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Pintle injector is an axisymmetric bipropellant-impinging injector, which has 

suitable characteristics for throttleable rocket engines. Especially, pintle 

injector was utilized in lunar module descent engine (LMDE) and Merlin 

engine for Falcon series launchers of Space X. Due to their favorable 

characteristics and reliable performance, interest for pintle injector has been 

recently renewed and grown rapidly. Many studies have focused on the 

correlation between spraying conditions and spray or combustion 
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characteristics for pintle injector. However, there is no previous study that 

focuses on the correlation between spray and combustion characteristics due to 

the difficulties in controlling each spray characteristics individually. 

This research proposes an alternative method to individually control two 

major spray characteristics; spray angle and droplet size. For control group, a 

400 N gas-liquid pintle injector for liquid oxygen and gas methane is designed 

and its spray characteristics are evaluated. In sequence, ‘reverse injection’ idea 

and its design are presented to increase spray angle while maintaining the 

droplet size, represented by the Sauter mean diameter (SMD). As an 

experimental group, the spray characteristics of the reverse injection tip are 

compared with the control group data. The spray characteristics of each group 

are evaluated through atmospheric cold flow tests using water and air as 

simulants for liquid oxygen and gas methane. Spray angle and SMD are 

measured using the shadow method, with appropriate optics and cameras. 

In this study, the reverse injection tips are designed to have identical reverse 

injection effect as the throttling level changes. The design was proposed to 

decouple two spray characteristics, spray angle and droplet size, and to enable 

the parametric study on the correlation between spray characteristics and 
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combustion characteristics. The ‘reverse injection’ functioned properly, 

increasing the spray angle of the injector as intended without changing the 

droplet size. Furthermore, empirical equation correlating the spray angle and 

reverse injection angle was obtained. 
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Chapter 1. Introduction 

 

1.1 Background 

 

Pintle injector is one kind of bipropellant impinging type injector, of which 

geometry is axisymmetric. One propellant is injected radially and the other 

horizontally, colliding with each other in near perpendicular angle as shown in 

Figure 1.1. In the mid 1950-s Jet Propulsion Laboratory (JPL) engineers first 

proposed the idea of pintle injector, applying it to hypergolic propellants. Pintle 

injector is known for several remarkable features. 

 

Figure 1.1. Typical slot type pintle injector schematic 

First, in the pintle injector, it is possible to adjust the injection area of both 
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propellants simultaneously as the mass flow rate changes, thus preserving the 

injection velocity while throttling. (Figure 1.1) In the throttling engine, 

maintaining the combustion efficiency throughout the throttling range is critical, 

which greatly depends on the atomization efficiency that is deeply correlated to 

the injection velocity. While the loss of injection velocity, thus decrease in 

combustion efficiency, is inevitable during deep throttling in other injector 

types, the pintle injector maintains high performance while adjusting its thrust 

down to 20%. [1] 

Secondly, only one pintle injector is used per each engine, while up to 

hundreds of them are needed for other injector types. This characteristic 

simplifies the engine design of pintle injector and requires much lower accuracy 

in manufacturing as the thrust level and size increases. The simplicity in design 

and manufacturing leads to the cost down and rapid development which is 

unique in rocket injector field. Since only a single pintle injector is applied to 

any size of a rocket engine, it is known that the design of the pintle injector has 

the scalable property, which means that sizing up or down simply leads to thrust 

change in geometric proportion. This property shortens the development cycle 

even more. [1] 
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Figure 1.2. Chamber flow pattern in typical liquid rocket engine (left)  

and pintle rocket engine (right) (energy release zone is marked red) [1] 

Thirdly, pintle injector has excellent combustion stability that there was no 

engine failure by combustion instability until now. Typical rocket engine has 

group of injectors which are carefully arranged on the injector head plate. Thus, 

normally rocket engine has quasi-one dimensional chamber flow pattern, 

having uniform and planar energy release zone across the combustion chamber, 

as represented in Figure 1.2. The planar energy release zone facilitates 

acoustically coupled combustion instability. However, the combustion chamber 

flow of pintle injector rocket engine includes two major recirculation zone, 

mantle and core recirculation zone (Figure 1.2). The recirculation zones forces 

the energy release zone to be radially-varying and canted down torus shape. 

The combustion flow is not in one direction but rather in form of much more 
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complicated, three dimensional flow, having different O/F ratio or temperature 

and pressure in cross section, thus prevents acoustic instabilities. [1] 

Though described characteristics of the pintle injector is favorable for many 

application, especially for vertical landing reusable rockets, the field was not 

studied much. Recently, some studies have focused in the correlation between 

spraying conditions and spray characteristics. Few research groups have studied 

the correlation between spraying conditions and combustion characteristics. 

