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Abstract 

 

To describe the performance as well as the 

thermodynamic behaviour of a multiphase screw 

pump, also operating at very high gas volume 

fractions up to 100 %, a new thermo- and fluid 

dynamic model was developed. The model, which 

will be presented in this paper, takes the time-

dependent gas-liquid heat transfer, the 

compressibility and acceleration effects of the 

multiphase gap flow as well as the possibility of 

critical flow conditions into account. For the 

simulation of the mutual phase heat transfer, the 

solution of the gap flow conservation equations and 

the optimisation of the gap inflow velocity, different 

numerical techniques were used. The model as 

such gives important information of the pressure 

and the temperature distribution, the multiphase 

leakage flows through the chamber connecting gaps 

as well as the effective flow rate or the volumetric 

efficiency of the pump near the conveyance break-

off at very high gas volume fractions. 
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Thermo- and fluid dynamic model of a multiphase screw pump, operating at very high gas volume fractions 

1.  Introduction  
 
A screw pump is a particular type of rotary displacement pumps, in which a number of screws rotate inside 
a cylindrical housing. The geometry and rotation of the screws generate a series of closed chambers, which 
transport the fluid from the low pressure inlet to the high pressure outlet. The pressure distribution through 
the pump and hence the flow characteristics and system performance is heavily influenced by the leakage 
flow from the discharge side to the suction side. This leakage flow occurs through three different gaps 
inside the screw pump, namely the perimeter gap between the screws and the housing, and the radial and 
flank gap between the mating surfaces of the screws, see Figure 1.1. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1 : Three different kind of gaps inside the screw pump 

 
 
Previous investigations of multiphase screw pumps have largely been concerned with the general pumping 
behaviour of these systems [1]. Moreover these studies have been restricted to relatively medium sized 
pumps, in which the maximum power consumption and gas concentrations are relatively modest. In these 
situations the heat capacity and density of the gas-liquid mixture is dominated by the liquid phase so that 
the pumping process is essentially isothermal and thermodynamic effects can be neglected [2] and [3]. 
However, this assumption cannot be justified for larger, more powerful screw pumps, which are capable of 
conveying two-phase fluids with very high concentrations of the gaseous phase up to 100 %. There are 
existing two new models [4] and [5], which include the thermodynamic effects by establishing mass and 
energy balance equations for each chamber. But no multiphase screw pump model can be found in 
literature, which deals with the compressibility or the critical flow condition of the two-phase leakage flow 
through the gaps. Due to the above-mentioned lack of the correct modelling of compressibility effects, 
acceleration pressure drops and critical flow conditions, it is necessary to create a model for compressible 
gap flows inside of multiphase screw pumps, using analytical and numerical methods, to predict the leakage 
flow and the thermal behaviour more accurately. 
 
 

2.  Chamber model of the screw pump 
 
The thermodynamic screw pump model can be treated as a collection of several chambers, which are 
connected by three different kinds of gaps. Due to the nature of a positive displacement pump - except for 
the leakage amount, the theoretical volume flow is constant at all times - only the leakage flow has to be 
investigated, to determine the real volume flow or the volumetric efficiency factor. The driving forces for 
leakage are the local pressure difference between two corresponding chambers and the rotating screws. 
Because of the rotation of the screws, the chambers are transported from the suction to the discharge side 
of the pump. In a real screw pump, the leakage flow increases the pressure in all the chambers 
incrementally from the inlet to the outlet. In the case of 100 % liquid phase, the pressure distribution is 
linear, because the fluid is incompressible and a certain amount of leakage at the pump outlet must have 
the same amount of leakage, which flows out at the pump inlet. But if the gas volume fraction increases and 
the chambers are allowed to have different gas volume fractions, the pressure profile becomes non-linear. 
The shape depends mainly on the gas volume fraction and the rotational speed of the screws. To determine 
the correct pressure and temperature profiles etc. along the screw axis, the chamber inflow and outflow 
process have to be investigated for all chambers, beginning at the pump discharge side. The correct 
chamber connection between the suction (S) and the discharge (D) of a double-flight twin screw pump 
through the perimeter gap (PG) and the radial gap (RG) is shown in Figure 2.1. As a consequence of the 
minor contribution of the flank gap to the whole leakage mass flow, the flank gap was not considered in the 
current model. 

