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ABSTRACT
Spray Characteristics of a Pintle
Injector with Geometric Parameters

Suji Lee

Department of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

Recently, as interest in low-cost reusable launch vehicles has increased with the
micro-satellite market, soft-landing techniques have become important. A pintle
injector can help realize this because it is capable of thrust control. After being devised
by TRW, it has been developed and researched since the early 2000s. However,
published literature and information are limited and still lacks in the design of the
geometry. In particular, the pintle injector has many geometric parameters that affect
its performance, so research on these is essential.

This study examined the relationship between main geometric parameters and spray
characteristics. Since the spray characteristics of the pintle injector are closely related
to the combustion efficiency, it was analyzed through cold test. First of all, internal
flow passage design was carried out to evenly inject the fluids for small thruster with a

thrust ratio of 5:1. Various geometry cases were designed to maintain the axial



concentricity of the drive part, and optimal geometry condition was derived through
experiments and numerical analysis.

Afterwards, the effects of the gap distance (G), a factor related to the control of
annular flow’s orifice area, on the spray characteristics were investigated. When G
decreased at the same throttling level, the spray angle decreased because the
momentum of the annular flow became relatively large. When G was fixed, the spray
angle was almost constant even though the throttling level was changed. Droplet
diameter also had a proportional relationship with G. Through the relationship
between SMD and Weber number (We) and momentum flux ratio (), it was found
that pintle injector has two main atomization mechanisms. At the pintle tip, when the
radial and annular flows collided vertically, there was breakup of the liquid sheet due
to the difference in momentum, and additional breakup due to the shear force at the
interface of the two fluids. The experimental correlations for the spray angle and
SMD were obtained, and through this, the control range of G to maintain a specific
SMD in all thrust levels was derived.

Cold test was also performed on another important geometric factor, skip distance.
As the skip distance increased, the spray angle and SMD had a proportional
relationship. While annular flow moved along the pintle surface, the velocity
decreased due to the interaction between friction and the ambient air. Due to this, the

momentum loss rate increased and such a tendency appeared. Change rate in the spray



characteristics due to the skip distance became larger under the low thrust level, and
showed the maximum change especially under the throttling level of 20%. In order to
analyze these trends in more detail, numerical analysis of the axial direction velocity
of the annular flow near the pintle surface was carried out. In all throttling levels,
developed region with a similar velocity profile was observed after a potential core
where the velocity remained constant from the orifice exit to a certain distance. In
particular, it was found that the potential core region was the shortest and the velocity
decay rate was the highest under the throttling level of 20%. As a result, the change
rate of the spray angle and SMD seemed to be largest at the throttling level of 20%.
Through the decay rate of velocity according to the skip distance, variation rates of the
spray angle and SMD were obtained. Finally, from the design perspective,
appropriate skip distance was proposed in consideration of the standard deviation
between each throttling level.

From this study, databases on the important geometric parameters were obtained.
These results are expected to help understand the relationship between the skip
distance and spray characteristics. In addition, it can be used to design a thrust control
system to improve the spray efficiency as a reference for setting the orifice area
control range of annular flow. In the future, the presented findings may provide

guidance for the design of effective injectors to be used in throttleable engines.
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CHAPTER 1
INTRODUCTION

With the recent growth of the private space rocket market, price competitiveness
has become an important requirement for commercial launch services. Consequently,
interest in developing reusable launch vehicles has quickly increased in countries
around the world. Planetary exploration for future energy sources has also attracted
attention. Soft landing technology is a key factor in reusable launchers and extrasolar
planet exploration. A throttleable rocket engine is an important technology that can
help accomplish this mission, so extensive research is required.

There are several ways to control thrust, including changing the propellant’s type or
composition and adjusting the area of the nozzle throat or nozzle exit. However, these
approaches are difficult to control due to physical limitations and high heat flux
concentrated in the nozzle throat. In contrast, controlling the propellant mass flow rate
is regarded as the simplest method. The relationship between rocket thrust and

propellant flow rate is defined by Eqg. (1):

F=mV,+A4,(P, —P,) (1.1)

where F, m, V,, A., P,, and P, are rocket thrust, propellant mass flow rate,

nozzle exit velocity, exit area, exit pressure, and free stream pressure, respectively.



There are various ways to adjust mass flow rate, such as controlling differential
pressure or using a dual manifold, but the area control method is considered to be the
most promising [1].

A pintle injector is a representative area control method. The pintle injector is
capable of maintaining high performance during deep throttling process through a
drive part that moves along the combustion chamber axis and flow control valve.
Through this mechanism, TRW made it possible to optimize each function by
separating the propellant injection function and the propellant flow control function as
shown in Fig. 1.1. MIRA-150A, a TRW binary propellant rocket engine, also used this
mechanism. The injector’s moving part and the flow control valve were mechanically

linked to fulfill the desired throttling level [2-6].

Orifice area control part  Propellant flow control part

Flow control valves

[~Throttle valve actuator

_ Fuel in

: ‘ 7 Oxidizer in

. gl oo l & Combustion ;
Adjusting orifice sleeve \ chamber i
N\ 78
Fixed pintle R\ /3

Fig. 1.1 Supply system diagram of Apollo lunar descent engine [6]
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Compared to the fixed area type injectors, the thrust control method of the pintle
injector has the following difference. In the case of the fixed area type, when the
propellant mass flow rate is lowered by the flow control valve for thrust down, the
velocity (V) and the pressure drop (AP) are decreased with the mass flow rate (i) as
shown in Egs. (1.2) and (1.3). This may lead to poor spray efficiency and combustion
stability, resulting in poor engine performance in low thrust level. On the other hand,
the pintle injector can compensate for the decrease in V and AP by adjusting the
orifice area (A) through the moving part. High spray efficiency and combustion
stability can be achieved, thereby restoring the engine performance. Therefore, the

pintle injector is effective for deep throttling.

1 = pVA (1.2)
V=C(, ZAT” (1.3)

Oxidizer
Fuel

Annular
flow

ajjuld

N

A
Radial *s
flow

Jaquieyd uonsnquio)

Fig. 1.2 Concept of pintle injector



In the Fig. 1.2, fuel is injected in the axial direction of the combustion chamber in
the form of annular flow along the injector’s outer wall. The oxidizer flows into the
pintle injector and forms a thin sheet in the radial direction through the gap between
the pintle and the sleeve. Propellants injected in the axial and radial directions collide
with each other at the end of the pintle, allowing mixing and atomization to proceed.

This pintle injector has several characteristics. First, it can control the thrust and has
consistent high performance over a wide thrust range. Second, only one pintle injector
is required regardless of thrust, which can have a large range. For swirl or jet injectors
typically used in liquid rocket engines, multiple injectors are mounted on one plate
(Fig. 1.3). Consequently, cost and weight can be reduced because of this feature
compared to conventional injectors. The third characteristic is combustion stability, as
the pintle injector has recirculation zones around the injector. Because the
recirculation zone at the center of the combustion chamber acts as a deflector and
mixer for unburned droplets, it has a positive effect on combustion stability and

performance [7, 8].

(a) (b)



The pintle injector concept originated in Caltech's Jet Propulsion Laboratory in the
mid-1950s, and it was applied to the Apollo lunar descent engine (LMDE) in the
1960s [9]. Since the early 2000s, pintle injector research has been carried out in
industry and academia. SpaceX applied the pintle injector used in the LMDE to the
Merlin engine to develop a reusable vehicle to reduce launch costs [10]. Northrop
Grumman developed a TR202 prototype engine aimed at developing a variable thrust
rocket engine for future NASA take-offs and landings. The combustion characteristics
were observed through a 10:1 throttling level combustion test [11].

At Purdue University, a pintle injector for non-toxic bipropellants was developed
and a combustion test was performed. Several parameters related to the pintle injector
design were chosen to investigate how they affect combustion characteristics. In
addition, as part of NASA’s Morpheus project, a pintle injector for LOX/LCH4 engine
of a lunar lander was assembled and combustion tests were completed [12, 13]. At
Minas Gerais Federal University in Brazil, various combinations were used to
determine injection patterns of radial and annular flows, and the basic spray
conditions of a prototype injector for a 1 kN engine [14]. In Germany, effects of pintle
injector geometry on combustion and heat load were investigated. Four different
pintle injector configurations were fabricated and evaluated for performance [15]. At
the Indian Institute of Space Science and Technology, instability growth rate and

droplet size were observed when radial and annular flows collided at different



momentum ratios [16]. At the University of Tokyo, a combustion chamber applied a
pintle injector, and the flame structure and combustion characteristics based on
momentum ratios were identified [17, 18]. At China’s National University of Defense
Technology, a numerical analysis was performed to investigate effects of pintle
injector geometry on the combustion chamber’s internal combustion field. Specifically,
combustion characteristics based on characteristic length, pintle opening distance, and
pintle length were observed [19]. In Korea, at Chungnam National University, spray
patterns and combustion performance were observed for various canted slit type pintle
injectors [20-22]. Finally, at Korea Aerospace University, spray characteristics under
various conditions were analyzed. In addition, recirculation zone and spray breakup
simulations were carried out using a Lagrangian approach to numerical analysis [23-
25].

