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Performance Investigations of Large
Capacity Centrifugal Compressors

H. MISHINA 1. GYOBU

INTRODUGTION

In recent years the unit capacity of multist-
age centrifugal compressors with intercoolers for
large capacity oxygen plants and working air sources
has been increasing steadily. High efficiency as
well as high reliability have been demanded, because
the power consumption directly affects the power per
unit flow rate. Also, compactnass and light weight
have been demanded in view of resource saving and
reduction of space., Therefore, a comprehensive in-
vestigation has been carried out from the view-
point of establishing performance design procedures,
production systems. With respect to performance
investigation, it was experimentally ascertained
that high efficiency and compactness could be accom-
plished by increasing speciiic speed and replacing a
two-dimensional impeller with a thiree-dimensional
impeller. A series of performance design procedures
including optimization of main dimensions, perform-
ance prediction and flow analysis of each component
such as impeller, diffuser and scroll were developed,

Effects of major factors on the performance were
thoroughly examined by using the performance design
procedure to grasp problems. A number of the system-
atic experiments using a model test apparatus of

A = sectional area

Bt = blockage factor

b = width of flow passage

o) = absolute velocity

Cp = pressure recovery coefficient

D = diameter

2 = blade camber line distance or meridional

distance

N = rotational speed

ns = specific speed (=9¢3 ¢ ¢ )

P = total pressure

p = static pressure

Q = flow rate

u = peripheral velocity

w = relative velocity

z = number of blades

@ = flow angle from circumferential direction
8 = blade angle from circumferential direction
o = specific diameter (=¢+ o4 )

724 = adiabatic efficiency

7i = impeller efficiency

7is = total isothermal efficiency
A .4 = adiabatic efficiency rise by vaned diffuser
.. = angle from discharge of scroll

NOMENCLATURE

single stage were carried out based on the above ex-
amination. Finally, the performance design procedure
was modified using these experimental results,

A 7T900kW centrifugal compressor wus designed
and tested as an example to demonstrate the useful-
ness of this performance design procedure.

This parer desecribes typical results of the per-
formance investigation of each component to attain
high efficiency and compactness of large capacity
centrifugal compressors.

AFPROACH TO HIGH EFFICIENCY AND COMPACTNESS

The 1imit to the capacity of centrifugal com-
pressors is determined by many factors such as pro=-
duction engineering, production facilities, trans-
portation, cost, etc. If the compact design is suc~
cessfully achieved, the range of capacity can be
expanded using the existing production facilititiles.
Therefore, high efficiency should be attained con-
sidering compactness. There is no appropriate
characteristic value expressing the compectness of a
centrifugal compressor. The specific diameter show-
ing the size of the impeller tip diameter can be used
as such a value when the ratio of the impeller tip
diameter to the outer diameter of the compressor is
almost constant,

# = slip factor (Cu, “u, )

® = Joss coefficient relative to C4° “2g

¢ = flow coefficient (=4Q 7Diu, )

©, = flow coefficient (=c¢; “u, )

¢ = isentropic head coefficient relative to uj g

Subscripts
= suction

impeller inlet or blade inlet
impeller exit
diffuser inlet
diffuser exit
scroll
discharge
design point
meridional
pressure side
suction side
turning

total
circumferential
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Isentropic head coefficient ¢

Flow coefticient ¢
Fig. 1 Relation between specific speed

and specific diameter
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Fig. 2 Meridional velocity and impeller width
variation of two-dimensional impeller

Fig. 1 shows the relations between isentropic
head coefficient and flow coefficient with para-
meters of specific diameter and specific speed. As
can be seen, high efficiency should be attained in
the regions (I) and (II). In general, the compact
design in case of high specific speed is made by
keeping the isentropic head coefficient approx.
imately constant, because the optimum value of
isentropic head coefficient for the backward leaning
impeller 1s krown.

The points in the compact design of the conven-
tional two-dimensional impeller in case of high
specific speed are taken up hereunder. Assuming
that the flow downstream of the impeller is constant
even though the specific speed varies, the relations
betweea the dimensions and velocities of the impel-
ler are obtained from a one-dimensional analysis,

Fig. 2 shows an example in the case that the
diffusion ratio of relative velocity and the inlet
diameter ratio are fixed.

