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Abstract - The pump is one of the main components of the Organic Rankine Cycle (ORC), responsible for circulating the working
fluid, which in this design is refrigerant-600a. The mathematical design of this pump begins by inputting initial data on the brine
used as the heating fluid in the ORC. This data was obtained by simulating a pump in a Rankine cycle system, resulting in a
temperature of 176°C, a pressure of 9.65 bar, and a flow rate of 159,210.92 kg/h. The main design requirement is that the total
head and NPSH (Net Positive Suction Head) required must not exceed the NPSH available. The magnitudes of these parameters
are 6.00 mand 2.71 m, respectively. Next, the core components of the pump, namely the impeller, casing, and shaft, are designed,
and the materials chosen for these components are adjusted according to standardization requirements. Based on the
mathematical design results, it was found that the pump operates at a pressure of 6.8 bar on the suction side and 9.5 bar on the

discharge side with a capacity of 2.68 kg/s, a pump head of 54 m, and a total of 6 blades. The pump is designed to operate at

1500 rpm with a power of 17.30 kW and a pump efficiency of 80%.
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1. Introduction

Pumps are widely used in both industry and households.
Industrial applications include cooling towers, boilers, and
reactor cooling systems. Pumps are crucial equipment in water
treatment plants as they move water from one part of the
installation to another. Pumps operate under two-phase flow
conditions in the petroleum industry, chemical processing,
water conservancy, irrigation, and other fields [1, 2]. The
arrangement of the blades on the pump affects the physics of
the flow and dynamic performance. Numerical simulation is a
verification approach to investigate these aspects. Volute
design accommodates radial impellers with the same outlet
diameter [3]. Energy can be saved by adjusting pump flow
rates closer to load requirements or eliminating excessive
pressure drops. Decisions made during the design process can
significantly affect the operation of pumps [4, 5]. Expanding
the efficient operating zone and increasing the energy
efficiency of optimized centrifugal pumps can be achieved by
improving the fit between the rotor and the stator [6]. In
households, the water flow system from the storage tank to the
bathroom and washing tub aims for space-saving, and a new
sink-style dishwasher features an innovative pump [7].
Research on magnetic vortex pumps’ external and internal
flow characteristics shows that the pump head rises by 16.7%
with increasing medium temperature [8]. According to
theoretical studies, working fluids such as R123, R134a,
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R600, and R290 operate at temperatures below 120°C,
offering high thermal efficiency and environmental
friendliness [9]. An analysis of the ORC system using
environmentally friendly working fluids shows that the
evaporator and condenser temperatures significantly influence
the ORC’s energetic performance [10]. This study aims to use
R-600a because it offers better thermodynamic efficiency
compared to R134a, providing more efficient cooling
performance with lower energy consumption and a low Global
Warming Potential (GWP) of around 3. R-600a is considered
safer because it is non-toxic and non-flammable under the
right conditions. However, as a hydrocarbon, R-600a is highly
flammable, so equipment using this refrigerant must be
equipped with proper fire protection. This study’s novelty lies
in using R-600a in the ORC cycle, which results in a pump
efficiency of 80%.

1.1. Centrifugal Pump on the Rankine Cycle

Centrifugal pumps consist of an impeller located in the
center of an inlet channel. When the impeller rotates, fluid
flows into the casing surrounding the impeller due to
centrifugal force. This casing reduces the fluid speed while
maintaining the high rotational speed of the impeller. The
casing converts the fluid velocity into pressure, allowing the
fluid to exit through the outlet. The advantages of this type of
pump include low cost, smooth flow, high-speed operation,
and uniform pressure.
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The pump in this cycle plays a vital role in maintaining
the continuity of the electricity generation process. It channels
fluid from the condenser (condensation result) to the re-
cooperator for reheating and then to the evaporator, where it
is heated and changes its phase to steam. The Organic Rankine
Cycle (ORC) designed in this paper for the Geothermal Power
Plant serves as a reference for obtaining conditions from the
brine data used in the cycle.

The brine has a temperature of approximately 127°C,
derived from the separation of steam from water in the
separator component of the geothermal power plant. The
working fluid used in this cycle is refrigerant type R-600g,
chosen because its boiling point is much lower than water.

This R-600a refrigerant has a Global Warming Potential
(GWP) value, a relative measure of the heat trapped by
greenhouse gases. Additionally, it has an Ozone Depletion
Potential (ODP) value, a relative measure of the degradation
of the ozone layer caused by a compound. Lower GWP and
ODP values indicate that the fluid is environmentally friendly
[13].

