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Abstract: This study offers modeling and performance analysis of a
pressure-boosting station for petroleum pipelines using a sustainable two-shaft
GT engine to drive a three-stage centrifugal pump. The modeling is divided into
three steps; matching the GT engine components at the maximum efficiency
line, matching the pump performance with the requirements of the pipeline
system to generate the pump load curve, then matching the pump load curve to
the GT engine power-speed curve at the maximum efficiency to study the plant’s
overall performance. At design point, the GT engine efficiency was 37.5% while
the station net pumping-power output was ~ 2 MW with an overall efficiency of
~ 30% and Specific Fuel Consumption (SFC) of ~ 0.217 kg/kWh. Also, the effect
of varying the GT engine compression ratio (r¢) on the plant’s performance
parameters, i.e., SFC, efficiency and power output were thoroughly examined,
revealing that the compressor turbine range was the most limited and that the
part-load efficiency of GT engine at 50% power-output loading was 32.2%.
Finally, sensitivity analysis was performed to find that for each 10% drop in re,
the station overall efficiency drops by only 6.5%.

Keywords: Petroleum Pipelines, Oil and Gas Transport, Two-Shaft Gas
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Boosting Station

Introduction

With the continuous rise of global population and the
booming in urban and industrial development, the demand
for energy is growing faster than ever. According to
International Energy Agency (IEA), Oil and natural Gas
(O&G) will continue to dominate the energy market at
least for the first half of the 215 century despite the rising
contribution of renewables, driven by stern environmental
concerns (Hart, 2014). Moreover, the limitations and low
market competitiveness of renewables make other
approaches necessary. This include waste heat utilization
through adopting various configurations (Akyurt et al.,
1995; Barigozzi et al., 2015) to improve the efficiency and
reduce CO; emissions.

On the other hand, one of the major aspects of O&G
industry, beside production, is transporting the product
over large distances using safe, less polluting and
economically effective methods. Previous studies
concluded that transporting O&G by tankers consumes
large amounts of energy and contributes to increasing
greenhouse gas levels. Therefore, using pipelines for
O&G transporting has been proven to be safer, faster,
cheaper and more sustainable (Wang et al., 2019; Guo et al.,
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2016). Pipelines are used to carry oil from production
wells to refineries or from refineries to consumers over
thousands-of-kilometers-long distances. However, such
large distances lead to a significant pressure drop in the
pipeline system, which increases with flow velocity but
decreases with pipe diameter and temperature. This
pressure loss is mainly caused by high oil viscosity, drag
& shear forces with pipe walls and blocking formed by
wax crystallization, especially when transporting heavy
crude oil (Wang et al., 2019; Koch et al., 2015).

Losses which are created by high oil viscosity, drag
and friction between oil and pipeline walls are treated by
adding drag reducing additives (surfactants, fibers and
polymers) (Gudala et al., 2019). Other solutions include
dilution and emulsification (oil-in-water and water-in-oil
emulsion) as well as heated pipelines to reduce viscosity
(Martinez-Palou et al., 2011; Bensakhria et al., 2004). For
example, the Core Annular Flow system (CAF) greatly
reduces flow viscosity, because adding a thin film of
water near the internal pipe wall lubricates the internal oil
core. However, this heat adds extra costs and thermal
losses and may induce changes in the crude oil rheological
properties which creates instability in the flow
(Bensakhria et al., 2004). In addition to the pressure drop
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caused by frictional losses, there is also the variation in
elevation due to the geographical nature of the pipeline route.
Therefore, to maintain the oil flow and prevent critical
pressure-drop values, many pressure-boosting stations
should be installed along the pipeline route to raise the
pumping pressure (Wang et al., 2019). The pumping power
at each station can be supplied by a turbine, preferably a gas
turbine, to drive a pump or compressor.

