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Abstract

In this paper a non-linear optimization method is used to improve the design of a distributor valve. The distributor
valve is an important component in aradial piston hydraulic motor, and optimization of the design to minimize power
losses is an interesting way to increase efficiency. The main function of a distributor valve isto supply the pistons with
a pressurized flow and to return oil during rotation. At the same time the distributor valve acts as an externally pressur-
ized lubricated thrust bearing, in order to separate the rotating parts from the motor case. The bearing acts as a hydro-
static annular multi-recess plane thrust bearing, with different recess pressures. The separating force of the bearing is
balanced hydrostatically by the pressure that is applied and springs. Losses will occur in the contact between the partsin
the distributor valve, due to friction and leakage.

This paper shows that modern optimization methods can be used as an effective tool to create new designs and to
modify the existing design of the bearing surface geometry of the distributor. A finite element method has been used to
simulate the contact, and the program is linked to an optimization routine to perform the optimization. The results of the
optimized design show a significant decrease in power loss, compared to the existing design in the operating range.

Keywords: radial piston hydraulic motor, simulations, optimization, power loss

1 Introduction

Hydraulic pumps and motors are expected to work
under awide range of operating conditions, and finding
the optimum design of components can be difficult.
When optimizing a hydraulic machine for maximum
efficiency, an accurate model of the physical behaviour
governing flow and torque losses is needed. Coefficient
models derived from the physical behaviour of the
losses provide a helpful tool for a qualitative under-
standing of the phenomena governing losses in hydrau-
lic machines. However, for optimization purposes it is
necessary to go one step further and investigate the
individual sources of losses in the component.

In most cases experimental tests are performed to
compare and evaluate the properties of different design
solutions, which take time and are costly. A cost saving
method, in time and money, is to evaluate different
solutions using computer-aided simulations. By com-
bining simulation with an optimization method, a sig-
nificant reduction of time in the devel oping process can
be achieved.
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In this paper a sliding contact in a radial piston hy-
draulic motor is studied. The hydraulic motor is of
cam-lobe design and a cross-section of the motor is
shownin Fig. 1.

The motor has an even number of pistons that oper-
ate in sequences of working pressure and charge pres-
sure in areciprocating motion. The casing is stationary,
which means that the cylinder block and piston assem-
bly rotate. The pistons are operated via a cam roller in
contact with the curved track cam ring, which is fixed
to the motor casing. In the motor mode, the piston
assembly moves radially outwards under working pres-
sure and inwards during idling.

The hydraulic motor is often used as the driving unit
in industrial hydrostatic transmissions, which are used in
a number of different applications, such as shredders,
crushers, conveyors, mixers and cement kilns. Often the
transmissions run amost continuously and, as their
power consumption can be high (in the order of MW),
energy efficiency has become an important issue. Sedl-
ing and bearing gaps are one of the essentia design
elements of displacement machines. The gaps usualy
undertake two different functions: as dliding bearings
between parts that move in relation to one other, and to
accomplish a sealing function (Ivantysynova, 1999).
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Fig. 1:  Cross-section of the hydraulic motor

The efficiency and durability of hydraulic equip-
ment is clearly influenced by the tribological character-
istics of the bearing/sealing parts that have been inves-
tigated by different authors, e.g. Ludema (2001) and
Y amaguchi (1997).

In a radial piston motor the distributor valve (8)
acts, in additions to other functions, as a multi-recess
hydrostatic plane thrust bearing. Externally pressurized
bearings are commonly used in hydraulic units and
have been investigated by several authors, eg.
O’'Donoghue and Rowe (1970) and Koc and Sahlin
(2000). The losses in hydrostatic machines are influ-
enced to alarge extent by the friction and leakage flow
in the different lubricating gaps within the machine
(Ivantysynova, 1999). To aid the computation of gap
flow, several different smulation models have been
presented, e.g. Zhu et a (1992), Fang and Shirikashi
(1995), Kleist (1997) and Wieczorek and Ivantysynova
(2002). In a previous paper by the authors of this paper
Dahlén and Olsson (2002) two sliding contacts inside
the radia piston hydraulic motor were studied, one of
which was the distributor valve. The aim of the previ-
ous study was to investigate the torque losses in these
contacts and aso to discover if and when a change in
[ubrication regime could be expected in these contacts.

