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Abstract 

Multiphase pumping in the oil and gas inclust ry is t he ability to boost pressm e without sepa
rat ing the liquicl and the gas phases. This gives opport unities to process the different phases 
centrally when using multiple wcll sites, or processing on land for an offshore well. No sep
arat ion of the phases and only one pipeline have to be usecl. For opti ma! performance of a 
twin screw pump a small liquid fraction is necessary to seal the interna l clearances of a twin 
screw pump. 100 percent gas voicl fr actions can be pumpecl for a short period of time when 
arra11gcme11ts are made to recirculate fluid, to scal the clcarances. This makes the iuternal 
design of a twin screw pump an engineering challenge. To gain more insight of the flow in a 
twin screw pump a CFD model can be usecl . 

The goal of this graduation report is to predict the leakage flow rate in a twin screw pump 
with a three-dirnensional model of the pump and a commercial CFD package. This goal can 
be divided in three parts. The leakage flow rate first fo _ non-rotating screws and single-phase 
flow, secondly for rotating screws and single-phase flow , and finally considering mult iphase 
flow with rotating screws. In this report the first part is considered , and recommendations 
are given for the other parts. 

The leakage flow rate is simplified in two different cases. The first case is flow through 
an annulus with inner rotating cylinder, th is represents the flow between the screw and 
housing (liner) of a twin screw pump. The second case is flow through a straight-through 
labyriu t h seal. The ::;crew thread viewed in axial dir ection is sirnilar to a labyrinth ::;cal. 
Recirculation and throttling of fluid in the screw cavities can be expected. For these two 
cases the performance of t he t mbulence model is evaluated and coupled to requirements for 
the dimensionless wall distance in the first cell near the wal!. 
To simulate the flow in a twin screw pump the flow domain has to be meshed, t he mesh must 
have a limited number of cells to perform calculat ions with normal PC requirements in a rea
sonable amount of time. The nurnber of cells in the clearance between the t ips of the screw and 
the liner is estimated. The number of cells with an unstructm ed tetrahedral mcsh is too large 
to perform CFD simula.t ions. Structureel hexa.hedral cells can be usecl, howcver t he::;e cel ls 
have to be elongatecl in ax ia l a11cl tangential d irection to reduce the number of cells. A ::;truc
tured grid with hexahedral cells is created by layering crnss-scc tions perpendicular to t he axial 
direct ion . The cells on a cross-section are placed along gracl ient lines of the La place problem 
solved fo r this cross-sect ion. The La.place problem is solvecl, for an unstructured triangular 
rnesh of the cross-sect ion, with a mesh generator and solver of a commercial CFD package. 
Gracl ient lines never cross each other, so a robust two--dirnensiona.l griel is crcated. For the 
next cross-section, a small clisplacement in ax ial clirection, t he screws are rotatecl slight ly and 
the La.place problem is ::;o]ved aga.in. Merging the cross-sec tions gives a three-dimensiona.l griel 



of the screws of a twin screw pump. The quality of this three-dimensional grid is examinecl. 
The low screw pitch gives a relatively large tangentia l displacement compared to the axial 
displacement, resulting in high ly skewed cells. This reduces t he app licability of this griel fo r 
turbulent flows. Elongating the screws in axial direction (higher pitch) gives a better quality 
grid , however the origina l geometry is lost. 

The leakage flow through a twin screw pump has two paths, first, leakage through the clear
ance between the scrcw and the liner, and secondly between the screws itself. The leakage 
flow through the twin screw pump is simulated for a differential pressure of up to 10 kPa per 
screw thread (seal) mi the three-climensional griel . . F'or higher differential pressures the simu
lation does non converge. The simulated leakage flow rate in the clearance between screw and 
liner is approximately the same as t he analytic lam inar leakage flow rate through a stationary 
annulus. The relation between differential pressure and leakage flow rate is determined for 
low axial Reynolds numbers , and fo r higher a.,xial Reynolds numbers using an elongated griel 
in axial direction. 

The statie numerical simulation of the flow in a twin screw pump show realistic flow features. 
The differential pressure per screw thread bas to be mcreased to simulate real pump per
formance. The numerical model is created with the ability to adel a dynamic mesh, this to 
simulate the rotation of t he screws. Also multiphase models can be added to predict leak
age flow characteristics with liquid-gas mixtures. For these extensions to the current model 
recommendations are given. 

ii 



Nomenclature 

Symbol 

a 
Acl 

At-incr 

Ascrcw 

D 
d1, 
e 
fAR 

h 
h1 
GVF 
L 
L 
rh 
Ma 
N 

nax 

ncc/l 

n""" 

nstr 

n,mslr 

R 
r; 

Rtincr 

Re 
R ew 
s 

Description 

edge length of cell 
proj ected area of clearance betwee11 screw and liner pcr
pendicular to the axial dircction 
area of two joined circles 
area of screw cross-section 
outer diameter screw 
hydraulic di ameter 
elongation of grid 
aspect rat io of ce ll edges 
center cl istance screws 
height of screw cavity 
gas void fr action 
length 
::;crew t hickness 
rna::;s flow ratc 
Mach number 
rotation speed 
11u mber of ax ial ce lls 
number of cells in radial direction 
number of tangential cells 
number of screw t hreads (revolut ions) 
number of st ructured cells 
number of unstructured cclls 
outer rad ius of screw 
inner radi us of scrcw 
radius of liner 
axial Reynolds number 
tangenti al Reynolds numbcr 
clearance between screw and liner 
absolu te pressure 
pressure difference 
grow rate 
pitch of one screw thread 
leakage flow rate in clearance between screw and liner 
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[Unit] 

[m] 
[m-2] 

[rn2] 

[rn2] 
[mj 
[mj 
[-1 
[-] 
[m,] 
[m] 
1-1 
[mj 
[rn] 
[kg/s j 
[-] 
[rznn] 
[-1 
[-] 
[-] 
[-] 
[-] 
[-] 
[m] 
[m] 
[rn,j 
[-1 
1-1 
[rn] 
[Pa) 
[Pa] 
[-] 
[m/rev] 
[m3 /s] 



Symbol Descrip t ion [Uni t ] 

Q1 lcakagc f-low ratc of pump [m3/s] 
Q" realized flow rate of pump [m3/s j 
Q1. theoretica! flow rate of pump [m3/s] 
UT friction velocity [m/s] 
V fluid velocity [m/s] 
(v,u) mean ax ial velocity [m/s] 
½1 volume of clearance between screw and liner [m3] 
Vo screw displacement volume per revolution [m3 /r ev] 
V/ic:,; volume of hexahedral ccll [m3] 
Viel volume of tetrahedral ccll [m3] 
y+ dimensionless wall distance [-] 

Greek symbols 

Symbol Description [Unit] 

0 angle [rad] 
,\ resistance coefficient [-] 
µ dynamic viscosity [kg/(rns)] 
1/ kinematic viscosity [m2/s] 
T shear tensor [N/m2] 
Tw wall shear stress [N/m2] 
cp potential [-] 
p density [kg/m3] 
w angular velocity of the screw [rad/s ] 
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Chapter 1 

Introduction 

Screw pumps are a special type of rotary positive displacement pump in which the flow 
through the pumping element is axial. The liquid is carried between screw threads on one 
or more screws a nd is displaced axially as the screws rota te and intermesh ( see figure 1.1) . 
In a ll other rotary pumps the liquid is forced circumferentially, thus giving the screw pump 
its unique axial flow pattern and low internal velocities a number of advantages in many 
applications where liquid agitat ion or churning is not desired. Another property for a twin 
screw pump, as opposed to centrifugal pumps is the capability of handling mixtures of liquid 
and vapo ur. In this report only twin screw pumps are considered. 
The applications of screw pumps cover a diversified range of markets including navy, marine, 
and utilities fuel oil services; marine cargo; industrial oil burners; lubricating oi l services; 
chemica! processes; petroleum and crude oil industries; power hydraulics for navy a nd machine 
tools ; and many others. The screw pump can handle liquids in a range of viscosities , from 
molasses to gasoline, as well as synthetic liquicls in a pressure range from 3.5 to 350 bar and 
flows up to 1820 m 3 / h. In this report only crude oil transportation is co11sidered . 
l3ecause of relatively low inertia of their rotating parts, screw pumps are capable of operating 
a t higher speeds than other rotary or reciprocating pumps of comparable displacement. Screw 
pumps, like other rotary positive displacement pumps, are self-priming and have a clelivery 
flow characteristic, which is essent ially independent of pressure, provided there is sufficient 
viscosity in the liquid being pumped. 
Twin screw pumps are available in two configurations: single end and double end (sec figure 
1.2). Reference is made to [1] with respect to this chapter. 

Figure 1.1: Diagrams of screw and gear clements, showing (a) axial and (b) circumfcrential 
flow 
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t 
Figure 1.2: Twin screw pump with double-end arrangement and internal timing gears 

1.1 Theory of screw pumps 

In screw pumps, it is the intermeshing of the threads on the screws and the close fit of the 
surrou11ding housing (liner) that create one or more sets of moving seals in a series between 
the pump inlct and outlet. These sets of seals act as a labyrinth and provide the screw 
with its positive pressure capability. The successive sets of seals form fully enclosed cavities 
that move continuously from inlet to outlet, providing a smooth flow. Because the screw 
pump is a positive displacernent device, it will deliver a definite quantity of liquid every 
revolution of the screws. This delivery can be defined in terms of displacement volume Vo, 
which is the theoretica! volume displaced per revolution of the screws and is dependent only 
upon the physical di111ensions of the screws. This delivery can also be dcfined in terms of 
theoretica! capacity or flow rate Qt measured in cubic meters per second, which is a funct ion 
of displacement volume and speed N (rprn ): 

(1.1) 

If no internal clearances existed, the pump\; actual delivercd or net flow ratc Q.,. would cqual 
the theoretica! flow rate. Clearances, however, do exist with the result that whenever a pres
sure differential occurs, there will always be internal leakage from outlet to inlet. This leakage 
Q1 varies depending upon the pump type or model, the geometry of the clearance, the liquid 
viscosity, the rotation speed of the screws, and the differential pressure. The delivery flow rate 
or net flow rate is the theoretica! flow rate minus the leakage flow rate: Qr = Qt - Q1. If the 
differential pressure is almost zero, the leakage flow rate may be neglected and Q.,. = Q, .. The 
theoretica! flow rate is not dependent on the differential pressure over a positive clisplacement 
pump, sec figurc 1.3(a). 

The theoretica! flow rate of any pump can readily be calculated if a ll essentia l dimensio11s 
are k11own, see figure 1. 3 (b) for the screw dimension parameters. For any particular thread 
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N = cow;/m1/. 

Q Q, 

6/J 

(a) 'l'heoretic and realized volume flow ratc 
against differential pressure for positive displac.e
me11t pumps 

F igure 1.3: Twi11 screw pump 
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IJ 

(b) Parameters 

configuratiou, assuming geometrie similarity, the si;i;e of cach cavity mentioned earlier is pro
portiona l to its length and cross-sectional area. The thread pitch r measured in terms of 
the same nomina! diameter, which is used in calculating the cross-sectional area, defines the 
length. Therefore, the volume flow rate of each cavity is proportiona l to the cube of this 
nomina! diameter and the speed of rotation N (rpm): 

3 Ql = kD N 

or writing it in terms of pitch, 

Ql = k1 · r · D 2N 

where r = kD / /..: 1 with k and k1 being constants. 

