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Abstract. A centrifugal fan with high speed and compact dimension was chosen to be studied numerically and experi-
mentally in this paper. The fan studied consists of a shrouded impeller rotating at 34,000 rpm with a small tip clearance
0.7 mm to the fixed outer casing. For the numerical simulation, two computational models with/without tip clearance
were set up and thek − ω SST (Shear Stress Transport) turbulence model and hybrid mesh were applied in the numerical
simulation for the unsteady solutions. The overall performance and the major flow features in each component inside a
centrifugal fan have been numerically investigated. Together with a series of measurements carried out on a test bench,
the static pressure was measured respectively at the sections of impeller inlet and fan outlet, and the mass flow rate was
obtained by an orifice plate system. The flow restriction for the centrifugal fan system was obtained and demonstrated to
be highly correlated with tip clearance. In presence of the tip clearance, due to the difference of static pressure between
the leading and trailing edges of clearance, i.e., the leading and trailing edges of impeller, a strong return flow occursin
the clearance and re-circulates to the main stream inside the impeller passage with a strong flow interaction, inducing the
total pressure loss and increasing the flow restriction of the fan system.
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1. Introduction

As a kind of turbomachinery, the centrifugal fans have been widely adopted by public facilities and electronic indus-
tries, due to their large capacity of mass flow and the size compactness. A review clearly clarified the state-of-the-artsof
the potential development in the field of centrifugal turbomachinery [1]. It was pointed out that many machines having
moderate efficiency are still in operation and could certainly be improved by making use of today’s knowledge. The
shrouded impellers are usually used in high-specific-speed-type centrifugal fans. Due to the matters that operate, there
always exists a tip clearance between the shrouded impellerand outer casing. Therefore, the leakage flow through the
tip becomes unavoidable. The impellers of centrifugal fan are linked downstream by vaned diffuser, cross-over bend, and
return channel. The main task of the vaned diffuser is to transform as much as possible kinetic energy, available at the im-
peller exit, into static pressure rise. The main purpose of the return channel is to take out the swirl while guiding the flow
to the downstream duct. However, the return channel typically joins the exit from the first stage of a centrifugal machine
to the downstream components. For such a kind of turbomachinery, the natures of flow physics involving tip clearance in
the impeller and impeller-diffuser vane interaction are inherently becoming two major concerns of research. Nowadays,
there are a great deal of studies concerning the effects of impeller-diffuser interaction on flow field and performance. It is
shown that there always exists flow separation regime near the diffuser hub extending further downstream [2]. The flow
is strongly three-dimensional with secondary flows on hub and shroud of the de-swirl vanes and significant separation
downstream of the cross-over bend [3, 4]. Subsequently the flow is not really axisymmetric and that the cross-over bend
needs 50% area increased to allow for boundary layer blockage. There is a lot of variance in loss data in this kind of
bend, which must be due to unknown variables affecting the results [5]. In presence of the tip clearance in the centrifugal
fan, many researches have been shown that the tip clearance plays an important role in the flow field [6] and the leakage
flow becomes major source of performance loss and efficiency drop for small sized compressor impellers [7] and how to
control the tip leakage flow tends to be more attractive [6].

The development of powerful numerical algorithm and robustcommercial tools enable to understand deeply into the
unsteady flow field and the mechanisms of loss generation. From the optimized deign points of view, the advanced
CFD tools make the optimized design of centrifugal fan possible [8, 9, 10]. The three-dimensional unsteady viscous
flow solution was numerically obtained by means of powerful computational facilities and robust software together with
very consumptive calculation time [3]. It is common well-known, despite the knowledge accumulated over the past few
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decades on the mechanisms of air delivery system, the exact prediction of such flow field by numerical means is still
difficult partly due to our inability to model the turbulent viscous flow and the complicated nature of flow through such
machines [11, 12]. Still, there were significant differences between computations and experiment, mainly in the wide
prediction of the extent of the separation after the bend. This flow is very complex with separations and possibly non-
axisymmetry having an effect on downstream components.

