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Abstract: This study presents an optimal design approach of a pintle injector for a deep throttlable
liquid-propellant rocket engine (LPRE). Even though the pintle injector is used in rocket engines, it
has become more important since reusable launch vehicles (RLVs) recently became a trend due to their
economic and environmental benefits. However, since many variables must be determined to design
a pintle injector, optimizing the pintle injector design is complicated. For this, we design a pintle
injector to optimize the performance parameters; the spray angle, vaporization distance, and Sauter
mean diameter (SMD). To confirm the approach, we design a pintle injector using an optimization
method based on convex quadratic programming (CQP) for a 1000 N thrust and a throttle ability
of 5 to 1 LPRE with liquid oxygen and gaseous methane. Then, we verify the performance using a
numerical simulation. Through this work, we check the effectiveness of the optimization method for
a pintle injector design.

Keywords: optimal pintle injector design; optimization; convex quadratic programming; liquid-propellant
rocket engine; numerical approach

1. Introduction

A pintle injector is one of the typical variable area injectors for a throttleable liquid-
propellant rocket engine (LPRE) [1–3]. Although a pintle injector was developed in advance,
a fixed injector was mainly used because most LPREs were disposable almost for delivering
satellites to space, so only a maximum thrust was required, not an extensive throttle
range. However, as the reusable launch vehicle (RLV) is one of the critical technologies
in the new space age (sometimes space 2.0), a variable area injector has recently become
essential as a next-generation injector because deep throttling is needed in a new LPRE for
RLVs [4–7]. A pintle injector is an excellent option for a variable area injector required in a
deep-throttling LPRE due to its relatively simple design, potential for high performance,
and a high range of throttle. Moreover, the injector can minimize combustion instabilities,
reducing manufacturing costs and increasing the propellant mixing potential [1–3].

For this reason, numerous research teams have studied the design and analysis of
pintle-injector LPREs. However, they considered only the injection conditions and ana-
lyzed the performance under various injection conditions without optimizing the design
studies [8–18]. Then, M. Son et al. introduced a design process that optimizes operation
based on experimental results under various injection conditions [19]. After that, using
Ref. [19], many researchers tried the optimal pintle injector design. B. Erkal et al. designed
six different liquid oxygen and gaseous methane injectors for mission requirements and
confirmed the performance by cold gas test [20]. R. Rajendran et al. also tried for an optimal
pintle injector design and demonstrated it using a numerical approach [21]. However, they
only designed several types of pintle injectors based on the approach of [19] with empirical

Aerospace 2023, 10, 582. https://doi.org/10.3390/aerospace10070582 https://www.mdpi.com/journal/aerospace

https://doi.org/10.3390/aerospace10070582
https://doi.org/10.3390/aerospace10070582
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://doi.org/10.3390/aerospace10070582
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace10070582?type=check_update&version=1


Aerospace 2023, 10, 582 2 of 17

knowledge, not considering an optimization process, and determined their best design
among those they designed by comparing each design performance.

Likewise, even though the pintle injector has several benefits, an optimal pintle injector
design is challenging because of the many coupled design parameters and complicated
design criteria. Furthermore, even after finishing a design process, the pintle operation
must be tuned to ensure optimal performance in all thrust conditions. Therefore, this study
suggests a simple optimization method for designing a movable pintle injector based on
the relationship between the dimension and performance of a pintle injector in Ref. [19]
and analyzes the impact of the optimal approach using a numerical simulation. To do this,
we review the theoretical background considering a movable pintle injector and investigate
the effect of performance by pintle injector design variables. Then, we optimize the design
process using a convex quadratic programming (CQP) optimization approach for a pintle
injector of a liquid oxygen and gaseous methane LPRE. Finally, we confirm the performance
of the design approach using a numerical method and present our conclusions.

2. Theoretical Background

In this section, we present all underlying equations to predict a pintle injector per-
formance and analyze the relationship between design and performance parameters. To
simplify the calculation process, we consider an ideal LPRE using liquid oxygen and
gaseous methane for a propulsion system [11,22] and review the relationship between the
dimension and performance of a pintle injector using equations sourced from Refs. [19,23].

