscope with a luminous time is less than 8 μs was illuminated 

through tracing paper. The exposure time of a digital camera (Canon EOS 7D, 5184 x 

3456) was set to be identical to the flash interval of the stroboscope to take one spray 

image per flash without extra synchronization. The spray angle was measured by a 
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method of spray edge detection from the averaged spray image of 10 photos. And High 

speed camera (Photron FASTCAM SA5) was used for the acoustic effect on dynamic 

characteristics of the injectors.  

 

 

Fig. 3.3 Backlight photography using a stroboscopic light 

 

3.2 Electrical Conductance Method 

The swirl injector consists of three main elements: inlet tangential ports, swirl 

chamber, and discharge orifice. The usual operating procedures are as follows. The 

rotating speed of the liquid after the inlet tangential ports increases when it comes to the 

discharge orifice. Consequently, the centrifugal force increases. A thin rotating liquid film 

disintegrates into small droplets when it exits the discharge orifice. Along the axis of the 

injector an air core appears, which is similar to the funnel core formed when a liquid 

flows out through an orifice in the bottom of a vessel. The discharge orifice is 

consequently filled with liquid only at the periphery. The center contains an air core, 
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which stretches from the discharge orifice to the rear wall of the swirl chamber [Khavkin, 

2004]. 

The swirl flow formed inside the injector and the liquid film thickness were obtained 

by measuring the electric conductance between two electrodes located in the discharge 

orifice, as shown in Fig. 3.2. The liquid film formed by the movement of the air core is 

not a perfect cylindrical shape. Thus, the liquid film thickness data measured by the 

electrical conductance method are average values. The averaged liquid film thickness 

could be calculated from the voltage because the electrical conductivity of water is known. 

The electrodes were made from a thin titanium sheet, separated from each other by an 

teflon disk of high electrical resistance. The electrodes and teflon disk were joined with 

elastic adhesives. However, the external surfaces of the electrodes were not attached to 

the orifice parts; they were combined with the orifice parts by an o-ring without adhesives. 

The liquid film formed in the orifice is very thin, normally several hundred micrometers 

thick. Even a small leak of water through the electrode surface may cause a substantial 

error in output voltage. Therefore, the external surface of the electrodes was treated with 

a parylene insulation coating. 
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Fig. 3.4 Principle of liquid film thickness measurement using the electrical conductance 
method.  

 

 
Fig. 3.5 Calibration method for liquid film thickness measurement: principle of 

calibration. 
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Accurate calibration is required before measuring liquid film thickness. The 

measurement system was calibrated by supplying water through the orifice and 

measuring electrical conductance with an acrylic rod inserted along the axis of the 

discharge orifice. The acrylic rods have low electrical conductivity. Nine rods with 

diameters of 6.4 - 7.9 mm at intervals of about 100 µm were used. Because the diameter 

of the orifice was 8 mm, the calibration liquid film thickness was about 50 µm - 800 µm. 

For accurate measurement, the exit of the orifice was blocked and calibration was 

conducted under steady flow conditions. This was to prevent the generation of gas 

bubbles in the aperture between the orifice and the rod. When the aperture is filled with 

water, the measurement value is little affected by whether or not the water flows. 

The calibration curve displaying the relation between output voltage and liquid film 

thickness is shown in Fig. 3.4. Rizk and Lefebvre [1985] used a theoretical approach to 

investigate the internal flow characteristics of pressure-swirl atomizers. They derived a 

general expression for film thickness in terms of atomizer dimensions, liquid properties, 

and liquid injection pressure, as 3.66 / ∆ . . Suyari and Lefebvre [1986] 

derived an equation by revising the constant of Rizk and Lefebvre’s equation from the 

experimental data, as	 2.7 / ∆ . . The result of Suyari and Lefebvre 

[1986] is well known to have a relatively good agreement with experiment results, and 

their equation has been commonly used for measuring the liquid film thickness. However, 

their result only applied in closed-type swirl injector. Thus, Fu et al. [2011] derived the 

film thickness of the open-type injector, as 3.1 / ∆ . . The geometry of  
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Fig. 3.6 The result of equipment calibration curve 

 

gas-centered swirl coaxial injector is similar to open-type swirl injector, apart from the 

gap thickness. 

 

3.3 Data Acquisition System 

Experimental equipment consisted of a function generator, an electric circuit, DAQ 

module, injector, and imaging device, as shown in Fig. 3.5. The system was designed to 

supply a constant current to the electrodes in the discharge orifice. The function generator 

supplied to the electric circuit an AC voltage of 10 kHz frequency with constant 
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amplitude, as shown in Fig. 3.6. The voltage for liquid film thickness was measured 

through the electrodes inside the orifice. DAQ module was directly linked to computer, 

its operation was controlled by the computer. An AC power supply was used instead of a 

DC power supply because current does not flow well if polarization occurs. 

 

 

 

 

Fig. 3.5 Configuration of experimental apparatus in case of a swirl coaxial injector. 
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Fig. 3.6 Conductivity drive circuit. 

 

Suyari and Lefebvre [1986] investigated the effects of water purity and temperature 

on the accuracy and consistency of the results. They found that among several different 

types of water, tap water gave the best result in terms of minimum scatter and good 

reproducibility. Also, they noted that maintaining a constant water temperature within a 

range no greater than 1°C was very important. As the electric conductivity of water is 

influenced by temperature variation (2%/°C), the data is usually corrected to the value at 

25°C. However, it is difficult to maintain a constant water temperature within 1°C under 

experimental conditions. Therefore, the effect of temperature was compensated by   

using other electrodes in a reference section located in the water supply line, using the 

switching system, as shown in Fig. 3.5. Because the supply line is always filled with 

water, the measured output voltage will be constant unless the water temperature changes. 
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CHAPTER 4 

SPRAY CHARACTERISTICS OF GAS-CENTERED 

SWIRL COAXIAL INJECTORS: RECESS RATIO AND 

GAP THICKNESS 

 

4.1 Background and Objectives 

A study on liquid-rocket engines has been conducted to consistently improve their 

efficiency. Depending on the mission, liquid rockets use different engine cycles, such as 

gas-generator, expender, and staged-combustion cycles. The staged-combustion cycle has 

higher efficiency than the other cycles, and it usually uses LH2/LOX or kerosene/LOX as 

propellant combination. For engines that use LH2/LOX, liquid hydrogen realizes heat 

transfer by cooling the engine nozzle and converting hydrogen into its gaseous form. In 

addition, a fuel-rich gaseous propellant is generated in the pre-burner. For engines that 

use kerosene/LOX, the oxidizer-rich gaseous propellant is generated in the pre-burner. In 

high-performance engines, the gaseous propellant is supplied to the main combustion 

chamber. Therefore, gas–liquid coaxial injectors are required to introduce the propellant 

into the main combustion chamber. Russian liquid-rocket engines that use the 

kerosene/LOX propellant combination and staged-combustion cycle employ gas-centered 

swirl coaxial (GCSC) injectors. 

Although GCSC injectors have been used for decades, studies on GCSC injectors 

have only recently been conducted. Muss et al. [2002] studied three different GCSC 
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injectors: conversion, diversion, and pre-filming designs. They found that all of these 

injectors performed excellent atomization compared with shear coaxial injectors under 

similar operating conditions. Lightfoot et al. [2006] investigated the spray characteristics 

and the interface at various flow rates by capturing the internal and external images using 

the backlight photography method. The film length was shown to be a function of the 

momentum flux ratio by varying the geometry of the injectors, such as the tangential inlet 

number, cup length, sheltering lip thickness, and definition of the momentum flux ratio 

[Lightfoot et al, 2008; Schumaker and Danczyk, 2010; Schumaker and Danczyk, 2011]. 

Hong et al. [2013] also investigated the film length and internal liquid flow using laser-

induced fluorescence. The internal liquid flow showed a similar pattern at the same 

momentum flux ratio despite the different gas and liquid conditions. Im et al. [2010] 

compared the liquid-centered and GCSC injectors by measuring the Sauter mean diameter 

(SMD) and spray angle with the momentum flux ratio. 

Film thickness measurement is also important for understanding the atomization 

process. Several methods are used to accurately measure the film thickness. Suyari and 

Lefebvre [1986] conducted film thickness measurement using electrical conductance, and 

they compared the experimental data with theoretical studies of single swirl closed-type 

injectors. Kim et al. [2009] derived an empirical equation that added the orifice length on 

single swirl closed-type injectors using the electrical conductance method. 

Although their study investigated the momentum flux ratio in GCSC injectors, they 

only studied one spray characteristic such as the film length, spray angle, or SMD. The 

current study simultaneously investigates multiple spray characteristics such as the film 
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thickness and spray angle under various operating conditions using the backlight and the 

electrical conductance methods. Thus, we investigate how the momentum flux ratio 

influences the spray characteristics. The previous study did not actually conduct the 

measurement because of the difficulty in measuring the film thickness of the coaxial 

injectors. Therefore, the spray characteristics are investigated using various gap 

thicknesses and recess lengths, which are major geometry parameters in GCSC injectors 

that are used in staged-combustion cycle engines. 

 

4.2 Experimental Methods 

4.2.1 Experimental Apparatus 

The kerosene and oxidizer-rich gas are substituted by water and air, respectively, as 

the experimental fluid. Figure 4.1 shows the schematic of the GCSC injector, which was 

designed based on the theory proposed by Bayvel and Orzechosdki [1993]. The gas flows 

with the jet through the center of the injectors, whereas the liquid flows with the swirl 

motion through the periphery of the injectors. The liquid is supplied from a pressurized 

liquid tank and passes through the reference section for temperature compensation of the 

film thickness. Moreover, the liquid is injected through the tangential inlets, and it has a 

swirl motion that generates a thin film thickness. The difference in length between the gas 

and liquid orifices results in the recess length, which mixes the liquid and gas flows. In 

addition, the difference in the thickness between the gas and liquid orifices produces a 

gap thickness that determines the initial film thickness. The geometric specifications of 
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the injector are listed in Table 4.1.  

