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Abstract 

A Study on Dynamic Characteristics 

of Gas Centered Swirl Coaxial 

Injector Varying Geometry with 

Liquid Excitation 

 

Sukil Oh 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

It is important to study on the combustion instability to develop liquid rocket 

engines for preventing lower combustion efficiency and destruction of the 

combustion chamber. Various methods such as a baffle and cavity are used to 

prevent the combustion instability. It is important to suppress the combustion 

instability by designing an injector because it is in the middle of the process of 

the disturbance propagating in a rocket engine. Most of studies on the injector 

focuses on the simplex injector with liquid pulsation. In real rocket engine 

system, however, coaxial injectors are primarily used. In previous studies on a 
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gas-centered swirl-coaxial injector, the dynamics characteristics and the spray 

pattern was analyzed on the condition of gas excitation. Therefore, research on 

coaxial injector with liquid pulsation is essential. In this study, instability of 

liquid fuel flow with perturbation of liquid propellant flow in a gas-cantered 

swirl- coaxial injector was investigated using air and water. The liquid 

perturbation was generated by a mechanical pulsator, and film thickness 

variation at the end of the injector which affects spray characteristics such as 

spray angle, break up length, and Sauter mean diameter(SMD) was measured 

using electrodes. The spray image which shows the evidence of the flow 

fluctuation such as a monolayer and spray width changes was achieved using 

DSLR camera and high speed camera. The dynamic characteristics of the gas-

centered swirl-coaxial injector was studied varying tangential inlet diameter 

and gap thickness without gas flow. In addition, the response characteristics of 

the injector was investigated varying the momentum flux ratio while the gas 

and liquid were simultaneously injected. 

 

Keywords: liquid rocket engine, gas centered swirl coaxial injector, 

dynamic characteristics, liquid excitation 
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𝜌𝑔 Density of gas, kg/m3 

𝑈𝑔 Velocity of gas, m/s 

𝜌𝑙 Density of liquid, kg/m3 

𝑈𝑎𝑙 Axial velocity of liquid, m/s 

𝑡′ Film thickness fluctuation, mm 

�̅� Average of film thickness, mm 

𝑝′ manifold pressure fluctuation, bar 

�̅� Average of manifold pressure, bar 

ITF Injector transfer function 

A Injector geometric characteristic parameter 

𝑅𝑖𝑛 Radius Density of gas, mm 

𝑅𝑛 Distance from the center of the injector orifice to 

the center of tangential inlet, mm 

Q Mass flow rate of liquid, kg/s 

𝑅𝑖𝑛𝑙𝑒𝑡 Radius of tangential inlet, mm 

𝑓 Frequency, Hz 
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𝑢𝑐 Group velocity, m/s 

𝛿 Vorticity thickness, μm  
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Chapter 1. INTRODUCTION 

 

1.1 Combustion instability  

 

In the development of liquid rocket engines, it is critical to study combustion 

efficiency and combustion instability. In rocket engines, the combustion 

process that occurs in the combustion chamber cannot be perfectly stable; some 

pressure disturbance generated by combustion transpires.  

The combustion instability in rocket engines is defined as the phenomenon 

with above 5% of periodic pressure disturbance [1]. As shown in Fig. 1.1, the 

combustion instability phenomenon arises from the joining of the heat release 

generated by the combustion in the combustion chamber, the acoustic wave, 

and the flow of propellant. This phenomenon not only hinders the combustion 

efficiency; it causes the destruction of the combustion chamber in severe cases. 

To solve this problem, various methods have been employed such as the use of 

a baffle and cavity [2]. The combustion instability is caused by propellant mass 

flow changes. The propagating process of perturbation in a rocket engine is 

shown in Fig. 1.2. The flow of propellant is disturbed by pressure perturbation 
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from combustion in the combustion chamber. The disturbed flow overlaps with 

disturbance by flow perturbation generated while passing through the high-

pressure turbine, as well as pressure perturbation due to the geometry of the 

propellant supply system. This affects the pressure perturbation in the 

combustion chamber and returns to propellant flow perturbation and the 

feedback process repeats. Therefore, it is important to suppress the combustion 

instability by designing the injector in the middle of the process. 
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Figure 1.1 Mechanism of combustion instability 

 

 

Figure 1.2 Process of disturbance propagating 
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1.2 Overview of previous research  

 

