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Abstract: In this study, we conducted experiments and numerical analysis on a 270 kW industrial-
scale centrifugal compressor used in the fuel supply system of an LNG carrier in order to improve the
lumped-parameter surge model by considering the viscosity in the pipeline and to confirm whether
the improved model would be applicable. The steady and unsteady compressor performance curves
were constructed using measurements and predictions, respectively. The flow through the pipeline
was assumed to be both steady and unsteady, and each governing equation under the assumptions
was derived in accordance with the lumped-parameter model. In the steady flow case, the surge
behavior of the modified model was in a good agreement with the lumped-parameter model at
surge parameter B = 4.8716. In the unsteady flow case, however, the modified model showed a
deviation from the lumped-parameter model, and the simulation from the modified model described
the surge behavior 5% more accurately than the lumped-parameter model. Through experiments
and numerical analysis, this study showed that the present models are useful and applicable for
describing the surge behavior of an industrial-scale single-stage centrifugal compressor.

Keywords: surge; industrial-scale centrifugal compressor; lumped-parameter model; Greitzer model

1. Introduction

Gas compressors are used in various places all over the world. These include aircraft
propulsion with turbojet engines, offshore and onshore power plants with gas turbines, ma-
rine propulsion with turbo-chargers in main engines, pressurization of fluids in the oil and
gas industry, and natural gas transport in pipelines [1]. Beginning in the 1960s, centrifugal
compressors have been popular thanks to their improved efficiency, low maintenance costs,
and compact size [2]. In particular, they are used for boil-off gas treatment in more than
500 LNG carriers currently in operation around the world [3].

The useful operation range of centrifugal compressors is often limited at low mass
flow by fluid dynamic instabilities, typically, a surge or a rotating stall [4,5]. A rotating
stall can degrade compressor performance, and the surge can destroy the compressor’s
structure in just a few seconds. Accordingly, it is important to analyze the mechanism for
the rotating stall and surge for efficient working range, control, and safety. The generation
mechanism for the rotating stall and surge of a centrifugal compressor was analyzed by
Sundstrém et al. [6]. In addition, several researchers have analyzed the mechanism with a
variable vaned diffuser [7] and with a vaneless diffuser [8], and the acoustic signature [9]
has been studied as well.

A surge is an unstable operation and a one-dimensional instability. If the flow is
reduced to below the surge point compressor operation becomes unstable, resulting in
periodic pressure and flow oscillations throughout the overall system of compressor. The
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flow may change its magnitude in the forward direction alone or change its direction
between forward and backward, with a complete momentary stop in between. A surge
is characterized by a limit cycle oscillation that affects the power and axial rotor thrust as
well as the oscillation, and in the case of an uncooled compressor will steadily increase the
temperature level unless stopped by an automatic trip [4—6]. In particular, it results in a
critical loss of performance and efficiency, as large fluctuations in pressure and mass flow
rate can make the chemical or oil and gas processing system unstable, which is connected to
the compression system. Surges can generally be classified into two types, mild and deep.
Mild surges have no reverse flow, while deep surges have a negative mass flow rate [10].

On the contrary, a rotating stall results from local flow separation and reversal in
the impeller or in regions of stagnant flow. It shows the instability characteristics of two-
dimensional direction and local regions. While compressor operation remains stable, a stall
can result in a large drop in performance and efficiency. The annulus-averaged mass flow
across the compressor is steady, though circumferentially non-uniform [4-6].

