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Abstract: With the growth of the satellite industry, the demand for a propulsion system for small
launch vehicles and spacecraft has increased. Small liquid rocket engines may require ultra-low
specific speed centrifugal pumps due to the low required thrust and volumetric flow rate and high
combustion chamber pressure. Therefore, in this study, a design method of ultra-low specific speed
centrifugal pumps for several hundred Newton class small liquid rocket engines was developed by
combining various empirical formulas. In addition, centrifugal pump impellers were designed using
the Stepanoff method, which is typically used in pump design, and the circular arc method. The
most appropriate method for designing ultra-low specific speed centrifugal pumps was determined
through a comparative analysis with other methods and validated through CFD. As a result, the
pump designed using the proposed method exhibited a performance of pumping and suction superior
to the Stepanoff method. Although the number of arcs did not considerably influence the pump
performance, the single arc method was confirmed to be the most appropriate design approach in
terms of the design productivity and simplicity.

Keywords: liquid rocket engine; centrifugal pump; ultra-low specific speed; circular arc method;
Stepanoff method

1. Introduction

Liquid rocket engines can be divided into pressure-fed, turbopump-fed, and electric-
pump-fed cycle engines according to the method by which the liquid propellants in the
tank are supplied to the combustion chamber. In pressure-fed engines, the internal pressure
of the tank can be increased with the operation time, leading to an increase in the engine
weight. To address this problem, modern liquid rocket engines are based on turbopump
and electric-pump-fed cycles in which centrifugal pumps are used to pressurize the propel-
lant and supply them to the combustion chamber. Unlike low-head commercial pumps,
primarily intended for pumping or transportation, the pump in a liquid rocket engine is
designed to pressurize the liquid propellant and supply the required mass flow rate to the
combustor, which necessitates a large head and renders the design of centrifugal pumps
challenging [1]. In the initial design stage of the pumps, the volumetric flow rate and head
are determined considering the operating objective of the pump, and the pump rotational
speed is determined based on the pump size and driving performance. In general, a specific
speed is used in pump design, determined based on the required volumetric flow rate,
head, and rotational speed limit. The specific speed is typically calculated considering
the properties at the design point, which corresponds to the maximum efficiency, and can
be used to identify the optimal pump type. Consequently, methods based on the specific
speed have been established for designing the optimal pump shape [1–5]. The Stepanoff
method is commonly used to design pumps with a specific speed ranging from 10 to 300 in
SI units [5]. Because a liquid rocket engine for a typical space launch vehicle requires a
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high thrust, a centrifugal pump—typically with a specific speed of 10–80 in SI units—is
used to pressurize the propellant to achieve a high volumetric flow rate. For example, the
oxidant centrifugal pump of a J-2 engine with a thrust of 486.2 kN has a specific speed of
25, and the fuel and oxidant centrifugal pumps of an F-1 engine with a thrust of 6770 kN
have a specific speed of 21, and 44, respectively [6].

With the growth of the small satellite industry in recent years, the development of
small launch vehicles and spacecraft propulsion has been accelerated [7–9]. If the engine
size is small, propellant centrifugal pumps with a low mass flow rate and high head may
be required. The specific speed associated with operating points involving a low volumet-
ric flow rate and a high head is 10 or less, and the corresponding pumps are known as
ultra-low specific speed centrifugal pumps. ultra-low specific speed centrifugal pumps
are out of the range of general specific speed centrifugal pumps. Notably, as the specific
speed decreases, the efficiency of the centrifugal pump decreases [5]. Thus, ultra-low
specific speed centrifugal pumps are difficult to be designed using techniques pertaining to
commercial centrifugal pumps. In general, a multi-stage centrifugal pump that connects
and pressurizes multiple general specific speed impellers in series can be used instead of
an ultra-low specific speed centrifugal pump. However, in the case of small liquid rocket
engines, the use of a single-stage centrifugal pump with an ultra-low specific speed is
desirable considering the light weight.

The design methods for centrifugal pumps have been extensively studied based on
the component configurations. Many researchers have examined the relationship between
the impeller and volute configurations and centrifugal pump performance in a general
specific speed range [10–18]. In addition, because the pump shape is closely related to
the performance, studies have been made to optimize the shape to enhance the pump
performance [19–24]. Meanwhile, the centrifugal pump design using the empirical method,
which has a low analysis cost and can obtain design results quickly, was also carried
out [25,26]. Pak et al. developed a centrifugal pump design program to design the impeller
and volute by using the Stepanoff method and validated the results by comparing the
obtained design with commercial products [25]. Similarly, Lim et al. designed a centrifugal
pump by using the Stepanoff method and validated the design using the secondary vortex
panel method [26]. Liu et al. studied to optimize the design by comparing five impeller de-
sign methods that included empirical formulas and splitter attachment considerations [27].
Additionally, researchers have studied to understand the relationship between the shape
and performance of ultra-low specific speed centrifugal pumps. Choung et al. performed
numerical analysis for a centrifugal pump with a specific speed of 9.8 and noted that the
number of blades did not considerably influence the performance of ultra-low specific
speed centrifugal pumps [28]. Choi et al. reported that compared to a volute casing, a
circular casing was preferable for ultra-low specific speed centrifugal pumps due to the
smaller radial thrust and higher efficiency [29]. Some studies have also been performed on
the ultra-low specific speed centrifugal pump design. Grunde et al. designed a centrifugal
pump with a specific speed of 4.8 by using the Stepanoff method, changed the shape
variable appropriately to decrease losses, and suggested the directions for centrifugal pump
design based on the results of computational simulations [30]. Furthermore, the optimal
design for the ultra-low specific speed centrifugal pump design was carried out. Wang et
al. designed a centrifugal pump with a specific speed of 6.4 by using the two-dimensional
(2D) design method based on the developed boundary layer theory [31], and Hou et al.
performed an optimal design by entropy product method [32]. In both these studies, the
performance enhancement was validated through computational simulations. Notably, the
abovementioned studies focused on analyzing the influence of specific shape conditions
on the performance of ultra-low specific speed centrifugal pumps. None of the previous
studies have extensively examined the techniques and procedures for designing ultra-low
specific speed centrifugal pumps. In the previous studies on centrifugal pump design
techniques, the minimum specific speed was 15, which was focused on the general commer-
cial centrifugal pump design, and research on the design techniques of ultra-low specific
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speed centrifugal pump of 10 or less is rather limited. A method for designing ultra-low
specific speed centrifugal pumps that can pressurize a low mass flow rate and high head
propellant as a single-stage micro centrifugal pump for use in ultra-small liquid rocket
engines remains to be established.

