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Abstract

The aim of the Master Thesis is to analyse the state of the art in wet gas
compression, wet gas modelling, derive a thermodynamic model for a com-
pressor layout and compare the model to test data. The Master Thesis is
performed at MAN Diesel & Turbo Schweiz AG in Zürich, Switzerland.

Wet gas compression is a discussed topic within the oil and gas business.
By reducing the number of components in a gas compression unit, the weight
can be reduced and the e�ciency of the production can be improved.

A wet gas is de�ned as a gas with a liquid volume fraction of up to 5 %,
which typically corresponds to a mass fraction of up to 70 % depending on
the conditions of the mixture, especially suction pressure. Compression of
a wet gas contains an evaporation and condensation process and increased
losses due to the liquid phase. It is seen that the process cannot be evaluated
as a process in thermal equilibrium. Di�erent suction conditions give di�er-
ent results. In general, the required power increases for wet gas compression
and the range decreases.

A model for wet gas compression is developed. The model is based on
�ow models for multi-phase �ow in pipes and �ow elements. The presented
model is based on a dry hydrocarbon gas compressor model with wet gas
corrections on the compressor characteristics. It is adapted to MAN in-
house measurement data, which is excluded from this public version of the
report.
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Introduction

The research on wet gas compression has a
history of more than thirty years. In the
beginning, the goal was to understand if
compression of a wet gas was possible. Today,
the oil and gas industry has a big interest
in reducing the size of the compression unit,
since many gas �elds are located far away
from land and in deep water. The pressure
in a gas reservoir decreases over time, which
means that the gas production declines and in
the end ceases [1]. By placing a compression
unit directly on the shore bed, as close to
the source as possible, the production life can
be further extended, since the compression
process contributes with bene�ts like a stable
and high gas �ow rate and enhancement
of the overall recovery [2]. The centrifugal
compressor is often used, due to its robustness,
high volume �ow capacity and traditional
usage within the oil and gas industry [3].

In this paper, the performance of com-
pressing wet gas in a radial compressor and a
thermodynamic model of compressing wet gas
in a radial compresso are presented.

Pressure Ratio

Through a compression process, the pressure
is increased. In a centrifugal compression pro-
cess, radial and axial forces are used to increase
the pressure. A common used expression to
evaluate the increase in pressure is the pressure
ratio π

π =
p2
p1

(1)

The pressure ratio expresses the increase in
pressure from the suction to the discharge of
the compressor or the compressor stage. The
e�ciency is not handled in this article, since
it is not possible to receive trustworthy data
of the temperature in the discharge of the

compressor.

Basics about Wet Gas

A wet gas is described as a two-phase �ow with
a liquid and a gas phase. The density for the
liquid phase is in general higher than the gas
density. The density ratio δ is

δ =
ρG
ρL

(2)

If the density ratio is close to 1, the interaction
between the liquid and the gas phase is high,
which means that the two-phase �ow �ows
with less losses than for a �ow with a low
density ratio.

The amount of liquid in a two-phase �ow is
described with liquid mass fraction LMF and
liquid volume fraction LVF

LMF =
ṁL

ṁL + ṁG
(3a)

LV F =
V̇L

V̇L + V̇G
(3b)

A wet gas is de�ned as a two-phase �ow
with a liquid volume fraction of up to 5 %.
The corresponding liquid mass fraction is
dependent on the conditions, such as pressure,
but can be up to 70 % [4].

E�ects of a Wet Gas

Depending on wet gas mixture and suction
conditions, the performance of a compressor
is di�erent. The liquid phase in a wet gas
�ow introduces blockage of the compressor.
This leads to a decreased maximum �ow,
earlier choke and a steeper curve, which can
be seen in �gure 1 and 2. Due to the increased
losses and higher �ow density for a wet gas
�ow compared to a dry gas �ow, the shaft
power increases when compressing a wet gas.
For an air/water mixture at 1 bar suction
pressure, the pressure ratio is, in general,
below the pressure ratio for the dry gas case,
see �gure 1. For a hydrocarbon mixture at
70 bar, the pressure ratio is observed to be
higher compared to the dry case for the whole
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Figure 1: Change in range. Compressor pres-
sure ratio versus �ow rate for three di�erent motor
speeds, n=20′000, 25′000, 30′000 rpm. The mix-
ture is air and water at ambient conditions as inlet
conditions and the plot axes are normalized. The
picture is taken from Fabrizzi et al. [5]

Figure 2: Normalized compressor pressure ratio as
a function of Gas Volume Fraction for natural gas
at a suction pressure of 70 bar, GVF = 0.995, 0.99,
0.98, 0.97 correspond to LMF=5.5%, 10.5%, 19%,
26%, respectively. The diagram is from Brenne et
al [3]

operating range, see �gure 2. The reason for
the increase in pressure ratio for the wet gas
�ow, compared to the dry gas �ow, can be
explained by the increase in �ow density and
intercooling of the gas phase by evaporation of
the liquid phase. A lower suction temperature
leads to a lower volume �ow, which allows
compression of a higher volume �ow rate.
This gives a lower discharge temperature and
a higher discharge pressure. For a low suction
pressure, the losses are higher than the above
described e�ects, leading to a lower pressure
ratio compared to the dry gas case. For higher
pressure levels, the two-phase �ow gains from
the liquid phase and the pressure ratio is
higher compared to the dry case.

Wet Gas Model

The wet gas model is based on a two step
correction. The correction parameters con-
tain non-dimensional numbers like the gas
volume fraction, the gas mass fraction and
the Reynolds number. In the �rst step, the
reduction of the maximum �ow is modelled
by a correction to earlier choke on the stage
characteristics. This is performed with a
parameter depending on the liquid volume
fraction. The increase in pressure and power
are considered in the second correction step.
Two versions are developed. In the �rst
version, the change in discharge pressure is
considered with a correction parameter, which
is based on an often used correction model
for two-phase �ow in pipes. The power is
calculated with the increase in mass, due
to the liquid phase. The second correction
version is based on the philosophy that there
are more losses and an increased shaft power
in the compression process.

The two versions give similar results. The
shaft power for the wet gas compression is
increased compared to the dry gas case. Also
the pressure ratio is increased. The maximum
�ow is reduced for both versions. However,
version 2 gives a steeper curve.

Further Investigations

The model of today is dependent on non-
dimensional parameters, which are indepen-
dent of the time. To extend the model for
evaporation over the compression process,
would be of interest. Liquid droplets at the
compressor discharge indicate that not all the
liquid is evaporated. This would give a time-
dependent and more complex model. To model
the interaction between the liquid droplets
and the gas �ow more detailed, is a further
implementation step. For this correction step,
the interaction between the liquid and the gas
is proposed to be further investigated. To be
able to make the wet gas model more general,
di�erent wet gas compression processes needs
to be analysed and interpreted to the model.
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Summary

In a wet gas compression process, well stream
gas is compressed without pre-separation. The
compression unit is smaller and lighter than a
standard compression unit. Wet gas is de�ned
as a gas with a liquid volume fraction of up to
5% within the oil and gas industry. The liquid
phase introduces new physical processes to the
gas.

When compressing a wet gas, the required
power increases and the maximum suction
�ow may be signi�cantly reduced. Smaller
maximum �ow means a smaller operating
range and steeper compressor curves. The
pressure ratio is di�erent depending on wet
gas mixture and suction conditions. For an
air/water mixture at 1 bar, the pressure ratio
for the wet gas compression is in general lower
compared to the dry case, while the pressure
ratio for a hydrocarbon mixture at 70 bar is
higher. The e�ect on the pressure ratio can be
explained by the change in �ow density and
intercooling e�ects on the gas phase.

The wet gas model is a �rst step and is
based on multiphase �ow in pipes. The wet gas
model is divided into two correction steps. The
�rst step considers the decreased maximum
�ow. The second step considers either the
increase in pressure ratio or the increase in
shaft power and increased losses. To correct
the shaft power and the losses, a steeper curve
is received.

For the future, an extension of the model for
the evaporation process through the compres-
sor and further investigations on the interac-
tion between the liquid and the gas phase is
suggested. Analyses of experiments for di�er-
ent machines and wet gas mixtures are pro-
posed to be investigated. This would give a
wider knowledge of what e�ect a wet gas have
on the compressor performance for several dif-
ferent cases.
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Nomenclature

Variables

A m2 area
a m/s speed of sound
α m2/s thermal di�usivity
C − �ow dependent constant
c m/s absolute velocity
cd − drag coe�cient
cp kJ/(kg K) speci�c heat constant at constant pressure
CorrPar1, CorrPar2 − correction parameter
D m diameter
δ − density ratio
E kJ energy
ε − void fraction
ε − relative error
η − e�ciency
f − friction factor
Fr − Froude number
G kg/(s m2) mass �ux
g m/s2 gravitational acceleration
GMF − gas mass fraction
GVF − gas volume fraction
H kJ enthalpy
h kJ/kg enthalpy
HTC W/(m2 K) heat transfer coe�cient
L m characteristic length
λ W/(m K) thermal conductivity
LMF − liquid mass fraction
LVF − liquid volume fraction
m kg mass
ṁ kg/s mass �ow rate
Ma − Mach number
N 1/min rotational speed
n − polytropic constant
Nu − Nusselt number
µd Pa s=N s/m2 dynamic viscosity
µy − pressure coe�cient, polytropic head coe�cient
µ0 − power coe�cient, work input coe�cient
P W power
p bar=105 Pa pressure
Pr − Prandtl number
Φ − multiplier

φ = V̇
D2·u2 − �ow coe�cient

Continued on next page
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Table 1 � Continued from previous page
π − pressure ratio
ψB,λB − constants for Baker diagram
Q W internal heat transfer
q bar=105 Pa dynamic pressure
Ri kJ/(kg K) speci�c gas constant
Re − Reynolds number
ρ kg/m3 density
ρh kg/m3 homogenous density
σ N/m surface tension
T K temperature
u2 m/s circumferential velocity/impeller tip speed
ū m/s mean velocity
us m/s super�cial phase velocity
V m3 volume
V̇ m3/s volume �ow rate
υ = µd

ρ m2/s kinematic viscosity
W kJ work
w m/s relative velocity
We − Weber number
X − Lockhart-Martinelli parameter
x − place holder
Z − compressibility, real gas factor
z m height indicator

Subscripts

1 suction/inlet
2 discharge/outlet
a air/acceleration
c calculated
d dynamic
D drag
f friction
G gas
h homogeny
i speci�c
is isentropic
L liquid
m measured
pol polytropic
Sh shaft
St static
v volume
W water
w wet
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De�nitions

dry gas gas without a liquid phase
wet gas gas with a liquid phase
be aware: there are di�erent de�nitions of dry and

wet gas found in literature
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1
Introduction

The �rst chapter introduces the topic wet gas compression, gives the scope
of this work and the outline of the report is described.

1.1 Background

The investigations on wet gas compression have a history of more than thirty
years. In the beginning the goal was to understand if compression of a wet
gas was possible and if it was pro�table. Today, the oil and gas industry puts
a big interest in reducing the size of the compression unit, since many gas
�elds are located far away from land in deep water. This means di�culties
and high expenses to build a platform with a standard compression unit.
The pressure in a gas reservoir decreases over time, which means that the
gas production declines and in the end ceases, according to T. Knott [1]. M
Chesshyre [2] writes that by placing a compression unit directly on the shore
bed, as close to the source as possible, the production life can be further ex-
tended, since the compression process contributes with bene�ts like a stable
and high gas �ow rate and enhancement of the overall recovery.

In a standard compression process, the gas and the liquid phase are
separated in a separator before compression. Each phase is thereafter com-
pressed; the gas in a compressor and the liquid in a pump. After the com-
pression, the liquid and the gas phases are mixed again and transported to
surface facilities where the �ow is processed.

In a wet gas process, the separator and the pump are replaced by a slug
catcher and there is no separation of the two-phases. The liquid and the gas
phase �ow both through the compressor.