In the present study the distributor valve is studied
and an optimization of the bearing geometry of the
contact between the plates of the distributor valve is
performed. The optimization of hydraulic systems or
hydraulic units has been carried out by several re-
searchers using different methods of optimization in
order to find an optimal solution. Some of these meth-
ods have an analytical approach Rowe et a (1970),
Younes (1993) and Kazama and Yamaguchi (1993),
while others use numerical methods, e.g. Rydberg
(1983), Xy and Chen (1998) without consideration of
the changes in the properties of the fluid under running
condition.
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In this study a numerical method is used to optimize
the geometry of the contact in the distributor valve,
taking changes in the properties of the fluid due to
running conditions into account. The contact between
the plates in the distributor valve has been simulated as
a hydrostatic annular multi-recess plane bearing, and
the geometry of the bearing surface has been optimized
with regard to power losses. The simulations have been
carried out using a FEM software package, available on
the commercial market (Solvia, 1999) and have been
linked to an optimization routine MMA (method of
moving asymptotes) (Svanberg, 1993) to perform the
optimization. The FEM software makes it possible to
study the fluid film behaviour between loaded dliding
surfaces, taking fluid properties into account, such as
viscosity-temperature-pressure inter-dependency, heat
conduction and heat convection.

2 The Simulation of a Distributor Valve

The distributor valve distributes oil to the piston
bores. The valve consists of two plates, as shown in
Fig. 2, one distributor fixed to the connection block and
one port plate that moves with the cylinder block.

To control the separation between the surfaces, the
plates are pressed together by balancing pistons and
balancing sleeves, in addition to springs, under normal
operating conditions. Simulation of power loss in the
distributor valve have been made using the FEM soft-
ware package, supposing that full film lubrication is the
probable lubricating regime. A description of the soft-
ware package operation mode is presented in Appendix
A. Theinteracting surfaces between the two plates have
been modelled as a hydrostatic annular multi-recess
plane bearing, with different recess pressures, which
works against a plane surface. In Fig. 3 the internal
geometry of the distributor of the model is shown. In
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order to simplify the model, the geometry of the recess
pads differs somewhat from the actual geometry in the
distributor, which has rounded corners and smooth
opening phases on the mean diameter.

Fig.2: Schematic drawing of the port plate (a) and the
distributor (b)

However, the area of the bearing load carrying sur-
face has remained unaltered. The distributor is assumed
to berigid in the model and does not conduct any heat.

In the optimization process, a 60° element of the
distributor is used, which is illustrated in Fig. 3. The
60° element has been modelled in the same way as the
full model of the distributor. By using a 60° element in
the optimization process, the time of each iteration will
be reduced significantly without affecting the results in
a decisive way. The results of the optimization have
been used to simulate the power loss of the full model
of the distributor. In both models a mesh grid of 8-node
elements has been used to construct the fluid film. The
number of node elements in the full model in the
circumferential direction is 90 and in the radial direc-
tion 6. The pressure boundary conditions of the film
surface are specified, so that the pressure at the outer
and inner radius of the annular multi-recess bearing is
equal to zero. The twelve recess pads are aternately
pressurized by low and high pressure. To perform the
simulations the relevant recess pressure, motor speed,
film thickness, bearing geometry nad fluid properties
are needed as input data. The high pressure is in the
range of 5 MPato 30 MPa and the low pressure is set
to 1.5 MPa during the simulations, which correspond to
the operating range of the motor. A maximum motor
speed of 30 rpm down to 0.5 rpm and a film thickness
from 3 wm up to 12 um have been used in the simula-
tions. The simplified design of the distributor has a
bearing of the following dimensions: inner radius (R)
77.5 mm, outer radius (R,) 93.5 mm, pad inner radius
(ri) 79.5 mm, pad outer radius (ry) 91.5 mm and recess-
pad angle (¢,) 13.76°. The thickness of the plate is 35
mm. The physical properties of the fluid, such as the
viscosity temperature — pressure dependency, density,
heat conduction and heat convection were based on a
synthetic polyalphaolefin 1SO VG 100 and are shown
in Table 1. The temperature of the fluid flow to the
high-pressurized pads was 40 °C, to the low-
pressurized pads 45 °C and in the reservoir 40 °C, in
order to simulate real conditions from an experimental
test done by Dahlén and Olsson (2002). In Fig. 4 the
boundary conditions for the bearing are shown.

