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SUMMARY 

The internal flows inside a backswept centrifugal impeller at off-design point conditions are analysed by solving 
the fully three-dimensional NavierStokes equations coupled with the k-c two- equation turbulence model. 
Conditions analysed have flow rates of 85 per cent and 1 13 per cent of the design rate. The calculated results are 
compared with published experimental data and the comparison shows good agreement. A jet wake structure 
occurs near the outlet of the impeller for each of the two off-design flow rates and the location and size of the jet 
wake structure seem to be independent of the flow rate. 
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INTRODUCTION 

Centrifugal compressors for industrial applications need a high efficiency and a wide range of 
operation to minimize power consumption and to satisfy the variable demands of operation. To meet 
and improve these requirements necessitates a complete understanding of the internal flow 
mechanisms. The flows inside centrifugal impellers are very complex because of the rotation, viscous 
effects and complex geometry, especially for the three-dimensional centrifugal impellers which are 
widely used nowadays; thus any change in operating conditions will affect the performance of the 
impeller greatly. It is necessary for designers to know accurately about the performance and the 
operating range at an early stage of development. 

For many years, researchers have been improving predictions of the flows inside centrifugal 
impellers with numerical studies and progress has advanced steadily. In recent years especially, with 
the advances in computational fluid dynamics, it is now possible to predict the performance of 
centrifugal impellers by solving the three-dimensional viscous flow equations instead of inviscid 
approximations, as has been shown by researchers such as Gasey et al.,' Denton,2 D a w e ~ , ~  Hathaway 

CCC 027 1-209 1/96/090883-13 
0 1996 by John Wiley & Sons, Ltd. 

Received May 1995 
Revised November 1995 



884 M.-J. ZHANG. M. J .  POMFRET AND C. M. WONG 

et ~ l . , ~  Jennious and Turner,' Copenhaver et a1.,6 Hah et a1.,7 Shi and Ribando,' Bansod and Rhie' 
and Zhang et al. l o  In solving the three-dimensional NavierStokes (N-S) equations, some 
researchers, including Casey et aZ.,' Copenhaver et ~ 1 . ~  and Hah et al.,7 also predict the operating 
range of compressor impellers. 

Since the operating condition for centrifugal machinery often necessitates the operation of the 
impeller at off-design points, knowing the flow performance under such conditions is as important as 
knowing that under the design condition. In this paper, attention is focused on the internal flow field 
computation inside a backswept centrifugal impeller at two off-design points. The internal flows 
within an impeller have been measured in detail at five cross-sections by Farge and Johnson." The 
flow rates at the off-design points are 85 per cent and 113 per cent of that at the design point. In the 
present paper, coupled with the k+ two-equation turbulence model, the fully three-dimensional N-S 
equations are solved by using the computer code TDFFCP (three-dimensional flow field computer 
programme) developed by Zhang.I2 The calculated results are compared with the experimental ones 
on the five measurement planes. 

GOVERNING EQUATIONS 

Since the rotational speed of the backswept centrihgal impeller considered is 500 rev min-' and the 
impeller tip velocity is 2 3 4  m s-' for both the off-design flow rate cases considered, the flows inside 
the impeller are assumed reasonably to be incompressible. For incompressible flows the fully three- 
dimensional Reynolds- averaged N-S equations with the Boussinesq approximation are expressed 
relative to a rotating co-ordinate system as 

where Ui are the relative velocity components, p is the molecular viscosity, pt is the eddy viscosity, p 
is the static pressure, r is the local radius, p is the density and w is the angular speed of rotation. 

Figure 1. Profile of impeller passage and computational 
domain: a, flow inlet; b, leading edge; ~ 1 x 5 ,  five Figure 2. Meridional view of grid and five measurement 

LE 

measurement planes; d, trailing edge; e, flow outlet planes 
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Figure 3.  Comparison at plane 1 for above-design flow rate (contours in m s-I): a, velocity measured by Farge and Johnson;' I 

b, computed throughflow velocity; c, computed cross-section velocity 

In order to close the above equations, i.e. to obtain the eddy viscosity, ,ut, a suitable turbulence 
model has to be employed. The standard k- two-equation turbulence model proposed by Launder 
and SpaldingI3 is adopted here: 

a 

-((PU,c) a =- a (" -- a,) +?(C,P - C,,), ax, ax,, 6, a4. k 

(3) 

(4) 

where 

is the rate of production of turbulence kinetic energy and the eddy viscosity pt is determined by the 
relation 

k2 
Pt = C P P T  

Here c1, c2, dk, dc and c,, are empirical constants set to the values 

c] = 1-44, c, = 1.92, cp = 0.09, dk = 1.0, d6 = 1.3. 

