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EXPERIMENTAL AND THEORETICAL INVESTIGATION
OF LOSSES IN A RADIAL COMPRESSOR STAGE

K. M. Saad Eldin®  Ibrahim Saleh™ Ali Elzahabi®™™™
Salah Elfeki LT

ABSTRACT

A model has been assumed to predict the hydraulic and disc
friction losses in a radial compressor stage. A potential three
dimensional flow field inside the impeller 1is solved, by using
TSONICMR program. Then, the hydraulic and disc friction losses
Wwere predicted for the impeller, vaneless diffuser and the
collector. Experimental investigation has been carried out for a
radial compressor stage, in order to verify the wvalidity of the
assumed model. The pressure ratio and efficiency were measured for
different mass flow rates, at different rotating speeds. The
results showed satisfactory agreement with that predicted .

INTRODUCTIOM

The centrifugal compressors are today playing an essential role in
the gas turbine applications. In small gas turbines, single stage
radial compressor is usually replacing the multistage axial
~ompressor. However, much work remaina to be elaborated such that
the flow inside the compressor i3 fully understood to predict it's
behaviour.

The main part of the compre=zsor igs the impeller, a3 it delivers
the energy to the fluid flowing through it. In the same time, it
affects the flow upstream the diffuser stage and hence it's
performance. The difficulties of predicting the flow inside the
impeller may be partly attributed to the complex geometry of the
flow passages. They are rotating curved passages from the axial to
the radial direction. Also for open, or semi-open, impellers the.
tip leakage has an important effects on the flow field.
Furthermore the viscosity and flow separation affect the build=-up
of the boundary layer and the deviation of the flow from potential
bahaviour. :

Herein, the ideal potential compressor characteristics has been
predicted, by using the modified version of the TSONICMR program,
{11. A lo3s model for both hydraulic and disc frietion has been
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leveloped for the impeller, vaneless diffuser ane o the
collector. The losses have been assumed to occur due to incidence,
viscous and mixing losses, as well as mechanical 1 5¢ ‘rictio

around the impeller. A computer program RISTIC has bee W

Lo evaluate the actual characteristics of +the - ressc -

(5] . The obtained results have been verified eXperimentally for a
model compressor stage of outer diameter of 100 mm

I - POTENTIAL FLOW SOLUTION

[t has been established earlier that the rlow throug stationary
or rotating cascade cannot be axisymmetric ir zﬁ- flcw has to
281 a moment on the blades. It is for this reason 31 arbitrary
flow through a cascade does not have stream surraces " revoluticn
or axisymmetric shape. Exceptions are the incompressibl f i
radial cascades with stream surfaces of planes perpendicular to
the axis, [2].

T.1- QUASTI 3-DIMENSIONAL FLOW

Juasil 3-dimensional flow may be svaluated by combining -he flow
fields in the meridional plane and for the blade-to-blade surfacs
or revolution. The meridicnal flow solution is firstly evaluated
for the meridional streamlines. The stream sheets 2 then defined
13 Lhat bound the 3treamlines. The blade-to—r ads= solution has
been evaluated for each stream sheet by ' ISC
program, [l]. On the other hand the stream shee geome es
be obtained by assuming equal flow areas.
For 3 dimensional potential flow, the flow equation mav he written
ln a rotating cylindrical coordinates, ( m, & and - as, (3] :

1 ffg_ fOlel 1OUh R 8w 2. (n R o( _

B* a9 an R”a-& 2 9 3 m

"—Zb{«" = (1)

Ihe stream function could be normalized by writing

w ="' oyt ow (2)
vre*e w 13 the mass flow rate per stream sheet. Then 2quation (1)
ould be reduced to :
) <2 2 . a
19Tu oy 1.1 22 8y | sinx | 1 o( = )
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If the flow i3 entirely subsonic. equation (3) is clliocic while
for supersonic flow it is hyperbolic.
T boundary conditions could be definsd ) 1l 2 Th
eridional flow channel, Fig. (1), is divided to 2 s=iraar sheets.,
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Fig.(12, Meridional Flow Channel.

The stream sheet center line will be defined by specifying several
points in Lhe {{ m - 1) plane, while the blade geometries are
defined in the (m - ) plane.

I.2= TSONICHMR PROGRAM INPUT-ZOUTPUT

The object of the program is to combine the (finite difference
. methed, which is used for subsonic flow, and the vélocity gradient
method, which is used for supersonic flow;, s0o. as to extend the
range and cases which cculd be solved, [2}f

The computer program requires as input the blade geometry in the
( m & ) plane, the geometry of the channel in the ( m - r)
plane., the gas constants, the operating conditions. the mass flow
rate, the outlet and inlet blade angls as well as the rotating
speed. ‘

The output results are the velocity magnitude and direction at all
interior mesh as well as the inlet and outlet average flow
parameters. ‘

'

II~ PRESSURE AND DISC FRICTION LOSSES

The characteristics of the radial compressor stage may be predicted
from th2 3-dimensional flow model by evaluating the pressure and
disc friction losses. These losses are estimated by considering
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ne pressure drop in the main components of the compressor; the
mpeller, fthe vaneless and vaned diffuser a- vell as the
ollector. Also the disec friction of the impeller has been
2valuarted

‘he pressure losses in the flow channels may be attributed to the

2t shock losses and the viscous losses., The main mechanical
losses are due to dise friction of the impeller. e shock csses
‘L inlet of the blades of the impeller depend mainly the
ncidence angle 6 ;