Recent studies have been conducted on using the injector to suppress 

combustion instability. Bazarov et al. schematized the perturbation flow 

between the combustion chamber and propellant supply system; moreover, they 

experimentally examined the dynamics characteristics of the simplex injector 

[3]. Ahn et al. investigated the effects of pulsating chamber pressure on the 

simplex swirl injector using a mechanical pulsator. Using high speed video 

images, they observed the periodic surface wave of spray and oscillating air 

core [4]. Fu et al. studied the dynamic characteristics of the open-type swirl 

injector with varying geometries using the mechanical pulsator. They analyzed 

the effects of the geometric characteristic parameter and the ratio of the nozzle 

length to diameter on the fluctuation amplitude [5]. Chung et al. investigated 

the dynamic characteristics of the open-type swirl injector and obtained the 

response characteristics to input pressure fluctuation varying geometries of the 

swirl chamber and manifold [6]. Park et al. studied the dynamic characteristics 

of the gas-centered swirl-coaxial injector with gas excitation using a speaker. 

As shown in Fig. 1.3, they analyzed the spray pattern changes depending on the 
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perturbation frequency [7]. 

 

 

Figure 1.3 Spray image by G. Park et al. [7] (a) 0 Hz (b) 200 Hz (c) 600 Hz 

(d) 1000 Hz 
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1.3 Objectives 

 

There are many researches on simplex injector with liquid excitation, but in 

real rocket engine system, they use coaxial injectors. Therefore, research on gas 

centered swirl coaxial injector with liquid excitation is essential. As seen in the 

previous work, the dynamics characteristics of gas centered swirl coaxial 

injector with gas excitation was investigated in former research. In this paper, 

however, the dynamics with liquid excitation, not gas excitation, was focused. 

The dynamic characteristics of gas centered swirl coaxial injector varying 

tangential inlet diameter and gap thickness was studied comparing with that of 

simplex injector. Simulating the condition of real coaxial injector spraying 

liquid and gas simultaneously, the dynamic characteristics changing 

momentum flux ratio was investigated comparing with the previous research. 
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Chapter 2. APPARATUS AND 

EXPERIMENTAL METHOD 

 

2.1 Model gas turbine combustor 

 

 

Figure 2.1 Experimental apparatus 

 

The experimental apparatus of the present study is shown in Fig. 2.1. Air and 

water were injected as experimental fluids. The air was supplied from a gas 

supply system and the flow rate was adjusted by a flow meter. The water 

supplied by the liquid supply system was injected after pulsating through the 

mechanical pulsator. The liquid flow rate was controlled through the 
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relationship between the pressure drop and the flow rate. The mechanical 

pulsator, which was used to generate the liquid pressure perturbation was 

designed to mechanically change the flow path area by rotating the revolving 

plate with holes at regular intervals. The maximum range of the pulsator was 

1000 Hz. To measure the pressure fluctuation by the pulsator, static and 

dynamic pressure sensors were installed in the injector manifold. An electrodes-

based method proposed by Lefebvre, which leverages the electrical 

conductivity of water, was used to measure the change of liquid film thickness 

due to liquid pressure fluctuation [8].  
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Figure 2.2 Electrodes for film thickness measurement 

 

As shown in Fig. 2.2, two thin electrodes were placed at the end of the 

injector orifice to obtain the voltage according to the change in liquid film 

thickness. To convert the voltage into actual film thickness, various sizes of 

acrylic rods were fabricated to form a liquid film with a specific thickness. 

Voltage was measured to obtain a calibration curve [9]. Accordingly, the voltage 

was measured using the electrode, and the value was substituted into the 

calibration curve to obtain the liquid film thickness. The calibration curve is 
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shown in Fig. 2.3. In addition, a liquid film thickness reference device was 

installed in the liquid feeding line to correct the electrical conductivity of water 

with temperature. This film thickness information was collected via a data 

acquisition system(DAQ) with manifold pressure information. The spray image 

was obtained by synchronizing the flash time of the stroboscope with the 

camera shutter speed with no other synchronization device. Additional spray 

images were obtained using a high speed camera and a xenon lamp. 

 

 

Figure 2.3 Film thickness calibration curve 
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2.2 Experimental condition 

 

 

Figure 2.4 Geometry of gas centered swirl coaxial injector 

 

The geometry of the gas centered swirl coaxial injector is shown in Fig. 2.4. 

