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Abstract

Space propulsion mainly uses reciprocating pumps that are fully integrated with small-scale
applications. In this paper, the specific specifications and designing factors that should be met by rocket
engine fuel pumps are demonstrated, and a comparative study is formed of the suitableness of all the
necessary kinds of pumps to be used with rocket engines and their applications. Furthermore, it
examines a piston pump intended to refuel the liquid fuel nozzles. Due to the performance of this pump,
different parts and its performance have been evaluated. The design of the pump is discussed such that
after completing the design steps according to the pump performance, a numerical solution of the stress
and strain applied on the inner wall of the cylinder is performed according to its performance under
internal pressure. Then, considering the consistency of the body material and the same pressure and
heat applied to the cylinder and piston, a sample of the cylinder and piston is analyzed in finite element
modeling technique and the modeling results obtained from the simulation are presented.

Introduction

The development efforts of the main engine for the space vehicle were
initiated in 1971 by NASA. Rockwell's Rocket dyne division as the prime contractor
with NASA, after several years of development and testing, three space shuttles
delivered to the space transportation system [1]. All space vehicles included high
performance, perfect thrust, and high reliability and reusability systems.
The simplest manner to differentiate rocket engines is to categorize them based on
their technique of propellant pressurization and delivery [2]. All rocket engines can
generally be divided into two categories: pressure-fed and pump-fed. While small-
pressure engines use pressurized tanks for propellant delivery, the majority of rocket
engines use turbo pumps that allow the propellants to be delivered to the desired
pressure level. The pressure-fed engine is a self-pressurization such that self-
pressurization is usually carried out through mono-propellant rocket engines and is
obtained through the thermal decomposition of the liquid propellants or its
vaporization. Pressure-fed system engines usually use high-pressure helium bottles.
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In any case, the thrust stage of pressure-fed engines is confined through the tank
technology [3]. An instance of these engines is the ARIANE 5G and AESTUS
engines. Pump-fed engines use a turbo pump to increase the propellant pressure. In
fact, some of the propellants are fed into a gas generator, which typically works at a
necessarily high-pressure level. Modern liquid rocket engines have required
pumping systems to transfer the propellant to the rocket engine [4, 5]. These pumps
decrease the mass and size of other hardware by using lightweight high-pressure
thrust chambers while decreasing the pressure of the liquid tank and minimizing the
storage of inert gas. Figure 1 shows typical rocket engines that use high-performance
pumping systems.

Fig. 1. Modern liquid rocket engines with high reliability and reusability. From left
to right: P111 engine, RD-180, Viking engine, Vulcain 2 engine [2, 3].

The diverse use of piston pumps for different liquid rocket propulsion
systems may be found as shown in Fig. 2. The most adaptable usage of a piston pump
is on a satellite that has to make multiple and massive AV maneuvers. Any polar
orbit satellite and geostationary satellite could have enormous AV maneuver
requirements [6]. Since polar satellites and geostationary satellites are commonly
high-priced and need to perform for several years, they constitute likelihood
applicants for performance improvements [7]. However, it must be referred to that
the performance supplied using a solid booster could, in a few cases, exceeds the
overall performance of a bipropellant liquid rocket. The simplest improvement is
that the piston pump can offer on/off functionality and throttling as well [8, 9]. Other
applications are probes to the moon, interplanetary probes, and near-earth objects
that commonly require enormous AV maneuvers. These specific missions have mass
budgets and may benefit from any weight reduction and financial savings while
overall performance stays high. Finally, missions to or from the other planets surface,
moons will also benefit from overall performance enhancements.
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Fig. 2. Pump-fed propulsion system in satellite [8]

The design of the pump, as well as the representation of the fluid, inside
the pump, is very difficult, time consuming and costly [10-13]. Compact Fluid
Analysis (CFD) is the best available tool for analyzing flow patterns inside the piston
pump and gas generator to predict their behavior under different operating
conditions. It also helps optimize pump design parameters by providing the most
correct flow patterns along with more efficient pump operation [14,15].

The objective of this paper is to survey the status of research in the areas
of pumps for liquid rocket engines in order to provide a comprehensive review of
the state of the art and understanding of important challenges. In this article, the
emphasis will be on a reciprocating pump and the pump pistons are stimulated by
gas. We use a gas generator to convert the liquid fuel of the peroxide to the gas with
the pressure and temperature. We analyzed the pump and also the generator in the
finite element modeling software, and the results are expressed to give complete
awareness of how to use it in different situations. The research will concentrate on
the design and development of a 300-gram pump capable of delivering fuel and
oxidizer at 5 MPa for a 1000-N engine with remaining tank pressure at 0.35 MPa.

