CFD ANALYSIS OF SCREW COMPRESSOR
PERFORMANCE

Ahmed Kovacevic, Nikola Stosic and lan K. Smith

Centre for Positive Displacement Compressor Technology,
City University, London EC1V OHB, U.K.
e-mail: a.kovacevic@city.ac.uk

ABSTRACT

Modern manufacturing methods enable screw compressors to be constructed to such close tolerances
that full 3D numerical caculation of the heat and fluid flow through them is required to obtain the
maximum possible improvements in their design. An independent stand-alone CAD-CFD interface
program has therefore been developed by the authors in order to generate a numerical grid for this
purpose. Modifications implemented to the CFD procedure improved solutions in complex domains
with strong pressure gradients.

The interface employs a rack-generation procedure to produce rotor profiles and an analytical
transfinite interpolation method to obtain a fully structured 3D numerical mesh, which is directly
transferable to a CFD code. Some additiona features, which include an adaptive meshing procedure,
mesh orthogonalization and smoothing, are employed to generate a numerical mesh which can take
advantage of the techniques used in recent finite volume numerical method solvers.

These were required to overcome problems associated with

i) rotor domains which stretch and dide relative to each other and aong the housing
i) robust calculations in domains with significantly different geometry ranges.
iii) agrid moving technique with a constant number of vertices.

Some changes had to be made within the solver to increase the speed of calculation. These include a
means to maintain constant pressures at the inlet and outlet ports and consideration of two phase flow
resulting from oil injection in the working chamber.

The pre-processor code and @lculating method have been tested on a commercia CFD solver to
obtain flow smulations and integral parameter calculations.

The results of caculations on an oil injected screw compressor are presented in this paper and
compared with experimental results. Good agreement was obtained between them.

1. INTRODUCTION

Approximately 17% of all electrical power generated is used to drive compressors while about 80% of
al such machines currently manufactured for industria applications are of the screw type.
Improvements in the efficiency of screw compressors can therefore lead to significant energy savings
a globa levd.



The design parameter which influences screw compressor performance most strongly is the rotor
profile and differences in shape, which can hardly be detected by eye can effect significant changesin
flow rates delivered and power consumption. Other features of the design also strongly affect the
overall compressor performance. Thus, clearances between the rotors and between the rotors and the
casing determine the leakage through the compressor and hence both the volume flow rate and the
power consumption. The shape and position of the suction and discharge ports influence the dynamic
losses and, in the case of ail injected machines, the oil injection port position and the quantity of oil
injected into the working chamber affect both the outlet temperature and the power consumption.
Dimensionless or quas-steady mathematica models predict the overall effects of changes in these
parameters on compressor overall behaviour fairly accurately. However, how the internal flow within
the machine is affected locally by changes in these parameters is only approximated by such models.
Consequently, the simplified analytical models currently in use are rot sufficiently accurate to design
screw compressors to obtain the maximum possible improvements from the close manufacturing
tolerances now achievable with contemporary numerically controlled machine tools.

It is therefore timely to apply a more complex analytical procedure, such as a 3D Computationa
Fluid Dynamics (CFD) method to determine the effects of changes in the compressor geometry on
interna heat and fluid flow. Such an approach can produce reliable predictions only if caculated over
a substantial number of grid points. Hence, a high computer potential and capacity is needed in order
to use such procedures to analyse a screw compressor. If an inadequate numerical grid is used, or the
solver parameters are not selected carefully, a convergent rumerical solution may not be obtained.
Calculation results must therefore be monitored closely and compared with the experimental data in
order to avoid obtaining results which do not accord with red flow conditions.

There is a current trend in CFD methods to improve the accuracy and rdiability of numerical
simulation without a significant increase in the number of computational points and operations. This
may be a significant factor in enabling such methods to be used as an aid to compressor design.

Apart from the authors publications [5]-[ 7], and [16], there is hardly any reported activity in the use
of CFD for screw compressor studies. This is mainly because the existing grid generators and the
magority of solvers are still too weak to cope with the problems associated with both the screw
compressor geometry and physics of the compression process. Since a screw Compressor comprises
both moving rotors and a stationary housing, any numerica grid applied must move, dide and deform.
Moreover, if flow is to be calculated through the compressor clearances, the geometric length scale
ratio of the working chamber may rise to 1000:1. This cannot be done with the mgjority of existing
CFD grid generators. Despite this, the grid aspect ratio should be kept very low. Compressor flow,
even in its smplest form, is further complicated by sharp pressure changes and high acceerations,
which may drastically affect the flow structure. If, in addition, the working fluid is ared gas or atwo-
phase fluid or it contains particles, then there are hardly any CFD solver capable to produce a
straightforward solution. Therefore, specia care is needed to blend the grid generation procedure with
an adequate numerical solver to obtain a useful numerica solution of screw compressor processes.