2.1. Pintle Injector
2.1.1. Concept of a Pintle Injector

A pintle injector for propellants with liquid oxygen and gaseous methane has a
straightforward construct as illustrated in Figure 1 [19]. There is no area control used when
injecting the gaseous propellant through an annular gap on the outside surface of the inner
body, while a movable pintle in the middle controls the liquid propellant.

Figure 1. Schematic of pintle injector (Reprinted: Son, M., Radhakrishnan, K., Koo, J., Kwon,
O. C., and Kim, H. D. Design procedure of a movable pintle injector for liquid rocket engines,
33(4), Copyright c© 2016 by the American Institute of Aeronautics and Astronautics, Inc. with
permission) [19].

One propellant is delivered through the outer flow tubes and then released to the
combustion chamber (red arrow in Figure 1). The outlet propellant from the injector can be
called the annular orifice as a flowing annular sheet in the line of the axis to the impinging
point. The other propellant enters via a different central route to the pintle tip (shown as
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the blue arrow in Figure 1). It changes to a uniform flow radially to the impinging point
through the pintle gap after it hits the pintle tip. The pintle gap can change by the up
and down movable pintle, so the central propellant exit area is controllable. This pintle
injector controllability is beneficial because the control mechanism is quite simple to actuate
the pintle. It gives the pintle injector a far greater throttle ability, ensuring combustion
efficiency when comparing other types of injectors. However, although the pintle injector
has a lot of strong points, it is challenging for a pintle injector design caused by many
coupled and trade-off design variables with performance. Therefore, the design for a pintle
injector should limit the scale of the design variables and consider the most important
parameters [3].

2.1.2. Flows of Propellant

A mass flow rate (ṁ) can be described as

ṁ = ρAU (1)

where ρ, A and U are the propellant density, exit area of the orifice and fluid velocity,
respectively.

The total propellant mass flow rate (ṁtot) can be expressed as

ṁtot =
Pc At

c∗
(2)

ṁtot = ṁo + ṁ f (3)

OF =
ṁo

ṁ f
(4)

where pc, At, c∗, ṁo, ṁ f and OF are the combustion chamber pressure, nozzle throat
area, characteristic velocity, oxidizer flow rate, fuel flow rate and the oxidizer-to-fuel
ratio, respectively.

Assuming that the liquid propellant is incompressible and the gaseous propellant is
compressible, the velocity of each propellant can be calculated as

Uliq = Cd,liq

√
2∆pliq

ρliq
(5)

Ugas = Cd,gas

√
2RgasTgas∆pgas

ρgas
(6)

where Cd, ∆pliq, ρliq, Rgas, Tgas, ∆pgas and ρgas are the discharge coefficient of the orifice,
the liquid propellant pressure drop across the injector, liquid propellant density and gas
constant, injection temperature, pressure drop across the injector, and density of gaseous
propellant, respectively.

2.1.3. Pintle Injector Dimensions

The pintle injector exit area (Apt) can be calculated as

Apt = Lopenπ
(

Dpt − 2δsleeve
)

(7)

Lopen =
Lmin

cos(θpt)
(8)

Amin = π
(

Dpt − 2δsleeve − Lmin sin(θpt)
)

(9)
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where Lopen, Dpt, δsleeve, θpt, Lmin and Amin are the pintle opening distance, pintle tip
diameter, pintle sleeve thickness, pintle tip angle, lower limit of the pintle opening distance,
and minimum area between the sleeve and pintle tip, respectively.

The annular orifice area is given by

Aann = π

((
δann +

[
Dpt

2

])2
−
[

Dpt

2

]2
)

(10)

where Aann and δann are the annular orifice area and thickness of the annular gap.

