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| nt roduction_
The flow in a centrifugal punp or conpressor 1is

a conplex viscous three-dimensional flow in which the
effects of rotation and curvature pronote the

devel opnent of non-unlform flow.  Thus, while the Inlet
flow may have uniform properties and the outlet flow
my also be approximately unlform the work Input and

the efficiency of the machine ars governed by the
non-uniform flow which la delivered by the Inpeller to
t he diffuser.

It |Is therefore necessary to have a detailed
understanding of the development of the three-dimensional
flow In the rotating Inpeller and Its subsequent
devel opment in the stationary diffuser, if one is to
calculate and predict the performance of centrifugal

machi nes.

Non-uniform flow at inpeller exit

Non-uniform velocity profiles at the exit of
centrifugal inpeller passages have been observed for
over 50years. In fact, even before Prandtl'a fanmous
paper on the boundary layer, there was a suggestion In
1902 by J.a. Smith (1) (reported by Gbson (2)) that
under certain conditions the flow tends to |eave the
| eading face (suction side) of a centrifugal punp
| mpel | er passage. The flow then passes along the

trailing face (pressure side) and there Is a region

(3)



of "dead" fluid on the leading face. This work and
the classic work of Carrard (%,4) In 1923 was concerned
with flow in two-dinensional radial-flow inpellers
Carrard modelled the inpeller flowas "le Jet et |a
zone neutre" in what appears to be the first use of the
"jet-wake" f|l ow nodel .  However, the concept of a
neutral zone or wake was not new in 1923 and Carrard
states that "the hypothesis of the existence of a
neutral zone is not new in Itself: it has long been
supposed that the channels of (centrifugal ) wheels nust
not work with a uniformy filled cross-section.'

Carrard nade pressure neasurements in centrifuga
i npel lers which showed wake flows associated with
separation at the leading edge of the Inpeller blades on
both the suction side at low flow rates and the pressure
side at high flow rates. But he also showed that at
certain internediate flow rates the neutral zone
started along the suction surface away from the Inpeller
inlet. He calculated the velocity distribution in the
j et using Flugel's (5,6) streanline curvature nethod
and he assumed a =zero velocity for the fluid in the
wake. Thus, he was able to obtain remarkably good
agreenent between the measured and calculated velocity
distributions and pressure-rise characteristics of his
I npellers over their whole flow range.

This two-dinmensional picture of a jet-wake flow

was used to explain observed inpeller flow for many



years (7-10). |Indeed, in the slow speed rig used by
Cheshire (11) to study inpeller flow during the

devel opment of the early jet engines, it was found that
there was "an intense region of high radial velocity
at the driving face, the velocity dimnishing rapidly
towards the trailing facey the total head | oss

I ncreasing rapi dly in' this direction al so." Cheshire
concluded that "this state can only be caused by total
head loss at the trailing face before entering the
radial portion, and this is of such magnitude as to
represent a conplete breakaway of the flow " and his
anal ysis of flow incidence angles at the inpeller inlet

supported this conclusion,

Secondary Fl ow

Evidence of a jet-wake flow that was not uniform
fromhub to shroud was presented by Kearton (8)I n 1933.
But the study of the three-dimensional character of
inpeller flows did not begin until the 1950's when
several papers (12-15) were published on the generation
of a streamwise conponent of vortlcity In flows in
curved and rotating passages. These studies considered
the inviscid devel opment of flow containing vortlcity
initially oriented perpendicular to the flow direction.
They gave a quantitative understanding of the
devel opment of secondary flow in regions where viscosity

#N.B. Cheshire (11) refers to the trailing face (auction
side) of the inpeller blade while Gbson (2) refers to the
trailing face (pressure side) of the inpeller passage.

(5)



wae uninportant and a qualitative picture of secondary
flow el sewhere. Thus, based on the results of his
study of incompressible flow A.G. Smith (15) preeented
a qualitative dl scuesl on of the secondary fiows I n the
| npel | er of a centrifugal compressor.

The equations governing the devel opment of the
streamwise vortlclty along a relative streamine which
was derived by Smith (15) has recently been preeented

in the following sinple form by Hawthorne (16);

3 (fle) = _2 [ 1 »", w »p*
ss(T)“—ﬁgw(ﬁ‘;sg*‘w—sf)- (1)

Here p* = p + % ¢ (W2a w?r?) 1s the rotary stagnation

pressure, WIs the fluid velocity relative tothe rotor
and wr Is the rotor tangential velocity;, and the
equation is expressed In atreanllne coordinates where 8
Is the streamM ae direction, n the normal dlrectlon
and b the blnormal direction. The two terms
contributing to the generation of the streamwise vortlclty
.!').8 are due to curvature of the streamines with radlue
R, and to rotation with angular velocity w about the
axle of rotation z. They are associated with gradienta
of rotary stagnation pressure In the blnormal and
axial directions, respectively.

Snmith (15) considered the generation of etreami ee
vortlcity In the axial inducer of the Inpeller where

the relative tangential velocity of the Inlet flow |a

(6)



reduced and in the radlal section near the inpeller
outlet. In the inducer he noted that boundary |ayers
on the hub and shroud walls of the inlet duct would
produce radial gradients of p* which would conbine
with the tangentially oriented radius of curvature to
produce streamm se vorticity. This vorticity would
convect fluid with low p™ towards the suction side of
the passage along both the hub and shroud walls. In
the radial section of the Inpeller boundary 1layers on
the hub and shroud walls produce gradients of p* in the
axial direction which would conbine with the rotation
to produce nore streamwise vorticity. Again this
vorticlty would convect fiutid with low p* towards the
suction side.