However no study have revealed the relationship between spray characteristics 

and combustion characteristics, due to the difficulties to independently control 

each major spray characteristic. Therefore this thesis presents a possible 

breakthrough to separately control two major spray characteristics of the pintle 

injector; spray angle and droplet size represented by Sauter mean diameter 

(SMD). The proposed idea is ‘reverse injection’ which is achieved by minor 

geometrical change in the pintle tip. 
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1.2 Overview of previous works 

 

Despite of the numerous advantages, pintle injector is difficult to design and 

study academically due to its various design parameters and area changing 

mechanisms. Although limited, several research groups investigated the spray 

characteristics of the pintle injector by the cold flow test. Son, M. et al. designed 

and studied the correlation between spraying conditions and spray 

characteristics of the gas-liquid pintle injector for years. [2, 3] The authors 

targeted the several major spray characteristics in the injector field, including 

spray angle and SMD. For spraying conditions, various parameters were 

applied, such as non-dimensional parameters, e.g., total momentum ratio 

(TMR), Weber number (We) between two fluids and Reynolds number (Re). 

The TMR is defined as Eq. (1). 

 

TMR =
(�̇�𝑢)𝑟𝑎𝑑

(�̇�𝑢)𝑎𝑥𝑖
 (1) 

 

Yu, K. et al. revealed the transitional flow characteristics in the liquid flow 

passage for movable pintle injector. [4] The effect of geometrical change, such 
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as the pintle tip angle, was also studied. [5] Lastly, Son, M. et al. proposed a 

process to design gas-liquid pintle injector along with well-organized empirical 

correlations under a wide range of spraying conditions. [6] Figure 1.3 

represents the pintle injector designed by group including Son, M. and Yu, K. 

 

Figure 1.3. Pintle injector design schematic  

of Korea Aerospace University research group [6] 

 

Figure 1.4. Planar pintle injector combustor design schematic  

of the University of Tokyo research group [8] 
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Sakaki, K. et al. investigated liquid-liquid pintle injector’s combustion 

characteristics using liquid oxygen and ethanol in 2014. In this study, 

axisymmetric pintle injector was first simulated with planar model represented 

as Figure 1.4, close to the jet in cross flow shape. Experimental studies were 

performed for both planar and axisymmetric pintle injector, [7, 8] applying the 

CH chemiluminescence visualization method. Combustion instabilities and 

efficiency were measured and analyzed under parametric study about TMR, 

O/F ratio, and propellant injection velocity. [9 – 11] 

In a rocket engine, spraying condition, spray characteristics, and combustion 

characteristics are closely inter-correlated with each other. Injector’s spray 

characteristics are determined by spraying conditions and determine the 

combustion characteristics. In other words, spraying conditions affect 

combustion characteristics by changing spray characteristics. This procedure is 

well described in Figure 1.5. Rocket engine combustion characteristics are 

important especially in efficiency and instability perspective. At the same time 

they are intensely complicated phenomenon which cannot be fully determined 

by single spray characteristic, but the connection between them are still crucial 

and facing a lot of academic and practical demand. However in this era, only 
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vague academic results are published about pintle injector.  

 

Figure 1.5. Relationship and examples of spraying conditions,  

spray and combustion characteristics in rocket engine 

Most studies on pintle injector, including the previously mentioned, focused 

on several design variables or spraying conditions and its correlation with spray 

characteristics or combustion characteristics. However, no strict research 

approach exists to assess the relationship between spray and combustion 

characteristics in the pintle injector. This is because it is difficult to conduct a 

well-controlled experiment. For pintle injector, spray characteristics are 

interrelated and cannot be controlled independently within single geometric 

form. Consequently, it is unfeasible to separate the effect of each spray 

characteristic on the combustion characteristics. 

For example, Kazuki et al. obtained an experimental result that the c* 

efficiency of the axisymmetric combustor has negative correlation with the 
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TMR. [8] However, in the experiment the TMR is controlled by liquid oxygen 

injection velocity, the difficulties were stated that separating the effects of the 

TMR and the injection velocity on the result. Injection velocity typically affects 

the droplet size and TMR is the dominant factor of the spray angle, while both 

affected factors being crucial in combustion characteristics. The study 

concludes that TMR has a significant effect on c* efficiency but could not 

clarify whether it is due to the increase in spray angle or decrease in droplet 

size. 