The gas orifice is located at the center of the injector and the liquid orifice 

surrounds the gas orifice. The gas is injected in a jet form and the liquid is 

injected in a swirl form through the tangential inlet. The wall separating the gas 

orifice and liquid orifice is called a lip, and the space between the lip and liquid 

orifice is called a gap. The gas orifice diameter(Dg) was 6 mm and the liquid 

orifice diameter(2Rn) was 8 mm. The tangential inlet diameter(2Rinlet) was 1.1, 



 

 

12 

1.3, 1.5, and 1.8 mm, and the gap thickness(hgap) was changed to 0.3, 0.5, and 

0.7 mm. The momentum flux ratio is defined as Eq. 2.1 and was changed to 0, 

1, and 2. The mechanical pulsator used to simulate the liquid flow disturbance 

was operated from 200 Hz to 1000 Hz at intervals of 50 Hz. Table. 2.1 shows 

the experimental condition. 

 

MR =  
𝜌𝑔𝑈𝑔

2

𝜌𝑙𝑈𝑎𝑙
2                          (2.1) 

 

Phase Liquid Gas 

Fluid Water Air 

Excitation Frequency [Hz] 200 ~ 1000 

Tangential Inlet Diameter [mm] 1.1, 1.3, 1.5, 1.8 

Gap Thickness [mm] No lip, 0.3, 0.5, 0.7 

Momentum Flux Ratio 0, 1, 2 

Table 2.1 Experimental condition 
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Chapter 3. RESULT AND DISCUSSION 

 

3.1 Definition of gain 

 

The liquid film thickness at the end of the injector is a major factor affecting 

spray characteristics such as spray angle, break length, and Sauter mean 

diameter(SMD) [10]. Therefore, in studying the combustion efficiency and 

combustion instability phenomena of the rocket engine, it is important to obtain 

the liquid film thickness changed by the perturbation. This film thickness 

should be normalized with the magnitude of the excitation transmitted through 

the feeding system and relatively compared. In this experiment, the liquid film 

thickness was normalized by the fluid input pressure. The dynamic 

characteristics of the injector by the liquid excitation are represented as an 

injector transfer function(ITF) with injector manifold pressure and liquid film 

thickness, shown in Eq. 3.1.  

Input is defined as the ratio of the manifold pressure fluctuation to the 

average of the manifold pressure; output is defined as the ratio of the film 

thickness fluctuation to the average film thickness. Gain is the absolute value 



 

 

14 

of ITF. 

 

ITF =  
𝑂𝑢𝑡𝑝𝑢𝑡

𝐼𝑛𝑝𝑢𝑡
=  

𝑡′

�̅�
⁄

𝑝′

�̅�
⁄

         (3.1) 

gain =  |ITF| 

 

As shown in Fig 3.1, tangential inlet and gap located between the input and 

the output are the geometric factor applied in this study. 

 

 

Figure 3.1 Geometric parameter 

 

 

 



 

 

15 

3.2 Tangential inlet diameter 

 

 

Figure 3.2 Pressure drop vs mass flow rate varying tangential inlet diameter 

 

The size of the tangential inlet is used as a factor to determine the flow rate. 

Fig. 3.2 shows the variation of the liquid flow rate with the pressure drop of the 

manifold without gas injection. As the pressure drop increases, the flow rate 

increases; meanwhile, the flow rate increases as the tangential inlet diameter 

increases.  
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Figure 3.3 Spray image varying tangential inlet diameter at pressure drop = 3                    

bar (a) dinlet = 1.1 mm (b) dinlet = 1.3 mm (c) dinlet = 1.5 mm (d) dinlet = 1.8 mm 
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Fig. 3.3 shows the spray image according to the tangential inlet size at the 

same pressure drop. From the image, it is evident that the spray angle decreases 

with the increasing tangential inlet size. This can be explained by the injector 

geometric characteristic parameter, A, defined in Eq. 3.  