The measurement apparatus for the film thickness consists of two electrodes, plastic 

disks with high electrical resistance, and an electric circuit. The thicknesses of the 

electrode and the plastic disk are 0.5 and 0.3 mm, respectively. The voltage from the 

measurement apparatus applied to the data acquisition system (National Instrument) and 

the average liquid film thickness are calculated using the calibration curve of the 

relationship between the film thickness and voltage. Detailed information about the 

measurement apparatus for the film thickness, such as the calibration, can be found in 

previous works (Suyari and Lefebvre, 1986; Kim et al., 2009). 

 

4.2.2 Experimental Conditions 

The experiment was conducted at atmospheric conditions. The liquid pressure drop 

was varied from 0.05 to 0.3 MPa. The gas pressure drop ranged from 0.0 to 0.03 MPa 

depending on the gas Reynolds number (0 to 55282). The momentum flux ratio is 

calculated using Eq. (4.1). 

 

	 	 	 	 	            (4.1) 

 

where  and  are the density of the gas and liquid, respectively,  is the gas 

velocity, and  is the axial velocity of liquid calculated by the mass flow rate based on 

initial film thickness t, which is equal to the gap thickness. Fu et al. [2011] derived the 
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film thickness of the open-type injector using Eq. (4.2). 

 

3.1
.
	                (4.2) 

 

where  is the radius of the swirl chamber,  is the liquid mass flow rate,  is 

the dynamic viscosity of liquid, and d  is the pressure drop of liquid. According to Eq. 

(4.2), as the film thickness becomes thicker than the gap thickness, the gap becomes filled 

with liquid.  

The recess ratio is used as an important parameter in coaxial injectors, and it is 

defined by Eq. (4.3).  

 

	 	                            (4.3) 

 

where  is the recess length and  is diameter of the gas orifice. 

Table 4.1 lists the experimental conditions for this study. 
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Table 4.1 Experimental conditions. 

 
Water Air 

P (MPa) 0.05–0.3 0–0.03 

Mass flow rate (g/s) 25.4–46.3 0–4.52 

Momentum flux ratio (MR) 0–8.25 

Gap thickness (mm) 0.5 

Recess ratio (RR) 1, 2, 3 

 
 
4.3 Spray Characteristics of GCSC injectors 

4.3.1 Comparison between the single swirl and GCSC injectors 

As noted in the empirical equation of Fu et al., i.e., Eq. (4.2), when the injection 

pressure increases, the film thickness in the single open-type swirl injectors becomes 

thinner, as shown by the dashed–dotted line in Fig. 4.1 [Fu et al., 2011]. In the GCSC 

injector case, the film thickness is not significantly changed. Figure 4.1 shows that the 

film thickness maintains an almost constant value at Reg = 0 without a gas flow, although 

the liquid pressure drop increases. This GCSC injector characteristic is due to the effect 

of gap thickness hgap. If the GCSC injectors have no gap, the value of the film thickness 

could be similar to that of the single open-type swirl injectors. However, we measured the 

film thickness, which is similar to the gap thickness, and found that the effect of the gap 

thickness was significant, especially at a short recess length (RR = 1). 
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Fig. 4.7 Variations in the film thickness with liquid pressure drop and recess ratio at din = 
0.85 mm and Reg = 0. 

 

The variation in the film thickness in the gas-flow case is also shown in Fig. 4.2. The 

film thickness changes in accordance with the gas injection conditions. In the low liquid-

pressure-drop case, the film thickness decreases as the gas Reynolds number increases. 

The gas momentum with a relatively high value compared with the liquid momentum is 

transferred to the liquid flow. As a result, the axial velocity of the liquid increases, and the 

film thickness decreases due to the mass conservation. However, the effect of the film 

thickness, which becomes thinner due to the gas flow, decreases as the liquid pressure 

drop increases, and the variation in the film thickness gradually decreases. In the case of a 
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high liquid pressure drop, the film thickness is not influenced by the gas-flow conditions. 

The liquid axial velocity barely increases as the momentum transfer from gas to liquid 

becomes small. Therefore, we believe that the film thickness remains constant despite the 

high gas velocity. 

 

 

Fig. 4.8. Variations in the film thickness with liquid pressure drop and gas Reynolds 
number at din = 0.85 mm and RR = 1. 
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Spray angle is known to affect the droplet distribution and cooling of the combustion 

chamber. The spray image was obtained using the backlight photography method, and the 

spray angle was measured from the injector exit to twice the length of the injector liquid 

orifice diameter. The spray angle without a gas flow is shown in Fig. 4.3. As shown by 

the dashed-dotted line, the spray angle increased in the single open-type swirl injectors 

when the liquid pressure drop increased Fu et al. [2012]. The film thickness and spray 

angle were inversely proportional to the increase in the liquid pressure drop. In the GCSC 

injectors, however, the spray angle maintained a constant value in the 

 

 

Fig. 4.9 Variations in the spray angle with liquid pressure drop and recess ratio at din = 
0.85 mm and Reg = 0. 
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case without a gas flow, although the liquid pressure drop increased, as shown in Fig. 4.3. 

We suppose that the value of the ratio of the liquid axial and tangential velocities 

remained constant even if the liquid velocity increased because the tangential velocity did 

not sufficiently increase in the single open-type swirl injectors due to the gap thickness.  

Figure 4.4 shows the variation in the spray angle in the gas-flow case. The spray 

angle decreased, and the variation in the spray angle was found to be similar to the results 

found in the film thickness. The variation in the spray angle became small and rarely 

changed as the liquid pressure drop increased, as shown in Fig. 4.4. As described above, 

 

 

Fig. 4.10 Variations in the spray angle with liquid pressure drop and gas Reynolds 
number at din = 0.85 mm and RR = 1.  
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because the axial velocity of the liquid flow increased in low liquid pressure drop, the 

spray angle became narrower. In contrast, the spray angle in the case of high liquid 

pressure drop rarely changed due to the small momentum transfer from gas to liquid flow. 

 
4.3.2 Recess Ratio 

Mixing of the fuel and oxidizer occurred in the recess, and the spray was influenced by 

the mixing efficiency. During the combustion, the flame was also stable because it was 

anchored in the recess. The influence of the recess ratio on the spray pattern is shown in 

Fig. 4.5. The spray pattern was also changed by the momentum flux ratio, and the 

variation in the spray pattern could be briefly checked using the high momentum flux 

ratio. The mixing space increased with the recess ratio; thus, the liquid flow was 

entrained more to a centered gas flow, and the spray angle decreased. Variation in spray 

patterns from recess ratio are also shown in Fig. 4.5. The critical momentum flux ratios 

MRc were 1.62, 0.72, and 0.32 at RR = 1, 2, and 3, respectively. The spray patterns started 

to change at the critical momentum flux ratio. The spray sheet maintained a wide spray 

angle before the critical momentum flux ratio, whereas breakup occurred in the spray 

sheet, and the injector had a narrow spray angle after the critical momentum flux ratio. 

This result also demonstrated the spray patterns based on the recess ratio under the same 

momentum flux ratio, although the recess ratio increased the breakup length and the spray 

angle rarely changed before the critical momentum flux ratio. However, the effect of the 

recess ratio was large after the critical momentum flux ratio was attained, which made the 

spray angle narrow.  
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Fig. 4.11 Variations in the spray patterns based on recess ratio at din = 0.85 mm. 
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Figure 4.6 shows the effect of film thickness from the recess and momentum flux 

ratios. It shows that the spray characteristics occurred well with the momentum flux ratio 

rather than with the liquid pressure drop and gas Reynolds number. As the momentum 

flux ratio increased, generally, the film thickness decreased. Moreover, as the recess ratio 

increased, the liquid velocity decreased due to the wall friction, which reduced the 

angular momentum. Eventually, the average film thickness also increased. However, in a 

high momentum flux ratio, the tendency changed due to the increase in the mixing area, 

and the film thickness consistently decreased as the momentum flux ratio increased. 

 

 

Fig. 4.12 Critical momentum flux ratio of the film thickness with recess ratio at din = 0.85 
mm. 
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The variations in spray angle with momentum flux and recess ratios are shown in 

Fig. 4.7. The general result of the spray angle is similar to that of the film thickness. The 

effect of the recess ratio on the spray angle is clearer than that of the film thickness. As 

the recess ratio increased, the critical momentum flux ratio decreased. However, the result 

of the spray angle shows that it did not decrease and remained constant in a high 

momentum flux ratio. From this result, the spray angle was influenced by not only the 

film thickness but also other factors. Gas flow and breakup are considered as among 

 

 

Fig. 4.13 Critical momentum flux ratio of the spray angle with recess ratio at din = 0.85 
mm. 
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the other factors. After the spray totally broke up, the gas flow became droplets. Thus, the 

spray angle maintained a constant value. 

A comparison between the spray angle with the momentum flux ratio observes in 

this study and the experimental data of Im et al. [2010] and Jeon et al. [2011] is shown in 

Fig. 4.8. In the present data, as the momentum flux ratio increases, the spray angle tends 

to decline. In the case investigated by Jeon et al. [2011], although the variation is similar 

to the present data, the momentum flux ratio at which the spray angle declined rapidly  

 

 

Fig. 4.14 Comparison of the present work’s data and data from other published studies for 
the spray angle based on the momentum flux ratio. 
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was high. It seems that the tangential velocity in the present study is faster than the 

experimental data because the injectors used by Jeon et al. [2011] had a small tangential 

inlet. Therefore, the spray angle changes at a high momentum flux ratio. In addition, 

although the spray angle decreased in the study conducted by Im et al. [2010], the trend 

of decline is different from the present study’s data at RR=0.86. Since the injector 

geometry in Im et al. [2010] had a wide gap thickness and a short recess ratio, the film 

thickness was thicker and the mixing area was smaller than they were in this current  

 

 

Fig. 4.15 Breakup length with the momentum flux ratio based on various liquid Reynolds 
numbers and recess ratios. 
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experiment. For this reason, the axial velocity was slow and the momentum flux ratio at 

which the spray angle declined rapidly was high. 