< - nlb - ﬁ‘t (4)

nere 2 is the blade angle., while #, 1is the gle at
inlet. So for & 0. the flow will contribute shock sses at
entrance of the blades. Then the shock loss Lg may & stimated

(3, 4]

L =e (W +Mi=2 w, v cos & ) (5)
here w o is the relative flow velocity m/s. . 1s the flow
velocity for zero incidence angle, which may be written

W= n (6)

on CO. m - .b )
where u  is the prephiral velocity of & strean e at
center line,
the impeller internal frietion I..r is affected by s eddies
~ormation and turbulence level of the flow in the blade-channel,
12 well as the skin frietion on the blades. These losses are

issumed to be function of the flow velocities as

dait

r

= ht [ LM+ C et

here ki is an empirical factor to adapt the calculated to the the
perimental results, (5], and {t was assumed to ne

= 0,304 N' (8)

!5 the speed ratio and is equal to NL/ 25000,
is compressor speed. The nominal speed is 25000 ;
5 the average relative velocity at inlet or
15 the outlet meridional velocity,
ind T are the inlet and outlet loss coefficient

lisc friction on the 1mpollor Lbr may be aszumed i depend
Ly on the impeller and c¢asing profile. It o = estimated
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as

1 = k2K (W R b C(9)

DF

where kz is an empirical factor and K is the disc friction factor,
(6]

X =

where a is a coefficient = 4.5 tor9 ( large wvalues for small
sizes), Eg is the impeller outlet radius, and <« is the angular

velocity.

The vaneless diffuser losges LVD may be estimated as, {71

z

+a,)/2 (10)

va i Cf €57 N e Xy T
b b gin ( o

: 2

where ¢ is the absolute velocity, b is the width, « 1is  the
abgolute velocity angle and Ct is the loss coefficient ( = 0.75 to

1.107%). The subscripts 2 is for the impeller outlet and 3 is for
diffuser cutlet.

The bladed diffuser losses may be assumed to be due to incidence
and skin friction. The incidence loss Li is avaluates as, (5]

. z z . '
I..L = 0.5 [ A 2 c, C, cos 63 1 (11)

where & is the incidence angle and the subscripts 03 is for zero
incidence angle,.

The skin friction L__ may be given as, (5]

I Lo - BRI AL (12)

aF

where the subscripts 33 is for the :traight part of the diffuser
and 4 is for diffuser outlet.

The collector lqsses Lc may given as

L =C (c -6 )° (13)

a 4m S

wheres the subscripts 4m is for the bladed diffuser outlet and 5 is
for the inlet to the collector. The loss coefficient £ is in the
order of 0.45 , [5]).
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[II~- EXPE@IMENTAL RESULTS

TAa

]

L rig was built te verify the loss model. as well ag ¢
cquired empirical constants, (3]. The mode! compres
lven by an air turbine of a maximum turbine speed of 30,000 rpm.

iNi1s zurbine is driven by means of the air flow delivered trom a

foet compressor . The air flew rate was controlled by controlling
the root compressor speed or by controlling the turbine fliow rate,

+ =
118

D

s¥perimental measurements have been carried out o evaluate
the compressor pressure ratio, power and efficiency for differant _
“low rates and speeds. The volume flow rate was measured by means
>0 orifice meter fitted at dutlet of the Compressor, while the
P Sure and pressure differsnce were measured by water inclined
cmanometers, The temperature was ' measured by a
fr-constantan thermo- couple probes, The input torque .was

dred by a friction brake, while the speed was measured by a
tachometer, (5],

2@ T N W
(

(vl
)]
) !

Lese measured parameters were used to evaluate the overall
characteristics of the compressor stage. A sample of both the
heoretical and sxperimental results is shown in Ligure ( ). The
celative error was estimated to be about 0.4 to 2.5 =« for the
edicted total efficiency of the compressor stage.

CONCLUSION

P
(o)

Pressure and disc friction losses have been estimated for a radial
“ompressor stage, by  assuming a 1088 model . The real
Slaracteristics have been predicted, form the theoretical three
i sional potential flew and the loss model. The results were
verified experimentally by for 100 mm external diameter modea]
compressor. The results shew that the agreement between the
-heoretical and axperimental investigations are satisfactory. with
“fosrror of within 0.4 to0 1.4 % for the Pressurse ratio, and within

C L; teo 2

2.5 % for the overall efficioncy.
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Fig.(2), Experimental and Theoretical Characteristics.
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NOMENCLATURE

area, m-.

coefficient,

channel width, m.
absolute velocity. m/s.
constant.

empirical factor,

losses. . o
meridional coordinate, m.
speed, 1l/s.

prephiral velocity, m.
normalized stream function,
radius, m.

coordinate, m,

relative velocity, m/s.

Ao RO

Z23 3

~
—

s - 2 J <

o absolute velocity angle, rad.

3 relative velocity angle,rad.

) incidence angle, rad.

coordinate orientation angle, rad.
g local loss coefficgent.

P mass density, kg/m .

W angular velocity, 1/%.

compressor, collector.
disc.

friction.

flow, friction.

incidence.

meridional.

number of stream sheet,
zero incidence angle

rated. '

shock, skin. .

inlet to the impeller.
outlet of the impeller.
inlet to vaneless diffuser,.
inlet to the straight part of diffuser.
bladed diffuser outlet,.
inlet to the collector.
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