Although some recent research has been conducted on pintle injectors many
questions and limitations remain. The pintle injector has several geometric parameters
that affect performance. However, compared to conventional injectors used in liquid
rocket engines, there is very little research on the effects of theses parameters and little
core information accessible within the published literature. In particular, there is a lack
of research on the relationship between the geometric parameters and spray
characteristics. Because the atomization efficiency of a pintle injector is related to the

combustion characteristics and affects combustion performance [26], it is essential to



analyze the spray characteristics. Therefore, more researches are required to improve
the efficiency of the pintle injector.

In this study, the effects of geometric parameters on spray characteristics were
analyzed for a 400 N class small thruster to obtain databases for optimal pintle injector
design. In Chapter 2, a new design was performed to improve the uniformity of radial
and annular flows of liquid/gas pintle injector. Experimental methods used to figure
out the effects of geometric parameters were introduced in Chapter 3. In Chapter 4,
the primary focus was the optimal orifice area control range of the annular flow. For
this, a gap distance was changed, and the correlation with the spray characteristics was
investigated. In Chapter 5, a skip distance associated with the moving distance of the
annular flow along the pintle surface was focused. Spray characteristics were

observed with the change of the skip distance.



CHAPTER 2
DESIGN OF PINTLE INJECTOR

2.1 Specifications and Basic Parameters
Table 2.1 Specifications of a 400 N thruster

Chamber Pressure (MPa) 1
Vacuum Thrust (N) 400
O/F 344
Chamber Diameter (mm) 54
Throttling Level (%) 20to0 100
Mass Flow Rate of Liquid Oxygen (g/s) 83.4
Mass Flow Rate of Methane (g/s) 24.24

The target engine of the pintle injector is a 400 N class small thruster that uses LOX
and GCH4. Table 2.1 shows the specifications. The oxygen to fuel mass flow rate
ratio (O/F) was set to 3.44, which is typical for a methane engine. Radial flow and
annular flow were set as liquid oxygen and gaseous methane, respectively. The
chamber diameter was calculated using Eg. (2.1), related to engine performance

factors:

D.= [|* 2.1)




where D., q, C*, Cr, and P, are combustion chamber diameter, relative flow
intensity, characteristic velocity, thrust coefficient, and combustion chamber pressure,
respectively. C* (associated with combustion efficiency) and Cr (associated with
nozzle efficiency) were obtained using NASA CEA code [27]. The throttling level

was set to 20-100%, to achieve 5:1 deep throttling.

Combustion chamber

L, ‘ H

G Annular flow ‘ D./2
—_—

Radial flow4T \ lgpfz
N , A\

Fig. 2.1 Combustor of the pintle injector [28]

Fig. 2.1 shows several parameters that can determine pintle injector geometry; there
were three main design factors, with the first being the ratio of chamber to pintle
diameters (D./D,). The diameter of the pintle injector was set at 11 mm, based on the
recommended ratio of diameters 3 to 5 [28]. The second factor was skip distance,
defined as the ratio of distance (until the annular flow first collides with the radial
flow) to pintle diameter (Lg/D,); its recommended value is 1. Previous numerical
results showed that combustion efficiency decreased when skip distance was greater

or less than 1. When the skip distance equaled 1, combustion efficiency was the

M E ) 8k
I . I .



highest [19]. Therefore, the default skip distance was setto 1, and L, was determined
to be 11 mm to the pintle diameter. The third parameter was the blockage factor (BF),
defined as the ratio of the circumferential length of the holes or slot at the end of the
pintle to the pintle circumference. BF is presented using Eq. (2.2), and the meaning

of each parameter is shown in Fig. 2.2 [28, 29].

BF = (NyD,)/mD, 2.2)

where Ny and D, are number of total holes/slot and circumferential length of

each hole, respectively.

<«<— Dy —>

Fig. 2.2 Multi-hole type pintle geometry [29]

When BF was less than 1 (i.e., the circumferential length of the holes is smaller
than pintle circumference) there were regions where annular and radial flow did not

collide. This causes a reduction in mixing efficiency. In the previous study, it was

10



confirmed that when the rectangular holes or canted slit were arranged at the pintle tip,
the annular flow which did not collide with radial flow straightened in the axial
direction of the combustion chamber. Also, as BF became smaller, the characteristic
velocity efficiency decreased. This may be due to the reduced mixing area of the
propellant, resulting in decreased mixing efficiency [20, 31, 32]. Therefore, the shape
of the pintle injector associated with BF was focused on.

The pintle geometry known to date can be divided into two types as shown in Fig.
2.3. Figure 2.3 (a) and (b) differ in the injection method of the radial flow flowing into
the pintle injector. Fig. 2.3 (a) is called the continuous slit type. This type has a
structure in which the inner pintle flow path and the pintle outer wall are
independently separated. Therefore, as in section A-A, the radial flow is ideally
uniformly sprayed on all circumferences of the pintle and forms a thin liquid sheet. In
this case, since BF is 1, all the propellants participate in the mixing. This has the
most uniform spray pattern, but spray asymmetry can occur due to mechanical errors.
The main reason for this was the maintenance of concentricity of the pintle rod. As the
pintle rod moved up and down, the orifice size of the pintle was adjusted. In the case
of this geometry, the pintle rod is mounted inside the passage of the radial flow, so the
radial flow may have affected concentric maintenance. In addition, if such a
concentricity maintenance problem occurs, it will adversely affect the radial flow so

that it does not spray evenly on the circumference of the pintle.

11
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_—— Radial flow
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Section A-A
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Annularflow ‘\\.. _/,",

— LU D.Er.—lR.aF* al flow

Section B-B
(b)

Fig. 2.3 Two types of pintle injectors (a) continuous slit type and (b) multi-hole type

The second type is the multi-hole type shown in Fig. 2.3 (b). This was mentioned
earlier when BF was explained. The holes are arranged at the end of the pintle, and
the radial flow is injected into the combustion chamber through these holes. The spray
pattern of radial flow is like jet spray as shown in section B-B. This type has the
advantage for adjusting the area of the orifice size. However, since BF is less than
one, the spray quality is impaired. To solve this problem, the holes arranged in two

A&t ek
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rows or a canted slit was introduced. These geometries showed better mixing
efficiency at fixed orifice size [22, 31]. But, this problem may occur again when the

orifice area is reduced under low thrust conditions.

2.2 Design of Radial Flow Passage

To obtain a uniform spray pattern, a continuous slit type was adopted. To solve the
main problem of this type, concentric maintenance, a new concept was applied. In the
previous geometry, there was problem in which the radial flow and the pintle rod
influenced each other. Therefore, a new design concept was devised to separate the
radial flow passage and the pintle rod independently. To achieve this, a pintle injector
with multiple inlet holes was designed. This is a structure in which the radial flow is
supplied into the holes and spreads on whole circumference at the outlet. With this, it
can separate the pintle rod so that the concentricity can be kept constant at all
throttling levels.

Now the important thing was how to design the arrangement of the inlet holes and
the flow path inside the pintle. In order to obtain the optimum geometry, three
configurations of pintle injector with this concept were designed as shown in Fig. 2.4.
In all three cases, the total area of the inlet holes was equal to 6.158 mm? using the
discharge coefficient equation. Only the number of holes was different. The number of

holes could be up to 8 due to manufacturing limit. Considering this, the number of

13



holes of case 1 and case 2 were designed as 4 and 8 respectively, to identify the impact
of the number of holes. Case 3 had 8 inlet holes, as in case 2, and there was cylinder

passage after a specific length.

