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1 Introduction
A centrifugal process pump made by Ahlstrom is calculated for industrial evaluation purposes of a FINFLO [1] ow solver. Two turbulence models, Chien's low-Reynolds number
k ; model [2] and the Reynolds stress model (RSM) by Speziale, Sarkar and Gatski (SSG) [3]
have been used. The k ;  model has a rotation correction. Also the RSM model have coriolis
force terms for the Reynolds stresses.
FINFLO is a nite-volume CFD program for complex three-dimensional geometries. The
program utilizes Cartesian velocity components in a cell-centred approach. The discretized
equations are integrated in time by applying an implicit method. A multigrid V-cycle is
applied for acceleration of converence. The main features of the numerical methods of the
code are described in [4].

2 Process Pump
The present process pump is a water pump with ve blades. The outer diameter of the
impeller is 416 mm and the angular velocity is 1485 rpm. The total volume ow at a design
point is 264.3 l/s. These values give a static head of about 35 meters (over the whole pump),
while the mechanical power required is about 135 kW . The impeller is half open, i.e. the
hub is rotating with the impeller whereas the shroud does not rotate.

3 Grid
The grid generation was started from the geometry data given in IGES-format (Fig. 1). The
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Fig. 1

: The pump geometry as IGES-data.

data format is supported by the IGG [5] and so it was easy to read it into the grid generator.
The rst task was to make surface grids of the blades (Fig. 2).
After the IGES-data was read into the program, all unnecessary data was removed.
Only the blade surface was retained. Then a quite dense grid was interpolated on the blade.
Because the H-type grids were used, the pressure and suction sides had to be distinguished
at the leading edge. After that we had the pressure and suction sides, but the clustering
near the walls was not necessarily good.
When using the H-type grids, the most common practise is to make the volume grid by
rotating a face from blade to blade. The starting point in that case is that the both faces
are available. Also all the clustering near the walls has to be de ned. The destination face
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Fig. 2

: The impeller surfaces.

should also be rotated 72 degrees and extented because of numerical aspects. After that
both faces were completed. Next the volume grid was generated by rotating the source face
towards the destination face. The rotation stopped when the source face intersected the
destination face.
The H-type grid generation by rotating is almost the only way to generate positive grids
in this case. The positive grids can only be achieved by trial and error, one can never know
whether is it easier to rotate from a pressure side to a suction side or vice versa. After
the volume grid between the blades is positive and the clustering is acceptable, the most
dicult phase is over. There still remains many problems, but they are secondary. After
the grid between the blades was ready, the blocks before them were generated. The block
which turns the axial ow to the blades was generated by linear interpolation and rotation.
At rst the volume grid was generated by a 6-wall interpolation, but this approach failed.
The positive grid was achieved by generating inner points using rotation. The straight block
above the previous one was generated by translating the connection surface in the direction
of the rotation axis.
The di user block was modelled in this case as vaneless. That is not actually true, but
no information about the di user was available. The di user was made by extruding the
impeller outlet radius until it was 350 mm.
The whole grid (Fig. 3) consists of four calculational blocks and two boundary blocks,
one inlet and one outlet block. The number of cells in calculation blocks is
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Input and output blocks were generated by Rautaheimo's inoutblock-grid generator [1].
The autogrid option of the IGG [5] was also tested. It succeeded in the cascade grid
generation, but the problem was the rotation axis because of singularity. The supplier of
the IGG, Numeca has promised that the next version should also work in this case. The
main conclusion of the autogrid is that it can make grids for Euler or high-Reynolds number
turbulence models with wall functions. When low-Reynolds number models are used, the
clustering near the walls cannot be made dense enough. If the height of the rst cell was set
to 4  10;6 m, which means that y+ is almost one, the autogrid made a grid that had cells
with negative volumes. So the present version of autogrid is not capable of making good
grids for low-Reynolds number turbulence models.
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: The whole grid (grid level 3) and detail from the leading edge (level 1).

Fig. 3

4 Turbulence Models
All the ow cases are calculated using the FINFLO ow solver [1]. It is a multi-block
Navier-Stokes solver that uses structural grids. There any many turbulence models available,
and in this project the Chien's low-Reynolds number k ; -model has been used with a
rotation correction. Also some test calculations with the SSG-Reynolds stress model were
performed. That turbulence model is a very complicated state-of-the-art model. It has been
previously used only in simple test cases and the tests performed in this project are the most
complicated that the author has seen.