Smth noted that Cheshire (11) had found a region
of fluid with low p* on the suction side of his
I npel l er passage and he made two interesting observations
on this fact. Firstly, he observed that if all the
fluid with low p* were located on the auction side in
the radial part of the inpeller then there could be no
further generation of streammee vorticity. In fact,
the condition that p* becomes snaller as the suction
side of the radial channel is approached 1s a stable
one. Secondly, the two processes for generating
streamwi se vortlcity which he described will result in

a tendency for the frictional boundary |ayer generated



on the channel walls to be swept to the suction side
of the channel.
Actually, there 1s a third and possibly nore

| nportant procees for generating streamwlse vorticlty
and this is associated with the curvature from the
axial to the radial directions and with tangenti al
gradients of p*. Thus, this third process will

| nfluence boundary layer fluid on the suction and
pressure sides of the inpeller passage and It will
gener at e streamwise vortlcity such that this fluid will
tend to nmgrate towards the shroud wall. In two

di mensional Inpellers this effect will be negliglble
and fluid wth | owp* will tend to settle unifornmy over
the suction wall as observed by Carrard (3). In three
di mensional Inmpellers, however, It can be a large effect
and the fluid with low p* Is often found either in the
shroud- suction-side corner or completely on the

shroud wall.

(8)



Qoservations_of. ThregzDimensional FI.OW iNn Impellers

Substantial evidence for the existence of three
dinmensional flow in centrifugal inpellers has been
obt ai ned since 1350,and the flows observed are in
general agreement with the secondary flow picture
outlined above.

A major programne Of research to investigate the
flow In the Inpellers of centrifugal conpressors was
conducted by NACA and the results of these Investigations
wer e summarised by Hamrick (17) In 19%5. Hamrick
presents the resulte of detailed measurements (18) of
static pressure, stagnation pressure and velocity In
an essentially two-dimensionalradial-flowlnpeller.
This was tested over a range of flow rates at a
constant speed and the results show the effects of
off-design flow angles at the inpeller Inlet, secondary
flows and flow through the tip clearance between the
bl ades and the stationary shroud wall.

At approximately one-half the design flow rate
there was separation at the inlet on the suction side
of the blades near the shroud. The fluid with low p*
associated with this separated flow passed down the
chanrel and flowed from the shroud-suction-side corner
until it was distributed approximately uniformy over

the suction side wall ~ the gtable |l ocation in the



two-dimenslonal I npeller. Towards the exit of the

i npel l er the hub-nhroud height of the inpeller

passages became small conpared with the blade-to-blade
w dth of the passage (1:5.5). Then the flow through
the tip-clearance (-3.3 %) had a significant effect on
the flow in the Inpeller passages; It caused Secondary
flows which tended to extend the region of low p*
fluid onto the shroud wall.

At approximately 1.5 times the design flow rate
there was separation at the Inlet on the pressure side
of the blades again near the shroud. The fluid with
| ow p* was convected by secondary flow across t he shroud
wall to a position near the suction side where It
remai ned, showing no tendency to nove onto the suction
slde wall. This suggests that the Influence of the
curvature from the axial to the radial direction on the
generation of streamwise vorticity is relatively |arger
than the influence of rotatlon. The relative inportance
of curvature and rotation as influences on secondary
fl ow may be estimated using the Rossby number W_ *

# Hawt horne (16) and Lakshminarayana and Horl OCuI.: (19)
consider the relative Inportance of rotatfon and curvature
in the plane of rotation, such as may be found with
forward or backward curved | npeller blades. They usea
Rossby nunber with the corresponding radius of curvature
and they comment that in centrifugal conpressors their

Rossby nunber "1s unlikely to be greater than 1/4, so

that rotation induced secondary vortictity dom nates."

(10)



(see equation (1)). Since the rotation rate & and

the radius of curvature R, of the flow fromthe axial
to radial directions were fixed for the constant speed
teats on the NACA inpeller, the influence of curvature
will beconme nore inportant at high fl ow rates. For

the teat results presented by Hanrlck, the values of the
Roeeby nunmber may be estimated to be 1/4 at the design
flow rate, 3/8 at 1.5 tinmes design flow and 1/8 at

0.5 tines design flow.  These figures suggest t hat
rotation was inportant at all flow rates, that rotation
was domnant at low flow rates and that curvature and
rotation were of approximately equal inportance at the
hi gh flowretes In the NACA tests.

At the design flow rate the 1loss of stagnation
pressure at the inlet was relatively small as the flow
did not separate from the blade surfaces. Thus the
secondary flows were associated with boundary |ayer
growth. However, as the outlet ecross-sectional area
of the inpeller passage wae approximately equal to the
Inl et throat area, the changes in relative velocity
were small and the boundary layers did not thlcken
appreciably. Flufd with low p* accunulated on tne
suction side wall due to the action ofsecondary: flows,
but the stagnation pressure |osses associated with this
fluid were small conpared with the 1losses caused near

the shroud wall by flow through the tip-clearance.

(11)



It may be concl uded from Hamrick's results that
the flowdistribution atthe exit of a centrifugal
I npel ler can be strongly influenced by secondary flow.
The secondary flow is caused by the curvature and
rotation of the impeller passage. 1he final |ocation
of | ow stagnation pressure fluid in the cross-sectional
pl ane at the exit of the Impeller depends on the
relative magnitude of the two effects and on how far
t he generation of streamwise vorticity has progressed.
Evenin the nearly two-dimensional | npeller used by
Hamrick the effects of curvature were significant at
high flow rates andthe fluid with | aw stagnation
pressure noved towards t he shroud wal | .

An inpeller In which the effects of curvature are
even more important hasbeen tested recently by Eckardt
(20). At the test condition of 14000 RPMand a mass
flow rate of 5.31kg/s the value of the Rossby number
W/an for Eckardt's impeller 1is approximately 1. 0.

An extrapol ation of' Hamrick's results suggests that
fluld with low stagnation pressure will accunul ate an
the shroud wall and thisis exactly whet Eckardt
observed. Eckardt comments |N answer t0 discussion Of
his paper that "the circumferential position of it8
(the wake's)cure, In the presented case at y/t= 0.65,
shifts between y/t= 0.5 <« 0.8, depending On mass flow
and speed." Although he offers no further comment, |t
1s clear from the present argunent that a stable wake

location closer to the suction side (y/t=0.8) is

(12)



expected at high speed and low flow, and a stable wake
| ocation towards the mddle of the shroud wall 1is
expected at |[ow speed and high flow

| nfluence of Inmpeller Exit Flow.on Diffuser Performnce

A question which naturally arises at this point is
where in the inpeller exit plane would the designer
wish to have the low stagnation preeaure fluid if he had
the choice ? Indeed, how is the performance of the
diffuser influenced by the location ?