Inlet hale Pintle rod region
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Fig. 2.4 Three configurations for radial flow passage

The front shape of the inlet hole was considered to minimize the pressure drop.
Yang et al. [33] defined &;,, as a damping factor related to the pressure drop, which is
expressed by the ratio of the contraction angle (8) and the contraction length (;,,) in
Fig. 2.5. The point where &;,, became the minimum was 50° and 0.84 mm for 8
and [;,, respectively. However, in the case of £, it was designed at 45° in

consideration of manufacturing processability.
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Iin

Fig. 2.5 Shape of contraction inlet hole

To check the uniformity of the radial flow for each configuration, spray tests were
performed at 100% throttling level condition. Fig. 2.6 shows the spray patterns for
each injector case. As considered during the design step, the radial flow spread in all
directions. So, BF achieved 1 for all types. However, in case 1 and case 2,
concentrated flow was observed between the holes. In the case 1, there were 4 holes,
so 4 concentrated flows were observed. In the case 2, more concentrated flows were
observed than in case 1. When the concentrated flows occurred, the momentum was
relatively strong in the region. They did not form a specific spray angle after collision
with the annular flow and were scattered to the side. In case of 8 holes, the amount of
scattered droplets was lower than in the case of 4 holes. This was because, when the
number of holes was increased under the same mass flow rate condition, the amount
of superimposed fluid between the holes was reduced. Therefore, it was confirmed

that a higher number of holes could be used to suppress the superimposed flow rate.
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Since the number of holes was limited in production, the maximum number was 8,
and then case 2 and case 3 were compared. High uniformity was observed in the case
3 under the same flow rate and number of holes. Unlike case 1 and 2, case 3
converged at a specific spray angle without the concentrated flow. Since the radial
flows passing through each hole were mixed in the cylinder region before exiting the

pintle outlet, a uniform distribution was formed.

Case 1 Case 3
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S‘?" st b j‘z" . ” .\\' “/ (_\, Hole region
€1 X
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Fig. 2.7 Radial flow patterns at pintle outlet section

To observe these spray patterns in detail, numerical analysis was carried out only
for the radial flow at the pintle outlet section. A commercial code STAR-CCM+
developed by SIEMENS was used for this. The geometry was three dimensional
domain of the pintle outlet region. The boundary conditions of inlet and outlet were

mass flow rate and atmospheric condition, respectively. Turbulence model was k-
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epsilon model. Internal flow pattern results at outlet section were like Fig. 2.7. In the
case 1, the fluid exiting the hole spread out in all directions, and it was superimposed
on the fluid flowing out of the other hole. This was consistent with the experimental
result. On the contrary, in the case 3, it was shown that the spray had a uniform
velocity field at the outlet. Thus, the case 3 was selected as the final geometry.

The detailed description of the case 3 geometry is as follows. To support the
concentricity of the pintle rod, a guide wall was enclosed around the pintle rod, shown
as red hatched lines in Fig. 2.8. This guide wall holds the pintle rod such that it does
not wobble inside the pintle. As previously mentioned, this guide wall also eliminates
the effects of the flow inside the pintle by independently separating the pintle rod from

the inner passage of the radial flow.

) Inlet hole for radial flow Cylinder region
Guide wall Outer wall

Hole region —

»|

\

Section A-A Section B-B

B
Annular flow (Gas)

Cylinder region —
Distribution of radial flow

Pintle rod |

= - = > Radial flow (Liquid)
T < e

Section C-C

Fig. 2.8 New concept for maintaining concentricity of a pintle rod (case 3)
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In the hole region, the areas between the holes serve to connect and support the
guide wall with the outer wall. The radial flow is initially supplied into the multiple
inlet holes, as shown in section A-A. It then passes through a cylinder region, as
shown in section B-B in Fig. 2.8, for mixing of the fluids passing through each inlet
hole. The cylinder region was placed before exiting the pintle outlet to form a uniform
distribution. After passing through the cylinder region, the radial flow is distributed

over the entire circumference of the pintle as shown in section C-C.

2.3 Design of Annular Flow Passage

Fig. 2.9 (a) shows the final geometry of the pintle injector. It consisted of a pintle
post (the core of the pintle injector, with inner geometry as shown in Fig. 2.8), three
manifolds to uniformly supply flows, pintle rod, and a micrometer head (Mitutoyo
MHN1-25MXN, resolution 0.001 mm) to adjust the radial flow’s orifice size. If the
geometry changed, each corresponding part could be independently replaced.

As with the radial flow, it was important to obtain a uniform pattern of the annular
flow. In particular, since the annular flow was supplied to one port located on the side
as in Fig. 2.9, manifold design was important to have even distribution at the outlet.
The parts related to this were the middle and down manifolds. However, the geometry

optimization of these two manifolds still had an imbalance at the outlet side.
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Fig. 2.9 Final geometry of the pintle injector (a) whole view and (b) section view
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The method to resolve this problem was to insert a distribution plate between the
two manifolds as shown in Fig. 2.9 (b). It was a thin Teflon plate with several holes,
which helped to distribute the flow uniformly with the sealing effect. This type of

plate was also used in previous study for uniform distribution of the propellant [14].

w/o distribution plate w/ distribution plate

Velocity: Magnitude (m/s)
0.00000 2.8000 5.6000 8.4000 11.200 14.000

Fig. 2.10 Annular flow patterns at outlet section

Fig. 2.10 shows the magnitude distribution of the annular flow velocity at the outlet
section with and without the distribution plate at throttling level of 20%. The code and
boundary conditions were the same as those used for radial flow pattern analysis.
Without the distribution plate, the annular flow inlet port side showed higher velocity
region. The average velocity difference between left and right in the center line was

about 40.89%. On the contrary, if there was the distribution plate, it could be seen that
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the outlet had a uniform distribution regardless of the location of inlet port. In this

case, the average velocity difference was about 0.37%.

(b)
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The experimentally obtained spray patterns with and without distribution plate are
shown in Fig. 2.11. This was done at throttling level of 20% and the difference
between the two cases was clearly visible. When there was no distribution plate, the
gas velocity in the region close to the inlet port was large, so the right spray angle was
narrower compared to the left. Table 2.2 shows the spray angle errors between left and
right compared to the right spray angle for both cases. Finally, in the subsequent

experiments, the geometry in Fig. 2.9 with the distribution plate was used.

Table 2.2 Index of uniformity

Half of Spray Angle
Case Error (%)
Left Right
Fig. 2.11 (a) 39.7 25.5 55.69
Fig. 2.11 (b) 34.4 36 4.44
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CHAPTER 3
EXPERIMENTAL METHODS AND SETUPS

3.1 Spray Imaging

Backlight photography was used to obtain the overall spray image. As shown in Fig.
3.1, this is a technique in which a light source and a digital camera face each other and
the pintle injector is placed in the middle. It has the advantage that the shape of the
spray can be made more prominent with backlight. In this study, stroboscope
(SUGAWARA MS-230DA model) with a flash duration of 6 us was used as the
backlight. To acquire spray images, a digital camera (Canon EOS 7D, 5184 x 3456
pixels, spatial resolution 47 um/pixel) and a lens (Canon EF 24-70 mm) were used.
The frozen image was obtained by setting the camera exposure time and the flash
frequency of the stroboscope the same.

For the cold test, water and air were used as simulants for LOX and GCH4,
respectively. There was a pressurized tank at the front of the feed line of each fluid,
which was controlled to supply fluid to the injector’s manifold. Liquid supply line was
equipped with mass flow meter (KOMETER KTM-800, accuracy +0.5%) for mass
flow rate monitoring and a needle valve as the flow control valve. Gas feed line was
equipped with a mass flow controller (MKP TSC-150, accuracy +0.2%) for flow

control between the gas supply system and the manifold.
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Fig. 3.1 Experimental setup for backlight photography

3.2 Droplet Size (SMD)

The droplet size is a key parameter related to spray performance and further affects
combustion efficiency. To observe the droplet size, an experimental apparatus was set
up as shown in Fig. 3.2. It consisted of CMOS high speed camera (Photron
FASTCAM SA5, 1024 x 1024 pixels), a long distance microscope (LaVision QM1)
with a magnification lens x2.0, and the stroboscope. The spatial resolution 4.59
um/pixel, and 200 images were taken per case. Droplet size was measured at a point

20 mm from the pintle tip in the axial direction to the outline of the spray field.
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Magnification lens x2.0
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High speed camera with microscope Stroboscope

Fig. 3.2 Droplet size measurement setup

Fig. 3.3 shows the image processing procedure used to measure droplet size. The
raw image taken by the camera was recorded in grayscale, and the optimal threshold
was calculated based on Otsu’s method. In the resulting binary image, droplets were
clearly visible apart from the background. The spray image contained background
errors such as dust on the detector. To eliminate these errors, a background image
taken without spraying was also binarized and then subtracted from the spray image.
In the last step, droplets in the image boundary were excluded. Non-circular droplets
were removed based on the ratio of a minor axis length to a major axis length. This
processing was performed for each image and the droplet size was obtained from a
total of 200 images for each case.

