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A computational and experimental evaluation of the
performance of a centrifugal fan volute
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Abstract: A detailed experimental study of the performance of two radial-flow fan volutes has been carried
out at the Science University of Tokyo. This included a volute with a full tongue, such that no recirculating
flow occurred, and the same volute but with the tongue cut back to allow flow recirculation. Detailed velocity
and pressure distributions at a wide range of azimuth angles were obtained experimentally and are presented.

At the University of Bath a computational model, using thek–e turbulence model, has been used to predict
the internal flow of both volutes, with particular attention given to the tongue flow. Predicted flow separation
at the volute tongue has been demonstrated experimentally through laser sheet studies at the Science
University of Tokyo.

The performance of the volutes is discussed and the computational fluid dynamics (CFD) analysis is used
to recommend design improvements for the volute.
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NOTATION

Bs width of the volute cross-section
B3 width of the diffuser passage at the volute inlet
Hs height of the volute cross-section
k turbulent kinetic energy
Q volume flowrate (m3/s)
r3 radius to the diffuser exit or volute inlet

a3 flow angle at the diffuser exit or volute inlet
« dissipation rate
vs azimuth angle

1 INTRODUCTION

A spiral-shaped volute is used in many applications of
fans and compressors to collect the rotating gas flow, which
discharges from the diffuser downstream of the impeller,
and to deliver it into a single discharge duct. The perform-
ance and design of collecting volutes has not received
the detailed study given to the other components of fans
and compressors. This can be attributed to the view that
the volute is a simple collecting device, all the necessary
diffusion having been achieved in the vaned or vaneless
diffuser upstream of the volute. In many applications,

however, the overall size of the compressor is very impor-
tant and the diameter of the diffuser is often less than opti-
mum. In fan applications the diffuser is often dispensed with
and the impeller discharges directly into the collecting
volute. The volute is usually designed through the applica-
tion of a one-dimensional analysis assuming a free vortex
flow from the volute inlet to the centre of the volute passage
[1]. This leads to the flow area, and the radius to its centroid,
at any azimuth angle. A design objective is to achieve a uni-
form pressure distribution at the volute inlet. This is usually
attained at the design flowrate only; at off-design conditions
the volute is either too small or too large and a pressure dis-
tortion develops circumferentially around the volute pas-
sage. At low flowrates the pressure increases with the
azimuth angle, while at high flowrates the pressure
decreases. The static pressure distortions are transmitted
to the diffuser exit and to the impeller discharge, and have
also been observed through to the impeller inducer [2].
These circumferential pressure distortions reduce the
stage performance and have a direct impact on diffuser
and impeller flow stability. Qiet al. [3] described a volute
design technique which allowed a controlled distribution
of the volute inlet flow angle, leading to the development
of an optimum volute profile.

Detailed published information on the performance of
volutes is very limited. Brown and Bradshaw [4] studied a
series of symmetrical volute designs with a mixed-flow
impeller but found that changes in volute geometry and
surface conditions resulted in negligible differences in per-
formance. Stiefel [5] studied the optimization of a radially
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bladed impeller, vaneless diffuser and an overhung volute.
He found that with a vaneless diffuser the optimum volute
operation was achieved when the volute was 10–15 per
cent smaller than that which would be designed through
the frictionless flow assumption. By reducing the size of
the volute by 30 per cent Stiefel transformed an unstable
performance characteristic to a stable one up to a pressure
ratio of 6.3. Stiefel [5] and Whitfield and Roberts [6]
showed that the peak efficiency of the compressor stage
was close to, but not coincident with, the flow condition,
which gave a minimum volute inlet pressure variation
with azimuth angle.

The measurement of the complex three-dimensional flow
in the volute is difficult, not only due to the complex nature
of the flow but also due to the small passages usually
involved. Mishina and Gyobu [7] carried out pressure
traverses of two volute designs at azimuth angles of 90,
235 and 3608. Axial velocity along the volute passage was
shown to decrease with increasing radius from the machine
centre-line. Flow in the plane of the section rotated around
the centre and appeared to conform well to a solid body
rotation; the rotational velocity also diffused around the volute.

