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SUMMARY

European regulations set standards for energy-efficiency of fans, with increasing requirements
in the near future. Many studies concerning centrifugal fans have investigated the impeller but
to only a smaller extends the spiral casing, which may take up a substantial part of the fan's
hydraulic loss. Hence, appropriate design of the fan volute has significant meaning to
centrifugal fan performance. An automized loop with RANS and data post-processing is set up
for allowing a large number of parameter variations. The effect of volute angle, volute width
and geometrical parameters related to the tongue and axial position of rotor, on total pressure
loss and static pressure recovery coefficient are presented.
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NOMENCLATURE
Greek Symbols
impeller inlet ¢ flow coefficient
impell tlet =
Hmpeer o e o =arctan(C, /¢,) alpha spiral angle

(volute inlet)

volute outlet 4 pressure coefficient
optimal n efficiency
P

minimum air density
maximum
total Abbreviations
total-to-static CFD Computational Fluid Dynamics
total-to-total RANS Reynolds Averaged Navier-Stokes

SST Shear stress transport
FOAM Field Operation And Manipulation
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INTRODUCTION

A centrifugal fan that consists of an axial, an impeller and a spiral casing is widely used in industry
as a typical piece of turbo-machinery that converts external mechanical energy into pressure and
kinetic energy of the working fluid. An impeller is a mechanical device that supplies mechanical
energy to the fluid and is a key component of the fan. Therefore, many studies have focused
intensively on impellers. Fluids obtain energy from the impeller and it is discharged through the
spiral casing. Currently, minimization of energy loss is dependent on the characteristics of the spiral
casing. Research on the spiral casing has drawn relatively little attention, but in order to improve the
performance of centrifugal fans to a higher level, study of the characteristics of the spiral casing is
absolutely needed.

Industrial fans are subject to EU energy labeling and Ecodesign requirements. By using more
efficient industrial fans, Europe will save 28 TWh and avoid 11 million tones of CO, emissions
annually by 2020. Ecodesign requirements for industrial fans are mandatory for all manufacturers
and suppliers wishing to sell their products in the EU. These requirements cover product
information and efficiency [1].

METHODOLOGY

Volute shape design method

The spiral housing in radial fans has the task of collecting the fluid in a low-loss manner and
converting kinetic energy into static pressure. Constant circulation method [2] is a method to draw
spiral case based on that the velocity circulation is a constantr -c, =const. In practice this rule is
valid with the restriction that one spiral must be so far displaced from the impeller that deflections
conditioned by the consideration of a finite number of blades can be ignored. This rule constitutes
the basis for the dimensioning of a volute for the case where friction has been ignored. The velocity
c at an arbitrary place can be calculated from its
componentsC, andcC,,r-c, =r,-c, ->C, =C,,-(r,/r). From the condition that the same volume

flow must flow (continuity equation) through all the streamline in volute it gives the
0
relationship,V =2x-1,-b,-c,, =27 -r-B-c,, from which followsr, -b, -c,, =r-B-c,,, from this we

obtain the following inclination & of the streamlines:

C, C.,Db
tan(q) = L =122
() c. o, B (1)
Because we obtain the boundary of the volute from the streamline, again it yields, tan(a) = %
rde
r
ar =dgtan(a) =dgtan(a, )% (2)
r
The solution states,
r b C,, b
In—=gptan(a,) 2 =p-"2 2%
. ¢ tan( 2)8 @sz B 3)
Accordingly, the trajectory of fluid particles in the volute is as follows (Carolus 2013) [3]
b2
_p ern(@) _p @)y 4
[, ="he =1, 4)

r

@) is the radius of the volute at an angle ¢,
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I, , is the outer radius of impeller that is equal to 150mm in this case

a , 1s the angle that absolute velocity vector makes with the peripheral directiontan(a) =c, /¢, .
b, , width of outlet impeller

B, width of volute

Logarithmic Spiral

Figure 1: Geometry parameters of spiral casing (Carolus 2013) [3]

In this parametric study, is shown the effect of: spiral alpha angle« , tongue angleg,, tongue
radius I, , volute width scale B/Db,, the position of impeller and volute inlet profile velocity on the

performance of the centrifugal fan by using open source CFD software OpenFOAM. A qualitative
understanding on the effects of those parameters will enable performance of a real product to be
improved.

Optimal impeller

Starting point are optimal impellers for the whole range of specific speeds. Following a current and
nearly finished study on aerodynamic optimization of centrifugal fan impellers using CFD-trained
meta-models [4], where a method for optimization of impellers of the whole class of centrifugal
fans has been developed. For the first simulations it is accepted one optimized impeller (VAL 1)
with the design flow coefficientg=0.12, which correspond to flow rate of0.4m’/s, since the
diameter of the impeller is 0.3mand the rotational speed is3000rpm. The detailed flow field at the

impeller’s outlet from preceding RANS simulations is used as boundary conditions for an RANS of
the flow in the volutes.