(1.2) 

( 1.3) 

Tirns, for a givcn geometry, it can be seen tltat a relatively small increase in pump size 
can provide a large increase in flow rate. This is also true for centrifugal pumps which scale 
according to <l> = N%3 = constant. The theoretica! flow rate of centrifugal pumps is influenced 
by the differential pressure over the pump, this is in contrast to positive displacement pumps 
like screw pumps . 
The lcakage flow rate can also be calculated, but it is usually estirnated based on empirica! 
values obtained from extensive testing. These test data are the basis of the design parameters 
used by every pump manufacturer. The leakage flow rate generally varies approxirnately with 
the square of the nomina! diameter and linearly with the pressure difference. When neglecting 
the effect of rotation of the scrcws on the leakagc flow rate, the net flow rate Qr can be written 
as: 

( 1.4) 

with k and k2 empirical constants depending on the geometry and t he working fluid . 

1.2 Construction of screw pumps 

Design concepts The pressure gradient in the pump elernents of a ll the types of ::;crew 
pumps produces various hydraulic reaction forces. The mechanica! and hydraulic teclmique 
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employed for absorbing these react ion forces are one of the differences in the types of screw 
pumps produced by various manufacturers. Another fundamental difference lies in the method 
of engaging, or meshing, the screws and maintaining the running clearances bctween them. 
Two basic design approaches are used : 

• The t-imed screws approach is based on an external means for phc"lli ing the mesh of the 
treads and for supporting the forces act ing on the screws. In this concept, theoretically, 
the threads do no come into contact with each other nor with the housing bores in which 
they rota.te. 

• The unfrmed screws approach is based on the precision and accuracy of the screw forms 
for the proper mesh and transmission of rotation. They utilize the housing bores as 
journal bearings supporting the pumping reactions along the entire length of the screws. 

Timed scrcw pumps require separate timing gears between the screws and separate support 
bearings at each end to absorb t he reaction forces and maintain the proper clearances. Un
timed screw pumps do not require gears or extcrnal bearings and thus are considerably simpler 
in design. 

Double-end screw pumps The double-end arrangement is basically two opposed, single
end pumps or pump elements of the sa.me size with a common driving screw that has an 
opposcd , double-helix design with one casing. As can be seen from figure 1.2, the fluid enters 
a common inlet with a split flow going to the out board ends of the two pumping elements and 
is discharged from the middle or center of the pumping elements. The two pump elements are, 
in effect, pumps conncctcd in parallel. For low-prcssurc applications, the design can pump 
backwards when the direction of screw rotation is reversed. In either of these arrangements, 
all a.,-xial loads on the screws are balanced , as the pressure gradients in each end are equa l and 
opposite. The double-end screw pumps construction is usually limited to low- a nd medium 
pressure applications, with 28 bar being a good practical limit to be used for planning pur
poses. Double-end pumps are generally ernployed where large flows are required or where 
highly viscous liquids are hand led . 

Timed design Timed screw pumps having timing gears and screw support bearings are 
available in two genera! arrangements: internal and external. The internal version has both 
the gears and the hearings located in the pumping chamber and the design is relatively simple 
and compact. This version is generally restricted to the handling of clean lubricating fluids, 
which serve as the only lubrication for the t iming gears and bearings. 
The external timing arrangement is the most popular and is extensively used. It ha.-; both 
the timing gears and screw support hearings located outside the pumping chamber. T his 
type can handle a complete range of fluids, both lubricating and 11011-lubricating, and , with 
proper materials, has good abrasion resistance. The timing gears and hearings are oil-bath
lubricated from an externa l source. This arrangement requires the use of four stuffing boxes 
or mechanica! seals, as opposed to the internal type, which employs only one sha ft seal. 
The mai n advantage of the timed screw pump is that the timing gears transmit power to the 
screws with no contact between the screw threads, thus promoting long pump life. The gears 
and screws are timed at the factory to maintain the proper clearance between the screws. 
The timing gears can be either spur or helical, herringbone, hardened-steel gears with tooth 
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profiles designed for efficient, quiet, positive drive of the screws. Antifrictional rad ia l bearings 
are usually of the heavy-duty roller type, while the trust bearings, which position the screws 
axially, a re either double-mw, ball- thrust or spherical-roller types. 
The housing can be supplied in a variety of materials , including cast iron , ductile iron , cast 
steel, stainless steel, a nd bronze. In addit ion , the screw bores of the housing can be lined 
wi t h industrial hard chrome for abrasion resistance. 
Since the screws are not generally in rnetallic contact with the housing or with one another, 
they can also be supplied in a variety of rnaterials, includi11g cast iron , heat-treated a lloy steel, 
stainless steel, Monel, and nitralloy. The outside of the screws can also be covered with a 
variety of hard coat ing materials such as nickel based a lloys, tungsten carbide, chrorne oxide, 
or cernmic. 

1.3 Special multiphase applications 

Screw pumps have been used with gas-entraiued applicat ion for many years , but recent process 
changes in oilfield technologies have created requirements for pumping multiphase fluids , 
containing more t han just nomina! amount of gases. In many oil well applicat ions, t he liquid 
oil flow eventually degenerates into all sorts of difficult mult iphase mixtures of oil , gas, water, 
and sand. In the past , it was common for the gas to be separated and flared off a t the well 
head with only t he liquid product to be retained for further processing. If the gas is to be 
processed as we l! , separators, compressors, and dual pipelines are required to handle t he gas 
phase. Therefore, a pump which can handle these difficult liquids with high gas contents , 
can save significant equipment costs as well as operating costs. Under various conditions, the 
wel] output can vary from 100 percent liquid to 100 percent gas, whi le maintaining the full 
discha rge pressure. 
When pumping mul t iphase products with high gas void fra cl'ions, the pum p must be designed 
with a small pitch to provide a sufficient number of seals. The key to pumping mul tiphase 
products is to ensure that so rne liquid is always ava ila ble to seal the screw clearances and 
reduce the leakage flow rate. Even a small amount of recirculated liquid is sufficient to 
provicle this sea l a nd enable t he screw pump to operate with GVFs approaching 100 percent. 
Depe11ding on a number of facto rs, the volume of liquid required to seal and cool t he screws 
can be three to six percent of the total inlet volume flow rate. In order to ensure that sufficient 
liquid is avai lablc at conditions of high GVFs, a separate liquid flush can be providcd or a 
separa tor type of body pump can be used. This type of body includes a special chamber 
that can separate some liquid frorn the multiphase mixture being pumped. T his liquid can 
be recirculated back to the screws and mechanica! seals to provide seal ing and cooling liquid 
a t times when the product is almost all gas. 
When pumping liquids, the leuk.age flow rate through the intcrnal clearances is proportional 
to the differential pressure and inversely proportional to the viscosity ( assuming laminar flow 
through t he clearances ). However, in mul t iphase applicat ions, as the void fr action increases, 
the leakage flow rate decreases. See figure 1.4(a) for the typical pump performance when 
pumping multiphase mixtures. Leakage flow compresses the gas in the upstream screw cavity. 
Whi le t he screw cavities move downstream, the gas voicl fr action recluces by the increased 
pressure. Some leakage flow fills the reduction in gas volume in t he cavity, and a smaller 
leakage flow progresses to t he next upstream cavity. This is clearly visible in figure l.4(b). 
When the leakage flow rate is smaller, the diITerential prcssure over a clearance is also smaller. 
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The leakage flow rate through the most upstream clearance is the total leakage flow rate of a 
twin screw pump for rnultiphase applications. 

Q 

/:,.p 

(a) Typ ical twin ,;crew pump performance 
curve (N=con,;tant) 

/ I \ ~ 

l w- d~ ,,, I~= --~-'"--q, 
'--..../ "---" ,.__,. ,..___,, ,..___,, 

(b) Gas compression by the leakage flow 

Figure 1.4: Multiphase app lication of a twin screw pump 

1.4 Goal and outline 

The aim of the research is to predict the leakage flow rate of a multiphase twin scrcw pump by 
numcrical simulations of the internal flow. This research can be divided in three stages: first, 
single phase flow in a non-rotating pump. Secondly, single phase flow in a rotating pump and 
thirdly, multiphase flow in a rotating pump. This report is restricted to the first stage and 
mainly focusses on the method to generate a suitable computational grid. 

In chapter 2, the characteristics of the lcaka,gc flow are stndicd by considering two sirnpler 
cases: the flow through an annulus with rotating inner cylinder, and the flow through a 
straight-through labyrinth seal. Recommcndations for the grid and turbulence model are 
given. In chapter 3, a method to create a three-dirnensional grid of the screw pump and 
rnesh methods for rotating screws is presented. It is used in chapter 4 to construct a three
dimensional grid of the twin screw pump. In chapter 5, the generated grid is used to si1nulate 
the leakage flow rate for non-rotating screws and single-phase flow with the three-dimensional 
griel. Finally in chapter 6, the conclusion of the developed mesh rnethod and simu lated lcakage 
flow rate are discussed. Also recomrnendations to expand the model for ti111e-dcpe11dcnt flow 
simulations and multiphase flow are discussed in this chapter . 



Chapter 2 

Simplified leakage flow in a twin 
screw pump 

Ju section 2.1 the flow regime in the clearances of the screw is considered and the corresponding 
Reynolds number is estimated . The leakage flow in a twin screw pump is dependent on two 
phenomena. First, the leakage flow rate is dependent on friction in the small clearance 
between the tips of the rotating screw and the stationary liner. Secondly, the leakage flow 
rate is dependent on the flow resistance of the inlet and outlet of this clearance. These two 
phenornena in the leakage area of a twin screw pump are represented by two characterist ic 
flow cases . First, the flow in an annulus with rotating inner cylinder. Secondly, flow through 
a stationary labyrinth seal. In section 2.2 the flow in an annulus with rotating inner cylinder 
is simulated for the corresponding Reynolds number of a twin screw pump. In section 2.3 t he 
leakage flow through a stationary labyrinth seal is simulated for the corresponding Reynolds 
number of a twin screw pump. For the annulus with rotating inner cy linder and t he labyrinth 
seal the simulated flow is compared with experimental results and reconunendat ions for griel 
and turbulence model are given. In section 2.4 the simplified flow from section 2.1 and 2.2 
is applieJ for a twin screw pump to estirnate the leakage flow rate for a complete twin screw 
pump. In sect ion 2.5 recornrnenclations are made for the griel and turbulence model. 

2.1 Reynolds number in twin screw pump 

The Reynolds number is an important parameter for the flow regime. For pipe flow a Reynolds 
number smaller than 2100, basecl on hydraulic diameter and mean ve locity, represents laminar 
flow and a higher Reynolds number represents turbulent flow in genera!. In the clearance area 
between screw and liner of a screw pump two directions of fluicl motion are present. First t he 
leakage flow in axial dircctio11 a11J seco11Jly the tangential motion of fluiJ in the clearance. 
The axia l Reynolds uumber Re and the tange 11 t ia l Reynolcls m11nber Rew are definecl as: 

Re 
(va,c ) sp 

(2.1) 
µ 

R ew 
pwRs 

(2.2) 
µ 
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where (vax) is the mean axial flow velocity, R the outer screw radius, w the angular velocity 
of the screw, s the clearance between screw and liner, p the density of the medium, and µ the 
dynamic viscosity. The axial Reynolds number is normally based on the hydraulic diameter 
d1t = 2s but in equation (2.1) the notation of [11] is used. Note that with this notation a 
axial Reynolds number larger than 1050 represents turbulent flow in a pipe. 
From these equations it is clear that the Reynolds nurnbers are dependent on dynamic viscosity 
and density of the medium, and the clearance. The tangential Reynolds number is dependent 
on the circumferential speed of the screw, while the axia l Reynolds number depends on the 
axial velocity, which is in turn dependent on the differential pressure over the screw. The 
variables not concerning the geometry of the screw will be discussed point wise: 
Viscosity A multiphase twin screw pump designed for pumping crude oil is co nsidered. The 
dynamic viscosity of crude oil varies between 1.4 • 10-3 - 20 • 10- 3 kg/(ms) 1. 

Tangential velocity The tangential velocity is dependent on the outer radius of the screw 
and the rotational speed of the screws. The maximum rotational speed typical for twin screw 
pumps designed for non-lubricating liquids is 1750 rpm 2 and for lubricating liquids 2900 
r7Jm 3 . 