Perimeter Gap Radial Gap 
Flank Gap 
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Figure 2.1 : Chamber connection scheme of a double-flight twin screw pump ( here with 3 chambers ) 

 
 
The investigation time, which is divided into small time steps, is equal to the life time of the chambers. After 
this period, all chambers move one chamber position in the outlet direction. This means, that the former last 
chamber No. 3  have opened to the high pressure side and there is now a complete new chamber No. 1. 
The iteration of chamber changes, which includes all sub-iterations, has to be carried out so long, until all 
thermodynamic chamber variables reach a steady state. In the case of an odd number of chambers, the 
real pumping behaviour has to be determined by a weighting procedure between the next even upper and 
lower chamber number, depending on their temporal occurrence. The calculation of the thermodynamic 
conditions of a single chamber can be splitted into the following working stages, see also Figure 2.2: 
 
 

a)   Gas inflow      ( constant specific total enthalpy ) 
 

b)   Liquid inflow      ( constant specific total enthalpy ) 
 

c)   Gas compression by liquid inflow    ( gas temperature increasing ) 
 

d)   Liquid outflow      ( variable specific total enthalpy ) 
 

e)   Gas expansion by liquid outflow    ( gas temperature decreasing ) 
 

f)    Gas outflow      ( variable specific total enthalpy ) 
 

g)   Gas-liquid heat transfer     ( through the interfacial area )  
 
  
The chamber conditions of both phases and also the volume fractions, after the inflow (intermediate stage) 
and after the outflow process (final stage) are calculated iteratively. The division of the total inflow and 
outflow process into small time steps assures a nearly continuous flow through all chambers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.2 : Open and transient thermodynamic system 
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3.  Fundamental thermodynamic equations for open systems 
 
Each chamber of the screw pump was modelled as a thermodynamic open system [6] and [7], whereas the 
inflow and the escape of single or two-phase fluid from one chamber to the other are considered as 
transient processes. To describe the thermodynamic changes of the chamber condition, mass and energy 
conservation equations have to be applied, which were derived and introduced in this and the next sections.   
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The energy conservation equation follows from the first law of thermodynamics for transient processes in 
open systems for a negligible kinetic and potential energy of the chamber itself to  
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The heat transfer and the technical work concerning the chambers were not implemented in the current 
adiabatic model stage for the simulation of non-decreasing chamber volumes. Nevertheless, both 
contributions were introduced here for completeness and to enable a future implementation. The time span 
for determining the different mass flows in and out of the chamber has to be chosen sufficiently small, in the 
following example to 0.2 ms, so that the final pressure and temperature distribution become almost 
independent of any further time reduction of each sub-iteration and has to be adapted in certain 
circumstances, depending on the operating point of the screw pump. 
 
 

4.  Chamber inflow process 
 
The chamber inflow process consists of the inflow of the gaseous phase, then the inflow of the liquid phase 
- both at constant specific total enthalpy - and finally the gas compression by the increased liquid volume. At 
any stage, both fluids are sharing the same pressure value and during the inflow, the multiphase fluid is not 
able to flow out of the chamber. Furthermore, the process can be assumed as adiabatic, with no applied 
work energy from outside and a negligible difference in potential energy. The chamber inflow is 
mathematically described below in a sequential manner. 
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••••  Formulas for the chamber inflow 
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••••  Liquid inflow 
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••••  Gas compression by liquid inflow 
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5.  Chamber outflow process 
 
The chamber outflow process consists of the outflow of the liquid phase at variable specific total enthalpy, 
then the gas expansion by the decreasing liquid volume and finally the gas outflow also at variable specific 
total enthalpy. As in the case for inflow process, both fluids are sharing the same pressure value and during 
the outflow, multiphase fluid is not able to flow into the chamber. Furthermore, the process can also be 
assumed as adiabatic, with no applied work energy from outside and a negligible difference in potential 
energy. The chamber outflow is mathematically described below also in a sequential manner. 
 

••••  Formulas for the chamber outflow 
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••••  Liquid outflow 
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••••  Gas expansion by liquid outflow 
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••••  Gas outflow 
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6.  Gas-liquid heat transfer inside a single chamber 
 
After the chamber inflow and outflow process, a time-dependent mutual heat transfer [6] through the 
interfacial area between remaining fractions of the liquid and gaseous phase lead to a partial temperature or 
energy balancing. Generally, the temperature of the gaseous phase will decrease and the liquid phase will 
be heated up. After defining a time span - the heat transfer duration is equal to a single time step - and the 
initial conditions for the temperatures of the liquid and the gaseous phase, a system of ordinary differential 
equations has to be solved. The heat fluxes for both phases as well as the heat transfer flux through the 
interfacial area can be defined as 
 

dt

dT
cmQ L

LLL ⋅⋅=&   Heat flux of the liquid phase    (6.1) 
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,