1.2. Organic Rankine Cycle (ORC) Simulation

The initial simulation of this ORC cycle has a capacity of
150 kW. The input data used is brine data from the geothermal
power plant (PLTP) with a pressure of 9.65 bar, a temperature
of 176°C, and a flow rate of 159,210.92 kg/h.

The initial parameters needed for pump design in the
ORC cycle are the temperature, pressure, and mass flow rate
on both the input and output sides [14, 15]. A schematic of the
ORC cycle from the simulation results is shown in Figure 3.
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Fig. 3 ORC cycle simulation results
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Table 1. Initial parameters of simulation results

Parameter Suction Discharge

Value Unit Value Unit

Pressure (P) 6.8 Bar 9.5 Bar

680000 Pa 950000 Pa

Mass flow rate (1h) 26.8 kg/s 26.8 kg/s
Volume flow rate (Q) 0.0475 m3/s 0.0475 m3/s
171 m3/h 171 m3/h

Temperature (T) 34 °C 34 °C
Density (p) 544.3 kg/m? 544.3 kg/m?
Kinematic viscosity (v) 2.862 x 107 m?/s 2.862 x 107 m?/s

Pipe inner diameter (D) 0.1625 m 0.1524 m

2. Methods
2.1. Mathematical Design Stages

The parameters in Table 1 are used to design a pump for
the ORC installation (Figure 2), where the pump circulates
working fluid from the condenser, which is situated 2 meters
in height and 3 meters away from the input side of the pump,
to the evaporator, which is 4 meters away and 5 meters in
height. The installation includes 4 gate valves: 1 on the suction
and 3 on the output sides. The prime mover designed the pump
as a synchronous motor with a capacity of 17.89 kW, 4 poles,
and an operating frequency of 50 Hz. This pump will rotate at
a constant speed of 1500 rpm.

2.1.1. Pump design considerations include

Ensuring the pump does not experience cavitation by
maintaining NPSH available (NPSH av) greater than
NPSH required (NPSH req) [16].

fs XSf2
a atau B

= fy X K¢ X G

The mathematical approach to pump design in Organic
Rankine Cycle (ORC) installations involves analyzing the
thermodynamics of the cycle and applying the laws of physics
related to energy transfer and fluid flow. The pump in an ORC
installation plays a primary role in pumping the working fluid
from the condenser to the evaporator, increasing the pressure
of the fluid so that it can absorb heat energy during the heating
process.

2.1.2. The assumptions used include
Adiabatic Process

The pump process is considered adiabatic, meaning there
is no heat exchange with the environment during pumping.

Steady-State Flow

The fluid flow entering and leaving the pump is
considered in a steady-state condition, meaning the mass flow
rate does not change over time.

Neglect of Energy Losses

Energy losses in the pump system, such as friction or heat
loss to the environment, are typically considered small or
neglected in basic calculations.
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Ideal Working Fluid Properties
The working fluid properties are treated as ideal fluids.

Isentropic Conditions
Some ideal pump designs assume that the pumping.
process is isentropic.

2.1.3. Provisions are as follows
Shear Stress According to ASME Standards

The safety factor (Sfy) is taken as 5.6 for the SF material
type (with guaranteed strength) and 6.0 for the S-C material
type (considering the influence of mass and alloy steel). Sf; is
used to review the cross-section of the shaft, which will have
a key-way or stepped shape. The Sf, value for alloy steel
ranges between 1.3 and 3.0.

Shaft Diameter Planning

The correction factor is taken according to the type of
shaft loading. The twisting moment correction factor (Kt) for
rotational loading is 1.5. The bending load correction factor
(Cb) is 1.0 when there is no significant bending load on
average (see Table 2).

2.2. Pump Design Results

The pump design, which uses environmentally friendly
R-600a fluid and considers the installation details, including
the pump location, piping, valves, and pressure tank, achieved
an efficiency of 80%.

The pump design results, including pump specifications
and dimensions, are shown in Tables 4 and 5. The shaft, blade,
and pin drawings are depicted in Figure 5.