Wet gas compression allows for smaller foot-print and reduction of the
weight by replacing heavy and space-consuming units such as separators by
a slug catcher [3]. Furthermore, no pump is required. The incoming wet
gas is, thereafter, compressed in a multiphase boosting unit without phase
separation.
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Chapter 1. Introduction

A wet gas compression unit, typically, needs to manage a compression
of a wet gas with liquid volume fraction up to 5 %, be robust and able to
handle corrosive liquids and gases, which increase erosion and corrosion on
the machine. To minimize defects during the compression process, it is of
favour if the design is as simple as possible, due to unmanned operation un-
der water. The unit also needs to be able to work under variable conditions,
such as variations in liquid mass fraction or suction pressure levels.

Alternatives such as radial compressors, contra rotating axial compres-
sors and positive displacement screws are investigated in literature, but
Brenne et al [4] states that the focus is on radial compressors due to its
robustness, high volume �ow capacity and traditional usage within the oil
and gas industry.

1.2 Scope of the Work

During the Master Thesis at MAN, the thermodynamic performance of a
radial compressor working under wet gas conditions is investigated.

To achieve the target a literature study is performed to get an overview
over what is done within the area wet gas and wet gas compression. A lit-
erature research is also achieved to understand the physics. Measurement
data for a wet gas compression test campaign is analysed and an extended
compressor prediction model from dry gas to wet gas is developed. The ex-
tended gas model is calibrated with measurement data.

The analyse of the measurement data is excluded from this public version
of the Master Thesis report.

1.3 Structure of the Report

The report is divided into 5 chapters. The �rst chapter includes the aim of
the Master Thesis, an introduction to the topic handled and the structure
of the report.

Chapter 2 describes basic equations and provides derivations for the ther-
modynamic modelling of compressors and wet gas, including the dynamics
of di�erent types of �ow regimes and �ow maps are clari�ed.

Literature studied and observations made by others are presented in
Chapter 3.

The results of the modelling are presented in Chapter 4. A dry gas model
for the thermodynamic modelling of the compressor and a wet gas model are

2



Chapter 1. Introduction

presented and the agreement with the observations is discussed.

Chapter 5 summarizes the results and gives conclusions. Furthermore,
an outlook on possible future work is included.

In the end of the report, the acknowledgement, the bibliography and the
appendix can be found.
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2
Basics about Compressors and Wet Gas

This chapter serves as an introduction to the topic of thermodynamic mod-
elling of radial compressors and wet gas �ows. Important equations, relations
and de�nitions for turbomachinery and wet gas �ow are explained.

2.1 Thermodynamics of a Radial Compressor

Radial compressors, also referred to as centrifugal compressors, are often
used for natural gas pipelines, due to their advantages in size, operating
range and robustness. Saravanamutto et al. [5] state that a radial compres-
sor is shorter compared to an axial compressor. The radial compressor has a
better resistance to foreign object damage and less resistance in loss of per-
formance by built-up of deposits on impeller surfaces compared to an axial
compressor. Radial compressors are also known for being able to operate
during a wider range of volume �ow at given rotational speed.

As written by Lüdkte [6], radial compressors are suitable for operation
with gas production, hydrocarbon processing and chemical processing. When
compressing di�erent types of real gases, a stage mismatching from the �rst
to the last stage appears as a consequence of the real gas. A stage mismatch-
ing can reduce the head, e�ciency and operating range of the compressor
substantially.

A cross-section of a radial compressor can be seen in Figure 2.1, taken
from Lüdtke [6]. The working �uid is lead into the compressor suction (A)
and into the impeller (C), where rotational and centrifugal forces act on the
gas. To decrease the discharge velocity and to receive a further increase of
pressure, a di�user (D) is used. The bend (E) and the return blading (F)
lead to the next stage. After the last stage, a volute (K) is used to collect
the compressed �uid and lead it to the di�user (L) in the compressor exit.
The compressor process ends in the discharge nozzle (M). The purpose of the
impeller is to increase the energy level of the �uid by whirling it outwards,
which means that the angular momentum of the �uid is increased. An in-
crease in static pressure is also received [5]. The di�user is used to convert

4



Chapter 2. Basics about Compressors and Wet Gas

Figure 2.1: A cross-section of a radial compressor. A: Compressor suction.
C: Impeller. D: Vaned di�user. E: Return bend. F: Return vane channel.
G: Bend. K: Volute. L: Exit di�user. M: Discharge nozzle. The picture is
taken from Lüdtke [6]

the kinetic energy into pressure energy, as described by e. q. Dixon et al.
[7]. The velocity of the �uid is decelerated and the remaining rise in static
pressure is received. The compression process of a centrifugal compressor
is a�ected by both axial and radial forces to compress the �uid to a higher
pressure.

To be able to explain the enthalpy rise in the impeller, the �rst law of
thermodynamics is introduced. If a system containing a closed loop is taken
through a complete cycle, the supplied heat is equal to the work done, as
stated by Dixon et al. [7]. From state 1 and state 2, a change in energy
within the system is received.

E2 − E1 =

∫ 2

1
(dQ− dW ) (2.1a)

where E2 and E1 are the energy of the two states, Q is the heat transfer and
W is the work done. The energy of a state for an open system is

E = H +
1

2
·m · c2 +m · g · z (2.2a)

where H is the enthalpy, m is the mass, c is the absolute velocity, gz is the
potential energy per unit mass. By combining equation (2.1) and equation
(2.2)

P + Q̇ = ṁ · (hSt2 − hSt1 +
c2

2 − c2
1

2
+ g · (z2 − z1)) (2.3a)

5



Chapter 2. Basics about Compressors and Wet Gas

where P is the positive power, Q is the rate of the heat transfer from the
surroundings to the control volume, hSt is the speci�c static enthalpy and
1
2 · c2 is the kinetic energy per unit mass. The potential energy di�erence
between suction and discharge is negligible for a compressor. This means
that the total enthalpy simpli�es to

h = hSt +
c2

2
(2.4a)

The heat loss of the gas to the environment is typically less than 1 % of the
energy input and can therefore be neglected [6]. The required power P for
the compression process is thermodynamically written as

P = ṁ · (h2 − h1) = ṁ ·∆h (2.5a)

The enthalpy rise produced by a centrifugal compressor can be expressed by
the blade tip speed u2, which can be written as the product of the rotational
speed of the impeller N and the impeller diameter D2

u2 = N · π · D2

2
(2.6a)

The enthalpy rise in a compressor stage can be given as the change in impeller
tip speed and the relative velocity w for the inlet and the outlet of the
compressor

h2 − h1 =
1

2
· (u2

2 − u2
1) +

1

2
· (w2

1 − w2
2) (2.7a)

The �rst term on the right hand side is explained by Dixon et al. [7] as the
contribution from the centrifugal action caused by the change in radius. The
second term expresses the contribution from the di�usion of relative velocity.

The speci�c work done on the �uid in a centrifugal compressor is ex-
plained by Euler′s work equation

∆P = u2 · cθ2 − u1 · cθ1 (2.8a)

If the �ow going at the impeller eye of the compressor stage has no whirl
component or angular momentum the absolute tangential velocity c1 is zero
and Euler′s work equation simpli�es to

∆P = u2 · cθ2 (2.9a)

The �ow coe�cient φ for turbomachinery is commonly calculated as the
volume �ow V̇ at the compressor suction in stagnation condition normalized
by the impeller diameter D2 and the impeller tip speed u2.

φ =
V̇

D2
2 · u2

(2.10a)
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Chapter 2. Basics about Compressors and Wet Gas

The pressure ratio π is the ratio of discharge and suction pressure of the
compressor

π =
p2

p1
(2.11a)

The equation of state for a real gas relates pressure p, volume �ow V̇ , mass
�ow ṁ, temperature T , speci�c gas constant Ri and compressibility factor
Z, as for example described by Cengel and Boyles [8]

p · V̇ = ṁ ·Ri · T · Z (2.12a)

Lüdtke [6] de�nes the polytropic change of state ∆hpol as the constant ratio
of isentropic density change performed by small compression steps over the
process, see illustration in Figure 2.2.

Figure 2.2: Illustration of a small compression step of the polytropic com-
pression

The polytropic head ∆hpol is

∆hpol =

∫ p

p1

vdp (2.13a)

given the integration follows the polytropic compression and each compres-
sion step has the same e�ciency.

A derivation of the polytropic head for a perfect gas is shown below.
Polytrophic relation according to Cengel and Boyles [8] is as follows

p · vn = const→ p1 · vn1 = p2 · vn2 → v = v1 · (
p1

p
)
1
n (2.14a)

7



Chapter 2. Basics about Compressors and Wet Gas

where n is the polytropic exponent. By rearranging equation (2.14) and know-
ing the start and end conditions in the focus area the polytropic constant
can be calculated.

n =
ln(p1p2 )

ln(v2v1 )
(2.15a)

By combining equation (2.13) and equation (2.14), the polytropic head for
a perfect gas is

∆hpol =

∫ p2

p1

v1 · (
p1

p
)
1
ndp =

∫ p2

p1

v1 · p
1
n
1 · p−

1
ndp (2.16a)

∆hpol = v1 · p
1
n
1 · (1−

1

n
) · [p

n−1
n

2 − p
n−1
n

1 =→ (2.16b)

n− 1

n
· [p

n−1
n

2 · v1 · p
1
n
1 − v1 · p

n−1
n

+ 1
n

1 ] =→ (2.16c)

1− n
n
· [p2

1− n
n
· v1 · p1

1

n
− v1 · p1] (2.16d)

∆hpol =
n− 1

n
· (p2 · v2 − p1 · v1) (2.17a)

For a real gas, a simpli�ed approach to compute the change in polytropic
height is derived. The polytropic change of state is

p · vnv = const (2.18a)

The polytropic volume exponent nv is de�ned at constant polytropic e�ciency
by the ratio of the pressure and the speci�c volume

nv = −v
p
· (δp
δv

)ηpol (2.19a)

A derivation of the polytropic volume exponent can be seen in the book
written by Lüdtke [6]. The polytropic head for a real gas with a simpli�ed
approach is shown

∆hpol =

∫ p

p1

vdp = Z1 ·R · T1 ·
nv

nv − 1
· ((p2

p1
)
nv−1
nv − 1) (2.20a)

The polytropic e�ciency pol for a real gas is with a simpli�ed approach for
the inlet conditions shown

ηpol =
∆hpol
∆h

=

∫ p
p1
vdp = Z1 ·R · T1 · nv

nv−1 · ((
p2
p1

)
nv−1
nv − 1)

∆h
(2.21a)

The polytropic e�ciency for a perfect gas depends on the polytropic volume
exponent and the inlet and outlet conditions. For a wet gas, the discharge
conditions are hard to calculate. Therefore, approximations about the dis-
charge conditions usually have to be done. The polytropic e�ciency is used

8



Chapter 2. Basics about Compressors and Wet Gas

when evaluating a compressor, since this e�ciency is calculated in many
small steps over the process.

The work input coe�cient µ0 indicates the speci�c power input of a
compressor stage and is de�ned as

µ0 =
∆h

u2
2

(2.22a)

The polytropic head coe�cient µy of a compressor stage is the polytropic
head over the impeller tip speed.

µy =
∆hpol
u2

2

(2.23a)

2.2 Dimensionless Numbers

The Reynolds number Re is one of the most powerful parameters in �uid
dynamics, according to Anderson [9]. The Reynolds number helps predicting
similar �ow patterns in di�erent �uid �ow situations. It is, for example,
used to predicting whether the turbulence behaviour of a �ow around two
geometrical alike bodies is the same. The number is de�ned as the ratio
of the inertia force over the viscous or friction force, see de�nition from for
example Lüdtke [6].