Most recently, for the purpose of simplicity, a criterion todefine cross-flow fan design parameters was reported [13]
according to the most significant variables defining the geometry and then affecting performance and efficiency. This
choice of parameters has proved to be effective in a systematic series of experimental tests aimed at investigating directions
for design improvement. The aim is to find which are the parameters most affecting fan performances and the effects of
their design choice. Indications are found to design fans according to the desired objectives, such as maximum total
pressure, total efficiency, and flow rate [14, 15]. The studies about the mechanisms of flow loss generation of centrifugal
fans are not well documented yet. However, the energy loss correlation with experimental data was made to show some
effective ways in understanding theoretically about the performance and efficiency curves of centrifugal fans [15]. Inthis
paper, a motor-fan utilized in vacuum cleaner was adopted inthis study. The centrifugal fan features with its high specific
speed and compact size and a tip clearance between the shrouded impeller and outer casing. The numerical model was
presented in calculating the flow field with/without tip clearance. In addition with some test work, the comparisons of
both the overall performance and flow field were made. The major flow features in each component inside a centrifugal
fan have been numerically investigated. The loss generation and the flow restrictions under circumstances of with/without
tip clearances were also analyzed.

2. Numerical approach and test rig

2.1 Physical Model

The motor-fan we studied was used to provide large depression capability required by a vacuum cleaner. A shaft is
used to connect the centrifugal impeller and motor. Due to the irregular and complex structures in the motor, it is difficult
to simulate the flow field combined with the real motor components. Apart from the investigation of flow around the motor
structure, the flow through the fan itself is the main concernof research. Therefore, some assumptions are necessary. As
shown in figure (1), the centrifugal fan studied consists of the following components: centrifugal impeller, diffuser and
return channel. The diffuser with 17 vanes and the return channel with 8 irregular guide vanes enable to de-swirl the flow.
An inlet and outlet ducts are imposed to the numerical model to ensure uniform boundary conditions. In order to better
understand the effect of tip clearance on overall performance and flow structure, a computational model without the tip
clearance was configured (Case I), whilst for the real prototype at practical operating condition, there always exists atip
clearance between the rotating shrouded impeller and the stationary outer casing (Case II). The geometrical and operating
parameters of the centrifugal fan are listed in Tables 1 and 2.

Head, H (m) 1300
Flow rate, Qv (m3/s) 35 × 10−3

Rotational speed, N (rpm) 34000
Specific speedNs = N

√
Qv/H3/4 29

Table 1. Aerodynamic characteristics at operating point

Description Impeller Diffuser Return channel
Radius of blade inlet (mm) 18 52.7 60
Span of the blade at the entry (mm) 13 6.48 11
Inlet blade angle (ř) 64 85 74
Inclination Angle of the blade inlet (ř) 85.8 0 0
Radius of blade exit (mm) 52 66.1 33
Span of the blade at the exit (mm) 5.4 8.43 12
Angle of blade exit (̌r) 64 71.6 15
Inclination angle of the blade exit (ř) 0 0 0
Blade number 9 17 8
Blade thickness (mm) 0.8 0.9 1.6

Table 2. Basic geometrical specifications of the centrifugal fan
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Figure 1. Description of centrifugal fan system, A) front view, B) back view

2.2 Numerical Model

The numerical simulations have been carried out with a code that is based on the finite volume numerical method using
the commercial code Fluent 6.1 [16] to solve the full 3D Reynolds Average Navier-Stokes equations. A centered SIMPLE
algorithm is used for the pressure-velocity coupling and a second-order upwind discretization is used for the convection
and diffusion terms. The unsteady terms are implicit discretized with second-order accuracy. The velocity is specified
at the inlet surface for the inlet duct volume and the static pressure is imposed at the exit surface for the outlet duct.
Nevertheless, the guide vanes in the return channel are featured as azimuth asymmetry as shown in figure 1. The ratio of
the number of impeller blade over the number of diffuser is uneven. Therefore, for an unsteady solution, the computational
domain covering all the flow passages is necessary. In order to reduce the grid number but better approximate the near-
wall viscous characteristics, thek − ω SST (Shear Stress Transport) model was then adopted. The treatment close to the
wall combining a correction for high and low Reynolds numberis available to predict separation on smooth surfaces [17].
Typically, this model gives a realistic estimation of the generation of the turbulent kinetic energy at the stagnation points.
The SST model performance has been studied in a large number of cases. In a NASA Technical Memorandum [18], the
SST model was rated the most accurate model for aerodynamic applications. As the geometry of the fan is complex, a
hybrid mesh is used: tetrahedral for the impeller and the diffuser - return channel volumes, hexahedral for upstream and
downstream fluid volumes. A previous study of Khelladi et al [3] shows that a grid of4.4 × 106 meshes is considered to
be sufficiently reliable to make the numerical modeling results independent to the mesh size.

2.3 Measurement Methodology

The measurements of fan characteristics were carried out ona test bench (as shown in Figure 2). The test rig includes
an airtight box (0.6m x 0.6m x 0.6m) where the centrifugal fanis placed up and an orifice plate is open at the side wall
ensuring a changeable air flow rate from 12 to 60 l/s by changing the diameter of the orifice plate. The Kulite dynamic
sensors, with a diameter of 1.6 mm and a band-width of 125 kHz were used to measure the static pressure at the impeller
inlet and the return channel outlet. The discrete data were then time-averaged to obtain the steady one. The uncertainty
error for static pressure measurement is about±2.5 mbar which is equivalent to±0.4 l/s.

3. Results and analysis

4. Overall Performance and Flow Field Description

As shown in figure 3, as a function of air flow, the comparison ofthe static pressure difference between the predictions
with/without tip clearances and the experimental data is presented. The curve with filled square is the calculated one with-
out tip clearance, whilst the one with cross symbols is that for tip clearance, and the discrete circular points are that for
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Figure 2. Schematic of the test rig for fan

measurement. It is shown that the calculated curves are in a good tendency with the experimental data, but the predicted
curve for the case II agrees much more with the experiment. Atthe design point of volume flow rate of 0.035m3/s which
is equivalent to 35 l/s, the errors of static pressure difference with the one measured can then be assessed to be at a level
of 41.75% and 3.33% for the case without (Case I) and with (Case II) tip clearances, respectively. It is therefore manifest
that the numerical model with the clearance is in adequate accuracy with the measurement. In other words, one can find
that the effect of tip clearance on the overall performance can not be ignored.

A blade-to-blade section was selected with 5 mm away from theimpeller hub. The sectional view of the static
pressure at the section of blade-to-blade at middle radial span is shown in figure 4A) and figure 4B) for the Case I and II,
respectively. The static pressure difference between the impeller inlet and diffuser outlet can be roughly assessed which
one can find the one for Case I is about twice of the Case II. Thisimplies that the existence of tip clearance reduces the
capability of static pressure rise. The inflow condition of downstream component diffuser depends on the flow field at
impeller exit. Referring to both cases, it can be found that the flow around one of diffusers is characterized by the fact
that the incidence angle is too positive introducing a strong stagnation point at the pressure side near the leading edge, in
turn, produce an acceleration regime in the opposite side. Naturally, this kind of flow increases both the static loadingof
the diffuser and the force fluctuation due to impeller/diffuser interaction. Not only the through flow capability but also the
overall performance will be degraded due to the flow blockageexisted in the diffuser.
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Figure 3. Comparison of overall performance between calculation and measurement

Figure 4. Comparison of contour of static pressure at a blade-to-blade section of mid radial span for the case, A) without
tip clearance and B) with tip clearance

The cross-rotating-axis section means the section plottedacross the rotating axis. The comparison of the static pressure
at the cross-rotating-axis section for the case with/without tip clearance is presented in figure 5, figure 5A) and figure 5B)
are for Case I and Case II, respectively. The static pressurethrough the fan inlet and outlet can be roughly figured out
for both cases, for Case I it is about 1.3 times bigger than that of Case II. The static pressure is gradually increased from
impeller inlet to outlet, inducing a returned flow inside thetip clearance from the outlet side of impeller back to the inlet
and generating a re-circulation flow pattern [3]. As can be seen in figure 5B), the static pressure inside the tip clearance
almost keeps constant. In vicinity of impeller inlet, the static pressure of tip clearance is bigger than that of impeller,
which produces a source for flow re-circulation and flow distortion ahead of the impeller as well as flow loss generation.
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Figure 5. Comparison of contour of static pressure at a cross-rotating-axis section for the case, A) without tip clearance
and B) with tip clearance

The comparison of the total pressure at the cross-rotating-axis section is given in figure 6. The maximum total pressure
rise for Case I has roughly 2 times of that for Case II. For CaseI, the total pressure is uniformly increased through impeller
and diffuser but high distortions are found at the cross-over bend and return channel. Whilst for Case II, a non-uniformity
exists at impeller inlet and cross-over bend and return channel. The almost constant total pressure inside the tip clearance
is found thereafter to generate a stagnation point near the impeller inlet. As mentioned-above, the cross-over bend and
return channel are two dominant components with high loss generation.

Figure 6. Comparison of contour of total pressure at a cross-rotating-axis section for the case, A) without tip clearance
and B) with tip clearance

Figure 7 shows the solution of entropy for both cases in whichone can quantitatively understand the loss distribution.
For Case I as shown in figure 7A), very high entropy gradients occur through impeller exit, cross-over bend and return
channel. This can also be found in figure 7B) for Case II, typically, a big jump appears at the impeller inlet nearby the tip
clearance where a strong stagnation point is produced. Due to the high rotating speed, the absolute velocity at impeller
exit is so high that a strong swirling flow occurs at the cross-over bend. Due to the narrow frontal area at the cross-over
bend and return channel, the strong flow blockage and vortex is accumulated.
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Figure 7. Comparison of contour of entropy at a cross-rotating-axis section for the case, A) without tip clearance and B)
with tip clearance

4.1 Loss Generation

In order to easily quantify the loss generation for each flow component, the half view of the flow components for
the centrifugal fan system is schematically plotted as shown in figure 8. For the numerical model, an inlet duct and a
downstream duct are imposed at fan inlet and outlet for uniform boundary condition specifications. Following is named
as A region where the flow comes from inlet duct to the impeller. Through the impeller, the diffuser component is
designated asB region. The flow with 90 degree return through the cross-overbend is named asC region. D region is
the return channel where guide vanes are installed to suppress strong swirl flow. The outlet duct is represented asE region.

E

D

C

B

A

Figure 8. Schematic of the calculation domain with the flow components of the centrifugal fan (half view)

The vorticity amplitude for each component is normalized bythat of impeller. As shown in figure 9 (Case I), the
maximum vorticity amplitude occurs at the impeller due to its high rotating speed.A, B andC regions have equivalent
ones with about half of that of impeller where implies that strong swirling flow occurs that will probably introduce flow
blockages and total pressure drop.

Some definitions are chosen for analysis. The static pressure rise coefficient for the stationary compartment can be
written as

Cp =
Ps2 − Ps1

Pt1 − Ps1
(1)
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Figure 9. Distribution of normalized vorticity amplitude along the centrifugal fan (Case I)

Where subscripts denotes static pressure,t denotes the total pressure,2 means the exit section of the component, and
1 is the inlet section of the component. For stationary part, the static pressure recovery coefficient means the capability of
static pressure rise through the stationary parts. The static pressure recovery coefficient along the stationary partsof Case
I is shown in figure 10. In this case, the maximum pressure recovery of 0.53 occurs at the cross-over bend. BothA andD
regions have the same pressure recovery around 0.15.
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Figure 10. Static pressure recovery for stationary sections (Case I)

The loss coefficient for the stationary compartment is givenby

ω =
Pt2 − Pt1

Pt1 − Ps1
(2)

It is shown that the diffuser and return channel are normallyconnected with the cross-over bend. In figure 11, the big
losses may occur in this part because of the flow separation resulting from the strong meridional curvature and because
of the long flow paths corresponding to the swirl velocity. The flow distortion at the exit of the cross-over bend and the
large circumferential turning, that is required in the return channel, often result in the large losses, including the areas of
separation flow, and the limit of the pressure that can be achieved in the return channel. This is probably due to the flow
disturbance caused by the 90 degree change of direction of the airflow. The comparison for two cases is listed in Table 3,
for Case I the maximum loss occurs at the cross-over bend whilst moves downstream to the return channel for Case II, it
is because of severe flow blockage.
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Figure 11. Distribution of total pressure loss along the centrifugal fan (Case I)

Section Case I Case II
A 0.065 0.50

Impeller 0.13 0.14
B 0.035 0.79
C 0.93 0.79
D 0.57 0.97

Table 3. Comparison of loss distribution of the centrifugalfan components

Total-to-total efficiency for the impeller is defined as

η =

(

Pt2

Pt1

)

γ−1

γ − 1

Tt2

Tt1
− 1

(3)

Considering the viscous effect to the total pressure rise, the total pressure coefficient can be expressed as

π = τ
γ−1

γ exp

(

−∆s

R

)

(4)

whereτ = 1 + U2Cθ2

CpTt1
, U2 is the rotating velocity at impeller exit,Cθ2 is the circumferential component of absolute

velocity at impeller exit,Tt1 is the total temperature at impeller inlet.∆s is the entropy increment andR is the gas
constant. The calculated overall performances for both cases are listed in Table 4. It is found that the total efficiency has
1% drop in presence of tip clearance. Meanwhile both the total-total pressure ratio and temperature ratio is drop too.

Case I Case II
η (total-total efficiency) 0.87 0.86
π (total-total pressure ratio) 1.15 1.12
τ (total temperature ratio) 1.065 1.057

Table 4. Comparison of overall performance between Case I and Case II

It is well known that the tip clearance influences static pressure rise and efficiency. By using a numerical model only
with impeller, Eum & Kang [7] proposed an empirical relationof variation of total pressure rise and total efficiency with
the tip clearance. With the existence of tip clearance, theyconcluded that the variation of total pressure rise and total-to-
total efficiency were approximated as∆π

π∗
≈ 0.88 t

b2
and ∆η

η∗
≈ 0.35 t

b2
. In our study, the similarity with Eum’s empirical

model is the existence of tip clearance in the impeller, however, the inlet duct and outlet duct, the cross-over bend and
return channel are additionally involved in our numerical model. In our case, it can be assessed that the coefficients are
0.20 and 0.08 for variations of total pressure and total efficiency, respectively, which is roughly 25% of the coefficients in
the empirical model above.
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4.2 Flow Restrictions

For an air delivery system, the pressure rise produced by impeller can be assumed to be balanced with the pressure
drops in order to support fluid against the pressure gradients in the downstream components: diffuser, cross-over bend
and return channel. The pressure characteristics of flow restrictions in a fan system can be commonly expressed mathe-
matically through use of the polynomial expression,

Ψ = KΦ2 (5)

whereΨ = ∆P
1

2
ρU2

the non-dimensional pressure rise coefficient,Φ = Ca

U the non-dimensional flow coefficient,Ca the

axial velocity,K the constant of flow restriction andU the rotating velocity at impeller outlet section. For the centrifugal
fan we studied, one can determine the constantK for two cases with the data in Table 4 and the given air flow rate. The
constantK for the case with/without tip clearances is 4 and 5, respectively.

Figure 12. Schematic of flow restriction of the centrifugal fan system

Figure 12 shows the quantitatively view of the flow restriction for Case I and II. The parabola curves are flow restric-
tions for flow system related with flow blockage, wall frictions and swirling flow. The smaller the constant of parabola
means the higher flow restriction. The intersection point, i.e., the balance point for the system, is for the point while
the fan system is operating at. It is presumably the tip clearance increases the flow restriction coefficient, subsequently
reduces the pressure rise at the same air flow rate. It can be concluded that keeping the same flow rate results in the
total pressure drop in the presence of tip clearance, in turn, the flow rate will be reduced accordingly with the same total
pressure.

5. Concluding remarks

In this paper, a centrifugal fan with high speed and compact dimension was chosen to study numerically and experi-
mentally. There exists a tip clearance of 0.7 mm between the shrouded impeller rotating at 34,000 rpm and the fixed outer
casing. The computational models with/without tip clearance were set up and thek−ω SST turbulence model and hybrid
mesh were applied for unsteady solutions. The pressure riseof the centrifugal fan and the air flow rate were measured
with a test bench. The effects of tip clearance on calculatedflow field and loss generation were qualitatively analyzed and
the comparison of fan performance between the prediction and measurement was shown in a favorable tendency. In terms
of the flow restriction obtained for the centrifugal fan system, a new empirical constant accounting for the effects of tip
clearance on flow restriction of the centrifugal fan system was approximated. In presence of the tip clearance, due to the
difference of static pressure, the returned flow appears inside the clearance and re-circulates to the main stream near the
impeller inlet, subsequently generating a stagnation point and changing the incidence angle and flow performance as well.
The pressure loss is induced and the flow restriction is enhanced by the leakage flow through the clearance.
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