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ABSTRACT

The paper refers to the behavior of a radial flamnp vaneless
diffuser during a starting period. Results obtaimgth a 1D

numerical model are compared with some new expaitahe
data which have been obtained using 2D/3C Hightitgperate

PIV within the diffuser coupled with unsteady prass
measurements.

These tests have been performed on a test rigawigtdial
impeller matched with a vaneless diffuser. Theyehdeen
made in air, on a test rig well adapted for studiesnteractions
between impeller and diffuser, as well as for tee of optical
methods and especially Particle Image VelocimeRV) as
there is no volute downstream of the diffuser.

The present study refers to new experiments comdpini
pressure measurements and 2D/3C High Speed PI\raalp
flow rates within a vaneless diffuser with a lamelet radius.

Four Briel & Kjaer condenser microphones are used f
the unsteady pressure measurements. They wererflashted
on the shroud side of the diffuser wall and on ghetion pipe
of the pump. The sampling frequency was 2048 Hz.

For PIV measurements, the laser sheet was gendrgtad
Darwin PIV ND:YLF Laser at three heights within tb#fuser.
PIV snapshots have been recorded by two identiddDS
cameras. A home made software has been used fomtges
treatment. The results consist in fields of 80 © hanfand 81
x 125 velocity vectors with a temporal resolutioh 260

Patrick DUPONT
Univ Lille Nord de France
Ecole Centrale de Lille
Laboratoire de Mécanique de Lille
UMR CNRS 8107
Lille, France

Gérard BOIS
Arts et Métiers ParisTech
Laboratoire de Mécanique de Lille
UMR CNRS 8107
Lille, France

velocity maps per second. For each flow rate anth daser
sheet height in the diffuser, two acquisitions tba 1500
velocity maps have been realised.

The experimental
provided by a 1D transient model of the flow withihe
diffuser.

INTRODUCTION

The need for transient simulations of hydrauliceoergy
systems is becoming greater and turbomachinereesetainly
the most difficult elements to model correctly digritransient

operations. It has been observed that the performance of

machines and more particularly centrifugal pumpsingu
transient operations can be rather different frdva uasi-
steady one. In the last twenty years, many studiage
concerned this subject through several aspectsingtgeriod
(Tsukamoto & Ohashi [1], Saito [2], Ghelici [3], Baire [4],
Lefebvre and Barker[5]), stopping period (Tsukametal [6]),
vane opening or closure (Picavet [7]) and fluchgtiotational
speed (Tsukamoto et al [8]). More recently, Tanadwd
Tsukamoto [9, 10, and 11] as well as Duplaa etl] have
explored the cavitating transient behaviour of atrifigal
pump.

Models predicting the behavior of a centrifugal ether
(Tsukamoto & Ohashi [1], Dazin et al [13]) have bgeoposed
and are predicting correctly the performance ofptheap during

data are compared with the ones



transient periods. Nevertheless, there is no wackiging on the
flow analysis in vaneless diffusers, whereas itn@ easily
predictable because the flow is not guided and taumsbehave
freely during the transient period.

On the other hand, the development of high spe¥dhas
given a performing tool to investigate flow behavespecially
during transient periods.

The present paper is reporting results obtaineth wie
help of high speed PIV in the vaneless diffusea eadial flow
pump. The experimental velocity data are compardéd the
results of a 1D transient model of the flow witlte diffuser.

NOMENCLATURE
Roman letters
b diffuser width
b, impeller outlet width
c absolute velocity magnitude
G friction coefficient
Co pressure coefficient
G radial velocity component
Cu tangential velocity component
f frequency
N impeller rotation velocity
p static pressure
Ques £sign volume flow rate
r radial position
R; impeller tip inlet radius
R> impeller outlet radius
Rs diffuser inlet radius
R4 diffuser outlet radius
Re Reynolds number

Rinjet numerical domain inlet radius

Routet  NumMerical domain outlet radius

S mean blade thickness

t time

Us peripheral velocity at impeller outlet

Z number of impeller blades

a absolute flow angle (measured from the tangential
direction)

B> outlet blade angle (measured form the peripheral
velocity)

Y kinematic viscosity

0 angular position

p fluid density

T friction shear

1-EXPERIMENTAL SET-UP

11 - Pump tested and test rig
The experimental analysis was carried out on theatled SHF
impeller (fig. 1 and table 1) coupled with a vaissléiffuser.