2.1.4. Pintle Injector Performance

We can obtain the Sauter mean diameter (SMD), D32 as

D32 = Lopenξ−1 exp(4.0− q(We)0.1) (11)

q = 3.455− 0.225ξ (12)

ξ −
90− θpt

90
(13)

We =
ρgasLopen

(
Ugas −Uliq

)2

σliq
(14)

where ξ, We and σliq are the non-dimensional pintle tip angle, Weber number and liquid
surface tension, respectively.

We can obtain the spray angle (α) using the total momentum ratio (TMR) as

α = cos−1
(

1
1 + TMR

)
(15)

TMR =
ṁoUo · cos(θpt)

ṁ f U f + ṁoUo · sin(θpt)
(16)

In this study, we design a pintle injector with the fuel as the outer and oxidizer as
the central propellant. Based on the arrangement, the vaporization distance (X) can be
estimated using the following equations [23,24]:

X = r2
d0

[
Ud0√
γRcTc

+
3
Γ
· At

Ac
· ϕ

10

]
·

cp,cρo

kc
·
√

γRcTc

ln(1 + B)
· 1

2 + ϕ
(17)

Γ =

(
γ + 1

2

) γ+1
2(γ−1)

(18)

B =
cp,c(Tf − Tc)

h f g
(19)

ϕ =
9
2
· Prc

B
(20)

where rd0, Ac, cp,c, kc, Tf , h f g and Prc are the initial droplet radius, the combustion chamber
cross-sectional area, the specific heat capacity and thermal conductivity, the fuel temperature,
the latent heat of vaporization, and the Prandtl number of the combustion gas, respectively.

The area can be obtained using a reasonable contraction ratio (Ac/At), generally, 13 for
LPREs with a pintle injector [25].
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2.2. Performance and Design Variables

There are many performance parameters to evaluate the performance of a pintle
injector, so the selection and combination of the parameters are changed depending on
the project requirement. In this study, we choose atomization, mixing, and vaporization
distance as the performance parameters since the parameters are essential to maximizing
the engine performance and can be influenced by the design of the injector outflow region.
Then, we find the design variables of each performance parameter that strongly affect
the performance.

2.2.1. Atomization

To evaluate the atomization performance of an injector, we should choose a valid
method to express the droplets sprayed from the injector. Because the injector cannot
generate a uniform size of droplets, using the average droplet size is an appropriate way for
evaluation. In several methods, to evaluate the average size of the droplet, this study uses
the Sauter mean diameter (SMD) since the SMD represents the average droplet size by the
droplet diameter, where the surface-to-volume ratio of the droplets equals that of the entire
spray [26]. Since the ratio is particularly interesting for the combustion process, the SMD
can give information for the whole spray [24]. Therefore, we can evaluate the atomization
performance by checking the SMD, where smaller diameters have better performance.
Using the SMD equations (Equations (11)–(14)), we can also find the fundamental variables
of the SMD. Keeping the thrust and pressure aimed, both pressure drops are fundamental
variables because they directly affect the pintle injector exit area and pintle opening distance.
Therefore, based on Equations (11)–(14), the relevant variables are the pintle tip diameter
(Dpt), pintle tip angle (θpt), annular gap thickness (δann), pintle pressure drop (∆ppt), and
annular orifice pressure drop (∆pann).

2.2.2. Mixing

Evaluating the mixing performance of an injector is challenging in a design process
because the mixing performance only depends on the injector outlet fluid flow. Therefore,
the best evaluation approach is a computational fluid dynamics (CFD) simulation, which
makes the evaluation difficult and requires much time. For this reason, researchers have
used guidelines to optimize the mixing performance at the beginning of the design. One is
ensuring a uniform propellant distribution to the combustion chamber. Then, the pintle
injector can offer good distribution. The spray can have a uniform propellant distribution
by ensuring that the injector outlet fluid flow is as uniform as possible [22]. The other
is to ensure the formation of recirculation zones in the combustion chamber, which is
advantageous for mixing. Previous research shows that a larger spray angle increases the
overall combustion performance and central recirculation zone [11,27]. Similarly, in the
atomization case, both pressure drops are fundamental variables in keeping thrust and
pressure aimed because they directly affect the pintle injector exit area and pintle opening
distance. Therefore, using the spray angle, we can estimate the mixing performance of
the injector. Similar to the atomization case, we can find the fundamental variables of the
mixing performance based on Equations (15) and (16), which are θpt, δann, ∆ppt and ∆pann.