To analyze droplet size, the Sauter mean diameter (SMD) was used. The SMD,
also called Ds,, is expressed in Eq. (3.1) as a ratio of volume to surface, and is a

representative diameter that reflects evaporation rate and combustion reaction [34]:

Y N;-D}
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where N; and D; are the number of droplets and the middle diameter in size

range i, respectively.

Spray image ’ Spray image

(c) Exclusion of background error (d) Exclusion of in-boundary
& non-circular droplets

Background image Background image

(a) Grayscale images (b) Binary images

Fig. 3.3 Image processing for droplet size measurement

3.3 Spray Pattern

To analyze the degree of uniformity, the spray pattern perpendicular to the spray
direction was measured using the optical patternator. This technique has a high spatial
resolution and rapid characterization but can contain error sources such as multiple
scattering and signal attenuation [35]. Therefore error corrections were applied.

The experimental setup consisted of a high speed dual head laser (Photonics
Industries DM20-527DH) generating double pulses and a structured laser illumination
planar imaging (SLIPI) module producing a two modulated laser sheets, and high

speed camera with a lens (AF MICRO NIKKOR 105 mm) for detecting signals as
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shown in Fig. 3.4.

Dual Head LaSer

Hi N
9 Speeq Came
ra

Fig. 3.4 Optical patternator setup

The camera was positioned perpendicular to the laser and was tilted upward
because the spray cross section needs to be captured. In this position, a perspective
error may occur, which means that the spray cross section appears to be skewed rather
than the frontal view. To resolve this error, a calibration plate of LaVision was used to
correct the tilted image. Because the original geometry information of this calibration
plate was stored in LaVision’s SprayMaster software, the degree of the error from the
slanted plate image was identified through software post-processing. This calibration
information was applied to the distorted spray image obtained from the actual spray
test. In addition, when the camera was tilted, the lens plane was not parallel to the
spray cross section plane. There is a problem that the focus was not formed in the

entire field of view. In this case, the out-of-focused spray region has a blurring
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phenomenon and can’t obtain an accurate signal. This could be solved by inserting a
Scheimpflug adapter between the camera and the lens. In general, the camera and the
lens are fixed, but the angle of the lens can be changed independently by using this
adapter. When the lens angle is adjusted so that the spray plane and the sensor image
plane and the lens plane intersect at one point, called Scheimpflug intersection, a
focus can be formed on the entire tilted spray image [36]. In this study, LaVision’s
Scheimpflug adapter was used to obtain the lens angle at which the focus was formed
on the whole area of the spray cross section plane. The camera was set to double
frame to accept the double pulses from the laser, /5.6, image rate of 3 kHz, and 300
images were obtained for each condition.

The structured laser illumination planar imaging (SLIPI) module is an optical
device that eliminates multiple scattering in dense sprays. This uses a grating to
illuminate a sinusoidal pattern on the laser sheet. So the modulated laser sheet is
emitted at the outlet as shown in Fig. 3.4. This modulated laser sheet is responsible for
distinguishing only a single scattering signal from unwanted signals. SLIPI is divided
into three ways depending on the number of images required. In this study, a two
phase SLIPI (2p-SLIPI) method was used to eliminate the multiple scattering. This
makes the device configuration comparatively simple and well preserves the spatial
resolution. It uses two modulated images with spatial phases of 0° and 180°,

respectively. Then the 2p-SLIPI image is obtained by taking the absolute value of the
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intensity difference of the two images. In subtracting the two images, the multiple
scattering is removed and then only single scattering signal is obtained. In this process,
residual lines are visible at the point where the intensity difference is zero. This can be
removed using Fourier post-processing. Finally, the light intensity of 2p-SLIPI image

is given by Eq. (3.2) [37].

IZp—SLIPI = Foy/ (10 - 1180)2 (3.2)

where Ip,_siipr, Ip and Iigq are intensities of the 2p-SLIPI image, phase 0° and
180° modulated images, respectively. F,, is Fourier filtering to reject the residual
lines.

In this study, the average of 300 images for each condition was post-processed by
using LaVision’s SLIPI software and finally 2p-SLIPI image was obtained. The
modulated laser sheet position was 7 mm from the end of the pintle rod in the axial
direction, taking into consideration the diameter of the small combustion chamber and
field of view.

To deal with signal attenuation, a compensation method proposed by Abu-Gharbieh
et al. [38] was used. This method was based on the Beer-Lambert law and
compensated for each pixel by applying a compensating algorithm in a discrete way.

The detailed process was presented in a previous study [38].
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CHAPTER 4
EFFECTS OF GAP DISTANCE ON SPRAY
CHARACTERISTICS

4.1 Objectives

The key point of the pintle injector is that it adjusts the orifice area of the propellant
during thrust control. In order to maintain high spray performance, the control of the
orifice must be operated within appropriate range. Therefore, it was intended to
provide database for finding the optimal control range of the annular (gas) orifice area.
By changing the gap distance associated with gas orifice area, the spray characteristics
were observed and the correlation between them was analyzed. At this time, the skip

distance (Ls/D,) was fixed to 1.

4.2 Experimental Conditions

Spray characteristics were observed at the minimum, mid-range, and maximum
throttling levels of 20, 60, and 100%, respectively. In this study, throttling level was
defined based on mass flow rates. Based on actual thrust, there may be a difference in
throttling level due to changes in temperature, recirculation zone, pressure drop, flow
coefficient, etc. To achieve a deep throttling of 5:1, the needle valve and the outlet
height (H) related to the orifice area of the radial flow had to be adjusted

simultaneously. Table 4.1 shows the operating range of H according to throttling
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levels as well as the corresponding mass flow rate. H was adjusted between 0.1 and
0.6 mm, a wide operation range that was accounted for when determining the

minimum opening.

Table 4.1 Experimental conditions for gap distance

Throttling Level (%) 20 60 100
Liquid Mass Flow Rate (g/s) 16.6 49.67 83.58
Gas Mass Flow Rate (g/s) 1.98 5.92 9.95
Outlet Height (mm) 0.1 0.35 0.6
Gap Distance (mm) 0.234-3.95 0.503-3.95 0.986-3.95

Annular Orifice Area (mm?) 8.26-185.52 18.18-185.52  37.13-185.52
Liquid Pressure Drop (MPa) 0.02 0.08 0.22

Gas Pressure Drop (MPa) 0.01-0.04 0.04-0.09 0.1-0.12

The maximum value of H was determined by considering the cylinder cross-
sectional area (A.y;) inside the pintle injector and the radial flow’s outlet area
(Ae raaiar)- These areas are expressed by Eq. (4.1), and each is shown in Fig. 4.1. If
Agraaiar Was larger than A, the radial flow’s orifice size was fixed to A, even
if H increased. In other words, the variation of the H was meaningless in this range.

Therefore, the maximum adjustment value of H was set to
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Acyl = 7_[(1,,22 - rlz)

Aeragiat < Acyt @ H < 0.6 mm 41
Ae,radial = 7'L'Dp -H } e,radial cyl ( )

where r; and r, are cylinder inner radius and cylinder outer radius, respectively.

)

-1

o)

Cylinder area, A,

4

Outlet area, A, qqim

I

Qutlet height, H

Fig. 4.1 Schematic of pintle tip

H was linearly controlled based on throttling levels. H values at throttling levels of
20, 60, and 100% were 0.1, 0.35, and 0.6 mm, respectively.
The gap distance (G) of the annular flow was an important parameter to be

examined. It was a factor related to the orifice area of the annular flow (gas) as shown

in Fig. 4.2. Spray characteristics were observed at each throttling level with various G.

In Table 4.1, a specific G range was chosen for each throttling level to obtain
accurate empirical correlations for spray angle and droplet size. The down manifold

was manufactured for each ¢ and then G was changed by replacing the down
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manifold as shown in Fig. 4.2. The adjustment range of the corresponding annular

orifice area (Ae annuiar) Was obtained by Eq. (4.2).

Ae,annular =nG - (Dp + G) (4-2)

9' |é Gap distance

9”6 Gap distance

Down
Manifold >

|

Gap distance |

-

Fig. 4.2 Change of gap distance

Annular flow (Gas)

The gas flow rate was adjusted such that water to air mass flow rate ratio was
maintained at 8.4, regardless of thrust. It was for similarity of total momentum ratio

(TMR) between simulants and real propellants in nominal pressure.