 

𝐴 =  
𝑅𝑖𝑛 ×  𝑅𝑛

𝑛  ×  𝑅𝑖𝑛𝑙𝑒𝑡
2 =  

(
𝑄

𝑛𝜋𝑅𝑖𝑛𝑙𝑒𝑡
2 )  ×  (

𝑅𝑖𝑛
𝑅𝑛

)

𝑄
𝜋𝑅𝑛

2

 

=  
𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ×𝑎𝑟𝑚 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡

𝑎𝑥𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
              (3.2) 

 

As presented in the equation, A is expressed as the angular velocity and axial 

velocity, which means that it is associated with the spray angle. As A decreases, 

the angular velocity of the liquid decreases; meanwhile, A decreases when the 

tangential inlet diameter increases. Therefore, the angular velocity also 

decreases, and the spray angle finally becomes smaller. The value of A 

calculated by the geometry of the injector used in this study and the spray angle 

obtained from the spray image are listed in Table. 3.1. The spray angle is 

defined as the angle between edges in the trapezoidal spray image drawn by the 
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vertexes of the orifice tip, and both vertexes of the spray surface edge located 

at a distance of twice the diameter of the injector orifice. Fifteen images were 

averaged. As the tangential inlet diameter increases, A decreases and the spray 

angle numerically decreases.  

 

Tangential Inlet Diameter [mm] A Spray Angle [degree] 

1.1 2.40 93.01 

1.3 1.60 92.19 

1.5 1.11 88.7 

1.8 0.68 63.43 

Table 3.1 Injector characteristic parameter and spray angle 
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Figure 3.4 Dynamic characteristics varying tangential inlet diameter 

 

Fig. 3.4 shows the dynamic characteristics of the injector due to the liquid 

excitation varying the tangential inlet diameter. As the frequency increases, the 

gain generally decreases. In addition, it was confirmed that the gain decreases 

when the tangential inlet diameter decreases. Fu et al. and Chung et al. analyzed 

that the dynamic characteristics is dependent on injector geometric 

characteristic parameter. The magnitude of the injector response characteristics 

is inverse proportional to the parameter [5,6]. From the result, as the tangential 
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inlet diameter increased, the parameter decreased; and the gain increased as the 

parameter decreased. Therefore, in this study, the relationship between the 

dynamic characteristics and the injector geometric characteristic parameter 

analyzed by Fu et al. and Chung et al. appeared as same. Kim et al. investigated 

the effect of the tangential inlet conditions such as the quantity and the size on 

the internal flow stability in the closed-type simplex injector. The size of 

tangential inlet affected on the stability; and the film thickness fluctuation 

increased as the tangential inlet diameter increased [11]. It is difficult to 

compare the previous work with this study directly because the liquid film 

thickness fluctuation was not normalized and the type of the injector was the 

simplex injector in the previous study. However, the tendency that the size of 

the tangential inlet affects the dynamic characteristics of the injector was same.  
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Tangential Inlet 

Diameter [mm] 

Film Thickness  

@ 600 Hz [μm] 

Film Thickness 

Fluctuation     

@ 600 Hz [μm] 

1.1 703.73 4.79 

1.3 650.36 10.10 

1.5 686.45 33.12 

1.8 679.94 52.78 

Table 3.2 Film thickness and film thickness fluctuation varying tangential 

inlet diameter at hgap = 0.5 mm 

 

Table. 3.2 shows the average of the film thickness and film thickness 

fluctuation at 600 Hz varying the tangential inlet diameter. From the static 

characteristics, it was determined that the flow rate increases as the tangential 

inlet diameter increases. Despite the increased flow rate, the average film 

thickness did not significantly differ, nevertheless, a large difference is seen in 

the film thickness fluctuation. This means that the smaller the tangential inlet 

is, the less pressure perturbation of the manifold did not pass through the inlet. 

Consequently, the gain decreases as the tangential inlet diameter decreases. Fig. 

3.5 shows how the manifold pressure perturbation is damped in the tangential 

inlet. As presented in Fig 3.5 (a), if the tangential inlet is larger, the pressure 
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perturbation passes through the inlet as similar magnitude at the injector 

manifold. Thus, the film thickness fluctuation is significantly high. As shown 

in Fig. 3.5 (b), however, when the tangential inlet is smaller, the magnitude of 

the pressure perturbation significantly decreased; the film thickness fluctuation 

is negligibly small on account of perturbation rarely passing through the 

tangential inlet. From this result, it is apparent that a sufficiently small 

tangential inlet acts as a type of damper that reduces the pressure perturbation 

of the liquid manifold. 
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Figure 3.5 Damping in tangential inlet (a) larger tangential inlet (b) smaller 

tangential inlet 
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26 

 

Figure 3.6 Spray image varying tangential inlet diameter at f = 600 Hz (a) dinlet 

= 1.1 mm (b) dinlet = 1.3 mm (c) dinlet = 1.5 mm (d) dinlet = 1.8 mm 

 