As the specific speed increases, the inlet and
outlet width ratio of the impeller and the diffusiorn
ratio of the mean meridional velocity of the inlet
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Fig. 3 Meridional velocity distribution at
the inlet of two-dimensional impeller

Fig, 4 Two~dimensional {right) and three-
dimensioral impeller (left)

incresase. Moreover, a large difference of velocity
occurs on the shroud and hub surface with different
curvatures, and flow angles along the both surfaces
differ, Accordingly, the flow is separated at the
axial symmetric flow passage up to the blade inlet,
thus deteriorating the performance., Ffig. 3 shows
the calculated result of the msridional velocity at
the impeller inlet with the specific speed of 0,619,
The meridional velocity on the shroud surface i3 sud-
denly reduced shortly before the impeller blade inlet
after it has been increased once, but the meridional
velocity on the hub surface is slowly reduced. There-
fore, the flow on the shroud surface differs greatly
from that on the hub surface. The incidence angle at
the blade irlet is 5 deg. on the shroud surface and
15 deg. on the hub surface. Particularly, the dif-
ference between the flow angle and the blade angle
is large on the hub surface, and the flow separation
occures even though at the design flow rate.

Thus it is clarified that when the compact
design using the two-dimensional impeller is made
by adopting high specific speed, the blades do nct
match with the flow and the performance deteriorates,
For this reason, it was determined to employ the
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Fig. 5 Performance characteristics of two
and three-dimensional impeller

three-dimensional impeller which did not have the
axial symmetric flow passage and was provided with
the blades twisted three-dimensionally in accord-
ance with the flow,

Fig, 4 shows the photograph of the two-dimension-
al impeller and the three-dimensional impeller with
the same specific speed. Fig., 5 shows the perform-
ance characteristics of both impellers combined with
the vaneless diffuer and the secroll, The isentropic
head coefficient and adiabatic efficiency of the
three-dimensional impeller are higher than those of
the two-dimensional impeller and the operating range
of the former is wide. The three-dimensional impel-
ler is suitable for high efficiency and compact
design. Employing the three-dimensional impelier,
the adiabatic efficiency is raised by 3 percent and
the impeller tip diameter is reduced by 20 percent,

PERFORMANCE DESIGN PROCEDURE

Fig. 6 shows the flow chart of the performance
design procedure. A preliminary design is performed
by distributing the pressure ratio to each stage
for a given specification and optimizing the main
dimensions of each component within the required
limit e.g., the impeller tip diameter, rotational
speed, etco. so that the specification is satisfied
and adiabatic efficiency may be maximized., Base on
this preliminary design, the performance prediction
of each stage is performed and the overall perform-
ance is evaluated by accumulating the performance
of all stages, If the specification is not satisfi-
ed, the limiting conditions are changed and the
calculation is repeated until the specification is
satisfiedse The detailed design of all components is
performed by determing the profile of flow passage
and obtaining the internal flow. If the flow is not
satisfied, the shape of flow passage is corrected.

4

[(Specificationsj

le
=

Pressure ratio distribution

{ Optimization
N

K"

[?tage performance predictiéfj

Total performance

Performance

l Detail Design

[ Flow Analysis J

[ Output J

Fig. 6 Flow chart of performance design procedure

if it is necessary to correct the main dimensions
which have been optimized, the calculation after

performance prediction at each stage is repeated,
If the blade shape is not satisfied, the detailed
design is repeated. If everythirg is satisfied,

the performance design is finished.

The quality of the design is determined by
persons concerned. Therefore, the persons are
demanded to have excellent ability of judgement in
order to carry out excellent design using this
design procedure,

This performance desi. n procedure can be inde-
pendently used for each calculation block. The loss
analysis of each component is required for calcula-
tions in optimization of main dimensions and per-
formance prediction, The flow in all components is
shown by a simplfied flow model and the loss is
formulated in a form containing experimental coef-
ficients. The total loss is obtained by summing up
the loss of each component, Losses of each component
are presumed as follows (1.