4.0.1 Low Reynolds Number k ;  Model
Chien's k ; -model [2] is a low-Reynolds number version of the most popular turbulence
model in industrial applications. The standard k ;  model is not a low Reynolds number

model. This means that by using that standard model one have to use wall-fuctions near the
wall (in the low-Reynolds number region). The wall functions assume universal conditions
there. Because the near wall ow in a pump is very complicated and great pressure gradients
exists, error in near wall ow will occur if wall-functions are used. By using low-Reynolds
number model, the equations for k and  are used to the wall. Only wall damping have to be
employed. With a low-Reynolds number model the near wall ow should be better simulated
than with a high Reynolds number model. The di erences in global pump parameters (head,
power and so on) can be, nevertheless, quite small in practise.
The standard k ; -model does not take coriolis and centrifugal forces into account in
turbulence equations. Because of that asymmetric distributions of turbulence quantities
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cannot be predicted correctly. Many rotation corrections have been published in the literature and some of them have also been tested in FINFLO (see ref. [6]). The best of tested
corrections is implemented in FINFLO and it is also used in this work. In that correction the
dissipation equation is
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and

Ri = ;! (s ; !)
(1)
where ! is a nondimensional vorticity and s is a nondimensional strain rate. The modi cation
of the dissipation equation is made according to Howard [7] and the Richardson number is
calculated according to Khodak et al. [8]. For further information, see refs. [6], [7] and [8].

4.0.2 Reynolds Stress Model

The Reynolds-stress model (RSM) can be written in the following form
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term and the dissipation term, respectively [9]. The second term including the angular
velocity of coordinate system, is a term observing coriolis and centifugal forces.
The production term is exact, whereas the turbulent di usion, the pressure strain and the
dissipation rate must be modeled. In this work the low-Reynolds number version of Speziale,
Sarkar and Gatski (hereafter referred as SSG) [3] model is used. The low-Reynolds number
modeling is based on Shima's work [10]. In the SSG model the low-Reynolds number model
is adapted from Shima in a similar way as in [11]. In both cases the dissipation transport
equation is based on the Chien's k ;  model [2].

5 Flow Simulation
The main parameters in the ow simulation are set in the INPUT- le. One of the most
important parameter, Courant number (CFL) has to be set between 1.0 and 2.0 depending
on the case. For a faster convergence two multigrid levels were used. The calculations were
started from the third grid level and continued to the second level in Silicon Graphics Indigo2
R10000 workstation. The calculations at the nest grid level were performed on the Origin
2000 server using two R10000 processors. The size of the rst level run was 526.5 Mb. That
was devided to 290.3 Mb and 236.3 Mb between processors.

5.1 Convergence

As an example, the head and the L2 -norm of the x-momentum residual convergence are
shown in Fig. 4. The pressure eld and head converge quite fast, but the turbulence quantities behave more slowly. The x-momentum residual oscillates at the level of 10;5, but the
nal level seems to be achieved. The peak in the x-momentum at 7000 cycles becames from
the changes in the number of multigrid levels. The simulations have been run until the
pressure eld and the mass ow does not change and also other quantities have achieved
their nal level.
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: Two examples of convergence.

Fig. 4

6 Results

6.1 Streamlines inside the Impeller

The gures in Appendix A present the general ow eld inside the impeller. The gures
have been taken from the grid level 2. The mass ow in the rst gure is 20 % of design
point's mass ow, the other cases are 40 %, 60 %, 80 %, 100 %, 120 %, 140 % and 160 %.
In the rst gures (Fig. 7 and Fig. 8) we can see how the ow does not go into the blade
passage and massive ow separation occurs. At the mass ow of 20 % and 40 % there exists
also back ow regions. At the design point (upper part of Fig. 9) the ow behaves well and
separation cannot be seen. Also in the case when the mass ow is greater than at the design
point, the ow seems to go smoothly without separation.
The streamlines near the blade surfaces are shown in the two last gures (Fig. 11) in
Appendix A. Those gures have been plotted from the nest grid level at the mass ow
rate of the design point. Small vorticies can been seen in the both last gures. Also a low
momentum area near the pressure side is seen as a blue ribbon.

