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Development of a Performance Prediction Method for 
Centrifugal Compressor Channel Diffusers 
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A hybrid performance prediction method is proposed in the present study. A channel diffuser 

is divided into four subregions: vaneless space, semi-vaneless space, channel, and channel exit 

region. One-dimensional compressible core flow and boundary layer calculation of each region 

with an incidence loss model and empirical correlation of residuary pressure recovery coefficient 

of a channel predict the performance of diffusers. Three channel diffusers are designed and tested 

for validating the developed prediction method. The pressure distributions from an impeller exit 

to the channel diffuser exit are measured and discussed for various operating conditions from 

choke to nearly surge conditions. The strong non-uniform pressure distribution which is caused 

by impeller-diffuser interaction is obtained over the vaneless and semi-vaneless spaces. The 

predicted performance shows good agreement with the measured performance of diffusers at a 

design condition as well as at off-design conditions. 
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Nomenc la ture  
A ' Area 

AS, 
B 
Cp 
D,t 
/ 
i 
L 
LC 
L /  W, 
m 
M 
P 

Po 
Prrr 

Throat aspect ratio Prrs 
Throat blockage R 

Pressure recovery coefficient Re 

Hydraulic diameter T 

Friction coefficient TLEs 
Incidence angle (degree) V 

Diffuser length x 

Pressure loss coefficient ZD 
Diffuser length to width ratio 

Mass flow rate 

Mach number 

Pressure 

* Corresponding Author, 
E-mail : kangsh @ snu.ac.kr 
TEL : +82-2-880-7113; FAX : +82-2-883-0179 
School of Mechanical and Aerospace Engineering, 
Seoul National University Shinlirn-Dong, Kwanak 
Gu, Seoul 151-742, Korea. (Manuscript Received July 
25, 2001; Revised May 27, 2002) 

: Total pressure 

: Total to total pressure ratio 

: Total to static pressure ratio 

: Radius 

: Reynolds number 

: Temperature 

: Diffuser vane leading edge thickness 

: Velocity 

: Coordinate of diffuser length 

: Number of diffuser vanes 

Greek symbols 

a3 Diffuser inlet vane angle (degree) 

~" Ratio of specific heats 

z'w Wall shear stress 

2¢ Divergence angle of diffuser vane 

(degree) 

Divergence angle of diffuser channel 

(degree) 
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Subscripts 
2 : Impeller exit (diffuser inlet) 

3 : Diffuser vane leading edge 

4 : Diffuser throat 

5 : Diffuser exit 

1. Introduction 

The centrifugal compressors are widely used in 

various technical fields, e.g. turbochargers, air 

suppliers, refrigeration systems, process compres- 

sors, small gas turbines, etc. When higher per- 

formance and efficiency are required, vaned 

diffuser is indispensable to achieve high pressure 

recovery. However, the design and performance 

prediction methods of vaned diffuser are not well 

developed. 

Flows from the impeller exit to the diffuser 

vanes are highly three dimensional and unsteady 

due to interaction between the two components. 

Detailed flows through an impeller and a diffuser 

were measured by Krain (1981, 1984) using a 

L2F. Dawes (1995) investigated the unsteady in- 

teraction using an unsteady numerical simulation. 

Kano et al. (1982) measured the steady pressure 

distributions in a channel diffuser for wide range 

of flow rate. Justen et al. (1998) measured an 

unsteady pressure field in a channel diffuser in 

design and near surge flow rates using the fast- 

response pressure transducers and visualized the 

instantaneous shock configurations at the choke 

limit. Kang et al. (2000, 2001) investigated the 

detailed pressure distributions and unsteady 

characteristics in a diffuser. However, the flow 

phenomena at the off-design conditions require 

further study. 

There are several parameters affecting the per- 

formance of vaned diffuser. Runstadler et al. 