Re =
ρ · ū · L
µd

=
ū · L
υ

=
ṁ

π
4 ·D · µd

(2.24a)

where ρ is the density, ū is the mean velocity, L is the characteristic length,
µd the dynamic viscosity. υ is the kinematic viscosity, ṁ is the mass �ow
rate and D is the diameter.

For oil and gas applications, the Reynolds number in a pipe is usually so
large that an assumption of turbulent �ow in the pipe can be taken.

The Prandtl number Pr is de�ned by Anderson [9] as the ratio between
the kinematic viscosity υ and thermal di�usivity α. Anderson explains the
number as a ratio of energy dissipated by friction to the energy transported
by thermal conduction.

Pr =
υ

α
=
cp · µd
λ

(2.25a)

Where υ is the kinematic viscosity, α the thermal di�usivity, cp is the speci�c
heat capacity for a constant pressure and λ thermal conductivity.

The parameters de�ning the Prandtl number are material properties; in-
dicate that the Prandtl number can be used to analyse gases, as stated by
Anderson [9].

9
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The Prandtl number is used to compare the velocity boundary layer with
the thermal boundary layer. The relations for the number are according to
Anderson [9] as follows.

• Pr > 1 the velocity boundary layer is bigger than the temperature
layer

• Pr = 1 the boundary layers are equal

• Pr < 1 the temperature boundary layer is bigger than the velocity
boundary layer

The Nusselt number Nu is the ratio between convective and conductive heat
transfer, described by Sundén [10]. The convective heat transfer is the trans-
fer of energy between a solid surface and a �uid in motion. The conductive
heat transfer occurs in the solid perpendicular to the surface, according to
Cengel and Boyles [8].

Nu =
conveciveheattransfer

conductiveheattransfer
=
HTC · L

λ
(2.26a)

The Nusselt number is used to compare the thermal resistance in a solid
with the heat transfer to the gas. A Nusselt number close to one means a
similar convective and conductive heat transfer.

The Weber number We can be used when analysing liquids in gases, for
example analysing droplet formation and atomization of liquids, according
to VDI Wärmeatlas [11].

We =
ρ · u2 · L

σ
(2.27a)

It is a ratio between the inertia of a �uid and its surface tension σ.

The Froude number Fr is de�ned by von Böckh [12] as the ratio between
the inertial and the gravitational force.

Fr =
v

c
=

v√
L · g (2.28a)

Where v is the velocity, g is the gravitational acceleration and L is the char-
acteristic length.

The Froude number is used for analysing the �ow in a channel similar to
a river and to study the wave resistance between di�erent types of bodies.

• Fr < 1 means a subcritical �ow. At low �ow rates, disturbances
in the system travel upwards in the system, indicating that it is the
circumstances downstream, which control the �ow, according to En-
dress+Hauser Flowtec AG [13]. When the number is below one, the
gravitation force has a big impact on the �ow and there is a risk for
strati�ed �ow, according to VDI Wärmeatlas [11].

10
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• Fr > 1 means a supercritical �ow. Disturbances upstream in
the system will travel downstream in the system, indicating it is the
conditions upstream, which control the system.

• Fr = 1 means a critical �ow, leads to an unstable �ow. According
to Endress+Hauser Flowtec AG [13], the surface seems to be calm, but
the main �ow move downwards.

Mostly, this number is used to analyse the �ow in a channel, for example a
river, or testing of ships, according to VDI Wärmeatlas [11]. A liquid and a
gas Froude number is used in the �ow maps for multiphase �ows in pipes.

The Mach number Ma is the velocity v divided by the local speed of
sound a, as de�ned by for example Dixon and Hall [7],

Ma =
v

a
(2.29a)

The author explains the local speed of sound for a perfect gas as a function of
the gas constant Ri, local temperature T and isentropic expansion constant
γ. For a real gas the speed of sound is dependent on the compressibility
factor Z, too

a =
√
γ · T ·Ri · Z (2.30a)

2.3 Wet Gas Flow

This chapter introduces to the wet gas �ow, which is well studied for pipe
�ow and �ow elements such as bends and ori�ces. Basic equations and
derivations as well as basics concerning wet gas �ow are introduced.

2.3.1 Basics about Wet Gas Flow

A phase is a thermodynamic de�nition for the state of the matter. A phase
can either be solid, liquid or gas. For a multiphase �ow, several phases �ow
simultaneously. A two-phase �ow is described as a �ow with two-phases
�owing together in for example a pipe, according to Hetsroni [14]. A two-
component �ow describes the �ow of two chemical substances. A wet gas
can be explained as a two-phase �ow since the �ow mainly contains a liquid
and a gas phase. When the wet gas mixture contains sand too, the �ow can
be called a three-phase �ow.

A multiphase �ow is in thermal equilibrium when the temperatures of
the phases are equal. For the suction side of the compressor, it is possible to
say that the mixture is in thermal equilibrium, due to long suction pipelines.
When going into the compression process, the liquid and the gas phase be-
have di�erently, depending on the characteristics of each phase. According
to Ransom et al. [15], it is not possible to assume thermal equilibrium within
the compressor, due to unpredictable evaporation and condensation in the
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process.

According to a variety of sources [4], [15], [16], [17], a wet gas is described
as a gas with a liquid volume fraction of maximum 5 %. For oil and gas
application, this may lead to a liquid mass fraction of up to 70 % of the total
mass �ow, depending on the surrounding conditions. According to Bertoneri
et al. [17], multiphase pumping is recommended for a mixture with a liquid
volume fraction greater than 5 %.

2.3.2 Basic Equations

In a �uid �ow, the gas mass fraction GMF and liquid mass fraction LMF
describe the mass �ow rate of each component compared to the total mass
�ow rate of the mixture, respectively, as given in following equations

GMF =
ṁG

ṁG + ṁL
(2.31a)

LMF =
ṁL

ṁG + ṁL
(2.31b)

The gas volume fraction GVF and liquid volume fraction LVF describe the
volume �ow of each phase compared to the total volume �ow of the mixture,
respectively.

GV F =
V̇G

V̇G + V̇L
(2.32a)

LV F =
V̇L

V̇G + V̇L
(2.32b)

As the liquid typically has lower velocities, the actual volume of the liquid
in the pipeline and thus the cross-section blocked by the liquid might be
signi�cantly higher than the liquid volume fraction.

The gas void fraction εG and the liquid void fraction εL describe the
volume or area occupied by each phase over a given volume of the �ow or a
given cross-sectional area

εG =
VG

VG + VL
=

AG
AG +AL

(2.33a)

εL =
VL

VG + VL
=

AL
AG +AL

(2.33b)

The void fraction di�ers from the volume fraction since the void fraction is
taken for a speci�c area or volume and not for a �ow.

The density ρ for a liquid or a gas can be calculated from the ratio of
the mass and the volume �ow rate:

ρ =
ṁ

V̇
(2.34a)
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The density ratio δ, also called relative density according to Cengel and
Boyles, [8], is de�ned as

δ =
ρG
ρL

(2.35a)

The density ratio is used to distinguish di�erent types of �ow in a pipe. Due
to gravity force, strati�ed �ow is more likely to occur in a pipe with a low
density ratio.

In a variety of sources [3], [16], [18], the homogenous density is used for
characterizing annular dispersed �ows. As a simpli�cation, the �ow is then
handled as a single phase gas

ρh = GV F · ρG + (1−GV F ) · ρL (2.36a)

1

ρh
=

1−GMF

ρL
+
GMF

ρG
(2.36b)

The homogenous density agrees with the average density in the pipe, only if
all �uids travel with the same velocity.

The relation between the volume fraction and the mass fraction can be
expressed by the density ratio

LV F =
LMF

LMF + 1−LMF
δ

= 1−GMF (2.37a)

The equation above shows that the mass fraction can be converted to volume
fraction via the density ratio. By altering the pressure level, the density ratio
changes. This impacts the liquid volume fraction, as can be seen in �gure 2.3.
The lines show di�erent pressure levels, brown indicates on a low pressure
and yellow a higher pressure level.
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Figure 2.3: The change in liquid volume fraction for di�erent liquid mass
fractions and di�erent pressure levels. Brown is low pressure level and yellow
is high pressure level

2.3.3 Multiphase Flow Regimes

This chapter treats the subject �ow regimes and �ow maps. The �ow regimes
a�ect the pressure losses in multiphase pipelines as well as the performance
of a wet gas compressor. The �ow map indicates which �ow regime is present
for a certain pipe �ow simulation.

Flow Regimes

Di�erent types of �ow regimes can emerge in a pipe with a two-phase
�ow. They mainly depend on the liquid and gas properties, such as viscosity,
surface tension, relative mass fractions, densities and �ow velocities as well
as the orientation of the pipe. Di�erent �ow regimes are shown in Figure 2.4
and Figure 2.5, for horizontal and vertical �ow, respectively.
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Figure 2.4: Di�erent types of �ow regimes for a horizontal pipe. The pipes
from a) to e) shows: a) Bubble �ow, b) Strati�ed �ow, c) Wavy �ow, d) Slug
�ow, e) Annular dispersed �ow. Source: [19]

Figure 2.5: . Di�erent types of �ow regimes for a vertical pipe. The pipes
from a) to e) shows: a) Bubble �ow, b) Slug/plug �ow, c) Foam �ow, d)
Annular streak �ow, e) Annular dispersed �ow. Source: [19]
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The di�erent �ow regimes are de�ned according to von Böckh [12].

• Bubble �ow
Bubble �ow arises for �ows with low gas volume fraction. The �ow is
characterized of bubbles of gas �owing with the liquid �ow.

• Intermittent Slug and Plug �ow
Slug and Plug �ow are two-phase �ows where the liquid and the gas
phase �ow separated. It is characterized by an unsettled �ow with
high waves, which obstruct the �ow cross-section. The sizes of the
obstructed sections are dependent on the �ow gas content. Typical
intermittent �ows are

� Slug �ow
Slug �ow is characterized by sections with liquid which are inter-
rupted by long bubbles of gas.

� Plug �ow
Plug �ow is characterized by sections with liquid and smaller gas
bubbles than for slug �ow.

• Strati�ed �ow
Strati�ed �ow occurs for horizontal pipes only. The gas and the liquid
phase �ow vertically separated from each other in either a smooth or
a wavy way, as described below.

� Smooth �ow
The liquid and the gas phase �ow separate from each other with a
calm liquid surface, for example a calm lake without wind. Thus,
the interaction forces between liquid and gas are minor.

� Wavy �ow
For higher �uid velocities, the smooth liquid surface gets wavy
and there is a rising interaction force between gas and liquid, for
example a wavy river. If the velocity rises further, the wavy �ow
turns into slug or plug �ow.

• Annular dispersed �ow
A two-phase �ow with separation between the liquid and the gas phase.
Most of the liquid phase �ows as a layer on the pipe wall and the gas
phase �ows in the core with liquid droplets in between. Annular dis-
persed �ow occurs for a �ow with high gas velocity at high pressures
and a low liquid content. The aerodynamic forces dominate the grav-
itational forces such that the heavier liquid spreads uniformly on the
pipe wall.

• Mist �ow
The liquid phase �ows as droplets in the gas �ow. The mist �ow regime
occurs for high gas mass fraction and high velocity of the phases.
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An observation from a variety of sources [16], [17], is that annular dispersed
�ow is a usual used assumption for multiphase �ows in a compressor for up-
stream gas with higher pressures, due to high gas velocity, high gas density
and low liquid volume fraction in the mixture. For annular dispersed �ows,
homogenous density is used to describe the density in a variety of papers [3],
[16], [18]. The �ow is then handled as a single phase �ow.

Flow Map

A �ow map is used to predict the �ow regime for a multiphase pipeline
�ow. There are di�erent ways of de�ning the axis in the diagrams and the
areas of the �ow regimes are usually predicted by measuring the �ow for dif-
ferent conditions. An example of a �ow map can be seen in Figure 2.6, where
di�erent gas/oil systems in horizontal pipes are evaluated. This type of �ow
map is also called Baker diagram. Usually, one axis describes a liquid/gas
relation and the second axis describes the gas conditions.