6.2 Velocity Vectors on the Meridional Plane

The gures in Appendix B show velocity vectors in the center of the passage. Massive back
ow regions can be seen in simulations which have been made using low mass ow rates. In
the design point simulation the ow eld is smooth without back ows. The results from
level 3 di er quite much from the results from the second level. The simulation on the
coarsest level (level 3) cannot predict back ows and other ow features as well as on denser
level (level 2). It can also be seen that the grid density has a signi cant e ect on the ow
after the blade region even in the case without separation. As expected at the design point
(Fig. 16) this di erence is the smallest. It can be concluded that the numerical accuracy is
more dicult to be obtained in the simulations far from the design point.
The velocity vectors near the pressure and suction side are presented in Appendix C.
Only three cases have been printed out, they are at 20 %, 100 % and 160 % mass ows. In
all cases the ow elds at the pressure side and suction side are quite similar.

6.3 Pressure on Impeller Surfaces

The pressure eld on the impeller surfaces are presented in Appendix D and Appendix E.
In Appendix D the whole impeller is shown in all mass ow cases at grid level 2. Those
gures show how the pressure rises smoothly in the design point calculation and there are
not any lower or higher pressure areas on the blade surface like in the extreme case where
Q=Q0 = 160%. The pressure di erence between the inlet and the outlet is the greatest at
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the lowest mass ow. The same phenomenon can be better seen from the calculated pump
curve (see section 6.6).
Total pressure distributions on the pressure and suction sides are shown in Appendix E.
From these gures one can see that the smoothest pressure rise occurs at the design point
(Fig. 31). At low mass ow rates the pressure distribution on the pressure side has a peak
near the blade trailing edge (Fig. 27). At the suction side the pressure rises quite smoothly
from the leading edge to the trailing edge. There exists, however, quite large low pressure
area near the leading edge (Fig. 27). At very high mass ow rates a low pressure peak can
be seen near the pressure side leading edge (Fig. 34). At the suction side the low-pressure
area is near the shroud in the middle of the blade.

6.4 Static Pressure Around the Blade

Static pressure around the blade is presented in Appendix F. From those gures one can
see how the moment around the rotating axis is formed. Curves have been read from near
the hub and shroud. In the gures taken from the design point results, it is interesting
to see that the pressure di erence between the pressure and suction sides is opposite near
the leading edge on the hub side. This means that the ow coming to the passage gives
energy to the impeller. That kind of phenomenon is unwanted and some kind of leading edge
modi cation should be made to improve the ow behavior there. The previously descriped
phenomenon becomes more evident when the mass ow rate is risen. On the basis of the
discussion above one can say that the mass ow at optimum operation point may be a little
less than the mass ow in the design point.

6.5 Total Pressure Distributions at Various Stations

Total pressure distributions at three stations inside the impeller are shown in Appendix G.
The rst station is near the leading edge, the second one is at the 50 % of chord and the
last one is at the trailing edge. The gures in Appendix G are presented in  ; x-coordinate
system. The simulation is calculated at the design point and on the second grid level.
The gures show that the distribution di ers quite much between the di erent locations.
Near the leading edge the maximum values are near the shroud and on the pressure side
(Fig. 39). In the middle of the chord the maximum value is again near the shroud, but now
closer to the suction side (Fig. 40). On the passage exit the distribution is quite uniform,
however the maximum appears near the pressure side (Fig. 40).

6.6 Head

Static head is one of the most common parameters in pump design. It is calculated from

; p1
Hstat = p2 g

(3)

where p1 is the inlet pressure, p2 is the outlet pressure,  is the density and g is acceleration
of the gravity. In this paper two static heads will be presented. The rst one is calculated
over the hole calculation domain and the other one is calculated over the impeller.
In a left part of the gure 5 the development of the static head in the impeller passage is
presented. That result is obtained from grid level 2. At low mass ow rates the curve is quite
linear but with greater mass ow rates the pressure drops after the passage entry. With the
greatest mass ow (160 %) this pressure drop is about -15 m. At the lowest mass ow rate,
there is a rapid rise of pressure near the passage exit.
The pump curve descripes the head as a function of mass ow. It is very important for
a pump designer and user because it tells much about the characteristics of the pump. To
construct a pump curve many cases have to be simulated using di erent mass ows. In this
study mass ows from 20 % of the mass ow of design point to 160 % were used with a 20 %
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step. That means 8 di erent cases. As a result from the second grid level the pump curve
in Fig. 5 was constructed.