Axial velocity The mean axial leakage velocity for Hagen-Poiseuille flow in a cylindrical 
annulus is given in equation (2.3). This value of (vax) may serve as a first es timate since no 
axial movement of the annulus is taken into account. Also laminar flow is considered in this 
estimation. When the leakage flow is turbulent, the turbulent flow profile and the rotation of 
the screw produces deviations from this est irnated mean a.,x ial velocity. Reference is made to 
[2] for this equa tion. 

6.ps2 
(v"x ) = 12µL (2.3) 

where L is the length of the annulus, 6.p the pressure difference, s the clearance, and µ t he 
dynamic viscosity. 
Wi t h this mean axial velocity (vax) a nd t he twin screw pump d irnensions the axial Reynolds 
nurnber can be estimated. The differential pressure over one seal is the tota l pressure build 
up divided by the number of seals, considering single phase flow . The total number of seals is 
dependent on the number of screw threads . In figure 2.1 a schematic view and a photograph 
of two screw threads are given. The cavities A and D in this figure are connected. To seal one 
cavity at least 2 screw threads are necessary, but normally just over 2 screw threads are used 
to ensure proper sealing. For example: 5f screw threads seal 4 cavities . Tirns the typical 
total pressure build up over the pump is 16 bar 2 3 at maximum. Assuming 4 seals, this 
gives a differential pressure 6.p of 4 bar per seal. 
The axial Reynolds number Re is estimated a t 10,000 a nd the tangential Reynolds 11u111ber 
Rew is 3000 for crude oil with the parameters given in tab le 2.1. 
In this est imatio11 of the axial Reynolds nurnber the following phenomena are neglected: 

• Axial flow profile is turbulent, resulting in an even higher axial velocity a nd Reynolds 
number. 

• No inlet and outflow resistances are considered, and the axial velocity will be lower 
resulting in a lower axial Reynolds number. 

1 reference to http: //www. engineeringtoulbox .com 
2 Houttui11 2Hi. 10 screw pump, http://h uuttuin.111/cu ntents/21GJ0bro.pdf 
:i llo utt11in 249 .40 screw pump, http: // houttuin.nl /contents/24940bro.pdf 
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(a) Schernatic view (b) Photograph 

Figure 2.1: Two threads of twin screw pump 

Table 2.1: Parall1eters for Reyuolds numbers of a twin screw pump 

µ 1.4 · 10-J kg/(ms) 

p 800 kg/mj 

N 1350 rpm 
6.p 4 bar 
L 22mm 
R 147mm 
s 0.25 mm 

• The screw translates opposite to the leakage flow, so the axial flow profile wil! be differ
ent. The mean axial velocity will be lower resulti11g in a lower axial Reynolds nurnber. 
The axial screw velocity is given by (N /60) • r, whcre N is the rotational speed in rpm, 
and r the screw pitch in m. The axial screw velocity is 1.35 m/ s at 1350 rpm and a 
screw thread of 60 mm. This is low compared to the est imated mean axial velocity of 
69.3 m/s. 

• The screw rotates and this leads to a tangcntial motion of the fluid and, at high rotation 
speeds, to the occurrence of Taylor vortices in the fluid . This secondary flow leads to an 
additional resistance and a lower axial velocity and ax ial Reynolds number. In scct ion 
2.2 this rotation is considered. 

2.2 Annulus with rotating inner cylinder 

The resistance of a water flow in an annulus with a rotating inner cylinder is studied experi
mentally in [11] . For the CFD simulations , these experiments will serve as a test-case which 
will give recommendations for griel properties and turbulence model. 
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2.2.1 Experiment 

The geometry of the test set-up used in [11 ] is given in figure 2.2. In this figure the fluid 
flows from left to right . The pressure is measured at three locations (N1, N11 and Nu 1) and 
also the flow rate is measured. As is apparent from the figure, the pressure is rneasured at 
some distancc frorn t he inlct to rninimizc inlct f-iow cffccts. At every measuring location four 
holes of 0.4 mm in diameter and 90° apart in the outer cylinder are connected to minimize 
measuring errors. 
Anticipating a turbulent fiow, the pressure drop t::.p over the annulus is writte11 as : 

t::.p _ ('~ r.) (vax)
2 

- /\ + Urn 
p 2s · 2 

(2.4) 

with À the rcsistance cocfficient, Oio the resistance factor for the inlet and t he outlet, L 
t he ax ial length, s the clearance between inner and outer cylinder of the a11nulus, (v11.1:) the 
mean ax ial velocity, and p the density. In figure 2.3, the resistance coefficient À of various 
experirnents with tangential Reynolds number Rew between 1000 and 20000 are given for axial 
Reynolds nurnbers R e in t he range 100 to 25000. The axial Reynolds number for leakage fiow 
in the clearances between screw and liuer is more accurately estimated with equat ion 2.4. A 
Oio of 1.5 is chosen according to [8] for the resistance of the in- and outlet . The axia l Reynolds 
number is estimated at 2230. 
For flow in an anrmlus with rotating inner cylindcr, thcre are no inlet and outlet resistances, 
and Oio is set to zero. 

F igure 2.2: Experi111ental set-up of an annulus with rotating inner cylindcr ( dimensions in 
mm) 

In t able 2.2 the dimensions of the smallest an11ulus considered in the experimental st udy are 
given, and compared with typ ical dimensions of a screw pump. The clearance ratio s/ R of a 
screw is much smaller than that of the annulus. It can be concludcd that the clearance ratio 
does have an effect on the resistance coefficient À (see figure 2.3). Therefore, the leaka,ge fiow 
rate of a screw pump eau not be accurately determined from the measurernents. However, 
this difference has no infiuence on recommendations for grid and turbulcnce model, bccause 
the exact geometry of the annulus is used in the nurncrical simulations. 

2.2.2 Numerical simulation 

For Re = 2230 and Rew = 3000 a nurncrical simulation of f-iow in an ammlus with rotating 
inner cylinder is performed with t he commercial CFD-packa,ge Fluent. These Reynolds num
bers indicate a turbulent flow. This is a steady axisymmetric problem , and is solved using 
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Figure 2.3: Relation between resistance coefficient À and tangential Reynolds number Rew 
for various TI and a.xial Reynolds number Re 

Table 2.2: Clearance ratio s/ R for a twin screw pump and an annulus with rotating inner 
cylinder 

Radius R [mm] Clearance s [mni] Clearance ratio s/ R [-] 
Annulus 31 .72 0.43 0.0136 
Screw pump 147.25 0.25 0.0017 

the segregated solver and implicit formulation . The segregated solver is used because in F lu
ent this solver is capable of adding multiphase models. The alternative, a couplecl solver , is 
not capable of adding multiphase moclels. The couplecl solver in Fluent solves the governing 
cquations of continuity, momentum, and if necessary energy simultaneously as a set of equa
tions. The segregated solver solves the governing equat ions sequentially (segregatecl from one 
another). The segregated solver can only be used with implicit formulation in Flucnt. The 
continuity and momentum equat ions solved by the segregatecl solver are given in differential 
form and cylindrical coorclinates as : 

ÖfJ l à l 8 à 
- + -- (pru,.) + -- (puo) + - (puz) = 0 
àt r Dr ·,· 0 à::. 

(
à·u" D·u,. ·uo à.u" à·u" u~) Dp [l à ( ) 1 à à Too] p - + ·u,.-+ -- +uz - - - = - - - -- rT,.,. + --Tor + -L,. - -
Dt D" r DO Dz r àr r àr r rJO à z - r 
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(
Duo O'llo uo O'llo Duo '11, -'llO) 1 op [ l o . 2 l D D ] 

P 7ft + 'Il, &- + -;- 80 + 'llz oz - -,,.- = --:; 80 - ,,.2 Ör (r Tro) +-:; 00 Too + 8z Tzo 

(
8'11 , 8'11, ·110 D'll , Ö'll,) Dp [l D l D D ] p - +'Il,.- + -- + 'Il, - = -- - --(rr,.) + --Toz + -T. , (2.5) 
Dt Dr r 80 • Dz Dz r Dr • r 80 Öz " 

where p is the density, u the fluid velocity, r the shear tensor, and p the pressure. The terrn 
fo is zero for axisymmetric problems. In case of steady state calculations the Ît term is also 
zero. The equations of continuity and momentum are implemented in the SIMPLE method 
(Semi lmplicit Method for Pressure Linked Equations) . This method calculates the flow field 
with an estimate of the pressure. After this, the pressure is corrected with the solution of the 
flow field to form a new estimate of the pressure. lu this way iteratively a solution for the 
flow field and the pressure can be calculated that satisfies both continuity and momentum 
equat ions. The equations of the SIMPLE method are solved with the Gauss-Seidel algorithm 
for an Algebraic MultiGrid (AMG). Discussing these rnethods fa.lis outside the scope of this 
report. In [4] and [7] these methods are discussed. 
Numerical models have two approaches to model turbulent flow behaviour near solid walls; 
wal! fun ct ions and near-wa ll modeling approaches. Wal! functions use semi-empirica! formulas 
to resolve the flow in large cells near the wal!. Near-wall modeling uses small cells near the 
wall to resolve the f-iow. The approaches each have different requirements on the size of the 
first cell at the wal!. This is expressed in the dimensionless wall distance y+, defined as: 

(2.6) 

where y is the distance of the center of the element to the wal! , fl, the dynamic viscosity and Ur 

the friction velocity given by & where Tw is the wall-shear stress defined as Tw = µ (~) . V p !} y= O 

The required y+ for the wall function approach is 30 < y+ < 200. A value closer to the lower 
bound is most desirable. The required y+ for near-wall modeling is of the order of l. The 
upper bound is y+ < 4 ~ 5. Another criterion for near-wall modeling is that there are at least 
10 cells within the viscosity-affected boundary layer. In [4] en [6] these rnethods are discussed 
extensively. 

In the remaincler of this section, numerical results will be compared with results from ex
periments as given in figure 2.3. Values of resistance coefficient >. at intermecliate Reynolds 
numbers are determined by linear interpolation. In the simulations, two near-wa ll approaches 
will be considered: first wall functions wil! be evaluatecl, and secondly near-wa ll modeling. 

Wall functions 

With the k - E model with standard wall functions, the value of y+ is calculated for grids 
with different number of cells in radial direction. The value of y+ is solution dependent: it 
will vary slightly for different turbulence models, but it gives a good idea of the dimensionless 
wall distance with that griel. In table 2.3 the dimensionless wall distance is given for different 
number of cells ncell in radial direct ion. The required dimensionless wall distance 30 < y+ < 
200 is not reached with these Reynolds numbers (Re= 2230 and R ew = 3000). The calculated 
resistance coefficient does not seem to be inf!uenced much by the dimensionless wal! distance. 
To maintain sorne radial ce ll s in the annulus and to keep the value of y+ close to the required 
value, n ee. Il = 5 is chosen to determine the accuracy of the different turbulence models. 
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Table 2.3: Dimcnsionless wal! distance y+ and resistance coefficient À for different grids of 
the annulus problem determined with the standard k - € model and stanclarcl wall function 
(Re = 2230, R ew = 3000) 

ncell y+ À-,wm 

4 22 0.0455 
5 18 0.0461 
6 15 0.0464 
7 13 0.0466 
8 11 0.0466 

In table 2.4 the calculated resistance coefficient À is given for the k - € and k - w turbulcnce 
moclcls with various model options and wal! functions . Furthermore, the difference between 
the calculated and t he experimental value of the resistancc coefficient À is given. A st ruc
tureel griel with cquilateral cdgcs is uscd, sec figurc 2.5(a). The axial length of the structureel 
elements is not consiclered of irnportance clue to the axial nature of the flow. Adclitional 
numerical simulat ions with elongatecl cells in axial cl irect ion (2, 5 and 10 times) give the same 
resistancc coefficicnts À. 