The advantage of using a Gas Turbine (GT) as a
compressor or pump mover has been recognized very
early due to its adjustable speed, low maintenance &
installation costs and the ability to use the transmitted
product as fuel. Moreover, GT output capacity grows in
cold weather, thus, compensating for the increase in the
demand for heating power in winter (Sawyer, 1976). The
GTs are very popular in electricity-generating power
plants, cogeneration, turbojet engines, naval propulsion,
O&G transmission lines and large capacity district
heating/cooling facilities (Chapman et al., 2016; Aklilu and
Gilani, 2010; Al-Hamdan and Ebaid, 2006). Nevertheless,
the poor GT part-load performance has led to utilizing
different GT arrangements for further improvements, like
controlled guide vanes, variable geometry turbines and
multi-shaft designs (Poullikkas, 2005; Najjar and
Abubaker, 2015; Mallinson and Lewis, 1948; Balanescu
and Homutescu, 2019; Najjar et al., 1993).

This study provides detailed modeling and analysis
for a pressure-boosting station of a petroleum pipeline
system using a two-shaft GT engine which operates on
a heat-exchange cycle to drive a three-stage centrifugal
pump. The variation in the GT parameters, such as
compressor speed, compressor pressure ratio, turbine inlet
temperature, specific fuel consumption, power output and
efficiency, over a wide loading range was thoroughly
investigated. This study can be summarized into three main

steps: (1) Matching the GT engine components to optimize
its performance and draw the “Power-Speed Curve”, (2)
matching the pipeline-system-requirements with the pump
performance-map to generate the “Pump-Load Curve”, (3)
matching the GT “Power-Speed Curve” with the “Pump-
Load Curve” to study the station overall performance. Also,
a sensitivity analysis was carried out and the required
calculations were implemented using Octave program.

Plant Description

To simplify the analysis and understand the working
principles of the proposed pressure-boosting station, the
system was divided into three parts: The two-shaft GT
engine, the centrifugal pump and the pipeline. Figure 1
shows the components of the chosen GT engine connected
to the centrifugal pump through a Gear Box (G.B). The
two-shaft GT engine consists of two parts; the firstis a
Gas Engine (G.E), which comprises a compressor
axially connected to a Compressor Turbine (CT) to
provide the work required to drive the compressor. The
second is a Power-Turbine (PT) connected to the load
(G.B) on a separate shaft. This two-shaft design allows
PT to rotate freely independent from the CT, thus
enhancing the GT engine part-load efficiency
compared with that of a single-shaft arrangement,
especially for applications where the load requires a
variable speed driver.

Air is sucked at point 1, compressed to high pressure
(point 2) and preheated in the Heat exchanger (H.X) before
it enters the Combustion Chamber (C.C) (point 6). It is then
mixed with fuel under very high pressure. At this point, the
combustion is initiated, producing very hot exhaust gases
(point 3) that expand through the CT, providing the needed
mechanical work to drive the compressor.
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Fig. 1: A schematic diagram of the proposed pressure-boosting station driven by GT engine
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The exhaust gases coming out of CT (point 4) expand
further in the PT to provide the mechanical work that drives
the second shaft, which is connected to the load (G.B). Since
pumps usually operate at lower rotational speeds than
turbines, the G.B functions as speed reducer to make PT
speed compatible with the pump speed. The pump converts
the received mechanical input power into a hydraulic pumping
power used to raise the pressure of the oil inside the pipeline to
compensate for the pressure drop and maintains the flow.

Methodology and Mathematical Modeling

In this section, the mathematical modeling of the
petroleum pressure-boosting station is presented. The
mathematical model includes the thermodynamic and
fluid mechanics analyses of the two-shaft GT engine,
centrifugal pump and the pipeline system are discussed.
In addition, the matching process of all components of
the proposed pressure-boosting station is described in
this section. The brief flowchart shown in Fig. 2 shows
the steps sequence which was used during work.

GT Engine Thermodynamic Analysis

The GT engine is thermodynamically modelled using
equations given in (Cohen et al., 1987) and performance
maps retrieved from (Turbocompressor, 2016) for the
compressor and from (Smooth Turbine Maps, 2018) for the
CT and PT. Scaling techniques provided by (Chapman et al.,
2016; Gilani et al., 2008) were used to match the CT and
PT performance maps with the GT design-point.

a) Compressor

The rise in air temperature and the work required
during the compression process are given by Eqg. (1) and
Eq. (2), respectively.