Fig. 3.6 shows the spray pattern varying the tangential inlet size at 600 Hz of 

excitation frequency. From the image, in the case of dinlet = 1.1 and 1.3 mm, 

where the gain is smaller, there is no significant difference from the spray in a 

static state. However, when the dinlet is adequately large to be 1.5 and 1.8 mm, 

the liquid mass concentrated at every excitation period clearly appears as a 

single layer. In the study on gas-centered swirl-coaxial injector with gas 

excitation, periodic breakup in spray was investigated by Park [7]. By 

comparison with the previous work, the liquid layer was observed both in gas 

excitation and liquid excitation. 
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Figure 3.7 Image of spray width fluctuation at f = 600 Hz (a) dinlet = 1.1 mm 

(b) dinlet = 1.8 mm 
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Accordingly, the flow fluctuation is shown as a layer, however it also affects 

the spray width. This effect is shown in the spray images acquired by the high 

speed camera, as presented in Fig. 3.7. In the case of dinlet = 1.1 mm, where the 

gain is smaller, the fluctuation of the spray width is smaller than that in the case 

of dinlet = 1.8 mm. The spray pattern in the simplex injector was investigated by 

Chung et al. In the case of open-type simplex injector, the spray fluctuation was 

significantly fluctuated and the folded region was formed near the injector exit 

[6]. However, in this study, the spray width fluctuation was not significant as 

much as the simplex injector. This is believed because of the existence of gap.  
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Figure 3.8 Spray width fluctuation at f = 600 Hz (a) dinlet = 1.1 mm (b) dinlet = 

1.3 mm (c) dinlet = 1.5 mm (d) dinlet = 1.8 mm 

 

After analyzing the image, the spay width fluctuation with time is shown in 

Fig. 3.8. The spray fluctuation represents the slashing of the edge of the spray 

surface. The spray image was replaced with a binary number through image 

processing. After setting the background to zero and the spray surface to one, 

respectively, the fluctuation was analyzed with 10,000 spray images using 
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MATLAB. The measurement position was the vertex of the spray surface edge 

located at a distance of 1.5 times the diameter of the injector orifice. The 

magnitude of the spray fluctuation through the fast Fourier transform(FFT) 

analysis is shown in Fig. 3.9. The peak appears at the excitation of 600 Hz by 

the mechanical pulsator. The magnitude of the spray width fluctuation increases 

as the tangential inlet diameter increases as with the previous result in gain. 

These results show that the liquid excitation affected not only the liquid film 

thickness, but also the spray pattern. 
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Figure 3.9 Spray width fluctuation FFT at f = 600 Hz (a) dinlet = 1.1 mm (b) 

dinlet = 1.3 mm (c) dinlet = 1.5 mm (d) dinlet = 1.8 mm 
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3.3 Gap thickness 

 

 

Figure 3.10 Dynamic characteristics varying gap thickness 

 

It was confirmed that both gap thickness and recess length, a geometric 

parameter of the coaxial injector, affect the spray [7]. Therefore, the gap 

thickness was changed to determine the influence of the liquid excitation. Fig. 

3.10 shows the dynamic characteristics of the injector with liquid excitation 

varying the gap thickness. The gain varies with the gap thickness while the 

frequency at which the gain decreases varies depending on the gap thickness. 

The latter phenomenon is referred to sharp drop. 
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3.3.1 Magnitude of gain 

 

In terms of the variation of gain with gap thickness, when the gap thickness 

was 0.3 mm, the gain was approximately twice that of the other cases, which 

was believed to be due to the liquid film thickness. As shown in Table. 4, when 

the gap thickness is 0.3 mm, the film thickness is approximately half that in the 

other cases and the film thickness fluctuation is doubled. The cause of this is 

shown in Fig. 3.11.  

 

Gap Thickness  

[mm] 

Film Thickness  

@ 400 Hz [μm] 

Film Thickness 

Fluctuation     

@ 400 Hz [μm] 

0.3 482.84 54.99 

0.5 718.67 26.32 

0.7 895.35 20.00 

Simplex 735.16 23.93 

Table 3.3 Film thickness and film thickness fluctuation varying gap thickness 

at dinlet = 1.5 mm 
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As presented in fig. 3.11(a), if the gap thickness is smaller, the liquid film 

thickness likewise becomes smaller due to the space constraint; it makes the 

film vulnerable to perturbation. Thus, the film thickness fluctuation is doubled. 