Table 2.4: Resistance coefficient À for various turbulence 111oclels with wall functions cleter
minecl for the annulus problem (ncell = 5, y+ = 18, Àe:i:p = 0.0579,Re = 2230, Rew = 3000) 

turb . 111oclel version option wall function Ànum dev [%] 
k - E standard standarcl 0.0461 20.4 

non-equi librium 0.0477 17.6 
RNG standarcl 0.0447 22.8 

non-equilibrium 0.0463 20.0 
differential standard 0.0421 27.3 

non-equilibrium 0.0442 23.7 
swirl standarcl 0.0442 23.7 

non-equi librium 0.0459 20.7 
diff+ swirl stanclard 0.0419 27.G 

non-equilibriu111 0.0422 27 .1 
realizable standard 0.0452 21.9 

non-equilibrium 0.0469 19.0 
k - w stanclard 0.0554 4.3 

shear flow corr. 0.0544 6.0 
SST 0.0553 4.5 

The k - w turbulcnce models are most accurate in this situation. In figure 2.4 the y+ -
dependency for the Standard and SST k - w model is given, using gricls with different values 
of n c:cll· Also t he results for the standa.rd k - € turbulence model are given in this figure. 
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The dependency on y -l is obvious, over predictio11 for low y I- val nes and nnder prediction for 
higher y+ values , for the k: - w turlmlence model. Still , these models can be used hecausc 
the deviation is smaller than with the k; - r modcls . ln [G] this dcpendcncy on y+ was also 
mc11tioncd for k: - w turbnlencc modcls. 

10 
neen= 8 ----B-- standard k-w 

____,._ SST k-w 
5 ----i>-- standard k-e 
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Figure 2.4: Relation between deviation of calculated a nd experirncntal rcsista11cc cocffic:ient. 
,\ for different y I- valucs for the a n11nlus problclll (Re = 2230 , Rcw = 3000 , standard wal] 
fun ct ion) 

The stam.la.re! k; - w model is 11sed to calculate the res istance cocffîcicnt for clifferc11t a.xial 
a nd tangcntial lleynolds nurnbcrs. The dcviat io11 with t he cxpcrilllcntal rcsults and the 
dimensimtless wall distance are givcn in table 2.5. Thcre is a high dev iatio11 at y-1 = 10.5 
which conld he explaiucd hy the li1iear (laminar) law that Fl11cnt clllploys for tmhulent 
boundary layers a.t approximatcly y 1 < 11. 

Table 2.G: Resistance coeffi cient ,,\ for d ifferent Re combin ations with standard k: - w model 
and wall functio11s (n"e11 = 6) 

R e R ew y l À11,urn À ,e:,;p dcv [%] 
1000 2000 10.5 0 .105 0.076 38 

3000 12 0.112 0.098 14 
GOOO 17 0.135 0.152 11 

2500 2000 17 0.0522 0.0457 14 
3000 18 0.538 0.543 1 
6000 21 0.0616 0.068 9 
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(a) wa l! fun ction (n ee //= 5) (b) near-wall modeling (ncd / = 15) 

Figure 2.5: Partial mesh of the annulus with rotat ing inner cylinder for different wall ap
proaches 

N ear-wall modeling 

Similar to the previous section, first the dimensionless wal! distance will be calculated fo r 
different grids, while keeping in mind that the total number of cells should be kcpt as low as 
possible. Three different grids are considered, ncell equal to 10, 15 and 20 and a smoot h griel 
refinement towards the solid walls (figure 2.5(b)). In t able 2.6 the corresponding y+ values of 
the different grids are given. For Re = 2230 and Rew = 3000 the dimensionless wal! distance 
with n ccll = 10 is too high. Another criterion states that there are at least 10 cells in t he 
viscosity affected region [4]. This would bring the total number of cells up, so simulations are 
performed to test this cri terion . For ncell = 15 the resistance coefficient is determined for the 
different turbulence rnodels with near-wall modeling, results are given in tablc 2.7. 

Table 2.6: Dependcncy of d imensionless wal! distance y+ for different grids determined with 
standard k - w turbulence model and near-wall modcling for the annulus problem 

1lcell y+ Àn-um 

10 7 0.0517 
15 3.2 0.0548 
20 l. 7 0.0632 

2.3 Labyrinth seal 

Leakage flow in a twin screw pump has a stream path that is similar to the st ream path through 
a 'straight-through labyrin th seal' . The results of numerical simulations are compared with 
the experimental results to give rccommendat ions for the grid and turbulence model. 

2.3.1 Experimental set-up 

Airflow through a stationary straight-through labyrinth seal is studicd experimentally in [5]. 
In this study, air flows through the seal with axial Reynolds numbers in a range of 300 to 7500 
in the seal clearance. In figure 2.G a schematic view of the labyrint h seal is given. In table 
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Table 2. 7: Rcsistance cocfficicnt À for various turbulence models with near-wall modeling for 
the annulus problem (ncell = 15, y+ = 3, À eJ:p = 0.0579, Re= 2230, R ew = 3000) 

turb. model version option Ànum dev. [%] 
k - f. standard 0.0572 1.2 

RNG 0.0573 1.0 
differential 0.0578 0.2 
swirl 0.0574 0.9 
diff+swirl 0.0578 0.2 

realizable 0.0578 0.2 
k -w standard 0.0548 5.4 

shear flow corr. 0.0506 12 .6 
SST 0.0543 6.2 

2.8 the dimensions of the labyrinth seal and the twin screw pump are given. The clearance 
s and the diameter of the labyrinth seal D are similar to the screw pump, the length of the 
clearance L and the pitch r are considerably smaller than for the screw pump. Inlct and 
outflow resistances are the main sealing principle of a labyrinth seal. For a twin screw pump 
the sealing between screw cavities is also establishecl by a relatively long sealing clearance. 
The total leakage flow rate of the screw pump can not be estimated directly wi th the leakage 
flow rate through the labyrinth scal, bccausc of this difforcnce in sealing principle and the 
non-rotating seal. The larger sealing length of the clearance has to be taken into account to 
estimate the leakage flow rate in a screw pump. However, this difference has no influence on 
recommcnclations for griel and turbulence model. 

.-;tatio11 1 L .,. station :l 

s 

D 

Figure 2.6: Experimental set-up of straight
through labyrinth seal 

2.3.2 Numerical simulation 

Labyrinth Twin screw 
seal pump 

s [mm] 0.36 0.25 
D [mm] 356 295 
L [mm] 0.25 22 
r [mm] 6 60 
h, 1 [mm] 6 85 

Table 2.8: Dimensions of straight-through 
labyrinth seal and twin screw pump 

A numerical simulation in Fluent is performed to calculate the mass flow rate through the 
labyrinth seal for Re equal to 1572 and 2195. The Mach numbcr Ma is a measure for the 
variation of clcnsity, accorcl ing to Jvfa2 ex 6.p. A density variation smaller than ten percent is 
present here, and comprcssibility is neglected in the numerical sirnulation. Different turbu-
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Table 2.9 : Experimental results labyrinth seal 

]}1 [kPa] JJ2 [kPa] rh [kg/s] p [kg/rns ] Re[-] Ma [-] 
100.695 92.503 0.027303 1.1738 1572 0.20 
108.793 93.806 0.038118 1.2680 2195 0.28 

lence models are cvaluated with the grid givcn in figure 2.7. This is a structured quadrilatcral 
grid with 5 radial cells in t he seal clearance. In F luent a steady axisyrnmet ric problem is 
solved with the segregated solver and implicit formulat ion using standard wall fun ction fo r 
incomprcssiblc flow . Ant icipatiug t he rcsults prcscntcd in chapter 3, it is concl uded that the 
number of cells should be kept as low as possiblc. Therefore, only wall funct ions are consid
ered for t he simulation of flow t hrough a labyrinth seal. In table 2.10 the calculated rnass flow 
rate and t he deviat ion wit h the experimental mass flow rate is given. The flow through the 
labyrinth seal results in a vortex in the seal cavity, which is clearly vis ible at t he streamlines 
of the flow in t he labyrinth scal, givcn in figure 2.8. 

Figure 2. 7: Structured quadrilateral grid of straight-through labyrinth seal 

Table 2.10: Mass How rate in a stationary labyrinth seal for various turbu lcnce models using 
wall fun ct ions 

Re = 1572, y+ > 11, Re = 2195, y+ > 14, 
rii = 0.0273 rh = 0.0381 
rii [kg/si dev [%] rh [kg/s] dev [%] 

k - E Standard 0.0281 2.9 0.0399 4.7 
RNG 0.0294 7.7 0.0421 10.4 
Realizable 0.0299 9.5 0.0428 12.3 

k-w Standard 0.0267 2.2 0.0379 0.6 
SST 0.0304 11.4 0.0437 14.6 

2.4 Leakage flow in twin screw pump 

The flow through an annulus gives an idea of t he leakage flow rate in the clearances betwcen 
the screw and the liner of a screw pump. In this section the leakage flow is estimated with 
t he method to calculate the mean axial flow t hrough a stationary annulus and an annulus 
with rotating inner cylinder. T he difference in clearance ratio s/ R betwcen t he twin screw 
pump and t he annulus with rotat ing inner cylinder is neglccted . 



2.4 Leakage flow in twin screw pump 18 

Figure 2.8: Streamlines of the flow in a straight-through labyrinth seal 

The leakage flow rate through the clearance between screw and liner Qc1 of a twin screw pu111p 
is approximately given by the following equations: 

(vax) Ac1 

(47T - 4cos (h~
2
)) Rs 

(2.7) 

(2.8) 

where h is the distance between the centers of the screws , s the clearance between screw and 
liner, R the outer radius of the screw, and Act the projected area of the clearance on a plane 
perpendicula r to the axial direction. 
The ratio between the total leakage flow rate and the theoretica! pumped volume flow rate 
of a screw is an important pump performance parameter. The leakage flow rate through the 
clearance between screw and liner is part of the total leakagr. flow, and is considcred in the 
ratio Qctf Q1. For the theoretica! flow rate Qt reference is made to chapter l. The theoretica! 
volume flow rate is given by: 

1 
-VoN 
60 
(Al iner - 2 · Ascrcw) · r 

(2.9) 

(2.10) 

where N is the rotational speed of the screws in rpm, Vo the displacement volume for one 
revolu t ion , r the screw pitch, A~crew the area of the cross-sect ion of the screw, A1i,icr the area 
of the cross-section of the liner . 
The displacement volume Vo for the screw is determined by the dimensions of the screw and 
liner. For the screw given in appendix Il , the Ascrew = 37 · 10- 3m 2 , and Al-iner = 124 · 10- 3m 2 . 

This gives a displacement volume Vo of 3 • 10-3 m 3 /rev. 

The leakage flow rate in a twin screw pump is est imated in three ways. First, using equa
tion (2 .3) assuming laminar leakage flow through a stationary seal without inlet and outlet 
res istances. Secondly, using equation (2.4) for a turbulent lcakagc flow through an annulus 
with rotating inner cylinder , also without inlet and outlet resistances . Thirdly, using equat ion 
(2.4) fora turbulent leakage flow through an annulus with rotating inner cylinder, now with 
a value of 1.5 for the inlet and outlet resistance Óio · For the annulus with rotating inner 
cylinder an iterat ive procedure is applied, since the resistance coefficient ,\ depends on axial 
Rcynolds numbcr, and thus on the lcakagc flow ratc. In table 2.11 tbr. lcakagc flow ratc is 
given for the different methods. 
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Table 2.11: Estimated leakage flow of oil through a twin screw pump (app. D) for Rew 
3000, 6.p = 4 bar, N = 1350 rpm 

(va,·) Re Qt Qc1 Qc1/Q,. 
[m/s] 1-1 [m.) /s] [m.)/s] [%] 

stat ionary + la111i11ar G9 .3 10,000 0.0675 0.0246 3G.4 
rotating + turbulent 22.3 3220 0.0675 0.0079 11.7 
rotat ing + turbulent + inlet/outlet losses 15 .7 2230 0.0675 0.0056 8.3 

2.5 Conclusion 
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The leakage flow in the clearance between screw and liner of a twin screw pump is dependcnt 
on two phenomena. First, the leakage flow rate is dependcnt on friction in the small clearance 
bctween the tips of the rotating screw and the stationary liner. Secondly, the leakage flow 
rate is dependent on the flow resistance of the inlet and outlet of this clearance. These two 
phenomena in the leakage area of a twin screw pump are represented by two characteristic 
flow cases. First, the flow in an annulus with rotating inner cylinder. Secondly, flow through 
a stat ionary labyrinth seal. The axial Reynolds number in the clearance is detennined by the 
flow in an annulus. Anticipating the results as presented in chapter 3 it is concluded that the 
nurnber of radial cells must be li mited and that near-wa ll rnodeling is not preferable. 