(1) Suction pipe loss
(2) Mixing loss between main flow and leakage flow
at the impeller inlet
(3) Impeller internal loss
Friction loss
Blade loading loss
Mixing loss
(4) Impeller external loss
Disk friction loss
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Scroll

Vaneless diffuser

Impeller

Mechanical seal

Coupling

Suction pipe

Vaned diffuser
Fig. 7 Model test apparatus

(&) Diffuser loss
Vaneless diffuser loss
Vaned diffuser loss
(¢) Seroll less
7) Leakage loss
A blockage factor was introduced for the impel-
ler exit uand €ormulated in relation tn the impeller
internal loscs The Wiesner's (2) formula for the

12 1-1

o ©
(=2 (o]

Relative velocity w/u,
«@
F-N

0.2

0 0.2 0.4 06 0.8 1.0
Blade camber line distance £/4,,

s ip factor was used for preliminary calculation
and the values obtained from the quasi three-
dimensional flow analysis (3) were used in the
cilculation of performance prediction,

As a result of application of the calculaticn
for performance prediction to the existing centri-
fugal compressors, it was known that there were
several items to clarify the effect on the perform-
ance experimentally. The following items are
typical ones of each component.

1, The impeller internal loss does not contain
a term related to the relative velocity distribu-
tion. Therefore, it is necessary to clarify the
effect of the relative velocity distribution on
impeller efficiency.

2. The vaned diffuser loss contains a teru
related to the diffusion ratio and the loss coef-
ficient, The loss coefficient employed differs
with the shape of ithe vaned diffuser, Therefore,
it is necessary to clarify the effect of the dif-
fusion ratio on the loss coefficient,

3. The scroll loss contains a term related to
the circumferential velocity and the loss coef-
ficient. The loss coefficient differs with the
scroll shape. Therefore, it is necessary to
clarify the effect of the scroll shape on the loss
coefficient and the circumferential static pressure
distribution,

After the performance design is finished, it can
be coupled with the CAD/CAM system which prepares
arrangement sheets, machining drawings and program
tapes for a numerically-contrclled machine tool,

EXI ERIMPNTAL AFP.RATUS AND MEASURING METHOW

Experimental apparatus

The experimental apparatus consisted of a test
centrifugal compressor, torque meter, UC motor
incorporating setup gears, cocler sand air piping.
A closed circuit of piping was employed to change
siuction pressure and temperature,
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Fig. 8 Relative velocity distribution along shroud surface
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Fig. 7 shows the sectional view of the test
centrifugal compressor,., Various diffusers and
scrolls could be attached to the down-stream sec-
tion of the impeller in accordance with respective
purposes. The external surfaces of diffuser and
scroll were covered with insulating material to
eliminate the heat leakage effect on the total
temperature,

Measuring methods

The performance of the centrifugal compressor
was obtained by measuring the total pressure, static
pressure and total temperature at the suction and
dischurge measuring sections using Xiel probes,
wall pressure taps and copper-constantan thermo-
couples.

Farticularly at the dischurge measuring section,
the measuring points were increased in view of the
flow distortion,

The total pressure, velocity and flow angle
were measured at three circumferential positions of
the impeller exit, diffuser exit and scroll using
cobra type yawmeters to evaluate the performance of
each component and know internal flow.

The flow rate was controlled with the valve at
the discharge side and measured with an orifice type
flow meter in the suction pipe line. Measured data
were on-~line processed by a data acquisition appa-
ratus using a mini-computer,

Test impellers

Test impellers were shrouded and had eighteen
backward leaning blades. The tip diameter was 250
millimeter, the exit blade angle was 75 deg., und
the specific speed was 0,587,

EXFPERIMENTAL RESJLTS AND DISCUSSION

Impeller relative velocity distribution

The effect of relative veloclty distribution
within the impeller on the performance is a very
important problem to design the impeller. This
problem was investigated by several researchers
(4,5), and the critical diffusion ratio of 1.7 -
2.0 was proposed. However, since the data of the
shrouded impeller was less avallable und the effect
in the process of diffusion were not clear, it was
decided to carry out a systematic experiment.

The relative velocity distribution on the
shroud surface was considered to be mos! important.
Therefore, an experimental investigation using five
backward leaning impellers with different relative
velocity distributions along the shroud surface
was carried out,

Fig. 8 shows the relative velocity distribu-
tions along the shroud surfhice calculated by the
quasi three—limensional flow analysis assuming no
internal losses,

The maximum diffusion ratios of the mean rela-
tive velocity of the I-1, 2 and 5 impellers are
almost equal from 1.47 to 1.54. However, the
process of diffusion differs, the diffusion of the
I-1 impeller is finished in the first half of the
flow passage, the I-2 impeller is diffused near the
inlet and exit, and the I-5 impeller is linearly
diffused., Though the maximum diffusion ratios of
the I-3 and I-4 impellers are almost equal from
1.69 to 1,72, the process of diffusion differs, the
diffusion of the I-3 impeller is finished in the
first half of the flow passage and accelerated in
the second half and the I-4 impeller is linearly