As shown in Fig. 3.11(b), however, when the gap thickness is larger, the film 

thickness to be formed becomes relatively large; the film thickness fluctuation 

is smaller on account of an insufficient response to the excitation. The liquid 

film thickness is thicker than the gap thickness because the flow that fills the 

gap expands immediately after flowing from the gap, and it forms a thicker film 

thickness than the gap thickness. As a result, when the gap thickness is 0.3 mm, 

the liquid film of 482.84 μm is formed, and when it is 0.5 mm, the liquid film 

of 718.67 μm is formed. Furthermore, the film thickness fluctuation is 54.99 

μm and 26.32 μm, respectively, on account of the difference of the film 

thickness. In the case of the simplex injector, a gain value appears between the 

results in gap thickness of 0.5 mm and 0.7 mm. This is because the film 

thickness is formed between the two cases since the flow does not expand on 

account of the gap extinction.  
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Figure 3.11 Magnitude of gain (a) Thin gap thickness (b) Thick gap thickness 
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3.3.1 Sharp drop 

 

With regard to the gain variation with the excitation frequency, the frequency 

at which the gain decreases itself decreases as the gap thickness increases. This 

is believed to be due to the gap acting as a low pass filter. The low pass filter is 

a phenomenon in which a fluid flowing along a pipe suddenly meets a wide 

space, and the frequency below a certain cutoff frequency passes, and the 

frequency above it is weakened [12,13]. That is, the fluid passing through the 

tangential inlet meets the gap, which is a suddenly enlarged space, and only the 

low frequency passes. Therefore, the gap corresponds to a space suddenly 

enlarged, and the cutoff frequency decreases as the gap widens. This 

phenomenon can be also confirmed through the spray image shown in Fig. 3.12. 

In the case of a larger gain, a single layer appears, however, it is not apparent 

when the gain is smaller. As the gap thickness increases to 0.3, 0.5, and 0.7 mm, 

the frequency at which the monolayer appears is reduced to 800, 500, and 200 

Hz, respectively. In addition, the spray angle did not vary significantly as the 

gap thickness was thicker enough. Fusetti et al. analyzed that the flame angle is 

independent on the post thickness [14]. In the assumption that the flame angle 
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is dependent on the spray angle because the propellant droplet is burn and forms 

the flame, this result was following the result of the research by Fusetti. 

 

.  

Figure 3.12 Spray image varying gap thickness 

 

 

 

 

 

 

 

 

 

 



 

 

38 

3.4 Existence of gas flow 

 

In previous research on the coaxial injector with gas excitation, gain was 

shown to increase as the momentum flux ratio increases because the fluctuation 

of gas transfers to the liquid. Moreover, film thickness fluctuation increases 

because of the resonance effect with shear instability [7]. As in previous work, 

the present study strives to confirm the effect of resonance with shear instability 

by liquid excitation. The frequency of shear instability is determined by the 

velocity difference between the two fluids flowing in parallel. The relationship 

between the momentum flux ratio and the shear instability frequency varying 

the flow rate is given by Eq. 4 and shown in Fig. 3.13 [15].  

 

𝑓 =
1

𝐶

𝑢𝑐

𝛿
√

𝜌𝑔

𝜌𝑙
 ,  𝑐 = 35                   (3.3) 
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Figure 3.13 Shear instability frequency 

 

In the previous study on gas excitation, as the momentum flux ratio increased 

from one to two, the peak of the gain shifted from 200 Hz to 300 Hz on account 

of the resonance effect with shear instability [7]. In the case of the geometry of 

the injector used in this study, when the momentum flux ratio was one and two, 

the frequency of shear instability was 700 Hz and 900 Hz, respectively. It was 

expected that the resonance effect by the liquid excitation would appear at these 

frequencies.  
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Figure 3.14 Dynamic characteristics varying momentum flux ratio 

 

Fig. 3.14 shows the dynamic characteristics varying the momentum flux ratio. 

