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Abstra ct. A centrifugal blower with a 
at hub, which is a simpli�cation of
a production blower for air handling, is analyzed using Computational Fluid
Dynamics (CFD). The aim os the analysis is to predict 
o w characteristics
more accurately than steady state simulations, and to provide input to noise
analysis. To evaluate the accuracy of the simulations, the computed 
o w �elds
are compared with test data obtained from laser measurements.

This �rst report in the series focuses on various approaches to simulate
the blower and scroll system in terms of 
uid dynamics and 
uid structure
interactions. A second report will focus on comparisons with test data in more
detail.

Several di�eren t approaches, including steady state versus transien t analy-
sis; rotating blower reference frame versus moving mesh models; and di�eren t
turbulence models have been analyzed. Bene�ts and de�ciencies from the dif-
ferent approaches are highligh ted. CAE enabled CAD modeling has been used
to de�ne the model; all modeling attributes are contained within one frame-
work and geometry based automatic discretization was applied to the CAE
model.

1. Intr oduction

1.1. Goals and scope of the analysis. The goals of the CFD analysis are to
provide accurate enough transient 
o w �eld characteristics to be able to evalute
a centrifugal blowers used for automotive air handling systems, and to provide
accuratesurfaceforcesto be usedas input to a noiseevaluation analysis. The �rst
report focuseson the basic 
uid dynamics simulations and noisesourcegeneration,
and the secondreport [11] will focuson comparisonswith test data in detail. In the
analysis we assumethat the boundary surfacesare rigid 1 and that acoustic waves
do no a�ect the 
o w �eld 2.

1.2. Blo wer mo del. A simle test blower hasbeencreated for the purposeof eval-
uating CFD simulations. The blower wheel has 44 blades,and lacks a hub, which
is normally found on blower wheels for this application. The physical blower has
been tested using laser measurements of certain test sections. The angular speed3

Date : June 10, 2004.
Simmetrix Inc.
1We may address this de�ciency in a future analysis.
2An analysis using a full compressible formulation is planned (where some of those e�ects are

captured).
3The angular speed 
uctuates a little in realit y, and should be computed based on the balance

between the forces on the blower wheel and the motor characteristis. A future analysis taking this
a�ect into account is planned.
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for all caseswas 1500r ev:
min = 25r ev:

s . AcuSolveTM [1] from ACUSIM software Inc.
was usedfor all CFD simulations. The integrated 
o w rates presented below were
output directly from AcuSolveTM and plotted in GnuplotTM [4], and the images
were created using FIELD VIEW TM [3] along with 
o w �eld animations, and the
pressurespectra were created using MATLAB r
 [5].

Here, a fully incompressibleapproach was used, while a pseudo compressible
formulation will be used in the future for comparisons.

Figure 1. CAD model of the basemodel.

2. Meshing

The meshingwasperformedusing MeshSimTM [6, 7], from Simmetrix Inc. [12],
directly on a Pro/Engineer TM [8] blower assembly. All casesuselinear tetrahedrons
everywhere;non-isotropic elements are usedin the boundary layer regionscloseto
the walls, and at the jet shear layer, and isotropic elements are used everywhere
else.

Di�eren t geometrieshave been analyzed, starting from the blower and scroll
model, to a model including the test section. The di�eren t geometrical test pre-
sented in this note are the following:

(1) Blower and scroll model, seeFigure 1.
� The inlet is located at the inlet to the blower.
� The outlet is located at the scroll outlet.

(2) Blower and scroll, plus inlet box and an outlet box, seeFigure 2.
� The inlet is located at the surfaceof the inlet box facing the inlet to

the blower.
� The outlet is located at a rectangular outlet opposite the scroll outlet.

The outlet is signi�can tly smaller than the wall area.
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Figure 2. CAD model of test setup.

(3) Blower and scroll, plus outlet box, everything located in a big room, see
Figure 3.

� No open boundary conditions are used in this model.

The �rst model was analyzed for the only purposeof evaluating the change in

o w rate for di�eren t meshattributes. The secondand third models represent the
true physical test setup and are more suitable for comparisonsof the test data.