Thus, how could the spray angle and SMD be separately investigated for 

their individual effects on combustion characteristics of pintle injector? This 

research aims to separate the changes of two universal spray characteristics, 

spray angle and SMD, selected as the representative value for droplet size, for 

gas-liquid pintle injector with identical O/F ratio and throttling level. As shown 

in [6], SMD is in positive linear relation with the spray angle and the pintle tip 

angle. The pintle tip angle shown as Figure 1.6 (b), defined in [6], deflects the 

radial injection flow downwards as it increases. The sensitivity analysis, which 

is based on the accumulated experimental data, shows that change in the pintle 

tip angle has no significant influence on SMD but strongly affects spray angle. 
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(a) Normal pintle tip 

 

(b) Pintle tip angle [4] 

 

(c) Reverse injection pintle tip 

Figure 1.6. Injector flow of (a) normal pintle tip, (b) pintle tip with pintle tip 

angle, and (c) pintle tip with reverse injection angle 
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Seeking possible solution to separately control spray angle and SMD, due to 

the lack of the relevant literature, another field of injection was also my interest. 

Kim, M. K. et al. have applied reversed injection in jet in cross-flow. [12] In 

the study, the injection angle were varied from 30 degrees to 150 degrees, 

affecting the break-up length, penetration length, and trajectory of the injected 

liquid flow. From the experiments, the reversed injection has been found to 

reduce SMD. 
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1.3 Objectives 

Inspired from two previous results, in this study, the idea of ‘reverse injection’ 

is proposed for pintle injector, which deflects the radial injection flow upward 

by ‘reverse injection angle,’ as shown in Figure 1.6 (c). The reverse injection is 

expected to increase the spray angle while preserving SMD, which is the 

opposite effect of the pintle tip angle. Two reverse injection tip with different 

reverse injection angle was designed, of which reverse injection angle is 

preserved throughout the throttling range. This study aims to evaluate the spray 

characteristics of the newly proposed ‘reverse’ pintle injector tip. 

The overall injector design is demonstrated first. Then, the spray 

characteristics for ‘normal’ pintle injector tip, in which the flow is injected 

radially, as shown in Fig. 1 (a), are measured to provide a control group data. 

Throughout the study, the control group data are shared from [13]. In sequence, 

the theoretical and numerical analysis for designing the ‘reverse’ pintle injector 

tip are presented. The design point is to maintain the reverse injection effect 

unchanged throughout the throttling range. Lastly, spray characteristics for the 

normal and reverse pintle tips are compared and analyzed whether the design 

goal is achieved. The underlying idea of reverse injection is leaving the TMR 
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almost unchanged, but increasing the spray angle by slightly changing the 

geometry in the pintle tip. Throughout the research, the pintle tip for the normal 

pintle injector is called ‘normal tip’ and for reverse pintle injector, ‘reverse tip.’  
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 Chapter 2. Experimental Apparatus and Methods 

 

2.1 Pintle injector design 

 

The design of the pintle injector is based on [14]. Pintle injector can be 

divided into hole or slot type by the shape of the orifice for the radially injected 

propellant. In this study, the pintle injector is designed for 400N gas methane – 

liquid oxygen rocket engine. Slot type is selected for its circumferential 

uniformity and designed as Figure 2.1 and Table 2.1. The mass flow rate is 

determined from NASA CEA code [15] results, such as c* or CF values, and so 

is the injection area at 100% throttling level, which is directly derived from the 

mass flow rate. The design data is identical with those of [13], since the pintle 

injector is joint-developed. Deep throttling down to 20% was achieved from the 

final design. 

 

Figure 2.1. Typical pintle injector design schematic [14] 
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Table 2.1.  Design details of the pintle injector 

 

The injector manifold is polycarbonate and the pintle tip is polyether ether 

ketone (PEEK), both are engineering level hardened plastics. However, pintle 

post is 3D printed with PA 12 (Polyamide) by multi-jet fusion (MJF) method. 

3D printing was adopted to enhance the geometric tolerance in the pintle 

injector for the axial symmetry of spraying. 3D printing the pintle post in axial 

direction, high perpendicularity and circularity were achieved. The designed 

pintle injector’s geometry is fixed except h, G and the pintle tip, which will be 

exchanged to the reverse tip.  