Demirdzic and Peric, [1], [2] and Peric [11] set the guidelines for successful finite volume
calculation of 3D flows in complex curvilinear geometries. Based on this, Ferziger and Peric [4]
published a book on finite volume methods for fluid dynamics. Muzaferija [ 10] applied unstructured
grids and used a multigrid method to accelerate calculations. Demirdzic and Muzaferija [ 3] showed
the possibility of smultaneous gpplication of the same numerical methods in fluid flow and structura
analysis within moving frames. Contemporary grid generation methods are extensively discussed by
many authors. The most detailed textbooks are Liseikin [9] and Thompson et al [18]. Adequately
applied, the grid generation they describe, accompanied by an appropriate CFD solver, can lead to the
successful prediction of screw compressor thermo-fluid flow. Such an approach resulted in the
agebraic grid generation method, which employs a multi parameter one-dimensiona adaptation. This
is given in detail by the authorsin [6] and [7], where an interface, which transfers the screw



compressor geometry to a CFD solver, is aso described and compressor suction flow is given as a
working example.

An advanced grid generation procedure is described in this paper. By its use and the inclusion of
additiona source terms and boundary conditions in the standard governing equations, heat and fluid
flow within a screw compressor can be estimated by use of existing CFD solvers. Once the velocity
and pressure distribution are determined within the compressor, overall performance parameters such
as flow rate, rotor loads, torque and power input may be derived from them. Consequently, the more
conventional performance criteria used by compressor manufacturers, such as specific power and
volumetric and adiabatic efficiencies can be caculated. These derived values may aso be used for
comparison of compressors and for further applications like rotor and compressor minimization and
optimisation.

2 GENERATION OF A SCREW COMPRESSOR GRID

2.1 Fundamentals

An appropriate numerica grid must be generated as a necessary preliminary to a CFD calculation.
The grid must define both the stationary and moving parts of the compressor. The rotors form the
most complex part of the screw compressor grid and are the most important components since it is
within the rotor interlobe chambers that the compression process occurs. Depending on the relative
position of the rotors and the housing, the processes of suction, compression and discharge will occur
within the compressor. Rotor rotation results in change in the volume of the chambers, which
increases the pressure, while internal pressure changes cause leakage flow between the chambers.

To apply a CFD procedure, the compressor spatial domain must be replaced by a grid which contains
discrete volumes. The number of these volumes depends on the problem dimensionaity and accuracy
required. A composite grid, made of several structured grids patched together and based on a single
boundary fitted co-ordinate system is used to transform the compressor geometry into discrete
volumes. Grids are then connected over defined regions on their boundaries which coincide with other
parts of the entire numerical mesh. More details of the different grid types and the relative advantages
of each grid system are given by Shih et al [12].

The grid generation for compressor rotors starts with the definition of their spatial domains determined
by the rotor profile coordinates and their derivatives. These are obtained by means of the rack
generation procedure described in detail by Stosic [17]. The grid components define al connections
between the rotors and the housing and contain the interlobe, tip and blow-hole leakage paths. The
mesh calculation is based on an agebrac transfinite interpolation procedure with a static multi
parameter adaptation. This includes stretching functions to ensure grid orthogonality and smoothness.
More information about this particular grid generation method can be found in [5]. A grid for the
stationary compressor components, like the housing and ports, is aso produced. The suction port is
divided into five sub-domains, while the discharge chamber consists of three sub-domains. The
complete grid generation procedure is programmed in FORTRAN and ensures automatic grid
formation for various compressor shapes and sizes, given the housing geometry parameters.