The wall function method of Launder and Spalding13 is used to minimize the number of grid points 
needed with the laminar sublayer region: 

(6 )  
1 

K 
U+ = --In Y +  + B. 
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Figure 4. Comparison at plane 1 for belowdesign flow rate (contours in m s-I): a, velocity measured by Farge and Johnson;" 
b, computed throughflow velocity; c, computed cross-section velocity 

The turbulence kinetic energy k and the turbulence kinetic energy dissipation 6 are obtained as 

Here K and B are empirical constants set to 0-41 and 5.5 respectively. 

b C 

Figure 5 .  Comparison at plane 2 for above-design flow rate (contours in m SKI): a, velocity measured by Farge and Johnson;" 
b, computed throughflow velocity; c, computed cross-section velocity 
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C 

Figure 6. Comparison at plane 2 for below-design flow rate (contours in m s-I): a, velocity measured by Farge and Johnson;'' 
b, computed throughflow velocity; c, computed cross-section velocity 

NUMERICAL METHODS 

Discretized transport equation 

The governing equation for an arbitrary dependent variable I$  can be written in the general form 

where r is the effective diffusion coefficient and ,!7+ is the source term. 
To numerically solve the governing equation for a complex geometry such as that inside a 

centrifugal impeller, it is convenient to transform it to an arbitrary curvilinear co-ordinate system 
such as the body-fitted curvilinear co-ordinate system used in the present paper. By using general 
transformation formulae, the general governing equation (8) can be expressed in the curvilinear co- 
ordinate sysem (5 ,  q, 5 )  as 

where 

and J is the Jacobian matrix. 
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Figure 7. Comparison at plane 3 for above-design flow rate (contours in rn s-'): a, velocity measured by Fargc and Johnson;" 
b, computed throughflow velocity; c, computed cross-section velocity 

Integrated over a control volume, the general governing equation (9) can be made to yield a finite 
difference expression with the power-law scheme of Patankar: l4 

where subscript P stands for the centre of a control volume and subscripts N, E, W, S, U and D stand 
for the neighbouring points. A i  is a complicated function consisting of convection, diffusion and area 
terms. A typical AE is 

A ,  = D,A(IPE,I) + max(-F,, 0) ,  

where 

PE, = FJD,, A(IPE1) = max[0, (1 - 0.1 IPE1)5], 
A ,  = A ,  + A ,  + A ,  + A s  + A ,  + A D .  

Subscript 'e' refers to the control volume face, i.e. a point between control volume centres P and E. 

Pressure correction equation 

The above general governing equation (10) is solved for momentum and turbulent scalar variables; 
another equation should be used for pressure. Since the velocity fields obtained with the intermediate 
pressure field may not satisfy mass conservation, the pressure field is adjusted to satisfy the continuity 
equation: 

u = u* + U',  v = v* + V' ,  w = w* + W', P = p *  +PI, (11) 
where an asterisk denotes an intermediate value and a prime denotes a correction. The correlations 
between pressure correction and contravariant velocity corrections are obtained as 

G; = BIP; + CI< +DIP:, 
G; = B2P; + C2Ph + D2P:, 

G; = B3P; + C,Ph + D3P:, 

(1 2 4  

( 12b) 

(12c) 



889 PERFORMANCE OF A BACKSWEPT CENTRIFUGAL IMPELLER 

Shroud - 

1 ' .  . , . 

V / h  1 0  b C 

H 1om/s Hub 

Figure 8. Comparison at plane 3 for below-design flow rate (contours in m s-I): a, velocity measured by Farge and Johnson;" 
b, computed throughflow velocity; c, computed cross-section velocity 

where 

T,J S( 61  67 D = -  Ul*J 65 61 67 
A ,  A, A,  

C = -  52 st 61 67 B = -  

and the other coefficients have analogous forms. 
Based on the continuity equation, the pressure correction equation is expressed as 

NEWSUD 
A,Pf, = AiPi+SP 

i 

where A P  = AN + A E  + Aw + A S  +A" +AD,  A E  = (pB1),  6q67/65 (the other coefficients have 
analogous forms) and f = (pG1 61 6z)lk + (pG2 65 Gz)l;+(pG3 SC 6~)l l :  + [(CI~'; + D~P:)llk+ 
[(BzP; +&Pi) 65 6711; + [(B3P; + Cd'k) S l  J~ll:. 