International Journal of Fluid Power 4 (2003) No. 3 pp. 17-25

Fig.3: Smplified geometrical model of the distributor and
the 60° element
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Fig. 4. Bearing boundary conditions

Tablel: Physical data for the synthetic fluid SO
VG 100
Viscosity at 40 °C
u (Pas)
Density at 40 °C
p (kg/m’)
Pressure-viscosity
coefficient
a (m*N)
Temperature-viscosity
coefficient § (1/°C) 0.036

97.3-10°3

852

1.8-10°

Conductivity 10°C 150 °C
k (W/(m °C)) 0.145 0.159

Specific heat 10°C 150 °C

c (J(m®°C)) 1.81-10° | 2.23-10°

3 Optimization

In order to improve the efficiency of the hydraulic
motor, optimization is used to change the design of the
bearing surface of the distributor valve. Generaly the
mathematical discipline optimization or programming,
as it often is called, is used to minimize (or maximize)
an objective function f(x), often with certain restrictions
or constraints gi(x). Compared with traditional design,
the optimization process can be described as a sort of
reverse design process: instead of calculating the qual-
ity of a given design, optimization starts with the de-
sired performance characteristics and, based on that,
calculates a design which fulfils the demands. Optimi-
zation is an iterative process in which it is usual that a
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convex sub-problem is generated and solved in each
iteration. The solution of the sub-problem gives a new
design point, which should be closer to the optimum,
and the process usually converges to reach a local op-
timum. A schematic description of the processis shown
in Fig. 5. In this paper, the MMA-method is used as an
optimization routine (MMA, Method of Moving As
ymptotes) Svanberg (1987 and 1993). MMA is based
on the values of the objective function and the con-
straints functions and on their derivatives, in relation to
the design variables at the design point. It has been
used with great successin avariety of examples includ-
ing structural optimization, fluid-flow, wood drying
and acoustic optimization, e.g. Esping et a (1993),
Carlsson and Esping (1997) and Tinnsten et a (1999).

Initial
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‘ X=X+ AX; ; !

Disturbed
Analysis
I

v
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0
Yes |
Optimized
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Fig.5: Data flow chart during optimization

f (X+AX)
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In this application, the purpose of the optimization
is to minimize the film power loss in the distributor
valve (the objective function) at the same time as the
area of the recess-pad is the same as in the original
design. The reason to keep the recess-pad area constant
is to minimize the effect on flow characteristic through
the valve. Design variables are the inner radius r; and
the outer radius r, and the angle of the recess-pad ¢,
see Fig. 3. In mathematical terms, the optimization
problem can be formulated as follows:

Minimize

f(x)=P (1)
so that

gl(X)E Ap — Aporiginal (2)

20

where P = P(X) is the power loss in the distributor
valve.

Po (2 2).
A, = %(x):rzﬁ(ry -, ) is the area of the recess-
pad

A9 s the original area of the recess-pad.

X = (ri, Iy, pp) isthe vector of the design variables.
Since MMA only allows inequality constraints, the

area constraint is divided into two constraints as shown

below:

g (x)=([1-£)A, < A,I™ €)

9,(x)= AT < (1+£)A, 4

where gisasmall number.

Since there are no explicit expressions of the film
power loss, the necessary derivatives must be calcu-
lated as numerical approximations. In this case finite
differences are used for the derivative calculations, and,
for example, the derivative of the film power loss (P)
with respect to the inner radiusr; is calculated as:

a_P~ P(ri +5ri )_P(ri)
or, o

©)

where & is the perturbation of r;. To calculate P(r)), a
complete calculation is performed with the undisturbed
values of the variables. For the next calculation, the
inner radius r; is perturbated by &, and this gives a
new value of P = P (r; + Jr;) and it is now possible to
calculate the ratio of Eq. 5. In order to calculate all the
derivatives, al variables must be perturbated in this
way, see Fig. 5. With help of the inner loop around the
disturbed analysis, and the undisturbed analysis above
the loop, necessary derivatives and function values are
calculated. All the values are passed through the opti-
mization routine, which calculates a new proposal for
the design variables x. If the optimization process has
converged, the calculation is complete, otherwise the
calculation continues with more iterations in the outer
loop. The variables x are permitted to vary within the
range shown below:
ri; [0.077; 0.085] m
ry; [0.085; 0.093] m
@, [10°; 16°]

