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The flow inside the volute of a centrifugal pump is three-
dimensional and, depending upon the position of the inlet
relative to the cross-section center line, a single or double
swirling flow occurs. The purpose of this study was the cal-
culation of the three-dimensional swirling flow inside the
centrifugal pump volute.

The developed flow solver provides detailed pressure and
velocity distribution information inside the volute, and the
calculated results are verified by means of the experimental
results presented in the literature.

Three-dimensional continuity and momentum equations
are solved by means of an artificial compressibility tech-
nique. The finite volume approach is applied for space dis-
cretization, and an explicit fourth-order modified Runge-
Kutta scheme is used for time discretizetion.

Calculations are performed at three different mass flows,
one of which corresponds to the design’s point mass flow.
The calculated volute flow conditions—namely, the varia-
tion in static pressure and total pressure and the through-
flow and swirling component of the flow velocity over the
cross-sections, which are located at various circumferential
positions—are compared with the experimental data in de-
tail, and they exhibit a good agreement with the measured
flow field.

Keywords Centrifugal pump, Computational fluid dynamics, Swir-
ling flow, Volute

The function of the volute in a centrifugal pump or compres-
sor is to collect the fluid coming out from the impeller and to
deliver it to the discharge chamber with minimum losses.
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Quite a large number of geometrical parameters have an influ-
ence on the volute’s performance. Volutes designed by means of
various design alternatives give different efficiencies and pres-
sure ratios. The circumferential pressure distortion caused by
the volute at off-design conditons may influence the flow inside
the impeller and alter the performance of the impeller. In addi-
tion, it creates radial forces acting on the impeller shaft and may
result in the failure of the bearings.

Nonuniform flow conditions at the volute inlet can propagate
up to the impeller inlet where they induce instabilities and initiate
surge.

The operating range of a pump or compressor becomes wider
with circumferentially more uniform static pressure distribution.

The influence of the volute’s geometrical parameters (like the
shape of the volute cross-section, the circumferential variation
of the cross-sectional area, and the radial position of the vo-
lute cross-section) on the global volute performance were stud-
ied by Mishina and colleagues (1978). The results showed that
the internal type of volute, which has a cross-section center ra-
dius that is smaller than the diffuser’s exit radius, has a very
high loss coefficient compared to the other types. Global per-
formance measurements indicate that a volute with a circular
cross-sectional shape corresponds with minimum losses when
compared to rectangular volutes.

The results of detailed flow measurements inside different
types of compressor and pump volutes carried out by Hubl
(1975), Van den Braembussche and colleagues (1990, 1999),
Ayder and colleagues (1991), Ayder (1993), and Elholm and
colleagues (1992) show that the three-dimensional swirling flow
has a form of wrapping layers of nonuniform total pressure and
reveals the basic loss mechanisms inside the volutes. Because
of the dissipation of the kinetic energy at the center of the swirl,
low-energy fluid accumulates at the centers of the cross-sections.
In addition, the static pressure gradient pushes the fluid of low
energy created in the boundary layers toward the center of the
swirl.

Because of the nonuniform total pressure distribution at the
volute inlet and the forced vortex type of distribution of the
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swirling velocity, the potential-flow equations cannot be used
to analyze the flow inside a volute. Ayder (1993) calculates
flow inside a compressor volute with an elliptical cross-section
by solving the three-dimensional compressible Euler equations
modified by the loss model. The results show that the developed
model accurately predicts the velocity and pressure distribution
inside the volute. A similar model is used by Hagelstein and col-
leagues (2000) for flow calculations inside the external volute
of rectangular cross-sections.

The aim of the present study was to develop an incompress-
ible flow solver for the pump volute and to evaluate it by means
of the experimental data that exist in the litearature.

FLOW MODEL AND NUMERICAL METHOD
Three-dimensional continuity and momentum equations de-

scribing the inviscid incompressible flow are written in conser-
vative form, as follows:

∂ EU
∂t
+ ∂
EF
∂x
+ ∂
EG
∂y
+ ∂
EH
∂z
= 0 [1]

The vector EU , which consists of unknown variables and flux
vectors EF , EG, and EH in Equation (1) are:
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wherec corresponds to the pseudospeed of sound and is de-
scribed in the pseudocompressibility approach (Chorin, 1967).

All the flow properties are nondimensionalized by using the
stagnation pressure (̄P0), density ( ¯ρ0), and impeller exit radius
(R̄0) in the following way:
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P̄0
/
ρ̄0

[2]

The space discretization is done by means of hexahedrons
in which the flow quantities are described at the corners. The
control volume, for which the integral form of Equation (1) is
applied, consists of eight hexahedrons leading to the central type
of space discretization.