Kk, -1
AT, LI r' -1
M

W, =mxC, , xAT,

1)

@

b) Heat Exchanger (H.X)

The rise in temperature of the cold fluid stream,
decrease in temperature of the hot fluid stream and the
pressure drop across the H.X are given by Eq. (3), Eq. (4)
and Eq. (5), respectively.

T -T,=ex(T;-T,) 3)

(4)

C
T, -T, =ex—22 ><(T5 —Tz)
Cog
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¢) Combustion Chamber (C.C)

By applying mass and energy balance across the C.C,
the fuel-air-ratio (f) is calculated using Eq. (6) and the
pressure drop across C.C is calculated using Eq. (7):

¢ _Coax(T,-298)+C, , x(298-T,) ©)
C,, x(T,—298)+ H.V.

AR, =PRx S
P

6
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d) Compressor Turbine (CT)

The temperature drop across the CT depends on
turbine’s efficiency () and pressure ratio (re) and is
calculated using Eq. (8). The CT outlet temperature is
calculated by Eq. (9) while the extracted work is
calculated using Eq. (10):

kg
ATy =Tyxn, x| 1- [j 8)
rct
T, = TS*(l— AT% ) ©)
3
W, =W, =m*C, *AT,, (10)

e) Power Turbine (PT)

The temperature drop across the PT can be
expressed by Eg. (11) while the turbine outlet
temperature and the extracted work are calculated
using Eq. (12) and Eq. (13), respectively.

k

g1

kg
AT, :T4><T]pt>< 1_[1J (11)
pt
AT
T5:T4><(1— %/TJ (12)
W, = rﬁx C,g xAT,s (13)
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Matching GT Engine Components

The compressor and CT were matched based on three
compatibility conditions: Work, rotational speed and
mass flow rate. These conditions are expressed by Eqg.
(14), Eqg. (15) and Eq. (16). The CT and PT are not
mechanically connected, therefore only the mass flow
compatibility condition given by Eq. (17) should be
satisfied. The pressure ratios across each component,
considering pressure losses across H. X and C.C, are
related by Eq. (18). Equation (19) is used to calculate the
power output of the GT engine:

kg-1
. 1%
W, :Wpt:m:CMxT4 X ply X[ 1= —

pt

(19)

Figure 3 was produced using Eq. (19) to plot the
change in GT engine power output as a function of the
PT speed (Np) at different N values. The Specific Fuel
Consumption (SFC) as well as the GT engine thermal
efficiency (yet.m) are expressed by Eq. (20) and Eg.
(21), respectively:

AT, _ ATo o Tiw Ca (14) SEC :M (20)
T, T T Cy™, net
N, N, [T 3600
¢ —_d |3 15 = 21
JT AT\ ) e =gec v (21)
mJT, _mJT R, [T (16) Matching the Centrifugal Pump and the Pipeline
P, R R\ System
Matching the pump performance with the pipeline
m\/T_AZ myT, P, [T (17) system requirements is presented in this subsection.
P, P P \T Figure 4 shows two subsequent pressure-boosting
stations (hypothetical) and illustrates the elevation
P PP PEPP difference between them, which is postulated by the
2= 2% % 3k _4%5 (18) nature of terrain characteristics.
R RPRPRP
n Step 1: GT Engine Step 3: Station Overall Performance
) ) /.AMatkcing the pmfé)-ﬁaad—cm‘é.]
. . ( Generating the \ with the GT Engine Power-
o PT, . ;f gi?:ﬁ:ﬁ.e . Powcg;fgeed L Fig. 7
Eq. (14-18) & — | .
v g Station Design-Point
Performance
Tables 4 and 5
= Step 2: Centrifugal Pump & Pipelines "
= . S Station Off-Design
| Matching Pipeline- Performance
N System ‘ Generating Tables 6 and 7
Pﬁeﬁfgﬁ:ﬁ? Regquirements to the the Pump- \ - 4
‘fFi i . Pump Performarnce Load Curve .v
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. ‘ Fig6b Sensitivity Analysis
| Fig. 6a ]
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Fig. 8