The breakup length also decreases as the momentum flux ratio increases, as shown 

in Fig. 4.9. Unlike the result of the film thickness, it seems that the breakup length is 

largely affected by the liquid injection pressure in the low momentum flux ratio region. 

As shown in Fig. 4.9, as the liquid Reynolds number decreases, the breakup length 

gradually increases. In addition, the breakup length slightly decreases as the momentum  

 

 

Fig. 4.16 Normalized spray angle with the relation of momentum flux ratio and recess 
ratio 
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flux ratio increases. If the recess length becomes long, the breakup length increases 

because the film thickness also becomes thick and the point at which the momentum flux 

ratio starts to decline is low due to the increase in the mixing area. 

Figure 4. 10 shows normalized spray angle by using momentum flux ratio and recess 

ratio based on previous results. Normalized spray angle is defined as the ratio of spray 

angle with gas flow to spray angle without gas flow at same liquid pressure drop. By 

using the relation of (MR*RR)0.15, spray angle which was spread by recess ratio can be  

 

 

Fig. 4.17 Normalized spray characteristics with the relation of momentum flux ratio and 
recess ratio 



49 

 

 

gathered. Also, this experiment has similar tendency to both experimental data of Im et al. 

[2010] and Jeon et al. [2011]. This applies to other spray characteristics, i.e. liquid film 

thickness and breakup length, as shown in Fig. 4.11. Both spray angle and liquid film 

thickness show correspond relationship which means they are related to each other. The  

breakup length also shows similar results with other spray characteristics and a drastic 

decrease in the value of (MR*RR)0.15=1.075. It is also possible to derive empirical 

relations of spray angle by reducing other spray characteristics at this value. 

 

α⁄ 0.97952 ∗ . 	 for	 	 ∗ . 1.075      (4.4) 

α⁄ 1.12284 ∗ . 	 	 for	 	 ∗ . 1.075      (4.5) 

 

Fig. 4. 12 shows the results of Eq. (4.4) and Eq. (4.5) and normalized spray angle. 

Empirical relations and normalized spray angle have a high correlation coefficient, so 

empirical relations are derived well.  
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Fig. 4.18 Empirical relations on the normalized spray angle 
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4.3.3 Gap thickness 

The gap thickness present in coaxial injectors plays an important role in forming the 

initial film thickness. The effect of the gap thickness was confirmed from the comparison 

with that of the single swirl injector in the previous section. Thus, the gap thickness was 

varied to determine in detail the spray characteristics. The spray pattern under various gap 

thicknesses is shown in Fig. 4.13. When the momentum flux ratio was low, the breakup 

length, whose position was measured when the spray was cut along the centerline of the 

spray from the spray images, became shorter as the gap thickness became thicker. On the 

other hand, the breakup length was not significantly different in a high momentum flux 

 

 

Fig. 4.19 Spray image with gap thickness and momentum flux ratio at din = 0.9 mm, dp = 
1 bar, and RR = 1. 
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ratio, but the spray angle varied. 

Figure 4.14 shows the variation in film thickness according to the gap thickness. It 

shows decreasing tendency in the high momentum flux ratio because the momentum 

transfer increased together with the momentum flux ratio. Whereas, the momentum 

transfer from gas to liquid did not significantly occur in the low momentum flux ratio. 

Generally, the film thickness appears to become thicker along with the gap thickness, but 

the result showed a different variation. This phenomenon indicates that when the gap 

thickness becomes thicker than a certain value, liquid films are formed when the gap is  
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Fig. 4.20 Film thickness with the momentum flux ratio and gap thickness at din = 0.9 mm 
and RR =1. 

 

not fully filled at MR = 0. Therefore, we confirm that hgap = 0.5 mm and hgap = 0.7 

mm resulted in similar film thicknesses. If the gap is fully filled, hgap = 0.7 mm would 

have thicker liquid film thickness than hgap = 0.5 mm. Although the film thicknesses were 

similar, they had slightly different values when the film thicknesses were 0.5 and 0.7 mm. 

Lesser momentum loss occurred because the influence of the bump on the lip wall 

decreased when liquid flow was injected from the tangential inlet as the gap thickness 

became thicker. Thus, the velocity of the liquid flow was fast, and the film thickness was 

thin. In contrast, when the gap thickness was 0.3 mm, the initial film thickness was thin 
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due to the small gap. As listed in Table 3, even though the gap thickness varied, the mass 

flow rate of the liquid had a similar value. As can be seen from Eq. (4.2), the liquid film 

thickness varied with the mass flow rate; thus, it should have a similar value at MR = 0 

according to the change in the gap thickness but would have a smaller value at hgap = 0.3 

mm. In addition, another phenomenon occurred in the low momentum flux region. The 

result shows that the film thickness was not maintained but increased as the gas velocity 

increased. The film thickness appeared to become thicker as the gas velocity increased 

due to the effect of liquid entrainment when the lip thickness increased [Tian et al., 2014]. 

The effect of the gap thickness on the spray angle is shown in Fig. 4.15. The spray 

angle maintained its value in the high momentum flux ratio because the spray was 

determined by the gas flow after the breakup of the spray. When the film thickness was 

similar at hgap = 0.5 mm and hgap = 0.7 mm, the spray angle also had similar values. 

Therefore, we again confirmed that when the gap thickness was 0.7 mm, the gap was not 

fully filled by the liquid flow, and the film thickness had similar value as that at hgap = 0.5 

mm. When the gap thickness was 0.3 mm, the spray angle decreased due to momentum 

loss as the film thickness became thinner. However, when the gap thickness was 0.3 mm, 

the spray angle increased as the pressure drop of the liquid flow increased, which 

conveyed a different result compared with the result of the film thickness. We believed 

that the spray angle increased because the liquid velocity increased, although the 

entrainment effect occurred. In addition, the spray angle remained constant in a lower 

momentum flux ratio as the gap thickness became thinner when the pressure drop of the 

liquid flow remained the same. 
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Fig. 4.21 Spray angle with the momentum flux ratio and gap thickness at din = 0.9 mm 
and RR = 1. 
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CHAPTER 5 

CHARACTERISTICS OF GAS-CENTERED SWIRL 

COAXIAL INJECTOR WITH ACOUSTIC 

EXCITATION OF GAS FLOW 

 

5.1 Background and Objectives 

Liquid rocket engines have been developed to enhance combustion efficiency. 

Several engine cycles such as gas-generator, expander, and staged-combustion cycles are 

available. The staged-combustion cycle, which uses a gas-centered swirl coaxial (GCSC) 

injector, has high efficiency and is usually employed in Russian rocket engines.  

Combustion instability is a significant problem in liquid rocket-engine development, 

which is caused by the coupling of the combustion and fluid dynamics of the system, and 

aggravates combustion efficiency. Combustion instabilities are classified into three types 

in terms of the coupling mechanism. Low-frequency instability occurs through the 

coupling of the combustion chamber and feed line and usually appears under hundreds of 

hertz. High-frequency instability is generated by the coupling of acoustic oscillation in 

the combustion chamber and combustion reaction and occurs above 1000 Hz. 

Intermediate-frequency instability is a combustion instability between the low- and high-

frequency instabilities. The instability of a rocket engine is a highly critical issue because 

if it worsens, the engine will explode [Harrje et al., 1972]. 

To suppress combustion instability, studies on coupled instability between the 
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propellant feed system and combustion chamber and on the injector dynamic 

characteristics have been conducted. S. Soller et al. [2007] investigated the combustion 

instability of an oxidizer feed system and a combustion chamber using various GCSC 

injectors. They confirmed that the oscillation of the oxidizer feed system influences the 

oscillation in the combustion chamber. To avoid coupling between the injector hydraulics 

and combustion process, R. C. Kesselring et al. [1977] proposed injector design criteria. 

V. G. Bazarov et al.[1996] confirmed that the dynamic characteristics of injectors 

differently influence the instability depending on the types of instability mechanism. T. 

Khil et al. [2012] investigated the injector dynamic characteristics using a liquid 

excitation mechanical apparatus called a pulsator. 

GCSC injectors are usually used in Russian rocket engines such as the RD-8 and 

RD-170, which employ a staged combustion cycle. However, studies on GCSC injector 

characteristics have just been recently conducted [Dranovsky et al., 2007]. Lightfoot et al. 

and Schumaker et al. obtained the images inside the GCSC injector that show the 

variation in the liquid intact film length, depending on the definition of the momentum 

flux ratio and geometry such as step height, gap height, etc. They also confirmed that the 

momentum flux ratio can be used to perform a good job in scaling the liquid-film length 

[2008; 2011]. J.-H. Im et al. [2010] compared a liquid-centered swirl coaxial and GCSC 

injectors and confirmed the spray characteristics such as the spray angle and Sauter mean 

diameter. V. Kulkarni et al. [2010] investigated the effect of gas flow on the Reynolds 

number during a liquid-sheet breakup process. J. G. Kim et al. [2013] investigated the 

spray characteristics under high-pressure conditions and recess ratio and confirmed the 
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critical momentum flux ratio through non-dimensional spray contraction. J. V. Canino et 

al. [2004] investigated the frequency and variation of mass-flow oscillations which are 

from density ratio, liquid swirl velocity, initial thickness of the liquid film, collar 

thickness, and mixing length using a numerical model. J. P. Matas et al. [2014] obtained 

an intact liquid length and an unstable frequency through laser-induced fluorescence 

according to the momentum flux ratio and swirl strength. They showed that the global 

forms of the internal liquid flow are very similar to one another under the same 

momentum flux ratio. Further, they confirmed that the unstable frequency increases with 

the gas velocity. 

Earlier works confirmed that the coupling between the combustion process and 

feeding system is one of the reasons of combustion instability, and design and dynamic 

characteristic study of injectors are important to separate the coupling. Because a 

dynamic characteristic study of a GCSC injector related to the combustion instability has 

not been performed, the present work is conducted to investigate the influence of gas-

flow excitation on the liquid flow. 