Many studies have been conducted on surges and rotating stalls in the field of gas
compressors. Emmons et al. [11] derived one of the first models for the dynamic behavior
of compression systems, developing a linearized compression model through an analogy
between a Helmholtz resonator and the small oscillations associated with surge initiation.
Great progress in this field was made by Greitzer [12,13], who researched and developed a
nonlinear lumped-parameter model for axial compressors. Although it was based on the
linear analysis of Emmons et al. [11], the Greitzer model was the first model to account
for the large amplitude oscillations during the surge period. The Greitzer model has
been the most widely used dynamic model in this field. Hansen et al. [14] showed that
the Greitzer model can be used to simulate surge behavior in a centrifugal compressor
system. Moreover, Fink et al. [15] extended the model to centrifugal compressors with a
variable rotor speed. Moore and Greitzer [16,17] developed their model of compression
system dynamics. This model was developed by coupling two-dimensional unsteady flow
descriptions to the Greitzer model in order to capture both surge and stall phenomena.
Macdougal and Elder [18] derived a model similar to the Greitzer model. Assuming the
duct flow as a compressible flow, their model was able to deal with non-ideal gases and
varying gas compositions.

In spite of the theoretical development of the various surge models, most experiments
have been performed with laboratory-scale installations [19-21]. Furthermore, in most cases
it is difficult to simulate the exact surge cycle compared with actual ones using parameters
from the geometrical data of the system. Thus, many researchers have had difficulty
simulating the surge cycle to predict the actual behavior by varying the compressor duct
length and plenum volume [21].

The purposes of this paper are, first, to modify the Greitzer model for a compression
system, and second, to confirm whether the modified Greitzer model is applicable. The
target system is a 270 kW industrial-scale single-stage centrifugal compressor used in the
fuel supply system of an LNG ship. In order to improve the conventional Greitzer model,
the viscosity effect in the inlet pipeline under two views is considered and demonstrated
through experiments and numerical analysis, and experiments are conducted to validate
the proposed models for the industrial-scale single-stage centrifugal compressor system.

2. Surge System Modeling
2.1. Conventional Greitzer Model

Greitzer [12,13] developed a nonlinear mathematical model of a transient compression
system to describe the large amplitude oscillations encountered during a surge period,
which were not explained by the linearized compression model by Emmons et al. [11].
The Greitzer equivalent compression system is shown in Figure 1. The compression
system consists of the compressor internals, a throttle valve, the plenum volume, and
other pipelines. It is assumed that the gas flowing through the compression system is
incompressible, the density is equal to the ambient density, the gas velocity in the plenum
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is negligible, the static pressure is uniform throughout the plenum, and the process in the
plenum is considered as an isentropic process [12,13]. The equations of the compressor
system model derived by Greitzer are as follows:
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where the system parameters are provided by Equations (5)—(9).
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Figure 1. Equivalent compression system.

The dimensionless governing equations, that is, Equations (1)—(4), are derived from
momentum balance and mass balance [18]. Time is nondimensionalised by the Helmholtz
frequency, wy, of the compressor inlet duct and the plenum volume. The parameter B
has physical significance in the compressor model; in other words, the transient response
of the compression system is strongly dependent on it. Equations (1)—(4) are nonlinear



Energies 2022, 15, 4002

40f15

mathematical models for the unsteady behavior of the compressor system, such that the
numerical analysis is adopted. Equations (1)-(4) are solved by a fourth-order Runge-Kutta
method, with the initial condition found through experiments. The geometrical data of the
compression system are indicated in Table 1. Time lag in revolutions, N, in Equation (7), is
set to 0 because the B parameter is large.

Table 1. Geometrical parameters of the compression system and compressor.

Element Parameter Unit Value
System Compressor duct length, L. mm 750
Throttle duct length, L; mm 800
Compressor duct area, A¢ m? 0.05
Throttle duct area, A; m?2 0.01657
Plenum volume, V), m3 0.358
Impeller Number of blades - 16
Inducer dia. at hub, dy 5, mm 54
Inducer dia. at shroud, d; ¢ mm 155
Impeller diameter, d mm 270
Vaned diffuser Inlet diameter mm 311
Outlet diameter mm 439
Number of vanes - 14

The definition of the nondimensional pressure rise and mass flow rate are as follows:

AP
Cx
4’c = ﬁ (11)

2.2. Proposed Model

It is clear that the surge cycle of the Greitzer model and the measured surge cycle
do not completely coincide. Therefore, many researchers have used the Greitzer model
to roughly predict the surge cycle of the test compressor. This section shows how much
influence the viscosity in the inlet pipeline has on the surge cycle. Moreover, the flow in
the pipeline is assumed to be both steady flow and unsteady flow. In the steady flow, the
Darcy—Weisbach equation was employed; in the unsteady flow, the Oscillating pipe flow
concept was applied.