6

- -1 ->-1—4
-O-1-2 *+1-5
> ~5-1-3
g 10
2 ‘
o
S eel -
W ®
©
& 038
g 0.2 0.8
Flow coetticient ¢
Fig. 9 1Impeller efficiency
1.0
=)
2 08
4
ja
S 06
P
>
b 04
?
I
= 0.2 - Inlet Exit
0 ¢// 1 1 L 1 \\N

0 0.2 0.4 0.6 0.8 1.0
Blade camber line distance £/,

Fig. 10 Relative velocity distribution
along shroud surface (1-4 Impeller)

diffused. The diffusion ratios of relative velocity
along the suction surface of all impellers are kept
almost constant from 1.45 to 1.59,.

Fig. 9 shows the impeller efficiency of each
impeller combined with the vaneless diffuser of
1.75 radius ratio and the scroll., The impeller
efficiency of the I-1, 2 and 5 impellers is gen-
erally high, and that of the I-3 and 4 impellers
is low, Comparing the efficiency of the I-4
impeller with that of the I-1 impeller, at the
design flow rate the efficiency of the former is
approximately 3 percent lower than the latter and
the maximum efficiency is approximately 2 percent
lower than the latter,

When the rotational speed is varied, the spe-
cific volume at the impeller exit is varies, Con-
sequently, the diffusion ratio may be varied,

Fig., 10 shows the relutive velocity distribution
of the I-4 impeller when the rotational speed is
varied from 100 percent to 80 percent., When the
rotational speed is 80 percent, the maximum dif-
fusion ratio becomes almost equal to that of the
I-1 impeller,
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The stage stall is also shown in the figure,
Though the blockae factor at the stage stall does
not show a constant value, the stage stall is shift-
ed to the lower flow rate as the diffusion ratio
decreases. It is clear that the stage stall has a
strong relation to the diffusion ratio (6). Fig,

12 shows the flow distributisn at the impeller exit
of the T-4 impeller ut the design flow rate, it indi-
cates that the entire flow deviates to the hub side
and there is a large loss at the shroud side. This
tendency becomes more remarkable, since the maximum
diffusion ratio becomes large and the loss in-
creases when the flow rate decreases,

Also it is indicated that the flow of the shroud
side is improved and the loss decreases as the ro-
tational speed decreases and the maximum diffusion
ratio decreases,

The flow distribution at the 80 percent rota-
tional speed is considerably similar to that in case
of the I-1 impeller shown with a dotted line. The
impeller efficiency is roughly determined by the
maximum diffusion ratic of the mean relative
velocity, and the critical value is from 1.55 to
1.60., The diffusion process of the relative
velocity does not greatly affect the impeller
efficiency., However, when the impeller is diffused
as soon as possible within the critical value and
maintained at a low level, the friction loss de-
creases and the impeller efficiency slightly
increases.

1 60
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N=80% § N=80%
yw& S a0t e
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———~]1—-1 Impeller = d B ?
] oL
Shroud Hukbk Shroud Hub

2

Fig, 12 Flow distribution at impeller exit (1-4 Impeller fge = 225 deg.)

Fig. 11 shows the impeller efficiency, slip
factor and blockage factor of the I-4 impeller toge-
ther with those of the I-1 impeller when the rota-

tional speed

is varied.

When the rotational speed

is low and the diffusion ratio of the relative
velocity is low, the impeller efficiency increases

and is almost equal to that at the &0 percent
The slip factor is not affected
The calculated value by

rotational speed.
by the rotational speed.

the quasi three-dimensional flow analysis and the

experimental value of the slip factor of both

impellers are comparatively well coincided.
The blockage factor is strongly related to the
impeller efficiency and increases as the impeller

efficiency decreases.

Since the blockage factor

indicates the boundary layer development, flow dis-
tortion at the impeller exit, increase of the block-
age factor indic.tes that a large loss occurs due

to the boundary layer development and a resulting
secondary flow within the impeller and the flow is

distorted,

Diffusion ratio of vaned diffuser

With respect to the effect of dimensions on
performance of the conventional vaned diffuser, a
number of experimental investigations have been
carried out, and it was published by Sakurai (7)
that there was the optimum relation between the
equivalent enlargement angle and length ratio.