Fig. 2: Flowchart diagram summarizing the major steps of the modeling process

48



Yousef S. H. Najjar et al. / Energy Research Journal 2021, Volume 12: 45.55
DOI: 10.3844/erjsp.2021.45.55

3000 |
/
!
2500
z '
5
.g' 2000 f
(o] !
£ 1500 | d
nc: I
l—
(T
1000
500 |
5 ! { [—= — Max. Efficiency Ling | |
0 1000 2000 3000 4000 5000 6000 7000
PT Speed, RPM
Fig. 3: GT engine power-speed curve at typical different Nc values.
)
Station =
No. 2 :_.
)
Station
No. 1
——

Fig. 4: Schematic diagram showing two hypothetical pressure-boosting stations on the same pipeline

The energy equation, Eq. (22), is applied between the
discharge port of station 1 and the suction port of station
2 (Fox et al., 2012). When the liquid flows, the pressure
drop (AP;) is calculated using Eq. 23. The fluid velocity
(V)is a function of the flow rate (Q) as described in Eq.
(24). Equation (25) is used to generate the pipeline-system
differential-head curve (AP/y), shown in Fig. 5:

AP:(22—21)><;/+AF’1 (22)

2

AP =0.0239 * prprLxVT
9=b (23)

where,V = 4§2
2

AR =0.0239x 18, P*A*L*Q (24)

Vi g*D

16 pxp*L*Q?
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The three-stage centrifugal pump provides the
differential head (AP/y) required to compensate for the
elevation head (Az) and head loss (APi/y) along the
length of the pipeline. The pressure rise (AP), pump
output power and pump efficiency are expressed by
Eq. (26, 27 and 28), respectively (Fox et al., 2012):

AP =P, —P, (26)
W, o =Q*AP (27)
77p =Wp,out /Wp,in (28)

The pipeline differential-head (AP/y) is matched with
the pump-performance curve, as shown in Fig. 6a and the
results of matching are used to generate the pump-load
curve shown in Fig. 6b.

vain =APxQ (29)
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In a typical petroleum pipeline, the required pump
discharge pressure is about 5900 KPa and the minimum
suction pressure is about 500 KPa (Sawyer, 1976).

Matching the GT Power-Speed Curve with the Pump
Load Curve

the optimum gearbox reduction ratio required to assure
that the GT engine operates at maximum efficiency.
Finally, the overall efficiency of the entire pressure-
boosting plant (75) is expressed by Eq. (32):

- - . Wp,in :Wgt,out x 77m (30)
In this section, the GT power-speed curve (Fig. 3) and
the pump load curve (Fig. 6b) are matched, and the result
is shown in Fig. 7. The power input into the pump is (a,m) N
related to the GT power output by Eq. (30), where (77) is Ryp = —— el (31)
the geartrain mechanical efficiency. The gearbox is (“’p )dp
chosen so that the design point on the pump-load curve is
located on the GT engine maximum-efficiency-line. This
condition is satisfied by applying Eq. (31), where Rop is Mo =Tge * 1 * 11y (32)
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Fig. 5: Typical pipeline system head-flow curves: (a) discharge head, (b) suction head, (c) differential head
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Fig. 6: (a) Pipeline-system differential-head curve matched to the pump-performance curve, (b) the pump load curve
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Fig. 8: The normalized effect of compressor pressure ratio (rc) on the station performance parameters

Results and Discussion variable speed applications. In fact, when the station runs

near the GT maximum-efficiency line, the plant part-load

efficiency is at its optimum value, thus the two-shaft GT
Table 2 shows the station performance parameters while ~ engine is a very suitable prime mover for centrifugal pumps

Table 1 shows the properties, assumptions and operating ~ and compressors in many applications.

conditions of the proposed pressure-boosting station at

design point. It can be seen from Fig. 7 that the pump

Design Point Calculations

Off-Design Calculations

matches the GT engine near its maximum-efficiency-line The station off-design behavior was investigated over
over a wide loading range, which emphasizes the  the loading range specified along the pump load curve
significance of employing the two-shaft GT design in illustrated on Fig. 6b. It is clear from Fig. 7 that at higher
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compressor pressure ratios (rc¢), the pump-load-curve is
perfectly matched with the GT engine maximum-
efficiency-line. Table 3 shows the station off-design
properties while Table 4 shows the station off-design
performance parameters.