Figure 1 : SHF impeller

The tests were made in air with a test rig (figd2yeloped for
studying the rotor-stator interaction phenomenancé&ithe
analysis was focused on the flow behaviour in tieiskr, no
volute was used downstream the diffuser in ordeguarantee
the axial-symmetry of the pressure field at the pulischarge.
The test rig is properly built for the applicatimf optical
analysis methods and in particular of the Partibieage
Velocimetry (PIV) technique: the walls of the dgkr are
transparent and the lack of volute downstream ttiieiser
allows large optical access for the laser sheettb@ectameras.
It was already used in previous studies carriedoouthe same
impeller coupled with a short vaneless diffuser [Wdut et al.,
14-15-16] and a vaned diffuser [Cavazzini et a], 17

Table 1: Pump characteristics

SHF impeller characteristics

Ry Impeller tip inlet radius 141.1 mm
R» Impeller outlet radius 256.6 mm
b, Impeller outlet width 38.5 mm
Bac Outlet blade angle (measure®2.5°

from the peripheral velocity)
S Mean blade thickness 9 mm
Z Number of impeller blades 7
Ques Design flow rate at 1200 rpm 0.236/m
N Impeller rotation velocity 1200 rpm
Re = y R/v | Reynolds number 5.500°
Vaneless diffuser characteristics
Rs Diffuser inlet radius 257.1 mm
R4 Diffuser outlet radius 390 mm
b Diffuser constant width 40 mm

In the present study, to favour the aeraulic iaértiffects, a
vaneless diffuser having a large outlet to inlediua ratio
(already used for diffuser instability studies —zDaet al [18,
19]) was coupled with the impeller. The main gecainat



characteristics of the analysed configuration togetwith the
design operating point are reported in table 1.

12 - PIV and pressure measurements
Suction (air + particles)

Impeller
Vaneess diffuser

ND:YLF
Laser '
#,_  Freeair
“h
Rotating shaft
—
N,
—

Figure 2 Experimental set-up

The flow field inside the diffuser was studied awvearal flow

the method first proposed by Soloff et al [21] wased. A
velocity map spanned nearly all the diffuser extamsn the
radial direction, whereas in the tangential one e@gering an
angular portion of about 14°. A rms uncertaintyueabf 1.3 pxl
was obtained through the PIV analysis of a quiesdcien.
Other error sources were estimated on the basisarof
uncertainty analysis conducted on synthetic PIV gesa
(Foucaut et al [22]) and the total PIV uncertaiwls estimated
to be less than 5% of the final velocities.

Four Briel & Kjaer condenser microphones (Type 4135
simultaneously measured the unsteady pressure. The
measurement uncertainty for these measurementsessshan

1 % of the final fluctuations. The measured presglata were
acquired by a LMS Difa-Scadas system with a sargplin
frequency of 2048 Hz. Two of these microphones weaeed
flush with the diffuser shroud wall at the sameiabgosition
(r/r3=1.05) but at different angular positioh8=75°), whereas
the other two were located on the suction pipénefgump, 150
mm upstream the impeller inlet. To synchronize timsteady
pressure measurements with the velocity maps,nalsigas sent
by the PIV system to the LMS Difa-Scadas acquisitgstem.
Experimental measurements were acquired for thigrdow
rate Qesand at 5 partial flow rates (0.26462 0.45 Qes 0.56
Ques 0.66 Qes and 0.75 @9 with a final impeller rotation

rates by means of 2D/3C High Speed PIV and pressurespeed of 1200 rpm. The electronic speed contreMisich is

transducers.

The laser illumination system consists of two inslegent
Nd:YLF laser cavities, each of them producing al®umJ per
pulse at a pulse frequency of 250 Hz. The pulsatdur is 90
ns. A light sheet approximately 90 mm wide withhi&ckness of
1.5 mm was obtained at three heights in the hulshimud
direction (b/l = 0.25, 0.5 and 0.75 ) using conventional optical
components (2 spherical and a cylindrical lens&se time
delay between the first and the second cavity pulges settled
to 110/130 us, depending on the flow rate. Two CM@®eras
(1680 x 930 pixé), equipped with 50 mm lenses, were
properly synchronized with the laser pulses. Theyenocated
at a distance of 480 mm from the measurement regitohe
angle between the object plane and the image plaseabout
45°,

As regards the seeding, incense smoke particléadnawsize of
less than m[Cheng et al, 20] were used. These particles were
introduced near the inlet of the pump, but, asekgeriments
were conducted in a closed room, the whole room seasied
after few minutes of operation. The mean imageigarsize,
estimated by image treatment, was 1.7 pixels armltalh7
parzticles were identified in each correlation windof 32 x 32
pxI-.