Thrust, N 400 

Chamber pressure, bar 10 

Pressure ratio 1000 

O/F ratio 3.44 

CF 1.9824 

c* 1874.5 

�̇�𝑜, g/s 83.40 

�̇�𝑓, g/s 24.24 

DP, mm 11 

DC, mm 55 

LS , mm 11 

h, mm 0.1 ~ 0.6 

G, mm 0.725 ~ 3.95 
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2.2 Reverse injection tip design 

 

The control group of this study is the normal tip, which shape is represented 

in Figure 1.6 (a). The experimental group of this study is the reverse injection 

tip, shortly just reverse tip, shown in Figure 1.6 (c). The detailed design is given 

in Figure 2.2. Red marked curvature in Figure 2.2 is the reverse injection slope, 

which is the key part for generating the reverse injection phenomenon. The 

curvature is consist of one arc and one slope, tangential with each other, 

however if the reverse injection slope angle becomes too big, another vertical 

line is added on the other end of the arc. 

 

 

Figure 2.2. The reverse pintle tip design in detail 
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The specific design of Figure 2.2 are determined through numerical analysis 

using commercial CFD software STAR-CCM+ Ver. 13.02. Eulerian multiphase 

flow model with volume of fraction (VOF) method was applied. To meet the 

objective of the study, reverse injection tip was designed to have identical 

reverse injection angle (𝜃) during throttling level, thus mass flow rate changes. 

From numerous trials, it was revealed that the reverse injection slope angle is 

the dominant factor to determine 𝜃, leading to the final design detail as shown 

in Table 2.2. The reverse injection angle is selected as the main experimental 

parameter and two types with different 𝜃 are designed and manufactured for 

the cold flow test, Type A and Type B each with 10 degrees and 20 degrees of 

𝜃. 

Table 2.2.  Design details of the reverse tip A and B 

Tip Type Normal Type A Type B 

𝜽 (deg) 0 10 20 

𝜽𝒅 (deg) - 17 45 

d (mm) - 1 

d* (mm) - 0.35 

r (mm) - 0.8 
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2.3 Experimental conditions 

 

For normal tip, and two reverse tips experimental conditions are given in 

Table 2.3. Each group is tested for three different mass flow rate which is 

distinguished also by different h, which changes the radial flow injection area, 

each with several G, which changes the axial injection area. TMR is also 

calculated and represented in Table 2. 3. In 20% throttling level, Case C through 

F are omitted from the analysis and results, since it showed poor atomization 

as Figure 2.3. 

 

Table 2.3.  Experimental cases and TMR for each case (normal tip) 

 

  

TMR 20% 60% 100% 

h 0.1 0.35 0.6 

Cases G    

A 0.986 0.153 0.042 0.025 

B 1.21 0.191 0.053 0.031 

C 1.835 - 0.085 0.050 

D 2.6 - 0.127 0.075 

E 3.3 - 0.170 0.100 

F 3.95 - 0.212 0.125 
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Figure 2.3 Typical spray image of the pintle tip  

in Case C ~ F of 20% throttling level 

 

It is recommended to select TMR value near unity for liquid-liquid pintle 

injector. [14] However this was not true for gas-liquid pintle injector. Cheng et 

al. showed through numerical and experimental analysis that liquid-liquid 

pintle injector has 120 degrees spray angle with TMR near unity, G of 1.05mm 

and h of 0.60mm. [16] In gas-liquid pintle injector, under 100% throttling level 

condition of which h is 0.6mm, G must be about 17mm to meet unity TMR 

spraying condition. This geometrical condition leads to near horizontal spray 

angle which is inappropriate. The gas-liquid pintle injector turned out to have 

spray angle of 140 degrees when TMR is about 0.125, with G of 3.950 mm, 

case F in Table 2.3. Since the recommended TMR value of liquid-liquid pintle 
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injector was based on its spray angle, the upper limit of the TMR for 

experimental cases for gas-liquid pintle injector in Table 2.3 are selected to have 

spray angle under 140 degrees. The lower limit of the TMR was determined 

from machining error limit of G and h. 

 

 

 

 

 

 

2.4 Cold flow test apparatus 

 

The spray characteristics are evaluated through cold flow test under 

atmospheric condition, using air and water as simulants for gas methane and 

liquid oxygen, respectively. A mass flow controller (MKP TSC-150, accuracy 

±0.2%) was used to control the volumetric flow rate of the air. A mass flow 

meter (KOMETER KTM-800, accuracy ±0.5%) was used to measure the real 

time volumetric flow rate of the water. The cold flow test rig is represented in 

Figure 2.4. 
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Figure 2.4. Cold flow test rig 

 

 

2.5 Measurement 

 

In this research, the spray angle and droplet size were measured from images 

obtained by the shadow method. 