Non-dimensional analysis was carried out to study the
effect of changing the compressor pressure ratio (r¢) on
the plant performance parameters, mainly the GT engine
efficiency (yq), the pump efficiency (p), the overall
power output (Wsiou) and the overall efficiency (#ov).
Figure 8 shows that as rc increases, GT efficiency rises,
and the station power output also increases at higher
compression ratios. The station performance is enhanced
at higher rc values, since as the compression ration
increases, the TIT increases. It is worth noting that
references (Cohen et al., 1987; Najjar and Ismail, 1990)
studied the effects of TIT and compression ratios (rc) on
the performance of a heat-exchange cycle, independently.
They concluded that the efficiency increases with r; and
the power output increases significantly with TIT. Thus,
increasing both rc and TIT leads to higher GT engine

efficiency and power output, as confirmed by the results
indicated in Table 4 and Fig. 7. This result agrees with the
conclusions in references (Cohen et al., 1987; Najjar and
Ismail, 1990). Figure 8 also shows an increase in the
pump efficiency with r¢, which is a logical result as the
operation of the system moves from the low to the high
efficiency region (points 1 to 7 on Fig. 6b) at higher
loading conditions. This mainly relies on the nature of
the pump performance-curve and pipeline differential-
head-curve. Besides, the station overall efficiency (7o)
also increases with r¢ since it is proportional to the
efficiencies of both the pump (7,) and the GT engine
(n4t) according to Eq. (25).

Sensitivity Analysis

To quantify the effect of varying the compressor
pressure ratio (rc) on the performance parameters of the
pressure-boosting station, a sensitivity analysis was
performed. Table 5 summarizes the change in each
performance parameter for every 10% drop in rc from its
value at design-point.

Table 1: The properties and operating conditions of the oil-pipelines-pressure-boosting station, at design point

Operating condition Value
GT Engine Cohen et al. (1987) Compressor Pressure Ratio, rc 8.44
Compressor Rotational Speed, Nc 97.95 %
Compressor Isentropic. Efficiency, #c 79 %
Air Mass Flow Rate, 10.04 kg/s
CT Pressure Ratio, ret 2.77
CT Isentropic Efficiency, #ct 85 %
CT Inlet Temperature, T3 1411 K
PT Pressure Ratio, rpt 3.06
PT Rotational Speed, Npt 6716 rpm
PT Isentropic Efficiency, #pt 0.850
PT Inlet Temperature, Ta K
CT Inlet Temperature, T3 1411 K
Ambient Pressure, pa = p1 1 bar
Ambient Temperature Ta =Tz 288 K
Shaft Mechanical Efficiency, #m 0.99
Combustion Efficiency, b 0.99
Pressure Drop across the Combustion Chamber, Apcc/ps 0.03*Pg
H.X Effectiveness, € 0.85
Pressure Drop across the H.X (air-side), Apna/p2 0.02*Pqg
Pressure Drop across the H.X (gas-side), Apng 0.01 bar
Pump and Pipelines (Sawyer, 1976; Gilani et al., 2008) Pump Head, H 625m
Pump Rotational Speed, Np 1679 rpm
Volume Flow Rate, Qq 0.400 m3/s
Suction Pressure, Ps 800 kPa
Minimum Suction Pressure, psmin 500 kPa
Delivery (Discharge) Pressure, pd 5900 kPa
Pipeline Length, L 1000 km
Pipeline Diameter, D 0.381m
Pipe Friction Factor, 0.04
Elevation Difference, z2-z1 300 m
Oil Liquid Properties (Diesel) Liquids - Avg. Specific Weight, y 8162 N/m?3
Kinematic Viscosities (2018) Avg. Density, p 832 kg/m?®
Avg. Dynamic Viscosity, i 0.0248 Pa.s
Heating Value, H.V 42517 kd/kg
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Table 2: The performance parameters of the oil-pipelines-pressure-boosting station, at design point

