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Simulation of Unsteady Rotor-Stator Interaction at
Off-design Points in a Diffuser Pump Using Advanced Vortex Method
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The interaction between impdler blades and diffuser vanes in a diffuser pump has been numericaly smulated by using a direct vortex
method for off-design operating conditions Biot-Savart lav was usad to caculate velocity without the necessity to grid large portions of the
flow fidd and the cdculaion points are concentrated in the regions where vorticity is present. Lagrangian representation of the evolving
vorticity fidd is employed because it is suited to the moving boundaries The pressure digtribution was estimated directly from the
ingtantaneous velodity and vorticity fidd with an integra pressure equation. The andysis of the smulation results and the comparison of
caculation results with experimenta ones show the method used in this peper is afit tool to Smulated the unsteedy rotor-stetor interaction in

turbomechines.

1. Introduction

Undeedy rotor-gator interaction is very important for the design and
operdion of the turbomachines. Due to practicd importance and the
inherent complexity of the interaction phenomena, a large number of
detailed exparimentd invedigations and theoretical or numericd sudies
have reported in the literature regarding this problem. As messured and
discussed by Dring et d.%, the phenomendlogy of the rotor-gtator dynamic
interaction takes place mainly through two distinct mechaniams: potentid
and visoousinteractions.

The potentid flow effect is induced by the interaction of cascades in
relative maotion. These effects extend in both upstream and downgtream
directions. The rate of decay of potentid perturbation is fast and hence the
asciaed effect gopears Sgnificant only in the case of amdl gaps between
rotor and Setor.

The viscous weke dfedt originaes from the impingement and
convection of the wakes shed from the preceding blades in the rdative
motion. When the impdler operates a off-desgn points, the flow
separation occurs and separation bubbles are formed on the suction Sde or
pressure side of theimpeler blades for partid or exceeding discharge cases.
With the impeler revolution, the vortex bubbles move downgream with
the impdler blade wakes Therefore, when a centrifugd impdler is
combined with its vaned diffuser and operates a off-designed conditions,
effects of the impdler on the diffuser will become more complicated and
the visoous effects come from the impdler wakes as well as the passage
vortices generated by impdler blades.

Numericd dmulaions of rotor-dator interactions in  centrifuga
turbomechines are complicated. The difficulties in Smulating rotor-gator
interaction are mainly due to two agpects oneis the grid connectivity from
therotary impd|ler to sationary diffuser, the other isthe turbulent modd. The

applicability of turbulent modd s in the seperation calculation is debated due
to the effects of centrifugd force and Coridlis force on the flow fidd in the
impdler. Qin & Tsukamotd? studied the unsteedy flow in a diffuser pump
andyticaly usng the singularity method. Daws® smulated the unsteady
interaction of a centrifugd impeller with its vaned diffusr usng a k-a
turbulent modd and a diding surface to act as atrangport internad boundary
between the rotating and Sationary frames

Vortex methods have severd merits, which may make them particularly
wel suited for amuldions of high-Reynolds number flows The vortex
method based on the Biot-Savart law is a Smple vortex method, which
reduces the ned to grid large portions of the flow fidd and concentrates the
cdculaion points in the regions where vorticity is present. Lagrangian
representation of the vorticity movement is wel suited to moving
boundaries.  Utilizing the advantages of the vortex methods, an advanced
shame has been devised to smulae the ungeady impdler-diffuser
interaction in a diffuser pump® for the designed operation. In the presant
paper, ungeady flow andyss will be extended to impdler-diffuser
interaction &t off-design pointsfor the same diffuser pump.

2. Numerical Methods
2.1 Governing Equations

Thetwo-dimensond incompressible unsteedy flow of aviscous fluid may
be determined by the vorticity trangport equeation as

W v xfiw =nRi 2w , o
Tt
wherethevorticity isdefined as
w=N"v . @

Equations (1) and (2) are the governing equations of the vortex methods.
Using the definition of vorticity and continuity (N »v = 0} , it can beshown
tha V isrdaedto W by thefollowing Poisson equation:
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N2v=-N"w. &)

Thiseguation shows that the vel ocity field can be determined by the vorticity
fidd.
2.2\Vortex Method

The presant numericd method is based on the discretization of the above
eguaions in a Lagrangian form using vortex methods. Vdodity fidd is
determined bythefolloNing Biot-Savart law,

(mv)R (" v)'R
) ?dv 7 »¥ R R

where R=r-r0 R=[R], subscript [] denctes a varidble, differentid or integral
a location r,, r isan arhitrary location in the flow fidd. Thefirs teminthe
right sde represents the velodity induced by the vorticity exiging in the flow
fidd and the sscond term contains the contribution from the solid-body
movement and the infinity velocity. The use of equation (4) to compute the
veloadity field guarantees the satisfaction of the boundary condition a infinity.