Mich attention has been concentrated on the
subsequent devel opnent of jet-wake flow In vyaneless
dl ffueers.  Several workers (21-23) have considered the case
of jet and wake flows whieh are uniform between the hub and
shroud walls. But as we have seen such flow is
associated with a small Ressby nunber, and even the
nearly two-dinensional impsller of Hamrick (18)only
produced axially uniform flow at low flow rates. Thus,
It is a speclal case and the work of Ellis (24) and
Rebernik(25) has shown that this ie only one of many
different exit flowdistributions and it |eads to only
one of many flows 4in the vaneless diffuser. Furthernore,
as the Rossby nunber changes with flow rate, the
| mpel ler exit flowdistribution will al so change unl ess
the Rossby nunber 41s very large or very small. The
desi gner needs to know what flow to produce at the

inpeller exit and how to produce It.

(13)



Wake Flow or Back-Flaw 2

The accunulated |ow stagnation pressure fluid
observed by Hamrick and Eckardt had a significant radi al
velocity even at the exit of the inpeller. In the case
of Hamrick's inpeller this was due to the relatively
constant area of the passages and even when the blade
unl oaded on the suction side the fluid had sufficient
mnmentum to continue down the channel. In Eckcrdt's
i npeller the low momentum fluid was away from the
suction side and so It did not experience the unloading of
the blades. In both'cases this fluid is a significant
fraction of the total mass-flow rate and Eckardt states
that It 1s about 15 % of his Inpeller flow. In both
cases al so this wake flow exhibits no reversefl ow.

It 1s not a separated flow In the sense of two-dimensional
boundary |ayer separation; It 4s instead an

accumul ation of low nonentum fluid which has flowed
towards the low pressure regions of the channel by the
action of secondary flows. These observations are of
great Inportance to the designer for they Indicate that
he may be able to calculate the wake flow as well as

the jet flow by marching-integration nethods, starting

at the inpeller Inlet and marching to the exit.

(14)



Requi rements for a €alculation Procedure

It is apparent fromthe discussion above that
the calculation of the performance of centrifugal
machines will be conplex in all but the sinplest cases.
Carrard was able to calculate the pressure rise in his
two-di nensional Inpellers uwsing a sinple two-dl menel onal
Jet-wake nodel and considering only the flow In the
rotor. But two-dinensional flowis a specldl case and
practical machlnes wth an axial Inlet and a radial
outlet exhibit three-dlnsnelonal flow with secondary
flow velocities that can be locally large conpared wth
the through flow velocity. An extension of Carrard's
1deas is required and this must Include a calculation
of the three-dinensional flow including the Jet and the
wake flow and allowi ng the locatlon of the wake to be
governed by secondary flow. It nust also include an
analysis of the subsequent devel opment of the non-
uniform Inpeller exit flow as It passes through a
vaneless di ffuser and then poseibly through a vaned
diffuser as wel | .

The source8 of fluid with |ow etagnation pressure
which accumul ate as a wake flow are
1/ boundary layers on the walls of the inpeller channels,
2/ separated flow at the Inpeller inlet,
3/ boundary layer flow and regions of |ow stagnation

pressure in the inlet flow,

(15)



4/ flow through the tip-clearance between the inpeller
bl ades and the stationary shroud wall.

A calculation procedure for inpeller flow should
I ncl ude each of these sources and a method of
calculating their convection towards the wake. The
convection is influenced by curvature In the inducer and
in the axial to the radial bend and by rotation.
It 18 clear that only a general caiculation schene for
three-dimensional flow will handle all these effects
si mul t aneously.

Moore (26) has shown that such calculations can
be nade for a relatively sinple flow in the rotating
radi al -fl ow passage shown in Figure 1. In Moore's
flow the sources of |low stagnation pressure fluid were
the boundary layers and the inlet flow But his sinple
analysis included only the effects of the boundary
| ayers and neglected secondary flow in the potential
flow which was assunmed to have uniform stagnation
pressure. Nevertheless, he was able to calculate the
devel opnent of the boundary layers on all four walls
of the rectangular passage and he showed that secondary
flows developing on the hub and shroud walls were of
sufficient magnitude to convect |ow nomentum boundary
layer fluid to a wake on the suction aide of the passage.
Moore's cal cul ation procedure was specifically intended

for his sinple geonetry. The potential flow analysis

(16)



applied to sinple two-dimensional radial flow and the
boundary layer analysis was speclfic to the walls of

his rectangul ar passage. The procedure can not be
easily extended to nore conpl ex geometries. However,

It contains a calculation of the whole flow and it

allows the mgration of boundary layer fluid towards a
wake. A method with nore generality which includes these

features 1s necessary for Inpeller flow calculations.

A Marchine-Integration Cal cul ati on Procedure for

| mpel | er Fl ows

A marching integration procedure for the calculation
of three-di mensional parabolic flows has been suggested
by Patankar and Spalding (27). This may be extended
and conbi ned with the results of an inviscild streamline-
curvature calculation to give an econom cal procedure
for calculating three-dlnenelonal viscous flow
throughout an | npel | er passage.

The procedure hinges on t he simultaneous sol ution
of the continuity and nomentumeguations I n finite
difference form These equations for steady flow may
be witten In vector form as

V(ou) =0

and
(¥eQ)¥=x-1 97,

0

where X Is the body force vector and TV Is the stress

tensor (28).

(17)



For a marching Integration to be possible we
muet choose the dairection of marching such that the
vel ocity always has a positive conponent in this
direction. Since impeller geonmetries vary wdely we
consider the flow In general orthogonal coordinates
8ys By, B3, wi th scaling factors hy, hp, h3 and
velocity conponents uq, uy, and Us. The marching
Integration proceeds In the sy direction, which closely
follows the direction of bulk flow

Linearization of the nmonment umequation.