The diffusers used in the investigation had
circular arc blades with constant thickness, and
the experiments were carried out with a low Mach
number, The blade thickness distribution and com-
pressibility may affect the optimum value of the
vaned diffuser in some cases. Therefore, it was
decided to carry out the experiments mainly con-
cerning the diffusion ratio,

Table 1 shows the dimensions of vaned diffusers
which were used in the experiments. The blade
profile of these vaned diffusers was the NACA65
series,
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Table 1 Dimensions of vaned diffusers

3 = Ds/Dea=11 Ca/Cy Z | Ds/D, |7:(deq)] 7s(deq)
004t S o004t
o b o N D-1 0.44 25 1.1 27.3 47.0
1 - =106
= R 2 0.47 25 1.1 27.3 441
>
g 002y a 002y 3 | 053 25 1.1 21.3 39.4
° e
S z2=125 2 |cu/ci=044-054 4 | os3 | 25 | 14 213 | 312
Rl . A . 5 | 0.54 21 | 1.1 273 | 394
04 05 08 10 20 30 6§ | 054 17 | 11 273 | 394
Diffusion ratio G, /C; Number of blades Z B
7 0.45 25 1.06 27.3 417
Fig. 13 Adiabatic efficiency rise by diffusion R
ratio and number of blades of vaned diffusers 8 0.44 21 1.06 2713 45.2

The diffusion ratios of the D-1, 2, 3 and 4 dif=-
fusers differ. The diffusion ratios of the D-1,
5 and 6 diffusers are almost equal and the number
of blades differ, The D=7 and 2 diffusers have

small inlet radius ratio of 1,06 and different At outlet
numbers of blades.

Fig. 13 shows the adiabatic efficiency rise 4 Cp=0702
by the vaned diffuser at the design flow rate. In &

case of the D-2 diffuser, the adiabatic efficiency
rise is highest, and in case of the D=4 diffuser
it is lowest, The effect of diffusion ratio is
remarkable and the effect of the number of blades
is relatively small as far as experimented. The
optimum value of diffusion ratio is from 0.45 to
0.5 and almost equal to that in case of a low

Mach number,

When the number of blades is small, the perform-
ance characteristics tended to deteriorate at lower
flow rates and become high at higher flow rates,

Fig. 14 shows the static pressure distribution
of the D-1 diffuser. The vortex flow from the
impeller changes into the two~dimensional channel
flow, und the pressure recovery is smoothly carried
out in the diffuser channel at the design flow rate.
At the lower flow rate, the flow is slightly
separated on the suction surface near the inlet,
and the pressure recovery along the suction surface
is low because of the boundary layer development,
However, at the higher flow rate the flow is
separated on the pressure surface near the inlet,
and the pressure recovery is low through the dif-

fuser. At outlet \—‘\
N ; o distpd : ) _
Circumferential area distribution and cross : Cr)‘ 0.234

sectional shape of scroll

The flow in the scroll is very complex and
three—dimensional. The aprroximation of a simple
flow model is not sufficient for the loss analysis.
Therefore, it was decided to introduce the experi-
mental coefficient and obtain the loss from the
systematic experiments, OSince the distortion of
circumferential static pressure by the scroll
affects the upperstream flow i.e., the flow of the
diffuser and impeller in case of the vaneless
diffuser stage, the circumferential static pressure
distribution was also examined,

Fig. 15 shows the circumferential area distribu-
tion and cross sectional shape of scrolls used in
the experiments,

¢/ 9qes = 1.01
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Fig. 14 Pressure distribution of
D~-2 vaned diffuser
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The circumferential area distributions of the
S-1, 2 and 3 scrolls and determined so that the
total pressure loss is minimized, and the S-1 scroll
has a circular section, the 5-2 scroll has a square
section and the S-3 scroll has a rectangular section.
The S~ and 5 scrolls have the same circumferential
area distribution, cross sectional shape and dif-
ferent center diameters, The circumferential
area distribution of the S-6 seroll is determined
assuming that the angular momentum at the diffuser
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Fig. 17 Circumferential static pressure
distribution

outlet is kert in the scroll,

Fig. 16 shows the loss coefficient of scrolls.
The loss coefficient of the S-1 scroll is lowest,
and that of the collector is highest. Though the
effect of the cross sectional shape is relatively
small, the circumferential area distribution and
the center diameter of the scroll greatly affect
the loss coefficient. The value of loss coef-
ficient of the S=5 scroll having a small center
diameter is almost equal to the value of the
collector,

Fig. 17 shows the circumferential static
pressure distribution at the impeller and diffuser
exit at the design flow rate of the S-1, 7 scrolls
and the collector, The circumferential static
pressure distribution of the S-1 scroll is not
uniform as compared with the S-7 scroll and the
collector, and increases in the flow direction
along the scroll. This tendency appears remarkably
at the impeller e xit. However, such a circumferen-
tial static pressure distribution had no effects
on the stage stall as far as experimented.