2.2.1. Steady Flow Case

By employing the Darcy—Weisbach equation, the conventional lumped-parameter
model was modified and the contribution of the viscosity in the inlet pipeline was found.
It was assumed that the flow is fully developed, steady, and incompressible. The Darcy—
Weisbach equation is as follows; the friction factor, f, is calculated by Colebrook equation.

L G
hL:f-E-i (12)

The dimensional momentum equation of the inlet pipeline can be written as follows:

i,

Le dt

= AC(APC - AP) - Ffriction (13)

L. pC2
Ffriction :Aw'f'ﬁc’ng

(14)
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Equation (13) can be nondimensionalized:
d¢c 7T LC ° f * Cx
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dt (ll’c lp) 4 wy - \/Tw gDC ( )

Equation (15) is a modified momentum equation describing the dynamics of the inlet
pipeline. Therefore, Equations (2)—(4) and (15) describe the dynamics of the compressor
system. When solving these equations, the Moody chart is used, and ¢/D, i.e., the relative
pipe roughness, is 0.00018.

2.2.2. Unsteady Flow Case

Here, the flow through the inlet pipeline is assumed to be the unsteady fully developed
flow, and the oscillating flow in a circular pipe is derived according to Meulenman [22],
Samaan [23], and Uchida [24]. A brief overview of the key factors is presented here.

The circular coordinate is applied, and the x-axis is taken along the axis of the pipe
from the entrance section and the r-axis along the radius of the pipe normal to the x-axis; u is
the velocity along the x-axis. Based on Navier—Stokes equations, Equation (16) is obtained:

ou 1 dp 1 .0 ou . _ —
g__E.g_ﬂ/.;-[g(r-g)]wzthu_Oatr—R (16)

In the oscillating pipe flow, the pressure gradient becomes

1 dp .
e K - sin(nt) (17)

where K is a constant and n = 27tf.
For simplicity of calculation, a complex form (Equation (17)) is introduced as follows:

_1 api_, int _ int
i iK™, u(r,t)y=U(r)-e (18)

Substituting Equation (18) into Equation (16), the differential equation is as follows:

?U(r) . aU(r) in in
2 _ oin _ o
"2 +r 5 r u(r) T (19)

The solution is provided by
U(r) = Cy - Jo(wir) + C2 - Yo(air) (20)

where C; and C, are coefficients, Jy and Y are the first and second solutions of the Bessel
function of zero order, respectively, and «; = R\/g -/ —i.

The boundary conditions at the wall are u = 0 at r = £R. By substituting the
boundary conditions into the equation, C; and C; can be determined. The last form of the
solution is provided by

SO ]

The mass flow rate and the wall shear stress are as follows:

_ipKnR* 2 i(wi) \ jime . 1pKR 1 i
HOSS Fv {1_061‘]0(0‘1')} SR %e @)

(21)

&;
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By solving Equation (16), the following momentum equation is obtained:

dm AC

ar = L (BP = AR) +27RT, (23)

As it was impossible to obtain the exact solutions, the solution was approximated. For
very low frequencies (n — 0), a quasi-steady velocity is obtained:

_ K oy
u(r, t) = 14U(R ro)e (24)

The quasi-steady mass flow is as follows:

. 4
m(t) = —ZPI;:R et (25)

The quasi-steady wall shear stress is determined with Equations (23)—(25):
(26)

Substituting Equation (26) into Equation (23), Equation (23) is introduced as follows:

dm  Ac 8v .
T (AP — AP;) — R (27)
Equation (27) can be nondimensionalized as follows:
d¢ 32v
= =B(¢p.—¢) — 2
=B - 5 8)

Equation (28) is a modified momentum equation. In the Greitzer model, Equation (1)
is replaced with Equation (28), and Equations (2)—(4) and (28) are solved by the fourth-order
Runge-Kutta method.