 

2.5.1 Spray angle 

To measure the spray angle, the images were taken by a digital camera 

(Canon EOS 7D, 5184 x 3456) using 60 Hz stroboscope light (SUGAWARA 

MS-230DA). The apparatus emplacement is shown in Figure 2.5. 
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Figure 2.5. Spray angle measurement setup 

 

 

More than 50 photos were obtained for each case. The region of interest in 

each raw image was cut and averaged. Sequentially, following the image 

processing procedure shown in Figure 2.6, the averaged images are first 

binarized by a threshold, to detect a spraying area. At the edge of the spraying 

area, appropriate sample parts are selected and first-order approximated to 

obtain spray half angle from left and right sides. The selected sample parts are 

marked with a thick line in Figure 2.6 (c). Spray angle (α) is defined by the sum 

of the left and right spray half spray angle. 
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(a) Averaged spray image 

 

(b) Binarized image 

 

(c) Half spray angle calculated for each side 

Figure 2.6. Image processing procedure for spray angle calculation 

 

For each case, the length for liquid and gas flows to interact and converge 

are different. Calculating the spray angle for each case with an undifferentiated 
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standard was considered illogical; however, to compare the normal and reverse 

tips data, the same criterion was applied for both groups. 

 

2.5.2 Droplet size 

In this research, SMD was chosen as the representative value of the droplet 

size. The images were obtained by a high-speed camera (Photron FASTCAM 

SA5, 1024 x 1024), aided by long-distance microscope (LDM, LaVision QM1), 

using a 60 Hz or 125 Hz strobe light. The apparatus for high-speed imaging is 

shown in Fig. 2.7. The spatial resolution for these experiments was 4.67 

μm/pixel. 

 

 

Figure 2.7. Spray angle measurement setup 

 

More than 150 images were taken for each case and processed as shown in 
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Figure 2.8. Each original image (a) is binarized to (b), where several droplets 

are detected and judged from each dark bulk’s area and perimeter. Each 

candidate image’s judging constant M is calculated based on its area and 

perimeter by Eq. (2). Judging constant M indicates how close the droplet image 

is to a perfect circle (M=1). In this research, those of M larger than 0.7 were 

considered as true droplets, and marked with red rectangle in Figure 2.8 (c). 

Each droplet’s diameter was calculated based on each droplet’s area by Eq. (3). 

Finally, SMD for each case was calculated by Eq. (4). 

 

(a)   (b)   (c) 

Figure 2.8. Image processing procedure for SMD measurement 

 

𝑀 =  
4𝜋𝐴

𝑃2
 (2) 

𝐷 =  1000√
4𝐴

𝜋
 (3) 
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SMD =  
∑ 𝐷𝑖

3

∑ 𝐷𝑖
2  (4) 

Droplet size is a highly sensitive characteristic and it is also affected greatly 

by the measuring position. In this research, SMD was measured at the right 

edge of the spray, 20 mm axially away from the end of the pintle tip, as shown 

in Fig. 2.9. The region of interest was approximately 4.78 mm by 4.78 mm 

square captured in 1024 pixels for each edge. 

 

 

Figure 2.9. SMD measuring point (region of interest) 
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 Chapter 3. Results and Discussion 

 

3.1 Normal tip results 

 

Figure 3.1 and Figure 3.2 represent the spray angle and SMD of the pintle 

injector with normal tip by each throttling level. Figure 3.1 shows that the spray 

angle has positive correlation with TMR, while it seems to have an upper limit. 

This is because the maximum spray angle of the normal tip cannot exceed 180 

degrees. Since TMR has positive correlation with G, from Eq. (1), it can be 

stated that spray angle has positive correlation with G. 

 

 

Figure 3.1. TMR – spray angle of normal tip 



 

 

28 

Figure 3.2 represents positive correlation between spray angle and SMD. 

Also, in low throttling level, SMD was bigger compared to other throttling 

levels for same spray angle. Since spray angle was in positive correlation with 

G, it can be also stated that SMD has positive correlation with G. The normal 

tip cold flow test data in Figure 3.1 is shared with [13], in form of raw images. 

The spray angle was evaluated through different mechanism, thus having 

different value, however the SMD data is identical since the processed data 

itself is shared. 

 

 

Figure 3.2 Spray angle – SMD of normal tip 
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3.2 Reverse injection effect 

 

The revere tips designed in this study were first simulated with multiphase 

flow CFD to predict its reverse injection angle (𝜃 ). Since 𝜃  is the main 

parameter of this study, it should be verified through measurement. Figure 3.3 

represents the radial liquid flow and axial gas flow of the reverse tip. 