The gain increases as the momentum flux ratio increases because the thinner 

film becomes vulnerable to fluctuation and the gas momentum flux transfers to 

the liquid. The resonance effect with the shear instability, however, does not 

appear. This is because, as shown in the above results, the gain is negligibly 

small in the frequency range of the shear instability because of the excitation 

characteristic of the liquid, which the manifold pressure fluctuation could not 
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transmit to the film thickness fluctuation at the end of the injector orifice in a 

higher frequency.  
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Chapter 4. CONCLUSION 

 

To investigate the dynamic characteristics of the gas-centered swirl-coaxial 

injector, which is primarily used in a multi-stage combustion-cycle engine, the 

liquid perturbed by a mechanical pulsator was supplied. The influence of the 

geometric parameter on the dynamic characteristics of the injector was 

confirmed by varying the tangential inlet diameter and gap thickness. The effect 

of the gas flow on the dynamics characteristics was studied when the gas and 

liquid were simultaneously injected. 

As the tangential inlet diameter increased, the flow rate increased and the 

spray angle decreased because of decrease in the injector characteristic 

parameter. The gain generally decreased as the frequency increased in all 

tangential inlet sizes, and the gain decreased as the inlet diameter decreased. 

This was due to the manifold pressure fluctuation failing to pass through a 

smaller inlet. Additionally, the sufficiently small tangential inlet functioned as 

a damper. The gain significantly increases when the gap thickness was 

sufficiently small. This was because the liquid film thickness was more thinly 

formed because of the space constraint, and the thinner film was vulnerable to 
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excitation. Furthermore, the coaxial injector was more unstable than the 

simplex injector in a high-frequency region. However, a dynamic characteristic 

similar to the simplex injector was found when the gap was sufficiently thick. 

As the gap thickness played a role as a low pass filter, the frequency at which 

the gain decreased itself decreased as the gap thickness increased. From these 

results, it can be concluded that the tangential inlet diameter and the gap 

thickness were the main geometric factors suppressing the combustion 

instability.  

  As the momentum flux ratio of gas to liquid increased, the gain increased. 

This was due not only to the thinner film thickness, but also to the transmission 

of gas momentum flux to the liquid. However, the resonance effect with shear 

instability by the liquid excitation was determined because the manifold 

pressure fluctuation was damped in the high-frequency range by the geometric 

parameter such as the tangential inlet diameter and the gap thickness, and it did 

not transfer to the film thickness fluctuation.  
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초    록 

 

액체 로켓 엔진에서 연소불안정에 대한 연구는 연소 효율 저감과 

연소실 손실을 예방하는데 있어서 중요하다. 이러한 연소불안정을 

예방하기 위해 baffle 과 cavity 등과 같은 방법이 사용되고 있다. 

분사기는 로켓 엔진에서 섭동 흐름의 중간에 위치하고 있으며, 이 

때문에 분사기의 설계를 통해 연소불안정을 억제하는 연구가 

중요하다. 대한 다양한 연구가 이루어지고 있다. 많은 연구들이 

단일분사기에서의 액체 가진 연구에 초점이 맞추어져 있지만 실제 

액체 로켓 엔진에서 사용되는 분사기는 동축형 분사기이다. 이전의 

기체 중심 스월 동축형 분사기의 연구에서는, 기체 가진을 통해 

동특성과 분무 패턴을 분석하였다. 따라서, 기체 가진이 아닌 액체 

가진 상태에서의 동축형 분사기에 대한 연구가 필수적이다. 본 

연구에서는, 공기와 물을 사용하여 기체 중심 스월 동축형 

분사기에서 액체 추진제의 유동 교란에 대한 불안정성을 

조사하였다. 메카니컬 펄세이터를 사용하여 액체 유동의 교란을 

발생시켰으며, 분무각, 분열길이, Sauter mean diameter(SMD) 등과 같은 
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분무 특성에 영향을 주는 액막 두께의 변화를 분사기의 끝단에서 

전극을 사용하여 측정하였다. 분무 단층과 분무폭의 변화와 같은 

유량 섭동의 증거를 보여주는 분무 이미지는 DSLR 카메라와 

초고속 카메라로 획득하였다. 기체의 유동이 없는 상태에서 

접선방향 유입구 지름과 갭 두께를 변화시키며 기체 중심 동축형 

분사기의 동특성을 연구하였다. 또한, 실제 동축형 분사기의 상황을 

모사하기 위하여 기체와 액체를 동시에 분무한 상태에서 모멘텀 

플럭스 비를 변화시키며 분사기의 반응 특성을 파악하였다.  

 

 

주요어: 액체 로켓 엔진, 기체 중심 스월 동축형 분사기, 동특성, 

액체 가진 
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