3. Experimental Setup

An industrial scale compression system was used to study a surge in a large-scale
centrifugal compressor driven by a 270 kW electric motor, which can control the speed
from 12,000 to 24,000 rpm. The compression system consists of an inlet pipeline, a single
stage centrifugal compressor (Cryostar, C-300/45 L/D), an outlet pipe-line, and a throttle
valve, as shown in Figure 2. The compressor is a single-stage centrifugal machine with
an impeller diameter of 270 mm, as shown in Figure 3a, and the compression system is
exposed to the ambient air at the compressor inlet and outlet. The design performance of
the compressor ranges up to a pressure ratio of 1.85 with a maximum of 8500 m3/h. A set
of variable inlet guide vanes is fitted, as shown in Figure 3b, although it was fixed at 0°
during the experiment.

Figure 2 and Table 2 show the location and specifications of the instruments used for
the surge measurements, respectively. To determine the performance of the compressor,
three-wire Pt-100 s pressure sensors (Rosemount 2088 smart pressure transmitter) and a
plate orifice (Sofameca) with a differential pressure sensor were used. The compressor
discharge line was throttled using a butterfly valve (Westad Cryoseal Class 150 DN250).
The date was acquired using a Honewyell C-200 distributed control system, which is widely
used in large onshore chemical plants and offshore plants.
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TT1 : Suction temperature transmitter
DPT : Differential pressure transmitter
PT1: Suction pressure transmitter
PT2: Discharge pressure transmitter
TT2: Discharge temperature transmitter
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Local Control Panel
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Figure 2. System configuration: (a) 3D drawing and (b) schematic diagram.

Figure 3. Photographs of (a) the inlet guide vane and (b) the impeller.
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Table 2. Instrument list.

Item Tag No. Range Signal Maker
Suction pressure PT1 0~2 barg 4~20 mA Fisher-Rosemount
Discharge pressure PT2 0~2barg 4~20 mA Fisher-Rosemount
Suction temperature TT1 —200~+200 °C 4~20 mA Jumo
Discharge temperature TT2 —200~+200 °C 4~20 mA Jumo

Gas flow

Smart Rosemount

PDT1 —70~70 mbar 4~20 mA (bi-directional)

The steady-state performance of the compressor at 11,950 rpm, 15,950 rpm, and
21,100 rpm was measured by slowly closing the throttle valve (Figure 4). For the deep surge
model, the performance of the compressor was only measured at 15,950 rpm because the
system was operationally limited in each measurement. Figure 5a shows the performance
curve, the pressure ratio vs. the mass flow rate, for the three speeds. The nondimensional
compressor performance curve is shown in Figure 5b, and the performance curves for each
speed nearly coincide. The densities predicted from the pressures and temperatures were
applied for the nondimensionalization. The difference between the predicted density and
real density was the most dominant where the curves did not match perfectly.

N

Surge Conrol Volve

(a) (b)

Figure 4. Photographs of (a) the compressor suction and (b) the throttling valve.

To describe the unsteady part of the compressor performance curve, the cubic polyno-
mial of Moore and Greitzer [16] was used. Figure 6a shows the fitted curves based on the
measured steady-state performance for the three speeds. In Figure 6b, the unsteady part
was approximated using the cubic polynomial from Moore and Greitzer [16].
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Figure 6. Approximated compressor characteristic curve: (a) fitted with experimental data and
(b) adjusted valley point.