 

 

Figure 3.3. Reverse injection flow diagram 

 

The reverse injection angle can be measured by the images of spray with 

radial flow only. Figure 3.4 shows the spray images of type A and B reverse tip 

without axial air flow. In real, the water droplets exists in the backgrounds, 
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however it is omitted in order to clarify the reverse injection image. Figure 3.5 

describes the reverse injection angle measurement method. 

 

   

(a) Type A                    (b) Type B 

 Figure 3.4. Reverse injection spray image of  

type A and B reverse tip with different throttling level 

 

 

Figure 3.5. Reverse injection angle measurement  

(with radial flow only) 
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Type A reverse tip was designed to have 10 degrees of reverse injection angle 

while type B reverse tip was designed to have 20 degrees of reverse injection 

angle. The reverse injection angle of each type was measured from 20% to 100% 

throttling level and represented in Figure 3.6. The reverse injection angle of 

type A was 10.79 degrees in average while type B was 20.90 degrees, which 

are close enough to the design point. There were slight change in 𝜃  as 

throttling level changes, however it was negligible in both types. As the normal 

tip can be assumed as reverse tip with zero reverse injection angle, therefore 

the main parameter 𝜃 can be represented as Table 3.1. 

 

Figure 3.6. Reverse injection angle of each reverse tip type 

throughout 20% ~ 100% throttling level 
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Table 3.1. Reverse injection angle average of each tip type 

Tip type Normal Type A Type B 

𝜃 (deg) 0 10.79 20.90 
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3.3 Physical analysis of the reverse injection 

 

Table 2.3 represents the experimental conditions of the cold flow tests, while 

it only includes the TMR of the normal tip. The reverse tip has different physical 

environment, thus need alternative non-dimensional variable. In this study, new 

non-dimensional variable for reverse tip is defined as Eq. (5), named as rTMR. 

The derivation of rTMR is shown below, along with annotations of Figure 3.3. 

Since the mass flow rate of the radial flow is equal in both normal and reverse 

tip, the radial injection velocity of the liquid is given as follows. 

 

𝑢𝑟,𝑟𝑎𝑑  =  
�̇�

2𝜋 ∙ 𝐷𝑃 ∙ 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 ∙ ℎ𝑟
=  

ℎ ∙ 𝑢𝑛,𝑟𝑎𝑑

ℎ ∙ 𝑐𝑜𝑠𝜃
 =  

𝑢𝑛,𝑟𝑎𝑑

𝑐𝑜𝑠𝜃
 

 

Also, we assume that the reverse injection flow does not affects the axial 

flow in pintle injector. Thus: 

 

rTMR =  
𝑟𝑎𝑑𝑖𝑎𝑙 𝑓𝑙𝑜𝑤 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝑎𝑥𝑖𝑎𝑙 𝑓𝑙𝑜𝑤 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 (𝑎. 𝑓. 𝑚. )

        =  
𝑟𝑎𝑑𝑖𝑎𝑙 𝑓𝑙𝑜𝑤 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑

𝑎. 𝑓. 𝑚. 𝑜𝑓 𝑔𝑎𝑠 − 𝑎. 𝑓. 𝑚. 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑 
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         =  
(�̇�𝑢𝑟)𝑟𝑎𝑑 𝑐𝑜𝑠𝜃

(�̇�𝑢𝑟)𝑎𝑥𝑖 − (�̇�𝑢𝑟)𝑟𝑎𝑑𝑠𝑖𝑛𝜃

          =  
�̇�𝑟𝑎𝑑𝑢𝑛

𝑐𝑜𝑠𝜃
𝑐𝑜𝑠𝜃

(�̇�𝑢𝑛)𝑎𝑥𝑖 − (�̇�𝑢𝑛)𝑟𝑎𝑑
𝑠𝑖𝑛𝜃
𝑐𝑜𝑠𝜃

    rTMR =  
(�̇�𝑢)𝑛,𝑟𝑎𝑑

(�̇�𝑢)𝑛,𝑎𝑥𝑖 − (�̇�𝑢)𝑛,𝑟𝑎𝑑𝑡𝑎𝑛𝜃
(5)
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3.4 Reverse tip results  

 

3.4.1 Spray angle 

From Figure 3.7 to Figure 3.9 represent TMR – spray angle relationship of 

the reverse tip of each throttling level, along with the normal tip data. The 

legend of each figure is represented in Figure 3.7 altogether for simplicity. 

Since TMR is not greatly altered by reverse injection, rTMR of the reverse tips 

are slightly bigger than TMR of the normal tip.  