The image treatment was performed by a softwareldped by
the Laboratoire de Mecanique de Lille. The crossetation
techniqgue was applied to the image pairs with aetation
window size of 32*32 pixefsand an overlapping of 50%,
obtaining flow fields of 80*120mf and 81*125 velocity
vectors. The correlation peaks were fitted withhee¢ points
Gaussian model. Concerning the stereoscopic reacotisn,

driving the electic motor matched to the pump wagymmmed
to impose a constant acceleration to the impélllee maximum
speed (1200 rpm) was obtained after 5 s of acdalaralhe
data acquisition (pressure as well as PIV measuresnevere
started after one quarter impeller revolution.

The results presented in this paper refer to trsigdelow
rate, and PIV measurements obtained at mid-height.

13 - Data processing

131. Impeller angular velocity determination.

A Sliding Fourier Transform was applied to the gres
data obtained in the diffuser. Each Fourier tramsfovas
performed on a sliding window of 0.5 s. Thus, thegfiency
resolution of the Fourier Transform was 2 Hz. Theuits of
this processing are plotted Figure 3.
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Figure 3 : Pressure Sliding Fourier spectrum —ogibone
located in the vaneless diffuser £#/t.05). The color level
gives the amplitude of the spectrum.

On this figure, dominant peaks, corresponding &lade

passing frequency can clearly be identified at e@le step.
The frequency, and thus the impeller velocity, esponding to
this peak is determined (Fig. 4). The precisiontlua rotation
speed is of the order of the resolution of the spedivided by
the blade number of the impeller, that is 0.29 havmn per
second.
Because of the size of the Fourier transform windthis
procedure is unable to determine the velocity dutime first
0.25 s. The impeller velocity, during this shortripd, is
obtained by extrapolating the linear ramp obseimdelg. 4.
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Figure 4 : Impeller velocity time evolution.
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132. PIV data processing
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Fig 5 : Example of velocity map and of a lime=(0.3 m)
on which the average value of the velocity compoaea
performed.

Averaged values of the radial and tangential véjoci
components are calculated on each velocity mag$)ffor 100
radii from r = 280 mm to r = 379 mm (with a Immieddtep) :

6,
c(r)= J'cr(r,é’)de @)
6

o
C.(N=]c(r.ede @
&

This procedure gives consequently, at each time st
each radius, an averaged value of the radial andetsial
velocity components. As can be seen on fig 6, fineet
evolution of these averaged velocity componentaffexted by
a low frequency phenomenon, especially near diffusket.
This low frequency phenomenon is the consequendhkeofet-
wake flow at the outlet of the centrifugal impelldt is
noticeable on the averaged data because the argpdarof a
velocity map (~14°) is lower than the one of a blgthssage
(~52°). To get velocity components time evolutions
characteristic of the transient phenomena, andaffetted by
the presence of the jet or wake regions, the aeeraglocity



evolutions obtained by equations (1) and (2) alteréd: the measurements were available. The domain inlet is

data are decomposed using the Demeyere wavelet fifth corresponding to the radius,R= 0.28 and its outlet to the
level approximation is used to reconstructed theréd signal radius Ruiet = 0.379. This domain is meshed with 500 cells in
(Fig. 6). the radial direction. At each time step, experirabntlues of

the radial and tangential velocity components ahaia inlet
are given as boundary conditions. The pressur@mtth inlet

- —4A - — r=0.29 m - averaged ¢ .
- 40 r=0.35m-averaged is supposed to be equal to zero at each time step.
—4—— r=0.29 m - filtered A Then, equation (4) is easily solved: the value hed tadial
r —=—— r=035m-fitered , | AA& component of the velocity everywhere in the diffuse
251 3 %@ﬂ " automatically deduced from the one at inlet. Equmatf5) is
¥ then solved with a first order scheme in spaceiarigne. The

knowledge of the previous time step and of the eatigl
velocity at inlet allows solving equation (5) wittnly one
iteration at each time step. Equation (6) is thaelmexl with the
same procedure and gives the static pressurebdittm in the
diffuser.
The model time step is= 0.004 sand is corresponding to the
PIV one. The calculations are initialized, for thelocity
component, by the experimental filtered data. Fer tadial
velocity component, the calculations are initiadizeéy the
experimental initial value at diffuser inlet. Théher values of
L the radial velocity are then deduced from equa(ién The
t(s) initial pressure is supposed to be uniformly edoatero in the
diffuser at the beginning of the simulation.