4.3 Results and Discussion
4.3.1 Spray Structure

Fig. 4.3 shows spray images for all experimental conditions. The breakup process
was classified into two types: (type-A) droplets split from a liquid sheet after collision
of the radial and annular flows and (type-B) atomization immediately after collision.
The type-A was observed when the throttling level was 20% and G was greater than

1.835 mm. To set the criterion for dividing the two breakup mechanisms, momentum
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flux ratio (/) and Weber number (W e) for two-phase flow defined as Eq. (4.3) and Eq.
(4.4), respectively.
] = (pVZ)liq/(pVZ)gas (4.3)

We = {pgas (Vgas - Vliq)ZH}/Gliq (4.4)

Where pgas, Piigr Vgas: Viig and o4 are gas density, liquid density, gas velocity,
liquid velocity, and liquid surface tension, respectively. The characteristic length of the
pintle injector was defined as H.

Results confirmed that type-A occurred when J was greater than 38.1 and We
was less than 0.52. In this region, there was a specific breakup length and droplet size
was relatively large compared to type-B as shown in Fig. 4.4 (a). That is, atomization
efficiency was relatively low, and accounting for the small thruster, combustion
efficiency can be adversely affected. This again illustrated that annular flow orifice
size control was important to optimum spray performance. To obtain optimum injector
parameters, spray characteristics were therefore analyzed except for this region.

For type-B, the typical atomization process is shown in Fig. 4.4 (b). After the thin
liquid sheet in the radial direction collided with the annular flow, a short-length wave
was generated by aerodynamic force, leading to the disconnection of the liquid sheet.
Furthermore, a liquid lump fell out of the end of the liquid sheet and then split into

smaller droplets. This process took place immediately near the pintle tip.
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Fig. 4.4 Atomization process (a) type-A, G =1.835 mm and
(b) type-B, ¢ =1.21 mm

To obtain the spray angle, 50 images were averaged for each case. The spray angle
decreased with decreasing G (Fig. 4.3), explained by total momentum ratio (TMR),
which is closely related to the spray angle formation of the pintle injector [28, 29]. In

previous study, correlation with the spray angle was investigated for TMR and J.
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For this, liquid/gas pintle injector was used. As a result, TMR had a higher
correlation with the spray angle. It seemed to be due to the consideration of the orifice
area since TMR includes the mass flow rate unlike J [30].

TMR is defined in Eq. (4.5) and is expressed as the ratio of momentum of radial

flow (liquid) to annular flow (gas).

TMR = (mv)radial/(mv)annular (4-5)

At each throttling level, mass flow rates of liquid and gas were fixed. In addition,
because H associated with the liquid orifice size was constant at each level, the
liquid momentum was fixed. As G decreased, the gas orifice size also decreased
while gas velocity increased. As a result, as G decreased, gas momentum intensified
and spray angle decreased.

Fig. 4.5 (a) shows that spray angle was proportional to TMR. When G was the
same, the spray angles at all throttling levels were nearly identical. From the
perspective of TMR, it can be expressed as TMR o f(H™1) under conditions where
G is the same in the entire throttling range. In other words, points with the same spray
angle had different TMRs. This is because H changes linearly with throttling level.
Therefore, if the throttling level decreases under the same G condition, TMR

increases.
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For this characteristic, there was a gap (Fig. 4.5 (a)) such that only the correlation
between the spray angle and TMR was expressed. Therefore, a new dimensionless
number was defined to represent spray angle tendency within the overall thrust range.

Fig. 4.5 (b) shows spray angle tendency with a kinetic energy ratio (K), defined by Eq.
(4.6), which is related to the ratio of H to G in TMR. It can be physically expressed
as the ratio of the kinetic energy of the liquid and gas related to the spray formation of
the liquid-gas injector. As K increased, the kinetic energy of the gas decreased, and

thus the spray angle increased.

K = TMR (H/G) (4.6)

For K, it can be expressed as K o« f(G). Thatis, if G is the same, the value of K
is also constant irrespective of the throttling level. This allows the same spray angles
to have one K and eliminates the gap that was observed between the throttling levels
in TMR and spray angle relationships. As a result, it can be expressed as one
correlation having a proportional relationship. The correlation between K and spray
angle (Fig. 4.5 (b)) was defined as Eq. (4.7), with R? = 0.98. This empirical equation

will be used to predict the spray angle in future spray conditions.

a = 2687.78 K — 177.74 4.7)
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4.3.2 Droplet Size (SMD)
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Fig. 4.6 Droplet images at throttling level of 20% (a) G =1.21 mm and
(b) G =0.234 mm

Fig. 4.6 shows an example of the trend of SMD accordingto G. As G decreased,
atomization became more active. In order to increase the rocket’s combustion
efficiency, SMD must be kept below a certain level, and through this, it can be
confirmed that the control of G is essential to achieve the target SMD under all
thrust levels.

For SMD analysis, ] and We were selected. Both are closely related to breakup,
especially J has been used in the breakup mechanism of jet in crossflow. Fig. 4.7
shows SMD trend based on each dimensionless number, and indicates that both were
related to SMD formation in the pintle injector. These results could be correlated
with the pintle injector’s breakup mechanisms. As shown in Fig. 4.8, the first breakup

was a vertical collision like a jet in crossflow.
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Fig. 4.8 Two breakup mechanisms

At this time, liquid sheet breakup was caused by the transfer of gas momentum. In
addition, breakup was sustained by shear force due to the relative velocity between the
gas and liquid. Overall, it seemed that complex mechanisms act on breakup.

In Eq. (4.3), when G decreases, the velocity of gas (annular flow) increases, so
that the momentum flux of the gas corresponding to the denominator of J becomes
relatively strong. Thus, J also decreases as G decreases. In other words, it means
that gas momentum transfer, which affects the liquid sheet, generally increased.
Therefore, SMD decreased proportionally as | decreased.

For We, when G decreases at each throttling level, the velocity of gas increases;
thus, the force corresponding to the numerator of We becomes relatively strong from
Eqg. (4.4). Namely, it indicates that relative velocity and the deforming force due to the
shear force was intensified. Therefore, We and SMD were inversely proportional to
each other.

Thus, ] and We had opposite proportional relationship to SMD, so SMD can
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be expressed by the ratio of the these dimensionless numbers. Fig. 4.9 shows the result,

where Eq. (4.8) is the final correlation with R? = 0.94. In Fig. 4.9, pintle number (P)
on the x-axis is represented by J~'We?l in Eq. (4.8). In the physical sense, P can be
expressed as the ratio of the deforming force of the gas that affects the breakup of the
droplet and the opposite resistance force of the liquid. As P increased in Fig. 4.9, the
deforming force relatively increased and SMD tended to decrease. The correlation

will be used to estimate the optimal G to obtain the desired SMD.

SMD = —49.48 In(P) + 485.99 (4.8)
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Fig. 4.9 Relationship between SMD and pintle number, P = J~1 We?
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4.3.3 Spray Uniformity

Fig. 4.10 shows the radial spray pattern using the optical patternator at the throttling
level was 20% and the gap distance was 0.986 mm. The actual spray was injected in a
donut form, but in the case of general laser sheet imaging without 2p-SLIPI, signals
were detected at the spray center (Fig. 4.10 (a)). On the other hand, when the SLIPI
was applied, only the single Mie-scattering signals within the laser sheet were
extracted. Fig. 4.10 (c) shows the intensity distribution at the red dot lines in Fig. 4.10
(@) and (b). This showed that conventional light imaging contained many errors such
as the multiple scattering even in dense spray.

Using the error correction methods discussed in Section 3.3, spray uniformity was
analyzed. To determine uniformity degree, a Patternation Index (PI) and Spray

Uniformity Index (SUT) were defined by Eq. (4.9) and Eq. (4.10), respectively.

PI(%) = Ti, |- -

S las x 100 (4.9)

where n and G, are the number of sectors and intensity of the image per sector,

respectively, and

sut = [t5, 0 - 97 (4.10)

where y, = and y = Z=12s L2,

5= 1Gs/
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Fig. 4.10 Results of (a) normalized spray pattern w/o 2p-SLIPI (b) normalized spray

pattern w/ 2p-SLIPI, and (c) intensities for red dot lines

PI and SUI represented spray symmetry, circumferential uniformity and standard
deviation of the spray distribution [35, 39, 40]. Results of the spray uniformity
analysis are shown in Table 4.2. PI, by definition, has a value from zero to 200, and
spray uniformity is higher with lower PIl. Standard deviations (¢) of PI and SUI
with varying G were low at each throttling level. In addition, average standard

deviations (o) of PI and SUI for overall throttling level were 3.62% and 0.04
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respectively. From the perspective of SUI, o appeared to be very small and this
meant that the spray uniformity was almost constant irrespective of G and the
throttling level. When the spray uniformity associated with PI was expressed as a
percentage, and assuming that 100% was the ideal uniform distribution, the average of
the spray uniformity from the PI data for the entire throttling levels was about 90%.
As an extension of this, average ¢ of PI data was 1.81%. In this study, when the
spray uniformity was more than 90%, based on the average value of PI, and the
standard deviation was within 5%, the quality of the injector was considered suitable

for experiments.