&   Heat flux of the gaseous phase   (6.2) 

 

  ( )LGHTHTHT TTAhQ −⋅⋅=&  Heat transfer flux through the interfacial area (6.3) 

 
 
The system of ordinary differential equations, which results from the equating of Equations (6.1) and (6.2) 
with Equation (6.3), has the following form: 
 
 

( )
LG

LL

HTHTL TT
cm

Ah

dt

dT
−⋅

⋅

⋅
=             (6.4)       

 

( )
GL

GpG

HTHTG TT
cm

Ah

dt

dT
−⋅

⋅

⋅
=

,

           (6.5) 

 
 
The greatest problems in determining the mutual heat transfer and thus the temperature of both phases as 
a function of time is the correct definition of the heat transfer coefficient and the interfacial area. The latter 
depends mainly on the kind of the current multiphase flow pattern inside the chamber, which can develop 
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from a simple stratified flow to highly dispersed liquid drops in the gaseous phase. Therefore, a correlation 
must still be found, which takes the different flow patterns and the corresponding heat transfer coefficients 
into consideration. Because of the present lack of knowledge concerning the mutual phase heat transfer 
coefficients and the interfacial area, the product of both parameters was chosen in a way, that the total heat 
balance was reached during a single time step, so that both phase temperatures will be identical at the end 
of the heat transfer. The Figure 6.1 shows the time-dependent phase temperatures during the mutual heat 
transfer process inside the last chamber near by the discharge port. 
 
 

 
 

Figure 6.1 : Time-dependent heat transfer between the liquid and gaseous phase 

 
 

7.  The multiphase pressure-driven gap flows 
 

••••  The perimeter and radial gap  
 
The perimeter gap, shown in the left hand side of Figure 7.1 and in Figure 1.1, is the distance between the 
outer screw diameter and the inner diameter of the housing and it connects two chambers back-to-back. 
Because of the large outer screw diameter compared with the absolute gap height, the curvature of the gap 
can be neglected, so that it can be treated as a rectangular clearance. The radial gap, shown in the right 
hand side of Figure 7.1 as well as in Figure 1.1, is the space between the outer and the inner radius of the 
screws. Dependent upon the number of flights, it connects two chambers back-to-back or one chamber with 
the next but one. The basic theory of the perimeter gap is also valid for the radial gap. Only the geometric 
boundary conditions are different. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.1 : The compressible pressure-driven flow inside the perimeter gap ( left ) and the radial gap ( right ) 
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To change the former incompressible single-phase equations into a compressible gap flow formulation, the 
Homogeneous Equilibrium Model [9], [10] and [11] for multiphase flows, where both phases have the same 
pressure, velocity, and temperature at an arbitrary position of the gap, was used. The steady state 
conservation equations - adiabatic flow with a negligible change of potential energy - for a constant or also 
variable gap height along the flow path follow to:  
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The friction factor in Equation (7.2) was defined for laminar and rough turbulent flows, depending on the 
according Reynolds number inside the perimeter or radial gap. To define the mass fraction or the 
homogeneous density of the fluid at the gap inlet, a new correlation was developed, which relates the gas 
volume fraction at the suction side (global GVF) of the screw pump to the GVF at the corresponding gap 
inlet. The correlation presents a smooth transition from a liquid single phase leakage flow, which still exists 
at a global GVF of approx. 85 %, to a purely gaseous backflow at a global GVF of 100 %.  
 
 

••••  Solution of the conservation equations as a system of ordinary differential equations 
 
For a convenient solution of the ODE system, the conservation equations were transformed into a matrix 
formulation, see also Equations (7.4) to (7.7), and afterwards solved by a fourth-order Runge-Kutta scheme. 
All primitive variables are solved simultaneously from the gap inlet step-wise to the gap outlet.  
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The following Figures 7.2 and 7.3 present exemplary distributions of the three primitive variables pressure, 
mean velocity and temperature as well as the distributions of the coefficient matrix determinant  firstly for 
the perimeter gap and secondly for the radial gap. 
 