Performance of the volute

The overall performance of the volute is affected mainly by the following geometric parameters
(Ayder 1993) [5]: area of the cross-section, shape of the cross-section, radial location of the cross-
section, location of the impeller and tongue geometry.

The overall performance of the volute can be analyzed by using:

Total pressure loss coefficient of volute:

K = P = Pis — P2 = Bis
P - P )
ptz p2 . C2
2 2
K, , is defined as the ratio between the total pressure losses in volute to the dynamic pressure at the

impeller exit.
Static pressure recovery coefficient of volute:
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C = P;— D, — P;— P,
P - 1% (6)
P — P, 2
2 2
is defined as the ratio between the static pressure recovered in the volute to the dynamic

C,
pressure at the impeller exit.
Total Efficiency of volute

Pis

=" (7)
bR
From equation (5, 6) becomes:
C2
C,=1-K, —C—; (8)
2
C2
—3-, is the ratio of volute outlet/inlet kinetic energy.
C2
Total to static pressure of complete machine:
AP = Py — Py _§C32 = (p3 - P+ (P, — pl)_gclz :Cp gczz +RAp, _gclz aAptt =P~ Py ©
R= M, is degree of reaction of blade cascade (i.e. impeller)

P2 — Py
Maximizing 4Ps= of a complete fan requires:

e Maximizing degree of reactionR of blade cascade, which is function of impeller design,

accepted as a fixed parameter.

e Findingc, ., K, =K C

parameters of volute (alpha spiral angle, width scale, tongue angle, tongue radius, etc).

C from CFD as a function of all geometric

3.0pt » p.min > ~ p.opt = p.max

Numerical analysis

Numerical simulations were performed using the Open Source CFD software, OpenFOAM v3.0.x
[6]. Three-dimensional, incompressible, steady-state flow computations were carried out at the
University of Siegen. This solves discretized forms of the Reynolds-averaged Navier—Stokes
equations for turbulent flow using the finite volume method (Ferziger, Peri¢ 2002) [7]. The
unstructured grid solution procedure is based on a variant of the SIMPLE pressure correction
technique (Patankar 1980) [8]. The iterative solution was deemed to be converged when the
normalized absolute error over the mesh had reduced to10~ for each variable. OpenFOAM supports
the standard k—» model by Wilcox (1998) [9], and Menter’s SST k—w» model (1994)[10]. The k-®
SST turbulence model was employed for these calculations, with near-wall conditions supplied by
the ‘wall function’ conditions of Launder and Spalding, 1974 [11]. K—® models have gained
popularity mainly because can be integrated to the wall without using any damping functions. This
is the most widely adopted turbulence model in the aerospace and turbo-machinery communities.

Boundary and initial conditions

The inflow boundary conditions were based on known flow rates and the flow direction. Uniform
velocity profiles were prescribed at the volute inlet (fan impeller outlet) by specifying radial and
tangential velocity components separately (axial velocity is neglected). The front and back side of
the impeller as the rotating wall, the other parts wall with no slip condition and for the outlet
ambient pressure is used. Turbulent kinetic energy isk =3-m’s™, and the specific turbulence
dissipation rate is @ = 4000-s™".

The geometry of volutes is generated from MATLAB as a stereolithography (.stl file), than cfMesh
vl.1.2 software is wused to «create mesh. Grid resolution is made according
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to y +value (30 < y+ < 200) and the number of cells various from 250.000 for the compact volutes
to 500.000 cells.

Experimental set-up

All experimental investigations are conducted at the chamber test rig of the University of Siegen.
The layout is in accordance with EN ISO 5801:2009 [12]. The measuring uncertainty was estimated
by Hensel [13] and Winkler [14] and amounts to 1% regarding¢, 0.5% regardingy,,, and 2%

regarding 7, . The test rig is shown in Figure 2. Air is sucked in through the test rig inflow nozzle at

which the static pressure is measured. The air then passes an auxiliary fan and a throttle. These two
devices are used to vary the flow rate in the interval required for the characteristic curve.
Downstream of the throttle, the air is decelerated in a large chamber. The chamber has four small
holes where the pressure is taken. Due to the extremely slow velocity in the chamber, the static
pressure measured is assumed to be equal to the total pressure. At the backside of the chamber, the
test fan is introduced a short duct with an inlet nozzle. The fan faces the chamber with its suction
side and is driven by an electric motor. The driving power is determined by measuring the torque
and the rotational speed of the shaft driving the fan [15].

Hole for mounting the test fan
on the backside of the chamber

Figure 2: Chamber test rig for the measurement of characteristic fan curves at the University of Siegen. [15]

RESULTS

Effect of spiral alpha angle

The first simulations were made with constant tongue angle ¢, = 45°and tongue radiusr, / D, =5%,
with the simplified geometry of impeller, and the position of impeller in the middle of volute.
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Figure 3: Comparison total efficiency of volutes for different alpha angle function of width scale B /b

Total to total efficiency of volutes as a function of width scale is shown in Figure 3 for each of
alpha spiral angle. As a result of the different values of alpha angles as it is shown on the graph, the
maximum efficiency is taken for smaller values of alpha, corresponding to a compact volute. Which

in the cases of bigger ones consist at lower efficiency, due to the surface of walls.
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Figure 4: Static pressure recovery coefficient of volutes for different alpha angle function of width scaleb.

Static pressure recovery coefficient as a function of width scale is shown in Figure 4. For higher
value of alpha spiral angle consist at maximum value of static pressure recovery coefficient. It is
observed that with the increase of width scale for the smaller alpha spiral angle respectively for
alpha 10°,12° and 14°, results in higher value of static pressure recovery coefficient, the situation is

different for alpha 16°,18° and 20°.
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B
Figure 5: Total pressure loss coefficient of volutes for different alpha angle function of width scaleb .

Analyzing the total pressure loss coefficient in figure 5, the variance is opposite to the pressure
recovery coefficient and the optimal values are obtained in the values of the width scale B/b=2, 2.2,
2.4 and 2.6.

Effect of tongue angle

. . . . . r.
Simulations are executed accepting constant alpha spiral angle @ =10°and tongue radlusD—Z =5%

85
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Figure 6: Total efficiency of volutes for different width scaleb function of tongue angle 9= .

As it shown in graph of the figure 6 for lower values of tongue angle results on higher value of
efficiency, which is absolutely true for all the range of width scales. From the graph above, the
maximum efficiency value corresponds to width scale B/b=2.2, following 2.4, 2.0 and 2.6. The
minimum efficiency value corresponds to width scale B/b=1.4, following 1.6 and 1.8, which consist
the same as in the figure 3. It is recommend excluding values of tongue angle below 35°, because of

the effect to the clearance gap 5 , and the value should be according to the recommendation value
[16]. The maximum efficiency is achieved for tongue angle 35°.
The simulations are carried out with constant width scale B/b =2.2 and tongue radius r, /D, =5%

]
! ! ' ! BIb=2.2, r /D,=5%

—0=10°
— =120

a=14°
or —=16°
a=18°
a=20°

0.5 _

‘_.Q_
o

15 | 1 I
35 40 45 50 55 60

Tongue angle ?, [°]

Figure 7: Static pressure recovery coefficient of volutes for different alpha angle function of tongue angle ®=.

As it is shown from the figure 7 for smaller spiral alpha angle (10°, 12° and 14°), by increasing
tongue angle, results on higher possible value of static pressure recovery coefficient. In the cases of
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alpha angle (16°, 18° and 20°) variance of the tongue angle, does not effect on the static pressure
recovery coefficient, which is nearly constant.

Effect of tongue radius

These simulations were made with constant width scale B/b=1.6 and tongue angleg, =35° By
increasing the radius of tongue for spiral alpha angle 10°,12° the efficiency is slightly increased,
while for alpha 14°,16°,18° and 20° the efficiency is slightly decreased. Finally, it is important to
notice, for alpha 10°, 12° the maximum efficiency is achieved for the radius of tongue 5%, and the
situation is different for bigger volutes.

1
' BIb=1.6, ¢ =35°

a=10°

K i a=12°

—_ 0 a=14°

= a=16°

(&) a=18°

qk - a=20°

2 L I L L
25 3 35 _ 4 4.5 5
Tongue radius rZ/D2 [%]
FE

Figure 8: Static pressure recovery coefficient of volutes for different alpha angle function of tongue radius Pz .

As it is shown by the graph 8, radius of volute tongue has no considerable effect on the static
pressure recovery coefficient.
1

I I
05
B/b=1.6, ¢ =35°
= °f —r /D,=2.5% ||
L z 2
o -~ ——,/D,=3.0%
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z 2
—r_/D,=4.0%
z 2
-1 e /D, =5.5% ]
z 2
r./D,=5.0%
z 2
15 | | | | | | | | T
10 11 12 13 14 15 16 17 18 19 20

Alpha angle [°]
rz

Figure 9: Static pressure recovery coefficient of volutes for different tongue radius Dz function of alpha angle .
As it is shown from the graph 9 there are no considerable changes on the value of Cp, but it is

observed that for alpha spiral angle over 14.8°, result on positive value of static pressure recovery
coefficient
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Figure 10: Outlet/inlet ratio of kinetic energy of volutes for different tongue radius Dz function of alpha angle .

From graph 10 for alpha over 12.8° the ratio of kinetic energy is below value 1.

Effect of inlet velocity profile
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Figure 11: Velocity profile from the impeller CFD results and the average value [4].
From the CFD results of impeller [4], the velocity profile for each of velocity

components (c,,,¢,,,C,,) are shown in the figure 11, supposing the same velocity profile along the
width of impeller and checking the differences of simulation results with the average values of

velocity.
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Figure 12: Comparison efficiency of volute with uniform and non uniform inlet velocity

From the figure 12 it is illustrated the comparison in efficiency for real velocity outlet profile of the
impeller which corresponds to a lower value of efficiency.
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Figure 13: Static pressure recovery coefficient of volutes for different alpha angle function of width scale b.
The velocity profile has an important effect on static pressure recovery and total pressure loss
coefficient, where for each of the cases, a lower value of Cp and a higher value of Kp is observed.

Effect of impeller position

These simulations were made with constant alpha angle o =10°, tongue angle ¢, = 45°and tongue
radiusrt, / D, =5%

80 T T T T T T T o . oo _
a=10°, ¢Z—45 , rZ/D2—5%
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Asymmetry 10/90%
74 | | | | | | |
1.8 1.9 2 2.1 2.2 2.3 2.4 25 2.6

widthScale [B/b]
Figure 14: Total efficiency of volutes for different position of impeller

From the figure 14 it is illustrated the comparison in efficiency for different position of impeller, as
it is shown, the maximum efficiency is achieved if the impeller is in asymmetry of 40% of the
volutes, and the minimum efficiency achieved is if the impeller is in 10% of the volutes.

Validation of the CFD results

Based on the experimental data, total to static pressure Ap, and the total to static efficiency 7, of the
fan can be calculated from the following equation:
Total to static pressure of fan

APy = Dy = Py =(Ps = Py )+ (P> — Py) =Cp§05 + APy (10)
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Figure 15: Comparison results from experiments and CFD for impeller and for the complete fan.

As it is shown from the figure 15, for small value of flow rate, the results of CFD and experiments
can be fitted well for the impeller and the complete fan, also. For maximum value of flow rate, there
is a difference but not higher than 4.4%.

Total to static efficiency of fan
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Figure 16: Comparison total to static efficiency from experiments and CFD results for impeller and for the complete
fan.

As a conclusion, based on the CFD results, the efficiency is greater compared to the experimental
data. As it shown in the figure 16 the curves of the efficiency have the same law performance, but
values of the fan CFD results are 6 % over the experimental curve. The effect of recirculation flow
inside the volute and impeller is not considered in our CFD simulation, this is related with safety
distance between the impeller and the inlet nozzle. From the previous study on the impeller, the
recirculation flow rate is between 7-8%.
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CONCLUSIONS

This paper discusses the influence of spiral casing design geometric parameters on overall
performance for centrifugal fan. Steady state CFD simulations have been conducted in order to
study the characteristics of different volute configurations. The design was developed by
systematically modifying the geometric parameters and predicting the internal three-dimensional
flow structure using an open source CFD toolbox. The static pressure recovery coefficients as well
as total pressure loss coefficient variations in the casing are investigated. The following conclusions
deduced from the CFD simulation results are:

Smaller volutes have higher efficiency, but there is no pressure recovery. The reduction of the
radius of the spiral casing cross-section causes an acceleration of the fluid and partially destroys the
static pressure rise achieved in the diffuser.

The internal flow distribution could be improved by reducing the tongue angle, but it is needed to
ensure the clearance gap Sz between volute tongue and impeller. While the radius of tongue has no
effect on the Cp and Kp. Positive static pressure recovery can be reached for alpha spiral angle over
14.8% and the ratio of kinetic energy can be lower than 1 for alpha spiral angle over 12.87

The velocity profile of the outlet impeller effect in the negative way on the efficiency, Cp, Kp, etc,
and should be considered on the next simulations.

The work of this paper represents a beginning for improving the volute design and needs to be
continued and to be further improved in order to lead to better performance of centrifugal fans. The
CFD simulations of the complete fan potentially will absolutely collect more information in the
interaction of volute in the impeller and vice versa. Moreover, future researches should try to
diminish the deviation between the numerical results (CFD) and the experimental data.
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