There are three �ow maps shown in this chapter. Figure 2.6 and 2.7 refer
to horizontal �ows, while Figure 2.8 refers to vertical �ows.

Figure 2.6: Flow map for a horizontal �ow. The diagram is taken from [20]

The �ow map shown in Figure 2.6 can be used for horizontal �ows and dif-
ferent gas/oil systems. It is originally created by Baker in 1954 and has
thereafter been modi�ed by Scott, 1963. The diagram is called a Baker di-
agram. It is based on empirical data from a variety of sources, according to
Tong and Tang [20].

The �ow map is generated for air and water, but it can also be used
for other gases and liquids. Their properties are taken into account by the
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following two relations

λB =

√
ρG
ρa
· ρL
ρw

(2.38a)

ΨB =
σw
σL
· (µL
µw
· (ρw
ρL

)2)
1
3 (2.38b)

The x-axis shows a comparison of the mass �uxes between the liquid and
the gas in the �ow, while the y-axis shows the gas mass �ux, according to
Tong and Tang [20]. The mass �uxes are

GG =
ṁG

A
(2.39a)

GL =
ṁL

A
(2.39b)

The area A is described as the pipe cross-sectional area.

According to the �ow map modi�ed by Scott, a mixed �ow with high
gas content and high �ow velocity would be plotted in the wavy strati�ed or
dispersed annular �ow region.

The �ow maps shown in Figure 2.7 and Figure 2.8, horizontal and ver-
tical �ow, respectively, are developed by Shell Global Solutions, [21]. They
are applicable for fully developed two-phase �ows in equilibrium, typically
after ten times the diameter of the pipe.

The axes show corrected Froude numbers. The x-axis shows a gas Froude
number and the y-axis a liquid Froude number. The Froude number is a
function of the super�cial phase velocity usG , usL , density ratio and the feed
pipe diameter. The super�cial velocities do not represent the real gas and
liquid velocities, but they are the velocity each phase would have if it �ew
alone in the pipe as given below.

usG =
V̇G

π · (Dfp

2 )2
(2.40a)

usL =
V̇L

π · (Dfp

2 )2
(2.40b)

The gas and liquid Froude numbers are

FrG = usG ·
√

ρG
(ρL − ρG) · g ·Dfp

(2.41a)

FrL = usL ·
√

ρL
(ρL − ρG) · g ·Dfp

(2.41b)
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Figure 2.7: A �ow map for a two-phase �ow in equilibrium for horizontal
feed pipes, taken from Shell Global Solutions [21]
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Figure 2.8: A �ow map of two-phase �ow in equilibrium for vertical feed
pipes (up �ow), taken from Shell Global Solutions [21]
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2.3.4 Losses in a Loop

Description

Von Böckh [12] divides the pressure losses for multiphase �ow into 3 compo-
nents friction, hydrostatic and acceleration losses

dp

dz
= (

dp

dz
)f + (

dp

dz
)a + (

dp

dz
)g (2.42a)

Pressure losses occur through irreversible processes, as described by Cengel
and Boyles [8]. To overcome the di�erences between a liquid and a gas phase,
losses are introduced, where lost work converts to heat in the process. In
an irreversible process, the heat produced by the friction work will not turn
back to work and will therefore get lost.

According to Sundén [10], the pressure loss for fully developed �ows in a
channel is a function of friction factor f, length ratio, density and the mean
�ow velocity

∆p = 2 · f · L
D
· ṁ

2

ρ
(2.43a)

The friction factor for a straight pipe is depending on the Reynolds num-
ber. For high pressures and at high speeds, the expected �ow within a
compressor compressing wet gas is mist or annular dispersed �ow, see Chap-
ter 2.3.3. The annular dispersed �ow is characterized by a liquid layer on
the walls and impellers, with a dense droplet and gas �ow in the core. The
liquid layer leads to an increase in roughness, due to the waviness in the
liquid layer and a more narrow �ow path, due to the liquid accumulation,
as written by Grüner et al. [16]. The mist �ow is characterized by a dense
droplet/gas �ow, with increased losses mainly due to the di�erence in inertia
of the droplet and gas and droplet impingement.

Friction losses is an irreversible process, which occurs when there is a
momentum change between a gas and a liquid phase, a phase change or due
to roughness in the boundary layer between the wall and the �ow in a com-
pressor.

Hydrostatic losses occur when there is a change in height, for example a
vertical pipe according to von Böckh [12]. The hydrostatic losses are impor-
tant to consider for the pipes both before and after the compressor, since the
induced losses can cause a change in �ow regime. A change in �ow regime
can have in�uence on the suction and surge conditions of the compressor.

When liquid droplets are accelerated by the gas �ow, acceleration losses
occur. According to Grüner et al. [16], the increase in acceleration losses
occurs, due to acceleration of ejected droplets and liquid atomization. These
do also result in a momentum loss. Liquid droplets have a higher inertia
compared to gas. When liquid droplets are separated from the liquid layer,
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the gas �ow needs to overcome the inertia of the liquid droplet and this
means acceleration losses. The release of droplets from the wall liquid layer
will have an impact on the total �ow and contribute to a dynamic pressure
drop, according to von Böckh [12].

The size of the liquid droplets in a �ow has an impact on the wet gas �ow
and on the interaction with the gas �ow. Big droplets lead to a smaller drag
coe�cient and a higher Reynolds number. This means that the force needed
to accelerate the droplet in the gas �ow will be bigger, leading to increased
pressure losses. The change in drag coe�cient and Reynolds number is not
constant, an increase in droplet diameter means a drag coe�cient decrease
of a factor two while it for the Reynolds number means an increase with a
factor of three.

For low Reynolds numbers, the drag coe�cient is high and the increase in
drag coe�cient is close to constant. This is called Stokes �ow. According to
VDI Wärmeatlas [11], the inertia forces on the particle can be neglected and
paramount friction forces have an impact on the �ow path of the droplet.
The relation between the drag coe�cient and Reynolds number can be seen
in Figure 2.9. An increase in Reynolds number leads to a separation of the
�ow from the droplets and more turbulent �ow. For a Newton �ow, the drag
coe�cient is constant for increasing Reynolds number.

Figure 2.9: Variation of drag coe�cient with Reynolds number for a sphere.
Number 1 shows Stokes' theory [11]

The pressure drop in a pipe is a well-investigated topic by, for example,
the nuclear business. It is important to know where changes in �ow regime
can occur, since this eases the prediction of where increased wear and tear
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can occur in a pipe. The size of the pressure drop in a two-phase �ow
is di�erent to the pressure drop in a single phase �ow, according to VDI
Wärmeatlas [11]. This is due to the change in mass of the �ow, momentum
and energy exchange. The interdependency between the liquid and the gas
phase is dependent on the �ow regime of the two-phase �ow. For example,
the momentum exchange in a slug �ow can lead to big damages on a pipe.

Predicting

It is possible that the �ow regime changes locally through the pipe. To be
able to calculate whether there is a change in the pipe and the losses occur-
ring, the e�ect on the performance of di�erent �ow models is described by
a variety of authors [11], [14]. In this report a derivation of an often used
pressure loss parameter is shown.

As described in chapter 2.3.4, the pressure drop is associated with fric-
tion, acceleration and gravity. An illustration of the introduced losses are
shown in Figure 2.10. The friction losses in a pipe are dependent on the wall
shear stress τ0 and the cross-sectional area of the pipe A

(
dp

dz
)f =

τ0 · P
A

(2.44a)

Figure 2.10: Illustration of the blockage and introduced roughness from the
liquid phase in a pipe

Di�erent ways to compute the losses for di�erent types of �ow regimes
are reported by the VDI Wärmeatlas [11] and R. Hetsroni [14]. The �ow
can either be assumed to be homogenous or heterogeneous. For many of the
pressure loss models in horizontal pipes, the losses due to acceleration and
gravity are assumed to be negligible and the friction loss is the main factor
to the pressure change.
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With a homogenous model, the velocity of all phases in the �ow are as-
sumed to be equal. This gives a very simple prediction model, where the
properties of the phases are averaged and is treated as a pseudo-�uid. The
density of the homogenous �ow is the sum of the mass fraction and density
of each phase as described in equation (2.36)b.

The calculation process of the two-phase �ow is as for a single-phase �ow.
The friction loss parameter from equation (2.42) is described by the liquid
introduced shear stress τ0, a perimeter P and the cross-sectional area of the
pipe as described in equation (2.44). The equation (2.44) can be rewritten
as

(
dp

dz
)f =

2 · fTP · ṁ2

D · ρh
(2.45a)

where fTP is the friction factor of the two-phase �ow, D is the diameter. The
friction loss is the most complicated parameter to describe in a two-phase
�ow, according to Hetsroni [14]. The friction factor for a hydraulic smooth
pipe is described as, independent on which phase,

fTP =
1

4
· 0.3164

Re0.25
=

1

4
· 0.3164

( ṁ·Dµ )0.25
(2.46a)

with the Reynolds number Re as described in equation (2.24).

The pressure losses in a compressor can also be compared to pressure
change for a sudden expansion. According to Hetsroni [14], the homogenous
model gives more spread result than a heterogeneous model, which indicates
that it is a heterogeneous model that should be used for the compressor pre-
diction model.

For a heterogeneous model, the two-phases in the two-phase �ow are con-
sidered to �ow in the pipe as two separated streams with di�erent velocities.
The area of each phase are proportional to the gas void fraction εG, which
is described in chapter 2.3.2. An illustration of the separated �ow can be
seen in Figure 2.10. The velocity of each phase is considered to be constant
in any given cross-section within the zone occupied by the phase. However,
the �ow regime is not taken into account for modelling of a two-phase �ow.

For a two-phase �ow, the friction loss for the liquid phase is compared
to the gas phase. For a hydraulic smooth pipe is the ratio between the
two-phases

dp
dz L
dp
dzG

=
2 · fL · ṁL

ρL
· LD

2 · fG · ṁρG ·
L
D

(2.47a)

By combining equation (2.46) with equation (2.47), the ratio of the losses
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for a two-phase �ow is

(dpdz )L

(dpdz )G
=

1
4 · 0.3164

Re0.25L

1
4 · 0.3164

Re0.25G

·
ṁL
ρL
ṁG
ρG

(2.48a)

By deriving equation (2.48) and use equation (2.24) to describe the Reynolds
number, the squared Lockhart-Martinelli parameter X is received

X2 =
∆pL
∆pG

=
ρG
ρL
· (µL
µG

)0.25 · (1−GMF

GMF
)1.75 (2.49a)

The Lockhart-Martinelli parameter X is received from two-phase analyses
performed by Lockhart and Martinelli in 1949 [14].

X =

√
∆pL
∆pG

= (
ρG
ρL

)0.5 · (µL
µG

)0.1 · (1−GMF

GMF
)0.9 (2.50a)

The Lockhart-Martinelli parameter is a function of the density ratio, which
is pressure de-pendent and the viscosity ratio, which have a weak dependence.

Many pressure drop models for two-phase �ow in pipes are based on the
assumption that there is a higher liquid volume fraction than gas volume
fraction in the �ow. This is not the case for a wet gas �ow where the liquid
volume fraction is below 5 %. There are corrections depending on the liquid
phase �ow with corrections for the gas phase. In a wet gas �ow, the correction
parameters are for a gas phase �ow with corrections for the liquid phase.