To Integrate the nonmentum equation over a forward
step we first divide the equation Into two parts; the
flrot part containing unknown quantities and the
second containing quantities which may be calculated
from upstream values and are thus known. Also we
linearize the equations with respect to the unknown
vel ocity components. W then conbine the continuity
and nomentum equations to give nomentum equations
which can be used to calculate the three unknown

vel ocity conponents wu These equations may be witten

n’
In the following form

1 ( ehoh ) hih hih
Fihat {f;l RPNzl 4 &1 RBrR3Upy ) fé-; gh1 2“3%)}

h,h, you h-h, ud
= 1 (> (_2_1.f'_n)+_9_ (_1_3/‘___“!1)} -1 4
hlhahBiase h2 382 683 h3 383 hnasn

for n=1,2,3

(18)
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In these equations, the |eft hand side represents part
of the convection term(Ve¥ )V. The other part of the
convection term 1s due to curvature of the coordinate
system and together with the body force 1t 1s included
as part of the term Fn, which |a considered known.

The term Involving the stress tensor T |a separated
into a pressure term vlecous terns which contain the
unknown velocity U and additlonal vl scoua terns which
are also included In the known F, . The choice of

whi ch viscous terms to take as known and which as
unknown may seem arbitrary. However the above choice
has the advantage that the equations are of the same form
Thus-when they are expressed In finite difference form
the coefficients of the unknown velocity components are
the sane forall three equations. 8ince the nmarching
integration proceeds in the sy direction the viscous
terms due to velocity gradients In this direction are
negl ect ed.

Uncoupling the eq momentum equation

The linearized momentum equations are coupled
t oget her by the pressure p so that the velocity
conponents also sstilsfy eontlnuity. The nonentum
equation for w; depends only Indirectly on the transverse
pressure gradlents op/3ds,, ap/as3 and is therefore

not sensitive to small error8 in these gradients.

(19)



These transverse pressure gradi ents can be estimated
usi ng inviscid streanline curvature calculations.
Therefore, In the calculation procedure the pressure p
In the uy moment um equation |s distinguished from the
pressure p in the nonmentum equations for the secondary
flow velocities U, and u3; and It Is assumed that the
transverse gradients of p are known throughout the
flow from streamine curvature calculations made prior
to the marching integration. The pressure P is
corrected uniformy at each step so that, over the
cross-section of the passage, the correct mass flow

I S obtained.

The secondary flow nomentum equation8

The nonentum equations for the secondary flow
velocities wu, and Uy may be solved In finite difference
form once a pressure distribution is chosen. The
problem is to chocse the pressure distribution so that
the velocity conponents also satisfy continuity.

In the procedure, an estimated pressure distribution
p° Is used to obtain estimates of u, and Us. V¢ then
assune that corrections p® In the pressure are related
S and uS, of the vel ocity conponents

2 3
by the abbreviated nonmentum equation,

to corrections, u

c
Qul aun ~ =~ l__ aEc
hl 631 1'1n ésn

(20)



Thi s expression ig substituted into the continuity
equation and the resulting equation for the pressure
correction p® is solved. The inproved pressure

estimate p®+ p° 1s now used in the monentum equations

to obtain inproved values of u, and u3.This correction
met hod can be Inproved but It was found satisfectory

for the present calculations.

The finite difference grid

The nunber of grid points required are kept to
a mininum by using a non-uniform grid spacing wth
linear profiles of the flow properties between the grid
points. This allows grid points to be concentrated in
t he near-wall regionswhere they are required fort he
accurate calculation of the secondary flows which
convect fluid with low p .

The finite difference equations for continuity
and nonentum conservation are forned by integrating
over control volumes with boundaries m dway between
the grid points. These equations are solved USi ng
the tri-diagonal matrix-algorithm double-sweep nethod
of solutlon. This and other aspects of the procedure
are simlar to the Patankar and Spalding nethod,

Equation9 for the conservation of energy and other
properties can be witten In a form similar to the
moment um equation and thus can be included In the

marching integration procedure.

(21)



Cal cul ation of Flow in a Rotating Radlal-Flow Passage

The applicability of this procedure to the
cal cul ation of inpeller flowe will be demonstrated
by calculating the nediumflow neasured by More (26).

Moore measured the flow developnent in the
rotating radial-flow passage shown In Figure 1. The
figure shows a schematic and a sectional view of the
test-section which was nmounted on a rotating turntable.
The teat-section had a constant height of3In. and the
side walls were radii with an Included angle of 159,
The length of the test-section waa 24 in. and the
square Inlet was at a radius of 12 In. The rotational
speed was 206 RPM

At the nedium flow rate the nean velocity at the
Inlet to the teat section was 54,9 ft/s. At this flow
rate, More neasured the three-dinensional flow
distribution, 0.5 In. downatreamof the Inlet, and the
results of the measurenents are shown in Figure 2. In
the present calculations two flow distributions have
been used to start the marching Integration. One
baeed on the neasured asymmetric three-dimensional
velocity distribution at x =0.5 inches, and, for
comparison, a second distribution assumng a purely
radial Inlet flow symmetrical about the m d-height of
t he passage.

Moore's flow was Inconpressible and we have
adopt ed a simple viscosity nodel which uses the Prandtl

mixing |ength to calculate the turbulent contribution

(22)



to the viscosity. The mxing length was taken a8 the
smaller of 0.08§ and 0.41 y, Where § 18 the boundary
| ayer thickness and y is the distance to the nearest wall.
Negative values of rudial velocity were not allowed and
all the velocity conponents were set to zero at the
walla. The transverse pressure gradient8 through the

flow were taken as 3p w 2@»61 W= 66kN/m2 and
352

9P = owhere s, = -Y/Wand sy,= Z/h and the symbols

333 2 3

are defined in Figure 1. This val ue of 25/382 is

consistent with More' 8 neasurenments which indicated a
constant static pressure difference between the pressure
and suction side walls.

Symmetrical inlet flow

The velocity distribution at the inlet was chosen
to be synmmetrical about the mid-height of the rotating
passage and it was assuned that at the Initial station
the flow was radial. The marching integretion was
performed for one half of the channel using a 13 by 8
grid and a symetry condition was applied at the mid-
height plane. The Inlet flow was assumed to consist of
a potential flow core with uniform stagnatlon pressure
and boundary layers of uniform thickness on each of the
three walls. Inltially 5noints represented each
boundary |ayer profile, grid points being |ocated at
0, 1, 5 20 and 100 per cent of the Inlet boundary I|ayer
t hi ckness. The results of the flow calculations are
presented In Figures 3-7.