Pump design

The pump contains four cylinders and pistons that are joined together, as
shown in Fig. 3. It has a central section that provides the pump with a liquid inlet
from the propellant tank and directions reflect the flows of the inlet and outlet
depicted in Fig. 3a. The liquid propellant's inlet port is the large port at the middle
of Fig. 3b, and a separate outlet hole is on the opposite side of the piston pump that
is evident in Fig. 3a. The gas is distributed and operated by valves to the outer
cylinders. Liquid cylinders are smaller in diameter than gas cylinders. The area ratio
allows the reciprocating pump to be operated by means of delivered propellants.
At the end of every cylinder, the gas cylinder is larger in diameter than the liquid
cylinder and the gas entry point. A piston separating the fuel and gas chambers is
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located among them. As seen in the pump schematic, it is understood that no shaft
or other rotating components are required to apply gas pressure to the rocket liquid.
The gas inlet valves are retained to cancel the mass effect of movement, so that the
opposite movement of pistons is towards or away from each other. Furthermore,
because of the existing pistons in pump chambers, the control scheme is considered
to compensate for the pressure loss. According to Fig. 3a, cylinder numbers 1 and 3
reach the end of the stroke, while cylinders 2 and 4 have been refilled with the
propellant. A control mechanism provides the continuation of the flow such that
cylinders 2 and 4 are pressurized with gas before reaching pistons 1 and 3 to their
limit and venting their cylinders.

— }
faae, ‘ S SO
‘nLiQuip 3 T ¥ LJL_] 1
= 4 -y
'
‘ ¢
a) b) c)

Fig. 3. a) Primary schematics of the piston pump; b)&c) Preparation of fuel injection from
propellant tank to engine chamber occurring within the reciprocating pump.

This pump weighs 470 grams, and the blocks and cylinders are all made
of aluminum, with the exception of the valves and tubes. The role of curved pipes is
to send gas to the inlet valves shown in Figure 4 are used in the design of light alloy
metals. The largest hole located in the centre of the block is the fuel entry site, and
the exit point of the four small holes is situated in the middle of the pump and on the
other side. Each cylinder has a perfect displacement of 8 cc between the piston stops,
or 32 cc per pump cycle. The valve opening time for fuel input is also less than 10ms,
and this is independent of the piston speed. In order to provide the required force to
drive the pistons, a key aspect previously mentioned is that the diameter of the gas
cylinder is greater than that of the liquid cylinder. The gas and liquid cylinders are
not combined but are connected by screws. This pump works at a far higher pressure
than those pumps used in conventional launchers.
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Fig. 4. The primary design of the reciprocating pump

As mentioned earlier, this pump does not use any shafts to move the
pistons and power transmission. However, in order to move the pistons, we used a
pneumatic valve to control the inlet and outlet valves. As shown in Fig. 4, a tap is
located at the bottom of each piston. In fact, this valve is driven by the gas used in
the system to open and close the gas inlet and outlet. This will control the movement
of the pistons in the system and cause the pistons to always move against each other.
In addition, such controls reduce friction and damage in the system. Because it
causes injection before the piston reaches the end of the motor cycle to prevent its
collision with the body. Each cylinder has a standard displacement of 7 cm between
the start of motion and the piston stroke per pump cycle. The opening time for the
fuel valve is about 9 ms, which is independent of the piston speed.

Investigation of stress and strain of cylinder and piston

One of the important things to keep in mind is that the pump is subject to
high internal pressure, which requires careful consideration in its design due to the
low thickness of the cylinder wall. Here, we examine the stresses and strains of the
cylinder and piston based on the applied pressure and then simulate it using finite
element modeling. In Fig. 5, there is a cylinder and a piston. One side is the fuel inlet
and outlet, and the other is the gas inlet and outlet valves. The fuel inlet pressure
enters the cylinder and moves the cylinder upwards. When the piston reaches a high
point, the valve opens and the pressure gas enters the cylinder, causing the piston to
move downward and leave the fuel outlet.
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Fig. 5. Pressure cylinder and piston
We also use the specifications given in Table 2 to solve the problem.