(
dp

dz
)f = Φ2

TP · (
dp

dz
)fTP

= Φ2
G · (

dp

dz
)fG = Φ2

L · (
dp

dz
)fL (2.51a)

where ΦTP is the two-phase multiplier, the ΦG is the multiplier for the
gas phase and the ΦL is the multiplier for the liquid phase. Depending on
whether it is a two-phase �ow with a high liquid mass fraction or a two-phase
�ow with a high gas mass fraction, the multiplier is developed di�erently.
There is one standard model developed by Chisholm in 1967, which can be
used for predicting the losses for a �ow with a high gas mass fraction

ΦG = 1 + C ·X +X2 (2.52a)

This multiplier can be used to calculate the losses in a two-phase �ow

∆pTP = Φ2
G ·∆pG = (1 + C ·X +X2) ·∆pG = ∆pG + C ·

√
∆pL
∆pG

+ ∆pL

(2.53a)

Where C is a constant depending on which �ow regime is present in the
two-phases. The constant C for a two-phase �ow has following magnitudes

• 20 for a turbulent gas phase �ow and a turbulent liquid phase �ow
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• 12 for a turbulent gas phase �ow and a viscous liquid phase �ow

• 10 for a viscous gas phase �ow and a turbulent liquid phase �ow

• 5 for a viscous gas phase �ow and a viscous liquid phase �ow

The multiplier takes following pressure losses into account

• ∆pG pressure losses for the gas

• C ·
√

∆pL
∆pG

pressure losses due to interaction between the phases

• ∆pL pressure losses introduced by the liquid phase only

The �rst term handles the gas losses, the second term additional losses due
to the two-phase mixture of the �ow and the third term handle the losses
introduced by the liquid. When there is a small amount of liquid in the
two-phase �ow, the third term is negligible.

The Chisholm parameter for a �ow with a high liquid mass fraction, a
multiplier based on the pressure loss for the liquid phase is described

ΦG = 1 +
C

X
+

1

X2
(2.54a)

The two-phase �ow for a �ow with a high liquid fraction will be

∆pTP = Φ2
L ·∆pL = ∆pL + C ·

√
∆pG
∆pL

+ ∆pG (2.55a)

The �rst term on the right hand side describes the pressure losses for the
liquid phase, the second term the pressure losses due to interaction between
the phases and the last term describes the pressure losses due to the gas
phase. For a �ow with a high liquid volume fraction, the third term in equa-
tion (2.55) is negligible.

2.3.5 Mach Number Computation

The Mach number is a�ected by the liquid phase in a two-phase mixture.
When the mixture is assumed to be compressible, the maximum �ow velocity
will be equal to the speed of sound a of the wet gas mixture. The speed of
sound is described in equation (2.30).

The �ow is assumed to be annular dispersed or mist �ow, when there is
a high pressure level and high gas content in the �ow, as said in Chapter
2.3.3. Various papers apply homogenous density when there is an annular
dispersed or mist �ow. This density is applied when calculating the critical
mass �ow rate

ṁ = a ·A · ρh (2.56a)
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According to von Böckh [12], the speed of sound or the critical velocity of
a wet gas can be calculated with Laplace's equation. Studying a large gas
volume fraction at isentropic conditions, the velocity of sound in two-phase
�ow can be described as

1

a2
=
GV F

a2
G

· (1 + (1−GV F ) · (1

δ
− 1)) +

1−GV F
a2
L

· (1 +GV F · (δ − 1))

(2.57a)

As can be seen in Figure 2.11, the liquid impact of the gas on the speed of
sound is strong. In this diagram an air/water mixture at 1 bar and 15 ◦C
is studied. The liquid mass fraction is varied between 0 to 60 %. At given
conditions, this mass fraction will relate to a gas volume fraction between
92 and 100 %. The amount of liquid in the gas has a strong impact on the
speed of sound and will in turn have a big impact on the critical mass �ow
rate.

Figure 2.11: Speed of sound compared to gas volume fraction with a liquid
mass fraction of 0 and 60%
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3
Experimental Studies for Wet Gas

Compression

The compositions of the wet gas as well as suction pressure, size and op-
erational speed of the compressor have di�erent impact on the compressor
performance, as can be seen when comparing di�erent experiments from dif-
ferent sources [3], [15], [22].

This chapter contains a summary over studied literature and �ndings
others have made. It contains information about di�erent wet gas mixtures
such as air/water and hydrocarbon mixtures. It analyses the in�uence of the
suction pressures on the wet gas compressor performance. Many assumptions
made in Chapter 4 are based on this chapter.

3.1 Overview Studies

In literature studied, di�erent suction conditions, wet gas mixtures and type
of test loops are used.

Fabbrizzi et al. [22] performed tests on a single stage compressor at ambi-
ent suction conditions with an air/water mixture in an open loop. Bertoneri
et al. [23] presented in 2014 experimental results for an air/water mixture
at suction pressures of 10-18.5 bar in a closed loop.

Hydrocarbon tests at 30-70 bar in a closed loop were performed by Brenne
et al. [3] and Hundseid et al. [18]. The di�erences among these tests are
summarized in Table 3.1.
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Table 3.1: Properties of experimental test runs performed in literature

Author Wet Gas
Mixture

Suction
Conditions
[bar]

Loop
type

Impeller Di-
ameter [m]

Max u2

[m/s]

Fabbrizzi et
al. [22]

Air/water Atmospheric Open 0.150 237

Bertoneri et
al. [23]

Air/water 10-18.5 Closed 0.370 212

Brenne et
al. [3]

Hydrocarbon 30-70 Closed 0.384 216

Hundseid et
al. [18]

Hydrocarbon 50-70 Closed 0.384 216

Comparing the compressor used by Fabbrizzi et al. [22], the impeller
diameter used by Fabbrizzi et al. is approximately half the size of the ones
used by the other authors.

The di�erence in pressure ratio between a hydrocarbon and air/water
mixture can partly be explained by the di�erence in density ratio for the two
di�erent mixtures. The density ratio for an air/water mixture is, in most
cases, lower than for a hydrocarbon mixture, which means that the di�er-
ence in density between the liquid and gas phase is bigger for the air/water
mixture. The gravitational force has a higher impact on the liquid phase
in the air/water mixture compared to the hydrocarbon mixture. A higher
gravitational force on the liquid means lower interaction between the liquid
and the gas, which means increased losses.

3.2 Setup

In this chapter, the setup of measurements used in reported experiments
and the in�uence of the injection pattern on the compressor performance
are presented.

3.2.1 Measurement Devices and Post-Processing

Today, there is no speci�c code to perform measurements on a wet gas com-
pression process available. Therefore, di�erent codes, written for dry gas
measurements are used to evaluate the wet gas �ow in the literature study.
Examples on used codes are ASME PTC-10 used by for example Hundseid et
al. [18], Brenne et al. [3] and Bertoneri et al. [23]. Bertoneri et al. perform
tests according to the standard ASME PTC 19.1.

In a variety of papers studied [3], [23] the suction measurements were
performed before mixing of the liquid and gas phase. This could not be
performed for the discharge measurements, due to the wetness in the wet
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gas mixture. The discharge measurements were performed for the mixture
and not for each phase. In di�erent papers [3], [22], the �ow of the gas was
measured with an ori�ce plate while the liquid �ow was measured with a
Coriolis meter. Static pressure measurements were performed through cali-
brated pressure transducers. To measure the temperature, calibrated ther-
mocouples were used. A schematic diagram of an open wet gas test rig can
be seen in Figure 3.1.

Figure 3.1: Example on a P&ID for an open wet gas test rig. the picture is
taken from Fabrizzi et al. [22]

According to Fabbrizzi et al. [22], gas temperature measurements in a
wet gas mixture are not accurate, due to the non-equilibrium state of the
mixture. Liquid droplets will hit the thermocouple and alter the temperature
measurements, due to the high liquid content in the �ow. Similar observa-
tions are done in di�erent papers. It is not possible to assign temperature
measurements taken in the compressor discharge to a speci�c phase. The
temperature has to be evaluated as a temperature of the multiphase mixture,
as described by Brenne et al. [3].

3.3 Liquid Injection

The amount of liquid in a wet gas �ow has an impact on the performance
of the compressor. The �ow pattern is important to study, because of wear
and tear e�ects on the compressor. It is not suitable to have a strati�ed �ow
through a compressor due to increased wear. The most desirable and due to
the high gas velocities and high pressure levels, most probable �ow pat-terns
are annular dispersed or mist �ow.

Brenne et al. [3] have investigated the change in compressor performance
if annular dispersed or mist �ow is introduced to the suction inlet of the com-
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pressor. The two types of �ow regimes were introduced through nozzles at a
distance from the inlet of the compressor of about three times the internal
diameter of the compressor suction inlet. According to the report and what
can be seen in Figure 3.2, the di�erence in performance between a suction
�ow with a liquid layer on the suction pipe and a dense droplet �ow is small.
The �ow regime present in the compressor inlet is not yet investigated by
Brenne et al. A �ow introduced as an annular dispersed �ow can change
to a mist �ow, due to high velocities and gas contents. Brenne et al. [3]
conclude that the compressor inlet serves as a mixing element and makes
the �ow pattern inside the compressor wheel relatively independent of which
in�ow present.

Figure 3.2: E�ects on the performance of di�erent liquid injection pattern.
Picture is taken from Brenne et al. [3]

Fabbrizzi et al. [22] have investigated the impact of droplet size on a cen-
trifugal single stage compressor when injecting the droplets as a mist �ow
with and without a suction inlet pipe. When introducing the liquid through
a pipe, there was no di�erence in performance between di�erent droplet sizes.
The comparison between wet and dry �ow can be seen in Figure 3.3. There
are results shown for two tests with two di�erent droplet sizes. The reason
to the similar performance for the di�erent droplet sizes is due to liquid for-
mation on the inlet pipe wall. The formation of the layer can be explained as
an annular dispersed �ow. The droplet size has a bigger impact on the core
�ow, but when the liquid volume fraction in the di�erent droplet size tests
was equal, the di�erence in droplet size does not matter since the size of the
droplets changed before the inlet. The liquid layer formation was dependent
on the amount of liquid in the �ow and not droplet size when introducing
the liquid to the gas �ow in a compressor inlet pipe.
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Figure 3.3: Wet compression map for LMF=0.4, with inlet pipe. The blue
curve: dry �ow, red curve droplet diameters of 50 micrometres, blue curve:
droplet diameters of 75 micrometres, pink curve: no air. The picture is taken
from Fabrizzi et al. [22]

When introducing the liquid directly into the compressor inlet, the droplet
size has an impact on the performance, see Figure 3.4. According to Fab-
brizzi et al [22], smaller droplet diameters allow higher pressure ratios. The
authors suggest an atomization tool when there is a risk for larger droplet di-
ameters in the �ow. A comparison between the two liquid injection patterns
was made to investigate the increased wear and tear on the compressor. No
evidence for an increased wear and tear was found.
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Figure 3.4: Wet compressor map for LMF=0.4, without inlet pipe. The blue
curve: dry �ow, red curve droplet diameters of 50 micrometres, green curve:
droplet diameters of 75 micrometres, taken from Fabrizzi et al. [22]

3.4 Operating Range

To introduce liquid in a gas �ow has an impact on the range on the com-
pressor. The impact on the stability and maximum �ow are discussed in this
section.

3.4.1 Stability Limit

In Figure 3.5, the black line indicates the stability limit of the dry case
at highest compressor speed. For these air/water mixtures at atmospheric
suction conditions, the stability limit for wet gas �ows improves by moving
slightly to lower �ow coe�cients. This observation is not yet con�rmed, since
it is hard to show if the change in surge is because of the wear and tear e�ect
from liquid droplets, according to Jellum [24].

3.4.2 Maximum Flow

According to Fabbrizzi et al [22], an increased amount of liquid in the �ow
has an impact on the compressor range, which is indicated by the black arrow
in Figure 3.5. The diagram shows 3 di�erent speed lines, where each speed
line is measured with 6 di�erent liquid mass fractions. Steeper curves are
seen for increased liquid mass fraction, so that maximum �ow is signi�cantly
reduced. The compressor goes earlier into choke. This is also observed in
the test campaigns from Brenne et al. [3] with hydrocarbon mixture and
Bertoneri et al. [23] with higher suction pressures compared to Fabbrizzi
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et al. The change in range for larger suction pressures and other mixture
compositions can be seen in Figure 3.7 and Figure 3.9, from Bertoneri et
al. and Brenne et al., respectively. The di�erence in slopes compared to the
dry case is probably due to the inlet distortion and the consequent pressure
losses induced by the liquid phase on the gas phase, according to Fabbrizzi
et al. [22].