Figures 3 and 4 show contours of radial velocity,

(23)



as a fraction of the |ocal nean velocity, over six
cross-sectional planesin the channel. A pictorial
representation of the corresponding secondary velocities
1s shown In Figures 5and 6,and the devel opnent of

the radial weloclty at the md-height plane of the
channel is shown with the neasured devel opnment in
Figure T.

Secondary flows transport |ow nonentum fluid from
the pressure side boundary layer into the suction side
layer and these, together with the corresponding
movement of the potential flowtowards the pressure side,
are shown in Figures 5and 6. In these calcul ations
the tangential velocity renmained approximtely constant
across the top and bottom walls and the 1initial |arge
cross flows fromthe pressure side cornesresult from
t he decel eration ofthe fluid In these corners due to the
radial adverse pressure gradient. Between x =14,5] nches
and x =18.5 inches fluid with radial velocity less than
one half of the nean velocity flows fromthe pressure
stdewall. This fluid and nmost of the fluid with low p*
accumul ates on the suction side and shows an Initial
tendency to nove towards the md-height of the passege
as shown In Figures 3and 4. Streamwise vorticity is
then generated as seen in the secondary velocities at
x=20.5 inches In Figure éand this vortlclty tends to
return the fluid with low p" to its stable location
near the suction side wall In this flow which has a

Rossby nunber W/an = 0.
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Fl uid with | ow p* lo continually generated along
the pressure side wall and after x 218.5 inches In the
calculations It 1s convected first towards the md-height,
then towards the suction side and finally It passes close
to the pressure wall as It moves onto the top or bottom
wal . This calculated pressure side flow is simlar to
Taylor-gGoertler vortex flow w th two complete cells
near the md-height and two 'open" cells in the corners.
It shows the complexlty which can be caused by snall
scale effects in inpeller flow calculations. This
t hi ckeni ng of the pressure sideboundary |ayer in the
calculation with the symetrical inlet flow Is shown
In Figure 7 and it was not observed in the experinents.
However, the general agreement between the calcul ated
and measured radial velocities at the md-height of the
channel 1s good. The wake develops on the suction
side wth similar shape and size to the neasured wake
and It thickens markedly after XxX=10.5 Inches as
observed.

Asymmetric inlet f| ow

The neasured asymmetric Inlet velocity distribution
shown in Figure 2 was used with interpolation and
extrapolation to obtain the initial secondary velocities
shown in Figure 10. The distribution of radial velocity

was obtained by wusing linear Interpolation between the

nine central measurenments, extrapolation of the
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potential flow to the boundary |ayer edges and

boundary |ayers of unlform thickness on each of the four
walls. The resulting initial condition is necessarily
approximate but it can be used to obtain an estimate

of the Influence of non-uniformInlet flow on the flow
devel opment, and ideally It should result In better

agreement W th the neasurenents. The reeults of these

flow calculations using a 13 by 13 grid are presented
In Figures 7-11,

Figures 8 and 9 show contours of radial velocity
which may be conpared with the contours obtained for the
symmetrical flow shown in Figures 3and 4. Simllarly,
the calculated secondary velocities shown In Figures 10
and 11 may be conpared with the velocities shown in
Figures 5and 6,and the radial velocity at the mid-
hei ght plane is shown in Figure 7.

The influence of the asymetric inlet flow dom nates
the flow initially. Figure 10 shows strong secondary
flow Into the top corner on the pressure side, across
the top wall and onto the suction side. The |ow
momentum fluid builds up In two pockets in the corners
at the top of the channel and these are evident at
x =210.5 inches in Figure 8. Figure 9 then shows the
mgration of the fluid from the pressure side pocket

across the top wall to join the bulk of the |ow

monentum fluid near the centreline in the suction-side
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wake. Here, as In the symetric flow cal cul ation,
wake flow extends along the centrellne towards the
pressure side, especially at x =18.5 Inchea. The secondary
velocities shown In Flgure 11 Indicate that streamwise
vortlclty then devel ops which tends to return this
fluid to the auction slde and tends to distribute the
wake nore uniformy over the suction side wall

Figures 8 and 10 also show a conparleon of the
cal cul ated velocity dlatrlbutlon at x=10.5 Inches wth
the measured velocity distribution at x =11 Inches.
The radial and the secondary velocities are In extrenmely
good agreenent except near the bottom wall where the
cal cul ated boundary l|ayer thlcknesa and the resulting
tangential velocities are larger than observed. The
relatively low velocities meaaured In the top pressure-
side corner support the calculated accunulation of a
pocket of |ow momentum fluid, Indeed In taklng the
measurenents More noted that at the data polnt closeet
to the top wall in this corner the pressure was "nore
unst eady".

The asymmetric flow calculation gives a thinner
pressure-side boundary |ayer at the channel m d-height
than calculated for the symetric flow. This Is shown

In Figure 7, and the difference between the two

calculations may be seen quite clearly by conparing
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Figures 4 and 9. In the asymetric flow there is a
relatively conplete transport of boundary layer fluid
from the pressure side wall Dby secondary flow.  The
asymmetric flow calculation also results In an apparently
thi cker wake on the suction side at x=14.5 Inches and
x =18.5 Inches. However, Figure 9 shows that this is
mostly due to the local accuaulatlion of fluid with |ow
p* on the centreline In this calculation, and the
streamwise vorticlty subsequently reorienta the wake
fluid to give simlar wake thicknesses at x =20.5

i nches.