2.2 Discretization of the screw compressor rotor boundaries

In genera, the number of points required to define the rotor geometry accurately is not large.
However, the number needed to establish a diding interface between them may be so large that the
numerical mesh, so formed cannot be solved. One means of resolving this problem, which combines
accuracy with fast solution, is to keep the number of computationa cells as low as possible and to



modify the distribution of points according to loca requirements. An additiona reason for such an
approach is the large aspect ratio of the screw compressor chamber, the dimensions of which vary
from severa micrometers to tens of millimetres. In case of the numerical mesh for the compressor
presented in this paper, the grid length scale ratio is about 300. Since the number of cells in the radia
direction is the same in the chamber as in the gaps, the ratio between the circumferential and radia
dimensions of the cell becomes unacceptable. However, the same number of cells can form a
convenient grid if the grid adaptation is carefully applied to keep the grid aspect ratio as uniform as
possble. The mgority of grid generation methods produce numerical grids by use of just one
adaptation variable. However, within a complex geometry, various parameters determine the
distribution of numerica points. For example, in the case of long narrow clearances, the distance
between the points should be smaller. Smilarly, a shorter distance between the points is needed in
regions where the curvature is high. Also, the point distribution in the rotor contact area should be
modified to fulfil requirements of a block connection procedure in the CFD code. In such cases,
adaptation by means of two or more variables or conditions is necessary. The different adaptation
criteria, like the radius of curvature, distance from the rotor centre or angle of the tangent are applied
independently in the static adaptation procedure, developed by authors, to ensure a viable numerical
grid. In the example given, two adaptation functions are used simultaneoudly. The tangent angle and a
radius of curvature are applied to the male rotor. For the female rotor the flatness of the curve and the
point centre distance are used as criteria for adaptation

2.3 Transfiniteinter polation

To generate a three-dimensional numerical mesh of a screw compressor, the domain was divided into
a number of cross sections aong the rotor axis (Fig 4). Each cross section was then calculated
separately as a 2D face for both rotors by means of the following steps:

1) Transformation from the ‘physical’ domain to the numerical non-dimensiona domain.

2) Definition of the edges by applying an adaptive technique,

3) Selection and matching of four non-contacting boundaries.

4) Cdculation of the curves, which connect the facing boundaries by transfinite interpolation.
5) Application of a stretching function to obtain the distribution of the grid points.

6) Orthogonalization, smoothing and final checking of the grid consistency.

Once the boundary faces are produced in steps 1-3, the didtribution of interna points in steps 46 can
be found. A good summary of how to find the internal points from the boundary data by analytica
transfinite interpolation is given by Smith [ 13].

The coordinates of the two opposite boundaries expressed in vector form are:

a(x,h) =r(x;,h), 1 =1,2

bi(x,h)=r(x )h,), 1=1,2,
where the coordinates of the transformed computational coordinate system,x and h , are:

(1)

x=@-1/(-Dandh=(j-D/(I-1).

i and j denote point numbers on the physical coordinate while | and J are overal number of points on
this coordinates. The interior point then can be caculated as:

rxon) =8 a,6)a(h)
e @
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The blending functions a, (x) and b,(h) can be arbitrary but must satisfy the cardindity conditions,
given by (3), to ensure that the edges are reproduced as a part of the solution.

a, (%) =d,, k=12 1=1.2

_ _ _ ©)
bl(hk) - dkl ’ k_112 I _112

d is Kronecker's delta function.

By use of equation (3), equation (2) for the 2D domain can be written in the following genera form,
which connects the physical and numerical domain coordinates:

X(x.h) = X, (x ha,(6) + X, (< h, (x)
y6x.h) =Y, 0¢,0) byh) + Yx h)b ()

The success of the analytical transfinite interpolation method (4) to produce regular distribution of the
interna points is highly dependent on the selection of blending functions. The smplest method to
obtain the blending functions is Langrangian interpolation. However, it produces a satisfactory mesh
only for smple problems and this is not case of the screw compressor.

(4)

A better and more accurate solution can be obtained by Hermite interpolation. More details of Hermite
interpolation are given by Smith, [13], Shih et al [12], and Thomson et al [18]. Only the fina form of
the equations is presented here. The four-boundary method, which assumes interpolation between all
four boundaries of the 2-D domain can be written in the following form:;

X(x,h) =x'(x h)+Dx(x h)

y(x,h) = y'(x ;h) +Dy(x h) (5)

If the second term in equation (5) is neglected, then the first term on the right side of the equation
implements the two-boundary method, which interpolates between two non connecting boundaries.