Figure 3.5: Change in range. Compressor pressure ratio versus �ow rate for
three di�erent motor speeds, n=20′000, 25′000, 30′000 rpm. The mixture
is air/water at ambient conditions as inlet conditions and the plot axes are
normalized. The picture is taken from Fabrizzi et al. [22]

Another explanation to the decrease in range is liquid blockage of the im-
peller, which means that the e�ective stage �ow channel is smaller, see illus-
tration in Figure 3.6. The liquid layer �ows along the walls and lead to an
earlier choke of the compressor. According to Hetsroni [14], the size of the
liquid void fraction εL is an approximation of the blockage area. A liquid
volume fraction of 6 % may correspond to a much higher blockage than 6
%, if the liquid propagates at lower speeds than the gas. Especially for low
density ratios δ the liquid propagates at lower speeds.
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Figure 3.6: Illustration of the liquid blockage in a radial compressor impeller

3.5 Pressure Ratio

It is seen that the gas composition has an impact on the change in pressure
ratio for a wet gas �ow compared to dry gas �ow. Therefore, this section is
divided into two sections presenting the wet pressure ratio according to gas
mixture.

3.5.1 Air/Water Mixture

According to Fabbrizzi et al [22] and Bertoneri et al [23], liquids in general,
have a negative in�uence on the compressor pressure ratio, as illustrated in
Figure 3.5 and Figure 3.7, which show results for two di�erent test periods
and di�erent suction conditions.

For atmospheric suction conditions, Fabbrizzi et al [22] have seen that
by adding liquid to the gas �ow, the pressure ratio changes. For cases with
a liquid mass fraction below 10 % at low �ow rate coe�cients, the pressure
ratio is higher compared to the dry compression. The result is more or less
similar independent on rotational speed level for the test. One explanation
is that the gain in pressure results from the increased �ow density of the wet
gas compared to the dry gas. Another explanation is, according to Fabbrizzi
et al. [22] and Bertoneri et al. [23], that the intercooling by the liquid phase
has a positive impact on the pressure ratio, due to decreased suction tem-
perature, when the liquid evaporates. The decrease in suction temperature
leads to a lower volume �ow, which makes it possible to compress a higher
volume �ow rate. This process leads to lower discharge temperature and
higher discharge pressure, which means a higher pressure ratio compared to
the dry case.

For increasing water mass fractions, the air becomes saturated and the
additional water will �ow as liquid phase. This leads to higher losses as dis-
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cussed in Chapter 2.3.4. When these losses exceed, the positive impact from
the change in density, the pressure ratio will decrease and be lower than for
the dry case.

For higher suction pressures, the e�ects of a liquid phase are similar to
low suction pressures. In the region close to surge, it is possible to receive a
pressure gain compared to the dry gas case. A reduced range is seen, similar
to lower suction pressure.

For a higher pressure, a pressure gain at lower �ow coe�cients of the
whole stage is seen for liquid mass fractions larger than 30 % for an air/water
mixture. This can be seen in Figure 3.7.

Figure 3.7: Flange to �ange pressure ratio at a suction pressure of 18.5 bar
for LVF=0.1%, 0.3%, 0.5%, 1%, 2%, 3%, which equals LMF = 4%, 12%,
19%, 31%, 58%, 70%. The diagram is from Bertoneri et a. [23]

Bertoneri et al. [23] measured the pressure increase over the impeller of
the compressor, see Figure 3.8. The pressure ratio constantly increases with
increasing liquid mass fraction. According to the authors, the di�erence in
pressure gain for impeller measurement and �ange to �ange measurement is
because of the increased losses over the static parts, such as the di�user in
the stage.

When a higher suction pressure is used, a larger gain in pressure ratio
compared to the case with atmospheric suction conditions is obtained. One
interesting observation when comparing the two cases to each other is that
Bertoneri et al. [23] receive a higher pressure ratio for a higher liquid volume
fraction, where Fabbrizzi et al. [22] already received a decrease compared
to the dry gas run. According to Bertoneri et al [23], the larger pressure
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ratio for larger liquid volume fractions is due to a higher �uid density, the
cooling e�ect of the liquid evaporation and the speed of sound variation in a
two-phase �ow. For higher �ow coe�cients, the increase in losses are higher
than the positive e�ects from, for example, the change in density and the
pressure ratio is lower than the dry reference run.

Figure 3.8: Impeller static pressure ratio compared to the �ow coe�cient for
LVF= LVF=0.1%, 0.3%, 0.5%, 1%, 2%, 3%, which equals LMF = 4%, 12%,
19%, 31%, 58%, 70%. The diagram is from Bertoneri et a. [23]
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3.5.2 Hydrocarbon Gases

The experiments with hydrocarbon gases behave di�erent compared to air/water
experiments. This can partly be explained by the higher density ratio, as
discussed in Chapter 3.1 The air/water mixture has a lower density ratio
than the hydrocarbon mixture and thus a lower gas-liquid interaction. The
higher interaction may have a positive e�ect promoting pressure rise, but it
also increases losses such that the sum of these competing e�ects has to be
analysed.

According to Brenne et al. [3], the presence of wet gas has an increasing
e�ect on the pressure ratio, as shown in Figure 3.9. The reason for why the
overall higher pressure ratio over the complete stage can be explained by the
mentioned density change and coherent intercooling e�ects.

Figure 3.9: Normalized compressor pressure ratio as a function of Gas Vol-
ume Fraction for natural gas at a suction pressure of 70 bar, GVF = 0.995,
0.99, 0.98, 0.97 correspond to LMF=5.5%, 10.5%, 19%, 26%, respectively.
The diagram is from Brenne et al [3]

Hundseid et al. [18] show further results from the same measurement
campaign at a suction pressure of 50-70 bar which is shown in Figure 3.10.
According to Hundseid et al, the better pressure ratio compared to the dry
case is a sign on limited evaporation in the compression process.
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Figure 3.10: Pressure ratio for natural gas as a function of suction volume
�ow rate at suction pressures of 50 and 70 bar. The diagram is taken from
Hundseid et al. [18]

3.6 Power Consumption

The power consumption of a compressor with wet gas is higher when com-
paring it to dry compression. According to Bertoneri et al. [17], the increase
in internal losses and the greater mean density requires an increased required
power, see Figure 3.11.

Figure 3.11: Normalized e�ective power compared to wet �ow coe�cient for
LVF=0.1%, 0.3%, 0.5%, 1%, 2%, 3%, which equals LMF = 5%, 13%, 20%,
33%, 50%, 60%. The diagram is taken from Bertoneri et al. [17]
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3.6.1 Power Evaluation of the Compressor Performance

To become trustworthy measurement for the di�erent phases in the com-
pressor discharge is di�cult, due to the two-phase mixture. Other solutions
to determine the performance of a compressor are reported. An often used
parameter is the comparison between dry and wet shaft power

Pwet
Pdry

(3.1)

This ratio will in many cases be higher than 1, since the process requires
an increase in work due to the liquid phase in the �ow. It can be seen in
Figure 3.11, the shaft power increases close to linearly for increasing liquid
mass fraction.

3.7 E�ciency

In this chapter, di�erent methods to calculate the e�ciency are reported.
The liquid phase causes problems when measuring the discharge tempera-
tures, so alternative evaluation parameters need to be used, such as shaft
power for wet gas compression compared to a dry gas reference compression.

3.7.1 Polytropic E�ciency

The formula of how to calculate the polytropic e�ciency is described in
Chapter 2.1. To calculate the polytropic e�ciency the suction and the dis-
charge conditions, such as pressure and volume �ow, need to be known. As
written before, it is not possible to receive trustworthy measurements of the
temperature and thus the volume �ow in the discharge of the compressor,
due to the liquid phase. When not knowing the discharge conditions, the
polytropic e�ciency cannot be calculated with trustworthy results. See a
comparison between a dry case and wet case for a two stage compressor
compressing an air/water mixture in Figure 3.12.
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Figure 3.12: Normalized polytropic e�ciency compared to normalized wet
�ow coe�cient. The diagram is taken from Bertoneri et al. [17]

3.7.2 Work Coe�cient

A common used expression to use for evaluation of the wet gas process of a
compressor is the work coe�cient. The work coe�cient is calculated from the
measured shaft power and the mass �ow rate of the wet gas �ow. The work
coe�cient is calculated and shown in Figure 3.13. According to Bertoneri et
al. [17], the work coe�cient does not change with the liquid mass fraction,
if the work coe�cient is computed from the ratio of shaft power over total
mass �ow rate.
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Figure 3.13: Normalized work coe�cient compared to normalized wet �ow
coe�cient. The diagram is taken from Bertoneri et al. [17]

3.8 Vibrations

According to a variety of sources [22], [23], the presence of a liquid phase in
the compression does not increase the lateral, axial and torsional vibrations
signi�cantly. Brenne et al. [3] have seen that when the liquid is introduced
as droplets into the gas �ow, it does not introduce further vibrations to the
compressor, see a comparison in Figure 3.14. The upper diagram shows vi-
brations in the process for a wet run with a gas volume fraction of 97 %,
which corresponds to about 74 % gas mass fraction, at a rotational speed of
9651 rpm. The lower diagram is for the corresponding dry case. When the
liquid is distributed in a uniform manner, it does not seem to be a signif-
icant source of rotor excitation or unbalance to disturb the rotor dynamic
behaviour.
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Figure 3.14: Comparison of vibration between a wet (above) and a dry
(below) run [3]

3.9 Erosion and Corrosion

The presence of erosion and corrosion is investigated by a variety of sources
[3], [22], [23], [25]. Bertoneri et al. [23] performed erosion tests with soft
paintings. The authors conclude that the most exposed areas for erosion is
at the

• impeller inlet hub and leading edge

• impeller trailing edge on pressure side

During the short period of four weeks, no signs on erosion could be seen.
Not yet investigated is the e�ect for longer terms. Madsen et al. [25] have
investigated the presence of erosion from water liquid droplets on a gas tur-
bine at a liquid mass fraction of 0.5-1.0 %. At this low liquid mass fraction,
no signs on erosion could be seen.

In the investigation performed by Brenne et al. [3], no evidence of erosion
could be found. However, the inner of the compressor was cleaned by the
injected liquid.

3.10 Summary

To run a compressor under wet gas conditions adds complexity compared to
dry gas operation. The liquid phase in the process makes it di�cult to re-
ceive trustworthy measurements, especially for temperature measurements.
For the suction �ow, separate measurements for each phase may be received,
but in the discharge of the compressor, it is not possible to receive the tem-
perature of each phase. Therefore, the e�ciency evaluation of the process is
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more complicated than for a dry case. When evaluating a wet gas compres-
sion process, the shaft power is usually compared to a dry reference run.

Depending on which wet gas mixture, number of stages and suction con-
ditions used, the pressure ratio will be higher or lower compared to a dry
compression. For a hydrocarbon mixture at elevated suction pressure, where
the di�erences in behaviour between liquid and gas phase are less than for
an air/water mixture, a higher pressure ratio compared to a dry reference
run is received. For an atmospheric air/water mixture the pressure ratio is
only higher for cases where the liquid mass fraction is below 10 %.

The required power in a wet gas compression process increases, due to
additional mass of the liquid. The liquid phase introduces an increase in
losses, such as acceleration losses such that the additional power does not
necessarily lead to higher pressure ratios.

An increase in vibrations has not been seen when having a uniform dis-
tribution of liquid drop-lets in the compression process.