Table 2. Load type correction factor

No Loading Type Co Kt
1 Fixed Shaft
a. Load Slowly 1 1
b. Sudden burden 15-2 |15-2
2 Rotating shaft
a. Smooth impact load 1.2 1
b. Light impact/shock loads | 1.2-1.75|1-15
c. Impact load / Heavy shock | 1.75-23 | 15-3
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Table 3. Mathematical design stages
No Equation Results Unit
1 Qp = Pump capacity + (10% pump capacity) 25.91 ka/s
2 Qtp = % (p R-600a = 544.3 kg/m?®) 0.0476 mé/s
3 H <P2+CZZ+ ) <P1+C12+ ) 54.86 m
= —_— —_— Z - | P Z .
‘ pg 29 ?) \pg 29
4 C = Q 2.29 m/s
A
. Q
5 C=x 2.61 m/s
Z X D2
2
LC
6 1= femae 0.4769 m
D2g
7 Re = Z(input) 1,331,339
CZ
8 Ry = @ 0.607 m
9 H <P2+sz+ ) <P1+Clz+ ) + (hy + hy) 55.45 m
= —t—+z, |- |—+—+2z .
pg 29 %) \pg 29 ! P
10 Re = =(output) 1,416,865.1
11 Nm= 12§F X (1-s) 1500 rpm
nQ
12 ns = 3,65 T 58.78 rpm
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13 n. = n./Q 124.74 rpm
sq H3/4
Pl Pv
14 NPSHgy = =42, - hus 5.96 m
4/
15 NCORS 0.048 m
S
16 NPSH,oq = Hy, =o x H 2.71 m
31Q
17 D; = (4,5 —4,0) x 103x - 126.64 mm
18 =1 042 88 %
= 2 " log D, — 0,172)? °
1
= 0,
19 T = 1 10,68 x ny -2 % &
20 N = Np X Ny X Ny (M mekanik 95%) 80 %
21 N, = 9xpxQxH 14.09 kw
1000
N,
22 Ny = 17.6 kW
23 N; = (100% + % daya cadangan) X N; 20. 24
24 r=Ni 0.125 K N/m
8
= _m 2
25 fe Six S, 51,667 k N/m
16 X T X K, X C
26 dy = 3\/ R 24.663 mm
T X fe
fs X Sfa 93,939.39> 2
21 watanp o X K X G 28,707.6 KN/m
28 _loxT 23,923.17 2
g — T X d53 ) . k N'm
29 dy = (1,2—-1,3) x d, 39 mm
30 Qun = Q 0.0497 m2/s
0
X
31 Co = ——2 3 m/s
T x Dg
32 Co = (1.05 — 1.1) C, 3.04 m/s
Q:n
Bj=—->8
33 15 D, X Crmo 41.2 mm
34 Cm1 = K1 X Cpo 3.643 m/s
nxD;xn
35 = 9.94 m/s
“ 60_
36 Bio = tan™? (uil) 20.12 °
1
37 ﬁl = BIO + 8 2512 °
H
38 Hep = — 62.49 m
Nn
39 = L2 27.68 m/s
Cu2
40 Cmz = 0.8 X Cypo 2.42 m/s
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60 X
a1 , = 0.35 m
T >Ii’ n -
Ww.
= qj -1 i X _2 X —1)( ﬁ) . 0
42 B, = sin <sm By K w o 23.42
43 Cpy = (0.85—0.9) X Cpyq 3.09 m/s
_ Dy+Dy . (Bi+ ﬁz)
44 Z—6,5><D2_D1><sm( > 6
45 Hie = (1 +p) Hy, 80.88 m
46 P = (0,55 —0,68) + 0,6 sin f3, 0.76
_ 2v 1
47 P=7 (D) 0.29
- (1)
C C z
48 __ mz ( m2 ) % H 31.29 m/s
Y2 2><tan82+\/2><tan82 +(9 )
49 =20 x Uz 0.407 m
T C>‘< n
50 Cmz = —2 2.81 m/s
K,
51 B, = O 18.49 mm
T X Dy X Cp3
1
52 AR 3 114
T X D; X sinf};
1
53 =7 7 X &, 1.05
“ 7w X D, Xsinp,
54 =" 8.58 m/s
" sin 34
C
55 w, = —22 7.78 m/s
sin 3,
Table 4. Pump specifications
Parameter Value Unit
Pump Type Centrifugal
Capacity 25.91 ka/s
Number of Levels 1
Head Total 54 m
NPSH req 2.71 m
NPSH .y 5.96 m
Round 1500 rpm
Pump Power 17.89 kw
Efficiency 80 %
Table 5. ORC Pump Dimensions
Parameter Value Unit
Shaft diameter 24.663 mm
Inlet diameter 126.64 mm
Inlet angle 28
Width of entry side 41.2 mm
Side exit diameter 352 mm
Outward blade angle 23
Exit side width 18.49 mm
Number of blades 6
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3. Discussion

Net Positive Suction Head (NPSH) is a critical factor in
pump design that ensures the pump operates without
cavitation, which can cause damage to the pump and reduce
its performance. The NPSH calculation is fundamental to the
design and operational conditions of pumps, particularly in
systems such as the Organic Rankine Cycle (ORC), where
working fluids are circulated under varying temperature and
pressure conditions. The design results demonstrate that
NPSH av is greater than NPSH req, leading to an efficiency
of 80%. This efficiency significantly improved over previous
research, which reported a pump efficiency of 63%[17]. This
efficiency improvement can be attributed to several factors,
including optimization of NPSH conditions and better pump
design choices (e.g., impeller design, operating conditions,
etc.).

