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ABSTRACT

Experimental i n v e s t i g a t i o n s have shown t h a t t h e flow discharged

from a c e n t r i f u g a l compressor or pump impel ler i n to t h e diffuiier i s

unsteady and contributes for additional losses in the diffuser. The

partially parabolic method is used to calculate this flow in the

diffuser and reveals the mechanism of smoothing the distorted flow

downstream. Calculated results are compared with measurements and

good agreement is found*

ERENCE
Introduction

Many experimental results have shown that a great part of the
losses in radial compressors occur in the diffuser, due to the
distorted unsteady flow discharged from the radial impeller
Cl,23. The classical method for calculating the flow in vaneless
diffusers treats the flow as one dimensional, using empirical
values for the frictionat coefficients [33.
Owing to the great difference between the calculated values using
this method and experimental results, in case of the highly
unsymmetrical flow, the losses in vaneless diffusers would be
treated in two steps, namely i

(a) the unsymmetrical flow will be assumed to be equalized
suddenly, so that the losses can be calculated as Carnot
losses E3,43,

(b) after the equalization of the flow i t can be treated as
dimensional [33.

Another development to treat the unsteady distorted flow in
vaneless diffusers was done by Dean and Senoo t i l . The flow is
devided into two regions, the so called Jet and Make regions.
Using some assumptions and empirical values for the fr ict ional
coeff icients, which vary from case to case 151, i t is possible to
notice the way of the flow equalization and trie vanishing of the
wake.

In th is paper a procedure to calculate the three dimensional
flow discharged in a paral le l walled vaneless diffuser wi l l be
presented. Such flow is regarded as unsteady flow in the absolute
system E l l . The flow rotates with the angular velocity of the
impeller and due to i ts nonunlformity the velocity at a certain
point in the absolute system varies with the time ( 3/ St f O>.
The flow wi l l be assumed to be incompressible and turbulent from

MIRAMARE - TRIESTE

July 1986

Permanent address : Faculty of Engineering and Technology,
Minia Univers i ty , Minia, Egypt.



the beginning. To overcome the flow unsteadiness in the absolute
system, the problem will be treated in a relative system rotating
with the angular velocity of the impeller. For this purpose
the partially parabolic method will be used C63.

The Partially Parabolic Procedure

It is possible to solve the equations of motion as parabolic
equations, if the pressure field is known and the tensional
stresses will be neglected. That the elliptic effect can be given
only through the known pressure distribution. Due to this fact,
the diversion of the solution will greatly depend on the accuracy
of the starting pressure field [63. Because it is difficult to
give the correct pressure distribution in advance, it is usual to
calculate the pressure for starting the procedure assuming
isentroplcal conditions. According to this assumption, the
velocity components calculated parabolic will not satisfy the
continuity equation. Therefore the pressure field must be
iteratively corrected untill the continuity equation is fulfilled
for cv^ry point of the cross-section under consideration.

The Coordinate System: As the flow discharged from the impeller
into the diffuser is unsteady, when regarded in the absolute
system, the solution will be derived using a cylindrical
coordinate system rotating with the impeller angular velocity
(Fig. 1).

Fig.t Rotating coordinate system

expressed as follows C73
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Turbulence model

The determination of the apparent viscosity in the- cast of three
dimensional distorted shear flow is normally d i f f i c u l t . A simple
model based on PrandtJ's assumptions wi l l be used here.
Owing to the three dimensional velocity distr ibution, two values
for the apparent viscosity can be calculated Cusing the velocity
gradient either in ij) -direction or in s-direction). As long as
the apparent viscosity determined in z-directiort is greater than
in ip -direct ion, i t wi l l be considered as the effective apparent
viscosity. Otherwise a mean value of |j and )J wil l be regarded
as the effective apparent viscosity. fip TZ

t z

t z v. }
ttp

Depending on the shear flow, the apparent viscosity w i l l be
determined in tuo ways as follows :

a. Uall boundary layer region*

Near the walls the eddy viscosity
Prandtl's mixing-length theory C7]

will be calculated i n g

3V 3W JK 1/2

whe-r e

1 = 0.41 z <z - d istance to the nearest w a l l )
In the out er range of the bound air y V ayer s i

l = X - 6
III AX

< 1 < 1 )
max

X = 0.0B - 0.09

6 is the boundary layers thickness

turbulent flow

The shear flow outside the wall boundary layers wi l l be treated
as free turbulent flow (Fig. 2?. The virtual kinematic viscosity
wi l l be calculated using the simple form established by
Pi-andtl C83 :