Erosion does not seem to be a problem in the studied literature, given
short term investigations. However, the liquid seems to have a cleaning e�ect
on the inner parts of the wet gas compressor.
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4
Wet Gas Analysis and Modelling

An investigation of suction �ow regimes is done and the result is plotted in
two di�erent Baker diagrams. A dry gas model and a model for wet gas are
reported.

4.1 Analysis of Di�erent Wet Gas Flow Measure-

ment according to Flow Map

In Chapter 2.3.3, wet gas �ow regimes were discussed. An investigation of
compressor suction �ow regimes for di�erent suction pressures, wet gas mix-
tures and rotational speeds is performed. The results are based on data
found in literature for di�erent suction pressure levels and rotational speeds
and wet gas mixtures. The results are plotted in the �ow diagrams devel-
oped by Shell DEP [21] and Scott et al. [20], see Figure 4.1 and Figure 4.2,
respectively.

In the diagram from Shell [21], the results for pressure level at 1 bar indi-
cate on a wavy strati�ed �ow. For a wavy strati�ed �ow the phases �ow
separate from each other. The liquid phase �ows on the bottom of the pipe,
due to gravity. This means a bad mixing of the two-phase �ow. This agrees
with the observations for low suction pressures at atmospheric conditions.
A rapid separation of gas and liquid was observed, which required spraying
the liquid close to the compressor suction in order to avoid separation.

For higher pressure levels, the diagram indicates �ows closer to or in the
annular dispersed region. This means more homogenous multiphase �ow.
For high pressures, the density ratio of gas over liquid increases, indicating
that the interaction between the phases are stronger, leading to better mix-
ing.

Also in the diagram of Scott from 1963 [20], the results for 1 bar are found
in the wavy strati�ed region. For increased pressure ratio, the �ow regime
changes to annular dispersed �ow. The results for low pressures are shifted
to the left and found outside the diagram area. This diagram is probably
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Figure 4.1: Result of the investigation of �ow regime in the suction pipe of
the compressor for di�erent suction pressures and rotational speeds. The
�ow diagram is produced by Shell [21]

Figure 4.2: Result of the investigation of �ow regime in the suction pipe of
the compressor for di�erent suction pressures and rotational speeds. The
�ow diagram is produced by Scott [20]
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not designed for such low liquid fractions which are found in the studied wet
gas �ows.

The diagrams show slightly di�erent results, probably due to the dif-
ferent reference mixture. However, the results shown in the diagrams are
indications on which �ow regime present for a two-phase �ow.

4.2 Model For Dry Gas Calculations

As a �rst step to create a compressor model for wet gas compression, a model
for dry gas compression is created. In this chapter, a model for dry gas is
presented. Uncertainties are discussed.

For the dry gas model, measurement data is used for validation. For the
model, suction pressure, temperature and mass �ow rate are used and also
the cooling gas mass �ow rate. Measured and calculated values are compared
and presented as the relative error ε

ε =
xm − xc
xm

(4.1a)

The relative error is based on the measured value. A negative relative error
means that the calculated value is higher than the measured value.

4.2.1 Uncertainties in the Model

When creating a wet gas model, the gas composition is important to know.
To create a gas matrix for a gas composition di�erent to the original one
gives slightly di�erent results in the comparison.

There are di�erent implementations of equations of states available to
create a gas matrix. Depending on which equation of state used, a di�erent
result of the performance of the compressor is received, as written by Hund-
seid et al. [26]. For a comparison between two di�erent calculations, it is
important to use the same implementation of the equation of state.

4.2.2 Model

The dry gas model is developed for a radial compressor with a variable
number of stages. For the dry gas model, the calculation is based on the
PTC10-code.

The compressor model process is based on given suction conditions, such
as suction pressure, temperature and mass �ow rate. If there are extractions
in the process, they are added. Thereafter, the iteration process over the
number of stages starts. For each stage, polytropic e�ciency, pressure coef-
�cient and power coe�cient are calculated. These values give the discharge
enthalpy and entropy. The pressure and temperature are calculated from a
gas matrix based on the chosen implementation of the equation of state.
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4.2.3 Symbols

To be able to distinguish between measured and calculated values, di�erent
symbols are used. The symbols are shown in Figure 4.3. For measured values
a down pointing triangle is used and for calculated values a cross.

Figure 4.3: Symbols used in plots for the dry model. Triangle indicates
measurements and cross indicates calculations

4.2.4 Results

The computed values for the dry compressor model show acceptable results.
Compared to measured values, the calculated compressor is in some cases
slightly bigger than the measured compressor. Since the computations do
not show clear signs on a systematic error the model is considered to pass.
The mean relative error is less than 5 %.

The operating points for low rotational speeds, the rear stages are closer
to choke than for operating points at high rotational speeds. The rear stages
operate at higher volume �ows than designed for thus closer to choke than
the front stages.

The calculated and the measured pressure ratio and the shaft power for
a suction pressure and a rotational speed can be seen in Figure 4.4.
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Figure 4.4: Illustration of the pressure ratio (above) and the shaft power
(below) for a dry gas computation
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4.3 Wet Gas Operation

When introducing liquids to the testing, di�erent phenomena occur which
have di�erent impact on the performance of the compressor. In this chapter,
from the literature found e�ects on the performance of a wet gas �ow are
presented.

The proposed model in this report is based on wet gas �ow in pipes. In
the beginning of this report, it was discussed to generate a complete new
model for wet gas compression in a radial compressor. After the literature
study, it was seen that there are many unknown e�ects introduced by the
liquid phase in the �ow. A decision was made to base the model on a well-
investigated area such as multiphase �ows in pipes, but to introduce also
observed e�ects from the literature studied.

In Chapter 3, it was observed that the pressure ratio increases for a hy-
drocarbon mixture at pressure levels above 30 bar, [3]. For an air/water
mixture, the higher pressure ratio compared to a dry reference case, was
seen at low �ow coe�cients only. At atmospheric conditions, the liquid mass
fraction must also be below 10 %, see Figure 3.5. It was seen that for both
hydrocarbon mixtures as well as for air/water mixtures, the maximum �ow
was decreased for increased liquid mass fractions and the pressure ratio curve
was steeper.

From these observations, it is possible to say that the impeller tip speed,
the suction pressure and the amount of liquid in the wet gas �ow have an
impact on the discharge pressure. The pressure ratio is a function of the
rotational speed, the suction pressure level and the liquid mass fraction

π = f(N, pin, LMF ) (4.2a)

In Figure 3.11, the increase in shaft power can be seen. The power increases
linearly with the increase in liquid mass fraction. This means that the power
is a function of the liquid mass fraction

Pwet = f(LMF ) (4.3a)

The operating range decreases for increased liquid mass fraction.

4.4 Model for Wet Gas Calculations

The compressor model for a wet gas compression is based on the dry com-
pressor model but with modi�cations. In this chapter, the model is presented
and corrections due to the wet gas are shown.

4.4.1 Uncertainties and Limitations in the Model

The model is based on the dry gas model as described in Chapter 4.2. This
means that the uncertainties described in Chapter 4.2 are valid for the wet
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gas model.

4.4.2 Model

The model consists of two correction steps, see illustration in Figure 4.5. The
corrections are mainly focused on correction of the stage characteristics, but
the power is corrected by the increase in mass �ow due to the liquid phase.
The �rst step focuses mainly on the seen earlier blockage of the compressor
for increased liquid volume fraction in the �ow and a new operating point
is calculated. Thereafter is the stage characteristic corrected with the seen
e�ects described in Chapter 4.3.

Figure 4.5: Illustration of the adjustment of one point in the compressor
stage characteristics for a wet case. Green colour indicates dry values; red
is adjustment of the �ow coe�cient and blue is the individual adjustment of
each parameter.
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There are two di�erent correction versions proposed. Each version gives
slightly di�erent results.

Version 1 corrects the pressure coe�cient with a function of the liquid
mass fraction, the rotational speed and the density ratio. The �ow coe�cient
is adjusted by a function containing the gas volume fraction.

Version 2 is built upon the homogenous model of multi-phase �ow, as de-
scribed in Chapter 2.3.4. The power coe�cient and the polytropic e�ciency
are adjusted by a function of the gas mass fraction, the density ratio and the
rotational speed. The �ow coe�cient is adjusted by a function of the gas
volume fraction.

First, the correction process is described. The correction factors for the
two versions are discussed more in detail later.

In the �rst step, the observation concerning the earlier choke of the com-
pressor for increasing liquid content in the �ow is taken into account. This
means that the compressor can be seen as a smaller machine and the operat-
ing point must be moved closer to the choke limit in the characteristics. This
is done through a correction of the gas �ow coe�cient. From the new �ow
coe�cient, a new operating point is calculated for the pressure coe�cient
and power coe�cient.

φw = CorrPar1 · φG (4.4a)

The stage characteristics are calculated

µycorr1 = µy(φw) (4.5a)

µ0corr1 = µ0(φw) (4.5b)

In the second step, the increase or decrease in the characteristic values is
taken into account. As written in Chapter 4.3, the pressure ratio and the
power increase for increased pressure levels and rotational speeds.

In version 1, the pressure coe�cient is corrected by a correction param-
eter

µyw = CorrPar2 · µycorr1 (4.6a)

µ0w = µ0corr1 (4.6b)

ηpolw =
µyw
µ0w

(4.6c)

By doing these corrections, the discharge pressure and the polytropic e�-
ciency are adjusted. As reported earlier, the additional power is more or less
constant over the pressure levels but increases with increased liquid mass
fraction in the �ow, see Chapter 4.3. The modi�ed power calculation is

P = (ṁG + ṁL) ·∆h0G (4.7a)
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In version 2, the �rst step is equal to version 1. The �ow coe�cient is ad-
justed by a correction parameter. In the second step, the pressure coe�cient
and the polytropic e�ciency are adjusted to consider the increase in dis-
charge pressure, which is described in Chapter 4.3, and the more losses due
to the introduced roughness from the liquid phase. The power coe�cient is
calculated from these changes.

µyw = CorrPar2 · µycorr1 (4.8a)

ηpolw = 1− (1− ηpolG) · CorrPar2 (4.8b)

µ0w = ηpolw · µyw (4.8c)

The shaft power for version 2 is calculated for the liquid phase and the gas
phase separately. It is assumed that the heating of the liquid through the
compression process is negligible. The power required to compress the liquid
phase is the pump work

PL = V̇L ·∆p (4.9a)

The remaining increase in shaft power is put on the gas phase and is a�ected
by the adjustments described in equation (4.8). The total shaft power for
the computed process is the sum of the required power to compress the gas
respective the liquid phase

Pw = PG + PL =
∑
stages

(ṁG ·∆h+ V̇L ·∆p) (4.10a)

The assumption of an adiabatic liquid compression process might lead to a
too small computed shaft power. To receive a higher shaft power, the heating
work of the liquid phase can be added to the model and version 2. The shaft
power would be

Pw = PGcompression + PLpump + PLHeating
(4.11a)

Adjustments on the polytropic e�ciency and the pressure coe�cient have a
direct e�ect on the discharge conditions.

4.4.3 Correction Factors

The correction parameters for the two correction versions are de�ned in this
chapter.

Version 1

Version 1 is based on pressure losses for a two-phase �ow in a pipe. These
are described in Chapter 2.3.4.

The adjustment for earlier choke is done for the �rst correction parameter.
The �rst correction parameter is based on the homogenous model for a two-
phase �ow. It is assumed that the e�ect of the di�erent phase velocities are
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negligible and that it is the amount of liquid in the two-phase �ow which
has the biggest e�ect on when choke of the compressor appears. The �rst
correction parameter is based on the gas volume fraction

CorrPar1 =
1

GV F
(4.12a)

This correction parameter moves the �ow coe�cient closer to choke, which
means that there will be earlier choke when compressing a wet gas �ow. The
more liquid it is in the �ow, the bigger the correction parameter is. When
there is a dry gas �ow, the correction parameter will be 1, which means that
the gas losses are considered.