 

5.2 Experimental Conditions 

Figure 5.1 shows the experimental apparatus. The center of the injectors and the 

peripheral gas orifice supplied the gas jet and liquid swirl flows, respectively, as shown in 

Fig. 5.1. Air and water were used as experimental fluids. The mass-flow rate of air was 

controlled by a mass-flow controller with an accuracy of ±1%. The mass-flow rate of 
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water was supplied by the relationship of the mass-flow rate and the manifold pressure 

using the calibration data. The mass-flow rate of fluids is listed in Table 1. The diameters 

of liquid orifice (do) and gas orifice (dg) were 8 and 6 mm, respectively. The diameter of  

tangential inlet (din) that created swirl flow was 0.9 mm, and the number of tangential 

inlets was four. The distance between the radius of outer gas orifice and inner liquid 

orifice is called as the gap thickness (hgap), which varied from 0.3 to 0.5 and to 0.7 mm. 

The distance between the length of the gas orifice and that of the liquid orifice is called as 

the recess length (LR), which varied from 6 to 12 and to 18 mm and was used to mix the 

gas and liquid. The length of the gas feeding line (L) under basic condition is 0.24 m. 

 

Fig. 5.22 Variations in the film thickness with liquid pressure drop and recess ratio at din = 

0.85 mm and Reg = 0. 
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A speaker (Sammi, SU-150EF) was installed to create acoustic excitation on the gas 

flow to simulate gas fluctuation in the feeding line. The input voltage of the speaker was 

a sine wave generated by Labview (National Instruments) and was amplified by an 

amplifier (Boston Audio, CC-350).  

The influence of instability in the combustion experiments represents the flame 

transfer function (FTF). The FTF expresses the normalized ratio of the heat-release rate in 

the flame ( ′  to the inlet velocity perturbation ( ′ ) [Candel et al., 2014]. In the 

present study, the injector transfer function (ITF), which is expressed by Eq. (5.1), was 

used instead of the FTF for spray instability through measurement of the perturbation of 

the liquid-film thickness at the injector exit. The ITF gain was determined by the 

amplitude of the perturbation ratio, and the ITF phase was defined as the difference 

between the velocity and film thickness, as expressed in Eq. (5.2). 

 

	 	
⁄

⁄
        (5.1) 

 	 | |,   	 	 	       (5.2) 

 

Hot-wire anemometry (Dantec Dynamic, Mini CTA model) and a film-thickness 

measurement system were used to measure the gain. The gas fluctuation was measured by 

a hot-wire anemometer installed between the speaker and injector gas inlet. The gas 

velocity and its perturbation were then measured, which were expressed as the input 

value or the ratio of the perturbation to the average gas velocity. The liquid-film thickness 
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was measured to determine the effect of gas excitation on the liquid flow at the end of the 

injector. The liquid-film thickness was measured from the calibration curve, which 

indicated the relationship between the voltage and film thickness, and the detail of the 

measurement technique was explained in [Kim et al., 2009]. The liquid-film thickness 

was also expressed as the output gain or the ratio of the perturbation to the average film 

thickness. In the current study, the gain was employed to formulate the effect of the 

output value on the input value, where the input value remained almost 0.1 because the 

spray pattern was affected when the input gain was varied. The data of the velocity and 

film thickness were obtained by Labview at 200,000 samples per second. 

The momentum flux ratio is used as an important parameter in coaxial injectors. It is 

defined as the gas and liquid momentum, as expressed in Eq. (5.3). The values were 

varied from 0 to 0.5, 1, 1.5, 2, and 3. The recess ratio, which is the ratio of the recess 

length to the gas orifice diameter, as expressed by Eq. (5.4), was varied from 0 to 1, 2, 

and 3. The excitation frequency (fi) increased from 200 to 1,100 Hz at intervals of 100 Hz 

due to the limit of the acoustic speaker, and the input gain was set to 0.1 for all cases. The 

summary of the experimental condition is listed in Table 1. 

 

	 	 	 	 	            (5.3) 

where  is the axial velocity of the liquid calculated using the mass-flow rate 

based on initial film thickness t, which is equal to the gap thickness. 
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	             (5.4) 

where  is the recess length and  is the gas orifice diameter. 

 

Table 5.2 Experimental conditions. 

 Water Air 

Mass flow rate (g/s) 15.0–33.6 0–3.6 

Momentum flux ratio (MR) 0–3 

Gap thickness (mm) 0.3, 0.5, 0.7 

Recess ratio (RR) 1, 2, 3 

Input frequency (Hz) 200-1100 

 
 
5.3 Effect of Acoustic Excitation of Gas Flow 

5.3.1 Spray Characteristics 

Backlighting photography was used to investigate the influence of gas excitation and 

momentum flux ratio on the external flow. The breakup length and spray angle were 

obtained using 20 images from the backlighting photography. The breakup length was 

defined as the vertical distance from the center of the exit orifice to the first breakup point 

in a spray image. The spray angle was measured using four points from a spray image; 

two of these points were the end points of the orifice exit, and the remaining points were 

the edge points of the spray at half of the liquid orifice diameter down from the orifice 
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exit. A trapezoid was drawn using these points, and the spray angle was defined as the 

angle between the two legs. The spray patterns in input excitation frequency and 

momentum flux ratio yielded a difference, as shown in Fig. 5.2.  

At a low-momentum flux ratio, i.e., MR = 1, the spray showed similar patterns from 

frequency except at fi = 1000 Hz where breakup occurred faster than that in the other 

conditions. As the momentum flux ratio increased, the spray pattern changed to a 

different shape. First, the spray angle was narrow, and the breakup length was short as a 

result of the thinning film thickness due to the momentum transfer from gas to liquid. In 

addition, breakup occurred faster at specific frequencies such as at 200 and 1,000 Hz. The 

quantitative spray characteristics were obtained by post-image processing using 20 

images. Figure 5.3 shows the results of the average spray angle with standard deviation. 

The average spray angle became narrow as the momentum flux ratio significantly 

increased. When excitation was supplied to the gas, the spray angle became narrow at 

higher momentum. As the momentum flux ratio increased, the distinction in the spray 

angle between that with and without gas excitation and the standard deviation increased. 

Further, at 1,000 Hz, the spray angle was smaller than that at the other frequencies, as 

shown in Fig. 5.3. 
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Fig. 5.23 Variations Spray pattern with frequency and momentum flux ratio at hgap = 0.5 mm and RR = 2. 
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Fig. 5.24 Spray angle with standard deviation of the input frequency at hgap = 0.5 mm and 
RR = 2. 

 

The difference from input frequency can easily be observed in Fig. 5.4, which shows 

the comparison of the spray patterns with and without excitation through the expansion 

images at MR = 2 in Fig. 5.2. The spray pattern shown in Fig. 5.4(c) is similar to that in 

the no-excitation case [Fig. 5.4(a)], although the breakup length became shorter due to the 

excitation effect. In contrast, Figs. 5.4(b) and (d) show different spray patterns with those 

under the other conditions. The spray indicated faster breakup and displayed periodicity 

with excitation frequency. We confirmed that the frequency obtained by the image 

analysis from a high-speed camera also agreed with that under the  
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(a) f = 0 Hz        (b) f = 200 Hz 

       

(c) f = 600 Hz   (d) f = 1000 Hz 

Fig. 5.25 Spray Comparison of the spray patterns with and without excitation at MR = 2. 
(a) 0 Hz. (b) 200 Hz. (c) 600 Hz. (d) 1,000 Hz. 
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excitation frequency. The variation in breakup length from the input frequency is shown 

in Fig. 5.5. The result of the breakup length was similar to that of the spray angle. The 

only difference was that the standard deviation was small at 1,000 Hz for MR = 2. The 

breakup of the spray appeared to occur faster due to the high momentum flux ratio. Thus, 

we confirmed that gas excitation influences the external flow similar to the spray pattern. 

 

 

 

Fig. 5.26 Breakup length with standard deviation of the input frequency at hgap = 0.5 mm 
and RR = 2. 
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5.5.2 Response Characteristics 

The average liquid-film thickness obtained by the electrode method is shown in Fig. 

5.6. It varied with the input frequency of the gas excitation generated from the speaker 

and was thin when excitation was present, similar to the result of the spray angle. As the 

momentum flux ratio increased, the film thickness became thinner due to the momentum 

transfer from gas to liquid. The liquid-film thickness decreased more when excitation was 

present, which means that excited gas exerts more influence on the liquid. Hence, the 

perturbation of the liquid film is significantly developed when excitation is present and  

 

 

Fig. 5.27 Film thickness with perturbation range of the input frequency at hgap = 0.5 mm 
and RR = 2. 
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increases more when the momentum flux ratio becomes higher. We also confirmed that 

the perturbation is generated at specific frequencies. Therefore, the spray angle and 

breakup length are influenced by the variation in film thickness. 

The change in the liquid-film thickness was indicated through the ITF. The absolute 

value of the film-thickness perturbation according to the perturbation of the input gas 

velocity was expressed as a gain, as shown in Eq. (5.2). In this study, the gain was only 

adopted from the ITF. The gain indicated the degree of sensitivity of the response to gas 

perturbation to the film thickness. The gain varied depending on the input frequency, and 

the peak value appeared at around 300 and 1,000 Hz, as shown in Fig. 5.7.  

 

 

 

 

 

 

   

Fig. 5.28 Influence of momentum flux ratio on the gain at hgap = 0.3 mm and RR = 1. 
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The gain also increased as the momentum flux ratio became higher. The gas excitation 

influenced more the liquid flow when the gas velocity became faster at a constant liquid 

velocity, which also means that the momentum flux ratio increased. In particular, when 

MR = 2, the gain increased three times more than the minimum value at the peak 

frequency. High gain means more sensitivity to the instability factor at a certain 

frequency. Therefore, an increase in the gain appears to bring negative effects on the 

combustion system. 

One of the peak values appeared at a high frequency of approximately 1,000 Hz. The 

length of the gas feeding line influenced the combustion instability of the chamber, and 

the frequency of a feeding system was shown to increase at the combustion chamber 

under combustion condition [Soller et al., 2007]. The length of the feeding line is 

believed to be an important element in GCSC injectors. Therefore, the length of the gas 

feeding line was varied to determine why a high-frequency peak was generated. We 

expect the frequency changes by the resonant-frequency equation at the closed–open 

boundary condition, as expressed by Eq. (5.5).   

