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Abstract. A centrifugal fan with high speed and compact dimension asen to be studied numerically and experi-
mentally in this paper. The fan studied consists of a shrduipeller rotating at 34,000 rpm with a small tip clearance
0.7 mm to the fixed outer casing. For the numerical simulattarmo computational models with/without tip clearance
were set up and the — w SST (Shear Stress Transport) turbulence model and hybst mere applied in the numerical
simulation for the unsteady solutions. The overall perfamce and the major flow features in each component inside a
centrifugal fan have been numerically investigated. Togewith a series of measurements carried out on a test bench,
the static pressure was measured respectively at the ssadioimpeller inlet and fan outlet, and the mass flow rate was
obtained by an orifice plate system. The flow restrictionier¢entrifugal fan system was obtained and demonstrated to
be highly correlated with tip clearance. In presence of fpectearance, due to the difference of static pressure betwe
the leading and trailing edges of clearance, i.e., the lagdind trailing edges of impeller, a strong return flow occurs

the clearance and re-circulates to the main stream insiédripeller passage with a strong flow interaction, inducimg t
total pressure loss and increasing the flow restriction effdn system.
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1. Introduction

As a kind of turbomachinery, the centrifugal fans have bemtely adopted by public facilities and electronic indus-
tries, due to their large capacity of mass flow and the sizepeatmess. A review clearly clarified the state-of-the-afts
the potential development in the field of centrifugal turlzmminery [1]. It was pointed out that many machines having
moderate efficiency are still in operation and could celyaire improved by making use of today’s knowledge. The
shrouded impellers are usually used in high-specific-spygeel centrifugal fans. Due to the matters that operateethe
always exists a tip clearance between the shrouded im@eikbiouter casing. Therefore, the leakage flow through the
tip becomes unavoidable. The impellers of centrifugal fanliaked downstream by vaned diffuser, cross-over bendl, an
return channel. The main task of the vaned diffuser is tosfiam as much as possible kinetic energy, available at the im
peller exit, into static pressure rise. The main purpos@eféturn channel is to take out the swirl while guiding the/flo
to the downstream duct. However, the return channel tylpigaihs the exit from the first stage of a centrifugal machine
to the downstream components. For such a kind of turbomaghithe natures of flow physics involving tip clearance in
the impeller and impeller-diffuser vane interaction areerently becoming two major concerns of research. Nowadays
there are a great deal of studies concerning the effectspslier-diffuser interaction on flow field and performandssl|
shown that there always exists flow separation regime neadiffuser hub extending further downstream [2]. The flow
is strongly three-dimensional with secondary flows on hut siroud of the de-swirl vanes and significant separation
downstream of the cross-over bend [3, 4]. Subsequently dlaeiél not really axisymmetric and that the cross-over bend
needs 50% area increased to allow for boundary layer bl@ckagere is a lot of variance in loss data in this kind of
bend, which must be due to unknown variables affecting thelt®[5]. In presence of the tip clearance in the centrifuga
fan, many researches have been shown that the tip clearkyseam important role in the flow field [6] and the leakage
flow becomes major source of performance loss and efficieragy fdor 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 rolmashmercial tools enable to understand deeply into the
unsteady flow field and the mechanisms of loss generationm Ene optimized deign points of view, the advanced
CFD tools make the optimized design of centrifugal fan daesj8, 9, 10]. The three-dimensional unsteady viscous
flow solution was numerically obtained by means of powerarmputational facilities and robust software together with
very consumptive calculation time [3]. It is common wellekam, despite the knowledge accumulated over the past few
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decades on the mechanisms of air delivery system, the eradiction of such flow field by numerical means is still
difficult partly due to our inability to model the turbuleniseous flow and the complicated nature of flow through such
machines [11, 12]. Still, there were significant differehd@tween computations and experiment, mainly in the wide
prediction of the extent of the separation after the bends flbw is very complex with separations and possibly non-
axisymmetry having an effect on downstream components.