The k - w turbulence model performs best for the flow in an annulus with rotating inner 
cylinder using wall functions, and performs good for the flow in an annulus using near-wall 
rnodeling. The standard k - w and standarcl k - E turbulence model perform best for t he 
flow in a labyrinth seal. In [6], the flow phenomena in an internal combustion chamber were 
representecl by two characteristic flow cases: the backward facing step and the free jet flow. 
Based on different grid rcfinements and different turbulence models , it was concluded that 
the standarcl k - w model performs good, but has a griel dependency. In this study, however, 
it is shown that this dependcncy has littlc effect on the accuracy to rcprcsc11t the lcakagc flow 
rate in an annulus with rotating inner cylinder. 

The k - E turbulence model performs best for flow in an annulus using near-wa ll modeling. 

Near-wall modeling is not preferred, and the standard k - w turbulence model with wa.11 func
tions is preferred for the simulation of flow in a twin screw pump. 

The axial Reynolds number in the clearance between screw and liner is est imated in three 
ways. First, considering laminar flow in a stationary annulus with rotat ing inner cylinder 
withou t inlet and outlet resista11ces . Secondly, considering turbulent flow in an annnlns with 
rotatiug inner cylinder without inlet and out let resistances. T.hirdly, turbulent flow in an 
annulus with rotating inner cylinder with inlct and outlet resistances. The ax ial Reynolds 
number reduces when rotation and inlet and outlet resistances are considered. 



Chapter 3 

Method of three-dimensional 
meshing 

In chapter 2, two-dirnensional leakage flow in screw pumps is discussed. For three-dimensional 
flow calculations the number of cells can be very high. The calculation time is dependent on 
the nurnber of cells used to simulate the flow in a screw pump. Therefore, a limited number 
of cells is desirable. Furthermore the quality of the griel has to be acceptable to perform 
meaningful flow calculations. In the first section of this chapter the number of cells for an 
unstructured, and a structureel griel is estimated assurning cells with perfect quality (based on 
skewness). A tirne-dependent simulation of flow in a twin screw pump requires the screws to 
rotate, thereby the cavities between the screws progress to the pump outlet. This requires a 
dynarnic mesh. Methods fora dynarnic mesh are discussed in section 3.2. While the screws are 
rotating, the inlet and outlet remain stationary. This could give problems connecting those 
regions if nodes should always coincide. A non-conformal griel does not require that nodes 
coincide on the combined faces. This is discussed in section 3.3. Finally, recommendations 
are made to set-up a time-dependent simulation of a screw pump in section 3.4. 

3.1 Number of cells in the clearance region 

The number of cells in the clearance region of a screw pump is estirnated because the axial 
distance L of the clearance is high compared to the radial distance s of the clearance betwcen 
screw and liner. Therefore, the number of cells in the clearance constitutes a substantial part 
of the total number of cells to describe a complete twin screw pump. First the number of cells 
in the clearance is est imated in case an unstructured tetrahedral mesh is used. After this , 
the number of cells is estimated in case a structured mesh is used. The approximate volume 
of the dcarancc rcgion (figurc 3.l(a)) is givrm by the following equation: 

(3.1) 

where nrev is the number of screw threads, L the (axial) screw thickness, and Ac1 the cross
sectional area of the clearance, given in equation (2.8). 
In an unstructured tetrahedral mesh of high quality, a ll cells are tru ly tetrahedral with edges 
of equal length . The volume of such a regular tetrahedral cell ½et is given by: 

(3.2) 
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(a) Clearance between screw and liner (b) 5 threads of the screws 

Figure 3.1: Twin screw pump 

where a is the edge length of the cel!. The length a is determined from the required number 
of cells in radial direction from screw to liner, n cell· The height h of a regular tetrahedral 
cell is h = !:!:.3 -/6. In figure 3.2 the height h is given by h = -. 8

-. This gives the following 
nn·lf 

expression for a: 

3s 
a = --==--

v6 ncell 
(3.3) 

The est imated number of unstructured cells in the clearance between screw and liner is given 
by: 

(3.4) 

\Vith a from equat ion (3.3), and nccll = 5 according to chapter 2, t he number of unstructured 
cells in the clearance nunstr is approximately 1.5 • 109 cells for a twin screw pump. The global 
dimensions of the twin screw pump are given in table 2.1 and in appendix B a complete 
drawing of the twin screw pu111p is given. 

s 

Figure 3.2: TI'iangular cells in clearance between screw and liner 

The number of structured cells in t he clearance betwcen screw and liner is es timated , similar 
to the uns tructured case. The skewness of structured hexahedral cells is not affected by the 
aspect ratio of the edges of the cell f A R· In figurc 3.3 the structurcd mcsh is given. 
The volume of a hexahedral cell is given by: 

(3.5) 
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Figure 3.3: Hexa hedral cells in clearance between screw and liner with aspect ratio !At? 

The length a of the edge of a cell is determined by clearance s , the number of ce ll s in radial 
direction across the clearance, nee//, and the chosen value for the aspect ratio f An• The length 
a is then given by: 

S f An 
a=--

ncell 
(3.6) 

The estimated number of structured cells in the clearance between screw and liner is given 
by: 

(3.7) 

With a from equation (3.6), Vc1 from equation (3.1) , ! AR= 10, and ncell = 5, the number of 
unstructured cells in the clearance nstr is approximately 3.3 · 106 cells. 

3.2 Dynamic mesh 

In t his section the distortion of the mesh is considered. In Fluent a dynamic mesh can be 
achieved by repositioning of nodes. The nodes can be repositioned by srnoothing, dynamic 
layering and remeshing. Another dynamic mesh method is the use of ALE-calculations, this is 
not a method to reposition the nodes. ALE-calculations a rea method to perform calculations 
on cells with nodes moving in time, while maintaining the grid topology. Still an initia! mesh 
has to be generated before repositioning and ALE-calculations can be performed. For ALE
calcul ations, grids have to be generated with the sarne grid topology for every time step. 

3.2.1 Smoothing 

In the spring based smoothing, the edges between any two mesh nodes are idealized as 
a network of interconnected springs . The initia! spacings of the edges before any boundary 
motion constitute the equilibrium state of the mesh. A displacement at a given boundary 
node will generate a force proportional to the displacement along all the springs con nected 
to the node. For non-tetrahedral cell zones (non-triangular in 2D), the spring-based rnethod 
is recomrnended when the fol lowing condi t ions are met: 

• The boundary of the cell zone moves predominantly in one direct ion (i.e ., no excessive 
anisotropic st retching or compression of the cell zone). 

• T he motion is predominantly nonna! to the boundary zone. 
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If these conditions are not met , the resulting cells may have high skewness va lues, s ince no t 
all possible combina tions of node pairs in non- tet rahedra l cells (or non- t riangula r in 2D) are 
idealized as springs. 
Laplacian smoothing is the most commonly used and the simplest mesh smoothing method. 
This method adjusts the location of each mesh uode to the geometrie center of its neighboring 
nodes . This method is computa tionally inexpensive but it does not guarantee an improve
ment on mesh qua li ty, since reposit ioning a node by La placian smoothing can result in poor 
quality elements . To overcome this problem, Fluent only relocates the node to t he geometrie 
center of its neighboring nodes if and only if there is an improvement in t he ruesh quality 
(i. e., the skewness has been improved). 

3.2.2 Dynamic layering method 

In prismatic (hexahedral and/or wedge) mesh zones, one can use dynamic layering to acid 
or remove layers of cells adj acent to a moving boundary, based on the height of the layer 
adj acent to the moving surface. The dynamic mesh model in Fluent allows to specify an ideal 
layer height on each moving boundary. The layer of cells adj acent to the moving boundary 
is spli t or merged with the layer of cells next to it based on the height of the cells in layer 
attachee! to the moving boundary. 

3.2.3 Remeshing 

On zones with a t riangular or tetrahedral mesh, the spring-based smoothiug method is nor
mally used. 'vVhen the boundary displacement is large compared to the local cell sizes , the cel! 
quality can deteriorate or the cells can become degenerate. This will inva lida te the rnesh ( e.g., 
result in negat ive cell volumes) and consequently, will lead to convergence problems when the 
solu t ion is updated to the next t ime step . To circumvent t his problem , Fluent agglomerates 
cells that violate the skewness or size cri teria and locally remeshes the agglomerated ce lls or 
faces . If the new cells or faces satisfy the skewness criterion , the mesh is locally upd ated with 
the new cells (with the solution interpolated from the old ce lls) . Othenvisc , the new cells are 
discarded. Fluent includes several remeshing methods t hat include local remeshing, local face 
remeshing (for 3D flows only) , face region remeshing, and 2.5D surface remeshing (for 3D 
flows only). The available remeshing methods in Fluent work for triangular- tetrahedral zones 
and mixed zones where the non-triangular/tetrahedral elements are skipped. The except ion 
is the 2.5D model, where the available remeshing method only work on wedges extruded from 
triangular surfaces. 
Using the Local remeshing method , Fluent marks cells based on cell skewness and min
imum and maximum length scales as well as an optional sizing function . Fluent evaluates 
each cell and marks it for remeshing if it meets one or more of the foll owi11g criteria: 

• lt has a skewness that is greater than a specified maximum skewnes::; . 

• lt is smaller than a specified minimum length scale. 

• It is larger than a specified maximum length scale. 

• lts height does not meet the specified length scale ( at rnoving face zones, e.g., above a 
moving piston) . 
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Face region remeshing method 
In addition to remeshing the volume mesh, Fluent also allows triangular and linear faces on a 
deforming boundary to be remeshed. Fluent marks deforming boundary faces for remeshing 
based on moving and deforrning loops of faces. For face region remeshing, F luent marks t he 
region of faces on the deforming boundaries at the moving boundary based on minimum and 
maximum length scales. Once marked, Fluent remeshes the faces and the adjacent cells to 
produce a very regular mesh on the deforming boundary at the moving boundary. 