 

       , , 340	 m/s    (5.5) 

 

where c is the speed of sound and L is the length of the gas feeding line. 

Table 5.2 lists the calculation result according to the feeding-line length. When the length 

was 0.24, the resonant frequency was 1,054 Hz at the second mode (n = 2). This 
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frequency was similar to that of the experimental results. The experimental results of the 

variation in the feeding line are shown in Fig. 5.8. The high-frequency peak was shifted 

by changing the feeding-line length, and it corresponded to the frequency calculated from 

the resonant-frequency equation. When the length was 0.18 m, the frequency matched the 

second mode. At L = 0.33 m, the resonant frequency corresponded to the second and third 

modes of the calculated resonant frequency in the experimental condition range. As a 

result, we understand that the high-frequency peak was generated by the coupling 

between the frequency of the input excitation and the resonant frequency of the gas 

feeding line ( , ). However, the low-frequency peak, which was approximately 200 

Hz, was not shifted, as shown in Fig. 5.8. Thus, we assume that the low-frequency peak 

was not due to the feeding-line characteristic but to the injector characteristics. 

 

 

Table 5.2 Calculation frequency using the resonant-frequency equation. 

L [m] , ,  [Hz] , ,  [Hz] , ,  [Hz] 

0.18 467 1401 2335 

0.24 351 1054 1756 

0.33 256 768 1280 
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Fig. 5.29 High-frequency shift on the length of gas feeding line at hgap = 0.5 mm, MR = 1, 

and RR = 2. 

 

To understand why the low-frequency peak occurred, the momentum flux ratio was 

increased. As a result, the low-frequency peak shifted from 200 to 400 Hz, as shown in 

Fig. 5.9, which represented the normalized gain as a ratio of the gain value to the 

maximum gain value from 0 to 600 Hz under the same condition. We supposed that the 

low-frequency peak was generated by the flow instability in the injectors. When the gas 

velocity became faster, the peak frequency shifted from 200 to 400 Hz. Thus, we believed 

that the peak of the gain was generated at the low frequency because the perturbation by 

interfacial shear instability resulted in resonance with the gas excitation. From the studies 
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of Matas et al. [2014] and Canino et al. [2004], which were explained in the introduction 

section, interfacial instability is generated at the interface between the gas and liquid in 

the GCSC injectors, as shown in Fig. 5.10. Moreover, the results obtained by Matas et al. 

[2014] showed the increasing tendency of the instability frequency with the gas velocity 

from 200 Hz and the frequency found near the gas orifice. This phenomenon was 

observed in considerable number of research of a two-phase flow, although the geometry 

of the injector was different [Lasheras et al, 2000; Marmottant et al., 2004; Tian et al., 

2014]. From the previous research, the schematic of the phenomenon in this injector is 

shown in Fig. 5.10, which shows periodic perturbation of the liquid due to gas flow. In 

the current study, the frequency was obtained at the liquid orifice exit. The instability 

appeared to be generated from the nearby gas orifice to the end of the liquid orifice, 

which was due to the resonance of the gas excitation and shear instability. Therefore, we 

understand that the low-frequency peak was influenced by the coupling between the 

frequency of the interfacial shear instability and input excitation ( ). 
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Fig. 5.30 Low-frequency shift on momentum flux ratio: (a) MR = 1, (b) MR = 2, and (c) 

MR = 3 at hgap = 0.5 mm and RR = 2. 

 

 

Fig. 5.31 Schematic of the interfacial shear instability at the interface of fluids [Canino et 

al. 2002]. 
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An increase in the recess ratio generally leads to a higher oscillation amplitude of the 

flow. The recess ratio was also noted to increase with the gain, as shown in Fig. 5.11. In 

addition, Table 5.3 lists the average film thickness and perturbation value depending on 

the recess ratio. The perturbation value increased with the recess ratio. At high gain such 

as 200, 300 and 1,000 Hz, it became much higher than those in the other frequencies. 

From the spatial instability analysis [Ibrahim et al., 1995], the interfacial displacement is 

expressed by Eq. (5.6). 

 

 

Fig. 5.32 Gain with momentum flux ratio of the recess ratio at hgap = 0.5 mm. 
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Table 5.3 Average film thickness and perturbation of the recess ratio. 

f  [Hz] 
RR = 1 RR = 2 RR = 3 

	 [μm] ′ [μm] 	 [μm] ′ [μm] 	 [μm] ′ [μm] 

200 348.2 11.1 337.1 17.0 367.3 20.2 

300 348.7 5.3 356.0 7.3 388.1 13.6 

500 350.3 3.5 357.8 4.2 398.0 6.9 

1000 358.3 9.9 347.3 12.4 371.8 20.9 

 

η exp                        (5.6) 

 

where  is the amplitude of the initial disturbance.  is a complex variable, i.e., 

, where the real ( ) and imaginary ( ) parts of k represent the wave 

number and growth rate, respectively. The flow indicates growth for 0 and decay 

for 0. The recess ratio increases, the perturbation increases, as listed in Table 3, and 

the growth rate indicates a negative value. The influence of the recess ratio on the internal 

flow with low and high recess ratios is shown in Fig. 5.12. In the low recess-ratio case, 

less mixing of the gas and liquid flow occurs, which causes the momentum of the gas 

transfer to liquid film to decrease because the mixing space is narrow, as shown in Fig. 

5.12(a). Therefore, the gain is small even if the momentum flux ratio increases. Otherwise, 

the mixing space and time increase as the recess ratio increases. The gain value is higher 

than that in the low recess-ratio case under the same momentum flux ratio, as shown in  
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(a) low recess ratio             (b) high recess ratio 

Fig. 5.33 Schematic of the influence of the recess ratio on the internal flow. (a) Low 
recess ratio. (b) High recess ratio. 

 

Fig. 5.12(b), where the amplitude of the film-thickness fluctuation is larger. The 

difference in the gain according to the momentum flux ratio becomes larger as the recess 

ratio increases owing to a sufficient mixing space. 

The gap thickness determines the initial film thickness of the liquid flow in the 

GCSC injector. Figure 5.13 shows the effect of the gap thickness on the gain at MR = 2. 

As the gap thickness increases, the gain decreases. The detailed data of the gap thickness 

are listed in Table 5.4. As the gap thickness increases, the perturbation is reduced. 

However, the perturbation increases when the frequency has a high gain. An increase in 

the gap thickness indicates a decrease in the lip thickness that separates the gas and liquid 

flow because the diameters of the gas and liquid orifices are constant. The thicker the lip 

thickness becomes, the bigger becomes the size of the generated vortex [Tsohas et al., 

2007]. This result makes the fluids well mixed due to the increase in the vortex size. 
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Fig. 5.34 Influence of gap thickness on the gain at hgap = 0.5 mm and MR = 2. 

 

 

Table 5.4 Average film thickness and perturbation of the gap thickness. 

f  
[Hz] 

0.3	 mm 0.5	 mm 0.7	 mm 

	 [μm] ′ [μm] 	 [μm] ′ [μm] 	 [μm] ′ [μm] 

300 337.0 20.5 342.0 15.4 352.2 11.5 

600 337.5 4.9 342.9 3.7 355.0 3.9 

1000 332.3 19.3 346.2 11.6 355.7 12.7 
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When the gap thickness is thin, the lip thickness becomes thick, and the amplitude of the 

perturbation becomes larger, as shown in Fig. 5.14(a). In contrast, a thin gap thickness 

has a small amplitude, as shown in Fig. 5.14(b). This phenomenon leads to liquid mass-

flow pulsation, and eventually, the gain increases as the gap thickness decreases. From 

the other results in this study, when the momentum flux ratio decreased, the effect of the 

gap thickness on the gain became weaker. 

 

 
(a) Thin gap thickness                 (b) Thick gap thickness 

Fig. 5.35 Schematic of the influence of the gap thickness. (a) Thin gap thickness. (b) 
Thick gap thickness. 
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CHAPTER 6 

CONCLUSION 

 

Gas-centered swirl coaxial injector in the staged combustion cycle engine which 

uses Lox/kerosene as propellants was conducted experimentally. The thrust chamber was 

designed for fundamental result of 9 tonf-class stage combustion cycle engine on Space 

launch vehicle’s upper stage. The engine was required vacuum thrust of 9 tonf and 

specific impulse of 340 sec. The following conditions are derived from design process. 

The thrust chamber for staged combustion cycle engine using LOx/kerosene has design 

chamber pressure of 10.0 MPa, propellant mass flow rate of 25 kg/s, and mixture ratio 

(O/F ratio) of 2.6.   

The mixing head has arrays for 91 injectors and each injector supplies 261 g/s in 

mass flow rate. The gas centered swirl coaxial injector which was manufactured based on 

the design condition was used for experiment. The recess length and gap thickness were 

used as geometric parameters. The film thickness was measured by electric conductance 

method and the spray angle was taken from spray images by using backlight photography. 

The spray characteristics and dynamic characteristics with gas excitation in Gas-centered 

swirl coaxial injector were studied and the experiments results are as below. 

The film thickness in injectors plays an important role in determining the spray and 

cooling characteristics. Study on the film thickness of coaxial injectors has not been 

substantially conducted because of measurement difficulties. In addition, the study on the 
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momentum flux ratio has been consistently conducted, but that on the gap thickness was 

limited. The spray characteristics of GCSC injectors generally used in a staged-

combustion cycle engine was studied by varying the geometries such as the gap thickness 

and recess length. The effect of the existence of gap and recess, which is different in the 

GCSC and open-type single swirl injectors, was confirmed. The film thickness was 

restricted because the gap thickness and spray characteristics of the GCSC injectors were 

similar to those of the open-type single swirl injector as the recess length became longer. 