On the ather hand, the vorticity transport equiation (1) can be expressed in
a Lagrangian formulation. Each discrete vortex fdlows the flow like a
patide so the mation of fluid partides is presented by a single differentid
equation:

1dS @

dr

e V. ®
For the cdculation, the second-order Adams-Baghforth method was used to
goproximately compute the trgjectory of the vortices Another expression of
thevorticity equation can be givenin thefollowing Lagrangian form.

E W =nRi2w ©)
The core-spreading method was utilized to consider effects of visoogty on
the discrete vorticesin the calculation.

Vorticity fidd neaer the 0lid surface must be correctly represented by
proper digributions of vorticity layers and discrete vortex dementsin order
to stiffy the no-dip and no-flux conditions on the boundary surface. Details
of the procedure used to Smulate the vorticity trangport, deveopment and
separation of the boundary layer near a solid boundary in this paper are
destribed by Zhu®. For two-dimensiond flow, the nascent vortices shed
from the boundary are transformed into discrete rectangular dements with
definite dimensons and uniform vorticity using this procedure. When these
rectangular vortices move farther than a certain distance from the boundary
aurface, vortex blobs are used to replace the rectangul ar vortices. Conversdy,
vortex blobs may goproach the boundary surface and may even penetratethe
wal layer. In this method, their shape wes retrained even as the blobs drew
near the boundary. However when they passad the boundary surface, we
could smply deletethem.

2.3 Calculation of the Pressure
From the Navier-Stokes eguation, the following integrd eguation can be
obtained,
§ HN?GdV + g HNG xndS =
- @ﬂ\/ﬂt NGAS- ug(NG” w)ndS
- NGV w)dv, (7)
where H isthe Bernoulli functionand G isthe fundamental solution of

the scdar Lgplace eguation. The expressons for H ad G ae
repectively

P, v2
—+— 8
r 2 )

1 1
= = In(= 9
G 2 In(=) (C)

When the surface presaure is computed according to egudion (7), the left-
hand sde of the equiation represents amatrix concerned with H . Theright-
hend sde accounts for the moation of the body and the fidld vorticity.
Solution of the above equition yiddsthe Bernoulli functionH . Vllocity v
isusudly known, so the presaure p can be eesily caculated. With the results
of H on the surface, we can use equion (7) again to compute H for an
abitrary location in the flow fidd where v can be computed according to
the Biot-Savart law.
2.4 Application to Turbomachinery

Equetion (4) can be directly usad to cdculate the unsteedy flow velodity
field induced by the impeler-diffuser interaction (figure 1). For theflow fidd
within the impdler, the rdative vdodity W is usudly used to andyze the
flow charateridics We have the following velodity rdaionship among the
aboluteveodity V , rddiveveodty W androtary veodty U :

V=w+u (20)
From equation (10), the following accd eration equation can be obtained.
v _w
LA - N + N~ 11
i (uxv)+u” (N" v) (1

When equation (7) is used to cdculate the pressure of the flow fidd
shown in figure 1, on the surface §,of diffuser vanes and an infinite surface
S, the term v/t is O, wheress on the surface S of impdler blades, we
should use the equation (11) to express the term iv/Tt. With subtitution of
equation (11) into equetion (7) , equetion (7) can be rewritten as

¢ HR%GdV + g H NG nds =
. @ﬂwﬂt MNGAS- u (NG w)ndS
- NG xw” w)dv (12)

Where
H =H-ux 13)

In eguetion (12), the rdative vdodty W is O on the surfece S, and the
abolute velodity Vv on § and S, is 0. Consequently, if the location,
srength and velodity of the discrete vortices exiging in the flow fidd are
cdculated, the pressure digtribution can be easily caculated for the whole
flow field.

3. Problem Satement

The spedifications of the pump are summarized in Teble 1. According to
Table 1, the gap between the diffuser and the volute casing is o large thet the
effects of the volute casing on the impdler-diffuser interaction is neglected
and 90 the cdculaed modd is smplified as shown in figure 1. Some
representative sations are shown in figure 2 for a vaned diffuser passage
The cdculation gtations are the same with the meesurement gtations®. For
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the cdculaion, 50 vortex panels were digtributed dong the boundary surface
of each blade for the impdler and diffuser a aheight h=4(v,D,/n)%, here v,
istheradid velodity a the entrance of the impdler, D,isthe outlet diameter
of theimpdler and U isthe kinematic viscosity. The sze of the time Sep
was dt=T/150, where T is the period of impdler revolution. About 2~3
periods of impdler revolution are reguired to produce an acceptable
solution®,

THffuser

€

E Joviv

I-'I-{_' =

Fgure 1 Animpdler and its vaned diffuser

Tablel Spedficationsof thetest pump

Impdler: Number of bladesN=5

Inlet diameter D,=132.25 mm
Outlet diameter D,=250.00 mm
Number of vanesN~8

Inlet diameter D;=258.00 mm
Outlet diameter D,=325.00 mm
How rate Q=6.21 n/min

Totd heedrise H=29.2m

Rotationa speed N = 2066 rpm

Diffuser:

Rating:

Pressure tap

Pressure side
Diffuser vane -
- =

Suction side

Is/R:=1.23

I+/Ra=1.18
I/Ra=113

T2/ R2=1.08

Fgure 2 Representative sationsfor apassagein the diffuser

4. Resultsand Discussons

4.1 Ungteady Vdocity Fidd

Besdes the designed condiition, we have dso cdculaed the off-desgn
operaion conditions for Q/Q=04, 0.6, 0.8, and 1.2. When the impdler
operaes & off-design points, separation will occur on the impdler blades
with the flow impingement. The ingantaneous vortex flow petterns for
patid discharge case Q/Q=0.6, 1.0 and 1.2 are represented in figure 3, here
T, is the one-blade passng time. In figure 3, the blue points represent the
discrete vortices with pogtive vorticity (counter-dockwise vorticity) and the
red ones represent the discrete vortices with minus vorticity (dockwise
vorticity). These figures represent the interaction of the inviscid flow fidd
generated by the impeller and diffuser in relative mation and the trangport of
separation vorticeswith blade wakes from upstream impeller blades.

For partid discharge case Q/Q=0.6, in the suction sde of the impdler
blades largescde vortex bubbles are formed. On the other hand, for
excerling flow discharge Q/Q=12, the separation vortex bubbles are
formed aong the pressure sde of theimpdler blades. Both for /Q=0.6 and
QQ=12, the differencesin the Sze and shape of the separation bubbles can
be found, which are possbly causad by the unsymmetry of the diffuser
vanes to the impdler blades With the impdler revolution, these strong
vorticeswill betrandferred into the diffuser with the blade wakes

Therefore When a centrifugd impeller is combined with its vaned
diffuser and operates a off-design points, effects of the impdler on the
diffuser become more complicated and the viscous efects indude the
impeller wakes as well as the passage vortices generated by flow separation
aound the impdler blades With time marching, these vortices will be
decayed by fluid viscosty and turbulence Effedts of the differentid
connective veodity in the vane-to-vane passage are d o dearly evident from
the vortex traces. The vortices on the suction Side of the diffuser vanestrave
much fagter than the vortices on the pressure Sde, being digtorted and
elongated.

4.2 Ungeady Pressure

FHgure 4 <hows the indantaneous ddic pressure digributions
correponding to the flow patterns shown in figure 3. Both for patid
discharge case Q/Q=0.6 and exceeding distharge case Q/Q=1.2, pressure of
the flow separation zones is very low in the impdler and the indantaneous
pressure digtribution is dearly unsymmerica both in the impdler and
diffuser. As the impdler rotates, Sgnificant varigtions occur in the gatic
pressure a the diffuser inlet.

The dependence of the pressurre fluctuations on the flow dischargein the
diffuser is presented in figure 5. We show the pressure fluctuetions & taps
(r,C), (r3c) and (r5,c) (figure 2) in figure 5. For each tap, the pressure
increases asthe discharge decreases. At the sametime, asthe discharge drifts
off the designed point, with the occurrence of separation, the effects of the
Viscosity increase according to the fluctuations of unsteedy presaure.

Figure 6 presents the digtribution of the magnitude DC, for unsteedy
pressure fluctuations at the diffuser inlet from (r,¢) to (1,6 (figure 2) for
different flow discharges, here DG, is the pesk-to-pesk value of the unsteady
pressure. Both caculated and messured results show the same tendency thet
themagnitude DG, of unsteady pressure incresses with the increasing flow
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discharge Q in the case of Q/Q>0.8. Themeasured DC, isthe sméllest near
Q/Q=0.6 and it increases with decreasing flow discharge Q in the case of
Q/Q<0.6. For the calculated results, DC, isthe smallest near Q/Q=0.8 and
it increases with flow discharge decreasing in the case of Q/Q<0.8.

5. Conclusons

In this udy, the ungteady interaction of a centrifugd impdler with its
vaned diffuser has been investigeted for the off-design operation condiitions.
The ingantaneous flow patterns show that the whole flow characteridics
induced by rotor-gtator interaction operating at off-design conditions can be
caught by using the vortex method of this paper. A quartitative agreement
has been achieved in the ungteedy presaure caculaion for the diffuser inlet
compared with the experimenta results Both cdculated and messured
pressures show that there is a flow discharge, & which the magnitude of
undeedy pressureisthe smdlest.

The ungteedy rotor-gator interaction in turbomachines is a complicated
flow phenomenon, espedidly for off-design operaions. The reuts of the
present study confirm thet the advanced vortex method used in this paper is
gpplicable for invedtigating the ungteedy interaction of a roteting impeller
with a daionary diffuser in turbomachinery, even for the off-desgn
operation conditions. In order to achieve the quantitative andyses through
numerica Smulation, the high-resolution vortex methods are needed to give
much accurete results
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Fgure 6 Magnitude of the unsteady pressure a diffuser inlet

Copyright © 2000 by JSCFD