2.2.3. Vaporization Distance

The vaporization distance refers to the distance the average propellant droplet will
travel before it is completely evaporated. By analyzing Equations (17)–(20), we can see that
most variables depend on the propellants and the combustion process. For this, we assume
that the impinging gas quickly accelerates the droplet, so the initial velocity of the droplet
(Ud0) is the same as the injection velocity of the propellant, and the size of the initial droplet
equals the SMD [23,28]. Through the assumption, the design variables can share with the
SMD case, so the fundamental variables of the vaporization distance are also the same as
the SMD case: Dpt, θpt, δann, ∆ppt and ∆pann.
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2.3. Impact Evaluation

By finding the fundamental variables of the performance parameters, we determine
the five variables to optimize the design: Dpt, θpt, δann, ∆ppt and ∆pann. After that, we
analyze how the five design variables affect the performance parameters (SMD, spray
angle, and vaporization distance). For this, we obtain the best oxidizer, fuel mass flow rate,
and chamber pressure conditions considering the engine performance, such as combustion
efficiency, characteristic velocity, and specific impulse, in each thrust for five design points
using the CEA code and ideal rocket dynamic equations [22,29], described in Tables 1 and 2.

Table 1. Desired design points for each thrust level.

Thrust Level Desired Thrust [N] Characteristic Velocity [m/s] Desired O/F Ratio

1 200 1854.4 2.6
2 400 1861.1 2.6
3 600 1865.4 2.6
4 800 1868.3 2.6
5 1000 1871 2.7

Table 2. Obtained design points for each thrust level.

Thrust Level Calculated Thrust [N] Chamber Pressure [bar] Oxidizer Mass Flow [kg/s] Fuel Mass Flow [kg/s]

1 200.9 5.9 (29.5% of max pc) 0.0811 0.0312
2 398.9 9.4 (47% of max pc) 0.1288 0.0495
3 602.6 13 (65% of max pc) 0.1777 0.0683
4 794.7 16.4 (82% of max pc) 0.2238 0.0861
5 1000 20 (max pc) 0.2754 0.1020

Figure 2 indicates that increasing the diameter of the pintle tip decreases the vaporiza-
tion distance and SMD, so a larger pintle tip diameter is better. Figure 2 also describes that
the diameter does not affect the spray angle.

Figure 2. Effects of a pintle tip diameter on performance parameters: SMD, spray angle and vapor-
ization distance.
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Figure 3 shows that lower pintle tip angles are preferred based on three performance
parameters. The SMD and vaporization distance increase as the pintle tip angle increases.
It is not desirable because a smaller droplet size and smaller vaporization distance are
better. The spray angle is also affected negatively since the spray angle decreases, which is
undesirable, as the pintle tip angle increases.

Figure 3. Effects of a pintle tip angle on performance parameters: SMD, spray angle and vaporiza-
tion distance.

Figure 4 depicts that all performance parameters increase by increasing the annular
gap. It benefits the spray angle but disadvantages the vaporization distance and SMD.
Therefore, the annular gap depends on a specific project objective to optimize since negative
and positive effects exist for the performance parameters.

Figure 5 shows an interesting vaporization distance and SMD trend. Increasing the
pintle pressure drop decreases the SMD and vaporization distance at low thrust levels
while increasing a bit at high thrust levels because increasing the pintle pressure drop
decreases the pintle opening distance and Weber number, which have the opposite effect
on the SMD and vaporization distance (Equations (11) and (17)). Hence, the SMD and
vaporization distance converge to each value depending on the thrust level by increasing
the pintle pressure drop. On the contrary, the spray angle increases monotonously by
increasing the pressure drop. Therefore, similar to the annular gap case, the pintle pressure
drop also depends on a specific project objective to optimize.