: The static head in the passage and a pump curve (level 2).

Fig. 5

The calculated static heads in all cases are presented also in the Table 1. The static head
over the whole domain can be read from the left column of Table 1 and the static head over
the impeller from the right column of Table 1.
: Static head over the whole grid and over the impeller [m].

Table. 1

over the whole grid
relative
grid level
mass ow 3
2
1
20 % 79.4 55.8 40 % 73.8 53.0 60 % 69.7 52.4 80 % 66.6 51.9 100 % 65.7 54.0 39.3
120 % 51.1 46.0 140 % 40.4 39.1 160 % 28.3 31.6 RSM 74.1 -

over the impeller
relative
grid level
mass ow 3
2
1
20 % 70.7 48.9 40 % 61.7 44.5 60 % 54.4 42.1 80 % 48.2 39.0 100 % 44.4 36.7 33.9
120 % 27.4 28.7 140 % 15.4 20.6 160 % 1.7 11.8 RSM 56.6 -

At the third grid level all of the head results are too high and the Reynolds stress model
gives the highest values. At the grid level 2 the values are smaller and closer the measured
value of about 35 m at the design point. It is seen that the head changes when the simulation
is performed on the rst grid level. This change is more pronounced in the head over the
whole grid. Because of this the best head vs. mass ow curve could only be obtained from
the simulation on the densiest grid level. The grid density is mainly required a ected by
the low-Reynolds number turbulence models applied.

6.7 Power

The power required by the pump is also one of the most important quantities in pump
simulation and design. The following power values (Table 2) have been read from FINFLO's
output le named FORCES. As shown in Table 2, the power needed changes much when the
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Table. 2

: The power needed (T!, per cascade) [kW ].

relative
mass ow
20 %
40 %
60 %
80 %
100 %
120 %
140 %
160 %
RSM

3
43.0
41.7
41.0
41.0
40.3
37.3
33.4
27.3
41.7

grid level
2
1
24.1 24.4 26.5 29.0 30.1 25.2
29.6 28.5 25.6 -

grid level is changed. The third level is much too coarse and for that the results from that
grid level are quite uncertain. The results from the second grid level are much better and
useful in design as one can see from the design point calculations. That case was calculated
also on the densiest grid level and the results did not change very much from the level 2 to
the level 1. The Reynolds stress model calculation (RSM) was performed only at the mass
ow rate of design point. All the calculated values are shown for one cascade only. So the
whole pump values can be obtained by multiplying the table values by the number of blades
(5 in this case). For example the needed power at the design point is 150.5 kW (k ; , level
2). That is still about 11 % percent too high. At the nest level the power is about 6.6
% too low, and so the wanted value is between these two values. The mechanical friction
losses on the bearings could be about 1 or 2 % of the axial power and the friction losses
in the real di user and auxiliary parts connecting the pump to the pipe may be also some
percents. Also the tip clearence, which was not modeled, causes some losses. So the result
from the nest grid level seems to be very good.

9

6.8 Eciency and Fluxes of Mechanical Energy

Eciency is calculated as

; E1
 = E2T!

(4)

where E2 = V_ Ptot is the mechanical energy ux out, E1 is the mechanical energy ux in and
T! is the required axial power. The V_ is the volume ow rate and Ptot is the total pressure.
The power is presented in the Table 2 and the mechanical energy uxes into the domain in
Table 3. The mechanical energy ux out is shown in Table 4. The left column shows the
: Mechanical energy ux to the domain (per cascade) [kW ].