 

 

Figure 3.7. TMR – spray angle of reverse and normal tip  

(20% throttling level) 
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Figure 3.8. TMR – spray angle of reverse and normal tip  

(60% throttling level) 

 

 

 

Figure 3.9. TMR – spray angle of reverse and normal tip  

(100% throttling level) 



 

 

37 

Comparing each plot, it is clear that the reverse tip has similar characteristics 

with the normal tip in TMR – spray angle relationship. The limitation of the 

spray angle becomes higher as 𝜃 increases, but exists. Spray angle has positive 

correlation with TMR and G, just like the normal tip. The data points are like if 

they were moved upward in parallel. The fact that the spray angle 

characteristics of pintle injector is preserved irrespective of the pintle tip type, 

whether it is normal or not, implies that the geometrical change in the reverse 

tip is not crucial enough in atomization environment of the pintle injector. 

Figure 3.9 represents the spray angle data of the normal tip and reverse tip 

type A and B in 100% throttling level. It is clearly shown that the reverse 

injection were invalid in some cases, such regions are marked with red dashed 

oval. For type A reverse tip, case A and B corresponds to this phenomenon, 

while for type B reverse tip, case A, B, and C corresponds. The effective zone 

for reverse injection seems to decrease as the reverse injection angle and 

throttling level increases. 

The spray angle change of each reverse type are quantitatively evaluated in 

Figure 3.10. Leaving out the data points where the reverse injection did not 

occur, the average change of spray angle (∆𝛼) was about the reverse injection 
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angle, 𝜃. Considering the fact that reverse injection is applied to both left and 

right side of the injector spray angle, it can be stated that the reverse injection 

angle increasing effect on the spray angle is about half of itself. The empirical 

equation of the reverse injection can be obtained in form of Eq. (6).  

 

 

Figure 3.10. Spray angle change between normal and reverse tip 

represented by TMR 

 

∆𝛼 ≈ 𝜃 (6) 

 



 

 

39 

3.4.2 Droplet size, SMD 

The relationship between spray angle and SMD of the reverse tips are 

represented through Figure 3.11, 3.12, and 3.13, each stands for 20%, 60%, and 

100% throttling level. Normal tip data is also represented together for 

comparison. The legend of each figure is represented in Figure 3.11 altogether 

for simplicity. 

 

 

Figure 3.11. Spray angle - SMD of reverse and normal tip  

(20% throttling level) 
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Figure 3.12. Spray angle - SMD of reverse and normal tip  

(60% throttling level) 

 

 

 

Figure 3.13. Spray angle - SMD of reverse and normal tip  

(100% throttling level) 
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Comparing each plot, it is clear that the reverse tip has similar characteristics 

with the normal tip in spray angle – SMD relationship. SMD of each cases with 

different tip types are similar, while spray angle clearly varies by about 10 

degrees or 20 degrees. SMD has positive correlation with spray angle and G, 

just like the normal tip. The data points are like if they are drifted to the right 

direction in parallel. The fact that the SMD values of pintle injector is 

unchanged irrespective of the pintle tip type, whether it is normal or not, 

strongly implies that the geometrical change in the reverse tip does not change 

the atomization physics or mechanism of the pintle injector, which is originally 

impinging injector. 

 

 

3.5 Value of the study 

 

3.5.1 Enabling spray characteristic parametric study on combustion 

characteristics 

Comparing the relationship between spray angle and SMD of reverse tips 

and that of the normal tip, it is clear that the reverse injection design functions 

as it was designed for; increasing the spray angle while preserving the droplet 
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size of the pintle injector. Applying the reverse injection structure, it is now 

possible to run a parametric study about the effect of spray angle or droplet size 

on the combustion characteristics.  

 

 

Figure 3.14. Example of parametric study using reverse injection 

 

For example, suppose we have combustion characteristic data at point α 

and α′, represented in Figure 3.14. Figure 3.14 is some part of the Figure 3.13, 

SMD – spray angle correlation at 100% throttling level. Point α and α′ may 
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have some difference in combustion characteristics, however researcher might 

be unable to find the main cause of such differences, since both points have 

differences in more than one spray characteristic. Applying reverse injection in 

point α, point β is obtained, of which spray angle is different with point α, 

while SMD is same. Meanwhile point β has same spray angle and different 

SMD with point α′. If the researcher conduct an additional test to acquire the 

combustion characteristics of point β, he or she might be able to analyze which 

spray characteristic affects the specific combustion characteristic through 

parametric study. Figure 3.15 is an additional graphical description for point α, 

α′ , and β  – blue arrow represents the radial liquid flow while red arrow 

represents the axial gas flow.  