V - wrmin> ( 5 )

Fig. 2 Free turbulent flow outside, the
boundary layers

The constant r l in equation (5) must be determined on the basis
of measured values. Here i t w i l l be set equal to n2 determined
experimentally for the wake behind a cylinder C83.C f )= l /b= O.1B)
With th is value a good agreement with the measurements is
reached, b in Equation C5) is the shear flow width ( F i g . 2 ) . w
and w ar* the maximum and minimum rad ia l v e l o c i t i e s . rmax

rmin

Determination of the static p r * u u r t f ie ld

According to measurements (e.g. C1],C2])» the pressure
fluctuation wil l be damped in a short distance after a radial
impeller. As such a good starting value for the pressure
distribution can be obtained from the simple frictionless one
dimensional calculation. For parallel-walled vaneless diffusers,
the pressure can be expressed as follows C5J :

p<r+ Ar ) - pCr) r 2
_ _ _ p _ j _ ( j ( 6 .

, c ( r ) / 2 r+ &r
where

p lr> and p C r + ^ r i a r e the pressures acting at the radi i
r and r + a r respectively. c » > is the mean velocity acting at r.

Pressure correction

Using the pressure distr ibut ion calculated out from equation (6)
and the start ing conditions, the velocity components ur , ŵ  and
wr can be calculated from equations (2a,b,c) with the aid of a



marching integration technique [63. This solution will not be
completely correct, because of the unexactly calculated pressure
field and the calculated components will not satisfy the
continuity equation. Accordingly the pressure field must be
corrected to give the proper velocity distribution.
The correct values of the pressure and velocity components will
be expressed as the sum of the unexactly calculated values t*>
and a correction part <') [61 :

*.
w = w + w'

(7)

+ p'

The difference between the values calculated by substituting
equation (7) in the momentum equation (2a), where the variation
in the curvature, shear stresses and Coriolia terms as well as
the correction in the transport velocities will be neglected, and
those- calculated using (*> data, yields for the momentum equation
in the radial direction C73 :

3W

X r

3W 3W
« i
z 3z

(8)

Tor more s i m p l i f i c a t i o n i t w i l l be assumed that :

* * *
w >> w , w

r z

Then tends equation (8) to :

—£r 3r

In the same way the other two momentum equations in kp - and z —
directions will be treated and the correction in the velocity
components can be given as a function of the pressure correction
as follows :

Sw'

„ 5
r 3r
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p r 3

p 3z

<9b>

O C )

A f i rs t step to correct the pressure over the cross-section under
consideration can be obtained from equation (9a), that f u l f i l l s
the continuity equation f inal ly . Because the pressure for the
previous section is already corrected, i t can be written :

0 w - = * — CIO)

Integrating equation <1O> over the considered cross-section,
tend* equation CIO) to C73 :

A - * •
r " ——i

/ / ^ r d« dz
A wr

p'corrects the pressure level to satisfy the continuity equation
as a whole. The second pressure correction will be done to
satisfy the continuity equation in every point of the cross-
section. Using the continuity equation together with equations
(7), the defect in the continuity (-CD) can be interpreted as
follows :

P { 3© 3Z

The continuity defect (-CD) can be calculated fro* the first
solution of the momentum equations <2). Th« correction for the
velocity components in equation (12) will be expressed as
pressure correction using equations (9) s

T+ 1 ) E- • ! hz ( — S ) = CD ( 13a)

f p' + f p' + f p' + f p' + f p' = CD (13)
1 2\p ip 3z 2 2 kp\p 3 zz

where

r - . 1 - ( L
1 w* 4 r

r

- _ _ • f = r —

Equation C13) represents the local pressure correct ion, for every
point of the c ross -sec t ion . The numerical so lu t ion of t h i s
equation i s not stable. As a proposal from Moore LB1 - 1 % of f w i l l
be considered, which means, t h a t the local pressure l e v e l
cor rec t ion w i l l be va r ied to s t a b i l i z e the numerical s o l u t i o n .
This v a r i a t i o n w i l l not a f f e c t the gradient of the pressure
cor rec t ion in *p - and z - d i r e c t i o n . The value of *$&r used a f t e r
that w i l l be m u l t i p l i e d wi th -O.01 to compensate the d i f f e r e n c e



in the local pressure correction level. Finally, the pressure
correction can be calculated as follows :

* *
P •* P + p'

new old
and then

*
P = P + p» + p' (14)

old

(see solut ion procedure-)

I t must be mentioned that equation (14) w i l l be used only for_the
ve loc i ty correct ion . For the pressure correct ion, the part p'
w i l l be added to the one-dimensional 1y calculated pressure p.