The governing equations are solved explicitly by means of
the finite volume technique and the time-marching approach.
The time discretization is done by using the modified four-step
Runge-Kutta scheme.

The artificial viscosity, which is required for the central type
of discretization so as to stabilize the solution method, is de-
termined as being proportional to the fourth-order differences
of the conservative variables. The proportionality coefficient is
equal to 0,004. The dissipation term is calculated only at the
first step and is kept constant for the other three steps of the
Runge-Kutta scheme.

The implicit residual averaging applied in the second and
fourth steps of the Runge-Kutta scheme provides the use of
a larger Courant-Friedrichs-Lewy (CFL) number and that leads
to better convergence characteristics.

Boundary Conditions
Inlet Boundary

As a result of the theoretical analysis of the solution method of
three-dimensional incompressible Euler equations, three physi-
cal quantities are fixed at the volute inlet. Total pressure and two
flow angles (between radial and tangential and the radial and
axial components of the velocity) are imposed at the inlet plane
of the calculation domain. The fourth one, the radial velocity, is
determined from the interior domain by means of second-order
extrapolation.

Outlet Boundary
One quantity has to be fixed by the physical flow condition

at the outlet of the flow domain while the remaining three are
determined by the interior conditions through numerical bound-
ary conditions. The most appropriate physical condition is fixed
downstream static pressure. Due to the swirling flow, the out-
let static pressure is not uniform and therefore it is fixed at one
point (the reference point) of the exit plane. The pressure ratio
between the reference point (iref, jref, kmax) and an upstream
point (iref, jref, kmax− 1) is first calculated by

Ratio= p∗(iref, jref, kmax)

p(iref, jref, kmax− 1)
[3]

and the pressures at other points of the exit plane are calculated
by using the calculated ratio defined by Equation (3) and the
pressure at the corresponding point in the previous plane:

p(i, j, kmax) = Ratio.p(i, j, kmax− 1). [4]

Solid Wall
The nonpermeability condition is satisfied at the solid sur-

faces. At the corners of the volute with the rectangular cross-
sectional shape, the swirling component of the flow velocity is
set equal to the zero during the calculation procedure because
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FIGURE 1
Volute geometry and generated mesh for the calculations.

the velocity cannot be tangential to the two separate directions
at the corners.

COMPARISON OF EXPERIMENTAL
AND CALCULATED RESULTS

The geometry of the volute and the generated mesh that is
used in the calculations is shown in Figure 1. The volute is an
external type with a rectangular cross-sectional shape having a
constant axial width (55 mm). The inner wall of the volute has
a constant radius (0.106 m) and the outer wall has a logarithmic
spiral shape. A vaneless diffuser with a 6-mm radial length is
located upstream of the volute.

The experimental measurements have been carried out
inside the above-mentioned pump volute by Ayder (1993) and
Elholm and colleagues (1992). The circumferential variation
of static pressure at the volute inlet, the distribution of the
swirling velocity at two cross-sections and the distribution of
the through-flow velocity at four cross-sections have been mea-
sured at three mass flow rates, which are 0.0029 m3/sec,
0.0045 m3/sec, and 0.0062 m3/sec, and have been labeled as
low, medium and high flow rates, respectively, in the present
study.

The generated mesh for the volute and exit pipe consists of
15× 15 nodes on each of the 47 cross-sections. The vaneless
diffuser is discretized by means of 6× 15 grid points in 37
cross-sections (see Fig. 1).

A special connection is required at the tongue. The first
cross-section is connected to the volute tongue, which is lo-
cated at the diffuser exit. Since the volute tongue is a line along
the volute’s width, the surfaces of the first cross-sections are
connected to the lines, and the three-dimensional discretiza-
tion elements therefore become triangular prisms instead of
hexhahedrons.

The comparisons of the measured and calculated circumfer-
ential variations of the static pressure at the volute are shown in
Figure 2 for the three flow rates.

Four cross-sections on which detailed comparisons of the cal-
culated and measured flow velocities were performed are shown
in Figure 3.

For low flow rate, the static pressure increases from the volute
tongue to the volute exit at the volute inlet. This results from the
decelerating flow occurring inside the volute channel, which is
predicted by the calculations (Fig. 4).

For medium flow rate, the static pressure is approximately
constant at the volute inlet (see Fig. 2) and inside the volute
channel (see Fig. 4).

FIGURE 2
Comparison of the calculated and measured circumferential

static pressure variations at the volute inlet.
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FIGURE 3
Positions of the cross-sections on which comparisons were

performed.

For high-mass flow rate, the static pressure decreases from
the volute tongue to the volute exit at the volute inlet (see Fig. 2)
and inside the volute channel (see Fig. 4).