Figure 6 shows that all performance parameters decrease by increasing the annular
pressure drop, which benefits the vaporization distance and SMD but disadvantages the
spray angle. It indicates that a specific project objective decides the annular pressure drop
as with the pintle pressure drop.
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Figure 4. Effects of annular gap thickness on performance parameters: SMD, spray angle and
vaporization distance.

Figure 5. Effects of pintle pressure drop on performance parameters: SMD, spray angle and vapor-
ization distance.
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Figure 6. Effects of annular pressure drop on performance parameters: SMD, spray angle and
vaporization distance.

We summarize the results in Table 3 based on the condition that maximizing the spray
angle and minimizing SMD and the vaporization distance is desirable. The plus and minus
signs in Table 3 denote whether a design variable affects each performance parameter
positively or negatively. If a column only contains plus or minus signs, increasing the
design variable affects the injector performance monotonously, so the variable should be
maximized or minimized. However, there are some columns, including both signs. The
column having both signs indicates that the performance impact of the design variables
depends on a condition. It means that no one injector outflow region can be built in such a
way as to offer the best performance for the whole set of performance criteria. Therefore,
the injector design is determined by a specific project purpose.

Table 3. Summary of the design variable effects on the performance parameters.

Dpt θpt δann ∆ppt ∆pann

SMD + - - +/- +
X + - - +/- +
α - + + -

3. Optimal Pintle Injector Design
3.1. Design Point

A pintle injector can be a control unit of a LPRE thrust control that directly affects
the combustion conditions, so the pintle injector needs a wide operating range. Therefore,
various optimal design points are required, while other injectors need only one point as
shown in Figure 7 [23]. Generally, the characteristics of a pintle injector should be analyzed
in various conditions with experience. For this, we analyze the characteristics in Section 2
using the equations of a pintle injector from Refs. [19,23] and design an optimal pintle
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injector for a max thrust of 1000 N and a throttle ability of 5 to 1 with five optimal design
points of a pintle injector as described in Table 2.

Figure 7. Comparison of optimal designs between the fixed injector and pintle injector (We modified
pictures from M. Son’s doctoral dissertation after receiving written permission from the author) [23].

3.2. Optimization Theory

The design is usually formulated into optimization problems to find the optimal design.
There are many options for designing the optimization algorithm. In design optimization
methods, a computer-aided numerical method is suitable for a system consisting of multiple
coupled variables [30]. This study uses convex quadratic programming (CQP) to optimize
the multivariate pintle injector design variables based on a cost function [31,32]. The
method has several advantages for an optimal pintle injector design. First, the approach
generates optimization problems that are typically easier to solve, and it ensures a unique
global minimum, which is the best solution in the condition. It is also suitable for covering
nonlinear conditions in a design process by applying the cost function or performance
index. The cost function reflects the quality of the process, which can be modified easily
to apply to various applications, so it is generally used in optimal control approaches to
find the optimal condition maximizing performance with a constraint [30,33–38]. The cost
function is shown as follows:

J = xTQx =


x1
x2
...

xn


T

Q1 0 · · · 0
0 Q2 · · · 0
...

...
. . .

...
0 0 · · · Qn




x1
x2
...

xn

 (21)

where J is the cost or performance index of the optimization problem, xi (i = 1, 2, · · · , n) is
a state of the system, and Qi (i = 1, 2, · · · , n) is a non-negative weight factor (Qi ≥ 0).
The optimal condition is when the cost is the minimum value as follows:

min
x

(J)⇒ ∂J
∂x

= 0 (22)

However, in the spray angle (α) case, it is desirable to maximize the state, unlike
other performance parameters. Since the cost function in the QCP is designed to find the
minimum value by modifying the cost function related to the spray angle, the condition
of the maximum spray angle can be obtained when the modified cost function is minimal.
Then, it can be combined easily with the cost function of the other performance parameters:

max
x

(Jα)⇒ min
x

(−Jα) (23)



Aerospace 2023, 10, 582 11 of 17

min
x

(J) = min
x

(Jo) + min
x

(−Jα)⇒ min
x

(Jo − Jα) (24)