Fig. 18 shows the velocity distribution in the
S-1 and 6 scrolls at the design flow rate. The
circumferential velocity is almost uniform in the
axial direction except at the angle of 90 deg., and
decreases as the radius increases in the radial
direction. Though the general tendencies of flows
in both scrolls are similar, the velocity level is
low in case of the S-1 scroll with a large section-
al area near the discharge side. The flow in the
cross section of the scroll rotates around the
center of the section and is diffused in the rota-
tional direction. Particularly, at the section of
the angle of 360 deg., the diffusion in the rotation-
al direction is remarkable.

A strong vortex flow from the diffuser exit is
gradually diffused as it rotates around the center,
and goes in the circumferential direction up to the
discharge as it is diffused,

The loss of the scroll becomes low when the
flow is diffused so that the total of wall friction
and mixing loss is minimized,
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Table 2 Specifications of 7900kW Air Compressor
Items Specilications
Type 2 Shafts 4 Stages

Flow rate

Suction pressure
Discharge pressure
Suction temperature
Gas handled

Motor power

28.01 m*/s
1.013 kg cm? abs
5.883kg,/cm’abs
30T

Air

7900kW 6p 60HZ

10

0.9 <
- -08 '
Q. 407 §
3 W log &
&8 Surge line 2
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I :
© 5r ‘é’
ot 4r— Valve i~
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o2t °
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Fig. 19 Over-all performance characteristics
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Fig. 20 Comparison of measured and predicted
performance characteristics of first stage

AFPLICATION TO A 7900 kW CENTRIFUGAL COMPRESSOR

The performance design procedure was applied to
a 7900 kW two-shaft, four-stage centrifugal com=-
pressor to demonstrate the usefulness.

Table 2 shows the design specifications of this
centrifugal compressor,

Fig. 19 shows the performance characteristics
obtained from field tests with a parameter of
suction valve opening. As can be seen, a very flat
efficiency characteristic having a wide operating
range was obtained. A high isothermal efficiency
of 75 percent was obtained at the design flow rate,
This efficiency is of the world's highest level
for same capacity centrifugal compressors. The
mechanical tests were fully satigfactory., The
machine had a vibration level of the shaft of from
10 to 15 um double amplitude. The noise level was
from 20 to 85 4B (A) with an insulating hood.

Fig. 20 shows the comparison between the
predicted and measured values of the first-stage
performance characteristics. Both values com-
paratively well coincide, and the usefulness of the
performance design procedure at the complete machine
was ascertained,
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Based on these test results, the two-shaft,
four-stage centrifugal compressors covered by the
thirteen sizes were put on the market,

The capacity range could be expanded up to
107.4 m3/s with the pressure ratioc from 5 to 7.

CONCLUSIONS

For the purpose of high efficiency and compact-
ness of large capacity centrifugal compressors, an
experimental investigation of each component was
carried out. The following conclusions were obtain-
ed.

1. Impeller efficiency was roughly determined by
the maximum diffusion ratio of the mean relative
velocity, and the critical value was from 1l.55 to
1.6, The optimum relative velocity distribution
was a combination with the rapid diffusicn within
the critical value and gradual acceleration,

2. Vaned diffuser efficiency was mainly determined
by the diffusion ratio., The optimum value was from
0.45 to 0,5, and almost equal to that in case of a
low Mach number,

3. Scroll loss was mainly deterrined by the circum-
ferential area distribution and the center diameter.
The optimum circumferential area distribution was
determined so that the total of wall friction and
mixing loss was minimized.

AR hese experirmental results were introduced in
the newly developed performance design procedure
including optimization, performance prediction and
flow analysis of each component.

5. Field test results of a 7900 kW four-stage air
compressor showed that the maximum isothermal ef-
ficiency was 75 ;ercent with the_ rressure ratio of
5.96 and the flow rate of 29.3 mi/s.
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