Fig 6 : Averaged and filtered tangential velocityrgponents
evolution near diffuser inlet (r = 0.29 m) and eti{r = 0.35 m)

4 - RESULTS AND DISCUSSION
The evolution of the filtered radial and tangentialocity
components scaled by the instantaneous periphefatity at
the outlet of the impeller are plotted for diffetaadii as a
function of time in figure 7. At the beginning die start-up,
near the diffuser inlet (r = 0.28 m, fig 8) tandgahtelocities
are of the order of the impeller peripheral velciThis
observation is consistent with previous experinienta
observations of a centrifugal impeller start-up {¥hich had
suggested that the very beginning of the starsugharacterised
by a period of solid body rotation of the flow withthe
impeller. Concerning the other radii, &0, the greater the
r==c¢ ,002 3) radius is, the smaller the tangential velocity comgnt is. And,
2 f near the diffuser outlet, (r = 0.36 m and r=0.3®mfig 8) this
velocity component is equal to zero. This means, thacause
of inertial effects, it is not affected during tfiest period of the
start-up. After this first period, both velocity mponent reach
rapidly (at t=0.5 s) a nearly constant value whatdte radius

2- NUMERICAL PROCEDURE.

To analyze the experimental results and try to iptetie
performance of the vaneless diffuser during trarsie
operations, a 1D numerical model is built. The hipsis of
this model are the following :

- uncompressible flow

- plane flow

- axisymetric flow

- friction shear on the walls modeled by a parabolic
function of the velocity :

According to these hypothesis the three following
equations can be written :
- Continuity equation

27bC, = 27R DG (Ryer) (4) is. These values are corresponding to the steadss.on
- Moment of momentum equation : Consequently, after t=0.5 s the transient effectskmecoming
a(c,) o(rc,) 2 smaller and the rest of the paper will thereforifoon the time
2br +bc, = —C;IC, .C, (5) period between 0 and 0.5s.

ot or
- Radial component of the momentum equation :

2
) ¢ O y1_C° Crop_g (6
ot or por r b

The domain explored numerically is not correspogdimactly
to the whole diffuser: it was limited to a regiorheve PIV
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Fig 7: Filtered radial velocity component evolutigersus
time.
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Fig 8: filtered tangential velocity component ewvan
versus time

The evolution of the absolute flow angle at r =818 is
plotted Fig 9. It can be seen that, during the fr@gg of the
start-up, the flow angle at diffuser inlet is lovtkan the steady
value. This observation is also consistent with vios
experimental observations ([13]) which have showat tthe
flow coefficient at the beginning of the start-upaocentrifugal
impeller is below the steady one because of trahsiffects in
the system.
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Fig 9 : evolution of the absolute flow angle at®.28 m.

The experimental evolution of both velocity compatiseare
compared to the results given by the numerical iddeng
the beginning of the start-up fig 10 and 11. On EQ the
numerical model predicts rather correctly the etiofu of this
velocity component at t=0s and t=0.16s, whereas it
underestimates the radial velocities at t=0.32stafd48s. The
numerical evolution of the radial velocity componendirectly
calculated by solving equation (4) which exprestes mass
conservation (with a 1D hypothesis). It means tteg 1D
hypothesis is valid only during the very first patiof the start-
up. It can be supposed that this evolution is lkhkdgth the
evolution of the boundary layer near the diffusedlsv During
the very beginning of the start-up, the boundaygia are rather
thin, and the radial velocity component is neadypstant on the
whole height of the diffuser. Whereas, as thesenbary layers
develop, the flow rate is concentrating in a cdosvfbetween
them. On top of that, the boundary layers are bectritker
with the radial position. Consequently, the velesitat mid-
height of the diffuser are increased with the rplasition.

In Fig 11, it can be observed that the model ptsdic
qualitatively correctly the evolution of the tangeah velocity
component. The greater values of this component@meected
downstream by the radial velocity component at ganh step.
Nevertheless, it can be seen that the model isoably
underestimating the tangential velocity componemtever the
time is. This underestimation is undoubtedly linkeih the
underestimation of the radial velocity component] ¢herefore
by the underestimation of the second term of tfftehiend side
of equation (5) (the convective term).
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Fig 10: Comparison of the experimental and numériadial Fig 11 : Comparison of the experimental and nuraéric
velocity component. tangential velocity component.