The gap thickness was varied to confirm the effect on the spray characteristics. We 

believed that the film thickness increased with the gap thickness, but film thickness did 

not actually form over a certain thickness of approximately 500 μm. In addition, the 

thinner the gap thickness was, the thicker was the lip thickness. Thus, the entrainment 

effect of liquid occurred. Because of this effect, when the gap thickness was 0.3 mm, the 

film thickness became thicker, which was different with that of the other gap thickness. 

The spray angle was generally influenced by not only the film thickness but also the 

liquid velocity when the gap thickness was 0.3 mm. The gap thickness did not 

considerably influence the critical momentum flux ratio. As the recess ratio increased, the 

film thickness became thicker, and the spray angle became narrower due to the 

momentum loss by wall friction. The same effect was observed when the recess ratio 

increased, the mixing area became bigger, and the critical momentum flux ratio decreased 

with the increase in the momentum flux ratio, which had low influence on the gas flow. 

The spray characteristics were influenced by not only the recess length but also the gap 

thickness of the GCSC injectors. Using the gap thickness size, the spray characteristics 
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can be controlled when designing GCSC injectors. 

To investigate the dynamic characteristics of the GCSC injector, gas with excitation 

was supplied using a speaker to simulate external excitation, and the variation in the film 

thickness on the excitation was measured by the electrode method. In addition, the 

influence of excitation on the external spray characteristics was confirmed using spray 

images. The perturbation of the film thickness according to the frequency of the gas 

excitation was represented as a gain. A higher gain value occurred at low and high 

frequencies under the experimental condition. The reason for the high gain in the high 

frequency was the coupling of the resonant frequency of the gas feeding line and the gas 

excitation frequency. The peak of the gain in the low frequency appeared to be due to the 

coupling of the instability frequency at the gas–liquid interface and the gas excitation 

frequency. The gain became higher as the momentum flux and recess ratios increased due 

to the momentum transfer. As the gap thickness increased, the lip thickness decreased, 

which caused a decrease in the gain due to a small vortex size. The excitation influenced 

the internal flow similar to the film thickness as well as the external spray. This 

phenomenon was enhanced as the momentum flux ratio increased. A higher gain value at 

a specific frequency occurred on the liquid-film thickness system and the dynamic 

pressure sensor at the end of the injector orifice as well as in the dynamic pressure sensor 

at the liquid manifold. This result indicates that the gas perturbation influenced the liquid 

manifold, and even its amplitude was small, although this work does not have the data. 

These results appeared to be related to the combustion instability. In the future, instability 

study related to the spray and combustion will be conducted. 
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APPENDIX A 

DESIGN OF LIQUID SWIRL INJECTOR  

 

A.1 Ideal Liquid Theory  

A simplex atomizer model is presented in Fig. A.1 and consists of several parts: 

length of vortex chamber Lk, radius of vortex chamber rk, radius of tangential inlet rin, 

radial location of tangential entry R = rk－rin, radius of orifice r0, radius of gas core in 

orifice rr, and radius of gas core at orifice exit r′r. In the region of the swirl chamber, the 

motion consists of a potential vortex caused by a negative source whose position 

coincides with the apex of the transient cone at the cylindrical discharge orifice exit. In 

the cylindrical discharge orifice region, there is a potential vortex along with an axial 

motion. All velocities, i.e. axial u, circumferential v, and radial w, should be considered 

but radial velocity w is negligible because it is significantly lower than the others.  

The geometric constant K, which determines the swirling strength of the injected 

fluid, is defined as,  

 

 0 0
2

0in in

Rr A R
K

ir A r
   (A.1) 

 

with the orifice area A0 and total area of the tangential inlets Ain. 

The liquid discharges not through the whole cross section but through an annular one. 
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Fig. A.1 Schematic of sheet disintegration 

 

The central part of the cross section is filled by gas core, which in Fig. A.1 is shown. 

The area of annular cross section A is 

 

 2 2 2
0 0( )rA r r r     (A.2) 

 

hence the coefficient of passage fullness, φ, has the following term 
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where A0 = πr0
2 = πd0

2/4 is the area of the discharge orifice.  

Circumferential velocity component V changes by the principle of the potential 

vortex, which is represented by the equation 

 

 vr const  (A.4) 

 

A free vortex has a singular point at r = 0, for which V = + ∞ and pressure P = – ∞. 

If so, a free vortex can exist only in the region with radius r ≥ rr. The circumferential 

velocity increases at the core boundary to a certain maximum value vmax.  

Axial velocity u occurs inside the swirl chamber at a radius slightly larger than r0. 

This velocity causes the circumferential velocity v to decrease and therefore velocity vmax 

is lower, as would follow from the free vortex equation. This fact will not, however, be 

incorporated in the analysis.   

In the region of the gas core r < rr, a so-called rigid vortex exists in which the gas 

originating from the atomizer’s ambient rotates as a rigid body with constant angular 

velocity 

 

 
max

r

vv
const

r r
     (A.5) 

 

Velocity vmax can be calculated from the Bernoulli equation (for w = 0) 
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 2 2( )
2 tu v P P const


     (A.6) 

 

if the values u and P are known at the core boundary. The pressure is equal to P ≈ P0, 

where P0 is the ambient pressure. Axial velocity u varies and is constant only in the 

region of the outlet orifice. Pressure Pt is the total liquid pressure. According to the 

equation of conservation of angular momentum with respect to the chamber axis, the 

following equation can be written 

 

 maxin rv R vr v r const    (A.7) 

 

The following assumptions will be made for further considerations [Bayvel and 

Orzechowski, 1993]: 

1) The liquid is ideal. 

2) The velocity field is a potential one in the whole region between the chamber 

walls and the gas core. 

3) Angular momentum is constant (Eq. (A.7)). 

4) Gravity is negligible. 

5) The flow is stable and axisymmetric 

6) There is no radial component of velocity (w = 0). 

 



92 

 

 

Fig. A.2 Liquid film at injector orifice 

 

As shown in Fig. A.2, a liquid element on radius r, with width dr, length rdθ, and 

unit thickness is acted on by a pressure force and mass force. The condition of 

equilibrium of these forces has the form 

 

 
2v

rd dP dm
r

   (A.8) 

 

Substituting element of mass dm = θrdθ and velocity v from Eq. (A.7), 

 

 max rv r
v

r
  (A.9) 

 

into Eq. (A.8), one obtains 
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 2 2
max 3r

dr
dP v r

r
  (A.10) 

 

After integrating Eq. (A.10) assumes the following form: 

 

 2 2
max 2

1

2 rP v r C
r


    (A.11) 

 

Constant C follows from the condition that on the gas core boundary, i.e., for r = rr, 

the overpressure equals zero, hence 

 

 2
max2

C v


  (A.12) 

 

By substituting C and vmax from Eqs. (A.9) and (A.12) into Eq. (A.11) the equation 

of the pressure distribution in the transverse cross section of the discharge orifice can be 

obtained: 

 

 2 2
max( )

2
P v v


   (A.13) 

 

Substituting pressure P from Eq. (A.13) into Eq. (A.6) the following equation is 

obtained 
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 2
max

2 tP
u v const


    (A.14) 

 

As shown, axial velocity component u is uniform in the transverse cross section of 

the discharge orifice, since in the given conditions Pt = const and vmax = const. From 

[Bayvel and Orzechowski, 1993], the uniformity of velocity u is, however, disturbed 

between orifice inlet and orifice exit. This caused by the transformed by the fact that 

between these cross sections the static centrifugal overpressure is transformed into the 

dynamic pressure, since in cross section of orifice exit pressure should be constant and 

equal to the ambient pressure. Therefore, velocity u is higher at the wall than at core 

boundary.  

The expression for volumetric flow rate of liquid through the orifice can be written 

in the form 

 

 2
0Q r u   (A.15) 

 

From Eq. (A.7) vmax can be obtained, 

 

 max
in

r

v R
v

r
  (A.16) 

 

Also, vin can be expressed  
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in

Q
v

i r
  (A.17) 

 

where i is the number of tangential entry. Substituting Eq. (A.16) and (A.17) into 

(A.14) axial velocity u can be written as follows 

 

 
2 2

2 2 4 2

2 t

in r

P R Q
u

i r r 
   (A.18) 

 

From Eq. (A.15), axial velocity u can be also expressed in the form 

 

 2
r

Q
u

r 
 . (A.19) 

 

Therefore, By substituting Eqs. (A.15) and (A.17) into Eq. (A.16) and taking into 

account Eq. (A.14), volumetric flow rate Q can be expressed 
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 (A.20) 

 

From Eq. (A.20), the discharge coefficient can be defined 
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1
1

DC
K
 






 (A.21) 

 

The discharge coefficient is related to injector geometric constant K and the 

coefficient of passage fullness. Therefore the relation between injector geometric constant 

and the coefficient of passage fullness is needed. In order to do this the coefficient of 

passage fullness corresponds to the maximum discharge coefficient. Differentiating Eq. 

(A.21) with respect to φ and considering dCD/dφ=0, the following relation between K and 

φ can be obtained [Borodin et al., 1968, Dityakin et al., 1977] 

 

 
(1 ) 2

K


 


  (A.22) 

 

Therefore, the discharge coefficient can be expressed as 

 

 
3

2DC






 (A.23) 

 

The spray cone angle is determined by the ratio of the tangential to the axial 

velocities at the injector exit. Applications of the Bernoulli equation and the law of 

angular momentum conservation for an inviscid flow show that spray cone angle is 

function of discharge coefficient CD, geometric constant K, and a dimensionless vortex 
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radius at the injector exit SB (= r′r/r0), as determined by [Bayvel and Orzechowski, 1993, 

Borodin et al., 1968, Dityakin et al., 1977, Bazarov et al., 2004] 

 

 2 2 2

2
tan

2 (1 ) 4
D

B D

C K

S C K




 
 (A.24) 

 

Film thickness h0 is defined by the coefficient of passage fullness, φ, as [Bayvel and 

Orzechowski, 1993, Borodin et al., 1968, Dityakin et al., 1977, Bazarov et al., 2004] 

 

 0 0 0 (1 1 )rh r r r       (A.25) 

 

A.2 Corrections of Design Parameter  

A.2.1. Jet deformation 

Liquid jets flowing through tangential entries impinge with the liquid rotating inside 

the swirl chamber. As a result, the liquid jets contract. There is a simultaneous increase of 

swirl radius (Rε) as shown in Fig. A.3, which leads to a decreased discharge coefficient CD 

[Bayvel and Orzechowski, 1993, Borodin et al., 1968, Dityakin et al., 1977]. When liquid 

jets are deformed in swirling chamber the angular momentum in swirl chamber changes 

to  

 

 inM R V  (A.26) 
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Fig. A.3 Schematic of liquid sheet deformation 

 

where Rε is the deformed radius in swirling chamber. The jet deformation coefficient 

ε is the ratio of the swirl radius at tangential entry to the swirl radius in swirling chamber 

(ε = R/Rε). If liquid jet deformation is considered, the geometric constant should become 

[Borodin et al., 1968, Dityakin et al., 1977] 

 

 0 0
2 2D

in in

R r Rr K
K

ir ir


 
    (A.27) 

 

[Dityakin et al., 1977] found that ε was a function of the parameter B = R/rin. In this 

study, ε was obtained by fitting to the Dityakin et al. curve (Fig. A.4). 