2.1. Mesh for blo wer and scroll mo del. The model in Figure 1 was meshed
with six di�eren t meshcon�gurations to evaluate the changein 
o w rate. The size
of the meshvaried from 2:88million elements to 7:67million elements. The distance
from the physical wall surfacesto the �rst mesh point is 0:1mm everywhere. The
number of anisotropic boundary layer elements is always 6 on the scroll walls, and
varies between4 and 9 layers on the blower wheel wall surfaces.The growth ratio
between the boundary layer elements is always 1:3. SeeFigure 4 for the variation
of 
o w rate for the six di�eren t meshcon�gurations.

2.2. Mesh for blo wer and scroll with test section. The model in Figure 2
usedthe samemeshattributes as for the �ne mesh from Section 2.1 in the blower
and scroll region. The inlet box and outlet box used a mesh size of up to 50mm.
The number of elements was 8:21 millions.

2.3. Mesh for blo wer and scroll with test section in big ro om. The model
in Figure 3 was meshedwith a few of di�eren t mesh attributes. The �rst mesh
usedsimilar meshattributes as in Section2.2, except that oneadditional layer was
added to the boundary layer mesh close to the wall to reduce the y+ value. The
total number of elements for this mesh is 9:10 millions, seeclose up of mesh in
Figure 5. The secondmeshwas a �ner meshwith 18:5 million elelements, and the
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Figure 3. CAD model of test setup in big room.

third mesh has 31:0 million elements. The mesh attributes in the critical regions
for the three meshesis given in Tables1-3.

Wheel zone Scroll zone
Mesh size Curv ature Min size Curv ature Min size
# elements h

d [mm] h
d [mm]

9.1 M 0.003 � 1 0.003 � 1
18.5 M 0.002 � 0:5 0.003 � 1
31.0 M 0.002 � 0:5 0.003 � 1

Table 1. Curvature re�nement, based on maximum distance h
from chord to surfaceand chord length d ratio, where the chord is
an edgeof a surfacetriangle.
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2.88M tet.; scroll 8mm, blower 4mm, 4 layers
5.72M tet.; scroll 8mm, blower 2mm, 4 layers
6.69M tet.; scroll 4mm, blower 2mm, 4 layers
7.32M tet.; scroll 4mm, blower 2mm, 6 layers
7.60M tet.; scroll 4mm, blower 2mm, 8 layers
7.67M tet.; scroll 4mm, blower 2mm, 9 layers

Figure 4. Flow rates for di�eren t meshcon�gurations.

Wheel zone Scroll zone
Mesh size Elemen t size Elemen t size
# elements [mm] [mm]

9.1 M 0:075� 1:3n � 1; n = 1; : : : ; 10 0:085� 1:3n � 1; n = 1; : : : ; 7
18.5 M 0:075� 1:3n � 1; n = 1; : : : ; 10 0:07� 1:3n � 1; n = 1; : : : ; 10
31.0 M 0:075� 1:3n � 1; n = 1; : : : ; 10 0:056� 1:3n � 1; n = 1; : : : ; 9

Table 2. Boundary layer elements size.

3. Flo w anal ysis of the blo wer with the test setup

This section discussesthe results for the blower analyzed using the test setup
geometry in Figure 2.

Both a steady analysis,and a transient simulation was performed on the blower
and scroll test problem.

The 
o w structures in the scroll region werequite di�eren t for the transient anal-
ysis compared to the steady state analysis. This was expected, since two di�eren t
turbulence models were used. Nevertheless,the comparison is valid, and it shows
that a steady state analysis is inadequate for this kind of problem. Here, Spalart-
Allmaras turbulence model wasusedfor the steady state model, and DES wasused
for the transient model. Another di�erence is that a stationary mesh, but with a
rotating referenceframe for the blower region was usedfor the steady state model,
and a moving meshwith a non-conform interface wasusedfor the transient model.
The di�erence between the two di�eren t models is remarkable, both with respect
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Figure 5. Mesh closeupat scroll cuto�.

Wheel zone Scroll zone Jet zone
Mesh size Elemen t size Elemen t size Elemen t size
# elements [mm] [mm] [mm]

9.1 M 2 4 8
18.5 M 2 3.6 3:6 + 45� x � 230

400
31.0 M 1.8 1.8 1:8 + 23� x � 230

400

Table 3. Volume elements size. Here, x denotes the coordinate
perpendicular to the scroll outlet surfaces,measuredin [mm]. The
plane going through the blower wheelaxis and parallel to the scroll
outlet surfaceis locatedat x = 0mm, and the planewhich coincides
with the scroll outlet surfaceis located at x = 230mm.

to the 
o w rate, seeTable 4 and with respect to 
o w structures, seepictures4 in
Section 4. The scroll outlet region show in particular a di�eren t 
o w pattern for
the two di�eren t turbulence models. The setup usedfor this problem is particularly
di�cult becasueof the large separationat the cuto�, which is probably bigger than
for a typical production blower. Morover, the lack of resistancebehind the blower
also has a big impact. A previous comparison between transient and steady state
simulations for a centrifugal blower [10] showed almost no di�erence in 
o w rate,
so this blower behaved quite di�eren tly .

4Flow animations were created for this model that show the transien t 
o w characteristics quite
well, and the comparison to the steady state solution is even more pronounced than just looking
at snapshots of individual time steps.
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Mo del Flo w rate Flo w rate
[ kg

s ] [ l
s ]

Spalart-Allmaras 0.140 114.3
DES 0.169 138.0

Experiment 142.8
Table 4. Comparison Spalart-Allmaras, DES and physical test
average
o w rate.

The transient 
o w analysis worked �ne for a large time step, (where a blower
wheelblade moves 1

10 of the distanceto the next blade), 1
25 � 1

44�10 s � 9:09091�10� 5s,
but seriousproblems emergedwhen the time step was reduced to 1

2 � 1
25 � 1

44�10 s �
4:54545� 10� 5s. While it was possible to simulate several thousand time steps
with the time step size 1

25 � 1
44�10 s with no obvious problems, the smaller time step

1
2 � 1

25 � 1
44�10 s did show someanomalouspressure
uctuations after a few thousand

time stepsstarting from a stationary solution, or just a few time stepsstarting from
an unsteady solution. The problem, as it turns out, is the exit boundary condition.
If there is reverse 
o w at the out
o w, there will be small pressure 
uctuations
due to the the fact the pressure at the outlet at that point is balanced by the
corresponding dynamic pressurefrom the reverse
o w. This pertubation leads to
pressure
uctuations that are spreadout through the entire domain. Thesepressure

uctuations may be small, and insigni�can t in terms of evaluating the large scale

o w structures, but are malicious in terms of evaluating pressure
uctuations for
acoustic sources.

The in
o w boundary condition does not seemto be as sensitive as the out
o w
boundary condition, however the speci�ed turbulence at the inlet has a big impact
on the convergencerate. Of course,it is alsoimportant to specify the right turbulent
condition for the problem of interest, the turbulence may have a big impact on
on the forces on the surfacesthat lead to acoustic sources. For this case,where
the blower is located stationary in a large room with low 
o w activit y, and the
inlet surfaceis located relatively far from the blower inlet, the turbulent instensity
should be small at the inlet surface. The elements are large on the inlet surface,so
it is probably su�cien t to specify a small eddy viscosity value in the DES model.
This is hard to evaluate though, becauseof the problems at the outlet boundary
condition. As we have seen,to do an acoustic analysis of this problem, care has
to be taken to make sure that adequateboundary conditons are used; in addition
to the issuesmentioned above, wavescan get re
ected from the open surfaces,so
the open boundary conditions have to be located far from acoustic sources,and
large elements can be usesto attenuate the waves,or the problem can be avoided
by using non-re
ectiv e boundary condtions (which was not an option in this case
though). Another possibility is to not use any open boundary conditions at all,
which is the approach taken in the next section.

4. Flo w anal ysis of the blo wer with the test setup in big r oom

The most satisfying analysiswasperformedon the model in Figure 3. A snapshot
of a section cut with magnitude of velocity through the middle of the test setup is
shown in Figure 6.
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Figure 6. Snapshot of magnitude of velocity juj from transient
DES solution, section cut at center of blower wheel (y = 0).

Here, no open boundary conditions are used, and the numerical problem was
relatively easy to solve, with no convergenceissuesor boundary condition issues.
Both a steady analysis, and a transient analysis was performed. The results show
again that a steadystate analysislacks the 
o w structures of the transient analysis.
A comparison of the 
o w structures can be made by comparing the steady state
solutions shown in Figures 7-12with the transient solution shown in Figures 10-15.
Here, the pictures are from the coarsestmesh, 9:1M elements, using a time step
of 1

2 � 1
25 � 1

44�10 s � 4:54545� 10� 5s. The simulations from the �ner meshes18:5M
elements using a time step of 1

2 � 1
25 � 1

44�10 s, and 31:0M elements using a time step
of 1

4 � 1
25 � 1

44�10 s � 2:27272� 10� 5s show similar 
o w structures.
The 
o w rate for the blower varied with time; the averagevalues are given in

Table 5

Mo del Flo w rate Flo w rate
# elements [ kg

s ] [ l
s ]

9.1 M 0.168 136.9
18.5 M 0.175 142.9

Experiment 142.8
Table 5. Average 
o w rate for DES simulations compared the
experimental 
o w rate.
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Figure 7. Section plot of magnitude of velocity juj from steady
state Spalart-Allmaras solution, section cut at center of blower
wheel (y = 0).

Figure 8. Plot of magnitude of velocity juj from steady state
Spalart-Allmaras solution, section cut at z = 6cm from blower
wheel axis, view from top of blower.
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Figure 9. Plot of velocity u from steady state Spalart-Allmaras solution, section cut at y = � 1cm, y = 0cm and
y = 1cm, measuredfrom center of the blower wheel.
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Figure 10. Snapshotof magnitude of velocity juj from transient
DES solution, section cut at center of blower wheel (y = 0).

Figure 11. Snapshotof magnitude of velocity juj from transient
DES solution, sectioncut at z = 6cm from blower wheelaxis, view
from top of blower.
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Figure 14. Snapshotof pressurep, from transient DES solution,
at inlet.

5. Noise sour ces

The incompressiblesolution is unable to resolve all acoustic features present in
the real problem setup. Rather, we can only determine noisesources,in particular
from forceson surfaces,since the turbulence noise is negligible for this problem.

Due to the di�culties using open boundary conditions mentioned in Section2.2,
the acousticsanalysis is presented only for the model shown in Figure 3.

The blower test problem was solved using physical units m; kg; s, and also di-
mensionless.The pressure
uctuations and sound spectrums for the two di�eren t
approachesare similar, seeFigures 16-21. Note that the blade passingfrequency
25r ev

s � 44 = 1100H z and its �rst harmonics 2200H z are captured very well. The
spectrum at four di�eren t locations is shown in Figure 22; here it is easyto iden-
tify blade passing frequency and the �rst harmonics at the lower portion of the
scroll cuto�. The pressurespectrum on a blade clearly shows the N � 25H z peaks
in Figure 23. Note that the sourcesfrom the blades will be doppler shifted when
monitored in the far �eld.
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Figure 15. Snapshot of jr � uj = 2000 colored with juj from
transient DES solution.

Figure 16. Pressurelevels p ([Pa]) as a function of time t ([s])
at the scroll cuto� from top (y = 0:05m) to bottom (y = � 0:05m).
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Figure 17. Pressurelevels p� p0

%u2
0

as a function of time tu 0
L at the

scroll cuto� from top (y = 0:05m) to bottom (y = � 0:05m).
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Figure 18. Sound pressurelevel at the scroll cuto� from top (y = 0:05m) to bottom (y = � 0:05m).
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Figure 19. Sound pressurelevel at the scroll cuto� from top (y = 0:05m) to bottom (y = � 0:05m). Dimensionlessversion.
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Figure 20. Sound pressurelevel at the scroll cuto� from top to bottom.
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Figure 23. Sound pressurelevel at a point on a blower wheel blade.

6. Comput ational cost

The computational cost to generatethe meshusing 1 CPU on an HP Visualize
j6000 workstation, 2 � 552 MHz PA-8600 CPUs, 1.5 MB casheeach, con�gured
with 16 GB of RAM memory is given in Table 6.

The average computational simulation cost per time step using 12 or 24 HP
zx6000workstations, 2 � 1 GHz Itanium 2 CPUs, 3 MB cacheeach 5, each con�g-
ured with 2 GB of RAM memory is given in Tables7-8

5Only one CPU is used per node in the simulations.
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Mesh size CPU time Clo ck time CPU time
1 M elemen ts

# elements [s] [s] [s]
9.1 M 2729 2749 300
18.5 M 6460 6628 349
31.0 M 34117 34198 1100

Table 6. Time to generatea meshon an HP Visualize j6000 workstation.

Mesh size CPU time Clo ck time CPU time
1 M elemen ts

W ork
1 M elemen ts

# elements [s] [s] [s] [s]
9.1 M 111 121 12.2 146
18.5 M 247 273 13.4 160
Table 7. Averagetime to computeonetime stepon 12HP zx6000
workstations using 1 CPU per workstation.

Mesh size CPU time Clo ck time CPU time
1 M elemen ts

W ork
1 M elemen ts

# elements [s] [s] [s] [s]
9.1 M 63 73 6.9 166
18.5 M 129 155 7.0 167
31.0 M 172 210 5.6 134
Table 8. Averagetime to computeonetime stepon 24HP zx6000
workstations using 1 CPU per workstation.

7. Blo wer wheel blades anal ysis

The blower wheel blades from the model in Figure 1 were modi�ed to evaluate
the 
o w rate for di�eren t blade geometries,seeFigures 24-30. The analysis here
is merely to show that mesh can capture the modi�cations of the relatively small
scalechangeof the geometry. If too large linear elements are used, there is no way
to capture the impact of small geometrical changessuch as changing the shape of
a blower wheel blade. Using curved elements with higher order polynomials would
also be a possible approach to ensure that the geometry is captured adequately,
but it has not beenusedhere becauseof the di�cult y of generating curved higher
order non-isotropic boundary layer elements.

Here, 4mm and 2mm meshsizeswereusedfor the blower scroll and blower wheel
regions respectively. Similar to the last mesh in Figure 4, all models were meshed
with 6 boundary meshlayerson the scroll wall surfacesand 9 boundary meshlayers
on the blower wheel wall surfaces,with 0:1mm �rst point distance from the wall
with 1:3 growth ratio. SeeFigure 31 for the results. Although just qualitativ ely,
the results are in line with published performancefor the di�eren t typesof blower
wheel blades[2].
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Figure 24. Backward inclined, forward curved blade, basemodel
blower wheel.

Figure 25. Backward inclined, forward curved extended blade
blower wheel.
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Figure 26. Radial inclined, forward curved blade blower wheel.
The blade curvature is constant 1

R = 100m� 1.

Figure 27. Backward inclined, straight blade, blower wheel. In-
clination angle is the sameas for the basemodel blade, tip to tip.
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Figure 28. Backward inclined 45O blade blower wheel.

Figure 29. Forward inclined 45O , straight blade blower wheel.
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Figure 30. Radial, straight blade blower wheel.
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Figure 31. Flow rates for di�eren t blower wheel blades.
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8. Summary

The computional results show that transient simulations are feasiblefor air han-
dling system blowers of fairly complex geometry. Transient simulations are nec-
essaryto evaluate the 
o w structures for blowers of this kind. There are several
reasonsfor this, for instance, the basic steady RANS models are incapable of cap-
turing the large scaleturbulence accurately, separation is captured poorly, the 
o w
structures at the scroll cuto� can not be captured correctly since the blade mo-
tion relative to the cuto� surface is incorrect. The list can be made longer. Most
importantly for noise evaluation though is the fact that transient simulations are
necessaryas input to acoustic modeling if any degreeof accuracy is desired. Just
looking at turbulent quantities from a steady state RANS analysiscan give hugely
misleading results. For problems of this kind, where the Mach number is relatively
low, the acoustic sourcesare negligible for the turbulence itself, but rather the
forces on the surfacesemerging from the 
o w structure interactions are the most
important. The hope is that the acoustic sourcesfrom the CFD simulations are
adequate inputs to a sound propagation analysis that will give the noise level at
the far �eld. This study will be a carried out in the near future.
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