As mentioned, most of the previous research to design centrifugal pumps was based
on the Stepanoff method, which is applicable to the general specific speed range. The
validity of applying the Stepanoff method for designing a system requiring an ultra-low
specific speed centrifugal pump needs to be examined, and an appropriate method for
designing ultra-low specific speed centrifugal pumps should be established. Therefore,
this study was aimed at developing and validating a method for designing an ultra-low
specific speed centrifugal pump for an ultra-small liquid rocket engine with a thrust of
several hundred Newtons, using empirical formulas for the design variables. Especially for
use in the early design stage that requires various cases, a design method that can derive
quick results is necessary to develop, using empirical formulas for each design variable.
The pressurization performance of the pump was evaluated through computational fluid
dynamics (CFD) simulations to validate the proposed design technique. The performance
of the pump designed using the proposed method was compared with those designed
using the Stepanoff method and circular arc method to determine the appropriate technique
for designing ultra-low specific speed micro centrifugal pumps.

2. Design of Ultra-Low Specific Speed Centrifugal Pump
2.1. Design Requirements for the Ultra-Low Specific Speed Centrifugal Pump

The volumetric flow rate, head, and rotational speed influence the pump performance
and can be used to determine the specific speed of a pump. In other words, the specific
speed is an indicator of the pump performance and can be used to predict the impeller
shape such as centrifugal or axial flow type, as shown in Figure 1. The specific speed (Ns),
as a key pump design factor, can be calculated using Equations (1) and (2) and expressed in
SI or US units or as a dimensionless term (Ωs).

Ns =
N
√

Q
H3/4 (N [rpm], SI:Q [m3/s], H [m], US:Q [gpm], H[ft]) (1)

Ωs =
ω
√

Q
(gH)1/4 (ω [rad/s], Q [m3/s], H [m]) (2)

Figure 1. Optimal geometry as a function of best efficiency point(BEP) and specific speed [1].

The combustion chamber pressure for engines with a thrust of several hundred New-
tons is typically between 0.7 and 2 MPa, and the combined range of the oxidant and fuel
mass flow rates is 0.05–0.25 kg/s [33–38]. In this study, the goal was to find the appropriate
design procedure and method for the centrifugal pumps for these engines, and thus, the
design point corresponded to a low mass flow rate and high head conditions. The pump
design requirements were set as follows: target pressure of 2,000,000 Pa, mass flow rate
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of 0.0628 kg/s, corresponding to volumetric flow rate of 1 gpm. To design and validate
the ultra-low specific speed centrifugal pump, and considering only the shape design
technique, the working fluid of the pump was set as water at 25 °C instead of a specific
fuel, considering the similarity of the media. There have been several cases using water
as a similar medium for pump design [39–41]. In particular, there are cases where the
performance of the pump has been tested using kerosene and water, and according to the
report, the hydraulic performance is known to be the same, but there was only difference in
density with each medium [39]. In addition, the turbopump of a liquid rocket is a fully tur-
bulence system in which the Reynolds effect remains relatively constant because it operates
at high speed [40]. Accordingly, it is known that the similarity of the pump performance is
preserved even if the Reynolds number according to the fluid is not perfectly scaled [40].
Thus, it has the advantage of being able to confirm the pump performance in advance using
water before using the real medium. In this study, the head was determined to be 205 m by
the working fluid and requirements. If a higher rotational speed is considered based on
the design requirements, the specific speed will increase, facilitating the design, but it may
be difficult to obtain an actual motor. A lower rotational speed may lead to an extremely
low specific speed, and it is challenging to design by obtaining a physically impossible
shape. Therefore, considering the availability of commercial motors and feasibility of
design manufacturing, a rotational speed of 50,000 rpm was set. The specific speed based
on the abovementioned requirements was seven in SI units, and thus, an ultra-low specific
speed centrifugal pump was required to be designed.

2.2. Design Procedure of Ultra-Low Specific Speed Centrifugal Pump

Figure 2 shows the design process flow of the ultra-low specific speed centrifugal
pump. The pump is primarily composed of an impeller and a volute, and each of the two
components should be designed considering shape variables. In the Stepanoff method,
the impeller and volute are separately designed. The proposed design procedure and
the Stepanoff method differ primarily in terms of the method used to design the impeller.
Because the impeller influences the centrifugal pump performance more, this study focused
on the impeller design, and thus, the volute was designed using the Stepanoff method. The
specific speed was used to determine the initial exit head coefficient, flow coefficient, and
diameter ratio of the inlet and outlet. The hydraulic and volumetric efficiency of the pump
were calculated using Lomakin’s formula [2] and the equations presented in Igor Karassik’s
Pump Handbook [1]. In the initial design stage, the target design point performance
can be obtained when designing with the volumetric flow rate and head considering
the losses. Therefore, the head and volumetric flow rate, considering the losses, were
calculated using the determined efficiency values, and the overall efficiency of the designed
pump was determined as the converged value in the iterative calculation. The pump was
designed using the volumetric flow rate and head calculated using the final efficiency.
Using the specific speed associated with the design point including the loss, the exit and
inlet diameters were determined using the Cordier diagram [42] and Lobanoff’s formula [4],
respectively. The number of blades was determined using Pfleiderer’s formula [43], and the
blade thickness, inlet, and exit widths were calculated. The final exit angle was determined
by supplementing the theoretical slip through Wiesner’s slip factor [44]. The diameter,
width, and area of the volute were determined using the Stepanoff method [5], and all
shape design values of the pump were derived.
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Figure 2. Process of ultra-low specific speed centrifugal pump design.

2.3. Design Method of Centrifugal Pump with Ultra-Low Specific Speed
2.3.1. Determination of the Pump Efficiency

The pump efficiency includes the hydraulic efficiency, volumetric efficiency, mechani-
cal efficiency, and total efficiency. The hydraulic efficiency (ηh) and volumetric efficiency
(ηv), related to the head and volumetric flow rate, respectively, can be considered in the ini-
tial conceptual design stage. The efficiency factors can be defined as in Equations (3) and (4).
Various methods are available to predict each efficiency. For example, the volumetric effi-
ciency can be determined using Equation (5), which is Lomakin’s empirical formula [2],
and Equation (6), which is an approximation for the leakage of a closed-impeller pump
with assuming orifice-type flow at a discharge coefficient of suggested by Stepanoff [1]. In
this study, the average value of the efficiencies determined using these two expressions was
used. The equation for calculating the hydraulic efficiency has been derived from various
empirical formulas based on volumetric flow rates proposed by Jekat and Lomakin [1,2].
However, this method is challenging to apply because the volumetric flow rate for the
centrifugal pump of a small liquid rocket engine is too low, and non-physical values may
be derived when calculating the efficiency. Therefore, in this study, Equation (7) was used,
in which the losses in the impeller and volute are defined as the head and flow coefficient.
This equation is known to fit well, especially when no pre-swirl exists at the inlet [1].
Considering the definition of the efficiency factors, a theoretical head and volumetric flow
rate that could compensate for the calculated loss were derived to obtain a new design
point, and the final efficiencies and design point conditions, as the converged values in the
iterative calculation were determined.

ηh =
Hideal − Hloss

Hideal
(3)

ηv =
Qideal −Qloss

Qideal
(4)

ηv =
1

1 + 2.482n−2/3
s

(5)

ηv =
1

1 + 5[
(δ/r2)(re/r2)

2

ψ2Ω2
s

]

(6)
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ηh = 0.9− 0.4(
ψ2

2
+

φ2
2

2ψ2
) (7)

2.3.2. Impeller Exit

The head is considerably influenced by the exit diameter. In the previous studies,
although the Stepanoff method was used to determine the impeller exit diameter, this
method was validated in the specific speed range of about 10–300 in SI units [5]. The pump
shape for the ultra-low specific speed range can be designed through extrapolation, but
its accuracy cannot be guaranteed. Therefore, in this study, the impeller exit diameter
was determined using the Cordier diagram [42,45], which has been empirically defined
even in the ultra-low specific speed range. The Cordier diagram is defined the relationship
between the specific diameter (Ds), expressed as in Equation (8), and the dimensionless
specific speed (Ωs). Using the Cordier diagram shown in Figure 3, the specific diameter
was calculated from the dimensionless specific speed, and the impeller exit diameter (D2)
was derived as the definition of the specific diameter. Next, the vertical velocity (Cm2)
at the impeller exit was determined using Equation (9), which is the definition of the
impeller exit flow coefficient, and Equation (10), which is expressed by dimensionless
specific speed [1]. Finally, the absolute velocity tangential to the exit was calculated by
using the Euler equation [3], and the impeller exit angle (β2), exit final absolute velocity,
and relative velocity components were determined using the velocity triangle.

Ds =
D2(gH)1/4
√

Q
(8)

φ2 =
Cm2

U2
(9)

φ2 = 0.1715
√

Ωs (10)

Figure 3. Cordier diagram [45].

2.3.3. Impeller Inlet

The diameter ratio of the inlet and outlet was determined using Lobanoff’s formula [4]
as the derived specific speed in US units, and the inlet diameter (D1) was derived. In
this study, the centrifugal pump without an inducer was targeted for engine light weight.
However, without an inducer, the centrifugal pump inlet should serve as a suction part.
Therefore, when determining the inlet flow coefficient (φ1), Equation (11) was used to
determine the flow coefficient of the inducer [4]. Subsequently, the vertical velocity (Cm1)
at the inlet was derived using Equation (12). In this study, it was assumed that there was no
pre-swirl at the centrifugal pump inlet because the inducer was not considered. Iterative
calculations were performed considering α1 = 90° in the inlet velocity triangle as the inlet
angle of the impeller to determine the absolute velocity and relative velocity components.
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φ1 =
93.62

D3
1

(
Q
N
)(D [inch], Q [gpm]) (11)

φ1 =
Cm1

U1
(12)

2.3.4. Blade

The number of blades (z) was determined using Pfleiderer’s formula in Equation (13),
which is commonly used [43]. The blade thickness was determined considering the de-
sign guidelines for rocket engine centrifugal pumps [46], requiring at least 80% of the
circumferential area at the pump inlet to be a free area. The inlet width (b1) and the exit
width (b2) of the blades, were derived using Equations (14) and (15) [1] based on the mass
conservation law. In general, the exit width may decrease due to the development of the
boundary layer caused by the interaction between the blade and flow. Because the efficiency
decreases with decreasing exit width, the exit width is typically increased by introducing
a contraction coefficient (ε) that ranges from 0.8 to 0.9. A smaller pump corresponds to
a smaller coefficient [1]; therefore, in this study, the coefficient was set as 0.8, considering
that the centrifugal pump designed in this study was micro size.

z = 6.5(
D2 + D1

D2 − D1
)sin(

β1 + β2

2
) (13)

b1 =
Q

πDmCme
(14)

b2 =
Q

2πωr2
2φ2ε

(15)

Because the centrifugal pump is a rotating fluid machine, a sliding phenomenon
occurs in the blade. To consider this aspect, the final blade exit angle was determined by
supplementing the theoretically possible exit sliding phenomenon in the initial design stage
to compensate for this. Wiesner’s formula [44] was used to calculate the slip coefficient,
considering the inlet and outlet diameter ratio. Slip means the decrease in the absolute exit
velocity in the tangential direction, as indicated in Equation (16), and the slip coefficient
was calculated by comparing the index value (εlimit) determined using Equation (17) and
the diameter ratio of the inlet and exit, determined using Equation (18) [44]. The slip
magnitude was determined using the calculated slip coefficient, and the final exit angle
was determined considering the previously calculated exit angle and reduced angle. Using
the updated outlet angle, the final number of blades and thickness were recalculated.

∆Cu2 = U2(1− σ) (16)

εlimit =
1

exp( 8.16sin(β2)
z )

(17)

De

D2
< εlimit ⇒ σ = (1−

√
sinβ2

z0.7 )

De

D2
> εlimit ⇒ σ = (1−

√
sinβ2

z0.7 )(1− (

De
D2
− εlimit

1− εlimit
))

(18)

The curvature of the blade was determined using the circular arc method. The number
of arcs in this approach is typically decided by the designer [47]. In this study, the single
arc method, corresponding to the simplest design process with a satisfactory prediction
performance, was used as the primary model [48]. In addition, the single arc method was
compared with double and triple arcs methods to understand the performance change for
the circular arc method. Figure 4 shows the single arc schematic for deriving the blade
curvature. A two-dimensional blade shape can be determined considering the radius and
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angle of the impeller inlet and outlet. The blade curvature was derived using Equation (19)
according to the geometric relationship [48].

ρ =
r2

2 − r2
1

2(r2 cos β2 − r1 cos β1)
(19)

Figure 4. Single arc method for blade design [48].

2.3.5. Volute

The volute collects the flow from the impeller. In the volute diffuser, the kinetic energy
of the flow is converted to pressure without loss as much as possible to be sent to the outlet.
It is known that the efficiency is maximized in the pump characteristics curve when the
average flow velocity for each cross section of the flow path is constant [48]. In this study,
the cross-sectional area was designed to obtain a constant average velocity by using the
Stepanoff method for volute design [5]. The shape of the volute is shown in Figure 5. The
cross-sectional area gradually increases, and the base circle diameter (D3) of the volute is
determined by the circle of the part that meets the tongue of the volute. The volute was
designed by determining the diameter of the base circle.

Figure 5. Volute cutaway.

The base circle diameter was derived using the Stepanoff method for volute design [5],
reflected in Equation (20) and Figure 6. The lack of a gap between the impeller exit diameter
and volute may lead to noise generation or efficiency deterioration. Therefore, the base
circle diameter was set larger than the impeller exit diameter [5]. The position of the volute
tongue considerably influences the centrifugal pump performance. Therefore, the volute
tongue was placed at 10° to 15°, which is reported to be the most suitable position based on
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the value of θv in Figure 5 [18,49]. To obtain the average velocity (C3) in the volute, the flow
coefficient (Kv) was calculated using the specific speed in US units, as shown in Figure 6
and Equation (21). The throat cross-sectional (Av) area was determined using the average
velocity, as indicated in Equation (22), and the cross-sectional area (Ax) at each angle was
determined in 45° intervals in proportion to the volute throat cross section. The cross
section of the volute was modeled to be circular, using the determined cross-sectional area.

D3 =
ratio× D2

100
+ D2 (20)

C3 = Kv
√

2gH (21)

Av =
Q
C3

, Ax =
φ◦

360◦
Av (22)

Figure 6. Design constants of volute by Stepanoff [5].

2.3.6. Prevention of Centrifugal Pump Cavitation

Cavitation is a significant problem that can occur during centrifugal pump operation
when pressure is lower than the vapor pressure of the fluid. Cavitation can influence the
thrust by causing flow instabilities and pump performance deterioration and must thus
be prevented through appropriate design. The condition of the suction flow considerably
influences the occurrence of cavitation. The suction conditions are determined by the
available net positive suction head(NPSHa) and required net positive suction head (NPSHr).
The NPSHa indicates the head required for the centrifugal pump to operate smoothly,
calculated as the between the centrifugal pump inlet pressure and vapor pressure. The
value of this parameter depends on the system in which the centrifugal pump is installed.
The NPSHr indicates the head corresponding to the pressure drop that occurs before the
liquid entering the impeller is pressurized, which is the unique value of the centrifugal
pump. Because cavitation occurs when NPSHr is greater than NPSHa, NPSHa is generally
set to be >1.3 NPSHr considering the margin [2]. In this study, the NPSHr was determined
using the NPSHr prediction graph [2] considering the peripheral velocity and suction inlet
velocity determined by the inlet specifications. The NPSHr was used to determine the
appropriate NPSHa at which cavitation does not occur, and the pressure of the suction part
at the centrifugal pump inlet was determined according to the definition of NPSHa [2].

2.4. Design Result of Centrifugal Pump with Ultra-Low Specific Speed

The centrifugal pump design technique described in Section 2.3 is a method that
applies the most appropriate design technique for each component based on various
previous studies. A centrifugal pump satisfying the requirements was designed considering
the ultra-low specific speed design. The inlet and exit diameters, angles, and widths of the
impeller satisfying the volumetric flow rate, head, and rotational speed were determined.
Next, the blade shape parameters such as the number of blades, thickness, curvature, and
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volute shape were designed. The ultra-low specific speed centrifugal pump was designed
for small liquid rocket engines with a thrust of several hundred Newtons with extreme
operational conditions, considering a mass flow rate of 0.0628 kg/s, head of 205 m, and
rotational speed of 50,000 rpm. The designed centrifugal pump was a small single-stage
pump with a volute, appropriate for a small liquid rocket engine. The pump impeller shape
is shown in Figure 7, and the geometric specifications are summarized in Table 1.

(a) (b) (c)

Figure 7. Ultra-low specific speed centrifugal pump configuration: (a) impeller; (b) blade; (c) volute.

Table 1. Design parameters of the centrifugal pump.

Geometric Parameter Value

Impeller inlet diameter, D1 (mm) 6.25
Impeller outlet diameter, D2 (mm) 23.96

Impeller outlet angle, β2 (°) 51.7
Impeller inlet width, b1 (mm) 1.56

Impeller outlet width, b2 (mm) 0.31
Number of blades, z 6

Volute base circle diameter, D3 (mm) 24.82
Volute width, b3 (mm) 0.49

3. Validation of Design Method through CFD Simulations
3.1. Numerical Approach

The commercial CFD program, Star-CCM+ 2021.1, was used.A three-dimensional
RANS(Reynolds-averaged Navier–Stokes equations) analysis was conducted to validate
the performance of the designed centrifugal pump for a steady-state incompressible flow.
A pressure-based segregated solver was applied, and MUSCL (Monotonic Upwind Scheme
for Conservation Laws) was used for the convection. The k − ω shear stress transport
model, which is commonly used in the analysis of rotating fluid machines, was applied
as the turbulence model, and the residuals of all equations converged to 10−7 or less. The
working fluid was water at a temperature of 25 °C, a density of 997.561 kg/m3, and a
viscosity of 8.8871 × 10−4 Pa-s. The MRF(Moving Reference Frame) method was used
to simulate the rotation of the centrifugal pump. When the MRF technique is used, the
impeller area does not rotate, but only the effect of rotating due to the influence of the
rotational coordinate system and centrifugal force is considered; thus, the result may vary
with the blade position. Considering this aspect, the volute tongue was placed in the center
of each blade to evaluate the average performance of the centrifugal pump. The analysis
domain consisted of a tank, suction pipe at the centrifugal pump inlet, and discharge pipe
at the volute outlet to simulate the operating condition of the impeller, volute, and actual
centrifugal pump, as shown in Figure 8. The tank was included in the analysis domain
because the liquid rocket engine supplied the propellant. Furthermore, the inlet pipe length
was set as 10 times its diameter considering actual operational requirement, and the outlet
pipe length was set to be 15 times its diameter to make it a fully developed flow. The
suction pipe and volute were set to a fixed frame, and a rotating frame of 50,000 rpm was
applied only to the impeller to simulate the pump rotation. The pump performance at
the design point was validated by applying the mass flow rate at the outlet, and a total
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pressure of 350,000 Pa at the inlet, considering the NPSHa to prevent cavitation and the
propellant tank pressure. Although the CFD simulation results were not compared with
the experimental results, the numerical method applied in the present study is the same as
in several previous studies for performing flow analysis in the pump [50–52]. In addition,
the results show that the CFD results are similar to the theoretical values.

Figure 8. CFD domain.

A polyhedral grid was applied, and fine grids were generated near the wall such that
the y+ value of the wall grid approached 1 through a prism layer, suitable for the considered
turbulence model. Moreover, a fine grid was applied to the impeller and volute, with grid
sizes determined through grid dependency. According to the grid dependency test at the
volumetric flow rate designed considering the requirements, the head increase with the
grid size and then became constant, as indicated in Table 2. Therefore, the appropriate grid
size was 0.1 mm, and the total number of grids was 2,717,280. Figure 9 shows the grid of
the domain and the impeller.

Table 2. Grid dependency results.

Number of cells 365,622 601,660 1,331,650 2,717,280 3,314,246
Cell size 0.3 mm 0.22 mm 0.14 mm 0.1 mm 0.09 mm

Head 204.93 m 212.33 m 216.42 m 217.25 m 217.44 m

(a) (b)

Figure 9. Grid configuration: (a) grid of the domain; (b) grid of the impeller.

3.2. Performance Validation of the Designed Centrifugal Pump

Because a liquid rocket engine pump must supply the propellant to the combustion
chamber at a high pressure, the pressurizing capacity of the centrifugal pump is a key
performance indicator. Therefore, the proposed design method was validated considering
the head performance of the centrifugal pump at a design point. The head (H) can be
defined using Equation (23), based on the difference between the centrifugal pump impeller
inlet pressure (Pin) and volute outlet pressure (Pout) when the propellant passes through
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the impeller. In this study, the head was derived as the average surface pressure at the
impeller inlet and volute outlet, obtained from computational simulations. In addition,
the overall efficiency of the pump was calculated by deriving the head and torque of the
design pump through numerical results and substituting these values into Equation (24).

H =
Pout − Pin

ρg
(23)

η =
Pout

Pin
=

Q∆P
Tω

=
gHṁ
Tω

(24)

The centrifugal pump designed using the proposed method could pressurize to
2,126,000 Pa, and the head was 217.25 m, 5.98% higher than the design point of 205 m,
which demonstrated the effective design of the pump. As mentioned, the NPSHr was
determined using the proposed method. Using this value, an appropriate NPSHa at which
cavitation did not occur was determined and applied as the boundary condition of the
tank. Cavitation modeling is built on Star-CCM+, but this study predicted cavitation by
confirming whether the lowest pressure in the pump is higher than the vapor pressure. To
examine the occurrence of any cavitation, the pressure in the entire region of the centrifugal
pump, especially that at the impeller inlet, which is the suction part, was evaluated. The
minimum pressure in the impeller was approximately 114,500 Pa in Figure 10, greater
than the vapor pressure of water approximately 3170 Pa at 25 °C. Therefore, the proposed
method determined a centrifugal pump that did not incur cavitation.

Figure 10. Impeller pressure scene.

The characteristic curve of the centrifugal pump shows the relationship of the head
with the volumetric flow rate and can be used to determine the operating range of the
centrifugal pump. Therefore, CFD simulations were performed to investigate the head
and efficiency in the case in which the volumetric flow rate was 0.1–1.4 times the design
volumetric flow rate to understand the pump performance at each volumetric flow rate.
As can see in Figure 11, it is validated that the designed centrifugal pump is similar to the
general centrifugal pump characteristic curve. The efficiency of the designed centrifugal
pump was 67.27% at the design point. In general, the efficiency of the centrifugal pump is
known to be from 40 to 88%, but micro centrifugal pumps may be less than this range [3].
However, it was confirmed that the efficiency of the centrifugal pump using the proposed
design method was within the range, even though the size was ultra-small.

Furthermore, the conformance of the designed centrifugal pump with the affinity law
was evaluated to validate the design. For geometrically similar pumps, the affinity law can
be expressed in Equations (25)–(27), based on the pump head, power, rotational speed, and
diameter. In this study, the validity of the affinity law with the change in the rotational
speed for a same diameter was examined. The rotational speed was changed from the
designed rotational speed of 50,000 rpm to 40,000 rpm and 60,000 rpm. The volumetric



Aerospace 2022, 9, 477 13 of 19

flow rate corresponding to each rotational speed was calculated using Equation (25) and set
as the outlet boundary condition. Equations (26) and (27), which indicated the relationship
between the head and power at each rotational speed and flow rate, were established
and validated.

Q2

Q1
=
(N2

N1

)(D2

D1

)3
(25)

H2

H1
=
(N2

N1

)2(D2

D1

)2
(26)

P2

P1
=
(N2

N1

)3(D2

D1

)5
(27)

Figure 11. Pump characteristic curve.

Table 3 lists the theoretically calculated value of the affinity law and the value derived
from the CFD simulations at 40,000 rpm and 60,000 rpm. The maximum error was 1.43%
and 1.26% at each rotational speed, confirming that the theoretical affinity law was satisfied
well. Therefore, the centrifugal pump designed using the proposed method satisfied the
design point performance and confirmed to be similar to the characteristic curve of a
general centrifugal pump. The designed pump was also consistent with the theoretical
affinity law, which further demonstrated the effectiveness of the design technique.

Table 3. Conformance with affinity law at 40,000 and 60,000 rpm.

40,000 rpm (0.0502 kg/s) 60,000 rpm (0.0754 kg/s)

Head Power Head Power

Theoretical 139.04 m 68.46 W 312.84 m 231.04 W
Numerical 137.17 m 67.48 W 316.59 m 233.94 W

Error 1.34% 1.43% 1.20% 1.26%

3.3. Performance Comparison with Different Design Methods

In the proposed design method, the impeller was designed based on various em-
pirical formulas, including the Cordier diagram, and the volute was designed using the
Stepanoff method. To perform a comparative analysis, the impeller and volute were de-
signed using the Stepanoff method, which has been demonstrated to be appropriate in the
general specific speed range, and the pump performance was compared with that of the
centrifugal pump designed using the proposed approach at the same ultra-low specific
speed design point. Notably, the proposed design method was based mostly on empirical
equations. However, the blade curvature can be determined using different numbers of
arcs in the circular arc method. Therefore, several arc methods were applied and compared
to identify the most appropriate circular arc method to design the ultra-low specific speed
centrifugal pump.
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3.3.1. Performance Comparison with the Stepanoff Method for Impeller Design

The Stepanoff method can be used to design centrifugal pumps in the ultra-low specific
speed range through extrapolation; however, the validity of this application has not been
evaluated in the previous studies. Therefore, in this study, the impeller and volute were
designed using the Stepanoff method to evaluate the validity of the design method. Because
the volute design was the same as in the proposed method, the performance was evaluated
considering the impeller design. The design parameters and values are presented in Table 4
and Figure 12. The hydraulic and volumetric efficiency were calculated using the efficiency
calculation method described in Section 2.3.1. The same numerical methods were applied
in the computational simulation.

Table 4. Design parameters of the pump using the proposed method and Stepanoff method.

Geometric Parameters Proposed Design Stepanoff

Impeller inlet diameter, D1 (mm) 6.25 6.58
Impeller outlet diameter, D2 (mm) 23.96 24.90

Impeller outlet angle, β2 (°) 51.7 22.5
Impeller inlet width, b1 (mm) 1.56 0.72

Impeller outlet width, b2 (mm) 0.31 0.20
Number of blades, z 6 8

Volute base circle diameter, D3 (mm) 24.82 25.80
Volute width, b3 (mm) 0.49 0.32

(a) (b)

Figure 12. Impeller configuration: (a) proposed design method; (b) Stepanoff method.

When the Stepanoff method is used to the impeller, the head is 206.35 m, and efficiency
is 71.08%. The performance values for the pumps designed using the Stepanoff and
proposed method are summarized in Table 5. The centrifugal pump head obtained using
the Stepanoff method is slightly larger than that at the design point of 205 m but lower
than that associated with the proposed method. However, the efficiency is approximately
4% higher than that of the centrifugal pump designed using the proposed approach. The
minimum pressure of the impeller, as the suction part, is approximately 53,860 Pa. This
value is higher than the vapor pressure of 3170 Pa of water, so there may be no problem
operating at the design point. However, this value is lower than that associated with the
proposed centrifugal pump design. In other words, in the pump designed by using the
Stepanoff method, cavitation can easily occur when the pressure or volumetric flow rate
of the tank connected to the centrifugal pump inlet changes from the design condition.
Therefore, the impeller design based on the Stepanoff method is disadvantageous. In
general, when the suction pressure is high, the pump weight can be decreased by lowering
the internal tank pressure. However, because the impeller designed using the Stepanoff
method can cause cavitation easily, the tank weight cannot be decreased. Consequently, it
is also thought that the centrifugal pump design obtained using the Stepanoff method on a
small liquid rocket essential for light weight can be inappropriate.
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Table 5. Performance of pumps obtained using different design methods.

Proposed Design Method Stepanoff Method

Head 217.25 m 206.35 m
Efficiency 67.27% 71.08%

Min Pressure 114,540 Pa 53,860 Pa

The low performance of the impeller designed using the Stepanoff method can be seen
from the configuration. In general, the head increases with the increase in the diameter of
the impeller, exit angle, and exit width. As indicated in Table 4, the centrifugal pump diam-
eter using the Stepanoff method is 24.90 mm, larger than that of the diameter, associated
with the proposed pump of 23.96 mm. However, the head of the pump obtained using the
Stepanoff method is lower because the outlet angle and width of the centrifugal pump are
significantly smaller than those obtained using the proposed design method. The exit angle
of the impeller designed using the Stepanoff method is 22.5°.

Figure 13 shows the results of computational simulations performed to examine the
difference in the performance of the centrifugal pumps obtained using the two design
methods. The flow velocity inside the volute of the centrifugal pump obtained using the
proposed design method is higher than that associated with the Stepanoff method. As the
area of the volute diffuser increases, the velocity decreases and pressure increases, and the
internal flow kinetic energy associated with the proposed method is higher than that for
the Stepanoff method. Therefore, the energy conversion in the diffuser is larger, leading to
a larger head than that pertaining to the Stepanoff centrifugal pump.

(a) (b)

Figure 13. Volute velocity field: (a) proposed method; (b) Stepanoff method.

The shape of the blade influences the suction performance at the inlet of the impeller.
As indicated in Table 4, the inlet width designed using the Stepanoff method is 0.72 mm,
smaller than that determined using the proposed design method. In the Stepanoff method,
the number of blades is determined using Equation (28), which is composed only of the
exit angle, and thus, the value is higher than that associated with the proposed method.
Computational simulations were performed to understand the suction performance, and
the results are shown in Figure 14. Specifically, the cross-sectional velocity of the flow at
the blade position at the minimum pressure was observed. The velocities associated with
the proposed method and the Stepanoff method are 24.68 m/s and 28.03 m/s, respectively.
The impeller designed using the Stepanoff method has a narrower passage area between
the blades at the inlet side and thus a higher speed and lower pressure than the centrifugal
pump designed using the proposed method under the same flow conditions, resulting in
low suction performance.

z =
β2

3
(28)
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(a) (b)

Figure 14. Volute field over the impeller: (a) proposed method; (b) Stepanoff method.

3.3.2. Performance Differences with the Blade Curvature

The proposed design method was based on empirical formulas. However, unlike
other methods, the circular arc method for designing the blade curvature uses geometric
values such as the angle and diameter of the blade inlet and outlet [47]. Therefore, the
performance of the pump designed using different circular arc methods was compared
through computational simulations to confirm the most appropriate design method. Except
for the parameters of the circular arc method, the other variables and simulation parameters
were applied the same. The blade curvature was determined by dividing the length between
the inlet and outlet diameter by a certain number of arcs. Therefore, the blade curvature
was determined in order from the inlet to the outlet. The values are summarized in Table 6,
and the resulting shapes are shown in Figure 15.

Table 6. Results of various impeller designs.

Curvature Single Arc Method Double Arc Method Triple Arc Method

Arc 1 15.45 mm 6.83 mm 5.39 mm
Arc 2 − 49.75 mm 14.05 mm
Arc 3 − − 139.56 mm

(a) (b) (c)

Figure 15. Impeller configurations based on different design methods: (a) single arc method; (b) dou-
ble arc method; (c) triple arc method.

The head values for the single, double, and triple arc method are 217.25 m, 216.78 m,
and 215.04 m, respectively, and the efficiencies are 67.27%, 68.21%, and 69.55%. The
efficiency increases with the number of arcs. The minimum pressure on the blade for the
single, double, and triple arc methods is 114,540 Pa, 164,100 Pa, and 139,370 Pa, respectively,
which were similar, and all values are summarized in Table 7. The minimum pressure of
the blade has the highest velocity due to the smallest initial area of the impeller, which
may result in the lowest pressure. The cross-sectional velocity of the flow at the minimum
pressure location on the blade is shown in Figure 16.
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Table 7. Performance of various impellers.

Single Arc Method Double Arc Method Triple Arc Method

Head 217.25 m 216.78 m 215.04 m
Efficiency 67.27% 68.21% 69.55%

Min Pressure 114,540 Pa 164,100 Pa 139,370 Pa

(a) (b) (c)

Figure 16. Velocity field for various impellers: (a) single arc method; (b) double arc method; (c) triple
arc method.

The maximum velocity in the cross-sectional area for the single, double, and triple
arc method is 25.83 m/s, 24.04 m/s, 24.95 m/s, respectively. The suction performance is
the highest in the doubles arc method. For pumps with a high suction performance, the
weight can be decreased by lowering the tank pressure. However, the effect is insignificant
in the analysis because the minimum pressure difference between the three arc methods is
50,000 Pa or less. Considering that the design goal of this study is the ultra-low specific
speed micro centrifugal pump for small liquid rocket engines, it is reasonable to apply the
single arc method in the design, which has the simplest implementation.

4. Conclusions

Recently, the need for small liquid rocket engines with low thrust has witnessed a
considerable increase. Therefore, for the miniaturization and light weight of the engine,
a single-stage, low volumetric flow rate, and high head centrifugal pump of the ultra-
low specific speed is required. In this study, the design method for an ultra-low specific
speed centrifugal pump for a small liquid rocket engine was developed, and the design
feasibility was validated through CFD simulations. The design method was based on
various empirical formulas for each design variable. In addition, the design feasibility was
validated by evaluating the pressurization performance for an ultra-low specific speed
centrifugal pump for a small liquid rocket engine with a thrust of several hundred Newtons.

The results demonstrated that the designed pump satisfied the pressurization per-
formance at the design point and was similar to the characteristic curve and theoretical
pump affinity law. In addition, the performance of pumps designed using the proposed
method and the Stepanoff method, which is commonly used for general specific speed
pumps, was compared in the ultra-low specific speed range through CFD simulations. The
head achieved using the Stepanoff method was lower than that of the proposed method.
The minimum pressure at the pump inlet associated with the Stepanoff method was higher
than the vapor pressure, and thus, cavitation was not expected to occur. However, the
suction performance of the Stepanoff pump was lower than that of the pump designed
using the proposed method.

The circular arc method was used to determine the blade curvature for the centrifugal
pump, and the appropriate number of arcs for designing an ultra-low specific speed
centrifugal pump was determined. The number of arcs did not considerably influence the
pump performance, and thus, the simplest arc method was considered the most appropriate
method for determining the blade curvature, considering the simplicity and productivity.
Overall, the proposed method could rapidly determine a pump shape that could satisfy
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the requirements in the initial design stage. The proposed method can be used to design
appropriate ultra-low specific speed centrifugal pumps for small liquid rocket engines.
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