At start the variables have the values of the simpli-
fied geometry: ¢, = 13.76°; r; = 0.0795 m; ry= 0.0915
m. The original recess-pad areais A,”"9™ = 246.4 - 10°
m?. The width of the lands between the recess-pad and
the inner radius R and outer radius R, of the contact in
the distributor valve are equal in the original geometry.
The power loss, leakage, maximum temperature and
bearing force of the smplified and optimized geometry
have been simulated in the full model of the distributor.
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Fig. 6: Results from optimization of the 60° element under different operating conditions
of recess - pressure, motor speed and film thickness
a). Recess-pressure 30 MPa, motor speed 0.052 rad/s and film thickness of 3 um
b). Recess-pressure 15 MPa, motor speed 1.047 rad/s and film thickness of 3 um
C). Recess-pressure 30 MPa, motor speed 3.142 rad/s and film thickness of 12 um
d). Recess-pressure 5 MPa, motor speed 3.142 rad/s and film thickness of 12 yum
4 Results of the optimized geometry in the case of high pressure,

The results of the optimization of the geometry with
regard to power loss in the distributor are presented for
four different operating conditions or starting points in
the optimization process. The operating conditions,
pressure to the high pressure pads, motor speed and
film thickness varied in the optimization process as
follows:

High pressure and low speed

Medium pressure and medium speed

High pressure and high speed

Low pressure and high speed

The film thickness was 3 um in the first two cases
and 12 um in the last two cases. Figure 6 illustrates the
history of the objective function, i.e. the power loss
together with the maximum temperature in the contact
when optimizing the 60° element under different oper-
ating conditions.

In al cases the power loss decrease and an observ-
able decrease of the maximum temperature can be
noticed in the optimized geometry. In Fig. 7 the history
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low motor speed and a film thickness of 3 um is
shown, and is similar in all cases. The differences in
operating conditions, such as recess-pressure, motor
speed or film thickness, do not affect the result in the
optimization of the geometry. The object function, i.e.
the power lossin 60° element, converges after 12 itera-
tions as shown in Fig. 6. Figure 7 shows that the angle
@ increases to the maximum value, while the inner and
outer radii do not reach their limits.

In Table 2 the numerical values of the design vari-
ables for the original and the optimized geometries are
shown. The results show that the outer land at the re-
cess-pads will increase more compared to the inner
land in order to minimize the power loss. The pad angle
@, hasincreased from the starting point of 13.76° to the
maximum value of 16° in the optimized geometry.
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Table3: Results from simulation of full model of the simplified and optimized design of the distributor under differ-
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ent operating conditions

Operatin Simulatin Simplified Optimized .
Copnditiongs Propertieg Distrr;butor Digtributor Difference
_ Power loss [W] 3.9 3.0 -22.5%
o 2’ 6 ggzz/ls;j s Max temperature [°C] 57.6 57.4 -0.2°C
N =3 um Leakage [m°/s] 1.35- 10" 1.05- 107 -22.6 %
—ou Bearing force [N] 7.71- 10" 7.64- 10" -0,9 %
_ Power loss [W] 14 1.2 -14.3%
sza gz,lwr;?/s Max temperature [°C] 64.3 63.1 -1.2°C
h=3um Leakage [m°/s] 6.91-10° 5.41-10° -21.8%
H Bearing force [N] 4.15- 10" 4.12-10° -0.5%
0, = 30 MPa Power loss[W] 252.8 197.0 -21%
0 i 3.142 rad/s Max temperature [°C] 71.6 68.3 -3.3°C
=12 um Leakage [m°/s] 8.71-10° 6.74- 10° -22.6 %
H Bearing force [N] 7.71- 10" 7.63- 10" -1.0 %
0,=5MPa Power loss[W] 11.8 10.2 -13.3%
0 :p3 142 rad/s Max temperature [°C] 53.1 52.5 -0.6 °C
h=12um L eakage [m°/s] 1.77-10° 1.38-10° -222%
H Bearing force [N] 1.69- 10° 1.69 - 107 0%
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Fig. 7. History of the design variables

In Table 3 the results of simulations of the full
model of the original and optimized geometries of the
distributor are presented for different operating condi-
tions. The bearing force is the separating force created
by the pressure distribution between the plates of the
distributor valve, and has to be balanced in this applica-
tion. The leakage is the total leakage in the distributor
valve. Table 3 also presents the maximum temperature
reached in the contact of the distributor valve.