Table. 3

relative
grid level
mass ow 3
2
1
20 %
0.22 2.66
40 %
1.62 5.95
60 %
3.78 9.19
80 %
6.48 12.63
100 % 8.81 15.03 18.92
120 % 19.95 23.35
140 % 31.41 32.84
160 % 46.48 44.53
RSM
4.35
ux coming out from the impeller and the right column shows the ux coming out from the
whole grid. Finally the eciency is calculated as a relation of the rise in the mechanical
energy ux and the axial power put into the system. The eciency as a function of mass ow
: Mechanical energy ux from the impeller and domain (per cascade)[kW ].

Table. 4

from the impeller
relative
grid level
mass ow 3
2
1
20 %
8.52 9.67
40 % 16.38 17.97
60 % 23.90 25.75
80 % 29.88 32.59
100 % 34.66 38.15 41.96
120 % 39.08 44.29
140 % 42.36 49.39
160 % 44.97 53.93
RSM 34.45
-

from the whole domain
relative
grid level
mass ow 3
2
1
20 % 11.66 13.63
40 % 20.14 21.21
60 % 27.60 28.78
80 % 34.07 35.86
100 % 38.69 40.17 40.98
120 % 43.66 46.95
140 % 48.06 52.56
160 % 51.92 57.72
RSM 38.57
-

is shown in the Fig. 6. From the gure it is seen that the eciency over the whole grid is
lower than the eciency which was calculated from inlet to the impeller exit. The di erences
becomes from losses in the modelled di user. The shape of the eciency curve does not
change much between these two di erent eciency de nitions. The maximum value occurs
at the design point in both cases and the over the whole domain calculated eciency is closer
to the value read from the manufacturer's data sheet. It is approximately 0:72, i.e. both
calculated values are too optimistic. One must, however, remember that the value given by
the manufacturer is obtained over the whole pump including a real vaned di user, return
channel and mechanical friction losses which also reduse the eciency. Also the di erence
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between the second and the rst grid level eciencies cannot be forgotten. The best result
with the fewest numerical error is obtained from the nest grid level.

Fig. 6

: Eciency as a function of mass ow (level 2).

: Eciency over the whole grid and from inlet to the impeller exit.

Table. 5

relative
mass ow
20 %
40 %
60 %
80 %
100 %
120 %
140 %
160 %
RSM

3
0.193
0.354
0.490
0.570
0.641
0.512
0.328
-0.055
0.721

grid level
2
1
0.291
0.492
0.624
0.689
0.768 0.876
0.707
0.580
0.366
-

relative
mass ow
20 %
40 %
60 %
80 %
100 %
120 %
140 %
160 %
RSM

3
0.266
0.444
0.581
0.673
0.741
0.635
0.499
0.199
0.820

grid level
2
1
0.455
0.625
0.738
0.802
0.835 0.915
0.797
0.692
0.514
-

The grid level a ects quite much on the calculated global quantities. That can be easily
seen by reading the power and energy ux tables in this paper. For example when changing
the calculation from the grid level 3 to the grid level 2 the eciency over the whole grid
increases about 50 % at the mass ow rate of 20 %. At the design point the increment
was only 20 %. At the mass ow rate of 160 % of the design point value the eciency was
negative at the grid level 3. This means that the pump does not increase the mechanical
energy although the static pressure rises. The static pressure rise is obtained from the kinetic
energy. At the grid level 2 the eciency becomes positive and so predicting increasing
mechanical energy ux over the pump.

11

7 Discussion

The k ;  turbulence model with a rotation correction works well in this case, whereas the
SSG model had problems in convergence. The SSG calculation on the second densiest grid
level failed many times despite low Courant numbers (0:5). The multigrid acceleration was
also left out in the SSG calculation, but the result was the same, the calculation did not
converge. On the third grid level the calculation converged and the resuls were realistic.
The eciency given by SSG model was better than that of k ; -model and it was also
closer to the value read from the manufacturer's data sheet. Because that result is obtained
from the third grid level, we cannot make any conclusion on the accuracy of the Reynolds
stress model in this case. But we can say that, it is not robust enough for the industrial
applications. It requires also about 1:7 times the memory used by the k ;  model. That is
also one constraining property of the Reynold stress models considering the industrial use.
There were quite considerable di erences when comparing the results from di erent grid
levels. The grid level 3 is defenitely too coarse and the run at the rst grid level takes too
much time for practical purposes. So the most usable grid level in the engineering problems
is level 2. That level predicts the most features in the ow eld and the overall results are
reasonable. If the user is interested in small ow details, then the simulation should be run
also at the nest grid level. However, as far as the eciency and head are concerned, the
rst level is required. With a low-Reynolds number model the number of grid points is, as
a consequence, quite large.
One of the main problems in the evaluation of a ow solver in complex cases is the lack of
measured data. Also in this case only the smoothed head and power curves were available.
In order to obtain good veri cation of calculated results much more detailed measurements
should be available. For example, velocity pro les and pressure distributions could be very
helpful. Because of smoothing the errors in the reference values can be the same order of
magnitude as the di erence between the calculated value and the value obtained from the
manufacturer's curves.
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Appendix A Streamlines in the Impeller

: Streamlines in the impeller (mass ows 20 % and 40 %).

Fig. 7
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: Streamlines in the impeller (mass ows 60 % and 80 %).

Fig. 8
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: Streamlines in the impeller (mass ows 100 % and 120 %).

Fig. 9
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: Streamlines in the impeller (mass ows 140 % and 160 %).

Fig. 10
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: Streamlines near the suction and pressure side (level 1, mass ow 100 %).

Fig. 11
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Appendix B Velocity Vectors in the Center of the Cascade

Fig. 12

: Q=Q0 = 20%, level 3 and level 2
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Fig. 13

: Q=Q0 = 40%, level 3 and level 2.
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Fig. 14

: Q=Q0 = 60%, level 3 and level 2.
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Fig. 15

: Q=Q0 = 80%, level 3 and level 2.
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Fig. 16

: Q=Q0 = 100%, level 3 and level 2.
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Fig. 17

: Q=Q0 = 120%, level 3 and level 2.
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Fig. 18

: Q=Q0 = 140%, level 3 and level 2.
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Fig. 19

: Q=Q0 = 160%, level 3 and level 2.
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Appendix C Velocity Vectors on the Pressure and Suction Side

Fig. 20

: The pressure and suction side, Q=Q0 = 20%, level 2.
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: The pressure and suction side, Q=Q0 = 100%, level 2.

Fig. 21
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: The pressure and suction side, Q=Q0 = 160%, level 2.

Fig. 22
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Appendix D Static Pressure on the Impeller Surface

Fig. 23

: Static pressure on the impeller surface (mass ows 20 % and 40 %, level 2)
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: Static pressure on the impeller surface (mass ows 60 % and 80 %, level 2)

Fig. 24
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: Static pressure on the impeller surface (mass ows 100 % and 120 %, level 2)

Fig. 25
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: Static pressure on the impeller surface (mass ows 140 % and 160 %, level 2)

Fig. 26
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Appendix E Total Pressure on the Pressure and on the
Suction Surfaces

: Total pressure on the pressure and on the suction side (mass ow 20 %, level 2)

Fig. 27
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: Total pressure on the pressure and on the suction side (mass ow 40 %, level 2)

Fig. 28
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: Total pressure on the pressure and on the suction side (mass ow 60 %, level 2)

Fig. 29
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: Total pressure on the pressure and on the suction side (mass ow 80 %, level 2)

Fig. 30
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Fig. 31

: Total pressure on the pressure and on the suction side (mass ow 100 %, level 2)
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Fig. 32

: Total pressure on the pressure and on the suction side (mass ow 120 %, level 2)
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Fig. 33

: Total pressure on the pressure and on the suction side (mass ow 140 %, level 2)
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Fig. 34

: Total pressure on the pressure and on the suction side (mass ow 160 %, level 2)
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Appendix F Static Pressure over the Blade

: Static pressure over the blade (mass ows 20 % and 40 %, level 2)

Fig. 35
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: Static pressure over the blade (mass ows 60 % and 80 %, level 2)

Fig. 36
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: Static pressure over the blade (mass ows 100 % and 120 %, level 2)

Fig. 37
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: Static pressure over the blade (mass ows 140 % and 160 %, level 2)

Fig. 38
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Appendix G Total Pressure at Three Stations

Fig. 39

: Total pressure near the leading edge (at design point, level 2)
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: Total pressure at 50 % chord and at the trailing edge (at design point, level 2)

Fig. 40