In addition, the Flevel is added, considering the weight of individual thrust levels. In
this study, we consider five optimal design points based on the thrust level, so we design
better optimization at higher thrust levels because more efficiency at higher thrust yields
more saved propellants. Therefore, the thrust weight factor is set corresponding to each
thrust level (xi, Ji and Fi = i for thrust level i, i = 1, · · · , 5):

J =
5

∑
i=1

Fi · Ji =
5

∑
i=1

Fi · (Jo,i − Jα,i) =
5

∑
i=1

Fi ·

D32
X
α

T

i

QD 0 0
0 QX 0
0 0 −Qα

D32
X
α


i

(25)

Theoretically, because of the different orders of each performance parameter magni-
tude, each performance parameter should be normalization or non-dimensionalization,
generally using each maximum aimed performance parameter. However, in this study,
since there is not one design point but multiple design points, the factor of normalization or
non-dimensionalization based on one specific design point can cause the weight factor effect
changes in other design points. This paper focuses on introducing the optimization ap-
proach and showing the efficiency of the algorithm, so we apply the optimization algorithm
performance parameters themselves without considering the normalization process.

3.3. Constraints of Design Variables

For the optimal design, we construct a cost function based on performance pa-
rameters D32, X and α, considering the constrained critical design variables Dpt, θpt,
δann, ∆ppt and ∆pann. Using the CQP, we can find the best injector design variables by
minimizing the cost consisting of the performance parameters. We consider the con-
straints of the variables for better performance. For this, we investigate major previous
research [10–14,16,19,23,25,39] and set the constraints based on the research as follows:

• Dpt should be in the range between 5 mm and 100 mm because a smaller pintle tip is
hard to manufacture, and a larger tip is excessively large in this study.

• δann should be in the range between 0.01 mm and 6 mm since a smaller annular gap
thickness is hard to manufacture, and a larger gap is excessively large in this study.

• Lopen should be larger than 0.1 mm since Ref. [19] found that an opening distance
lower than the limit can cause formation trouble of a uniform liquid sheet outside the
pintle tip.

• ∆p/pc should be in the range between 0.05 and 0.3. This ratio is generally set at
around 20% based on a rule of thumb. A higher value means more expensive pressure
machinery and a lower value causes negative effects, such as chugging. Ref. [40]
demonstrates engines with a 5% pressure ratio, so we determine the ratio as the
lower limit.

• The velocity of propellant injection should be slower than the sonic velocity. It is
not desirable because the supersonic injector rockets are less efficient than the sonic
injectors and produce less thrust per unit mass flow [41], and the combustion chamber
can be highly harmful when a supersonic flow is present because it cause high pressure
and shock wave [42–44].

Considering the constraints, the optimization approach can be utilized by selecting the
Q = diag(Q1, . . . , Qi) in Equation (25). The selecting Qi values impact each performance
parameter, so the user should find the proper Q values and assess which weights are
appropriate for the specific project objective to optimize the pintle injector. The overall
procedure of the optimization is described in the flowchart as shown in Figure 8.
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Figure 8. The optimization process flowchart.

3.4. Analyze the Weight Factor Impact

In the optimization process, since the design variables change depending on the weight
matrix (Q), we use a graphical approach to investigate the impact of Q on the results of the
optimization algorithm by constructing a set of surface plots. The horizontal axes are two of
the Qi (i = D, X, and α) value changes, and the vertical axis is each performance parameter
of the optimized injector. Since there are three Qi values, we analyze the impact by changing
a pair of Qi values in the case without considering normalization or non-dimensionalization
and keeping with the other Qi value of 1 in each plot.