Table 1. Pump specification

Fuel inlet pressure 1 MPa
Inlet gas pressure 4 MPa
Output fuel pressure 4 MPa

The thickness of the cylinder walls 3 mm
Speed of opening and closing of | 9 ms
valves
Diameter of inlet and outlet valves 5mm

Numerical Problem Solving:

The first step in calculating the stress and strain of the cylinder is to
examine its thin or thick wall. If we call the cylinder thickness t and the inner
diameter of the cylinder din, we classify the cylinders according to the value [16]:

=
D a=g-

It will be done. If the value a is less than 20.1, we call the cylinder a thin
wall, otherwise the cylinder is a thick wall. There are different opinions on the
boundary value of a. It can be larger than 20.1 (such as 0.5 or 0.2), but it should be
noted that the smaller a is, the more accurate the calculations for the thin wall
cylinder are. A condition of 1/20 for the value of a gives the results with acceptable
accuracy. So, the first step in calculating the stress and strain of the cylinder is to
check whether the wall is thin or wound [17].

According to the formula given for both sides of the cylinder is obtained.

0.003 .
dap = o0 0.075;
0.003
dg = m = 0.054.
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So, the first and second parts of the thin wall cylinder are assumed. We
now turn to problem calculations.

Longitudinal Stress in Cylinders
To obtain the longitudinal stress of the cylinder, we use the following

formula:
) 2 Fx =0;

P Pd
)  oy(2mrt) =P (m?) > 9y =0, = —=—

According to the above formulas, the longitudinal stress for both sides of
the cylinder is calculated as follows.

__5000000x0.04

BlA = 000z~ 1°0Pa;

__4000000x0.055

8]]3 = 4x0.003 = 165 Pa.

Environmental Stress in Cylinders

The environmental stress of the cylinder is obtained from the following
relationship.

(4 XF, =0

Pr Pd
(5) dy(2Lt) =P (2rL) » 0y = 0y = Tr =
The environmental stresses obtained are as follows.

__5000000x0.04

Sna = 5o = 300 Pa;
4000000x0.055
Spp = —oo00X005 _ 330 Pa.
2x%0.003

The radial stress in the first and second parts of the cylinder is assumed to
be zero due to its thin wall.

Shear Stress at 45 and 60 Degrees:

We use the following formula to obtain the stress at angles of 45 and 60
degrees on both sides of the cylinder.
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(6)  To=3(0x—dy)sin20.
Part A cylinder with a degree angle.

Tg = 0.5 X (|150 — 300|) sin2 x 45 = 0.5 X 150 = 75 Pa.

Part A cylinder with a 60-degree angle.

T = 0.5 x (]150 — 300]) sin2 X 60 = 0.5 X 150 X 0.866 = 64.95 Pa.
Part B with a 45-degree angle.

Tg = 0.5 X (|165 — 330|) sin2 x 45 = 0.5 X 165 = 82.5 Pa.
Part B cylinder with a 60-degree angle.

Tg = 0.5 % (]165 — 330]) sin2 X 60 = 0.5 X 165 x 0.866 = 71.445 Pa.

The strain on the cylinder

The longitudinal strain for both sides of the cylinder is obtained from the
following relation:

(1) ex=z(5x—96y).

E is a modulus of aluminum elasticity, which is 69 GPa, which after
conversion to Pagal is considered to be 69 x 10° and is a fixed number.
Therefore, the longitudinal strain for Part A of the cylinder is equal to

Egp = 69X109 (150 — 0.32 x 300) = 14 x 10719,

Also, for Part B cylinder is equal to

&g = 6%09 (165 — 0.32 x 330) = 23 x 10719,

Cylinder peripheral strain

The strain created in the cylinder environment is obtained using the
following equation:

8 &y =28 —98)

According to the stated relation, the strain created in Part A is a cylinder.
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€
yA = 69><1o9

And for Part B cylinders too

)
y1 = 69><1o9

(300 — 0.32 x 150) = 3.64 x 10~°.

(330 — 0.32x 165) =4 x 107°.

The radial strain is zero because the thin cylinder wall is assumed.

The stress on the piston
€)] op = —=P, =5MPa;

A2 -
Fy
(10) o =-:=P, =4MPa.
Aq
The strain on the piston

ga = 5% 10° x 69 x 10° = 345 x 105;

gg =4 x 10° x 69 x 10° = 276 x 10>,

Modeling results

The results for the stress and strain of the cylinder and piston according to
the pressure exerted on the inner wall of the cylinder using finite element modeling

are as follows.