X(,h) = X,00R(h) +X,0)hh) + “X(Xﬁ*; =0, )+ “X(Xﬁ'; =D,y

(6)
. x,h=0 X,h=
V) =Y60RM) +Y,0)nh) +LER=Oh ) + R ZDn )
where hy, h,, h; and h, are the Hermite interpolation blending functions given as.
h=-h?+1 h, =- 20"+’ (7)
h,=h®- 2n* +h, h,=h®-h?
The boundary points are defined as.
X, =x(,h =0) =X, (x),%, =y(x.h =0) = Y,(x) ©

X, = Xx,h =1) = X,(x), Y, = y(xh =1) =Y, (x)



The aim of the partia derivatives at the boundaries is to ensure orthogonality. These are:

ix(x,h =0) _ 1Y, x(x,h =1 _ T,

T K, (x)( —ﬂx) o K, (x)( —ﬂx) o
lyx,h=0) _ X4 fyx,h=1 _ 91X,

S - K (X)(- ) I » (X)( ™ )

The coefficients K; and K, are positive numbers smaller than 1. They are usually chosen by triad and
error to avoid overlapping of connecting curves inside the domain.

For the four-boundaries method, only two additional boundaries have to be mapped. They are:

X;=x(x =0h)=X;h)Y; = y(x =0h) =¥ (h) (10)
Xy =Xx =Lh) = X, ) Y, = yx =Lh) =Y,(h)

If the scond term in equation (5) is not neglected , itdefines the mapping between the other two
boundaries:

Dx<x,h)=(><3-><'3>rg<x>+<x4-xu)mx)fx(x 0h) fx'x = Oh)"h,()

ix ix
+86[X(Xﬂ ],h) IX(x =1,h) Oha( %)
’ ™ (11)
DYG) = 0~ YR+ (1 Y0+ B PR h, 6o
dAyx =1h) Ty'x= lh)o
+ ™ ™ hg(X)
The partial derivatives of the boundary points in the equation (11) are:
X'x=0h) _ x(x =0h =0) XX =0h =1)
ﬂ—x-h(h)ﬂ—x+h2(h)ﬂ—x
X'x=1h) _ ix(x =1h =0) xx =Lh=1)
ﬂX h(h)‘ﬂ—x-'-mh)ﬂ—x (12)
fly'(x =0h) _ fly(x =0,h =0) fyx=0h=1"
T h(h)ﬂ—x +h, (h)ﬂ—x
Ty'x =1h) _ X(x =1h =0) XX =1Lh =1)
P T T e )
while the remaining partial derivativesin the equation (11) are:
Xx=0h) _ 1Y, fxx=1h) _ 1y,
o KO ) oK) ) -
x Ix

and the remaining Hermite factors are

— 3 2 — 3 2
h, =2x"- 3x“ +1, hy =-2x" +3x (14)
h, =x3- ?+Xx, hy =x3- x?



The four-boundary Hermite interpolation method gives a reasonably good distribution of interna
points with the freedom to maintain the orthogonality and proper curvature on and near to the
boundaries. However, this method sometimes causes the curves to overlap. This is a frequent case in
complex domains, such as those of the screw compressor when the rotor interlobes have to match. If
the overlapping problems cannot be overcome by this method, multidimensiona stretching functions
can be applied as proposed by Seinthornsson et al [14]. These are calculated using Hermite
interpolation and are given as.

X (x ) =x,00)h0) +x,(x) () (15)

h, and h, are the Hermite factors while x,(x) and x, (x) are one dimensiona stretching functions
where:

X,(x) =0 for i=1
_ , 16
xo(x)=i for 1=23,...L (16)
d.
and
J
d =A% - %01)? (Y - Vo) (17)

The problem associated with the Hermite transfinite interpolation based on a cubic interpolation (7)
and (14) is extensive skewness or overlap of the grid lines. Therefore, when the multidimensiona
stretching functions ae employed for the Hermite interpolation, blending functions based on tenson
interpolation are used. The interpolation coefficients then become:
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h(=al- 9reste e ==y
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with coefficients:
e . = sinh(s)
G 2) 2 2sinh(s)-s cosh(s)-s
a4 SR
Cﬁ_(bz_az)snh(s), c, (bz_az)smh(S) (19)

a=s cosh(s)-snh(s),b=snh(s)-s

This method should generally be sufficient to produce a satisfactory grid for the CFD anaysis of
screw compressor flows. If this is not case, as for rotors with a very small radius on the tooth tip,
orthogondlization and smoothing should be applied. The approach to the orthogonalization used for
the screw compressor computational grid is similar to one suggested by Lehtimaki, [8]. After the
regular, though not necessarily orthogonal and smooth mesh, is produced by Hermite transfinite
interpolation, additional orthogondization and smoothing are gpplied. Mesh orthogonalization is
achieved by moving the grid point perpendicularly to the norma to the boundary. A weighing factor

between the origina point ' ;and the orthogona projection of this point to the line extending



perpendicularly from the boundary 1" ; was applied to avoid over specification caused by a
discrepancy between the two boundaries. The coordinates of the new point are:

N =@ w)r'+w r (20)

!