Further details are given in Reference 12. 
A non-staggered grid arrangement, i.e. all dependent variables are defined at the same grid 

location, is employed to minimize the computer storage and the number of interpolations of different 
control volume centres used in a staggered grid arrangement. A special treatment proposed by Rhie 
and Chow," namely a high-order interpolation scheme used to evaluate mass fluxes, can prevent 

Table I. Geometry of backswept centrifugal impeller 

Outlet diameter 909.3 mm Inlet diameter 571.5 mm 
Hub diameter 177.8 mm Axial length 241.3 mm 
Outlet width 72.4 mm Number of blades 19 

Table 11. Flow rates 

Below-design flow Design flow Above-design flow 

Passage flow rate (kg s-I) 0.1120 0.1318 0.1482 
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Figure 9. Comparison at plane 4 for above-design flow rate (contours in m s-I): a, velocity measured by Farge and Johnson;'' 
b, computed throughflow velocity; c, computed cross-section velocity 

pressure oscillations. Since the non-staggered grid arrangement method is easier to implement than 
the staggered grid arrangement method, especially for a three-dimensional complex geometry, it has 
gained popularity with researchers such as Bansod and Rhie,' Peric,16 Miller and S~hmidt , '~  
Lapworth,'8 Acharya and Mooukalled,'' Coelho et al." and Shi and Ribando.8 In the present 
computation the non-staggered grid arrangement is employed. 

Hub 

b C 

Figure 10. Comparison at plane 4 for below-design flow rate (contours in m SKI): a, velocity measured by Farge and Johnson;" 
b, computed throughflow velocity; c, computed cross-section velocity 
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Figure 11. Comparison at plane 5 for above-design flow rate (contours in m s-I): a, velocity measured by Farge and Johnson;'' 
b, computed throughflow velocity; c, computed cross-section velocity 

Solution procedure 

1. 

2. 
3. 
4. 
5. 

With an approximate pressure field obtained by a previous iteration or an initial guess, velocity 
components U, V and Ware obtained by solving the momentum equation (9). 
Solve the pressure correction equation (1 3). 
Correct pressure and velocity components with the pressure correction. 
Solve the k- and €-equations. 
Return to step 1 until satisfactory convergence is achieved. In the present computation the 
maximum ratio of mass residual to inlet mass flow rate is used as the convergence criterion. 
When the ratio is less than 1 x lop5, the computation is assumed to be converged. 

Boundary conditions and computational details 

can be found in References 1 1 and 2 1. 
The key geometry of the backswept centrifugal impeller is listed in Table I. The detailed geometry 

The flow rates at design and off-design points for one impeller passage are given in Table 11. 
The rotational speeds for design and off-design points are all 500 rev min-'. The profile of the 

computational domain of the backswept centrifugal impeller and the five measurement planes are 
shown in Figure 1. The locations of the five measurement planes are given in Reference 21. 

The same 13 x 19 x 63 computational grid with 15,561 nodes in total is used for all the 
calculations at the two off-design flow rates. There are 19 nodes from the hub to the shroud, 13 nodes 
from the pressure side to the suction side and 63 nodes from the inlet to the outlet of the 
computational domain. The blade leading edge is at the 1 lth node and the trailing edge at the 53rd 
node. A meridional view of the computational grid is shown in Figure 2. Two other grids, 
1 1 x 15 x 53 and 11 x 15 x 63, are also used for computation. Computation results show that most 
of the flow structure can be captured even with relatively coarse grids. 
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Figure 12. Comparison at plane 5 for below-design flow rate (contours in m s-'): a, velocity measured by Farge and Johnson;" 
b, computed throughflow velocity; c, computed cross-section velocity 