3.2.4 Arbitrary Lagrangian-Eulerian calculations (ALE) 

The Arbitra.ry La.gra.ngian-E ulerian method is a method allowing time-dependent CFD. It is 
a mix between the Lagrangia.n and the Eulerian methods. 
The Lagrangian method is a time-dependent CFD method i11 which the calcula.tion grid moves 
with the local fluid velocity. It has a particular advantage that advective terms effectively 
disappear in the flow equations. It is however severely lirnited by tangling of the grid in 
multidimensional problerns, especially when vortices occur. 
In the Eulerian method , the calculation grid is stationary. It obviously is not hampered by 
tangling grids, but is incapable of representing moving domain boundaries. 
The ALE method is a mix of both methods in that it allows the grid to move with a velocity 
that is independent of the flow solution. The only lirnitations are the need to have a valid 
grid at each time step, and the restriction that the grid topology must be maintained. The 
latter means that the only allowed action on the grid is a. free movement of the nodes. 
To discretize the N avier-Stokes equations in ALE-formulation with a fini te-volume technique, 
the velocity of the boundaries of the control volumes u1, must be known for each time step. 
The boundary velocity can be calculateel frorn the position of the nodes at subsequent time 
steps separately from the Navier-Stokes equations. At the present, commercial CFD packages 
are available tha.t can handle ALE calculations. In equation (3.8) the Navier-Stokes equa.tions 
are given. Reference is made to [10] for these equations. 

geometrie conservat ion law ~ (i dV) - j u1., · dS = 0, at n Jan 

conservation of mass 
Öp o at + OX (p(u - ub))= 0, 

conservat ion of momentum 
opu o op - + -(pu(u - u1,) - T) + - = 0, at ax ax (3.8) 

where p is the elensity, u1, the velocity vector of the cell bounelary, u the fluid velocity vector, 
T the shear tensor, and p the pressure. 
For the twin screw pump this ALE-method has a particular advantage. The positioning of the 
noeles only has to be performed once for one screw thread. Rotation of the screws equals axia.l 
elisplacement of the griel. The last layers can be removeel and addeel to the front to complete 
the griel. More screw threaels are ea.sily aeleled elue to periodicity, this is also applicable for 
the initi a! griel of other meshes. 
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3.3 Non-conformal mesh 

'vVhile the screws are rotating, the inlet and outlet remain stat ionary. Connecting those 
regions could give problems if nodes should always coincide. A non-conforrnal grid does not 
require that nodes coincide on the cornbined faces . In Fluent it is possible to use a grid 
composed of cell zones with non-conformal boundaries. That is, the grid node locations need 
not to be identical at the boundaries where two subdomai ns meet. Fluxes across the grid 
interface are computed using t he faces resulting from the intersection of the two interfaces, 
not from the two interfaces separately. 

3.4 Conclusion 

From the estimation of the number of cells in t he clearance between screw and liner, an 
unstructured mesh of the clearances between screw and liner is impossible due to the large 
number of needed cells. The total number of cells to describe the twin screw pump has to 
be less than a few million cells, to be solvable with normal PC performance and memory. 
The clearance between screw and liner can be represented with structureel hexahedral cells. 
The aspect ratio of the hexahedral cell bas to be larger than 10 to make a model of the total 
twin screw pump with a few million cells. The inlet and outlet of the pump can be connected 
with a non-conformal mesh interface, or special care bas to be taken to make the nodes at 
the interface coincide. To develop a dynamic rnesh, smoothing and remeshing eau be used , 
even when the topology of the mesh changes in time. ALE-calculations for a dynamic mesh, 
without change in topology, are preferred above smoothing and remeshing because of t he lower 
demands on PC performance. ALE-calculat ions are performed for twin screw compressor in 
[9], so this rnethod is considered feas ible for a twin screw pump. 



Chapter 4 

Construction of structured grid 

For a CFD calcu lation of a twin screw pump, the need for a structured grid is twofold. Fi rst 
the number of elements needs to be kept within limi ts and secondly the quality of the grid 
needs to be wel! controlleel. To create a CFD simulation that is solvable with normal PC 
performance and within a reasonable time, the number of elements has to be smaller thau a 
few million. The representation of small clearances between screws and the li ner can be done 
using many unstructured elements, but also with a limi ted number ofwell positioned elements, 
see chapter 3. Therefore, structured elements are preferred to unstructured elements. 
In this chapter a rnethod to elivide a twin screw pump in structured hexa hedral cells is dis
cussed . This method consists of the layering of two-dimensional cross-sections, perpendicular 
to the ax ial direction , to fo rm a three-dimensional grid . In sect ion 4.1 quadrilateral ce lls 
wil! be placed on this cross-section, and in section 4.2 some refinements will be applied to 
tliis quadrilatcral two-dimensional griel. In section 4.3 the quality of the two-dimensional 
and three-dimensional griel wil! be evaluated . In section 4.4 griel quality irnprovemeut by 
placing the nodes on another cross-sect ion is evaluated . In section 4.5 concl usions about the 
app licabi lity of the griel are discussed. 

4.1 Basic structure 

The algorithm described here, positions the nodes based on the solu t ion of t he Laplace equa
tion in a two-dimensional section of the flow domain (see figure 4.1). The Laplace solu t ion 
is obtained on an unstructured griel (figure 4.2(a)) of a cross-section normal to the axial di
rect ion with well-chosen boundary conelitions. At this stage the boundary co11elit ions for the 
potential <l> are: <l> = 0 for the liner, <l> = -1 for the left screw, and <l> = 1 for t he right screw. 
After solving this problem, equipotential values of this problem are given in figure 4.2(b) . A 
valuable characteristic of t he solution of t he Laplace equation is that the equipotential lines 
never cross. Furthermore, the direction of the gradient 'v<l> is perpendicular to the potential 
lines . With the present boundary conditions these grad ient lines are also perpendicular to the 
boundaries. A griel based on equipotential and gradient lines can obtain high quality alrnost 
everywhere, except near the bottom and top cusp. Highly distorted cells are generated near 
the cusps since the potential line <l> = 0 does not end in the top and bottom cusp. T his is 
correcteel with small adjustments in section 4.2. To expand this two-dimensiona l griel to three 
dimensions , two-dimensional grids with small axial distance apart are computed as described 
above. These two-dimensional grids have an equal number of radial and tangential nodes. 
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Naw nodes with equa l index are connected to form a three-dimensional mesh of hexahedral 
cells. 
The position of the gr id nodes are calculated with the CFD-program Comsol with .tvl AT LAB 

interface . The nodes are written in a mesh file suited for calculation with Fluent. Faces are 
grouped in inlet, outlet, screw and liner. In [9] and [10] methods to create a structured mesh 
are described. More detailed informat ion of the screw is given in appendix 13 . Furthermore a 
theoretica! screw profile without clearance is described in appendix A, to gain more insight 
in the shape of the screw. In table 4.1 the charactcrist ic dimensions of the screw are given. 

Figure 4.1: Cross-sect ion of a twin screw pump, indicating top (T) and bottom (13) cusps 
( not to scale) 

(a) U11structurecl mesh of cross-sect io n o f a twin 
screw pump 

<I> = 0 

(b) Contourlines of pote ntial value, with bou11clary 
conclitions constant a long each separate wall 

Figure 4.2: Unstructured mesh and potential flow solution of cross-section of twin screw pump 

4.2 Refinements 

4.2.1 Dividing line 

The equipotential line 4> = 0 does not give a satisfactory dividing line between the left and 
right screw. A smooth dividing line from top to bottom cusp is created by: firstly changing the 
boundary conditions, and secondly, defining a line with a potential depende11t on the vertical 
coordinate y. The boundary condition on the liner becomes a linearly changing potential 
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Table 4.1: Dimensions of twin screw pump 

Screw outer radius R 147.25 mm 
Screw inner radius 7'i 62.5 mm 
Liner radius Rliner 147.5 mm 
Center offset h 210 rnm 

Clearance screw - liner s 0.24 - 0.265 mm 
Clearance screw - screw 0.29 - 0.38 rnm 

Pitch of the screw r 60mm 
Number of t hreads Tirev 54 
Radius rounded edges 0.5 mm 

from <I>T to <I>s. The boundary conditions of the screws remain the same. The values of <I>T 
and <I> B are chosen iteratively so that the line with constant potential ( <I>r or <I> B) departing 
from the cusp edge lies between the two tangents of the liner, represented by the dashed line 
in figurc 4.3(a). The dividing line with a varying potential <I>o, so that a smooth line from 
top to bottom cusp arises (see figure 4.3(6)), is defined as: 

y ":o 0: <I>o = q> B . (1 + cos ( ½f) ) /3 
2 

o:<y":ol-o: <I>o = 0 ( 4.1) 

y>l-o: <I>o = <l>T . 
(1 +cos[i'~_;J•) r 

2 

where y is the normalized vertical distance, see figure 4.1. The parameter y changes from zero 
in cusp Il to one in cusp T. The constants o: and /J are chosen to create a smooth dividing 
line, here a = 0.345 and /J = 0.67 are chosen. 

4.2.2 Smoothing of nodes on gridline starting on the cusps 

The radial grid lines starting on the cusps have an equidistant node placement, and this results 
in non-orthogonal cclls (sec figure 4.4(a)). It sufficcs to move these nodes toa spline created 
from neighboring cells on the same tangential line. This movement gives a grid near the top 
cusp as given in figure 4.4(6). 

4.2.3 Non-equidistant node placement 

On the liner and the dividing line, nodes are placed equidistantly. From these nodes, grid lines 
towards the screws emerge, which are directed along the potent ial gradients. These grid lines 
are then partitioned equ idistantly to obtain the nodes of the structureel two-d imensional 
grid. Since the potential does not have a constant value on the liner and the dividing line, the 
resulting gridlines are not orthogonal to the wal!, nor are the grid cells orthogonal themselves. 
However the deviation turns out to be small in practice. 



4.2 Refinements 

(a) Potential li11es near the top cusp in 
a cross-sectio11 of a twi11 screw pump 

(b) Di vid i11g line between top and bottom cusps, with 
lincar varying boundary conditio11 on the liucr frorn <l>r 
to il> D ( not to scale) 

Figure 4.3: Radial line near cusp 

(a) No adjustment of radial gridline starting in 
cusp 

(b) Adjusted radial gridline starting in c11sp 

F igure 4.4: Gridlines near the top cusp in a cross-sect ion of a twin screw pump 
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Gridlincs, starting at poi nts on the dividing line, towards the left and right screw have different 
lengths. With equidistant placement of the nodes, a discontinuity in cell volume exists. A 
rcfiucmcnt to the equidistant placing of the no<lcs is applic<l . The longest gradient line is 
dividcd in elements with a linear gruw ra.te q, see figure 4.5. To avoid a discontinuity in cell 
volume for cells a t the tra.nsition of dividing line and liner, nodes on gridlines starting at 
points on the liner are also placed non-equidistant . 
In figure 4.6 the two-dimensional grid for a cross-section is given. The discoutinuity in the 
area of the cells , near the dividing line, is clearly visible with equidistant node placement. 
Non-equidistant node placement reduces this discontinuity significantly. The linear grow 
ra.te q i:; limited , this to prevent the form ation of ext remely large cells at the screw surface 
and discontinuities in cell volume in other parts of the domain than near the dividing line. 
With non-equidistant node pl acement , a three-dimensional grid of the twin screw pump is 
generated, the surface mesh of the screws is displayed in figure 4. 7. 
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Figure 4.5 : Equidistant and non-equidistant node placing 

(a) Equ idistant node place ment (b) Non-equidistant node p lacement 

Figure 4.6 : Rehned quadrilateral grid of a cross-scction of a twin screw pump 

4.3 Grid evaluation 
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The two-dimensional and the three-dimensional grid will be evaluated on skewness, and the 
three-dimensional grid also on volume ratio of neighboring cells. First the theory of the two 
methods is discussed in section 4.3.1 and applicd in section 4.3.2. 

4.3.1 Theory 

A normalized measurc of skewness is EquiAngle Skew ( Q EAS ), which is defined for an indi
vidu al grid cell as: 

Q 
{ 

0max - 0 eq 0 eq - 0min } 

EAS = max 180 - 0 eq ' 0 eq 
(4.2) 

where 0max and 0min are the maximum and minimum angles (in degrees) betwee11 the cdges 
of the cell , and 0 cq is t he characteristic angle corresponding to an equilateral cell of similar 
form. For triangular and tetrahedral cells, 0 eq = 60. For quadrilateral and hexahedral cells , 
0 cq = 90. It can be a pplied to two-dimensional as wcll as three-d imensional grids. 
By definition, 

Ü,:::: QEAS ,:::: 1 (4.3) 

where Q EAS = 0 describes an equilateral cel! , and Q EAS = l a degenerat ed cel!. Table 4.2 
outlines the overall relationship between Q EAS and cell quality. 
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Figure 4. 7: Three-dimensiona l structured screw surface rnesh for one thread of a twin screw 
pump (color indicating axial coordinate) 

Table 4.2 : Q EAS vs. ~1esh Quali ty 

Q EAS Qua lity 

QEAS = 0 Equila teral (P er fect ) 

0 < QEA S S 0.25 Excellent 

0.25 < Q EAS S 0.5 Good 

0.5 < QEAS S 0.75 Fair 

0.75 < QEAS S 0.9 Poor 

0.9 < Q EAS S 1.0 Very Poor 

Q EAS = 1 Degcnerate 

In genera!, high-quality meshes have an average Q EAS value of 0.1 fo r two-dimensiona l grids , 
a nd 0.4 for t hrec-dimcnsional grids. 