The weighing factor has the exponential form:

} G h 0 W S
W =expi 'qg' A T 1%’%4)9,0(1' Xi0) B (21)
i i @

where K, | :\/(xi,j- Xi0)° +(h,; - h;,)* . The coefficient C, in equation (21) controls the damping of
the interior mesh. The second part of that equation is set to dump the end points of the boundary line
where a high vaue of the coefficient C, implies that the grid has to be orthogonaized only in the
centra region of the boundary.

Smoothing of the interior linesis achieved by repetitive application of the following equations:

n+1

X' =X +C>(>ﬁn+1,j - 2% +)§r]1,i)

(22)
Y=V O Yy - 29 + V)

where C isaconstant and n=0,1,2...

Finaly the grid must be checked for regularity. It can be accepted only if the skewness of al the cells

within the domain is posgitive. This is caculated for every cell as a normalised cell volumes - A

€6,
where the area A is given as half of the cross product of the cell diagonas and e; an e, are maxima
values of the cell edges in co-ordinate directions:

ri,j+1

}
}

ri+1,j - ri,j|’

3

H,j+

& =maq ' (23)

&= max{ |ﬁ,j+1- ri,j|,

IiF+L j+ " ri+1,j

Fig 1 Final numerical mesh for the screw compressor rotorsin 2-D



The numerica mesh for the screw compressor rotors of 5/6 configuration produced by this complex
method is shown in Fig 1.

2.4 CAD-CFD interface

All the methods described in the previous sections have been employed to form a stand alone CAD -
CFD interface to produce a regular 3-D mesh of the screw compressor working volume. The interface
program is written in Fortran and is caled SCORGgg, &crew COmpressor Rotor Geometry grid
generator). More information on the interface is given by Kovacevic et al [5]. The program calculates
the meshing rotor coordinates from given rack or rotor curves, by means of two parameter adaptation,
and then calculates the grids for both rotors. It aso caculates the grids for the inlet and outlet ports
and prepares the control parameters necessary for the CFD calculation of the compressor fluid flow.

A trandgfer fileis given in ASCII format. This includes the node and cell definitions, regions, boundary
conditions, control parameters and post-processing functions. The file can be imported into a
commercial CFD package through its pre-processor. These should be able to process control volumes
with an arbitrary number of faces. The solution domain can be split into severa regions, with separate
grid generation in each of them, without the need for grid matching at the region interfaces. Despite
the non-matching interfaces, the discretization method is fully conservative and al regions are
coupled, so that the solution method converges as well as if the grid was made with one block only.
This is very convenient when grids of different topology are generated to obtain the best fit for the
geometry of each region. It is then possible to achieve high gid density without the large deformation
that would result from a single-block grid. The grid may aso be refined localy by subdividing
sdlected cells into a number of smaller cells. The fact that the control volumes may have any number
of faces and that the grids do not have to match at interfaces makes it possible to compute flows where
the grid moves in some regions while it remains stationary in others.

2.5 Grid for a 5/6 oil flooded compr essor

An oil-injected screw compressor, designed and built at City University, for which the flow field was
caculated, is shown in Fig. 2. The Rotor profiles are of the ‘N’ type [17] with a 5/6 lobe
configuration. The rotor outer diameters are 128 and 101 mm for the male and female rotors,
respectively, and their centre lines are 90 mm apart. The rotor length to diameter ratio is 1.66. Both a
drawing and a photograph of the rotors are presented in Fig 3.

Fig. 2 Oil injected screw compressor with ‘N’ rotors.



The male and femae rotors both have 40 numerica cells aong one interlobe in the circumferential
direction, 6 cels in the radid direction and 112 in the axia direction. This forms total number of
444830 cells for both the rotors and housing. To avoid the need to increase the number of grid pointsif
a more precise caculation is required, the adaptation method has been applied to the boundary
definition.

)

Main Rator: RH

Gate Rotor: LH
Lecd 036579 mm | L/Dwi.65 320 dag S

Lead 283885 mm

|
SELEEE PO1

2R L2

L LR L)

Fig. 3‘N’ Rotors of 5/6 male/female rotor lobes (left — drawing, right — photogr aph)

The compression in a screw compressor is caused by the rotor rotation induced by the driving motor
coupled to the male rotor shaft. To simulate such a situation, the numerica grid is modified for each
time step. The number of time changes was 25 for one interlobe cycle, or 125 for the full rotation of
the male rotor. The number of numerica cells on the rotors was kept the same for each time step. To
achieve this, a specia grid moving procedure was developed in which the time step was determined by
the compressor speed. The numerical grid for the initid time step is presented in Fig 4.