The second correction parameter for the power coe�cient is based on the
multiplier ΦG, which is introduced in chapter 2.3.4.

ΦG = 1 + C ·X +X2 (4.13a)

For a two-phase �ow with a maximum liquid volume fraction of 5 %, the
third term on the right hand side is small and can be neglected.

The constant C is described to consider type of �ow path. For a com-
pression process the conditions are di�erent compared to the �ow in a pipe.
However, the constant is used to adjust the model to �t the conditions for
a speci�c case. In this report, it is used to adjust the �ow to a wet gas
compression process.

As described in Chapter 4.3, the pressure change is dependent on the
liquid mass fraction, the density ratio and the velocity of the compressor.
The Lockhart-Martinelli parameter handles the density ratio and the fraction
of liquid in the �ow. The constant C is modi�ed to handle the e�ect from
the impeller tip speed of the compressor

C = (
u2

u2ref

)0.35 (4.14a)

The exponent in equation (4.14) was chosen to �t seen conditions for a wet
gas compression process. The third term in equation (2.52) is negligible.

The multiplier for a two-phase �ow through a compressor is

CorrPar2 = 1 + (
1−GMF

GMF
)0.9 · (ρG

ρL
)0.5 · (µL

µG
)0.1 · ( u2

u2ref

)0.35 (4.15a)

With u2ref equal the lowest speed.

For a wet gas �ow, the pressure losses due to the gas phase are included
and also the losses due to interaction between the liquid and the gas phase.
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Version 2

Version 2 is based on the homogeny model, where the two phases in the
wet gas �ow are assumed to have equal velocity. In this case, the assump-
tion is made that the di�erence in the velocity does not have a big e�ect on
the performance. The correction parameters for version 2 are based on the
volume and mass fraction.

Correction parameter 1 for version 2 is equal to the correction parameter
described for version 1.

CorrPar1 =
1

GV F
(4.16a)

The correction parameters for the pressure coe�cient and the polytropic ef-
�ciency are based on a philosophy, where the liquid mass fraction has the
biggest impact on the modelling of the compressor. The correction parame-
ters are therefore based on the gas mass fraction.

CorrPar2 =
1

GMF
(4.17a)

(4.17b)

For a wet gas �ow with increasing liquid mass fraction, the three correction
parameters will increase. When there is a dry gas �ow, no correction will be
done and the compressor process is computed as for the dry gas process.

4.4.4 Results for Di�erent Size of the Liquid Mass Fraction

The values for the correction parameters for the di�erent versions vary be-
tween 1.0 and 1.3 for correction parameter 1 CorrPar1 and correction pa-
rameter 2 CorrPar2 for both version 1 and 2.

A change in �ow coe�cient and power coe�cient can be seen for the
corrections in version 1. An illustration can be seen of the change in power
coe�cient for version 1 in Figure 4.6. The corrections for version 1 have
an e�ect on the change in �ow coe�cient and on the power coe�cient. For
increased liquid mass fraction, the correction on the �ow coe�cient increases
and so do also the power coe�cient. This will have an e�ect on the polytropic
e�ciency, which will be higher compared to the dry case. Stars indicate the
value of the gas �ow coe�cient and the triangles the second correction val-
ues.
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Figure 4.6: Change in power coe�cient for version 1, correction 1 (left) and
correction 2(right)

For version 2, the increase in pressure and increased losses, which means
lower polytropic e�ciency, are simulated with corrections on the pressure
coe�cient and polytropic e�ciency. The e�ect on the power coe�cient of
the two correction steps can be seen in Figure 4.7. For correction 1, the �ow
coe�cient is shifted closer to choke. Correction 2 gives higher pressure coef-
�cient and lower polytropic e�ciency, which gives a higher power coe�cient.

Figure 4.7: Change in power coe�cient for version 2, correction 1 (left) and
correction 2(right)

The results for the di�erent correction versions are shown below. The dia-
grams are shown for one suction pressure level and rotational speed and for
di�erent liquid mass fractions.

Version 1

The pressure ratio for version 1 can be seen in Figure 4.8. The decrease
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in maximum �ow is received. The steepness in the curves is not received for
larger �ow coe�cients.

Figure 4.8: Illustration of the corrected pressure ratio for version 1. Brown
line is dry gas. Orange and green line indicate two �ows with di�erent liquid
mass fraction, where orange has a higher liquid mass fraction.

The calculated shaft power is increasing for increased liquid mass fractions.
This can be seen in Figure 4.9.

Figure 4.9: Illustration of the increase in power for version 1. Brown line is
dry gas. Orange and green line indicate two �ows with di�erent liquid mass
fraction, where orange has a higher liquid mass fraction.
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Version 2

Version 2 di�ers from version 1 as it causes a higher enthalpy increase and
thus a higher stage discharge temperature for the gas phase. The reduced
range is received. By correcting the pressure coe�cient and the polytropic
e�ciency, a steeper curve for increased liquid mass fraction is received. This
can be seen in Figure 4.10.

Figure 4.10: Illustration of the corrected pressure ratio for version 2. Brown
line is dry gas. Orange and green line indicate two �ows with di�erent liquid
mass fraction, where orange has a higher liquid mass fraction.

The result for the shaft power for version 2 is similar to the result for version
1. The increase in power due to increased liquid mass fraction in the �ow is
received. This can be seen in Figure 4.11.

Figure 4.11: Illustration of the increase in power for version 2. Brown line is
dry gas. Orange and green line indicate two �ows with di�erent liquid mass
fraction, where orange has a higher liquid mass fraction.
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5
Conclusions

This chapter summarizes the report. Results and �ndings are discussed.
Thoughts about how to proceed are also presented.

5.1 Summary

In a wet gas compression process, all stream gas is compressed without pre-
separation. The compression unit is smaller and lighter than a standard
compression process.

Wet gas is de�ned as a gas with a liquid volume fraction of up to 5%
within the oil and gas industry. The liquid phase introduces new physical
processes to the gas. The new physical process gives additional challenges
as thermal and phase equilibrium cannot be expected in all situations. The
distribution of the liquid in�uences the impulse exchange between gas and
liquid and thus pressure losses.

When compressing a wet gas, the required power increases and the max-
imum suction �ow may be signi�cantly reduced. Smaller maximum �ow
means a smaller operating range and steeper compressor curves. A higher
pressure ratio compared to a dry reference run is seen for suction pressures
around 1 bar, air/water mixture at liquid mass fractions below 10 %. For
increased liquid mass fractions, the negative e�ects, such as increased fric-
tion losses dominate. For air/water mixtures at increased pressure levels,
the interaction between the liquid and gas phase is more intense. For hy-
drocarbon mixtures at elevated suction pressure, a higher pressure ratio is
received when increasing the liquid mass fractions. The e�ect on the pres-
sure ratio is di�erent depending on the composition of the wet gas mixture.
When compressing a wet gas, the shaft power increases compared to a dry
gas. One explanation to this is the increased density of the two-phase �ow.

The dry gas model follows the measurements with an average relative
error of less than 5 %. The errors can be explained by uncertainties in the
measurement data and di�erent implementations of the equation of state.
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The wet gas model is based on the dry gas model. It is divided into a two-
step correction. The �rst step contains a correction of the �ow coe�cient;
the operating point is moved closer to choke. The �rst correction parame-
ter is inspired by a homogenous model, which assumes that the velocities of
the two phases are equal. It is depending on the gas volume fraction. The
stage characteristics are thereafter corrected depending on which correction
version used.

In version 1, the pressure coe�cient is adjusted with a correction param-
eter inspired by a multiplier for two-phase �ows in pipes. The computations
for version 1 give an increase in pressure ratio and shaft power and a decrease
in range.

The focus in version 2 is to adjust the power coe�cient and the polytropic
e�ciency to be able to model the increase in shaft power, increased losses
and increase in discharge pressure. The power increases about linearly with
increased liquid mass fraction, the losses as well as the pressure changes
with a function containing the rotational speed, density ratio and liquid
mass fraction. The results for version 2 are similar to version 1, but steeper
pressure ratio curves are received.

5.2 Outlook

The work performed in this Master Thesis is considered to be a �rst step.
The models are based on models for multiphase �ow in pipes.

When creating a model, it is important to use non-dimensional num-
bers to create a multiplier. The multipliers used in this report are non-
dimensional and are based on the gas mass fraction, the gas volume fraction,
the density ratio and a ratio of the impeller tip speed. These factors were
observed to be the main factors for changes in the two-phase compression
process, as described in Chapter 4.3 such that the e�ects of a wet gas were
adequately resolved.

To move the compressor characteristics closer to choke for increased liq-
uid mass fractions, by using the change in gas mass fraction is seen to be
an e�ective method. To tune this correction parameter further to receive
computations, which agree better with reality, would be of interest.

For version 1, the relations for multiphase �ow in pipes were used with a
correction for the rotational speed. The pressure coe�cient was corrected to
model the increase in discharge pressure, while keeping the discharge tem-
perature about constant. This leads to increased polytropic e�ciency, which
is an indication on a more e�ective process. However, version 1 gives suf-
�cient result for cases with increased discharge pressure. For cases where
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there is no increased discharge pressure compared to the dry reference case,
the correction parameter is too strong.

The correction using the gas volume fraction and the gas mass fraction
shifts the characteristics closer to choke and decreases range, as seen in ver-
sion 2. Compared to version 1, this version gives similar results but a steeper
pressure ratio curve. To correct the power coe�cient and the polytropic ef-
�ciency for the increase in power and higher losses, gives a higher discharge
temperature. It would be of interest to investigate the change in discharge
temperature for each phase, but as described, it is challenging to measure a
single phase discharge temperature.

A further work of interest would be to extend version 1 and version 2
for the evaporation and condensation process through the compressor. Liq-
uid droplets at the compressor discharge indicate that not all the liquid is
evaporated. In literature, it has been seen that this would lead to a time-
dependent and more complex model. To model the interaction between the
liquid droplets and the gas �ow more detailed, is a further implementation
step. In this area the e�ects of the interaction between the liquid and the
gas phase is proposed to be further investigated and also the impact of liquid
droplets on the gas �ow, concerning di�erences in phase velocities. The im-
pact on the performance for di�erent �ow regimes in the compressor suction
and through the compressor is suggested to be investigated. If the impact is
high, these e�ects are suggested to be implemented in the model.

To be able to extend the model and make it more general, more experi-
mental investigations and researches for di�erent mixtures and compression
conditions need to be analysed and evaluated. In the future, wet gas mea-
surements from di�erent types of machines and impellers are suggested to be
evaluated and also di�erent wet gas compositions at di�erent suction pres-
sure levels.

The e�ect of the stage design on the wet gas performance has not been
investigated. The change in performance for a compressor for di�erent types
of impellers and stator designs is suggested to be mapped.
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Appendix

Appendix 1

Thermodynamic De�nitions

Thermal
equilibrium The phases in the system have equal temperatures. De�ni-

tion used by VDI Wärmeatlas [11].
Mechanical
equilibrium The phases in the system have equal pressures. De�nition

used by Cengel and Boyles [8].
Thermodynamic
equilibrium The phases in the system have equal temperature and pres-

sure. De�nition used by VDI Wärmeatlas [11].
Phase
equilibrium There is no net mass transformation between the two-phases,

which means that each phase in the system reaches a mass
equilibrium. De�nition used by Cengel and Boyles [8].

Surge
line Shows the lowest possible compressor suction �ow with sta-

ble operating conditions. For operating conditions below this
line �ow instability and surge occur, which can cause dam-
ages to the turbomachine, according to Saravanamutto et al.
[5].

Choke
limit Shows the upper limit on the suction �ow for the turboma-

chine. The choke limit is the limit, where the compressor is
not able to compress more inlet �ow, according to de�nition
used by Saravanamutto et al. [5].
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