By taking the stress and strain outputs from a node and drawing the
diagram for it, the strain diagram of the cylinder can be obtained. Fig. 6 depicts the

strain diagram of a node in directions X and Y.

a)

Fig. 6. Stress and strain diagram of the cylinder in direction of: a) X and b) Y



As shown in Fig. 7, the highest and lowest stresses on the cylinder can be
observed in the finite element results. The maximum stress in the body is 1136 MPa.

Fig. 7. Stress on the inner wall of the cylinder

The same steps are then repeated for the piston and the results are shown
in Fig. 8.

a) b)
Fig. 8. Stress and strain diagram of the piston in direction: a) X and b) Y

The maximum stress and strain in the piston is as shown in Fig. 9.

a) b)
Fig. 9. @) Maximum and minimum stresses on the piston b) The strain applied
to the piston
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Conclusion

The space rocket consists of a number of subsystems and has been
designed to maximize safety, simplicity, and redundancy in all respects. By keeping
the fuel injection using the reciprocating pump as an important device, the results
indicate that there are fewer modes of failure than with other pumps. A series of
stress and flow analyses for the pump were performed using ANSY'S, and stress and
pressure distributions were recognized. In order to confirm the accuracy of our
modeling results, comparisons with experimental results were performed, and a very
good agreement was found. Future development work will be performed through
other pump design factors of importance will be factored in such as the materials’
properties and determine the heating of various pump components, as well as any
subsequent thermal stresses.
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KOCMMYECKU PAKETEH JIBUI'ATEJI 3A MHOI'OKPATHO
MN3IOJI3BBAHE HA HUCKA LHEHA, OBOPY/IBAH
C BUCOKOE®EKTHUBHHA NIOMIIN

A. Caboxkmarun, M. Monoce3u

Pesrome

KocmudeckoTo 3aaBmKBaHe H3I0JI3BA INIABHO OyTaTHW MOMITH, KOUTO ca
HAITBJIHO MHTETPUPAHU C MAJKUTE MPUIOKEHHs. B Ta3u craTust ca AeMOHCTpUpPaHH
cneunpuIHUTe crieluUKaiu 1 KOHCTPYKTHBHU (DaKTOpH, Ha KOUTO TpsOBa Aa
OTrOBapsT TOPUBHUTE ITIOMITH 32 PAKETHH JBUTATEIH, U € HAIIPABEHO CPABHUTEIHO
NpOyYBaHE Ha MPHUTOJHOCTTA HA BCHYKU HEOOXOIMMHU BUIOBE ITOMIIH, KOUTO Ja Ce
W3MON3BAT C PAKETHU JIBUTATENIM M TEXHUTE MpHiioxkeHus. OCBEH TOBa ce U3cie/Ba
OyTayHa IomIia, IpejHa3HaveHa 3a 3apekIaHe Ha JI03HUTe 3a TeYHO ropuBo. [lopamu
MPOM3BOIUTEIIHOCTTA HA Ta3W INOMIIA Ca OICHEHM pa3JIMuyHH YacTH M HeWHaTta
MPOU3BOUTENHOCT. J[M3aliHBT Ha MMOMITIaTa ce 00CHXkK/Ia Taka, 4e cie]] 3aBbpIlBaHe
Ha MMPOEKTHHUTE CTHITKU B CHOTBETCTBHE C TIPOM3BOAUTEIIHOCTTA HA TIOMIIATa, YHCIIe-
HOTO pElIeHHe Ha HAIIPEKEHUETO U Ae(OopMaIHATa, IPUIIOKEHN BbPXY BhTPEIIHATA
CTEHA Ha IWJIMH]bPA, C€ U3BHPIIBA B CHOTBETCTBUE C HEWHATA MPOU3BOIUTEITHOCT
npu BhTpeliHO HaimsiraHe. Ciiesl TOBa, KaTo ce MMa MpPEJBHJ ITBTHOCTTa HA Ma-
TepHuaja Ha TSJIOTO M CHIIOTO HAIATAHE M TOIUIMHA, PHIOKEHH KbM HWIMHIBPA U
OyTtanoro, mpoba OT IWIMHIBPA U OyTAJIOTO Ce aHATM3MPA C TEXHHUKA 33 MOJICIPaHe
C KpalfHH €JIeMEHTH U C€ MPEJCTaBAT PE3yJATaTUTE OT MOJEIUPAHETO, MIOIYUYSHH OT
CUMYJIAIHATA.
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