A minimum flow rate of 100 L/s (0.1 md/s) was
established, which ensures the pump operates within the ideal
efficiency range. The performance prediction suggests that
the pump will maintain an efficiency better than 80%[18] at
this flow rate, which is critical in ensuring the system’s
overall performance. The model presented in this paper
successfully meets the design criteria, particularly ensuring
that NPSH av is greater than NPSH req. This guarantees that
the pump operates free from cavitation, improving its
reliability and efficiency. Furthermore, the efficiency
achieved at 80% represents a significant improvement over
previous research, highlighting the effectiveness of the
design. The comprehensive analysis of Euler’s head,
theoretical head, actual head, and capacity under varying
rotational speeds provides additional insight into the pump’s
performance, ensuring the system can operate efficiently
across various conditions.

3.1. Head Euler

The Euler head is assumed to be ideal because friction
flow is considered zero, free from pipe turbulence, and has
infinite blades. The equation below is used to calculate the
value of the Euler head.

(Hinoo) = 103,87 - 339,75 Qv Q)
3.2. Theoretical Head

The theoretical head is the opposite of the Euler head,
where this head considers losses and the number of blades.

The equation below is a way to get the value of the theoretical
head.

Hthoo
1+cp

Hy = (2

Inserting equation (2) into equation 3 and Cp (Pfleiderer
coefficient chosen 0.4), then the equation becomes:

Hy, = 74,19 — 242,67 Q, ?)

22z

3.3. Actual Head

The actual head is the head value in the pumping process
that occurs in actual conditions. The value of the actual head
can be smaller when compared to the theoretical head; this
happens because of losses in the flow, namely shock loss and
friction loss. Below is the equation to get the value of the
actual head.

Hactuar = Hen — iy (4)
hh = hfd + hS (5)
2
hpa = (1= 1) Hop (%) ©)

2 2
—ksn( 2 1 \D2 _w
n=t2 (w4 (1 (2)2)) 0-%) @

Inserting equations (3), (5), (6), and (7) into equation (4)
and the parameters obtained from the design (Table 3), the
equation becomes:

Hyctuar = 75,87 + 857,73 Q,, — 15.958,97 Q,,° (8)
From the design results, a discharge of 0.0476 m3/s was
obtained. By varying the discharge value from 10% to 90%, a
comparison of the Euler head, theoretical head, and actual
head values was achieved. The analysis calculates the Euler
head, theoretical head, and actual head of the pump according
to equations (1, 3, and 8), determining the heat generated by
the pump based on the discharge value. The pump curve
shows measurable relationships between these variables. The
results of the head calculations are depicted as a head
dependence curve on the volume flow rate in Figure 5. Figure
5 shows the relationship between head and volume flow rate.
The head decreases linearly until it reaches a minimum value
for the Euler and theoretical heads, while the actual head
increases and then decreases. Under operating conditions,
pump performance is much more difficult to predict, so
various definitions of pressure loss must be considered.
Increased hydraulic losses and losses in the impeller and
intermediate disk diffuser are the dominant factors [19].
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Fig. 5 Pump characteristic curve
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The pump characteristics from the relationship of head-
to-volume flow rate are decreasing, which is consistent with
the characteristics of centrifugal pumps [20, 21].

3.4. Capacity and Head Values Due to Changes in Rotation

This calculation varies the rotation of the pump drive by
differences of 50 rpm around the nominal 1450 rpm used in
this design, with variations at 1350 rpm, 1400 rpm, 1450 rpm,
1500 rpm, and 1550 rpm. The equation below calculates the
capacity due to changes in rotation.

Qn _ Mndit
Qv nvds

)

By inserting the parameters from Table 3 into equation
(9), the equation becomes:
L
Qv - Qn ﬁ

(10)

The equation below is a way to calculate the capacity due
to changes in rotation.

Hy _
H,

nnd%

11
o (11)

By inserting the parameters from Table 3 into equation
(11), the equation becomes:
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