Table2: Simplified and optimized geometries of the
recess-pad in the distributor valve

. Simplified | Optimized
Variables Geo?netry Ggometry
Inner radius r; [mm] 79.50 80.25
Outer radiusry [mm] 91.50 90.57
Pad angle ¢, [degree] 13.76° 16.00°
Inner land (ri-R) [mm] 2.00 2.75
Outer land (Ry-ry) [mm] 2.00 2.93
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5 Discussion

The size of the bearing surface in the distributor has
not been changed i.e. the inner radius (R) and the outer
radius (R)) are constant during optimization; only the
geometry of the recess-pads has been changed. The
area of the recess-pad has also been constant during the
optimization in order to minimize disturbances of flow
characteristic of the valve. By making small changes of
the geometry and the position of the recess-pad area in
the distributor a significant reduction of power loss has
been achieved. Optimization of the geometry of the
distributor is independent of starting point e.g. operat-
ing conditions in the operating range.

The optimized geometry shows a decrease of power
loss in the distributor up to 22% under certain operating
conditions. Under all the operating conditions tested a
decrease of power loss between 13 — 22% was ob-
tained. The reduction of power loss is greater as a per-
centage at higher pressure, and is not affected in any
significant way by the motor speed or film thickness in
the operating range.

In the optimized geometry the leakage was reduced
by 22% in the operating range, which indicates that the
leakage seems to be the main reason for the power loss.
If this is the case the optimization will increase the
length of the clearances in order to minimize the leak-
age. In dl the cases tested the maximum temperature in
the contact was constant or decreased in the optimized
distributor.

In the original geometry the outer and inner land of
the recess-pad was equal. In the optimized geometry
the outer land became greater compared to the inner in
order to minimize the power loss. In this case the outer
land increased from 2 mm to 2.93 mm (46.5%) and the
inner from 2 mm to 2.75 mm (37.5%). At the same
time the pad angle increased to the maximum value. It
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is obvious that if leakage is the main reason for the
power loss, the length of the clearance will increase in
the optimization process. The optimization routine
optimizes the distribution of the size of the clearance
length between the inner and outer land, in order to
minimize the power loss.

The bearing capacity, i.e. the bearing force, will not
change significantly. Only 1 % or less reduction of the
bearing force in the optimized geometry has been
noted. This means that a small change in the balancing
force will achieve the same compressing force in the
distributor valve.

The change in power loss due to the second func-
tion of the distributor valve, i.e. as aflow channel to the
piston bore, has not been considered in this study. The
film thickness has been assumed to be constant during
simulation and optimization. In real the pressure and
temperature distribution will create elastic and thermal
deformation on the distributor valve and thereby might
influence the film thickness. Conducted heat into solids
of the distributor has not been considered in thiswork.

6 Conclusion

This method of using simulation software linked to
an optimization routine offers the possibility of opti-
mizing complex, multi-variable, non-linear problems.
An analytical solution can be hard to find when there
are many constraints involved. Numerical optimization
offers a method where many constraints can be applied
to the problem and an optimal solution can be found.

From the results and discussion, the following con-
clusions can be drawn:

e A simulation package linked to an optimization
algorithm can be used successfully to optimize the
design of a distributor valve, taking changes in the
properties of the fluid under different operating
conditions into account.

e Through small changes in the recess-pad geometry
a significant reduction of power loss in the distribu-
tor has been achieved.

e The main part of the power loss comes from the
leakage in the distributor.

e The optimized geometry of the distributor does not
affect the bearing capacity significantly.

e The optimized geometry is not affected by the oper-
ating conditions.

Nomenclature

A,  recess-pad area [m?]

P power loss [W]

R,  distributor outer radius [m?]

R distributor inner radius [m?]