Tangential 
entry

R

Re

Vortex 
chamber

Injector exit
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Fig. A.4 Coefficient of inlet jet deformation, ε, according to rin/R (=1/B) 

 

A.2.2 Viscous liquid theory and energy loss 

Friction coefficients and hydraulic parameters of injectors can be affected by liquid 

viscosity. The higher the viscosity is, the higher the discharge coefficient is and the lower 

the spray angle is. To calculate an exact discharge coefficient, a friction coefficient due to 

viscosity in the swirling chamber should be considered [Borodin et al., 1968, Dityakin et 

al., 1977]. 

In the swirling chamber flow velocity can be broken down into tangential Vu and 

radial Vm components as shown in Fig. A.5. Assume that a liquid element of height δK 

equals to the height of the swirling chamber and a flow element has length dl and width 

da. The mass element is [Borodin et al., 1968, Dityakin et al., 1977] 
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 1 Kdm dlda   

 

 

Fig. A.5 Breakdown of the velocity of a liquid flow in the swirling chamber into 
components 

 

and the angular momentum is 

 
*

udM rV dm  

 

On the lateral surface of the element touching the walls of the chamber (df = 2dlda), 

acts frictional force 

 

 f ndF df
 

 

where τn is stress of friction on wall, expressed through coefficient of friction λ and 

velocity head 
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Moment of frictional force becomes 

 

 * 2
14

K
u f uN rV dF V V rdlda

     

 

The change of angular momentum is equal to the moment of external force as 

follows 

 

 

* *
*dM dM dr

N
dt dr dt

  
 

 

Substituting the expression for M* and N* and noticing that dr/dt = –Vm, the 

following equation can be obtained 

 

 ( )
4
K u

u
K m

VV rdr
d rV

V




   (A.28) 

 

Now, designate the angular momentum of a volume unit of liquid by angular M 

 

 1 uM rV  (A.29) 
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Expressing from the continuity equation Vm through volumetric flow rate Q 

 

 
2m

K

Q
V

r 
  (A.30) 

 

and substituting V=(Vu
2+Vm

2)0.5, the differential equation can be obtained, which 

determines change of angular momentum in the swirling chamber during a viscous liquid 

flow: 

 

 
2 2

12
KdM

dr
QM M

 





 (A.31) 

 

where, Ω = (ρ1Q)/(2πδK). 

Integrating the left side of Eq. (A.31) within limits from M0 to M and the right side 

within limits from rk to r0, the following is obtained 
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Solving this equation with respect to M, the relation between M and M0 can be 

obtained 
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 (A.32) 

 

where  

 

 0( )
4
K

Kr r
   . (A.33) 

 

From an analysis of this expression it follows that under the influence of friction 

angular momentum decreases as the nozzle is approached. At λK = 0 (ideal liquid) the 

momentum conservation can be obtained (M = M0). It will be considered that the height 

of the swirling chamber is equal to the diameter of the inlet (δk = 2rin), the number of 

tangential entry is i and swirling arm is R. Since the initial angular momentum (when 

liquid enters the swirl chamber) 
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then Eq. (A.32) takes the form 
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where 
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Above equation can be simplified if sinξ and coshξ are expanded in series and 

rejected all terms except the first, i.e., assume that sinhξ = ξ, coshξ =1. Then 
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From [Borodin et al., 1968], the relative error allowed here does not exceed 3 %, if 

B ≤ 16 and λK ≤ 0.2, i.e., the range embracing all practically encountered values of B and 

λK. Usually this error is a fraction of percentage. When B/εi ≥ 1 it is possible to disregard 

one as compared to 16B2/(εi)2 and then Eq. (A.37) appears as [Dityakin et al., 1977]  
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where, 
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The error inserted here does not exceed 1 % and the parameter θ is the frictional 

factor due to rotating flow in a swirling chamber. Thus, relative error during calculation 

of angular momentum by Eq. (A.38), if B/εi ≥ 1, B ≤ 16 and λK ≤ 0.2. It is simple to show 

that when B/εi < 1, then if Eq. (A.37) is replaced by Eq. (A.38) error also is small and 

does not exceed 1–2 % if i ≤ 6 (a greater number of entrance channels is not used for 

practical purposes). This analysis shows that in injector theory for real liquid Eq. (A.38) 

is sufficiently accurate. Angular momentum from this equation decreases as friction 

coefficient λK and parameter KD (rk/r0-1) increase [Borodin et al., 1968, Dityakin et al., 

1977]. 

[Dityakin et al., 1977] obtained a friction coefficient, which depends on the 

Reynolds number of a tangential entry, as a result of tests with water and water/glycerin 

mixtures with geometric constants varying from KD 1.5 to 9.0. Water was used in the 

current study and the friction coefficient λk was determined by [Dityakin et al., 1977] 
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The tangential entry Reynolds number Rein is defined by inlet velocity Vin and the 
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equivalent inlet diameter is given by pd id .  

Also [Borodin et al., 1968] implemented energy loss caused by friction force acting 

on the vortex chamber wall. On element of liquid dm (Fig. A.5) acts force dF. The work 

of this force on path ds will be dA dFds . Then the loss of energy for a volume unit of 

liquid will be written in the form 
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But ds is easily expressed through dr: 
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. 

 

Substituting Vm form Eq. (A.30) the differential equation can be obtained for 

determination of energy loss in the swirling chamber: 
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To simplify equation, Vm
2 will be disregarded as compared to Vu

2, i.e., assume V ≈ Vu. 

The current value of Vu from the expression similar to Eq. (A.38) is easy to represent in 

the form 
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Substituting in Eq. (A.41) the following equation can be expressed 
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The full energy loss in the swirling chamber is 
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Taking the integral, the full energy loss is 
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Now, the discharge coefficient and spray cone angle considering energy loss will be 

implemented. Due to friction on the swirl chamber wall, angular momentum and total 

pressure on the nozzle entrance of the injector is less than the initial. But in the section of 

the nozzle the momentum and energy conservation law hold. First of all, how the 

tangential velocity component v in the entrance section of nozzle should be expressed 

from Eq. (A.38) taking into account Eq. (A.29): 
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On the air vortex boundary gauge pressure is equal to zero. Therefore, the equation 

of energy is written in the form 
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Repeating the calculations made in section A.1 the discharge coefficient for a 

viscous liquid can be expressed as [Dityakin et al., 1977] 
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where  
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Above Eq. (A.48) the principle of maximum flow rate was used in order to find the 

connection between φc and Keq. As a result, the functional relation between φc and Keq 

remains the same as and between φ and K. Consequently, the discharge coefficient 

considering friction differs from the corresponding formula for an ideal liquid by the 

replacement of K by Keq and the appearance of the term ΔK. 

As shown in Fig. A.5, the friction loss term was taken into account by assuming that 

the height of swirling chamber is small. However, hydraulic loss related to the swirling 

chamber length should be considered if the length is long (δk → Lk; see Fig. A.1 and A.5). 

It was implemented by angular momentum conservation [Borodin et al., 1968, Dityakin 

et al., 1977] with similar manner of driving ΔK. Hydraulic loss related to the swirling 

chamber length was determined as 



110 

 

 

2

2

1
(1 ) 1  ;  1.0;    

2 (1 )
1

D K
KL pr D K

KK KK

K

K L
K C L

CC DL
C

 
 

 
 
      
    

 (A.49)  

 

Here, μpr is a function of Kpr, defined as Kpr=KD·CK. Further, Kpr is represented as 

Kpr=(1-φpr)·20.5/φpr
1.5, therefore, μpr can be obtained from μpr=( φpr

3 /(2- φpr ))0.5.  is the 

ratio of friction coefficient at the vortex chamber side wall to the vortex chamber end wall.  

From [Dityakin et al. 1997], the consideration of loss in accordance with length of vortex 

chamber affects the discharge coefficient seriously if the friction factor θ is over 0.25 

approximately (Eq. (A.48)). When this loss not considered the discharge coefficient was 

overpredicted by a maximum of 56 % compared to experimental results. But if the loss is 

considered the deviation of discharge coefficient between the calculated and experimental 

results can be reduced to 18%. However it overpredicts also; the reason is the assumption 

that 1  . According to Dityakin et al. [Dityakin et al., 1977] this assumption was 

excessive. Because the friction coefficient at the vortex chamber side wall cannot be 

obtained it is assumed that the coefficient at the vortex chamber side wall is equal to the 

friction coefficient at the vortex chamber end wall λk [Dityakin et al., 1977]. Obtaining 

the factors related to the friction coefficient from vortex chamber length will be another 

research project. 
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A.2.3 Other friction losses 

From [Borodin et al., 1968, Dityakin et al., 1977, and Bazarov et al. 2004], there are 

several hydraulic losses in the injector, which can affect spray characteristics. These 

losses cannot be handled by viscous liquid theory because they depend on the design of 

swirl injector. But in order to accurately predict film thickness, spray cone angle, 

injection velocity, and downstream SMD energy losses related to tangential entry (∆in) 

and converging part (∆noz) should be considered [Borodin et al., 1968, Dityakin et al., 

1977, and Bazarov et al. 2004]. Energy loss occurring at tangential entry may be 

determined by  
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where ξin is an inlet resistance coefficient and a function of Reynolds number in the 

tangential inlet. The inlet resistance coefficient is similar to the loss coefficient in a pipe 

flow from the viewpoint of definition [Bayvel and Orzechowski, 1993]. Therefore, inlet 

resistance coefficient should be obtained from experimental data. In the present study the 

inlet resistance coefficient was obtained by averaging experimental data from [Borodin et 

al. 1968]. 