Volume rat io VR only applies to three-dime11sional cells. A common method to calculate t he 
volume of hexahedral cells in numerical simulations is to esti rnate t he volume of a tetrakis 
hexahedron. The volume of a tetrakis hexahedron is given by equa tion ( 4.4). A tetrakis 
hexahedron are 24 tetrahedra ls t hat form a hcxahedral. The numbering of the nodes is given 
in fi gure 4.8 . For deri vat ion of t his equa tion refe rcnce is made to [3]. 

V 
1 

12
det [(x1 - x 1) + (x5 - x'o), (x1 x'2) . (x;{ - x'o)] + 

/
2

c1et [(x5 - Yo) . (x1 - x'2) + (x5 - xo) . (x1 - x~)] + 

/2 c1et [( X 7 - x , ). (x5 - Xo) , (x7 - X .1) (x:.1 - xo)] ( 4.4) 
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Figure 4.8: Tetrakis hexaheclron with face-centerecl vertices (subdivision of front and back 
faces not drawn) 

The volume ratio VR is defined as the maximum ratio of the volume of an cell with the volume 
of adjacent cells normalized between 0 and 1, according to: 

Vfl= min (rniu(v; V)) 
i v ' v; (4.5) 

where i are the neighboring cells. A volume ratio of 1 represents cells with equal volume. 

4.3.2 Evaluation 

In figure 4. 9 the values for Q EAS are given for a two-dimensional griel of a cross-section and for 
one slice of three-dirnensional cells. Mean value for the skewness in the two-dimensional and 
three-dimensional grids is 0.12 and 0.43 respectively. These mean values for QeAS norma lly 
represent a good quality griel, but from the distributions of Q EAS (figure 4.9( d)) it is clearly 
visible that there are a large number of high ly skewed cells in the three-dimensional griel . So, 
the griel is not as good as the average value of Q EAS wants us to believe. Highly skewecl cells 
in the two-dimensional griel are on radial lines starting near the cusps. l:<ûrther refinements 
of the two-dimensional meshing method can improve the mesh . Near the flanges of the screw 
also highly skewed cells are created in the t hree-dimensional rnesh. The skewness near t he 
flanges cannot be improvecl by changing the griel of a cross-section. The uumber of skewed 
cells near the flanges is much larger than near the cusp, so no further refinements are made to 
the two-dimensional grid of a cross-section. The effect of elongat ion in ax ia l direct ion on t he 
skewness of the three-dimensional griel is evaluated . Elongation of the screw pump in ax ial 
direct ion improves the cell skewness. In table 4.3 the mean skewness Q EAS for elongated 
structureel three-dimensional grids of a twin screw pump is given. In figure 5.2 the skewness 
for a 2.5 and a 5 times elongated griel is given. The overall skewness improves, however some 
highly skewed cells remain present near the highly curved part of the screw (red area in figure 
4.9 (d)). 
The volume ratio VR is low at the dividing line near the cusps of the twin screw pump, see 
figure 4.11. Changing the two-dimensional griel of a cross-section can irnprove the volume 
ratio. The grow rate q of cells on radial lines (section 4.2.3) is limi tecl to ensure a high volume 
ratio in most part of the mesh, but is responsible for this discontinuity in volume at t he 
dividing line. 
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0.1 0.1 

(a) Skewness of two-d imc11 :; io 11 a l grid o f a cross
·ect ion 

(b) Skew ne:;:; of one layer o f threc-dim e11s ional celb 
projected on cross-section 
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Figure 4.9 : Skewness Q EAS 

4.4 Three-dimensional basis structure 

T he quality of t he two-dimensiona l grid is not the limiting factor. The expansion to three 
d imensions gives skewed cells. This favours the idea of sol ving t he potential problern in t hree 
dimensions, and using the equipotential surfaccs and gradient lines as a basis fo r a t hree
dimensional grid. Gradient lines depart perpendicula r to the wall , so grid skewness should be 
improved. To solve the threc-dimensional potential problcm , first a r.hrPP-di 111f~nsion::i l grid of 
the screw is needed. A potential problem is known to pose less stringent demands to the grid 
quality. Therefore, the skewed three-dimensional structurcd grid can be uscd . Secondly, the 
improvement of t he gr id has to be evaluated. To determiue the quali ty of t he grid , a cross
section in axial direction of the twin screw pump is made and t he potent ial problem is solved 
in two dimensions with t he follow ing boundary condit ions: liner cf> = 0 and screw cf> = 1. In 
fi gure 4. 12(a) gradient lines are drawn. These li nes are not, ideal, since many lines accumulate 
in the center of t he cavity. I3y changing t he boundary cond it ions this eau be preveuted. 
Dividing t he gradient lines equidistant ly gives quadri latC'ral rdls , SC'C' fignrC' 4.12 (b). In fi gm c 
4.12(c) the distribution of skewness Q EAS is given for this grid. The skewness fo r this two-
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Table 4.3: Mean skewness Q EAS for elongated grids in axial direct ion 

Elongat ion e mean skewness Q EAS 

1 0.43 
2 0.35 
2.5 0.33 
5 0.26 
10 0.21 

dimensional section in axial direction is similar to the three-dimensional structureel griel of the 
twin screw pump alreacly clcscribecl. Placing nocles on basis of the three-climensional potential 
problem therefore does not improve the quality of t he mesh much, and is not employecl . 

4.5 Conclusion 

A methoel to elescribe a twin screw pump with structureel hexaheelral cells is elevelopeel. Two
elimensional structureel grids of cross-sect ions perpendicular to the axial di rection are layered 
to a structured three-dimensional grid . The two-dimensional grid on a cross-section is placcel 
along grad ient lines of the Laplace problem. The Laplace problem is sol veel on an unst ructured 
griel of the cross-section with suitable Dirichlet boundary conditions. S0111e adjustments are 
made to improve the quali ty of the two-dimensional grid . All two-dimensional grids have the 
same topology, this is required to combine all two-dimensional grids to a threc-dimcnsional 
grid . The quali ty of the three-dimensional grid, in terms of skewness, deteriorates due to the 
high surface curvature of the geometry, compareel to the quality of the two-elirnensional grid . 
P lacing the gridlines along t he equipotential surfaces and grad ient lines of a three-dimensional 
Laplace problem gives a skewness similar to the three-dimensional grid created with the 
layer ing method , so this is no improvernent of the grid. 
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Figure 4.10: Skewness Q EAS of an elongated twin screw pump in axia l dircction 
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Chapter 5 

CFD computations with structured 
grid 

5.1 N umerical set-up 

With the structured grid generated in chapter 4, three-dimensional flow calculations are 
performed. The grid consists of one screw thread of the twin screw pump and each screw 
has 10 radial cells, 300 tangential cells , and 180 axial cells (see figure 4.7) . Thus the total 
number of hexahedral cells is approximately 1 million. The leakage How rate through periodic 
stationary screws is calculated for a fixed pressure drop over the screw thread. The flow is 
simulated with the steady segregated solver and implicit formulation, turbulence is modeled 
with the standard k - w model with standard wall function. For the initia] condition the 
velocity and the turbulent kinetic energy are set to zero in the complete domain, and the 
specific dissipation rate of the turbulence to one. Water is taken as the leakage medium. Also 
calculations on an elongated twin screw pump are performed to evaluate the effect of screw 
geometr ie and skewness of the grid. 

5.2 Results 

There are three cases tested. First, the leakage flow through a twin screw pump is sirnulated 
at low axial Reynolds numbers. The axial Reynolds number varies from 19 to 381 in the 
clearances between screw and liner. Secondly, the leakage flow is simulated for an elongated 
twin screw pump in ax ial direct ion at approximately equal Rcynolds number in the clearance 
between screw and liner. Thirdly, for a 5 times elongated grid of a twin screw pump the 
leakage flow is simulated for axial Reynolds numbers up to 1514. 
The total leakage flow rate is compared with the leakage flow rate through the clearances 
between screw and liner. In figure 5.l(a) the clearance between the screw and liner is given 
by region 2. Also the mean axial velocity through the clearance between screw and liner is 
cornparcd with the analytica! equation for larninar flow in an annulus with and without inlet 
and outlet resistances, given in equation (2.4). 
The low quality of the grid results in non converging solutions with the standard parameters. 
By lowering the under-relaxation factors and taking a low differential pressure per screw 
thread, a converged leakage flow rate is calculated. A under-relaxation factor reduces the 
change of the variable for the next iteration. 
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i i 

(a) Regions of leakage: 1 between screws and 2 between screw and 
liner. Cross-section A-A given in figure 5.2(a) (not to scale) 

(b) Cross-scction B
B 

Figure 5.1: Cross-sections of twin screw pump 
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In the first case of the three-dimensional flow simulations the pressure drop is set from 300 
to 9600 Pa over one screw thread. For water the differential pressure should be approx
imately 130 kPa over one screw thread for realistic flow and a axial Reynolds nurnber of 
2230. At a higher differential pressure than 9600 Pa over one screw thread the solution is 
non-converging, even with low under-relaxation factors. The used pressure difference per 
seal is low , resulting in a low axial leakage velocity, and a low dimensionless wall distance. 
The effect of the dimensionless wall distance on the turbulence model is discussed in chap
ter 2 and shou ld be greater that 11 for wall functions. The dimensionless wall distance in 
the clearance is lower than the required value, it varies from 0.5 to 3 for the different axial 
Reynolds numbers. No accurate solution of the numerical simulation can be expected, but 
some tendencies are visible. In table 5.1 the simulated leakagc flow rate for a stationary 
twin screw pump is given for different differential pressures over the screw. The leabge 
percentage of fluid through the clearance between the screw and the liner compared to the 
total leabge f-iow rate m2/m, is higher at a higher differential pressures over the screw. The 
simulated mean axial velocity in the clearance between screw and liner is compared to the 
flow rate in an annulus from equation (2.4) with and without in- and outlet resistances. For a 
non-rotating stationary annulus, the resistance coefficient is À = 48Re- 1 [11] for laminar flow. 

In the second case the grid is elongated, the elongation of the grid changes the dimensions 
of the two leabge regions ( fi.gure 5. l ( a)). First region 1, the clearance between the screws 
gets larger and the flow resistance reduces. Elongation in axial direction reduces the flow 
resistance from region R to Sin figure 5.1(6). Secondly region 2, the length of the clearance 
between screw and liner gets larger and thus becomes a larger flow resistance. Elongation in 
axial direction increases the length of the clearance between region O and P in fi.gure 5.2(a). 
In table 5.2 the leakage flow rate is given for elongated screws with a laminar leakage flow 
rate in the clearances between screw and liner. 