Fig 4 Numerical grid for oil injected screw compressor with 444830 cells



3 CALCULATION PROCEDURE AND BOUNDARY CONDITIONS

3.1 Governing equations

Fluid compressed within a screw compressor is either gas, vapour or a wet mixture of liquid and
vapour and its density varies with both pressure and temperature. The compressor flow is fully
described by the mass averaged equations of continuity, momentum and energy conservation, which
are accompanied by the turbulence model equations and an equation of state, as given by the authors
in [7]. These equations are integrated over a finite volume resulting in a similar integra form which
contains local and convective rate of change on the left hand side and diffusive and source terms on
the right hand side.

The continuity equetion is.

%Qrdv+(§r(v— v, )xds= 0, (24)

wherer isthe density and v isthe fluid velocity reative to the grid, while vsis the grid velocity.

The momentum equation is:

d hY hY \ Y
EQrVdV +Qrv(v- VS)de=QT>< ds+ bedV, (25)
where T isastress tensor, and f,, is the resultant body force.

Since oil is injected into a screw compressor, the oil concentration ¢ =% is calculated from its
equation as a passive component which through the oil mass and enthalpy affects the air in the source
term of the enthalpy equation. The concentration equation is.

d . N s N
EQrc,dV+Qrc,(v-vs)>ds—qu>ds+QsddV, (26)

g and s, denote the diffusion flux and source or sink of oil.

The transport equation of enthalpy is.

d N BN N N
EQr th+Qr h(v- vs)>d5—Qqh>ds+qudV+ o
N Q- N b N Y d N
QS.NvdV+ Qv>diV— QPVs >ds+andV
where Sisthe viscous part of the stresstensor and p is pressure.

Since screw compressor CFD calculations involve a moving grid, the equation of space conservation
must be solved:

%de+(‘grvs>ds=0, (28)

A condtitutive relation which through viscosity m connects stress and strain, complements the

momentum equation, while the concentration and heat diffusion complete the transport eguations of
concentration and enthalpy.

Equations (24) to (28) are closed by the equation of state (29) and accompanied by equations of the k-
e turbulence modd (30).



r=r(p,T) (29)

%Qrde+Qrk(v- vS)>ds=c‘éqk>ds+Q(P- re)dv, 0
%Qredv+(‘gre(v- v5)>ds=(‘gqe>ds+Q(QP%- C,r e—k2+CSrel§| xv)dV

k and e are the turbulent kinetic energy and its dissipation, while P is production of turbulence
energy. m=rC,k* /e is the turbulent viscosity which complements viscosity m. The constants of

thek- e turbulencemoddl are: C,,=0.09, s, =1, s ,=1.3,C;=1.44, C,=1.92, C;= -0.33. Standard wl
functions are implemented on the walls

3.2 Specific aspects of the compressor CFD calculation

321 Oil injection and two phase flow

One component of the working fluid in oil-flooded screw compressors is air, which is considered here
as a background fluid, while the ail injected into the working chamber is treated as a disperse phase
through its concentration. The ail fulfils severa functions in the oil injected screw compressor since it
sedls, lubricates and cools theits working chamber. The influence of oil on the background fluid is
shown by two heat flux terms, which are contained in the energy equation. These are defined in
equations (32) and (33) by the oil mass and enthalpy.

The energy badance for the il is given in the following form:

c dmT,) _ A, +0. ., (31)
dt
The convective heat flux between the air and oil is given by:
Qo =P d,k Nu(T- T)), (32)
and the heat flux caused by mass transfer between themis:
=—1L. 33
Qres = ¢ (33)

where L is the specific enthalpy of vaporization

In theseequations C,, T, and k are the specific heat, temperature and the thermal conductivity of oil.
The Sauter mean diameter d, is the parameter which determines heat transfer between the phases. In
the case of an ail injected screw compressor, its value is between 10 and 50 mm. More details about
thisare given by Stosic at al [ 15].