Boundary conditions

Because of the adhesion, the absolute ve loc i ty must be zero at
the d i f fuser wa l ls . To use th i s boundary condit ion, the gr id
l ines at the d i f fuser walls must be very dense, because of the
high ve loc i ty gradient in t h i s region, and the sublayer region
must be taken into account.
As a s i m p l i f i c a t i o n , the absolute ve loci ty at the wall (point O
in Fig. 3) w i l l not be set equal zero, but w i l l be l i n e a r l y
extrapolated from the neighbouring point (point 1 in F ig . 3 ) ,
assuming the same flow angle for both po ints . The ve loc i ty
components in the absolute system can be expressed as functions
of those in the ro ta t ing system as follows s

U) r (15)

Fig.3 Coordinate system for
determinig the- velocity
components at the walls

Because point 1 is very near to the wall, the velocity component
perpendicular to the wall can be neglected.

z 1 zO

For determinig the friction velocity u T , the absolute velocity
at point 1 must be known. For this purpose the downstream
velocity distribution wil l be used as starting values and after
that by the iteration the calculated values for the considered
cross-section wil l b* used.

: - J w
1 / r l

r ) (17)

Using Prandtl's velocity-distribution law C91 :

"1 " Ttfi ( In {
Lz u

) + 2 )

By iteration procedure the friction velocity uT can be
determined from equation (IS) and then the velocity gradient in
z-direction at point 1 i

1' O. t l Az
(IS)

Assuming that the flow angle for point 1 and O is the same and
using equations (19) and (15), then for linear extrapolation
between point 1 and 0 (Fig. 3) i t can be written :

U

07M c, (20a)

ipo ) - w r (20b)

Solution procedure

The solution wi l l be carried out on a diffuser sector,
representing the flow discharged from an impeller channel. A
marching integration technique is used, in which a two-
dimensional f ield of variables is determined with the f in i te -
difference procedure, at each section of the sector considered.
The flow diagram in Fig.4 explains the steps of the solution :



DiSTuser section No. 1

1 * 1

Start values (vr.n^.ii,,p,",e,VL
and aeometry)

I = : • 1
IN = w * o

Start pressure field p for cross
tection Ho. I ( equation (6) )

*

M "• " r l - l

.Ju-distribution usine ttie turbulence!

r—|model ( li » uT < uL )

Linearizing and solving equations

Determination of the pressure level

correction p

Determination oT the continuity defect

CD and the local pressure correction p"

P ' P* » p ' t;

1. The initial values of the flow and the diffuser geometery will
be stored for the grid knots shown in Fig. 9.

J

\

0.
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j) a

i

M
5 Grid used for ca lculat ing the flow

2. The pressure for the next sec t ion wil l be calculated one-
dimentionally with the help of equation C6).

3. The dynamic v i s c o s i t y wil l be detrmined with the aid of the
v e l o c i t y components e i ther from the downstream or, when i t i s
i terated , from the calculated v e l o c i t y components.

4. The radial v e l o c i t y d i s tr ibut ion wr wi l l be impl i c i t l y
calculated after l ineariz ing equation (2a) using, at f i r s t ,
the unknown variables from the previous c r o s s - s e c t i o n .

3. The ve loc i ty components w^ and wz wi l l be determined
s imi lar ly from equations (2b) and (2c) using the calculated wr
and v ip r e spec t ive ly .

6. The pressure leve l wi l l be corrected according to eqn. (11).
7. Using the corrected pressure l eve l and the calculated ve loc i ty

components, the s teps 3 t i l l 5 wi l l be repeated, t o determine
more exact values for the v e l o c i t y d i s t r ibut ion .