Hydraulic loss in the converging part of the injector [Borodin et al., 1968, Dityakin 

et al., 1977] was determined by 
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where ξnoz is hydraulic resistance related to contraction part angle; ξnoz =0.11 at 

ψ=900 and ξnoz =0.16 at ψ=1200. Typical angle of converging part is from 900 to 1200 and 

hydraulic resistance is almost linear in this range [Borodin et al., 1968, Dityakin et al., 

1977].   

The major losses of energy by friction were considered. Therefore, a generalized 

equivalent geometric constant Keq considering energy losses is 

 

 
(1 ) 2

1 (1 )
1

D
eq

K
K

K

K
K

C
L

C



 


  


 

 


 (A.52) 

 

The discharge coefficient CDeq corresponding to Eq. (A.52) is  

 

 
2

0.5
2

1
       ;   

1
( )

1

Deq sum K in noz L
eq

sum

C
K

 

         

  


 (A.53) 

 

where total energy loss due to friction is the ∆sum of local frictional losses (Eq. 

(A.53)).  

In real circumstance, the thin film produced by swirl flow is distorted at the injector 

end due to centrifugal force (Fig. A.1). If centrifugal force is considered, film thickness at 



113 

 

the injector exit should be acquired from SB instead of φθ. At the nozzle exit, the air vortex 

radius r′r is determined by expressing the volumetric flow rate in the form of the integral 

of the flow rate elements (on the nozzle section): 
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Distribution of axial velocity u in nozzle cross section can be determined as follows, 

velocity vin from Eq. (A.17) and Q from Eq. (A.20) should be substituted into Eq. (A.7), 

and after taking into account K from Eq. (A.1) the circumferential velocity component 

can be obtained 

 

 0

1

2 tKr P
v

r




  (A.55) 

 

Velocity v should be introduced into Eq. (A.6), assuming that overpressure P = 0 in 

nozzle cross section. Hence 
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Substituting velocity u from Eq. (A.56) and integrating Eq. (A.54) the relation 

between r′r (or SB) and CDeq can be obtained as shown in Eq. (A.57). Also SB can be 
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obtained by numerically solving Eq. (A.57). [8, 9, 10] 
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Film thickness at the injector end can then be defined as  

 

 0 0 (1 )Bh r S   (A.58) 

 

The spray cone angle can be calculated by replacing CD and K by CDeq and Keq, 

respectively, in Eq. (A.24). However, the spray cone angle is difficult to predict 

accurately because it is strongly related to injector geometry and definition of spray cone 

angle in the atomized spray field. Through the viscous liquid theory, a trend of spray cone 

angle will be predicted. From [Bayvel and Orzechowski, 1993], the discharge coefficient 

considered in Eq. (A.50), agreed well with the experimental results. But as shown in Eq. 

(A.50) the length of tangential entry was not considered in energy loss. Also [Bayvel and 

Orzechowski, 1993] pointed out that the length of tangential entry affects the spray cone 

angle severely in some cases. It is indicated that the discharge coefficient is less sensitive 

than the spray cone angle. This shows the difficulty of finding the accurate spray cone 

angle by a simplified analysis. If the boundary layer theory is used some losses will be 

considered and more accurate spray cone angle will be obtained like [Inamura et al., 
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2003]. But it is impossible to find every loss acting on the swirl injector. Hence, a spray 

cone angle acquired from modified Eq. (A.24) should be corrected by [Sterling and 

Sleicher, 1975]. 

Injection velocity is important because the maximum growth rate of a liquid wave is 

a function of injection velocity. Actual injection velocity is different from theoretical 

velocity because of friction losses [Bayvel and Orzechowski, 1993], as well as 

geometrical characteristics and pressure differences [Lefebvre, 1989]. The ratio of real to 

theoretical velocity is the velocity coefficient. From [Lefebvre, 1989], the velocity 

coefficient is related to the discharge coefficient, film thickness, and spray cone angle. 

However, [Davy and Loustalan, 2007] pointed out that determining sheet velocity using a 

velocity coefficient could yield unexpected results such as predicting breakup lengths 

shorter than experimental results. To exclude the potential effects of velocity coefficients, 

sheet velocity was calculated using discharge coefficient, film thickness, and spray cone 

angle, including frictional losses [Bayvel and Orzechowski, 1993]. Hence, film axial 

velocity is defined as [Borodin et al., 1968, Dityakin et al., 1977]  
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Injection velocity may be obtained by definition  
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Because the liquid sheet has tangential velocity due to swirl, the tangential velocity 

must be considered. As injection velocity and spray cone angle are known from Eqs. 

(A.59) and (A.60) the tangential velocity can be obtained easily as follows 
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초 록 

 

다단 연소 사이클 엔진에서 사용되는 기체 중심 스월 동축형 분사기의 특

성에 대한 연구를 진행하였다. 우주 발사체의 상단에 사용될 9톤 다단 연소 

사이클 엔진 개발을 위하여 기초 연구로 이뤄졌다. 사용된 분사기는 기체 중

심 스월 동축형 분사기이며 ideal 과 viscous liquid theory와 참고 자료를 통한 

스월 분사기의 수력학적 설계 방법으로 설계되었다. 

액체 로켓 엔진에서 인젝터는 분무를 공급하는 역할 뿐만 아니라 연소 불

안정성을 억제하는 역할도 한다. 이와 관련된 연구를 위하여 인젝터의 분무 

특성과 동특성을 파악하였다. 분무 사진은 스트로보스코프와 디지털 카메라를 

동기화하여 촬영하였으며 때때로 초고속 카메라와 xenon lamp를 이용하였다. 

액막 측정을 위하여 전기 전도도를 이용한 액막 장치를 제작하여 사용하였다. 

가진의 경우 스피커를 이용하여 기체에 주파수를 공급하였다. 기체 속도와 속

도 섭동은 Hot-wire anemometry을 통하여 측정하였다.  

기체 중심 스월 동축형 분사기 분사기의 정특성을 확인하기 위하여 액막 

두께 및 분무각을 측정하였다. 동축형 분사기에서 중요변수로 사용되는 운동

량 플럭스 비, 리세스 비, 갭 두께를 변화시킴에 따라서 분무 특성을 파악하였

다. 액막 두께와 분무각은 기체와 액체의 속도에 따라 변화하였으며, 액체 속

도가 느릴 때 기체 속도가 증가함에 따라서 액막 두께와 분무각은 감소하였다. 

반대로, 액체 속도가 빠를 경우에는 기체 속도가 증가하더라도 액막 두께와 

분무각은 거의 일정하게 유지되었다. 기체와 액체의 속도를 운동량 플럭스 비

로 나타냄에 따라 분무 특성은 더 잘 표현되었다. 운동량 플럭스 비가 증가함

에 따라서 전체적으로 분무 특성이 감소하는 것을 확인 할 수 있었다. 이러한 

특성은 리세스 비가 증가함에 따라서 상대적으로 낮은 운동량 플럭스 비에서 

변화하였으며, 분무각의 경우 크게 감소하는 것 또한 알 수 있었다. 또한, 갭 
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두께가 변함에 따라서 분무 특성은 변화하였으며, 갭 두께가 증가하더라도 갭

이 가득 채워지지 않고 일정 액막 두께가 유지되는 것 또한 확인 할 수 있었

다. 갭 두께가 얇은 경우, 즉 액막 두께가 얇은 경우에는 기체에 의한 액체의 

끌어당김 효과로 인하여 액막 두께가 증가하는 현상 또한 관찰 할 수 있었다. 

이러한 연구결과로부터 기존에 동축형 분사기에서 주요변수로 알려진 운동량 

플럭스 비와 리세스 비뿐만 아니라 갭 두께 또한 설계 시 중요 변수로 사용할 

수 있을 것이다. 

기체 중심 스월 동축형 분사기 분사기의 동특성을 파악하기 위하여 기체 

공급 라인에 스피커를 통하여 가진을 공급하였다. 정특성 실험과 같이 운동량 

플럭스 비, 리세스 비, 갭 두께를 변화시켰다. 공급 되는 기체의 속도와 속도 

섭동의 비를 입력값으로, 분사기 출구에서 측정되는 액막 두께와 액막 두께의 

섭동의 비를 출력값으로 정하였다. 입력값과 출력값의 비를 인젝터 전달 함수

라는 값으로 표현하였다. 가진 주파수에 따라 게인 값은 변화하였으며 2개의 

특정 주파수에서 큰 게인 값을 가졌다. 낮은 주파수에서 발생하는 높게 발생 

게인은 기체-액체의 전단 불안정성 주파수와 가진 주파수와의 공진 효과로 판

단된다. 반면, 높은 주파수에서 발생하는 높은 게인은 기체 공급 라인의 길이

에 따른 공진주파수와 가진 주파수의 공진 효과로 판단된다. 높은 게인을 가

지는 주파수에서는 분무의 형태가 해당 주파수를 가지고 나타나기 때문에 

self-pulsation과 비슷한 분무 형태도 보인다. 운동량 플럭스 비가 증가함에 따

라서 게인 값이 증가하는 경향을 보였다. 리세스가 길어짐에 따라서 기체와 

액체의 혼합 공간이 증가하기 때문에 게인 값은 전반적으로 증가하였다. 또한, 

갭 두께가 얇은 수록 액막의 섭동이 상대적으로 크게 발생하기 때문에 게인 

값이 증가하였다. 
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