T temperature [°C]

c specific heat [J(m®°C)]
o] constraint, i = 1,2

h film thickness [m?]

k conductivity [W/(m °C)]
p pressure [Pa]
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ry pad outer radius [m?]

r pad inner radius [
Uyp  Vvelocity [m/s]
Vap  velocity [m/g]
X design variable, i

X vector of design variables

D heat source [W]

o pressure-viscosity factor [M/N]
@ recess-pad angle [°]

U viscosity [Pasg]
P density [kg/m’]
T shear stress [N/m?]
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Appendix

Softwar e package

A simulation of the diding contact is achieved us-
ing the FEM software package Solvia (1999). The
software makes it possible to consider the fluid film
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behaviour between loaded sliding surfaces, taking the
properties of fluids into account, such as viscosity-
temperature-pressure inter-dependence, heat conduc-
tion and heat convection. The pressure distribution in
the film is given by the Reynolds Eq. 6.

o0 ), afapn)
ox| ox12u | dy| oy 12u

0 0 ©
—(ht)+=—(hv
2 (h)+ 2-(09)
where
J:ua+ub \7:Va+vb
2 2

Due to the gap flow of aviscous fluid, the fluid and
the contact surfaces are heated up by the dissipated
energy. Hence the energy Eq. 7 is solved simultane-
ously in the model:

pc%-[=div(k-gradT)+® (7

The term on the left side of the equation represents
the heat convection. The first term on the right side
describes the heat conduction and the second term the
viscous dissipation function. Assuming a Cartesian
system of coordinates, the energy dissipation @ can be
written as:

v
oz Yoz
In each temperature interva [T, T+1], the local

change of dynamic fluid viscosity due to temperature
and pressure is considered in the model to be:

©)

U= eK(T_Ti) . e[ai +L(T-Ti)lp (9)
K = Inlui+1_|nlui (10)
Ti+1_Ti
Ti+1_Ti

where
A isabsolute fluid viscosity at temperature T;.

Mi+1 isabsolute fluid viscosity at temperature Ti.q.
o ispressure factor at temperature T;.

4.1 is pressure factor at temperature Tiys.

A two-dimensional film element is used to represent
the fluid film between the diding surfaces. The fluid
film is generated by film elements of 8, 16 or 18 nodes
shown in Fig. 8. The film elements are used in station-
ary analyses, where the fluid film pressure is calcu-
lated. The fluid temperature may either be specified by
the user or can be calculated by the program. The film
elements are non-linear and full Newton equilibrium
iterations are performed. The film elements are formu-
lated by an interpolation of the fluid film mid-surface
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pressures and temperatures, using the prevailing film
thickness. Each iteration step consists of calculations of
the increments in pressure, temperature and displace-
ment. The applied force/moment tolerances govern the
convergence, since a small change in pressure or tem-
perature usually means a relatively large change in
force/torque.

NODE NUMBERING CONVENTION FOR THE FILM ELEMENT

Fig. 8. The8, 16 and 18 node elements

Based on the surface velocity specified for the film
top surface, the pressure boundary conditions, the film
thickness and the fluid viscosity, a discrete form of
Reynolds Eq. 6 is used to caculate the pressure distri-
bution. The pressure distribution and the specified
surface velocity determine the volume flow of the oil
film and the shear stresses that act on the dliding sur-
faces. The fluid temperature distribution in the film
thickness direction is averaged at a fictitious mid-
surface node based on the temperature at the top and at
the bottom of the film element.

The mid-surface temperatures are determined from
the discretization of the fluid film energy Eq. 7. The
shear stresses in the fluid film cause heat to be gener-
ated. The volume of the fluid flow calculated together
with the pressure causes a convective transport of heat.
The boundary conditions for the convective heat flow
are defined by specifying the temperature distribution
at the fluid film inlet.

The inlet node temperature is taken from the reser-
voir node, which has to be specified in the model. The
film element can transport heat by conduction in the
transverse direction of the film, driven by the tempera-
ture difference between the top and bottom surface
nodes and the fictitious mid-surface nodes. Heat con-
duction from the top and bottom of the film element
can be transported further by conduction via the ele-
ment surface nodes. In Fig. 9 the calculation flow chart
is shown, using the pressure applied or load as input
data. The outputs from the simulations, when the con-
vergence criteria are reached, are pressure, flow and
temperature distribution, reaction force/torque, dis-
placement, minimum film thickness, leakage and power
loss in the contact.
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Input of initial data:
pressure, temperatures,
viscosity, speed and film
thickness.
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Calculate pressure
distribution by solving
Reynolds equation.
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distribution in the oil film
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Calculate oil film
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solving Energy equation

Convergence of
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temoerature

Calculate
viscosity

Convergence of
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Fig.9: Dataflow chart during simulations
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