GT Engine GT Power Output, Wgtout 2599 kW
GT Efficiency, g 37.5%
0.217 kg/kWh
Pump Specific Fuel Consumption, SFC 2573 kW
Pump power input, W, 79.3%
Overall Station Station power output, Woy 2040 kW
Station efficiency, #ov 29.7%
Table 3: The station off-design properties at different rc values corresponding to the points along the pump-load-curve shown in Fig. 6b
GT Engine
Compressor CT PT Pump
" m,, (kg /s) 3
re Nc(%) fet TIT(K)  Npe(rpm)  rpt npt(%) Np(rpm) H(@mM) Q(m3/s)
Part Load 1 6.20 90.05 8.12 2.63 1190 5608 222 847 1402 450 0.275
2 6.69 91.78 8.54 2.67 1238 5812 235 847 1453 481 0.300
3 7.05 93.05 8.85 2.70 1274 6032 246 849 0.325 512 1508
4 7.45 94.44 9.18 2.72 1313 6252 257 850 0.350 545 1563
5 7.99 96.35 9.65 2.75 1367 6492 274 850 0.375 583 1623
Design Point 6 8.44 97.95 10.04 2.76 1411 6716 288 850 0.400 625 1679
Overload 7 8.91 99.61 10.44 2.78 1458 6952 3.03 850 0.425 665 1738

Table 4: The station off-design performance at different rc values corresponding to the points along the pump-load-curve shown in Fig. 6b

GT Engine Pump Overall Performance
# re Woatout (KW)  SFC (kg/kWh) (%) (kw) (%) (kw) (%)
Part Load 1 6.20 1377 0.263 322 1363 74.1 1010 249
2 6.69 1616 0.253 334 1600 73.6 1178 24.6
3 7.05 1800 0.247 343 1782 76.2 1358 26.1
4 7.45 2011 0.240 35.3 1991 78.2 1557 27.6
5 7.99 2320 0.232 36.5 2296 7.7 1784 284
Design Point 6 8.44 2600 0.226 375 2573 79.3 2040 29.7
Overload 7 8.91 2913 0.220 384 2883 80.0 2307 30.7

Table 5: The amount of change in performance parameters for every 10% drop in compressor pressure ratio (rc)

(ro) Q Wit gt Ui 7o
-10% -11% -21% -5% -1.5% - 6.5%
Conclusion 27, 4.7 and 26.7%, respectively. Hence, the CT

operating range is the most limited (Table 3)
e The GT engine components were optimally matched e For a 10% drop in rc from D.P, the station overall

to generate the GT engine maximum-efficiency-line efficiency drops by only 6.5% (Table 5)
e  The pump performance was matched with the pipeline-
system requirements to generate the pump load-curve Acknowledgement

e The pump load-curve was matched to the GT engine
power-speed-curve along its maximum-efficiency-line

e The station net power output and specific fuel
consumption were 2 MW and 0.217 kg/kWh,
respectively

e Efficiencies of the GT engine, pump and the entire
station at D.P were 37.5, 79.3 and 29.7%, respectively
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Symbols: Subscripts:

c Compressor

C.C Combustion Chamber

Con Condenser

CT Compressor Turbine

D Pipeline Diameter (m)

D.P Design point

F Fuel-to-Air Ratio

GB Gearbox

GT Gas Turbine

H Pump Head (m)

HV Fuel Heating Value (kJ/kg)
HRSG Heat Recovery Steam Generator
L Pipeline Length (km)

h Mass Flow Rate (kg/s)

N Rotational Speed (rpm)

p Pressure (bar)

PT Power Turbine

Q Pump volume Flow Rate (m?3/s)
R Gear Ratio

r Pressure Ratio

SFC Specific Fuel Consumption (kg/kWh)
ST Steam Turbine

T Temperature (K)

Vv Velocity (m/s)

W Work (kW)

z Elevation (m)
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Pipeline friction factor
Specific gravity (N/md)
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Dynamic Viscosity (Pa.s)
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