At last, the results of the model are used to mtedi
qualitatively the performance of the diffuser dgrihe start-up.
To do so, the following non dimensional pressureffodent is
introduced and plotted Fig. 12:

p(r) - pinlet

c,(r) = ™)

2
1 :
Emzinlet 1- ernlet



Where p(r) — P, is the static pressure rise predicted

2
1 .
at each radius by the model anzelpczimet 1—(_R”'etj
r

the static pressure rise in the case of a stea@y non viscous
flow in the diffuser. It can be noticed tha€,(R,) is

corresponding to a recovery pressure factor. Toable to
evaluate the transient effects on the pressureuten] the

evolution of C, in the case of a steady flow is also plotted (in

this case, the inlet flow angle was consideredeoch=14°.
This angle is corresponding to the inlet flow angfigéhree time
steps (t = 0.16, 0.32 and 0.48 s) plotted.
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Figure 12: Evolution of the pressure coefficienthwiadius
at three time steps — numerical results.

At the beginning of the start-up (t=0.12s, Fig 1#)e
performance of the diffuser is very badly affectby the
transient and the pressure at the outlet of tHasdif is equal to
the one at inlet. Att=0.32 s and t = 0.48 s,dhelution of the
pressure coefficient is less affected by the teamseffects and
the pressure recovery is better but still less gibadh it would
have been in steady operation. It can be noticed the
evolution of the pressure coefficients att = 0s3hd t = 0.48 s
are very similar as long as r is lower than 0.31%m. the
contrary, if greater radii are considered, the gues coefficient
is decreasing faster with radius at t = 0.32 s e with the
evolution at t = 0.48 s. These evolutions couldveey well
correlated with the evolutions of the flow anglég(FL3). The
flow angles at diffuser inlet are similar for tHede time steps
considered. But, at t=0.16 s, the flow angle igéasing very
rapidly (because of a quick decrease of the taraerglocity
component —

Fig. 11) and simultaneously the pressur

coefficient is decreasing also rapidly. The flowgkes at t =
0.32 s and t = 0.48 s have very similar and modezablutions
for radii lower than r = 0.315 m (as it was the ecdsr the
pressure coefficient), whereas for radii upper tba&815 m, the
flow angle is increasing more rapidly at t=0.3%art at t=0.48s
and simultaneously, the pressure coefficient isalsing also
rapidly.

——fH—— num-t=0.16s
———— num-t=0.32s
num-t=0.48s p=g

90

80 |

bt v )
03 04 05 06 07 0.8 0.9 1
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Figure 13 ; Evolution of the flow angle with radiassthree
time steps — numerical results.

These evolutions of the pressure coefficient can be

explained by the radial momentum equation (6) wrieh be
rewritten as follows :
2 2

19P _ +CL +CL __6(Cr) —C—fc.cr (8)

p or r r ot b

The pressure increase in a diffuser is directlidah with
the decrease of the kinetic energy. This is tharm between
the left hand side and the two first terms of tiglatrhand side
of equation (8). But when the flow angle is inciegsthis is
because the tangential velocity is decreasing. &prently, the
first term on the right hand side of equation @8)aw whereas
the third term of the right hand side (the unstetaayn) which
represents the inertial effect is depending onlytloa radial
velocity component and is not affected by a tarigemelocity
component severe decrease. It could then affecty bide
pressure evolution in the diffuser and its perfaroa

CONCLUSION

Some new experiments associating high speed stengios
PIV as well as pressure measurements in a vaniésser in
transient operation were performed. The analysighefresults
have showed that the first period of the startaipharacterised
near the diffuser inlet by tangential velocitiestod order of the
pump peripheral velocity and near the diffuser etutby
tangential velocity equal to zero. The comparisdn thee



experimental results with the ones obtained witlbanumerical
model have shown that the radial velocity is unsimated by
the model probably because of the boundary layawtlris not
taken into account by the model. Concerning theydatial
velocities, the convection of the higher velocitytle inlet of
the diffuser by the radial velocity component isalifatively
well predicted but quantitatively underestimatedobably
because of the underestimation of the radial vglocihe
evolution of a pressure coefficient in the diffusgtows a
negative effect of the transient on the diffuserfqenance,
especially in the regions where the tangential aiglo
component is decreasing rapidly.
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