3.22 Boundary conditions

A novel treatment of compressor boundaries was introduced in the numerical calculation as follows.
The compressor was positioned between relatively small suction and discharge receivers. Therefore,
the compressor system was separated from its surroundings only by walls. It communicates with the
surroundings through the mass and energy source or sink placed in these receivers to maintain
constant suction and discharge pressures. The compressor intake and discharge flows and pressure



change within the compressor are then caused solely by the rotor movement. This allows the
compressor calculation to start from rest with relatively coarse initid conditions and establish a full
solution after only a fraction of a compressor cycle. Such an approach is completely different from the
standard inlet and outlet boundary conditions, or pressure boundary condition. The first would not
alow a flow reversa at the compressor discharge, while the latter would be prohibitively dow due to
the unsteady character of the compressor process. The novel approach therefore introduces additional
stability to accelerate calculation. The procedure secures full and precise control of the pressures in
both reservoirs and reduces the calculation time required by a factor of five compared with any other
approach. The same was used for the boundary conditionsin the ail injection port.

3.3 Calculation of the compressor performance

Once the velocity and pressure fields in the compressor are calculated, the compressor volume flow is
obtained at the screw compressor suction as a scalar product of the fluid velocity and corresponding
surface vectors for each cell. When multiplied by the corresponding density and integrated over the
entire cross section, compressor volume flow gives the compressor mass flow. Finaly, the volume and
mass flows were averaged for al time steps. The same procedure was applied to calculate the outlet
mass flow. Mass flow of the oil through the oil injection port was calculated from the mass
concentration of oil in its port. The inlet air and oil injected mass flows should be equa to the outlet
mass flow of the mixture for steady working conditions.

Since the pressure in the working chamber does not vary too much in one interlobe within one time
step, it was sufficiently accurate to average the pressure values arithmeticaly in each working
chamberto plot pressure-shaft angle, p-a diagramsfor dl interlobesin dl the time steps of the working
cycle.

However, the calculation of the torque and forces acting on the rotors requires pressure values in each
cell of the working chamber to be considered. The forces acting on the rotor, which are caused by
pressure in the working chamber, are calculated as a product of the pressure at the rotor face cell

boundary and the corresponding cell area vector. The resultant force has three components, one in the
rotor axia and two in the transverse directions. The cross product of the force and its coordinate forms
a force moment, the components of which act in three directions. Two of them serve to calculate axia

and radid force reactions in the suction and discharge bearings, while the third component is the
torque acting on both, the male and female rotors. To obtain integral radia and axia forces and torque,
the cell values are summed over the entire surfaces of both rotors.

Once obtained, the torque is used to calculate the compressor power transmitted to the rotor shaft asa
product of the torque and shaft speed. The shaft power should correspond to the indicated power
calculated from the pV diagram. Compressor specific power is calculated as the ratio of the input
power to the compressor volume flow. The volumetric efficiency is calculated as the ratio of the
compressor volume flow to the compressor theoretical displacement and the compressor adiabatic
efficiency is calculated as the ratio of the compressor theoretical adiabatic power: to either the shaft or
indicated power.

4 RESULTSAND DISCUSSION

41 Compressor measurements

In the absence of flow field measurements in the compressor chamber, the experimentally obtained
pressure history within the compressor cycle and the measured air flow and compressor power served



as a valuable basis to validate the results of the CFD calculation. The 5/6 oil flooded compressor,
aready described, was tested to obtain this data on a rig which has been certified by Lloyd's of
London as fully meeting Pneurop/Cagi requirements for screw compressor acceptance tests. The
compressor was tested according to the procedures specified in ISO 1706 and the delivered flow was
measured in accordance with BS 5600. High accuracy test equipment was used for the measurement
of al relevant parameters.

All measurements were made by transducers and both recorded and processed in a computerized data
logger for real time presentation. A screen record of the compressor measurement is givenin Fig 6. A
Diesdl engine of 100 kW maximum power output, which can operate at variable speed, was used as
the pr::;e mover. This permits the testing of oil-flooded screw compressors with discharge rates of up
to 16 n’ /min.

e Wy COPFSIE 550 et vig - i Lmevma ity Lrwchon [ (] =]
! =
O i e
= 1 o i ""l e, O separsicr
: ﬂ gl e
: : e
= 5;@ il flowrenin |13 24
il ] i . ._-_-"' e
b ey 28| mem  -BE EE S | 2 e
" [ . "I."'-:'.' I f
ot o087 - AT ] fere R
Cosrpasent 10 A14T it g &
Somad rmamal f o= Powes [k] 24034
0 I PTG
Bpucin: Powss
D irary | A- 107
o ||
R |
Engma |
Speed Imm)
Amssheck wesir (g | EAT
e O =+~