Table 4.2 Results of uniformity indices at each throttling level

Throttling Level (%) Avg. PI (o) Avg. SUI (o)
20 19.53 (0.66) 0.3(0.01)
60 18.43 (2.96) 0.24 (0.05)
100 22.36 (3.97) 0.28 (0.04)
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4.3.4 Relationship between Spray Angle and SMD
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Fig. 4.11 Relationship between SMD and spray angle

Fig. 4.11 shows the relationship between SMD and spray angle for G at each
throttling level. SMD and spray angle had a linear relationship at each throttling level.
When G was fixed, spray angle was almost constant in the whole thrust range. This
is because, as described in Section 4.2.1, the spray angle changed according to G
irrespective of the throttling level. In addition, since G and the spray angle were
proportional, the spray angle tended to increase when G increased. On the other hand,
SMD was different at each throttling level when G was fixed. For example, when G

was fixed at 0.986 mm, SMD at the 100, 60, and 20% throttling levels were 114.17,
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227.12, and 493.20 um, respectively. This is because SMD was related not only to
G but also to several factors associated with the throttling level as shown in Eq. (4.8).
When the throttling level was lowered under the fixed condition of G, SMD
increased with J increased and We decreased. This means that with G fixed, the
atomization performance deteriorates as the throttling level decreases. Therefore, from
the perspective of atomization efficiency, appropriate control range of G was

estimated to maintain constant SMD at all thrust levels in Section 4.2.5.

4.3.5 Variations in Gap Distance and Spray Angle with SMD

The control range of G with constant SMD was obtained from an empirical
equation (Section 4.2.2). In addition, spray angle variation at the same time was
estimated by Eq. (4.7). To analyze the resulting variations, three cases (SMD = 100,
150, and 200 um) were selected as examples based on ranges typically used in a
liquid rocket engine [41].

Fig. 4.12 (a) shows the control range of G required to maintain the corresponding
SMD. When SMD was constant, the throttling level and G were linearly related.
This indicated that the gas orifice area could be linearly controlled based on throttling
level. For liquid, mass flow rate and H also had a linear relationship that controlled
outlet area. Therefore, the orifice sizes of liquid and gas could be adjusted linearly for

thrust control, respectively.
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In addition, as the target SMD became smaller, the overall control range scale
decreased. This is because G must be further reduced in order to produce smaller
droplets because the gas momentum flux and deforming force must be stronger
through increasing the gas velocity.

Fig. 4.12 (b) shows the variation range of the spray angle when G in the
corresponding SMD was controlled (Fig. 4.12 (a)). Spray angle also changed linearly
with throttling level, and when the target SMD decreased, the change range
decreased. This is associated with the results in Fig. 4.12 (a), because the gas
momentum was enhanced when G became smaller as SMD decreased.

The results can help predict the G control range to maintain SMD and spray
angle variation. Furthermore, these data will be used to develop a control system for
the radial and the annular flows.

The original source is from references [42, 43].
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CHAPTER 5
SPRAY CHARATERISCIS WITH SKIP DISTANCE

5.1 Background and Objectives

The geometry of the pintle injector is defined using several factors, each of which
can influence the spray or combustion characteristics. A critical geometric parameter
is the skip distance, which is defined as the ratio of the skip length (L;) to the pintle
diameter (D) as shown in Fig. 2.1. If the skip distance (Ls/D,,) is small, the collision
of the propellant occurs close to the combustion chamber head; conversely, if the skip
distance is large, the annular flow decelerates owing to the friction on the pintle
surface [28, 33]. There are several research groups [22, 32, 44-48], with a skip
distance of 1 based on reference values. In addition, values of 0.9, 0.75, and 0.375
have been used at Purdue University [13], Tokyo University [18], and Korea
Aerospace University [25, 49-51]. Therefore, there appears to be no definitive
standard regarding the selection of the skip distance.

Several researchers have attempted to examine the effects of the skip distance.
Awustin et al. [12] analyzed the combustion performance by changing the geometry for
a 667 N class pintle injector engine using nontoxic hypergolic bipropellants. In
particular, the skip distance was changed by varying the pintle length from 11.73 mm
to 32.05 mm under a constant pintle diameter. It was noted that a smaller pintle length

corresponded to a higher performance, likely owing to the increased residence time of
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the propellant in the combustion chamber. Vasques et al. [15] performed a combustion
test while reducing the skip distance from 1 to 0.5 to prevent the heat load on the
pintle tip. However, simply reducing the skip distance could not prevent the pintle tip
from overheating. Nevertheless, under a skip distance of 1, a deflector mounted on the
tip of the pintle exhibited improved cooling. Fang et al. [19] conducted a cold test
using water and air as simulants of LOX and GCH4, respectively. In this test, the
pintle diameter was fixed as 30 mm, and the skip distance was changed to 0.25, 0.5
and 1 by varying the skip length. At the same air-water mass flow ratio, no significant
difference was noted in the spray angle when the skip distance was 0.25 and 0.5;
however, a wider spray angle was noted when the skip distance was 1, likely because
of the decrease in the air velocity. In addition, the numerical analysis of the actual
propellant indicated that the combustion efficiency increased up to the point at which
the skip distance was near 1 and then decreased. Chang et al. [52] numerically
characterized the temperature and combustion efficiency against the skip distance for
a 500 N class GOX /GCH4 engine model with a two-row hole type pintle injector. The
pintle diameter was fixed at 11 mm, and the skip distance was changed between 0.64
and 1.5 by changing the skip length between 7 and 16.5 mm. As the skip distance
increased, the pintle surface temperature reduced by more than 20%, and the
temperature near the pintle tip and in the head recirculation zone also decreased.

Moreover, the combustion efficiency exhibited a deviation of less than 0.2% and was

55



thus barely affected by the skip distance. Huang et al. [53] investigated the effect of
the skip length on a continuous rotating detonation wave in a hollow chamber
equipped with a pintle injector with gaseous H,/air as a propellant. The skip length
was adjusted from 0—20 mm at 5 mm intervals, and the pintle diameter was fixed at 90
mm. It was noted that the generation of the continuous rotating detonation wave was
suppressed as the skip length increased, likely because of the increase in the head
recirculation zone. Similar trends were observed when ethylene/air was used under the
same chamber and skip length conditions as those used in [53]. However, in the
section in which the skip length increased from 10 mm to 15 mm, the operation range
of the continuous rotating detonation wave was extended, and the main propagation
mode was deformed [54].

These studies indicate that the skip distance is a key geometric factor that
influences the spray and combustion field formation, thereby affecting the engine
performance. However, previous studies did not provide sufficient details regarding
the selection of a specific skip distance. In addition, only a few studies have been
focused on the skip distance, and thus, a database to establish the correlations of the
key parameters of pintle injectors is lacking. In particular, the correlation between the
skip distance and the spray characteristics remains unclear. Because the atomization
efficiency of a pintle injector is related to the combustion characteristics and affects

combustion performance [26], it is essential to analyze the spray characteristics.
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Therefore, cold flow tests were conducted, focusing on the skip distance, to
establish the correlation of this parameter with the spray characteristics. The spray
angle and SMD were experimentally observed with changes in the skip distance. In
addition, the velocity distribution trend of the annular flow near the pintle surface was

numerically analyzed.

5.2 Experimental Conditions

Table 5.1 Experimental conditions for skip distance

Liquid Mass Flow Rate (g/s) 16.68-83.53

Gas Mass Flow Rate (g/s) 1.99-9.95

Outlet Height (mm) 0.1-0.6

Gap distance (mm) 0.858

Pintle diameter (mm) 11

Liquid Pressure Drop (MPa) 0.02-0.22

Gas Pressure Drop (MPa) 0.01-0.12

Skip length (mm) 2.75,4.5, 10, 155, 21
Skip distance 0.25,041,0091,1.41,191
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Table 5.1 lists the main parameters of the pintle injector shown in Fig. 2.1. The
objective was to control the thrust in a range of 20-100% in intervals of 20%. H was
adjusted from 0.1 to 0.6 mm and G was fixed to eliminate its influence on the spray
characteristics. This G was chosen for the interpolation of SMD’s data points
obtained in Chapter 4 as SMD was about 200 pm in throttling level of 60%. The
skip distance was changed by adjusting L; while maintaining the pintle diameter at a
constant value. L; was adjusted by moving the pintle post part shown in Fig. 5.1 up
and down along the central axis of the pintle injector. Accordingly, the skip distance
was adjusted from 0.25 to 1.91, and the corresponding spray characteristics were

examined at each throttling level.