 

 
 
 

Figure 7.2 : Distributions of the primitive variables inside the perimeter gap ( left ) and the radial gap ( right ) 

 
 

 
 
 

Figure 7.3 : Distributions of the coefficient matrix determinants inside the perimeter gap ( left ) and the radial gap ( right ) 

 
 
The advantage of this matrix formulation is the fact that the coefficient or the left-hand side matrix A of the 
system of conservation equations serves as an indicator for the critical flow condition. If the gap flow 
reaches anywhere the critical speed, the pressure gradient will be infinite at this location. Simultaneously, 
the determinant of matrix A will become zero. Therefore, the inlet velocity must be increased step by step 
until the determinant of the coefficient matrix will be zero, then the critical mass flux density is determined. 
The perimeter gap and the radial gap are both affected by this critical flow effects. For the screw pump 
model it will be assumed, that the critical speed or the critical pressure is reached at the perimeter gap 
outlet or the radial gap nip region.   
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8.  Optimisation or adjustment of the gap inflow velocity 
 
In the case of the compressible perimeter and radial gap flow, the application of boundary conditions at the 
gap inlet and outlet is not possible. In the one-dimensional incompressible case, the mean velocity can be 
determined by the gap pressure difference and the friction factor. In the compressible case however, only 
boundary conditions at the inlet could be applied. In contrast to the thermodynamic variables inlet pressure 
and temperature, the inlet velocity is unknown. But there is an additional variable, which is known: the outlet 
pressure or the pressure of the next chamber. Therefore, it is possible to estimate an inlet velocity and 
calculate the corresponding outlet pressure and iterate the process until the calculated outlet pressure is 
equal to the pressure of the next chamber. To make this iteration process faster and more efficiently, an 
optimisation process, see Figure 8.1, is used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.1 : Scheme of inflow velocity adjustment 

 
 
The optimisation algorithms, which are used to optimise a system or to minimise a criterion, depend on the 
kind of system equations (linear or non-linear) and on restrictions for the optimisation variables. Very 
popular and also efficient algorithms are the Quasi-Newton method (Fletcher, Powell) for non-restrictive 
optimisation problems and the Sequential Quadratic Programming (Powell, Schittkowski) for more complex 
and restrictive problems, which are both available in the mathematical programme system MATLAB. An 
advantage of the Quasi-Newton method is the insensitivity towards initial conditions for the optimisation 
variables, which are located far away from the minimum. This is the reason, that this method is often 
prefered for global optimisation problems.  
 
The optimisation variable is the inflow velocity w0, for which additional informations like initial conditions, 
upper and lower bounds have to be defined. The optimisation criterion, which has to be minimised, is the 
difference between the calculated outlet pressure and the actual pressure in the next chamber: 
 

      realchaoutletcrit ppf
,

−=     (8.1) 

 
But for critical compressible flows, it must be considered, that the pressure difference criterion is not valid 
anymore, if the critical mass flux is reached. A further pressure reduction will not cause an increase of the 
inlet velocity, so that the velocity has to be fixed, if the determinant of the coefficient matrix decreases to 
zero at the perimeter gap outlet or the radial gap nip region. 
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9.  Results of the screw pump simulation 
 
The following exemplary multiphase screw pump simulation investigates an arbitrary operating point with an 
overall differential pressure of 10 bar, a global gas volume fraction of 96 % and a rotational speed of 
2900 rpm. This rotational period is characterised by three closed chambers between the discharge and the 
suction side, in contrast to two closed chambers during the rest of a single rotation. The inflow temperature 
at the suction side was set to 300 K for both phases. The most important geometric parameters of the screw 
pump can be taken from Table 9.1. 
 
 

Description Symbol Value Unit 

Outer screw diameter D 100 mm 

Inner screw diameter d 70 mm 

Thread pitch h 50 mm 

Screw length lS 120 mm 

Number of flights N 2 --- 

Chamber volume Vcha 44 cm
3
 

Perimeter gap height sPG 188 µm 

Min. radial gap height sRG 105 µm 

 
 

Table 9.1: Important geometric parameters 

 
 
The pressure distribution inside the screw pump is presented by Figure 9.1. The horizontal steps indicate 
the homogeneous pressure field inside each chamber. Above a GVF of approx. 85 %, the pressure 
distribution is loosing step by step the former parabolic shape, which had a large pressure gradient near by 
discharge side. At a GVF of 96 %, the leakage flow is already characterised by two phases and has a 
decreasing density and viscosity, so that the sealing behaviour is also decreasing. As the backflow 
increase, the pressure rises in each chamber and the pressure profile returns to linearity. 
 