Boundary condition treatment is an important part of computation. In the present computation the 
velocity distribution at the inlet plane of the computational domain has to be specified. Since an 
extended channel is added before the impeller passage (Figure l),  a uniform inlet velocity distribution 
can be assumed. The absolute velocity vector in the axial direction is assumed to be uniform and its 
magnitude is calculated from the specified mass flow rates given in Table 11, since there are no 
measurement data available at this plane. The magnitudes of the absolute velocity vectors in the 
radial and tangential directions are set to zero. Since the turbulence properties at the inlet plane, 
turbulence kinetic energy k and turbulence energy dissipation t, are not available from the 
measurements of Farge and Johnson," the magnitudes of k and t are calculated from widely used 
empirical relations as 

I PI2 k,, = 0.05 -, 
2 

CPk:i5 
t,, = ~ 

0.01L ' 

where P is the velocity at the inlet plane and L is the characteristic length. In the present computation 
L is taken as the hydraulic diameter of the inlet plane. 

At the outlet of the computational domain the physical parameters are extrapolated from inner 
information by setting the values of first-order derivatives along the streamwise direction to be zero 
for all dependent variables, while the velocity components must satisfy mass continuity. 

The relative velocity components at the solid walls are set to zero. Since the wall function of 
Launder and SpaldingI3 is used in the wall regions, the grid lines are condensed to the wall to ensure 
that the first point is placed in the range 12 < Y f  < 200. 
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Besides the inlet, outlet and solid wall conditions, periodic conditions are imposed on the 
corresponding nodes inside the extended passages before and after the impeller channel, i.e. all 
parameters are the same on the periodic boundary nodes. 

NUMERICAL PREDICTION OF IMPELLER FLOW FIELD 

In the measurements of Farge and Johnson” a five-hole pressure probe attached to the rotating 
impeller is used. The resulting signals from the pressure transducers are amplified before passing 
through slip rings to a microcomputer data acquisition system. Complete details can be found in 
Reference 2 1. The measured relative velocities on each of the five measurement planes are presented 
as the measured velocity components perpendicular to the measurement planes and are depicted by 
contours, while the remaining components are depicted by arrows. For comparison, the computed 
velocity components are plotted in the same way. In the present paper the throughflow velocity 
component refers to that normal to the measurement plane and the cross-section flow refers to that 
parallel to the measurement plane. 

From Figure 3 to Figure 12 the computed results are compared with the measured ones on each of 
the five measurement planes for both cases, i.e. above the design flow rate and below the design flow 
rate. 

For the throughflow velocity components the measurement shows that the higher- velocity region 
moves along the suction side from the shroud-suction-side corner to the hubsuction-side comer for 
each of the two flow rates (all figures denoted ‘a’) and at plane 3 a throughflow velocity defect region 
(the wake) appears in the shrouchuction-side comer and gradually expands in size towards the exit 
of the impeller passage (Figures S12) .  At plane 5 the wake occupies a large portion of the flow 
passage. It seems that the difference in flow rate has little effect on the location and size of the wake. 

The present computation successfully predicts a similar throughflow velocity distribution to that 
illustrated by measurement. The computed velocity magnitudes are close to the measured ones, 
although there are differences in the initial location of the wake between the computation and 
measurement. In the computation the wake begins between plane 3 and plane 4 (Figure 9b and lob) 

Figure 13. Computed meridional velocity vectors for below-design flow rate (14 per cent pitch section from suction side) 
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rather than upstream of plane 3 as shown in the measurement (Figures 7a and 8a). At plane 4 the size 
of the computed wakes is smaller than that of the measured ones (Figures 9a, 9b, 10a and lob), while 
at plane 5 the size of the computed wakes is close to that of the measured ones (Figures 1 la, 1 lb, 12a 
and 12b). The formation of the jet wake structure can be seen more clearly in Figure 13. In the present 
calculation, even though there is no separation near the shroud for both flow rates, the jet wake 
structure still occurs. 

For cross-section velocity components the measurement at both flow rates shows that from plane 2 
to plane 3 an anticlockwise vortex dominates the flow passage, while the computation shows that 
another clockwise vortex appears near the pressure side. At the other planes the computed cross- 
section velocity distributions are similar to the measured ones. 

CONCLUSIONS 

The performance of the backswept centrifugal impeller at off-design points is predicted by solving 
the three-dimensional N-S equations closed with the k t  two-equation turbulence model. The 
predicted velocity distributions are compared with the published measured ones and the comparison 
shows good agreement. The computed location and size of the wake seem to be independent of the 
flow rate. The jet wake structure still occurs even though there is no separation. 
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