B. The defect in the continuity (CD) for every point of the
cross - sec t ion considered wil l be determined using eqn. (12) .
With th i s value the local pressure correction p' will be
calculated from equation <13).

9. Step 3 t i l l 5 wil l be repeated using the ve loc i ty components
calculated in point 7 and the corrected pressure d i s tr ibut ion
in point 8.

10.The values obtained wil l be stored and will be used as
s tart ing values for the next c r o s s - s e c t i o n .

11.Step 2 t i l l 9 wil l be repeated t i l l the diffuser e x i t will be
reached.

Fig. 4 Flow diagram for computing the
flow in vantless cti 1 fusers

10

Results

The procedure demonstrated in the previous chapters will be
applied to calculate the flow discharged in the vaneless diffuser
measured by Eckardt C23 to test the validity of this method. Tht
second case is the computation of different kinds of flow with

11



. 1,017

varying grades of dis tor t ion, which will be given in trie rotating
system in the form of a sine function with different amplitudes.
Hypothetical values for the flows will be used in t h i s
comparision. The aim is , besides the investigation of the
mechanism of equalization of the unsynrmetr ical flow, a study of
the additional losses due to the distort ion of the flow.

m. Eckardt's cliff user

Eckardt's diffusei- <Fig. 6> is a very important object of
investigation, because of the two-dimensional character of the
velocity field. The operating point im = 5.31 kg/s and N=14000 RPM
will be calculated assuming that, the flow is incompressible and
the variation of the diffuser width in the regions measured -
within radius ratio R/R, of 1.017 and 1.151 - is negligible.

Fig. 6 Qeometry and main dimensions of
Eckardt's diffuser

Tig.7 shows the measured and the calculated three dimensional
radial velocity distribution along different radii of Eckardt's
diffuser. It must be noticed, that Eckardt's measurements are not
given in a certain sector representing a period, but always
represented between the pressure- and the suction- side. In the
calculation, for a constant sector having the same angle as the
impeller channel, the pressure and the suction side will be
shifted from radius to radius. This shifting, which occurs due to
the swirl in flow, can be seen in Fig. 7. The agreement between
the calculated and the measured wr —distributions is good. It can
be noticed, that the heavily distorted flow is equalized in a
relatively short radial distance.

1 2

So V
Km

\
\

/]/ / V

1,039

R/R- • 1,151

Fig.7 Measured and calculated radial
velocity distribution

1 3



Fig. 9 shows the measured values of the total pressure, compared
with those calculated using the present procedure and the Dean
and Benoo method. The slope of the curve detrmined here is almost
the same as that of the measured points a (instantaneously
measured points C2]). This is not achieved by Dean and Senoo
method in both cases of considering the flow as compressible or
incompressible. The difference occured in the level is due to the
assumption of incompressibi1ity of the flow. The total pressure p
in case of incompressible flow is determined according to t
equation (21) :

p =
t

c /2 (21)

In the case of compressible flow, we must start with the total
enthalpy ht, which equals to the sum of the static enthalpy h and
the kinetic energy :

•?.

h = h + c
t

/2 (22a>

Using the principal equations of the thermodynamics
isentropic stagnation process, equation (22a) tends to :

2 Tf
Tf - i p c '

p = p C 1 +
* * P 2

I- I

assuming

(22)

It i s clear that the total pressure determined using equation
(21> di f fers from that calculated with the help of equation (22)
for the same static pressure and the same kinetic energy. This
causes the difference in the level between the curves in Fig.8.

pt/pto

T i g , 8 I ,-.,„;„ , <;,-„,

i .-if ,1 , - t , =

= i +: r.i. i< i i h . . , , ,

r 1 1 , • ••• . • 1 1 r . . ]

22 -d

2,0

5,31 kg/s
UP 00 RPM

. - \

1,0 1,21,4 1,6
R/R —

14 2

steady
unsteady

compressible
incompressible

IbtottUnl
(present work)
incompressible

For the incompressible flow the difference in the total pressure
is proportional to the losses in the diffuser. This is shown in
Fig. 9, wh*re a better agreement is reached with the present
procedure than that of Dean and Senoo, (Point 2' represents the
location of the fir«t diffuoer section measured by Eckardt C23)

0.04--

0,02- -

—i T r
4 Experimental \2\

Theoretical
— (present work)