4. Results and Discussion
4.1. Conventional Greitzer Model

The Greitzer model developed for axial type compressor systems was used to predict
deep surge oscillations in an industrial-scale centrifugal compressor. Figure 7 shows the
steady-state performance of the compressor at 11,950 rpm, 15,950 rpm, and 21,100 rpm as
measured by slowly closing the throttle valve. The surge at each speed was initiated and
developed. The start of surge behavior is defined as the point at which the amplitude of
the pressure begins to grow and a distinct oscillation frequency is found. The experiment
for the deep surge was carried out only at 15,950 rpm because it was installed at an actual
industrial plant. The system equations (Equation (1)—(4) were solved by a fourth-order
Runge-Kutta method. In this numerical analysis, it is difficult to simulate the actual
surge behavior with the parameters decided by the geometry of the compression system.
Thus, the simulation was conducted by varying the compressor duct length and plenum
volume. In addition, N = 0, where N is the time lag in the revolutions, as per Equation (4).
Figure 8a,b shows the behavior of the nondimensional mass-flow rate, ¢, and the pressure
rise, Y, versus nondimensional time at B = 4.8716, respectively. The experimental data are
plotted in these figures.
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Figure 7. Surge initiation at (a) 11,950 rpm, (b) 15,950 rpm, and (c) 21,100 rpm.
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Figure 8. Transient non-dimensional (a) mass flow rate and (b) pressure rise with the experimental
data and conventional model.

4.2. Proposed Model
4.2.1. Steady Flow Case

As derived previously, Equation (15) is a new momentum equation; thus,
Equations (15) and (2)—(4) are the governing equations, which are solved by the fourth-
order Runge-Kutta method. Figures 9 and 10 show the surge predictions of the conven-
tional model and the proposed model. When the surge parameter, B, is relatively small
(Figure 9a,b), the proposed model predicts surge initiation in accordance with the experi-
mental data. In Figure 10a,b, both models show similar behavior in a fully developed deep
surge prediction with B = 4.8716. Surge development is affected by the friction term for a
mild surge, however, the friction term did not influence the fully developed deep surge.
Figure 10a shows the non-dimensional compressor performance with the simulation and
measurement. The deep surge was simulated. The maximum negative mass flow occurs at
the highest pressure. However, in the negative mass flow interval, the pressure decreases
along the compressor performance line, increasing the mass flow. At the lowest pressure,
the mass flow rate reaches the maximum flow rate at a high speed. Finally, as the pressure
increases along the compressor performance curve, the mass flow rate decreases, and the
cycle is repeated.
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Figure 9. Comparison of the proposed model and the conventional model for surge parameter
B =0.41173.
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Figure 10. Comparison of the proposed model and the conventional model for surge parameter
B =4.8716.

4.2.2. Unsteady Flow Case

Equation (28) is a modified momentum equation. In the Greitzer model, Equation (1)
is replaced with Equation (28), and Equations (2)—(4) and (28) are solved by the fourth-order
Runge-Kutta method. The simulations of the Greitzer model and the modified model are
illustrated in Figure 11 with the experimental data. Figure 11a shows the mass flow vs.
time, and Figure 11b shows the pressure rise vs. time. It is difficult to determine from
Figure 11b whether there is good agreement between the experimental data and the Greitzer
model; however, the mass flow in Figure 11a shows good similarity with the experimental
data. The resulting simulation from the modified model shows better agreement than the
simulation resulting from the Greitzer model.
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Figure 11. Comparison of simulation results: (a) non-dimensional mass flow rate and (b) non-
dimensional pressure rise.

From Figure 11, which compares the conventional model and the proposed model
at the same time, the proposed model has the same amplitude and frequency as the
conventional model, and the graph shifts in the leftward direction as a whole. From
many experiment points, excluding outliers, it was confirmed that the simulation value
of the proposed model had a small error. In particular, when checking the mass flow
rate vs. time graph (Figures 8a and 11a), it can be seen that a slight time delay occurs
following the sharp rise of the graph in the conventional model, while this time delay
has been resolved in the proposed model. In addition, in the pressure rise vs. time graph
(Figures 8b and 11b) it can be seen that the proposed model predicts the linearly decreasing
stage better. Figure 10b shows the simulated surge cycle and experimental data along with
the compressor characteristic curve at B = 4.8716.