Pintle post Pintle rod
T
§ N\
\
N
N
Lg § Annular flow (Gas), 1y,
\
+ N NN
N 3 Radial flow (Liquid), 112;;4
H

Fig. 5.1 Cross-sectional view of pintle injector
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5.3 Numerical Conditions and Setups
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Fig. 5.2 Computational domain

The spray characteristics such as the spray angle and SMD changed with the
change in the gas velocity with the skip distance. Therefore, to analyze the
relationship between the gas velocity field and the spray characteristics, the gas
velocity field near the pintle surface was numerically analyzed. The numerical
analysis was performed using the STAR-CCM+ software developed by SIEMENS.
Three throttling levels of 20%, 60% and 100% under the steady state condition were
considered. Fig. 5.2 shows the 2D axisymmetric computational domain and boundary
conditions. The air mass flow rate corresponding to each throttling level was used for
the input condition, and the pressure outlet corresponded to the atmospheric condition.
For the mesh, a trimmed cell mesher was used, and through convergence tests, a total

of 67,805 cells with a refinement level of 5 applied near the pintle surface were
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generated. The segregated flow model was used to solve the uncoupled flow equations
for velocity and pressure. The realizable k-epsilon model with a high y+ wall

treatment was used.

5.4 Results and Discussion
5.4.1 Spray Angle

Skip
distance
Throttling 0.25 191
level

100%

20%

i a = 4846° |

Fig. 5.3 Spray angle under different skip distances and throttling levels
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Fig. 5.3 shows the spray patterns obtained using backlight photography. The red
line in Fig. 5.3 represents the obtained spray angle and spray angle measurement
region on a raw image. As the skip distance increased from 0.25 to 1.91, the spray
angle at each throttling level gradually increased. This finding indicates that even if
the outlet orifice area of the radial and annular flows was fixed, the spray
characteristics changed with the change in the skip distance.

The variations in the spray angle for all the experimental conditions are shown in
Fig. 5.4 (a). For all the throttling levels, the spray angle increased in proportion to the
skip distance. This phenomenon likely occurred because as the skip distance increases,
the skip length, which is the distance of movement of the gas, increases before the gas
collides with the liquid. Consequently, because the momentum loss rate of the gas
gradually increases owing to the friction of the pintle post surface, the spray angle
becomes relatively large.

When considering the relation between the skip distance and the spray angle, the
average growth rate according to the throttling level was also examined, as shown in
Fig. 5.4 (b). The average growth rate was obtained by calculating the growth rate
between the experimental data points for five skip distances at each throttling level. In
other words, growth rate; was obtained for the interval corresponding to skip
distances of 0.25 and 0.41, and growth rate, pertained to the interval between the

skip distances of 0.41 and 0.91; The average growth rate was obtained by averaging
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four growth rates. It was noted that as the throttling level decreased, the average

growth rate of the spray angle was relatively high. In particular, when the throttling

level was 20%, the average growth rate was extremely high (12.21%), approximately

5.38 times compared to that at the throttling level of 100%. As shown in Fig. 5.3, the

maximum difference in the spray angle corresponding to the skip distances of 0.25

and 1.91 was 28.26° and 5.94° for throttling levels of 20% and 100%, respectively.

Thus, it was concluded that the effect of the skip distance on the spray angle was more

pronounced under a low throttling level, as discussed in section 5.3.3.

5.4.2 Droplet Size (SMD)
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Fig. 5.5 shows the variations in the SMD according to the skip distance. Similar to
the spray angle, SMD tended to decrease when the skip distance decreased, likely
because of the increase in the aerodynamic force affecting the breakup. In contrast, an
increase in the skip distance likely caused the atomization efficiency to decrease

owing to the larger SMD. This trend can be more clearly observed in Fig. 5.6.

SMD 524.53 pm SMD 227.35 pm

@) (b)
Fig. 5.6 Grayscale and binary images of droplets at throttling level of 20% with skip
distance of (a) 1.91 and (b) 0.25
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Moreover, SMD was more sensitive to the skip distance at a lower throttling level.
In particular, the variation of SMD was the largest at a throttling level of 20%. At
throttling levels of 100% and 20%, the differences between the skip distances of 0.25
and 1.91 were 34.24 um and 297.19 um, respectively. The average growth rate for
the SMD was 9.34% and 24.42% at throttling levels of 100% and 20%, respectively.
These findings indicate that a lower throttling level corresponded to a larger change in
the aerodynamic force owing to the skip distance. In other words, when the gas
velocity at the outlet of the orifice was smaller, owing to the low throttling level under
the same geometry conditions, the change rate of the velocity was larger during

movement along the skip length.

5.4.3 Distribution of Gas Velocity

Potential core -
region -

T Upn Yijz
A

Fig. 5.7 Schematic of turbulent wall jet flow [55]
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In the pintle injector, gas is injected through a specific ¢ and flows in open air
along the pintle surface. Thus, the flow region near the pintle surface is similar to that
of a wall jet flow. The velocity profile in x-axis of a turbulent wall jet flow is as shown
in Fig. 5.7. A potential core region exists in which the orifice exit velocity remains
constant without being affected by the surrounding environment. Then, as the gas
progresses further along the axial direction (x-axis), the velocity distribution widens
and decreases, owing to friction at the pintle surface and mixing with ambient air.
Finally, the profile becomes geometrically similar in the developed region, where the
axial velocity (U) initially increases from the wall (zero) to a maximum value (U,,,) at
a certain vertical distance (y). Subsequently, the axial velocity tends to decrease [55,
56].

Fig. 5.8 shows the numerical results of the gas velocity field under different
throttling levels. It was found that the potential core region existed from the origin.
The gas velocity distribution at each skip distance is shown in Fig. 5.9. The initial
velocity at x = 0 was maintained in the regions in which the skip distance was
relatively small. To analyze this potential core region for each throttling level, the end
of the region was considered as the axial (x-axis) point at which the initial velocity
decreased by 95% [57]. Fig. 5.10 shows U profile at the line where x is 0 to 21 mm
with y is G/2 for throttling level of 20% and 100%. It can be seen that when the

throttling level was 100% compared to 20%, the velocity in the inlet was maintained
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relatively longer. After specific potential core length, the velocity gradually decreased.
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Table 5.2 shows the potential core length for the throttling level of 20%, 60%, and

100% and the corresponding skip distance.

Table 5.2 Potential core length

Throttling Level (%) 100 60 20
Potential Core Length (mm) 11.37 105 553
Skip distance, Ls/D, 1.03 0.95 0.5

As the throttling level decreased, the potential core length and corresponding skip
distance decreased. This trend was clearly seen in Fig. 5.8. Therefore, if the initial gas
velocity decreased, i.e., under a low throttling level, the gas was considerably
influenced by the surrounding conditions as the gas moved downstream. However, as
the gas initial velocity increased, the initial condition was more dominant than the
surrounding conditions. In particular, the change in the potential core end point was
large at a throttling level of 20%. Therefore, the velocity distribution decayed more
rapidly after the potential core. This gas velocity distribution trend indicates that the
aforementioned changes in the spray angle and SMD were the greatest at the
throttling level of 20%.

After the potential core region in Fig. 5.9, the gas distribution became similar to the

velocity profile in the developed region shown in Fig. 5.7. For this region, Fig. 5.11
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shows the similarity when U and y are considered in the dimensionless form by
Un and yq,,, respectively, where U is half of U,, in each case. The figure also
shows the velocity profile based on Eq. (5.1) proposed by Verhoff [58] for turbulent

wall jet flow. They results indicated good agreement, and it was noted that U/U,,

first increased to a value of one and later decreased.

U/Up = 148 (y/y12)" [1 = erf {0.68 (y/y1,2)}] (5.1)
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The variations in the spray characteristics are fundamentally related to the changes
in the gas velocity with changes in the skip distance and throttling level. Therefore,
the variations in the gas velocity were examined in terms of the decay rate of U, (Dr)
at each x point (Eg. (5.2)). In particular, the decay rate indicates the amount of
decrease in the gas velocity as it flows downstream, with reference to the initial point

(x=0).