-- Theoretical \2\

R/R?
Fig. 9 Total pressure difference

at different radii

b. Effect of the unsymetry upon the l o t u i

The geometry of the vaneless diffuser w i l l be taken the same as
that of the radial compressor at the " Ins t i t u t fur Strahlantriebe
und Turboarbeitsmaschinen f?WTH Aachen, west Germany" (see Fig.10).

m = 0,75 kg/s

N=8000 RPM

2 =16 blades

Fig. 1O Geometry and main dimensions of the
RWTH radial compressor
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Three cases with di f ferent grades of distortion wi l l be
calculated. The radial velocity distr ibution in the
circumferential direction wi l l be given according to the
following equation (Fig. 11) :

w (
r

C 1 + k s in ( z ip ) (233

where k is a distortion parameter and z is the number of blades.

1,Sr

Fig. 11 Radial velocity distribution chosen
along a diffuser sector corresponding
to a rotor channel angle

k wi l l be set 0.0, O.25 and O.5 for the three cases respectively.
For a l l these casses the velocity in the z-direction will be
considered to be constant, which means, that there are no
boundary layers at the entrance of the diffuser. The flow angle
for the three casses wil l be assumed to be the same for the whole
cross-section of the diffuser inlet C ̂ =108° ) .
Figs.12 show the radial velocity development for k=0.5 along
different radii and the vanishing of the velocity fluctuation.

Fig. 12a Radial velocity development for
different radii

17



Fig. 12b Radial velocity development for
di f ftrent radi i

18

Fig. 12c Radial velocity development for
different radii



The calculated diffuser efficiency F|n f o r t h e three casses (k =O,
0.25 and 0.5 > is ploted in Fig. 13.
The major part of the losses (drop in the efficiency) occurs in
the mixing zone at the entrance of the diffuser. After that the
gradient of al l curves are almost the same. The distorted flow
causes more losses than that caused by the uniform flow <k <* 0 ) .
The decay of the wakes occur in relatively short radius ratio
(here R/R2

 = * - 2 ) ^1^«r the impeller. Even small distortion in
the flow can produce fair ly high losses at the entrance of the
diffuser. The drop in the diffuser efficiency is found to be
nonlinear with the distortion parameter k but almost hyperbolic.

to

0.5

0,6- - V v

0.7-

0.6 - I I *

/(""—••

0,5

A 1-
12 IJ S '.5

—R/R2

Fig. 13 Diffuser efficiency for different
distortion parameter k

Conclusion

In this paper a procedure is presented to calculate the unsteady
flow discharging from a radial compressor rotor in a vaneless
diffuser. The parially parabolic method used in the calculation
can be regular deed here as pure parabolic method, because the
pressure f ie ld , which normally gives the el l ipt ic effect, is
estimated here parabolically assuming one dimensional flow
conditions. For determinig the apparent viscosity all over the
flow sections, a simple model based on Prandtl's assumptions is
used.
The accuracy of the presented procedure is examined and a good
agreement has been gained between the calculated and the measured
values.
To study the effect of the unsymmetrical flow on the losses,
hypothetical flow conditions having different distortion grades
are calculated. I t is stated that, even small flow distortion can
produce fair ly high losses in the zone of the diffuser entrance
(mixing zone>. The drop in diffuser efficiency is found to be
hyperbolic with the distortion parameter k.

2 0
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Nomenc u 1 at ur •

**<

b

B

c

CD

DS

k

1

in

N

p

p

t o
r

R

SS

t

u

u

w

y

z

z

ft

bridth of shear flow outside th* boundary layeri

diffuser width

absolute velocity

continuity defect

pressure side

distortion parameter

tnixing length

mass rate of flow

revolution number

static pressure

total pressure

atmospheric pressure

radius

radius

suction side

blade period

circumferential velocity

friction velocity

relative velocity

length in circumferential direction

axial direction

number of blades

relative flow angle at impeller outlet

diffuser efficiency

dynamic viscosity

density

= circumferential angle

= channel angle

<=> angular velocity

Subscripts

2 impeller exit (diffuser inlet)
1 laminar
max maximum
min minimum
r r a d i a l component
t turbulent
z axial component
(p circumferential component

Superscripts

* not exactly calculated value
' correction part

mean value
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