5. Conclusions

In this study, a compression system surge was studied by means of experiments on
an industrial-scale compressor and with the use of a lumped-parameter model. Cubic
polynomials were used to describe the steady-state compressor performance curve, and
each coefficient was found from the experiments. In the unstable region, the performance
curve was estimated by means of methods from Moore and Greitzer [16], as it could not be
verified experimentally. The experiments regarding the deep surge were conducted only
at 11,950 rpm because the compression system was not built for the test but for the actual
plant which supplied the fuel, i.e., natural gas, to two boilers in the ship.

It was found that the lumped-parameter Greitzer model showed satisfactory agree-
ment with the measurements (Figure 8) of the deep surge oscillations in the industrial-scale
single-stage centrifugal compression system at 11,950 rpm. Furthermore, the viscosity
effects in the inlet pipeline were considered to determine its effects in a deep surge. First,
the flow through the inlet pipeline was assumed to be steady. During the deep surge, the
simulated surge cycle in Figure 9 was in an agreement with the Greitzer model. However,
in a mild or classical surge the shapes of the surge cycles varied depending on the inlet
velocity. Therefore, focusing on the deep surge mode, the simulation of the modified model
was not improved in comparison with the conventional model.

Afterwards, the same flow was assumed to be unsteady. The surge cycles in both mass
flow and pressure rise were moved to the left. As shown in Figure 11b, it is difficult to say
that, in the pressure rise case, the simulation of the modified model better agrees with the
experimental data compared with the conventional model. However, Figure 11a shows that
the simulation of the modified model for the mass flow coincides with the experimental
data 5% more accurately than any of the conventional models. Our measurement system
was appropriate for the unsteady flow during surge, however, the orifice flowmeter for the



Energies 2022, 15, 4002

13 of 15

transient reverse flow was not proper. Therefore, the reverse flow was determined by com-
paring the pressure difference of the orifice plate using a bi-directional differential pressure
transmitter and the temperature difference at the compressor inlet and outlet [15,25].

Although many experiments could not be conducted because it was an actual plant,
the experiments and numerical analysis described herein show that the modified model
(Equation (28)) describes the surge cycle better than conventional models. As the demand
for LNG carriers is increasing in the world and the capacity of centrifugal compressors for
boil-off gas is increasing as well, various surge studies are required in order to extend the
operational range of the compressors and provide a safe design.

In the current study, as actual plants were used as a target, the steady-state experiments
had to be calculated with only B parameter variables limited to 11,950 rpm, 15,950 rpm,
21,100 rpm, and 15,950 rpm for the deep surge model. In addition, a new model supple-
menting the Greitzer model was proposed to consider of the viscosity effect at the inlet
pipeline. In future research, we will expand these limited variables and proceed with a
parametric study of other compressor model parameters that can affect parameters other
than the B parameter. We intend to proceed with additional verification of the proposed
model by targeting industrial-scale compressors that have not been tested beyond the
lab scale.
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Nomenclature

a speed of sound in ambient conditions m/s
A flow-through area m?
Ay pipe wall area m?
B dimensionless parameter N/A
Cy velocity at inlet axis m/s
d impeller diameter m
D pipe diameter m
f Darcy friction factor N/A
Fiction  friction force N
g gravitational acceleration m/s?
G geometry parameter N/A
hr head loss m
Tn Bessel function of the first kind (nth order) N/A
L effective length of equivalent duct m
N time-lag in revolutions RPM
m mass flow rate Kg/s
P pressure bar
AP pressure difference between plenum and ambient bar
AP, pressure rise in the compressor bar

APr pressure rise in the throttle bar
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R compressor rotor mean radius mm
t time S
u impeller tip speed rad/s
Vy plenum volume m?
Yy Bessel function of the second kind (nth order) N/A
T relaxation time N/A
wH Helmbholtz frequency m/s
P nondimensional pressure rise N/A
¢ nondimensional mass flow N/A
t nondimensional time N/A
v kinematic viscosity m?/s
P density at ambient kg/m?
u velocity along the x-axis m/s
p Pressure along the x-axis Bar
Subscripts

c compressor

p plenum

t throttle

ss steady state
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