Moore's channel was sufficiently long that In both

cal cul ations mostof the fluid with Iom1p* had

accunul ated on the suction side wall by x=20.5 Inches.
Thus, at this radial location the velocity distributions
are very simlar In the two calculations. However, the
devel opment of the flow In the tw case8 Is quite
different. The details of the flow devel opment may

wel | have a significant effect on the performance of
centrifugal machines especially If wake fluid has not

reached Its stable location at the Inpeller exit.
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Concluding Renar ks

It is clear that centrifugal nachines often have
non-uniform flow at the Inmpeller exit and that this
flow can have a large effect on performance. Fluid
with | ow stagnati on pressure is found to accunul ate
in "wake" flows which are often a significant fraction
of the mass flow through the nachine. The cal cul ation
of the size and location of these wake flows 4involves
the calculation of the devel opnent of conplex viscous
three-dinensional flow in Inpeller geometries. A
possi bl e approach to the solution of this problemis
offered by the combination of a marching-integration
procedure for the calculation of parabolic flows wth
a streanline curvature calculation of the approximte
characteristics of the prinmary flow through the
machine. The ability of a marching integration
procedure to conmpute a conplex three-dinensional flow
with large secondary velocities leading to the
formation of a wake, has been denonstrated. |t appears
that an extension of this procedure to inpeller flow
calculations may be facilitated by general. orthogonal
coordinates wWhi ch have been used in this work.

The Rossby nunber w/an whi ch governs the stable
| ocation of wake flow at the inpeller exit 1is based on
the rotation rate ew, the relative velocity W and the

radi us Rn of the curvature fromthe axial to the redial
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direction. Large values of this nunber Indicate that
curvature s domi nant and the stable locatlon of the
wake ts on the shroud wall. Small values signify the
dom nance of rotation and a stable wake |ocation on
the suction side wall. It is Interesting to note that
| ow speclflc-speed Inpellers tend to have |ow Rossby
nunbers, while high speclfic speed Inpellers tend to
have high Rossby nunbers. Qualitative under st andi ng of
|npeller flow may be obtained by consideration of the

generation of streamwise vortlclty.

Acknowledgement

The conputer calculations perfornmed inthls study
have been sponsored by Rolls-Royce {1971) Ltd. as part
of the rolls-Koyce / Whittle Laboratory collaboration at
Canbridge University. The partial support of one of
the authors (J.G.M.) under this contract is gratefully
acknow edged. The authors also wish to thank Mr, 2.H
Tiwmnis and Mr. C.M. Pratt of the Rolls-Royce Hell copter

Engine Goup for thelr encouragement.

(30)



Ref erences _

1.

Te

10.

11.

12,

13.

smith, LA., "Notes on Sone Exparlnmentsl Researches
on Internal Flow in Centrifugal Punps_and Allied
%8? nes", Engineering, Vvol. Ixxiv p 763, Dec 5,

G bson, A.H., Hydraulics and its Applications,
Constable 1st Ed., 1908,

Carrard, A., "Sur le Calcul des Rows Centrifuges"”,
La Techni que Moderne, T. XV No. 3 pp 65-71 and
No. 4 pp 100-104, Feb. 1923.

Carrard, A, "On Calculatlons for Centrlfugal _
Weel s", translation by J. More, Unlv. of Canbridge,
Dept. of Eng. Report ,  CUED/ A Turbo/TR 73, 1975.

Flugel, G., "Ein neues Verfahren der graphischen
Integration", Dissertation Munich, 1914.

Stodola, A, Steam and Gas Turbines Vol. 11,
McGraw=-H11ll Book Co., Ime, 1927, pp992-997, 1252-1270,
(Reprinted, Peter Smith (ifew York), 1945)

Fischer, X. and Thoma, D., "Investigation of the Fl ow
Conditions in a Centrifugal Punp", A.S.M.E. Trans.,
BYD-54-8, 1932,

Kearton, WJ., "Influence of the Nunmber of [npeller
Bl ades on the Pressure Generated In a Centrifugal
Conpreesor and on Its GCeneral Perfornmance", Proc.
Inst. Mech. Engs. Vol. 124, pp 431-568, 1933,

Church, A.H., "Centrifugal Puw)s and Blowers", 1944,
Ff%%l nted, Robert E. Krieger, Huntington, New York,

Dean, R.C., Jr, "On the Unresolved Fluid Dynamcs
of the Centrifugal Compressor", Advanced Centri fugal
Compressors, A S.ME., Special Publication, pp |-55,

1971,

Cheshire, L.J., "Centrifugal Compressors for
Aircraft Gas Turbines", Proc. |. Mech E. Vol. 153,
p 440, 45,

Squire, H.B. and Winter, K.G., ' The Secondary Fl ow
in a Cascade of Airfoils In a Non-uniform Streanf,
J. Aepo. SC., Vol 18, pp 271-277, 1951.

Hawt horne, WR., "Secondary Circulation In Fluid
Flow' , Proc. Roy. Soc. A "Vol. 206, pp 374-387, 1951.

(31)



14. Kraner, J.J. and Stenitz, J.D., "A Note on
Secondary Flow in Rotating Radial Channels", NACA
Report 1179, 1954.

15. Smith, A G, "On the Generation of a Streamwise
Conponent of Vorticity in a Rotating Passage",
Aero. Quart. Vol. 8, pp 369-383, 1957.

16. Hawt horne, W.R., "Secondary Vorticity in Stratified
Conpressible Fluids In Rotating Systems, " Univ. of
iggzridge. Dept. of Eng. Report No. CUED/A-Turbo/TR 63,

17. Hamrick, J.T., "Some Aerodynam c Investigations In
Centrifugal Inpellers", Trans. ASME, April 1956,
pp 591"’ 020

1.8. Hamrick, J.T., Mizisin, J. and Michel, D.J., "Study
of Three-Dinmensional Flow Distribution Based on
Measurenments In a 48-Inch Radial-Inlet Centrifugal
Impeller", NACA TN 3101, 1954

19. Lakshm narayana, B. and Horlock, J.H., "Generalised
Expresel ons for Secondary vVorticlty using Intrinsic
Cig%'dlnates", J. Fluid Meche, Vol. 59, PP 97-115,

20. Eckardt, D., "Detalled FlowInvestigations wthin a
H gh- Speed Centrifugal Conpressor Inpeller", Trans.
ASME, J. Fluids Eng. Vol. 98, pp 390-402, 1976.

21. Dean, R.C., Jr. and Senoo, Y., "Rotating Wakes In
Vaneless Diffusers', Trane. ASME, J. Baslc Eng.,
vol. 82, 1960, pp 563-574.

22, Johneton, J.P. and Dean, R G, Jr., 'Losses in
Vaneless Diffusers of Centrifugal Compressors and
Punps" , Trans. ASME, J. Eng. Power, Vol. 88, 1966,pp 49=60.