In recent years there has been renewed interest in the
design and performance of volutes for turbine, compressor
and fan applications [3, 8, 9]. For the study presented here a
symmetrical volute design with a rectangular cross-sectional
area was adopted so that detailed internal flow measurements
could be taken. The objective of the investigation was to study
the effect of the tongue on the detailed internal flow structure
and to provide validation data for the development of compu-
tational fluid dynamics (CFD) analysis codes.

2 VOLUTE DESIGN AND TEST FACILITY

For the experimental investigation a symmetrical volute,

made of acrylic resin, was designed at the Science Univer-
sity of Tokyo. The rectangular cross-sectional area had a
width–height ratio,Bs=Hs, of 0.8, and the height of the
volute passage varied with azimuth angle as

Hs ln 1 þ
Hs

r3

� �
¼

vsB3 tana3

Bs=Hs
ð1Þ

(see reference [1]). The width of the diffuser passage at the
volute inlet,B3, was 17.6 mm and the corresponding radius,
r3, was 185 mm. The volute was then designed for an inlet
flow angle, a3, of 268. The volute geometry is given in
Table 1.

The air was supplied to the volute from a radial flow
impeller (diameter of 270 mm) through a vaneless diffuser
with a radius ratio of 1.37. The detailed internal flow struc-
ture was measured with a five-hole yaw probe constructed
from 0.7 mm diameter stainless steel tubing. Access for
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Table 1 Geometry of volutes A and C

vs Hs Bs Area
(deg) (mm) (mm) (mm2)

35 36.38 29.11 1059
60 48.29 38.63 1865
90 59.89 47.91 2870

120 69.89 55.91 3907
150 78.85 63.08 4974
180 87.09 69.67 6067
210 94.76 75.81 7184
240 102.00 81.6 8323
270 108.88 87.1 9484
300 115.46 92.36 10664
330 121.78 97.42 11863
360 127.87 102.30 13081

Fig. 1 Volute geometry and flow measurement stations
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the probe was provided through the shroud side wall of the
volute (Fig. 1a). Traverse measurements were made at the
azimuth angle and radial locations shown, and at a range
of positions from the hub to the shroud wall surface.

Two volute designs were investigated. For volute A the
tongue design was such that it did not allow any recircu-
lation of the air flow. For volute C the tongue design was
modified as shown in Fig. 1b, to allow flow recirculation
around the volute.

3 COMPUTATIONAL METHOD

Three-dimensional, incompressible, steady flow computa-
tions were carried out, at the University of Bath, using the
commercially available computational fluid dynamics
(CFD) code STAR-CD. This solves discretized forms of
the Reynolds-averaged Navier–Stokes equations for turbu-
lent flow using the finite volume method. The unstructured
grid solution procedure is based on a variant of the SIMPLE
pressure correction technique [10]. The standard form
of the high Reynolds numberk–« turbulence model was
employed for these calculations, with near-wall conditions
supplied by the ‘wall function’ conditions of Launder and
Spalding [11].

The grid was generated from the known analytical
descriptions of the volute geometry and contained 53 066
fluid cells in total. The vaneless diffuser was discretized
by 14×14 grid points on each of the 139 cross-
sections. The volute and exit duct were discretized by
14×14 grid points in 167 cross-sections. Cross-sections
were concentrated near the tongue region to obtain a
more detailed flow description. A three-dimensional view
of the discretized flow domain of the volute is shown in
Fig. 2.

The inflow boundary conditions were based on known
mass flowrates and the flow direction. Uniform velocity

profiles were prescribed at the diffuser inlet, according to
different flowrates, by specifying radial and tangential velo-
city components separately. The inlet turbulence level was
specified as 10 per cent of the inlet velocity magnitude,
but parametric tests suggested that the computed results
were not sensitive to this setting. At the outlet, a uniform
reference static pressure was imposed.

The iterative solution was deemed to be converged when
the normalized absolute error over the mesh had reduced
to 1×10–5 for each variable, and it was confirmed that
solutions were unchanged after further iterations reduced
these errors to 1×10–6 . The computation time for each
case was typically 12 h on a Silicon Graphics R4600PC
workstation with a 64 Mb memory.

The sensitivity of solutions to the grid distribution was
tested by repeating selected calculations on a finer com-
putational grid which contained 126 600 fluid cells. No
significant deviations were observed from the results
reported here for the coarser mesh. Hybrid upwind
differencing was used for the convective terms in the dis-
cretized equations: although available within STAR-CD,
blended higher-order schemes have not yet been tested
for the three-dimensional flow in the volute. Similarly,
the influence of near-wall modelling has not yet been
studied, in view of the larger grid and increased com-
putation time associated with a ‘two-layer model’ alter-
native to the wall function method. The results
presented here will provide information for the assessment
of more sophisticated computational modelling in the
future.

A008-

Fig. 2 Three-dimensional view of the discretized flow domain of
the volute Fig. 3 Fan performance characteristics
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4 PRESENTATION AND DISCUSSION
OF RESULTS

The basic performance of the fan with volutes A and C is
shown in Fig. 3. At high flowrates volute C, with the tongue
cut back, led to an improved pressure coefficient. At low
flowrates, however, volute A (which did not allow any
flow recirculation in the volute) provided a better perform-
ance. With both volutes a discontinuity in the performance
characteristic was shown at a normalized flowrate of
approximately 0.5.

The performance of both volutes, in the form of variation
with azimuth angle of measured pressure and flow angle,
and derived velocity, is compared with predicted results in
Fig. 4. The experimental results were taken at the passage
centre (position C in Fig. 1a) and are shown by the plotted

points for three flowrates (Figs 4a, b and c). The theoretical
results, shown by the full lines, provide broad agreement
with the measurements. The main discrepancy lies with
the measured flow angle at the normalized flowrate of
0.43 for volute C (Fig. 4a). Here the measured flow angle
shows an uncharacteristic reduction at azimuth angles in
excess of 1208; this was not predicted. The predicted flow
angle variation with azimuth angle compares well with the
measured results when the experimental data are taken at
the 30 per cent position rather than at the volute centre,
i.e. the 50 per cent position. This indicates that at this low
flowrate the air discharging from the vaneless diffuser is
directed away from the centre of the passage and towards
the hub. The internal flow pattern for volutes A and C are
shown in Fig. 5 for the 0.43 flowrate and at azimuth angles
of 908 and 3458. For volute A two contrarotating vortices
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Fig. 4a Variation of the calculated and measured pressures, velocities and flow angles with azimuth angle
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are clearly shown, while for volute C a single vortex
dominates the cross-section. For volute C the flow at the
centre of the cross-section is low at the large azimuth angle,
3458, and provides better correlation with the theoretical
results at the 30 per cent traverse station. In other respects
the prediction of the flow angle is good, both for magni-
tude and variation with azimuth angle. For volute A the
predicted flow angle tends to be low but the variation with
azimuth angle is satisfactory. For volute C the general
agreement is good, with the exception described above.

The agreement between measured static and total pres-
sure and the predicted magnitudes is good in terms of
both magnitude and variation with azimuth angle. At low
flowrates the pressure increases with azimuth angle and at
high flowrates the pressure decreases; the rate of decrease
of pressure tends to be overpredicted.

The tangential, radial and axial components of velocity
were derived from the measured pressures and flow angles.
Again good broad agreement is shown between the experi-
mental and predicted results in terms of both magnitude
and variation with azimuth angle. At design flowrates the
variation of the tangential component of velocity with azi-
muth angle is represented by the free vortex condition. At
off-design flowrates, however, this is not the case, and at
high flowrates the tangential component of velocity
increases with azimuth angle; i.e. it increases with radius.

The measured and predicted flow angles across the
inlet cross-section of the volute at azimuth angles of 908
and 3458 are shown in Fig. 6 for three flowrates. The non-
symmetrical nature of the angle distribution at low flowrates
can be clearly seen. With volute A the distribution is
symmetrical except at the low flowrate and at an azimuth
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Fig. 4b Variation of the calculated and measured pressures, velocities and flow angles with azimuth angle
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angle of 908, where the flow is pushed towards the
shroud; this can be seen in Fig. 5. With volute C the lack
of symmetry exists at both azimuth angles and in this case
the flow is pushed towards the hub and a single vortex
dominates (see also Fig. 5). The predicted results are always
symmetrical due to the uniform velocity profile specified at
the inlet.

The direct impact of the tongue modifications on the
predicted internal flow pattern is illustrated in Fig. 7.
Cutting the tongue back (volute C) allows air to recirculate
at the low flowrates. As the flowrate is increased, however,
recirculation around the volute does not occur and the air
is forced over the tongue. The full tongue of volute A, which
eliminates most of the recirculating flow at low flowrates,
leads to a more distorted flow structure as the flowrate is
increased (Fig. 7). This could account for the reduction in

the fan’s performance at large flowrates with volute A
(see Fig. 3).

Although the experimental results obtained with the
yaw probe do not provide sufficient detail to make direct
comparisons in the tongue region, they do give evidence
to support these predictions. The measured data show that
for volute C the flow angle in the region of the tongue is
very small (about 108) at low flowrates and that it increases
with increasing flowrate. At the highest flowrate the flow
angle is of the order of 558 (Fig. 4c). As a consequence, at
low flowrates (Fig. 4a) for azimuth angles less than 608,
the tangential velocity component is much larger than that
at high flowrates (Fig. 4c). These results indicate that at
low flowrates, because of recirculation, the flow beneath
the tongue is almost circumferential, while at high flowrates
the flow from the volute towards the exit duct makes a high
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Fig. 4c Variation of the calculated and measured pressures, velocities and flow angles with azimuth angle

240 P DILIN, T SAKAI, M WILSON AND A WHITFIELD



flow angle in the region just after the tongue. Because of
the deep tongue there is no experimental data available
to illustrate the flow patterns underneath the tongue for
volute A.

The comparison of measured flow angle across the inlet
cross-section of the volute at azimuth angles of 908 and
3458 (Fig. 6) gives further confirmation for the predicted
flow patterns. At low flowrates the maximum flow angle
inside volute C reduced from 348 at an azimuth angle of
908 to 278 at an azimuth angle of 3458 (Fig. 6b). In volute
A the maximum flow angle remained almost constant with
azimuth angle at low flowrates (Fig. 6a). At the highest
flowrate the maximum flow angle in volute A increased
by approximately 128, from 408 at an azimuth angle of 908
to 528 at an azimuth angle of 3458. The flow angle in volute
C increased by about 88. An increasing flow angle indicates
that the air in both volutes A and C is directed into the exit
duct.

The predicted volute tongue flow (Fig. 7) was further
investigated experimentally at the Science University of
Tokyo using a laser sheet flow visualization study. The

passage of soap bubbles injected into the volute flow was
video-recorded; the results shown in Fig. 8 are a compilation
of a series of soap bubbles injected into the air stream at
different times. The severe separation of the flow from the
tongue of volute A at high flowrates is clearly shown
by the flow visualization, and the experimental results
(Fig. 8) show excellent qualitative agreement with those
predicted (Fig. 7). Cutting back the tongue, volute C,
reduced the magnitude of the separated flow region, as
predicted.

4.1 Application of the CFD analysis to volute design

As a theoretical assessment the computational procedure
was applied to the design of volute C to see if it could be
improved; the modified design was not, however, manu-
factured for experimental study. The basic free vortex
design procedure [1] can only give a circumferentially
uniform flow at the design flow condition. For the actual
three-dimensional flow in a volute the inlet flow angle can-
not be maintained constant with azimuth angle. Yaoet al.
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Fig. 5 Volute flow patternsQ=Qd ¼ 0:43
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[12] proposed a design procedure that no longer considered
the flow angle,a3 in equation (1), to be constant. This
design procedure, which was further developed by Qi
et al. [3], allows alternative volute profiles to be developed
by varying the volute inlet flow anglea3. This procedure
was applied, in the computations, through the specification
of a non-uniform inlet flow angle, as shown in Fig. 9. The
flow angle at the cut-off point was specified as 348 and
allowed to decrease linearly to 268 at an azimuth angle of
2708. Equation (1) was then applied to give the modified
volute profile shown in Fig. 10 and detailed in Table 2.
The modified design provides an enlargement of the flow
passage underneath the tongue by about 12 per cent, and
the minimum radial clearance between the tongue and the
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Fig. 6a Measured and calculated flow angles near the volute inlet (volute A)

Table 2 Modified volute geometry

vs Hs Bs Area
(deg) (mm) (mm) (mm2)

35 43.19 34.56 1493
60 56.48 45.18 2552
90 68.71 54.97 3777

120 78.56 62.85 4937
150 86.76 69.41 6023
180 93.72 74.98 7027
210 99.66 79.73 7947
240 104.75 83.8 8778
270 108.88 87.1 9484
300 115.46 92.36 10664
330 121.78 97.42 11863
360 127.87 102.30 13081
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diffuser outlet is also increased. The original sharp-pointed
tongue was also rounded as shown. This modification to
the tongue alone had no significant effect on the predicted
results. The predicted variations of flow parameters with
azimuth angle are shown in Fig. 11 for the modified and
original volutes. This shows the effect of the volute design
on the predicted flow parameters at the diffuser inlet and
discharge (volute inlet). The modified volute design has
led to a reduction in the flow distortion at the diffuser inlet
and outlet at all flowrates, but particularly at off-design
flowrates. The difference between the peak and minimum
magnitudes of pressure was reduced by approximately 25
per cent at both low and high flowrates when the modified
design was applied. At the design flowrate the original

volute design showed a better performance in terms of the
variation of pressure and flow angle with azimuth angle.
At the design flowrate the assumption of a constant flow
angle,a3, is clearly better, but at off-design flowrates the
modified design shows improved distributions with azimuth
angle.

5 CONCLUSIONS

The experimental and computational investigation provided
a satisfactory means of assessing the internal flow structure
and performance of the symmetrical volute. The CFD code
STAR-CD was used to model the flow in the volute, with
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Fig. 6b Measured and calculated flow angles near the volute inlet (volute C)
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uniform inlet boundary conditions supplied at the entry
to the vaneless diffuser. The standard form of the high
Reynolds numberk–« turbulence model with wall function
loss was used. The computed results showed satisfactory
agreement with those measured, despite the assumption
of uniform inlet flow conditions. Application of the pro-
cedure to a modified volute design showed that improved
pressure distribution could be obtained with an enlarged
volute. This is contrary to the results of Stiefel [5], who
showed that a reduction in volute size led to improved
performance and stability. His application was, however,
for an overhung volute design, typical of that used in turbo-
chargers and process compressors and for pressure ratios
up to 6:1.

Based on this limited application to a low-pressure ratio
fan, volute design and performance can be satisfactorily
assessed and developed without the need to apply the com-
putation to the complete system of impeller and diffuser.

This conclusion can, however, only be applied to the
low Mach number flows applicable to fans. Further
investigations are necessary to assess the procedure for
compressors, where compressibility will be important. The
investigation is to be continued to include overhung volute
designs. This will be based on a turbocharger compressor
where 50 per cent of the pressure rise downstream of the
impeller can occur across the collecting volute. This
further investigation will include a study of the turbocharger
as well as larger-scale models, and as a consequence the
effects of compressibility will be included.
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Fig. 7 Calculated velocity vectors near the volute tongue
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Fig. 8 Laser sheet flow visualization at the volute tongue

Fig. 9 Specified inlet flow angle for the volute design Fig. 10 The geometric rearrangement of the volute
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Fig. 11 Effect of the volute design on predicted pressure, velocity and flow angle profiles at the diffuser inlet and outlet

246 P DILIN, T SAKAI, M WILSON AND A WHITFIELD


	Abstract
	NOTATION
	1 INTRODUCTION
	2 VOLUTE DESIGN AND TEST FACILITY
	3 COMPUTATIONAL METHOD
	4 PRESENTATION AND DISCUSSION  OF RESULTS
	4.1 Application of the CFD analysis to volute design
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