Most recently, for the purpose of simplicity, a criteriondefine cross-flow fan design parameters was reported [13]
according to the most significant variables defining the ggomand then affecting performance and efficiency. This
choice of parameters has proved to be effective in a syster@ates of experimental tests aimed at investigatingtioas
for design improvement. The aim is to find which are the patarsanost affecting fan performances and the effects of
their design choice. Indications are found to design fam®ming to the desired objectives, such as maximum total
pressure, total efficiency, and flow rate [14, 15]. The stidigout the mechanisms of flow loss generation of centrifugal
fans are not well documented yet. However, the energy losslation with experimental data was made to show some
effective ways in understanding theoretically about thdqumance and efficiency curves of centrifugal fans [15]this
paper, a motor-fan utilized in vacuum cleaner was adoptéusrstudy. The centrifugal fan features with its high sfieci
speed and compact size and a tip clearance between the strioeller and outer casing. The numerical model was
presented in calculating the flow field with/without tip aleace. In addition with some test work, the comparisons of
both the overall performance and flow field were made. The nilgjev features in each component inside a centrifugal
fan have been numerically investigated. The loss generatid the flow restrictions under circumstances of with/etith
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 depressipability required by a vacuum cleaner. A shaft is
used to connect the centrifugal impeller and motor. Dueéartiegular and complex structures in the motor, it is difficu
to simulate the flow field combined with the real motor compuseApart from the investigation of flow around the motor
structure, the flow through the fan itself is the main conadrresearch. Therefore, some assumptions are necessary. As
shown in figure (1), the centrifugal fan studied consistsheffollowing components: centrifugal impeller, diffuserda
return channel. The diffuser with 17 vanes and the returnmdlawith 8 irregular guide vanes enable to de-swirl the flow.
An inlet and outlet ducts are imposed to the numerical maalehsure uniform boundary conditions. In order to better
understand the effect of tip clearance on overall perforaand flow structure, a computational model without the tip
clearance was configured (Case I), whilst for the real pyptat practical operating condition, there always exidtp a
clearance between the rotating shrouded impeller andatiersary outer casing (Case Il). The geometrical and ojpeyat
parameters of the centrifugal fan are listed in Tables 1 and 2

Head, H (m) 1300
Flow rate, Qv {n3/s) 35 x 1073
Rotational speed, N (rpm) 34000
Specific speedV, = N/Q,/H3/* 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 anglef] 64 85 74
Inclination Angle of the blade inlef) 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 exitK) 64 71.6 15
Inclination angle of the blade exit)( 0 0 0
Blade number 9 17 8
Blade thickness (mm) 0.8 0.9 1.6

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

B)

2.2 Numerical Model

The numerical simulations have been carried out with a dages based on the finite volume numerical method using
the commercial code Fluent 6.1 [16] to solve the full 3D Rdgiad\verage Navier-Stokes equations. A centered SIMPLE
algorithm is used for the pressure-velocity coupling ané@ad-order upwind discretization is used for the coneecti
and diffusion terms. The unsteady terms are implicit disoed with second-order accuracy. The velocity is specified
at the inlet surface for the inlet duct volume and the stat&sgure is imposed at the exit surface for the outlet duct.
Nevertheless, the guide vanes in the return channel angréebas azimuth asymmetry as shown in figure 1. The ratio of
the number of impeller blade over the number of diffuser isvem. Therefore, for an unsteady solution, the computation
domain covering all the flow passages is necessary. In codeduce the grid number but better approximate the near-
wall viscous characteristics, thhe— w SST (Shear Stress Transport) model was then adopted. Himéet close to the
wall combining a correction for high and low Reynolds numiseavailable to predict separation on smooth surfaces [17].
Typically, this model gives a realistic estimation of thengeation of the turbulent kinetic energy at the stagnatints.

The SST model performance has been studied in a large nurhbases. In a NASA Technical Memorandum [18], the
SST model was rated the most accurate model for aerodyngpications. As the geometry of the fan is complex, a
hybrid mesh is used: tetrahedral for the impeller and thieisifr - return channel volumes, hexahedral for upstream and
downstream fluid volumes. A previous study of Khelladi et3jlghows that a grid of.4 x 10° meshes is considered to
be sufficiently reliable to make the numerical modeling lssndependent to the mesh size.

2.3 Measurement Methodology

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

3. Results and analysis
4. Overall Performance and Flow Field Description

As shown in figure 3, as a function of air flow, the comparisothefstatic pressure difference between the predictions
with/without tip clearances and the experimental datags@nted. The curve with filled square is the calculated otte wi
out tip clearance, whilst the one with cross symbols is thatip clearance, and the discrete circular points are thrat f
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1- Optical tachometer
2- Motor.
3- Box.
o 4- Static pressure tap.
‘7 5- Orifice plate.
a 6- Digital oscilloscope.
7- Conditioners.
8- Pressure Kulite MIC-062-2D Sensors:
A- Pressure sensor at the impeller inlet.
B- Pressure sensor at the return channel outlet.

r

Figure 2. Schematic of the test rig for fan

measurement. It is shown that the calculated curves are @o@ gndency with the experimental data, but the predicted
curve for the case Il agrees much more with the experimertheétiesign point of volume flow rate of 0.08%* /s which

is equivalent to 35 I/s, the errors of static pressure difiee 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 withé@asip clearances, respectively. It is therefore manifes
that the numerical model with the clearance is in adequateracy with the measurement. In other words, one can find
that the effect of tip clearance on the overall performararenot be ignored.

A blade-to-blade section was selected with 5 mm away fromirtiqzeller hub. The sectional view of the static
pressure at the section of blade-to-blade at middle ragai s shown in figure 4A) and figure 4B) for the Case | and I,
respectively. The static pressure difference betweemtipelier inlet and diffuser outlet can be roughly assesseadtwh
one can find the one for Case | is about twice of the Case Il. iiffiéies that the existence of tip clearance reduces the
capability of static pressure rise. The inflow condition ofwhstream component diffuser depends on the flow field at
impeller exit. Referring to both cases, it can be found thetftow around one of diffusers is characterized by the fact
that the incidence angle is too positive introducing a girstagnation point at the pressure side near the leading edge
turn, produce an acceleration regime in the opposite sid¢urdlly, this kind of flow increases both the static loadifig
the diffuser and the force fluctuation due to impeller/difuinteraction. Not only the through flow capability butcatlse
overall performance will be degraded due to the flow blockagdsted in the diffuser.
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Figure 3. Comparison of overall performance between cafiod and measurement
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Figure 4. Comparison of contour of static pressure at a blad#ade 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 platteaks the rotating axis. The comparison of the static press
at the cross-rotating-axis section for the case with/withip clearance is presented in figure 5, figure 5A) and figi&e 5
are for Case | and Case I, respectively. The static pregbunegh the fan inlet and outlet can be roughly figured out
for both cases, for Case | it is about 1.3 times bigger thanah@ase Il. The static pressure is gradually increased from
impeller inlet to outlet, inducing a returned flow inside tipeclearance from the outlet side of impeller back to thetinl
and generating a re-circulation flow pattern [3]. As can lenga figure 5B), the static pressure inside the tip clearance
almost keeps constant. In vicinity of impeller inlet, that& pressure of tip clearance is bigger than that of impelle
which produces a source for flow re-circulation and flow dista ahead of the impeller as well as flow loss generation.
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Figure 5. Comparison of contour of static pressure at a exatssing-axis section for the case, A) without tip clea@an
and B) with tip clearance

The comparison of the total pressure at the cross-rotaixigjsection is given in figure 6. The maximum total pressure
rise for Case | has roughly 2 times of that for Case II. For Cabe total pressure is uniformly increased through imggell
and diffuser but high distortions are found at the cross-bead and return channel. Whilst for Case II, a non-unifoymit
exists at impeller inlet and cross-over bend and returnmdlaimhe almost constant total pressure inside the tip ates
is found thereafter to generate a stagnation point neamtpelier inlet. As mentioned-above, the cross-over bend and
return channel are two dominant components with high loseiggion.
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Figure 6. Comparison of contour of total pressure at a crotging-axis section for the case, A) without tip cleamnc
and B) with tip clearance

B)

Figure 7 shows the solution of entropy for both cases in whiod can quantitatively understand the loss distribution.
For Case | as shown in figure 7A), very high entropy gradientaiothrough impeller exit, cross-over bend and return
channel. This can also be found in figure 7B) for Case I, tgibyca big jump appears at the impeller inlet nearby the tip
clearance where a strong stagnation point is produced. ®@treethigh rotating speed, the absolute velocity at impeller
exit is so high that a strong swirling flow occurs at the crogsr bend. Due to the narrow frontal area at the cross-over
bend and return channel, the strong flow blockage and vastagdumulated.



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

Entrapy
A7 AGEE
A3.5023
Ta.a432
TB 356

. 7Za418
'll! 1..’ B 5661
B804
) , ‘ B1.0607
'L_ 573271
E3ETI4
438197
46 066
423173
36 5566
34,8043
A) B)

Figure 7. Comparison of contour of entropy at a cross-noga#ixis 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 flemponent, the half view of the flow components for
the centrifugal fan system is schematically plotted as shimwfigure 8. For the numerical model, an inlet duct and a
downstream duct are imposed at fan inlet and outlet for umifooundary condition specifications. Following is named
as A region where the flow comes from inlet duct to the impeller.roligh the impeller, the diffuser component is
designated aB region. The flow with 90 degree return through the cross-bead is named a8 region. D region is
the return channel where guide vanes are installed to ssppteng swirl flow. The outlet duct is represented asgion.

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

The vorticity amplitude for each component is normalizedttwgt of impeller. As shown in figure 9 (Case I), the
maximum vorticity amplitude occurs at the impeller due ®htgh rotating speedA, B andC regions have equivalent
ones with about half of that of impeller where implies thabsg swirling flow occurs that will probably introduce flow
blockages and total pressure drop.

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

P82_Psl

C:
P Ptlfpsl

1)
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Figure 9. Distribution of normalized vorticity amplitudeag the centrifugal fan (Case 1)

Where subscript denotes static pressutedenotes the total pressugemeans the exit section of the component, and
1 is the inlet section of the component. For stationary phet static pressure recovery coefficient means the cayyadsilit
static pressure rise through the stationary parts. Thie gi@ssure recovery coefficient along the stationary pdr@ase
I is shown in figure 10. In this case, the maximum pressurevesgmf 0.53 occurs at the cross-over bend. BagndD
regions have the same pressure recovery around 0.15.
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Figure 10. Static pressure recovery for stationary sestf@ase 1)

The loss coefficient for the stationary compartment is givgn

P — Py

w=—" 2
Ptl_Psl ()

It is shown that the diffuser and return channel are norn@lynected with the cross-over bend. In figure 11, the big
losses may occur in this part because of the flow separatsuitireg from the strong meridional curvature and because
of the long flow paths corresponding to the swirl velocity.eTlow distortion at the exit of the cross-over bend and the
large circumferential turning, that is required in the ratohannel, often result in the large losses, including teasof
separation flow, and the limit of the pressure that can besgeliin the return channel. This is probably due to the flow
disturbance caused by the 90 degree change of directiom afithow. The comparison for two cases is listed in Table 3,
for Case | the maximum loss occurs at the cross-over bendtvhdves downstream to the return channel for Case Il it
is because of severe flow blockage.
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Figure 11. Distribution of total pressure loss along thetiiieigal fan (Case I)

Section Casel Casell

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 centrifuigal components

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

y—1

Pp) 7 _
o ()

Ti1

Considering the viscous effect to the total pressure Heetdtal pressure coefficient can be expressed as
y—1 —As
= o () @

wherer = 1 + U2C“ , Uz is the rotating velocity at impeller exit/y, is the circumferential component of absolute
velocity at impeller pexn T3 is the total temperature at impeller inlef\s is the entropy increment an@t is the gas
constant. The calculated overall performances for botescase listed in Table 4. It is found that the total efficienag h
1% drop in presence of tip clearance. Meanwhile both thé-total pressure ratio and temperature ratio is drop too.

Casel Casell
7 (total-total efficiency) 0.87 0.86
m (total-total pressure ratio)  1.15 1.12
7 (total temperature ratio) 1.065 1.057
Table 4. Comparison of overall performance between Casd Case ||

It is well known that the tip clearance influences static gpues rise and efficiency. By using a numerical model only
with impeller, Eum & Kang [7] proposed an empirical relatiofwariation of total pressure rise and total efficiency with
the tip clearance. With the existence of tip clearance, dmmluded that the variation of total pressure rise and-tota
total efficiency were approximated ééi ~ 0. 88 and A* ~ 0. 35 . In our study, the similarity with Eum’s empirical
model is the existence of tip clearance in the |mpeller hmwethe mIet duct and outlet duct, the cross-over bend and
return channel are additionally involved in our numericaldal. In our case, it can be assessed that the coefficients are
0.20 and 0.08 for variations of total pressure and totaliefiiry, respectively, which is roughly 25% of the coefficteint
the empirical model above.
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4.2 Flow Restrictions

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

U= K2 (5)

where¥ = 1 U2 the non-dimensional pressure rise coeffici@nt: Ca the non-dimensional flow coefficient,, the

axial veIocny,K the constant of flow restriction arid the rotating velocny at impeller outlet section. For thetcidugal
fan we studied, one can determine the constarior two cases with the data in Table 4 and the given air flow. rate
constantk for the case with/without tip clearances is 4 and 5, respelgti

¥
o: operating point
L. — -« —casel
‘- _
‘N — case I
\v
. )
N,/
Ng
.G
- N\
e '\
./ :
s AN
Z e
_
o

Figure 12. Schematic of flow restriction of the centrifugai ystem

Figure 12 shows the quantitatively view of the flow restdntior Case | and Il. The parabola curves are flow restric-
tions for flow system related with flow blockage, wall friatiand swirling flow. The smaller the constant of parabola
means the higher flow restriction. The intersection poiet, ithe balance point for the system, is for the point while
the fan system is operating at. It is presumably the tip eleeg increases the flow restriction coefficient, subsetuent
reduces the pressure rise at the same air flow rate. It canrwuded that keeping the same flow rate results in the
total pressure drop in the presence of tip clearance, in thenflow rate will be reduced accordingly with the same total
pressure.

5. Concluding remarks

In this paper, a centrifugal fan with high speed and compmeedsion was chosen to study numerically and experi-
mentally. There exists a tip clearance of 0.7 mm betweentttauged impeller rotating at 34,000 rpm and the fixed outer
casing. The computational models with/without tip cleaeawere set up and thie— w SST turbulence model and hybrid
mesh were applied for unsteady solutions. The pressurefige centrifugal fan and the air flow rate were measured
with a test bench. The effects of tip clearance on calculiidedfield and loss generation were qualitatively analyzed an
the comparison of fan performance between the predictidmaasurement was shown in a favorable tendency. In terms
of the flow restriction obtained for the centrifugal fan €yst a new empirical constant accounting for the effectspof ti
clearance on flow restriction of the centrifugal fan systeasapproximated. In presence of the tip clearance, due to the
difference of static pressure, the returned flow appeaiddrtbe clearance and re-circulates to the main stream hear t
impeller inlet, subsequently generating a stagnationt@oid changing the incidence angle and flow performance ds wel
The pressure loss is induced and the flow restriction is exgthhy the leakage flow through the clearance.
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