The calculated and measured circumferential variation of the
static pressures at the volute inlet are in agreement for medium
flow rate (see Fig. 2). Due to the flow disturbance caused by
the volute tongue at off-design flow rates and the short length
of the vaneless diffuser, the specified inlet boundary conditions
may be different from the real flow conditions. This could be
the major reason for the discrepancy between the calculated and
measured circumferences of static pressure at low and high flow
rates given in Figure 2.

The swirl velocities were measured only over sections 2 and 4.
The measurements show that swirling flow has a forced-vortex
type of velocity distribution, and the calculated swirl veloci-
ties are in agreement with the measured velocities (Figs. 5A
and 5B). The swirl center, however, is shifted toward the inter-
nal wall of the volute in the calculation at section 4. A small
portion of the fluid separates from the main swirl due to in-
creasing pressure in the radial direction for all three mass flows.
Section 4 is very close to the volute tongue and, therefore, highly
influences the pressure gradient around the tongue. In the case
of high mass flow, high pressure occurring at the begining of
the volute channel pushes the fluid toward the exit pipe under
the tongue. Experimental results show that the swirl is there-
fore pushed toward the exit wall of the volute (see Fig. 5B).
In the case of medium mass flow, no pressure gradient occurs
around the tongue region, so the swirl center is located at the

FIGURE 4
Calculated flow velocity and static pressure isolines in the
volute and exit pipe for low, medium, and high flow rates.

center of the cross-section. The calculations cannot capture this
phonemenon because of assumptions made in the modeling of
the volute’s geometry. The volute’s tongue is represented as a
line in the generated geometry and does not allow any flow
through it, whereas in the real geometry, it has a finite thickness.
The influence of this assumption is also seen on the through-
flow variations over the cross-sections at low and medium flow
rates.

In the case of a low flow rate, because of the increasing
pressure from the exit pipe toward the volute’s starting region,
some amount of the fluid is pushed to the volute under the
tongue and that increases the through-flow velocities inside the
first cross-sections of the volute. The volute gap is modeled
as a line in the calculations, so the calculated through-flow
velocities at section 1 are smaller than the measured ones
(Fig. 6A).

For high and medium flow rates, the calculated and mea-
sured through-flow velocities are compared over the four cross-
sections of the volute in Figures 6C and 6B, respectively.
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FIGURE 5
(A) Comparison of the swirl velocity distributions at cross-section 2, corresponding to low, medium, and high flow rates for

numerical and experimental studies, respectively. (B) Comparison of the swirl velocity distributions at cross-section 4,
corresponding to low, medium, and high flow rates for numerical and experimental studies, respectively.

The low through-flow velocities are calculated at the swirl
center inside the exit pipe for all mass flows (see Fig. 4). This
might be due to the accumulation of losses and therefore to the
low-energy fluid at the swirl center.

CONCLUSIONS
The calculated and measured variations in the flow veloc-

ities inside a pump’s volute are in good agreement. Because
of assumptions made in the geometrical modeling of the
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volute tongue, some minor differences between the calcul-
ated and measured results were observed. More detailed mod-
eling of the tongue’s geometry might lead to better results.

In addition, the volute inlet conditions (the distribution of
the total pressure, radial velocity, and through-flow velocity)

FIGURE 6
(A) Comparison of the through-flow velocity distribution at cross-sections 1, 2, 3, and 4 corresponding to a low flow rate for

numerical and experimental studies, recpectively. (B) Comparison of the through-flow velocity distributions at cross-sections 1,
2, 3, and 4, corresponding to a medium flow rate for numerical and experimental studies, respectively. (C) Comparison of the

through-flow velocity distribution at cross-sections 1, 2, 3, and 4 corresponding to a high flow rate for numerical and
experimental studies, respectively.(Continued)

were not measured experimentaly, and total pressure and
flow angles were assumed in the calculations to be circum-
ferentialy uniform at the volute inlet. This might also cause
the difference between the calculated and measured
results
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FIGURE 6
(Continued)

Experimental static pressure distribution is not avaliable in-
side the volute, so the verification of the calculated pressure field
could not be performed.

The calculated variations in the static pressure values at the
volute inlet are in agreement with the measured variations; there-
fore, the developed code can be used for studies of impeller-
volute interaction.

NOMENCLATURE
c Pseudospeed sound
EF, EG, EH Flux vectors of Euler equations inx, y, and z

directions
EU Solution vector
R Impeller exit radius
x, y, z Cartesian coordinates
u,v,w Components of flow velocity inx, y, andzdirections
t Time
p Pressure
ρ Density

Subscripts
x x component
y y component
z Axial component
0 Stagnation conditions
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