(1969) suggested that inlet Mach number, Rey- 

nolds number, turbulence level, velocity profile 

shape factor, nonuniform velocity profile, etc. 

were important parameters for channel perform- 

ance. Hoffmann and co-workers (1981, 1984, 

1988) reported the effects of turbulence intensity 

and length scale on diffuser performance. Runs- 

tadler et al. (1969, 1973, 1975) and Sovran et al. 

(1967) reported that the throat blockage was 

one of the most critical parameters affecting 

channel performance. Because the flows are so 

complex, the performance is well predicted nei- 

ther by simple calculation nor by empirical 

correlation. 

In the present study, a hybrid flow loss model 

through a channel diffuser is obtained by analyz- 

ing the experimental data of Runstadler et al. 

(1969, 1973, 1975) as well as simple one-dimen- 

sional core flow and boundary layer calculations. 

Three channel diffusers are designed and their 

performances are tested to verify the developed 

method. Distributions of static pressure over the 

channel diffuser are also measured for the design, 

choke, and near surge flow conditions in the 

present study. 

2. Method of  Performance 

Prediction 

Figure 1 shows the design parameters of a 

channel diffuser. The diffuser region from an 

impeller exit to the diffuser exit is divided into 

four subregions as shown in Fig. 2; vaneless space 

from the impeller exit to the leading edge of a 

vane, semi-vaneless space downstream to the 

throat, straight channel region and channel exit 

region. Performances of each subregion are rea- 

sonably estimated to have total performance. 

••---%-.• 

Fig. i Configurations and parameters of channel 
diffuser 
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Fig. 3 Core flow model through the channel 

Fig. 2 Division of diffuser into four region (1: 
vaneless space, 2: semi-vaneless space, 3: 
channel, 4: channel exit) 

The method of Stanitz (1952) is used to calcu- 
late the one-dimensional compressible core flow 
calculation in a vaneless space. The semi-vaneless 
space is also regarded as a vaneless diffuser with 
reduced area due to vane thickness. Throat 
blockage is an important parameter which affects 
the performance of the channel region (Sovran 
et al., 1967; Runstadler et al., 1969). From the 
impeller exit to the throat of channel diffuser, 
boundary layer is calculated by the method of 
Walz (1969) to estimate the aerodynamic bloc- 
kage at the diffuser throat. 

The core flow of the channel is calculated by 
one-dimensional theory of adiabatic frictional 
flow with variable area and the conceptual sketch 
is shown in Fig. 3. The momentum equation, 
continuity equation, perfect gas law and the defi- 
nition of Mach number produce the following 
governing Eq. (1): 

d M _  I + Z 2 1 M 2  dA  
M l - M  2 A 

i) 

+ ' ' + Y ~ M Z T M 2 4 f d x  
- 1 - M  2 Du 

The relation of stagnation pressure and static 
pressure, and other adiabatic relations (Saad, 
1993) yield Eq. (2): 

dPo_ IM 2 4fdx (2) 
Po 2 Dn 

According to Eq. (2), stagnation pressure is 
affected by friction effects but is independent of 
area change. The results through the channel 
using Eqs. (l) and (2) with friction coefficient 

(f) of Karman-Nikuradse relation, Eq. (3), are 
used for the boundary conditions of boundary 
layer calculation along the channel wall. 

I 
-- 10.8+2 log10 (Re~/4-f) (3) 

where Re is Reynolds number. Then core flow 
and boundary layer calculations are repeated. The 
friction loss along the channel wall and kinetic 
energy loss at the channel exit are evaluated by 
above calculation, which are only part of the 
whole aerodynamic loss through the channel. The 

contributions from other sources should be rea- 
sonably estimated and added. 

The experimental data of Runstadler et al. 
(1969, 1973, 1975) are available tbr various 
channel diffusers. The empirical loss model is 
obtained to minimize prediction discrepancy. 
When the calculated pressure coefficients are 
subtracted from the experimental data, there are 
residuary coefficients which should be empirically 
estimated. