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Abstract

An Investigation on Impeller
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Lander Rocket Engine

DeokHyeon Kim

School of Aerospace Engineering

The Graduate School

Seoul National University

With the growing interest in lunar exploration around the world

and many landing missions being raised, it can be expected that

demand for high-performance lander engines that play a key role in

landing will increase. Meanwhile, with the advent of the New Space

era, the economic feasibility of launch vehicle is emerging as an

important topic. As a result, the electric pump system, which has the

advantage of being easy to produce, easy to control, and cheap, is in

the spotlight.

As a result, research on electric pump cycle is becoming more

active, but most of them are devoted to simulation research. Author’s
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research group also manufactured electric pumps with different

impeller shapes, but the performance measurement was not done.

In this research, experimental study on the effect of the geometric

shape of the pump on the propulsion system using the electric pump

system was done. Sample lunar landing mission using an engine

equipped with an electric pump was established to set evaluation

criteria. In addition, it was investigated that lunar lander with electric

pumps could significantly reduce dry mass of lander system,

indicating that this mission configuration is affordable.

The characteristics of pump systems were then measured

experimentally. A closed loop test rig was built to measure the

performance of the pump. The hydraulic performance, efficiency, and

suction performance of different impellers are measured and compared.

The comparison showed that the pressure rise of the small discharge

angle impeller was low, but it showed higher efficiency and better

suction performance. Finally, performance of electric pump at given

mission was predicted and design trade-off was discussed.

주요어 : Electric pump cycle, Impeller, Cavitation, Pump performance

test, Lunar lander

학 번 : 2019-24590
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Chapter 1. Introduction

1.1 Background

Since Apollo landed on the moon in 1960, there has been a craze

for lunar landers again. Starting with the Israeli civil lunar lander

Beresheet[1], China’s Chang’e lander landed on the dark side of the

moon[2]. Currently, the Artemis project is being carried out again in

the West[3], and Korea is also working on a lunar lander mission[4].

Since the descent phase of the lunar lander mission is the most

difficult phase, It can be expected that high-performance rocket

engines will be needed to meet the demand for these lunar landers.

Fig 1.1 Ongoing lunar landing missions



- 2 -

On the other hand, in the area of the launch vehicle, the economic

feasibility of the launch vehicle is becoming important day by day as

the New Space era, in which the leadership of the space rocket

market is transfered from the government to the private sector,

begins. Since the space business composed of numbers of small

satellites, such as SpaceX’s StarLink, increases, there is growing

interest in small launch vehicles that can transport payloads into

earth orbit at an affordable price[5]. Under this circumstances, there

is an increasing demand for electric pump cycle liquid rocket engines

that can be cheap, easily controlled, and quickly researched and

developed.

Fig. 1.2 Schematic of electric pump cycle[8]
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An electric pump cycle is a pump-fed cycle that drives the pump

with the power of a battery and an electric motor, as shown in Fig.

1.2. This has several advantages over a typical turbo-pump cycle.

First, there are no hot working parts such as gas generators and

turbine blades, which can significantly reduce manufacturing

difficulties.

Second, the rotational speed of the pump can simply be adjusted by

electric signals, greatly simplifying engine control. This simplifies the

study of startup and control sequences, which not only lowers the

production costs of the entire engine, but also reduces the R&D

costs.

However, there are only few numbers of experimental research has

been conducted on electric pump yet. Most of researches focus on

estimating mass of total propulsion system and analyze its

capability[6-10]. Several research group has manufactured electric

pump and tested, but analysis in the point of view of overall system

was insufficient[11][12]. SNU rocket propulsion laboratory also had

designed 5 kN class liquid methane electric pump system for

throttle-able SNU-pintle rocket engine (Fig.1.3), but performance

evaluation criteria was absent and no actual run test has

conducted[13]. Therefore this research presents a evaluation criteria of

the pump system by configuring the sample lunar landing mission

and measure the performance of the pump system by constructing

new pump test system. Hydraulic performance, cavitation performance

of pump itself and overall system characteristics were measured.
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Finally, several design considerations have been obtained that would

be useful in designing an electric pump system.

Fig. 1.3. SNU pintle engine and pump[13]
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1.2 Previous Work

Electric pump cycle did not come out suddenly. It was originally

suggested by Sudden at 1985[14] and manufactured by Johnsson at

1990[15]. However, electric pump cycles had been considered

inefficient due to significant structural weight disadvantage as battery

weight remains after combustion. Nowadays, recent innovations in the

battery and electric vehicle industries significantly increased the

energy density of electrical components, overcoming large losses in

these components.

Consequently, numbers of researchers focused on the possibility of

replacing traditional propulsion system by electric pump cycle, by

propellant feeding system mass comparison. Initiated by Solda et al,

electric pump cycle with modern battery technology had been

compared with pressurized gas cycle[7] and gas generator turbo pump

cycle[9], and showed relative advantage.

Kwak. et. al[6] showed that electric pump cycle could be more light

than traditional turbo-pump gas generator cycle, if nominal thrust is

less than 100 kN. Kwak has concerned efficiency model of battery

pack and motor. He also emphasized energy loss in those components

and introduced cooling channel.
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Fig. 1.4. Feed system mass ratio of EP cycle to GG cycle[6]

Fig. 1.5. Rutherford engine of Rocket Lab[16]
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Rocket Lab has manufactured actual electric pump cycle rocket

engine of 27 kN[16]. The Rutherford engine, depicted in Fig. 1.5, uses

LOx/Kerosene and rotates at 40,000 RPM. It was the first

commercially proven case of using electric pump cycle to the launch

vehicle.

Under these circumstances, Yoon had designed 5 kN class liquid

methane pump, which was used in this research[13]. The pump was

originally designed for 5 kN thrust-variable SNU-pintle liquid rocket

engine using pintle injector. shows the specification requirements of

the SNU-pintle engine are listed in Table 1.1. The chamber pressure

of the engine was chosen as 10 bar and the maximum pressure drop

through the injector was predicted to be 8 bar. The propellant storage

tank was assumed to be pressurized up to 3 bar.

Unit Value
Propellant - CH4 / LOX

Isp s 310
O/F ratio - 3.44

Mass flow rate kg/s 1.776
Thrust N 5390

Chamber Pressure bar 10
Pressure Loss bar 8

Table 1.1. Specification of SNU-Pintle engine

Pump performance parameters are listed in Table 1.2 Based on the

engine design parameter, the inlet and outlet pressure requirement of

the pump were calculated. Required developed head and volumetric

flow rate was calculated to be 346 m and 54.2 L/min, respectively.
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To achieve high-pressure development and low flow rate requirement,

rotational speed of the pump was selected as high as possible until

the mechanical parts can handle.

Unit Design Simulant
Fluid - LCH4 Water

Density  442 1000
Volumetric Flow Rate min 54 54

Inlet Pressure bar 3 3
Outlet Pressure bar 18 36.9

Developed Pressure bar 15 33.9
Developed Head m 346 346
Rotational Speed RPM 28000 28000

Table 1.2. Specification of pump

Radial type impeller was selected. The type of the impeller mostly

depends on the specific speed (Ns) of the pump. Ns of the pump was

540 in US unit (0.19 in SI unit) according to the definition of the Ns.

Here, N is the rotational speed in RPM, Q is the volumetric flow rate

in Gallon per minute and H is the developed head through the pump

in ft (rad/s, m3/s, m in SI unit, respectively), which is developed

pressure divided by specific gravity of the fluid.

  

 Since the  value of 540 is far less than conventional centrifugal
pumps, radial type impeller was applied[17]. To minimize volumetric
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loss, closed-type impeller with shroud was applied. It also prevents

the collision between impeller blade and casing.

Two different shape of impeller was designed, which are shown in

Fig. 1.6. The major difference between two impellers was the

discharge angle . Impeller A has smaller discharge angle of 
and longer flow path, which follows the cavitation-focused design

process[13][18]. Impeller B has larger discharge angle of  and

shorter flow path, which follows the conventional impeller design

criteria given by Gulich[19] and Stepanoff[20].

Fig. 1.6. Small discharge angle impeller (left)

and high discharge angle impeller (right)

However, Yoon did not experimentally identify the difference

between these two impellers and conduct research on what is more

appropriate design. Therefore, investigation on electric pump cycle
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using pump with different discharge angle was conducted in the

research. Other design parameters are listed in Table 1.3.

Variable value Description
A B

 21 mm Inlet diameter
 2.9 mm Inlet blade height
 ° Inlet blade angle
ϵ 0.84 Inlet blockage factor
 63 mm Discharge diameter
 1.5 mm Discharge blade height
 °  ° Discharge blade angle
ϵ 0.81 0.91 Discharge blockage factor
 2.5 mm Blade thickness
 4 Blade number

Table 1.3. Design parameter of the pump
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1.3 Research objective

Performance of electric pump cycle was measured and analyzed.

Sample lunar landing mission for impeller evaluation was simulated

in chapter 2. In this chapter, lunar landing mission with 5 kN class

electric pump cycle was designed and compared with traditional

pressure-fed cycle for same mission. Opportunity of adopting electric

pump cycle to lunar mission was proposed by comparing the overall

propellant feed system mass and showed remarkable mass reduction.

This simulation result was used as criteria of evaluate the proposed

pump system.

Pump test rig was designed and impeller performance was

experimentally measured in chapter 3. In this chapter, configuration of

pump test rig was proposed and detailed procedure of measuring the

pump performance was introduced. Hydraulic performance (i.e.

pressure, efficiency) and cavitation performance (i.e. net positive

suction pressure) was measured. Effect of the blade exit angle on

each properties was analyzed. Through this chapter, validation of

yoon’s low specific speed impeller design process was also done.

Experimental results were discussed in chapter 4. In this chapter,

performance of two different impeller at design point was predicted

and compared, using non-dimensionalized performance coefficients

measured in chapter 3. Also, design consideration of electric pump

cycle was suggested based on experimental experiences.
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Chapter 2. Mission Design

2.1 background

Lander propulsion system has several characteristics which are

different from other propulsion system; light weight, high thrust,

throttling capability. As located in the highest upper stage of the

launch vehicle, lander subsystem must be light weight as possible to

reduce launch cost and increase payload capability. Second, different

with other deep space propulsions, such as non-keplerian orbit or

satellite propulsion, lander must overcome the gravity of other planet.

Therefore, not only high efficiency (high Isp), but also high thrust is

also required. As the lander becomes larger, higher thrust is required.

Third, deep throttling and precise throttling is required in landing.

Fig. 2.1. shows the thrust profile of Apollo lander, which could

throttle 20% of its maximum thrust[21].

Traditionally only pressure fed type of propellant system was used

for lander propulsion system, because turbopump system was too

bulky and less-reliable. For instance, Apollo lunar module descent

engine used helium pressurized gas cycle with chamber pressure of

6.9 bar and pressurant tank pressure of 260 bar.

However, Solda et al. [7] has showed that electric pump cycle could
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significantly reduce overall propellant feeding system than pressurized

gas cycle, as shown in Fig. 2.2. Solda also suggested application of

electric pump cycle as upper stage propulsion system. Based on this,

the lunar lander mission was intended to be the basis for evaluating

the performance of the pumps used in this study.

Fig. 2.1. Thrust profile of Apollo lander
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Fig. 2.2. Ratio of feed system mass to propellant mass
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2.2 Mission configuration

The purpose of configuring the landing mission is to derive the

requirement of propulsion system, calculate the overall mass of

electric pump cycle, and finally compare with the traditional

pressurized gas cycle. The final objective of this chapter is to show

the possibility of using electric pump cycle in lunar landing mission

with showing total mass reduction on the total stage. To achieve

these goals, simulation process depicted in Fig. 2.3 was done.

Propulsion system requirements, such as total propellant mass, total

burning time, and time-thrust profile were obtained from lunar

landing simulation model, and then used to configure two different

feed system.

Fig. 2.3 Cycle comparison process

The landing mission is composed of two phase; lunar approach and

powered descent. lunar approach is the phase that the lander flies

from earth to the moon, with keplerian orbit. During trans lunar

maneuver, assuming the fixed thrust, the required delta-V was

astrophysically calculated to estimate required propellant mass.

Powered descent is the phase of actual landing, from low altitude
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lunar orbit to the moon surface. During powered descent, simplified

2-dimensional 3-DOF landing dynamics algorithm was applied to get

appropriate thrust curve for soft landing.

Fig 2.4 Schematic of lunar approach (left) and powered Descent (right)

Major mission parameters are obtained from the specification of the

pump and listed in table 2.3. The maximum thrust was selected as

same as the design point of the electric pump. Throttling range and

Chamber pressure of engine was designed to be 20% and 10 bar,

respectively.

Mission Parameter
Lander launch mass 2500 kg

Maximum thrust 5000 N
Throttling range 20%

Chamber pressure 10 bar

Table 2.1 Lander mission parameter

From the mission parameter, engine parameter was obtained as
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Table 2.2.

Engine Parameter
Fuel / Oxidizer LCH4 / LOX

 0.279
O/F 3.44

  366

Table 2.2 Lander engine parameter

For lunar approach, direct insertion mechanism suggested by

KARI[22] was assumed in this research. Trans-lunar insertion (TLI)

is done by the launch vehicle, and lander’s propulsion system does

trajectory correction maneuver (TCM). Lunar orbit insertion (LOI)

and Descent orbit insertion (DOI). Required delta-V is listed in Table

2.3.

Maneuver  

Launch -
TLI (Trans Lunar Injection) 3.09

    TCM (Trajectory Correction Maneuver) 0.049
    LOI (Lunar Orbit Insertion) 0.869
    DOI (Descent Orbit Insertion) 0.025
    Lander Propulsion Requirement 0.943

Table 2.3 Required  for lunar approach

Required propellant mass and burning time was calculated by

rocket equation, assuming fixed thrust as max thrust of the engine.
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Here, acronym app means lunar approach phase.

 exp 
For powered descent phase, 2 dimensional 3 DOF lunar gravity

model was used to simulate landing environment and simple kinetic

control law was applied as landing algorithm[23][24]. Powered descent

has three steps; descent, hover and land. During descent step,

retrograde thrust is generated and decelerates lander from perigee of

DOI orbit until lander arrives designed hovering altitude and
velocity. Thrust is calculated based on kinetic control law as

equation below.

  min 
 

During hovering step, lander slowly reduces altitude in vertical

direction until landing altitude. Again, thrust is calculated as below:

  maxmin 
 min

Here, throttling capability of engine system is applied as min.
Required propellant mass is integral of thrust profile along total
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landing time.

  
Finally, total required propellant mass is sum of propellant needed

in lunar approach and powered descent phase. Propellant tank size

and pump capability were calculated using this value.

  

Result of landing simulation is shown in fig. 2.5 and fig. 2.6. Fig.

2.5. shows the trajectory of lander, where black line is the lunar

surface and red line is the trajectory. Fig. 2.6 shows parameters

changing during landing sequence, such as overall mass, height,

velocity and thrust. Mass at the beginning of the landing is not same

as lander initial mass due to propellant consumed during lunar

approach. Because the angle between thrust and moving direction

was fixed, the landing trajectory was not optimized, so height was

slightly increased during landing. However, as the velocity softly

decrease to zero, soft landing was achieved.
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Fig. 2.5. Trajectory result of lunar lander

Fig. 2.6. Parameters varying in landing sequence



- 21 -

2.3 Feed system configuration

Electric pump cycle and pressurized gas cycle was configured and

compared. Components considered for each cycles are depicted in fig.

2.7. For pressurized gas cycle, pressurant(He), pressurant tank,

propellant tank and tank insulator was considered. For electric pump

cycle, pump, battery, ESC, coolant for electric parts, propellant tank,

pressurant tank and tank insulator was considered. Combustion

chamber was not considered because it was common in both cycle.

Detailed mass model for each components are explained in author’s

previous conference[25].

Fig. 2.7. Components of EP cycle (left) and PG cycle (right)
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2.3 Analysis result

For 2,500 kg lander, electric pump cycle could reduce 33.6 kg,

which is 3.7% of lander dry mass. In other word, using electric pump

cycle rather than pressurized gas cycle could increase payload

capability of 33.6 kg. Mass of each components are listed in table 2.4.

Most of mass reduction was occurred in tank. Pressure of propellant

tank should be high enough to overcome chamber pressure and

pressure drop in injector for pressurized gas cycle, while it could be

lowered depending on suction performance of pump for electric pump

cycle. Also, because of the low pressure of propellant tank, required

pressurant for blow-off was quite less in electric pump cycle.

Therefore, required volume of helium was significantly less, which

derives the low mass of helium tank.

Component Mass (kg)
EP Cycle PG Cycle

Fuel Tank 3.43 Fuel Tank 13.7
Ox. Tank 4.85 Ox. Tank 21.2
Tank Ins. 3.25 Tank Ins. 3.25
He gas 0.25 He gas 1.66
He Tank 2.29 He Tank 15.0
Pump 1.17
Battery 3.63
Electronic 0.62
Total 19.5 Total 53.1

Table 2.4. Component mass of each cycle
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Mass fraction of each components are graphically compared in Fig.

2.8.

Fig. 2.8. Mass fraction of EP cycle (up) and PG cycle (down)

Finally, it is shown that using electric pump cycle in lunar lander

has great advantage in mass reduction. The pump performance which

affects the entire system is hydraulic performance, efficiency and

suction performance. Therefore, these characteristics will be

experimentally measured in following chapters.
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Chapter 3. Pump Experiment

3.1 Experiment setup

As the pump specification and the detailed impeller design was

explained in the previous work chapter, the pump system

configuration and pump performance test rig will be discussed in this

chapter. In addition, since the mechanical part of pump system was

originally designed by Yoon[13], the other parts; the configuration of

the test rig and method of processing the acquired experiment data

will be discuss intensively.

Fig. 3.1. Diagram of SNU Electric pump[13]
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3.1.1 Pump System

Fig. 3.1. shows entire pump system diagram. Electric pump system

is composed of mechanical parts and electric parts. Mechanical

components include impeller, shroud, volute casing, structural jig,

bearing and seal. Symmetric circular shape single volute integrated

with the casing was applied. All components were made of stainless

steel and impeller was zinc coated to prevent rust. Ceramic ball

bearings were selected to ensure cryogenic operating conditions.

Spring loaded type seal was chosen because room temperature tap

water was used for the experiment.

Electric components include motor, inverter, controller and power

supply. Inverter, also known as electric speed controller(ESC),

converts DC power from power supply into a three-phase control

signal. ESC receives 36V DC power and rotational speed was

controlled by 50 Hz PWM signal generated by throttle stick.

Meanwell 10 kW DC power supply were used instead of battery

pack. Teras 50/2 BM BLDC motor manufactured by Plettenberg was

used. ZTW Beast Pro ESC, originally made for RC cars, was selected

because it needed fast rotational speed over 20,000 RPM. The air gun

cooled down the motor and ESC to prevent overheating.
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3.1.2 Test Facility

In this research, the closed type test rig was constructed to

measure the performance of the pump as shown in Fig. 3.2. The

room temperature tap water stored in the tank circulates through the

loop. Tank pressure was adjustable to regulate the suction pressure

of the pump. Quarts window on the tank enabled to check the

occurrence of micro-bubbles due to the cavitation. Three valves

controls the flow rate. The first pneumatic valve attached to the tank

controls on/off of the overall flow. The second ball valve after the

pump changes the cross-sectional area of the pipe and adjusts the

system curve of the test rig. The third ball valve on the bypass line

enables the accurate system curve adjustment.

Fig. 3.2. Schematic of pump test rig
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Figure 3.3 shows the actual pump and the test rig. Three Static

pressure transducer measures the suction pressure, discharge pressure

and the tank pressure. Developed pressure of the pump was obtained

by subtracting discharge pressure from suction pressure, because it

had the same internal diameter and the dynamic pressure was same

in both the suction and the discharge line. Electromagnetic flowmeter

(KTM-800, Daejin instrument Co.,Ltd) measured the volumetric flow

rate through the pump. Rotational speed of the pump was measured

by the Laser tachometer (SM-6234E, Sanpometer). Digital clamp

multimeter (UT204A) measured the current passing through each

wire. The power consumed by the entire pump system is obtained by

multiplying the voltage and current supplied.

Fig 3.3. Pump test section and sensors
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Flow rate – developed pressure data and the suction pressure at

which cavitation occurs were measured for each rotational speed. By

rotating the pump at a constant speed and adjusting the flow control

valve, the flow rate of the pump was changed. Experimental data

was measured at 50 Hz using the NI-DAQ Labview and the moving

average filter was applied to eliminate white Gaussian noise. As the

tap water was used as simulant, the pressure and volume flow

conditions at the design point were converted as table 3.1, to satisfy

the similarity condition. Since the density of water is twice as heavy

as liquid methane, the power consumption rate exceeded the power

supply limit and tested below 22000 RPM.

Unit Design Simulant
Fluid - LCH4 Water
Mass Flow Rate  0.4 1.0
Density  442.4 996.6
Volume Flow rate min 54.2 54.2
Inlet Pressure  3 3
Outlet Pressure   18 36.9 Pressure  15 33.9 Head  346 346
Rotational Speed  28000 28000

Table 3.1. Pump test condition of simulant fluid
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3.1.3. Experimental method

Flow rate – developed pressure chart was measured and then

converted into flow coefficient  and head coefficient  to

compare the two impellers of different rotational speed, defined as:

 
 






The overall efficiency  was calculated as the ratio of the work
delivered to the overall pump system to the work done to fluid,

where V and I are the voltage and current measured at the power

supply, respectively.

 
 

The impeller efficiency  was calculated to compare the

impeller characteristics.  was defined as the ratio of work

delivered to the impeller to work done to fluid. The work delivered to

the impeller was calculated by eliminating wire resistance, inverter

loss, motor loss, and mechanical loss from the total work done by

power supply:
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Here, the resistance of the wire (R) was measured at , and
the efficiency of the motor   was applied to 90% as the value

provided by the manufacturer. ESC efficiency  and the

mechanical loss  was experimentally measured and

interpolated, which are presented in Fig. 3.4 and Fig. 3.5. Therefore,

the impeller efficiency was derived as:
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Fig. 3.4. ESC efficiency over rotational speed

Fig. 3.5. Mechanical loss over rotational speed
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a × 
b × 
c × 
d 

Table 3.2. Mechanical loss model

Cavitation performance was also measured. Cavitation is the

phenomenon in which micro-bubble occurs when the flow rate

passing through the pump is accelerated and the static pressure of

the fluid is lower than the vapor pressure. The rapid drop in pump

generation pressure was considered as the occurrence of cavitation

and the suction pressure was monitored. The critical net positive

suction pressure  was obtained from the point where the

developed pressure is reduced by 3% compared to the normal

operation, by adjusting the pressure of the reservoir tank, as belows.

       

Here, , ,  are the total pressure at the pump inlet, static
pressure at the same point, and vapor pressure of the fluid.  is the
speed of the fluid passing through the inlet, calculated as below:
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Diameter of the inlet pipe was measured as 10 mm, and 0.0123 bar

of vapor pressure of the water was applied. The pressure sensor

used in this experiment is a static pressure sensor that measures

gauge pressure, so atmospheric pressure was added. The  of
impeller A and B according to flow rate in the same number of

rotational speed was compared. Experiment was done in the rotational

speed region of 10,000 to 18,000 RPM. Experiments were not

conducted below 10,000 RPM due to low occurrence of cavitation in

low speed region, and not over 18,000 RPM due to concerns over the

impeller and power meter burden.
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3.2. Experimental result

3.2.1. Hydraulic performance

Pressure increase and overall efficiency of the pump according to

flow rate and rotational speed are shown in Figure 3.6. Rotational

speed varied from 6000 to 22000 RPM, and the flow rate varied from

zero to the maximum of system curve. The result was similar to the

pump curve of a typical backward swept pump, which means that the

pump and impeller were configured and operated normally. The

higher the flow rate at the same rotational speed, the lower the

developed pressure, and the faster the rotational speed, the pump

curve moved to top right.

Fig. 3.7. shows the total efficiency of the pump with respect to

rotational speed and flow rate. In the 14000 RPM experiment, the

best efficiency point (BEP) was approximately 38 L/min for both

impeller A and B, with an overall efficiency of about 30%. The BEP

was shifted to the right (more flow rate) as the rotational speed

increased.
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Fig. 3.6. Pump curve of impeller A(up) and B (down)
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Fig. 3.7. Total efficiency of pump with impeller A(up) and B(down)
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To compare two impellers, head coefficient  and impeller

efficiency  was calculated. Two lines shown in Fig. 3.8 shows
similar configuration, with similar slope. Head coefficient of impeller

B was slightly higher. Because head coefficient at zero flow

coefficient (y-intercept) was also higher in impeller B, this increment

is estimated to be due to the slip factor. The impeller B’s curve

showed little deviation in high flow coefficient region, which was due

to the cavitation. The last points of the curve exhibit a quadratic

functional shape, indicating the lowest system curve limit of the

experimental device.

Fig. 3.8. Head coefficient comparison of two impellers
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Fig. 3.9. shows the impeller efficiency over different flow coefficient.

The optimal flow coefficient was about the same. This result can be

interpreted as a natural result because the inlet geometry of the two

impellers are same. Impeller A shows maximum efficiency of 52%

and B shows 48%.

Fig. 3.9. Impeller efficiency comparison of two impellers
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3.2.2. Cavitation performance

The faster the rotational speed, the better the cavitation

phenomenon occurs, therefore the experiment was focused at the high

rotational speed region. Fig. 3.11. shows the pressure breakdown by

decrement of NPSP at different flow rate, with rotating speed of

18000 RPM. NPSP3 on the plot means the critical NPSP defined as

head decrease of 3%. Clearly, pressure breakdown appeared, and the

higher the flow rate, the higher the  was observed, which
means that the more cavitation occurred. At this time, water was

also observed to be blurred by micro-bubbles. Generation of

micro-bubble was observed through quarts glass of reservoir tank, as

shown in Fig. 3.10. Neither impeller had cavitation in the low flow

rate experiment, because there was no external vacuum pump. The

pressure of the reservoir tank could not be lowered below

atmospheric pressure.

Fig. 3.10. Generation of micro-bubble
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Fig. 3.11. Pressure breakdown at 18,000 RPM of impeller A(up) and B(down)
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Comparing impeller A and B in Fig. 3.11, the breakdown pressure

of the impeller B was about 0.3 bar higher than that of A. Fig. 3.12

shows the relationship between the head coefficient and critical

thoma’s cavitation number calculated based on NPSP3, where 3%

breakdown of the nominal pressure occurs. Thoma’s cavitation

number was defined as below[20]:

  


Critical cavitation number of impeller B was about 0.05 higher than

A at the same head coefficient. This means that when the same

pressure is required, cavitation occurs in impeller B first even at a

higher suction pressure than impeller A.
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Fig. 3.12. Critical cavitation number of each impeller
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Chapter 4. Discussion

4.1. Design point prediction

Using the experimentally attained  -  plot(Fig. 3.8), the

appropriate rotational speed of each pump to satisfy the design point

of the pump, listed on table 1.2, were predicted. The pressure and

flow rate curve at given rotational speed N can be predicted as:

  ×
  ×

Thus, by finding the intersection of the modified parameter curve

and pump curve, rotational speed satisfying the conditions and the

corresponding  and  were obtained.

 
 

 
 

Here,  and  are 54 L/min and 33.9 bar, respectively.
Required rotational speed was 26,900 RPM and 24,100 RPM for each

impeller. Corresponding pump curve and efficiency curve is shown in
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fig. 4.1. and 4.2. Impeller efficiency was predicted to be 52% and

43%, respectively.

Fig. 4.1. Predicted performance of impeller A

Fig. 4.2. Predicted performance of impeller B

Required power when pump uses liquid methane as working fluid

was also predicted. According to the power loss model presented,

impeller A predicted to consume 4.7 kW of power and impeller B

predicted to consume 5.5 kW of power.
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Impeller type  RPM   

Type A 26900 52% 9.1 kW 4.7 kW
Type B 24100 43% 12.1 kW 5.5 kW

Table 4.1 Predicted Performance
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4.2. Design consideration

Impeller A showed high efficiency and low pressure rise, when

impeller B showed low efficiency and high pressure rise. Because the

discharge angle of impeller B was higher than impeller A, this was

easily predicted result. Meanwhile, even though discharge angle of

impeller A was far less than ordinary recommended value, still the

impeller normally worked and showed high efficiency. The value of

flow coefficient at best efficiency point was similar in both impeller,

because of same inlet geometry. Impeller A showed slightly higher

suction performance.

Difference of discharge angle appeared as tradeoff betweeen

efficiency, suction performance and pressure rise. In the propulsion

system’s point of view, efficiency is related to required battery power,

suction performance is related to required propellant tank pressure,

and pressure rise is related to required rotational speed of pump.

Higher efficiency leads to lower power consumption and lower battery

mass. Higher pressure rise leads to lower rotational speed. In electric

motor and ESC, maximum rotational speed is directly related to input

voltage, therefore lower rotational speed leads to lower voltage of

entire system. The voltage is related to risk of electrical malfunction.

Therefore, electric pump cycle designer should consider the mission

requirement in choosing impeller design. Tradeoff between voltage,

required power and suction pressure should be considered and

optimized in the mission’s point of view.
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Chapter 5. Conclusion

The goal of the research was to experimentally measure the electric

pump’s performance and compare the effect of different impeller

geometry on impeller performance and overall performance. To get

comparison criteria, sample lunar landing mission using electric pump

cycle engine was designed. Lunar lander composed of electric pump

cycle was compared with pressurized gas cycle, and showed

significant reduction in dry mass, showing opportunity of adopting

electric pump cycle to lunar lander.

Electric pump testing facility was developed. Closed loop test rig

with pressure-adjustable reservoir tank was manufactured and

characteristic of the pump was measured. Hydraulic performance,

efficiency and suction performance was measured. Impeller A with

small discharge angle showed higher efficiency, lower NPSP and

lower pressure rise. impeller B with large discharge angle showed

opposite characteristic.

Different impeller shape affected the overall pump system.

Efficiency-pressure rise tradeoff in different impeller converted into

power-voltage requirement tradeoff in pump system. Required power

determines mass of battery pack and required voltage determines

efficiency risk of electric parts. Therefore, tradeoff study should be

done depending on technology readiness and mission requirement in

using electric pump cycle rocket engine.
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초 록

세계적으로 달 탐사에 대한 관심이 뜨거워지며 착륙 임무가 다수 제기

됨에 따라, 착륙에 핵심적인 역할을 수행하는 고성능 착륙선 엔진에 대

한 수요가 늘어날 것이라 예상할 수 있다. 한편, New space 시대가 도

래함에 따라 발사체의 경제성이 중요한 화두로 떠오르고 있다. 이에 따

라 생산이 간편하며, 제어가 쉽고 가격이 저렴하다는 장점이 있는 전기

펌프 시스템이 새로이 각광을 받고 있다. 이에 전기펌프 시스템에 관한

연구가 활발해지고 있으나 대부분 시뮬레이션 연구에서 그치고 있다. 본

연구 그룹에서도 서로 다른 임펠러 형상으로 전기펌프를 제작한 바 있으

나 이들 펌프의 성능 측정은 이루어지지 못했다.

본 연구에서는 이미 보유한 전기펌프 시스템을 이용하여 펌프의 기하

학적 형상이 추력기 시스템에 미치는 영향을 실험적으로 연구하였다. 먼

저, 실험적 분석의 기준을 세우기 위해 전기펌프가 적용된 엔진을 활용

한 달 착륙 임무를 구성하였다. 추가로, 전기펌프를 적용한 달 착륙선이

가압식 사이클을 적용하는 경우보다 착륙선의 건조중량을 크게 줄일 수

있어 이러한 임무 구성이 가능성 있음을 보였다.

이후 보유한 전기펌프 시스템의 특성을 실험적으로 측정하였다. 펌프

의 성능을 측정하기 위해 closed loop 방식의 test rig를 구축하였다. 서

로 다른 임펠러의 수력학적 성능, 효율, 흡입성능을 측정하여 비교하였

다. 비교 결과 토출각이 작은 임펠러의 경우 더 낮은 압력상승을 보였으

나 더 높은 효율과 더 좋은 흡입성능을 보였다. 최종적으로 임무 설계

지점에서의 펌프 성능을 예측하고 전기펌프 방식 엔진을 설계할 떄 고려

해야 할 tradeoff 관계를 살펴보았다.
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