The results are described in Figures 9–11 for the SMD, spray angle, and vaporization
distance, respectively. As in Equation (25), the Q value of the spray angle has a negative
effect while the other Q values have a positive effect. The results in Figures 9–11 generally
show a sloping area with flat portions along the slope. The flat regions arise when the
optimization method encounters the constraint of the design variables in Section 3.3, and
the Qi values are saturated. Therefore, the Qi values should be located on the value of the
sloping area because the region is the place where different weights affect the performance
parameters significantly. The results show that the Qi values, approximately in the range
of 0.1 to 10, make the results of the performance parameters on the slope, so the weight
values in the range can be regarded as reasonable. However, values at the ends of the range
should be used with caution because they may cause the method to be saturated by the
other chosen Qi values. Through this work, we can find optimal pintle injector design
variables using the algorithm.
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Figure 9. The effect results of SMD by the weight factors.

Figure 10. The effect results of the spray angle by the weight factors.

Figure 11. The effect results of the vaporization distance by the weight factors.

4. Verification and Discussions

Choosing the final configuration is essential because the weight factors are critical for
the injector design. Generally, the biggest weight factor is placed on the most important
performance parameters. Since this study has no emphasis on a specific performance, we
choose the balanced Qi values reasonably. However, because of the significant impact
on combustion performance, we put slight weight values on the SMD and vaporization
distance. Therefore, we determine the Qi values to generate an injector by focusing on
smaller SMD sizes without neglecting the vaporization distance and spray angle. The final
design variable results and theoretical results of the performance parameters are illustrated
in Tables 4 and 5.

Even though Table 5 represents the optimized injector performance by the design
optimization process, we should validate the SMD, spray angle, and vaporization distance
results because the performance in Table 5 is the theoretical results. However, droplet
generation and vaporization are difficult to model accurately. On the contrary, the spray
angles can be modeled assuming that a combustion effect and vaporization are negligible.
Since the spray angle only depends on TMR, this assumption can provide accurate results,
so we use a numerical simulation by COMSOL Multiphysics 2D axisymmetric simulation
with a multiphase model and multiple domains to verify the spray angle [45]. Figure 12
shows the results of the spray angle simulations and excellent matches with the theoretical
results in Table 5. Therefore, it shows that the calculated values are accurate, and the pintle
injector design using the optimization method is reasonable and effective.
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Table 4. The design variable results from the optimization process for a pintle injector (QD = 2,
QX = 1.5, Qα = 1).

Thrust Level Dpt [mm] θpt [degrees] δann [mm] ∆ppt [bar] ∆pann [bar] Lopen [mm]

1 19 0 0.70 1.77 1.0429 0.1020
2 - - - 2.82 1.6496 0.1283
3 - - - 3.90 2.2709 0.1505
4 - - - 4.92 2.8559 0.1688
5 - - - 6.00 3.2876 0.1880

Table 5. Theoretical performance of the optimized pintle injector.

Thrust Level SMD [µm] α [degrees] X [mm]

1 9.4749 31.5106 4.6320
2 7.7679 34.8878 3.1984
3 6.6811 37.3687 2.4133
4 5.9621 39.2061 1.9503
5 5.6664 41.8715 1.6914

(a) (b)

(c) (d)
Figure 12. The spray angle simulation results by the thrust levels. (a) The spray angle result (34.9°) in
thrust level 2; (b) the spray angle result (37.4°) in thrust level 3; (c) the spray angle result (39.2°) in
thrust level 4; (d) the spray angle result (41.9°) in thrust level 5.
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5. Conclusions

This study aimed to develop and demonstrate an optimization method for a pintle
injector design. For this, we design a pintle injector for 1000 N thrust and 5 to 1 throttle
ability liquid-propellant rocket engine (LPRE) with liquid oxygen and gaseous methane
propellants. Then, we identify a set of design variables using an optimization method based
on convex quadratic programming (CQP) to maximize performance with the relationships
of the performance parameters. Through the optimization process, we can find the configu-
ration of an optimal pintle injector for a specific project by applying the weight matrix (Q)
in the cost function, and we check the impact of each of the weight factor (Qi) values on
the design variables. Then, we verify the performance of the optimization method with
an example using a numerical simulation by COMSOL Multiphysics. Through this work,
we can demonstrate the effectiveness of the optimization method for pintle injector design.
The procedures can be found in more detail in Ref. [46].
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