Fig. 5 Compressor test layout and the computer screen

42 CFD calculation

A numerica solution of the system of equations was obtained from the CFD solver ‘Comet’, which is
developed by the Ingtitute of Computational Continuum Mechanics GmbH. This code is applicable not
only to fluid flow but aso for solid lody anaysis. It dso meets the needs of coupled computation of
gas and liquid flow including moving surfaces, non-Newtonian fluids, flows with both highly
compressible as well as incompressible regions, flows with moving boundaries and particle flows.
Hence, it contains al the essentid features needed to obtain the ultimate ams of full machine
smulation. All additional terms described in previous chapter were introduced through user functions.
The numerical mesh produced by the stand aone grid generator was automatically transferred to the
CFD solver together with al control parameters and user functions.

To establish afull range of working conditions and to obtain an increase of pressurefrom 1to 5, 7 or 9
bars between the compressor suction and discharge with a numerica mesh of nearly 450000 cells,
only 25 time steps were required, following which a further 25 time steps were needed to complete a
full compressor cycle. Each time step needed about 30 minutes running time on an 800 MHz AMD
Athlon processor. The computer memory required was about 450 MB.



4.3 Comparison of the CFD results and experimental data

Results of the CFD calculation of an oil injected air compressor are presented in Figs 6-9. Variation of
pressure within the working cycle caculated from the CFD estimate is compared with measured
vauesin Fig 10 andin Tab 1. The forces acting on the rotors and the bearing forces are shown in Figs
11 and 12.

In Fig 6 and 7 the velocity vectors in two cross sections and two different time steps in the axia
section are compared respectively. The high vaues of velocity in gaps both between the rotors and
their housing and between the two rotors generated by the sharp pressure gradient through the
clearances are clearly distinguished from the velocities in the highly turbulent regions in the interlobes
where the movement is relatively sower. Velocity changes in space, as presented in two cross sections
in the Fig 6, and through change in time are caused only by the movement of the numerica mesh,
which follows the rotation of the rotors. Velocity field in the axia sectionis shown in Fig 7
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The oil and pressure distribution in the cross section with the oil injection port are shown in Fig 8.
The flow of oil within the machine is clearly shown in the axid section through the rotors, presented
in Fig 9, on the top diagram. The pressure rise within the machine when rotating at 5000 rpm with a
discharge pressure of 7 bar absolute is shown on the bottom of the diagram. The estimated

thermodynamic and flow properties presented in previous figures were later used for calculation of the
overal parameters of the analysed screw compressor.
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Fig. 10 Pressur e-shaft angle diagram, comparison of CFD calculations and measurements
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Fig. 11 Radial bearing forces acting on supporting bearings compared for CFD and one
dimensional model

The results of the study are shown in Fig 10, where pressure-shaft angle diagrams are presented and
compared with the results obtained with measurements on the modelled screw compressor. The given
results were obtained for a shaft speed of 5000 rpm and discharge pressures of 6, 7 and 9 bar absolute.



In all cases, the inlet pressure was 1 bar. As may be seen, the agreement between the predicted and
estimated values is highly encouraging for.
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Fig. 12 Torque on the male and femalerotors

The radial bearing forces are given in Fig 11, while the torque on the male and female rotors are given
inFig 12.

The results of both CFD calculations and measurements for three different discharge pressures are
presentedin Tab 1.

Tab 1. Comparison of theintegral parametersat 5000 r pm shaft speed

Discharge Discharge Delivery Shaft

Pressure temperature power

[bar] [degC] [M3/min] [kW]

Measurements 6.19 60.6 6.21 36.0
CFD model 6.04 54.0 6.13 35.0
M easurements 7.01 65.1 6.26 39.9
CFD model 7.03 61.4 6.18 39.5
M easurements 8.97 82.5 6.21 44.6
CFD model 9.01 85.1 6.35 46.3

5 CONCLUSION

Full CFD solutions of compressor thermodynamics and fluid flow have been obtained for an oil
injected air compressor and integra compressor parameters such as the compressor flow, power,
specific power and volumetric and adiabatic efficiencies have been derived from them. The
compressor performance for two different discharge pressures obtained with a CFD model based on
the SCORG®, Srew COmpressor Rotor Geometry grid generator, have been compared with test



results obtained from a rea compressor. The good agreement between predicted and measured
performance is a strong indication that CFD analysis can be developed further as a powerful tool for
the design and optimisation of screw compressors.
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