Dr = (Um,x=0 - Um)/Um,x=0 (5-2)

Fig. 5.12 (a) shows the percentage decay rates under different conditions. As the gas
moved downstream, i.e., with increase in the skip distance, the decay rate increased.
The gas velocity changed with the skip distance owing to the interaction with the
pintle surface and surrounding air, as mentioned previously. Moreover, when the
throttling level decreased, the variation range of the decay rate with the skip distance
was relatively large, likely owing to the shorter potential core. In particular, at a
throttling level of 20%, the decay rate was relatively high owing to the fastest

transition from the potential core to the developed region.
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The decay rate was related not only to the skip distance but also to the throttling
level. As described above, the decay rate was proportional to the skip distance and
inversely related to the throttling level. Thus, the trend of the decay rate was expressed
as a function of the decay rate parameter (D), as shown in Eqg. (5.3), which involved

Ls/D, and H/G, terms related to the skip distance and throttling level, respectively.

D = (Ls/Dp)"*°(H/G) ™% (5.3)

Finally, the variations of decay rate was expressed as one trend as in Eq. (5.4), with

R? =0.95 (Fig. 5.12 (b)).

Dr = 0.08D (5.4)

5.4.4 Correlations of Spray Characteristics with Decay Rate

In Chapter 4, the skip distance was fixed as 1, and the spray angle had a linear
relationship with the kinetic energy ratio (K), which involved the total momentum
ratio (TMR) and H/G. When determining TMR, which is closely related to the spray
angle of the pintle injector, the value of V in Eq. (4.5) was considered at the exit of
each fluid orifice. The relationship between the spray angle and K was expressed as

in Eq. (4.7).
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Fig. 5.13 Spray angle with kinetic energy ratio, K = TMR (H/G)

Because the effect of the skip distance was not considered, TMR remained
constant even when the skip distance changed. Also, since K « f(G), it can be seen
that K was almost constant at all throttling levels under experimental condition
where G was fixed. Therefore, the spray angle was almost the same for all throttling
ranges from Eq. (4.7). These results can be seen in Fig. 5.13. When the graph was
plotted in relation to only K and the spray angle, Eq. (4.7) yielded only one spray
angle regardless of the skip distance.

Nevertheless, in this Chapter, the spray angle was determined in terms of the decay

rate (Dr), which is related to the skip distance. The corresponding results are shown in
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Fig. 5.14, with the correlation derived using Eq. (5.5), with R? =0.94.
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Fig. 5.14 Relationship between Angle/Angle, and angle parameter,

Ap = (4.25 Dr)™R

From now on, subscript 0 means the value when the skip distance is 1. The spray
angle was normalized by a, (Eg. (4.7)), and the angle parameter (Ap) was expressed
as (4.25Dr)™R |t had the form of power between the gas velocity decrease and
momentum ratio. As the gas moves down at each throttling level, TMR associated
with the spray angle is fixed. The decay rate increases accordingly and the spray angle
becomes wider. So the change rate of the spray angle with Ap increased as shown in

Fig. 5.14. This calculation allowed the estimation of the variation in «, with the skip
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Similar to the spray angle, in Chapter 4, the correlation for SMD was as shown in

Eq. (4.8). In this case as well, V' was obtained at the outlet of the orifice, and only

one value was estimated at each throttling level, as shown in Fig. 5.15.

In this Chapter, the change rate of SMD with the skip distance was considered,

and the correlation was as shown in Fig. 5.16. SMD, normalized using SMD, (Eg.

(4.8)), was related to SMD parameter (Sp) according to Eq. (5.6) with R? = 0.81.
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Sp was

defined as (0.2 J2 We)exP(=36D7°%) | the case of SMD, when the gas

moves along the axial direction at each throttling level, J> We related to breakup is

fixed and the decay rate increases as the gas velocity decreases gradually. The decay

rate was proportional to SMD, so the trend between Sp and change rate of SMD
was like Fig. 5.16.
SMD/SMD, = 1.29 Sp~044 (5.6)
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Fig. 5.17 shows the average and standard deviation of the spray angle and SMD
for throttling levels ranging from 20-100% for each skip distance. Overall, the
average values increased with the skip distance. The standard deviation of the spray
angle tended to decrease gradually and then increase. The standard deviation of the
SMD continued to increase with the skip distance.

To achieve a high spray performance, SMD must be relatively small, and thus, a

small skip distance is preferable. In addition, the smaller droplet, the better result can
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be obtained by reducing the incidence of heat flux peak at the combustion chamber
wall [59]. However, an excessively small skip distance may lead to excessive thermal
load on the combustion chamber head. In this case, since the spray angle becomes
narrow, thermal load may occur in the pintle tip, and the reaction rate may decrease as
the central recirculation zone decreases [24].

Therefore, a proper trade-off is required when determining the skip distance. Along
with the skip distance, the geometric factors H and G, which are associated with the
control of the orifice of the fluids affect the spray characteristics. Nevertheless, if these
oincethree geometric factors are independently controlled to obtain the optimum spray
performance in each condition, the system complexity increases. Thus, from the
design point of view, the method of controlling H and G with a fixed skip distance
was considered. The skip distance corresponding to the lowest standard deviation was
considered because this value corresponds to the spray characteristics in the entire
thrust range being as constant as possible. Because SMD standard deviation tended
to continuously increase, as mentioned previously, the proper skip distance was
considered in terms of the standard deviation of the spray angle. Therefore, under the
experimental conditions, the appropriate skip distance was noted to be approximately
0.91. Considering that the skip distance was typically around 1 in the reference [28], it

can be seen that the range was obtained at a similar level.
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CHAPTER 6
CONCLUSION

Liquid/gas pintle injector for a 400 N class small thruster was designed and
research was conducted to derive optimal design parameters. The developed pintle
injector adopted the continuous slit type to achieve a uniform spray pattern. In
addition, guide wall was applied to radial flow internal passage to maintain the
concentricity of the pintle rod. In the annular flow passage, the distribution plate was
mounted inside the manifolds so that it could be evenly distributed.

The primary focus was the control range of the annular flow’s orifice area. For this,
gap distance related to the annular flow’s orifice area was selected as a representative
parameter, various down manifolds were fabricated, and spray characteristics were
observed by replacing the down manifold at each thrust level. Spray angle was
linearly related to the total momentum ratio. As gap distance decreased under a fixed
flow rate condition, the annular flow momentum intensified due to the increased
annular flow velocity, which in turn decreased the total momentum ratio and narrowed
spray angle. Kinetic energy ratio, which had a high correlation with spray angle
throughout the thrust range, was defined by introducing the ratio of outlet height
associated with the radial flow’s outlet area to gap distance in the total momentum
ratio, and a correlation equation was subsequently developed. The Sauter mean

diameter was related to both momentum flux ratio and Weber number. The empirical
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correlation for Sauter mean diameter was obtained. From the spray characteristics
results, the gap distance control range to maintain a constant Sauter mean diameter
over the entire thrust range was calculated based on atomization efficiency.
Furthermore, the gap distance was linearly controlled by throttling level.

The second part was an analysis of variation in the spray characteristics with the
skip distance. The skip distance is geometric parameter related to the moving distance
of the annular flow along the pintle surface. It is important factor influencing the spray
characteristics. From the experimental results, the spray angle and SMD tended to
increase as the skip distance increased. In particular, the variation in the spray
characteristics was large at a throttling level of 20%. To further analyze these trends,
the gas velocity distribution was numerically analyzed. It was noted that the velocity
profile exhibited a potential core near the orifice, post which, a similarity was
observed. Overall, the gas velocity was noted to be more affected by the ambient
conditions at lower throttling levels. In particular, at a throttling level of 20%, the
termination of the potential core was the fastest, and the decay rate of the maximum
velocity in the x-axis was the highest. These aspects resulted in the largest change in
the spray angle and SMD at a throttling level of 20%. The normalized spray angle
and SMD trends were obtained with the decay rate, which is related to the skip
distance. Finally, the standard deviation between the throttling levels at each skip

distance was analyzed. From a design point of view, it was decided to select a skip

82



distance with a small standard deviation. Because the standard deviation of the SMD
continued to increase with the skip distance, the appropriate skip distance was
considered in terms of the spray angle, and it was observed that this value was
approximately 0.91.

The presented findings are expected to help understand the relationship between the
spray characteristics and skip distance. In addition, as the skip distance is a key
parameter to be determined at the design stage of pintle injectors, the presented
findings may provide guidance for the design of effective injectors to be used in
reusable launch vehicles.

In the future, when spray characteristics are set for a target engine, these results will
be of reference to estimate the control range for the annular flow’s orifice size. The
procedures and results of this study can be applied to a linear control system for
simultaneous control of the orifice sizes for radial and annular flows. Thus, an optimal

throttleable pintle injector with high atomization efficiency can be realized.
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