In the third case a 5 times elongated grid in axial direction is used and the differential 
pressure over the screw is varied. The axial Reynolds number in the clearance betwcen 
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(a) Cross-section A-A in axia l direct ion of two threads (black: screw /liner, white: 
fluid) 

Figure 5.2: Cross-sections of twin screw pump 
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(b) Cross-section 
C-C (not to 
scale) 

screw and liner varies from 20 to 1500. There is no converged solution found for higher 
axial Reynolds numbers. In table 5.3 the simulated leakage flow rate through the twin screw 
pump is given. The mean axial velocity in the clearance (va,c) is given for the simulation and 
calculated with equation (2.4), with a value of 1.5 for in- and outlet resistance Óio· In [11], the 
resistance coefficient for a stationary annulus is given as: À = 48Re- 1 for laminar flow, and 
À= 0.26Re-024 for turbulent flow. The mcan axial vclocity of the numerical simulation and 
equation (2.4) are similar for laminar flow up to a Reynolds number of approximately 500. 
At higher axial Reynolds numbers, the simulated and calculated mean axial velocity deviate 
from each other. The dimensionless wall distance for an ax ial Reynolds number of 1514 on a 
5 times elongated grid is given in figure 5.3. The value of the dimensionless wal! distance y+ 

in the clearance and in the cavity are approximately 8 and 1000 respectively. 

Table 5.1: Water leakage flow rate for three-dimensional stationary twin screw pump simu
lations with various pressure differences per screw thread, (vax) in clearance between screw 
and liner 

(vax) [m/s] 
t:i.p [Pa] m [kg/s] eq. (2.4) Óio = 0 eq. (2.4) ó;0 = 1.5 numeric Re m2 / m [%] 
300 0.7 0.072 0.072 0.074 19 4.0 
600 0.9 0.144 0.142 0.145 37 5.7 
1200 1.4 0.29 0.28 0.277 70 7.0 
2400 2.1 0.58 0.54 0.51 129 8.6 
4800 3.2 1.15 1.0 0.90 227 10.8 
9600 4.8 2.3 1.8 1.51 381 11.1 

5.3 Conclusion 

The quality of the used grid is low, lowering under-relaxat ion factors only results in converged 
solutions for a low differential pressure over the twin screw pump. This low differential pres
sure results in a low leaka.ge velocity and the dimensionless wall distance dependent on this 
velocity is too low to calculate an accurate solution with the k - w turbulence model with 
wall functions. From the simulations some conclusions can be draw. First: elongation of the 
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Table S.2: Water leakage flow rate for three-climensiom-tl stationary twin screw pump sirnula
tions with S000 Pa/m pressure difference for elo11gated griel in ax ia l clirection (Re ~ 19) 

e rn [kg / s] (vax) [·,n/s] ·1n2 / rn [%] 
1 0.7 0.0740 4.0 

2 1.6 0.0762 1.7 

2.5 2.1 0.0762 1.3 

5 4.7 0.0745 0.6 

10 8.0 0.0731 0.3 

Tablc 5.3: \Valer kakage flow ratc fur thrcc-di1m'11siomd staLionary twin screw pump sirnu
lations for a S times elongated grid iu axial clirection, (v,i.7;) according to equa.tion (2.4) with 
in- and outlet resis tance for laminar and tmbulc:nt clefi 11itio11 of /\ 

(va~:) [rn/s] 
.6.p [kPa] in [k_g/s] lami11ar turbulent 1111mcric R.c ·1i1,2 / 'lil[%] 
l.S 4.7 0.072 0.38 0.074!:i 19 0.G 

3 6.6 0.14 0. S7 0 .15 38 0.8 

6 9.4 0.29 0.84 0.29 73 1.1 
12 12.9 0 .S7 1.2 0.S7 144 l.G 

24 18.3 1.1 1.8 1.08 273 2.1 

48 26.2 2.2 2.7 1.9 482 2.6 

96 37.6 4 .1 4.0 2.9 740 2.8 

192 52.4 7.3 5.8 4.0 lO0S 2.7 

288 62.S 10.2 7.3 s.o 1262 2.8 

384 75 12.7 8.G G.0 1514 2.8 

screws in a ... ,;:ial clirection results in a largcr lcakage flow for the sam<! diffcrcntial pressme over 
t he screw thread. The lcakage Aow rate in the clearance b0twec 11 screw a.ncl lincr rcd11ces , 
howcvcr tli<' kakagc flow ratc bctwccu the scrcws i11n<'ascs, <'ven rnore than the clecreasc in 
t lw othPr rc)g ion. Second ly: increas i11 g the difforential pr<'ssure per scrcw thread changes the 
lcakage flow ratio lwtwccn tlw two regiems. 
The k akage Aow rat<' thro 11 gh the ckarn.11c<'S bd.wPcn the scr0w and liner has a la.rger portio11 
of the total leakage flow ratc at a higher differcntial pressures for laminar flow. This can 
be expected from analyt ica! equatio11s. The relation hctween diffcrential prcssure and axial 
vclocity is givcn in cquation (2.4) for flow in an annulus. T l1 c clifforcnt ia l pressurc is approx
imatcly linearly proportional to the axial leakage velocity for lami11ar flow. For an expansion 
in the diameter of a pipe the relation between different.ia! prcssurc a.11d axia.l velocity is givc11 
in [8] and is .6.ri = I< ½ p-u2 , whcre I< is a constant for turbulent flow. In the numerirnl simu
lations the value of J( also rcrnaius appruxirnatcly co11stant, <'veu for larninar Jluw. ln a twin 
screw pump the lcakage flow bctwcen the scrcw and liner is similar to flow in an annulus, 
however the IPakage flow betwPen the screws is similar to a expa11sion i11 the diameter of a 
pipe. This expansion betweeu the screws is most clearly visil>le iu the cross-scction given in 
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Figure 5.3: Dimensionless wa l] distance for e = 5 and pressure difference of 384 kPa over one 
thread for a twin screw pump (Re in the clearance is 1514) 

figure 5.2(b) between regio11 A a nd B, and also in figure 5.l (b) between region R. and S. 
At higher ax ial Reynolds numbers the rat io bet\\·een leakage flow rate t hrough the clearances 
and the total leakage flow rate is found constant in the numerical simulations. This indicates 
a constant resistance coefficient À for axial Rcynolds numbcrs above a certaiu number or a 
negli i!;ible effect of sealing kngt.h compare<l to in- a nd ont.lrt resistances. 



Chapter 6 

Conclusions élnd recommendations 

6.1 Final conclusion 

To model the flow in a twin scrcw pump a grid of the screw pump has to be made. This grid 
has to describe the geometrie of the pump wel!. Also the turbulence model poses requirements 
on the dimensionless wall distance of the first cell at solid walls. To obtain a solution for the 
flow in a twin screw pump with n rmal PC performance and in reasonable time, the number 
of cells must be limited. A grid of the twin screw pump is made and the leakage flow through 
the twin screw pump is simulated for a low differential pressure over the pump. 
The demands of the turbulence model are evaluated by comparison with the re::;ults of two 
experiments. First, the flow through an annulus with rotating inner cylinder is modeled. Near
wall modeling and wall functions are considered for the different variants of the k - f. and k - w 
turbulence model. Secondly, the flow through a stationary straight-through labyrinth seal Ï!:i 

simulated. Here only wall functions are considered for the different turbulence models. The 
standard k - w model gives the most accurate results when simulating with wall funct ions. 
Wall functions are needed to keep the total number of cells limited. The dimensionless wall 
distance y+ has to be larger than 11 to give accurate results with wall functions. 
A mesh methoel is coustructed that generates a structureel hexahedral griel by layering of 
cross-sect ions perpendicular to the axial direct ion. The quality of the two-elimensional griel 
of a cross-section is gooel , however the three-dimensional grid has poor quali ty. The three
dimensional cells have a high skewness in some regions. 

I3etween the screw and the liner structured cells with elongated sides in axial and tangential 
direction have to be used to keep the total number of cells limited. Numerical simulations 
proved that this elongatiou has no influence on the flow through an annulus with inner rotating 
cylinder. Gradients of the solution in axial and tangential direction are low compared to the 
radial direction. 
From the simulations sorne conclusions can be drawn. First : elongation of the screws in ax ial 
direction results in a large leakage flow for the same differential pressure per :;crew thread . 
The leakagc flow ratc in the clearance betwcen scrcw and liner reduces , however the leak
age flow rate between the screws increases, even more than the decrease in the other region . 
Secondly: increasing the differential pressure per screw thread changes the leakage flow ra
tio between the two regions for the laminar flow regime. The leakage flow rate through the 
clearances between t he :;crew and liner has a larger portion of the total leakage flow rate 
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at higher differential pressures. Besides the numerical result this is also expected from the 
analytica! equations for the relation between differential pressure and axial fluid velocity in 
the two regions. At higher axial Reynolds numbers the leakagc flow ratio between the two 
regions is approximately constant. 

The statie twin screw pump simulation shows realistic flow features at a low differential pres
sure over the pump. Expanding the simulation to a differential pressure present in industrial 
sc.rcw pumps givcs a better nnderstanding of the flow in a twin screw pump. The statie sim
ulations can be extended to a dynamic simulation with multiphase flow to obtain a complete 
model of the twin screw pump. 

6.2 Recommendations 

• The constructed three-dimensional griel has highly skewed cells, the griel quality has to 
be improved to allow accurate CFD simulations. On the existing griel small improve
ments can be made but it remains questionable if the quality will improve enough to 
perform accurate CFD simulations. There is another method of meshing the twin screw 
pump, while fulfilling the demands set in this report. This method consists of a hybrid 
griel, mean ing a mixed griel of hexahedral and tetrahedral cells. The clearance between 
the screw and liner can be meshed with a structureel hexahedral mesh and the interior 
with unstructured tetrahedral cells. The nodes on the interface either have to coincide, 
or a non-conformal interface (section 3.3) can be used . 

• For comparison of twin screw pump simulations with experiments, measurements of the 
flow in the twin sc.:rcw pump are nccded. 

• There are some small improvements possible on the construction of the cross-sectional 
mesh. Like: automatic determination of <I>r, <I> B, correctly describe the round-off of the 
screw tips, and curvature dependent distribution of nodes at the dividing line. This 
rnesh can be used, for example, for a twin screw pump with a larger screw pitch. 

• The multiphase modeliug packages in Fluent should be tested on validation cases, to 
determine which model is the most accurate for flow in a twin screw pump. 

• To create a time-depcndent simulation, use can be made of smoothing and remeshing 
in Fluent. Smoothing and remeshing can deteriorate the mesh . When the mesh dete
riorates beyond a certain limit, a new mesh can be used and the old solution can be 
interpolated on the new grid . This method has proven its applicability on a completely 
unstructured rnesh of one screw thread of a twin screw pump with large clearances of 6 
mm at consulting company l3unova Development 13V. 

• Validate behaviour of turbulence models for laminar flow in the clearance between screw 
and lincr. Thcrc is larninar flow present when more visc.:ous oil is pumped. A turbulence 
model is needed because in a dynamic simulation there are regions with turbulent flow. 

• The first cclls near the wall in a cavity are too large, resulting in a high dimensionless 
wal! distance. So , adjustmeut of the griel in the cavities is necessary. 
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Appendix A 

Theoretica! Screw profile 

The screw profile is described with a cross-section normal to the ax ial direction of the twin 
screw pump, see figure A. l. In this figure profile A and B are visible. 

Figure A.l: Cross-section twin screw pump 

The profile Ais an involute profile (x and y) and described by the following equations: 

s ar (A.1) 

:re r cos a (A.2) 

Yc r si n a (A.3) 

X Xc + ssin a (A.4) 

y Yc - s cos a (A.5) 

where r '.S; ri , with r i, the screw inner diameter. Xc and Yc are construct ion points on the 
circle with radius r. In figure A.1, ris equal tori. The othcr variablcs of profile A are clcfined 
in Figurc A.2. 
The profile Bis described in polar coordinates 0 and R by equations (A.6:A.10). The variables 
of profile B are defined in Figure A.3. 

a To COS Q (A.6) 
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Figure A.2: Varia bles for profile A 

h r 0 sin o (A.7) 

b y - a (A.8) 

R Jb2 + h2 (A.9) 

0 JT + o + tan- 1 (h / b) (A .10) 

Figure A.3: Variables for profile B 
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Screw profile Houttuin 
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