23. 8enoo, Y. and Ishlda, M, "Behavior of Severely
Asymmetric Flow in a Vaneless Diffuser”, Trans.
ASME, J. Eng. Power, Vol. 97, pp375=387, 1975.

24.Ell'is, G.0., "A Study of Induced Vorticity in
Centrifugal Conpressors", Trans. ASME, J. Eng. Power,
Vol. 06, pp63-76, 1964,

25. Rebernik, B., 'lInvestigation on |nduced Vorticity
in Vaneless Diffusers of Radial Flow Punps',
Proceedings of the Fourth Conference on Fluid
Machi nery, Budapest, 1972, pp 1129-1139.



26.

27.

28.

More, J., ‘A Wake and sn Eddy in aRotating,
Radi al -Fl ow Passage (Part 1: Experinental
Observetions, Part” 2: Fl ow Model)," J. Eng. for
Power, Trans. ASME, Ser A, Vol. 95 No. 3,

Pl ? 205-219, 1973,

Patankar, 8.V. and Spalding, D.B., "A Cal cul ation
Procedure for Heat, Mass and Mnentum Transfer In
Thr ee- Di nensi onal Parabolic Flows", I nt. J. Heat

and Mass Transfer, 15, pp 1787-1806, 1972.

Tslen,H S., "The Equations of Gas Dynamics",
Fundanentals of Gas namcs, ed. Emons, H W,
Ocford "Univ. Press, London, 1958.

(33)



— -

AXIAL-FLOW
BLOWER

By

INLET TO
TEST SECTION

AIR
FLOW
|
STATIONARY
HONEYJOMB
K \_ | TEST SECTION _
\ 3
—— L
le “ o
a 24 !

SECTIONED SIDE VIEW

Figure 1. Schematic of Moore’'s test section.

(34)



, U =525 ft/sec

| -
; TOP A A
54 5het | | P
3 58 Oy E
G 57.1 > 55.8 S
T ' 5.3 S
RN ;
N E
10F 57 =
o 10T 57.9 K S
e |l | TZ b
O E 535 E
N ' I : |
I8 S
20F GOOK: —
611 bt e 52, Qe
SCALE
’ 58() tme=2= , | 10 ft/sec
395 10 20 30

Y (inches)

Figure 2. Measured secondary and radial velocities
at x=0.5 Inches.

(35)



SUCTI ON
Sl DE

TOP
)

\_

1.0

A

PRESSURE
SIDE

X=2.5 INCHES, U = 13

.7 M/s

TOP
Ls——
1 ™
1.0 0.5
SUCTI ON PRESSURE
S| DE S| DE
\_ S
: 4
X= 6.5 INCHES, U =10.6 M/S
TOP
T :‘.\
3IDE 0.5 SibE
\
0.1

X = 10.5 INCHES, T = 8.6 M/8

Figure 3. Contoure of

cal cul ated

expressed as a fraction of the loca
X =2.5, 6.5 and 10.5 Inches.

for symmetric flow at

(36)

radial velocity,

mean velocity,



TOP

N

0.5] 0.5

L

X = 14.5 INCHES, U = 7.3 M/9

TOP

0.1 1.0
0.5 S

X=18.,5INCHES, U =6.3 MS

TOP

\
0.5

Figure 4. Contours of calculated radial velocity,
expressed as a fraction of the |ocal mean velocity,
for symetric flow at x al4.5, 18.5 and 20.5 Inches

X =20,5 INCHES, T = 5.9 M/8

(37)



SUCTI ON PRESSURE
SI DE U= U3 =0 SI DE

X = 2.5 INCHES

TO®

SUCTI ON PRESSURE
SI DE Sl DE

= AJ

X = 6.5 INCHES

TO
SUCTI ON — i PRESSURE
SI DE ~ i SI DE
v,
P
= 10.5 INCHES
Bimure . Calcul ated secondary velocity distributions

for symetric flowat x=2.5, 6.5 and 10.5 inches.

(38)



11
o 2 4 M/s

TOP

~ ~

N

T

Jj;_q

X = 14.5 INCHES

ToP

P

:
Ty

-
— ]

X = 19.5 INCHES

ToP

1 5 1.3

B~

I7,.c1:l:|:

A

X = 20.5 | NCHES

Figure 6. Calculated secondary velocity distributions

for symmetric flow at x =14.5, 18.5 and™ 20.5 inches.



[~ NS
, /.I \\;\
’ / _ .’/ o ..._.\ \'\d.a\.:\-
/\ ‘e ’// \\ a\ %
7 . 21.0
g \'\
; \°
1 \ \
.#t~
. .—___‘Ju—-s-—- \ \ 18.5
.’.' ) \ \
I 7 \ -
| 4 \
/ ; \ )
; \ .
l. //" \ N
e V14,5
[ \
PRESSURE ’ \ SUCTION
SIDE 1 . SIDE

\ J10.5

X, inches

\{ 6.5
14p '
12}
10
uy 81
w/s  6p 2.5
4l
2| | |
ok 0.5
0

Figure 7. Conrparison of calculated and neasured radi al
veloclty profiles at channel aid- height.

—— neasured, +=+-r=.. calcul ated symmetric
flow, -- = -calculated asymmetric flow

(40)



TOP

SUCTI ON FRESSURE
SIDE 1.0 SI DE

X = 0.5 NCHES, U = 16.3 M/8

SUCTI ONi

FRESS
SI DE £

Sl DE

—

SUCTION

PRESSURE
SIDE

SI DE

—__ 8 0.8
X = 10.5 INCHE3, T =8.9 M/s

Figure 8. Contours of calculated radial velocity,
expressed as a fraction of the local mean velocity,
for asymmetric flowat X =0.5 and 6.5i nches and at
10.5 inches conpared with neasured radial velocities
at 11 inches. e neasured velocities uq/f.

(41)



TOoP
o5

(::31

— _J

X =145 INCHES, U = 7.5 M'S

TOP

S P
X = 18.5 INCHES, U = 6.5 MS
TOP
o) NN,
S P

X=20,5 INCHES, U =6.1 MS

Figure 9. Contours of cal cul ated radial velocity,
expressed as a fraction of the local nean velocity,
for asymmetric flow at x =14,.5, 18.5 and 20.5 i nches.