 
 
 

Figure 9.1 : Pressure distribution inside the screw pump 
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Figure 9.2 and 9.3 are showing the thermodynamic behaviour of the liquid and the gaseous phase between 
the suction and the discharge port. The largest gradient at this high GVF is occurring between the suction 
side and the first chamber, because of the backflow of already heated fluid from the discharge into the 
different chambers. At the moment, where the last chamber opens to the discharge port, the remaining gas 
phase is compressed by the fast expanding fluid of the discharge, so that the gas temperature will be 
increased again, before the chamber content is released to the high pressure side. 
 
 

 
 
 

Figure 9.2 : Liquid temperature distribution inside the screw pump 

 
 

 
 
 

Figure 9.3 : Gas temperature distribution inside the screw pump 
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The gas densities as well as the gas volume fractions in each chamber are presented by the two following 
Figures 9.4 and 9.5. The gas densities are simply determined by the chamber pressure, the gas 
temperature and the use of the equation of state for air as an ideal gas. While the gas densities are 
increasing along the conveyance direction, the GVF’s are decreasing because of the backflow of the liquid 
phase and the resulting compression of the gaseous phase.   
 

 
 
 

Figure 9.4 : Chamber gas densities inside the screw pump 

 
 

 
 
 

Figure 9.5 : Chamber GVF’s inside the screw pump 
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Figure 9.6 shows the convergence of the volumetric efficiency as a function of chamber changes. After 
approx. 60 chamber iteration loops or 30 spindle rotations, a steady state is reached. Figure 9.7 presents 
the residual histories of the chamber pressure and both phase temperatures for the last chamber near by 
the discharge port as an example. The residuals are the differences of a certain variable between two 
consecutive chamber changes and have to decrease in time in order to obtain good convergence 
behaviour. The chamber pressure converges after only 7 iterations, whereas both temperatures converge 
after 45 chamber changes.  
 

 
 
 

Figure 9.6 : Convergence history of the volumetric efficiency 

 
 

 
 
 

Figure 9.7 : Residual histories of the pressure and phase temperatures of the last chamber 
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The volumetric efficiency during a conveyance period of three closed chamber is equal to 88.7 %, which 
can be also seen by the steady state in Figure 9.6. Weighting both numbers of existing chambers to 
calculate the real leakage volume flow, will result in an integral real volume flow of 39.4 m

3
/h. Considering 

the theoretical volume flow of 61.2 m
3
/h, this would correspond to a final volumetric efficiency of 64.4 %. 

 
 

10.  Conclusion 
 
The presented multiphase screw pump model was developed for the prediction of the pump conveyance 
behaviour especially at very high gas volume fractions above 85 %. To satisfy also the physical 
requirements on a multiphase, an almost purely gaseous flow, and compressible leakage flow, a new 
multiphase gap flow sub-model was introduced. This model is able to take into account the compressibility 
and acceleration effects of the leakage flow. The model is also capable of dealing with an extreme condition 
of critical flow, which can occur in a gap between two chambers having a large difference of static pressure. 
The consideration of these effects allows a more precise simulation of the thermodynamic behaviour and 
pump characteristics at very high gas volume fractions up to the conveyance break-off.  
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Nomenclature 
  
General symbols       Greek Letters 
 

A area (general)      α gas volume fraction 

c specific heat capacity     ∆ difference 

d inner screw diameter     ε small criterion value 

D outer screw diameter , determinant   η efficiency 

e specific total enthalpy     κ isentropic exponent 

E energy (general)      λ friction factor 

f criterion function     ρ density 
g gravitational acceleration 
h specific enthalpy , heat transfer coefficient , thread pitch  Subscripts 
H enthalpy , height  
l length       cha chamber 
m mass       crit criterion 
N number of flights      G gaseous 
p static pressure      h hydraulic 
q specific heat energy      H homogeneous 
Q heat energy      HT heat transfer 
R individual gas constant , radius     in inflow 
s gap height , specific entropy    kin kinetic 
t time       L liquid 
T temperature      min minimum 
u specific internal energy     out outflow 
U  internal energy     p constant pressure 
v specific volume      pot potential 
V volume (general)      S screw 
w gap flow velocity      tech technical 
W work energy      v constant volume 
x mass fraction      vol volumetric 
x,y,z coordinate directions     0 initial condition 
 
Vectors / Matrices       Abbreviations 
 
A coefficient matrix      dis distance 
b right hand side vector     D discharge 
X vector of primitive variables     GVF gas volume fraction 

ODE ordinary differential equation 
PG  perimeter gap 
RG radial gap 
S suction 
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