 

 

(α) Normal injection  (α') Normal injection 2  (β) Reverse injection 

Figure 3.15. Graphical aid for point α, α′, and β in Figure 3.14 

 



 

 

44 

3.5.2 Providing a shortcut for injector design correction 

Designing process of any injector is quite simple but complicated to achieve 

good performance, and even more difficult if any one attempts to correct the 

existing design for any purpose. Though not every spray characteristics change 

caused by the reverse injection is evaluated through this study, since spray angle 

and droplet size are two major and the most often used spray characteristics, it 

is valid to state that most of the spray characteristics changes by applying 

reverse injection can be predicted quantitatively. If any pintle injector’s spray 

angle – SMD data plots are known, it is relatively easy to provide a pintle 

injector which has bigger or smaller spray angle by applying reverse tip or 

pintle tip angle. It was unclear which design parameter should be modified to 

attain such spray characteristics before, but now we have a shortcut. 
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Chapter 4. Conclusion 

 

The goal of the study was to find a possible solution to separately control two 

major spray characteristics of the pintle injector – spray angle and SMD. For 

experiment, gas methane/liquid oxygen pintle injector for 400N class rocket 

engine was designed and manufactured. Reverse tip idea was proposed and two 

types of reverse tip were tested and compared with the normal tip through cold 

flow test and shadow method. The reverse injection did not change the basic 

spray characteristics of the pintle injector but increased the spray angle only by 

specific amount. Empirical equation between spray angle change and reverse 

injection angle was obtained. Though SMD was preserved in the most case of 

reverse injection, there existed some non-reverse injection cases where no spray 

angle increase happened. The non-reverse injection region seems to expand 

with the throttling level and reverse injection angle.  

From cold flow test results, it was proven that the reverse injection well 

function as intended. The reverse injection have opened new possibility of 

spray characteristics parametric study on combustion characteristics. 
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Furthermore, together with pintle tip angle, the reverse injection can provide an 

easy way to modify the pintle injector freely to meet any desired design 

conditions on spray angle and SMD.  
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초    록 

 

핀틀 분사기는 축대칭 형상의 이원 추진제 충돌형 분사기의 

일종으로, 가변추력 로켓 엔진에 적합한 특성을 갖고 있습니다. 

특히 핀틀 분사기는 Space X의 Falcon 계열 발사체에 사용된 Merlin 

엔진이나 미국 달착륙선의 착륙용 엔진 등에 사용되었습니다. 핀틀 

분사기는 높은 신뢰도와 매력적인 장점들에 힘입어 최근 많은 

관심을 받고 있습니다. 많은 연구들이 핀틀 분사기의 분무 조건과 

분무 또는 연소 특성에 초점을 맞춰 진행되었습니다. 그러나 분무 

특성과 연소 특성 사이의 관계에 대한 연구는 일찍이 이루어지지 

않았습니다. 이는 각각의 분무 특성들을 독립적으로 조절하는 것이 

쉽지 않기 때문입니다.  

본 연구에서는 가장 널리 사용되는 두 가지 대표적인 분무특성인 

분무각과 액적 크기를 독립적으로 조절하기 위한 대안을 모색하는 

것을 목표로 했습니다. 400N 급의 GCH4/LOX 로켓 엔진에 사용되는 

일반적인 핀틀 분사기(평분사)를 대조군으로 삼아 그 분무 특성을 
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수류시험을 통해 정량적으로 파악했습니다. 이어서 역분사 개념과 

역분사 핀틀 팁의 설계가 제안되었고, 실험군으로서 서로 다른 

역분사 각도를 갖는 두 개의 역분사 핀틀 팁이 제작되어 대조군과 

동일한 방식으로 그 분무 특성이 평가되었습니다. 분무 특성 평가는 

그림자 기법으로부터 얻은 사진을 활용했으며, 액적 크기는 

대표값으로 Sauter Mean Diameter (SMD)를 택하여 사용했습니다. 

수류시험에서는 기체메탄을 공기로, 액체산소를 물로 모사하여 

진행했습니다. 

본 연구에서는 특히 역분사 핀틀 팁이 추력이 변화함에 따라서 

그 역분사 각도가 일정하게 유지될 수 있도록 설계 되었습니다. 

실험 결과, 역분사 핀틀팁은 애초에 목표한 대로 오직 분무각만을 

증가시키며 액적 크기는 그대로 보존함을 알 수 있었습니다. 또한 

역분사 각도와 분무각 변화 사이의 경험식도 얻을 수 있었습니다. 

  

 

주요어: 핀틀 분사기, 역분사, 액적 크기, 추진, 로켓, 분무 특성, 

분무각, SMD 
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