(42)



TOP /
( (7
1 | A
~
I ]/
~ u \
SUCTI ON ) PRESSURE
SI DE ,/] | SIDE
=t :
[~7
X = 0.5 INCHES
T O P
| Dk—’7 _
== \
SUCTI ON NN /(ré PRESSURE
SI DE

e

\
L
SI DE ”)\LJ\
T T~
et

Pt

ml;

SUCTI ON

X =6.51 NCHES

TOP

SIDE

FRESSURE
| SIDE

X =10.5 INCHES

Figure 10. Calculated secondary velocity distributions

or asymmetric flow at

X = 0.5 and 6.5i nches and at

x =10.5 Inches conpared with measured secondary velocities

at 11 I nches. o=

measur ed.

(43)



0 2 4 M/
TOP_
K\ - \ /
— A\‘\\
S S — >(— P

L/ o “‘-~._-———XT’“"'
f-\‘ //\ —

) el

X = 14.5 I NCHES

TOP
. —7
— \\\\ E:;2:><:f', \
\f\Y T~
L— o —]
= :E\vﬁ,_ § . =
— < -l
X = 18.5 I NCHES
- IQE
N
T \ h \
x_f\/ j —
-
(/ <
X = 20.5 | NCHES
Figure 11. Cal cul ated secondary vel ocity distributions

for asymmetric flow at X =14.5, 18.5 and 20.5 Inches.

Produced in England by Her Magesty's Stationery Office, Reprographic Centre,

Bas 40697/58748% K4 10/77 P

Basildon



ARC CP No. 1384

February 1977
Xoore, Je, MOre, JeGe and Johnson, Hw.

ON THREE-DIMENSIONAL FLOW IN CENTRIFUGAL IMPELLERS

Evi dence of non-uniformflow at the exit of
centrifugal inpeller passages is discussed anda Rossby
nunber W/wR, which governs the stable location of wake
flow in the exit plane of an inpeller is presented.

In inpellers with | arge Rossby nunbers the stable

| ocation of the wake is on the shroud wall:; wakes on
the suction side wall are 8table in inpeller8 with |ow
Rossbynunbers,

The/

ARC CP No. 1384
February 1977
Xoore, dJde, Xoore, J.G and Johnson, Me.We

ON THREE-DIMENSIONAL FLOW IN CENTRIFUGAL IMPELLERS

Evidence of non-uniform flow at the exit of
centrifugal impeller ﬁassages is discussed and a Rossby
number WAWR, Wwhich governs the stable location of wake
flow in the exit plane of an iapeller is presented.

In impellers With |arge Rossby nunber8 the stable

| ocation of the wake is on the shroud wall: wakes on
the suction side wall are stable in inpellers with |ow
Rossby nunbers.

The/

ARC CP No. 1384
February 1977
Xoore, J., Moore, J.Ge and Johnson, M.W.

ON THREE-DIMENSIONAL FLOW IN CENTRIFUGAL IMPELLERS

Bvidence of non-uniformflow at the exit of
centrifugal inpeller passages i s discussed and a Rossby
nunber W/wRp which governs the stable location of wake
flow in the exit plane of an inpeller is presented.

In inpellers with | arge Rossby nunbers the-stable

| ocation of the wake is on the shroud wall; wake8 on
the suction side wall are stable in inpeller8 with |ow
Roasby nunbers.

The/

ARC CP No. 1384
February 1977
Moore, J., Xoore, J.G and Johnson, M.W,

ON THREE-DIMENSIONAL FLOW IN CENTRIFUGAL IMPELLERS

Bvidence Of non-uniformflow at the exit of
centrifugal inpeller passages i S discussed and a Rossby
nunber W/wRp Wwhich governs the 8table location of wake
flow in the exit plane of an inpeller is presented.

In inpellers with | arge Russby numbers the stable

| ocation of the wake 1's on the shroud wall; wakes on
the suction side wall are stable in inpeller6 wth [ow
Rossby nunbers.

The/

e o mm mm e m e mm i e A AR mE W s b M MR W AN TR ER W G am e am e e e e ol R M R o e k) e e e ak) Ak e el rk mm b ek kR A MR TR M M e R = ek ke e el A A SR A e SR SR MR e R ER e s e s e e e e s

S YD IOVIISAY 9 YHOVLIA



The ability of a marching-integration procedure to
compute a three-dinensional rotating flow with large
secondary velocities leading to the formation of a wake
is denonstrated. A possi bl e approach to the
calculation of three-dinmensional inpeller flow is

suggest ed.

The ability of a aarching-integration procedure to
compute a three-dinensional rotating flow with large
secondary velocities leading to the formation of a wake
is denmonstrated. A possi bl e approach to the
calculation of three-dinmensional inpeller flow is
suggest ed.

The ability of a marching-integration procedure to
compute a three-dinensional rotating flow with large
secondary velocities leading to the formation of a wake
is denonstrated. Apossi bl e approach to the
calculation of three-dinensional 1npeller flow is
suggest ed.

The ability of a marching-integration procedure to
compute a three-dinensional rotating flow with large
secondary velocities leading to the formation of a wake
is demonstrated. Apossi bl e approach to the
calculation of three-dimensional inpeller flow is
suggested.

CoAe e e e e o e e e e m e e M e o R e e e e e e o b bk ek D e o e mm e e e e o= e e

. o me v e o e cw o e v e e T W v TR m s rm o vw e e mp m mx W e e me e e e e e e e mw am sa e um am ek e = e o= o




C.P. No. 1384

©Crown copyright 1977
HER MAJESTY'S STATIONERY OFFICE
Government  Bookshops

49 High Holbom, London WC1V 6HB
13a Castle Street, Edinburgh EH2 3AR
41 The Hayes, Cardiff CF1 1 JwW
Brazennose Street, Manchester M60 8AS
Southey House, Wine Street, Bristol BS1 2BQ
258 Broad Street, Birmingham Bl 2HE
80 Chichester Street, Belfast BT1 4JY

Government publications are also available
through  booksellers

C.P.No. 1384

ISBN O 1147 11305



