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Abstract A systematic and simple design methodology of miniature centrifugal impeller is proposed. In the
design of miniature centrifugal impeller, the flow coefficient ¢, plays a significant role. Theoretically, the
geometric parameters, including inner radius, blade angles and blade height can be expressed as functions of
the flow coefficient. Accordingly, the theoretical head and energy losses are also influenced by the flow
coefficient. To investigate the effect of flow coefficient, a series of miniature impellers are designed for
different flow coefficients, and CFD simulations are conducted. Both theoretical analysis and CFD
simulations show similar trends. Initially, the pressure generated increases with increasing flow coefficient.
Upon reaching a maximum, it will subsequently decrease with increasing flow coefficient. Hence, an optimal
flow coefficient should be chosen to achieve the best performance. From the theoretical results, the
maximum pressure generated occurs when the flow coefficient is approximately 2.8, while for CFD, it is
approximately 1.3. The difference between the theoretical analysis and CFD simulation shows that the

theoretical model should be further improved to enhance its accuracy.
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Introduction

Miniature pumps have many potential
applications, such as in the pharmaceutical,
electronic cooling and medical industries
because of their size. Miniature centrifugal
pump generates higher pressure head and can
be more accurately controlled than other
miniature pumps. However, the design
approach of miniature centrifugal pump is still
not well established and most published papers
are mainly based on empirical data.

For miniature pumps, the Reynolds number is
small, which will cause a significant difference
in performance.

In the present centrifugal pump design
method, the flow coefficient ¢; is a critical
parameter, which is usually given empirically
or selected from empirical charts. The impeller
geometrical parameters can be derived based
on a selected value of flow coefficient. In the
same way, it can also play an important role in
the design of miniature impellers, but the
effect of flow coefficient may be different
because of the size involved. The energy
model should be examined to determine the
effect of flow coefficient on pump
performance.

Impeller design

In the design of miniature pump impeller, the
macro-size pump design method is used. But
the value of the flow coefficient is not selected
from empirical chart, since it is of interest to
determine the effect of flow coefficient. To
minimize fabrication complications, the
shroud and shaft at the inlet side are eliminated
and the eye radius is assumed to be the same
as the inner radius. The blade is 2-D
(meridional direction and axial direction) with
constant blade height and angle. It is assumed
that the inlet flow follows the blade profile
perfectly. For the ease of fabrication, a semi-
open impeller is selected.

The design requirements are given as follows:
Flow rate: 0O=1 L/min

Outer diameter: D>=10 mm

The required rotating speed w can be obtained
from the “Cordier” diagram(Balje, 1981). For
centrifugal pumps, the specific speed n, can be
selected as 1 and the specific diameter ds can
be selected as 3. The speed w and expected
head H can be calculated from the ns and d;
equations as follows:

d,=(D,(H)"") o (1)
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Rotational speed: =450 rad/s
Pump head: H=2254 Pa
The inlet radius can be determined from the

definition of the eye and inlet flow
coefficients, which are expressed as:
Va__ QO
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Generally, the flow coefficient is defined as
the ratio of radial velocity and the tip speed,
which indicates the relationship between the
average flow rate and the geometrical shape.
The eye flow coefficient is the ratio of inlet
velocity and the eye radius rotational speed. A
flow rate needs a suitable eye radius to handle
it, so the eye flow coefficient should be
selected according to some charts. The eye
flow coefficient is equal to the inlet flow
coefficient based on mass conservation.
Hence:
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Where 1) is the blade blockage factor and is
defined as:
27R
Zi
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From the physical meaning and definition of
¢4, the inlet blade angle is defined as:

fi=py=tan"' ¢ )
The outlet parameters are given as:

b,=b=b )
B,=p=p (10)

The parameters listed above are expressed in
terms of the inlet flow coefficient ¢, flow
rate O, and rotational speed w. For other
parameters, empirical selection based on
macro-size pump design approach is applied.
The blade thickness ¢ is given by =0.04R,.
The clearance gap is selected as 0.2mm, and
the number of blades is 5.
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For a given flow coefficient, the inner radius
1, blade height » and angle f§ are unique, as
illustrated in Fig. 1. If the impeller geometry is
determined, the energy transferred from the
rotating blade to fluid, and energy losses can
be obtained. The effect of the flow coefficient
on the impeller design using the energy model
analysis can be derived accordingly.
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Fig. 1. Geometrical variables flow coefficient

As the flow coefficient increases, the inner
radius R; and the blade height » decrease, and
the blade angle f increases, but all these
geometrical variables approach a constant
value. A large flow coefficient means a
relatively large radial velocity and a small tip
speed. For a given flow rate, a large radial
velocity implies a small inner radius, and a
small blade height.

Table 1 Simulation models and pressure rise

No. | ¢y | nmm) | bmm) | AO) | APPa)
1 | 349 | 150 084 | 740 | 64
2 |29 | 158 088 | 715 | 638
3 1249 | 168 093 | 681 | 740
4 | 19 | 181 100 | 633 | 797
51 147 | 200 L11 | 558 | 829
6 | 141 | 203 L12 | 546 | 803
71129 | 209 115 | 23| 78
8 | 090 | 236 131 | 419 | 638
9 1075 | 250 134 | 370 | 58
10 ] o4 | 300 172 | 26| 174

For theoretical analysis, the flow coefficient is
varied from 0.2 to 5. For CFD simulations, ten




impeller models are designed for different
values of flow coefficient, and their
geometrical parameters and simulated pressure
rise are listed in Table 1.

Theoretical head analysis

The theoretical energy transfer from the
rotating blades to the fluid can be obtained
based on 1-D flow analysis in the meridional
direction. The theoretical head is the Euler’s
head, and it is defined as the rate of energy
transfer per unit mass of fluid flowing in
meters. It is expressed as:

To 1
Eth Z_ZE(Vuzuz _VulUl) (1)

g0
For centrifugal pumps, flow enters the
impeller channels only in the radial direction,
so the inlet circumferential velocity ¥y, is zero.
Hence, we have:
Elh=LD220)2— wQ
4g 2rgh,
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Slip loss

cotf

Since the number of blades in a centrifugal
pump is finite, the fluid at the exit of the
impeller channel is incompletely guided. This
causes a phenomenon called slip which is an
inviscid phenomenon. The slip velocity at the
outer radius is illustrated in Fig. 2. Many
researches show that the slip factor is mainly
influenced by the blade angle and the number
of blades (Bothmann and Reffstrup, 1983;
Paeng and Chung, 2001; Stodola, 1927). For a
miniature impeller, the inner radius has a
significant effect on the flow field, so the
radius ratio should be considered. Von
Backstrom’s (von Backstroem, 2006) equation
is selected. The slip factor is:

o =1 ] 1
U, FR/R)Z (13)
0.5
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The slip loss Egp is:
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U
Fig. 2. Velocity triangle at impeller outlet

From equation (14) we can conclude that, the
bigger the inner radius R; and the smaller the
blade angle f, the bigger the slip loss. This
phenomenon can be explained by the physical
meaning of velocity slip. For impeller with
smaller inner radius, the flow is not well
guided along the blade, so slip is larger and the
slip loss is bigger. As R; and S are expressed
as functions of ¢, (equations (5) and (8)),
slip loss can also be expressed as a function of
¢1 . As ¢, increases, the slip loss will
decrease.

Leakage loss

The pressure difference between the impeller
trailing edge and leading edge will cause
leakage flow in the gap between the rotating
impeller and stationary housing. Theoretical
analysis of leakage flow were conducted by
Chan (Chan et al., 2000) and Teo (Teo et al.,
2010) based on simplified Navier-Stokes
equations of leakage flow in cylindrical
coordinates. For gaps of constant height, the
tangential velocity and leakage flow rate are:
raoz
=" (1s)
_ oy (AP 3/30)2(R22_R12)
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Where AP is the pressure difference between
the trailing and leading edges.

O (16)



The leakage flow rate is related to the gap size,
the inner radius and outer radius. A larger
leakage flow rate is due to a bigger gap size.
The effect of the impeller inner radius and
outer radius should be further researched,
because AP is related to them.

Disk friction loss

Fluid wviscosity will cause shear stresses
corresponding to the velocity gradient in the
gap between the rotating disk and the
stationary casing. The disk friction loss of a
rotating disk is defined as(Gulich, 2010):

1 ool (RY
By ZEpCma) R, {1_(EJ J (17)

Where C,, i1s the friction coefficient. For the

miniature pump, it can be expressed as(Daily
and Nece, 1960):

5 110
Cm=1.85[—j Re, " (18)
R,

The disk friction loss is:

=i =1Cm“’3R25(1—(§U (19)
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The wetted area between rotating disk and
fluid and friction coefficient are the main
factors affecting disk friction. The disk friction
loss will be larger for a small inner radius R;.
As ¢, increases, the disk friction loss
increases also.

Tip clearance loss

For semi-open impellers, fluid flows from the
pressure side to the suction side through the
clearance between casing and the blades.
Hence, the kinetic energy of the leakage flow
is largely dissipated. Gap size, Reynolds
number, velocity distribution will also
influence the tip leakage loss. The pressure
loss due to the tip clearance is mainly induced
by the leakage flow through the tip (Senoo and
Ishida, 1986).

The average relative velocity is:
[ — A

sinff 2zrbsin S

(20)
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The tip velocity from pressure side to suction
side is:

Vo=y2AB=R)/p=\2W(W,-1,) @D

WS—WP=(27rrsinﬂ/Z)x

(Mﬂ_l(Wo dWs D 22)
dm o Dm

So the tip velocity is:

4Qwsin B
Oy =
Hence, the leakage flow rate is:
40w
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The tip clearance loss is mainly caused by the
blade length and pressure difference between
the pressure side and suction side. So a smaller
inner radius will cause a higher tip loss. A
bigger flow coefficient will have result in
higher tip clearance loss.

Impeller friction loss

Viscosity will cause friction loss near blade
walls, and it can be approximated by using the
standard pipe friction model(Tuzson, 2000).
The impeller friction loss is:

2

(Rz _Rl)(VVZ +VK)
4gD, sin

The default value of friction coefficient Cy is

0.005. Hydraulic diameter and relative
velocities are defined as:

b(zD,/Z)sinf Ve o

E=C (26)
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So the friction loss can be expressed as:

C(R-R)O'( 1 Y11 ’
e 16g7r2bzsm A 2xRsinB/Z bAR R2

27)

Impeller friction loss is mainly influenced by

the friction coefficient and wetted area

between the fluid and impeller walls. So a

smaller R; and longer impeller channel will




cause higher friction loss. A larger flow
coefficient will result in a higher impeller
friction loss. The current model is inadequate
as it does not consider flow separation losses
in the impeller passage.

Blockage loss

Blades thickness will cause flow stagnation
and flow separation near the blade leading
edge, especially for miniature pumps. The
flow near the blade leading edge can be treated
as water flowing from a large pipe to a small
pipe. The energy loss due to sudden
contraction can be treated as blockage loss.

K

Ey =—

Blk 2g

Where V; is velocity after the blockage, K is
loss coefficient.

Vi——ds—ArV

n (28)

Blade

Fig. 3. The loss due to blade thickness blockage

For the miniature pump in this study, Di/D; is
between 1 to 1.22. A linear relationship can be
selected between K and Dy/D;.

DO
K=0.45[3—1) (29)

1
So the blockage loss is:
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With given blade thickness ¢, the smaller the
inner radius R, the larger the diameter ratio,
and the larger the blockage loss. A smaller
flow coefficient will have a larger blockage
loss.

Diffusion loss

When the fluid flows in the impeller channels,
the expansion of the channels will cause a
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diffusion loss. The diffusion loss should be
considered when the relative velocity ratio
W1/W, is larger than 1.4(Tuzson, 2000), and
the loss expression is:

0.25W;
o (1)

A small flow coefficient will have a big
relative velocity, and hence a high diffusion
loss.

Eny =

Numerical model

To validate the theoretical results, ten selected
models as in Table 1 are solved numerically
using Fluent (version 6.3.26). The entire
simulation model is divided into four zones;
inlet, rotating impeller, gap and volute zones.
Wedge-shaped mesh is selected for the
rotating impeller zone, while hexahedron mesh
is selected for other zones. The total meshes
are approximately 1 million.

Fig.4. Volume meshes built in GAMBIT

Grid independency was investigated using
models with meshes from 0.75 million to 1.25
million, and it was found that the result
obtained by using 1 million is adequate.

The k-0 turbulent model is selected as the
Reynolds number is approximately 45000, and
second order spatial discretization is used in
the iteration process.

Results and discussions

The theoretical pressure rise of the centrifugal
impeller is:

E=E, _Eshp —Ey —E) _Eﬁp B — By —Epie
The energy losses are displayed in Fig. 4 and 5,
and the Euler head, energy losses, theoretical
pressure and CFD simulation results are
illustrated in Fig.5-7.
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Fig. 5. The influence of the flow coefficient on slip
loss, leakage loss and disk friction loss
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Fig. 7. The influence of the flow coefficient on
theoretical and simulated pressure rise
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The trend of the analytical and simulated head
is similar. The pressure generated increases
with increasing flow coefficient. Upon
reaching a maximum, it will subsequently
decrease with increasing flow coefficient.
However, the value of flow coefficient
corresponding maximum analytical and
simulated head is different. The maximum
analytical pressure occurs when the flow
coefficient is approximately 2.8, while for
CFD, it is approximately 1.3. This may be due
to that both the inlet and volute losses are not
included. Refinements to this model are
necessary, but the current model indicates that
an optimized value of flow coefficient exists to
achieve best pump performance.

Conclusions

This paper presents a systematic and effective
analysis of the impeller design and energy
models. The effect of the flow coefficient is
investigated in detail. Key geometrical
parameters and energy models can be
expressed as functions of the flow coefficient.
An optimized value of flow coefficient exists
from CFD results and the analysis of Euler
head and energy loss models.

Nomenclature

b blade height [mm)]
ds specific diameter

g gravity acceleration [m/s’]
/ blade length [m]
ns  specific speed

t blade thickness [m]
Cy friction coefficient of impeller

Cn friction coefficient of disk

D diameter [m]
D,  hydraulic diameter of impeller [m]
E head loss [Pa]
Ey  Euler head [Pa]
H  expected head [Pa]
K loss factor of blockage loss

P power [W]
QO  flow rate at design point [m?/s]
R radius [m]



Re Reynolds number Re=pwD; /u

Re, disk Reynolds number Re, = poR; / 7,

U  circumferential velocity [m/s]

V' absolute velocity [m/s]

Vo impeller inlet velocity [m/s]

W relative velocity [m/s]

VA number of blades

b blade angle [°]

pr  flow angle [°]

0 gap size [m]
water viscosity [Pa]

p water density [m?/s]

os  slip factor

T blockage factor

¢ flow coefficient

w rotational speed [rad/s]

Subscripts, superscripts and abbreviations

e impeller eye

i impeller inlet

P pressure side

s suction side

tip gap between semi-open blade and housing
u circumferential component

Blk  blockage loss

Df disk friction

Diff  diffusion loss

Imf  impeller friction

Lk gap leakage between disk and housing
0 circumferential component of gap flow

1 impeller blade leading edge
2 impeller blade trailing edge

3rd Micro and Nano Flows Conference
Thessaloniki, Greece, 22-24 August 2011

Reference

Balje, O.E., 1981. Turbomachines : a guide to
design selection and theory Wiley, New York.

Bothmann, V., Reffstrup, J.O., 1983. An Improved
slip factor formula, Proceedings of the
Conference on Fluid Machinery, pp. 59-68.

Chan, W.K., Akamatsu, T., Li, H.D., 2000.
Analytical investigation of leakage flow in
disk clearance of a magnetically suspended
centrifugal impeller. Artificial Organs 24, 734-
742.

Daily, J.W., Nece, R.E., 1960. Chamber dimension
effects on induced flow and friction resistance
of enclosed rotating disks. Journal of Basic
Engineering 82, 217-232.

Gulich, J.F., 2010. Centrifugal pumps, Berlin.

Paeng, K.S., Chung, M.K., 2001. A new slip factor
for centrifugal impellers. Proceedings of the
Institution of Mechanical Engineers, Part A:
Journal of Power and Energy 215, 645-649.

Senoo, Y., Ishida, M., 1986. Pressure loss due to
the tip clearance of impeller blades in
centrifugal and axial blowers. Journal of
Engineering for Gas Turbines and Power 108,
32-37.

Stodola, A., 1927. Steam and gas turbines.
McGraw-Hill Book Company, New York.

Teo, J.B., Chan, W.K., Wong, Y.W., 2010.
Prediction of leakage flow in a shrouded
centrifugal blood pump. Artificial Organs 34,
788-791.

Tuzson, J., 2000. Centrifugap pump design. John
Wiley & Sons, New York.

von Backstroem, T.W., 2006. A unified correlation
for slip factor in centrifugal impellers. Journal
of Turbomachinery 128, 1-10.



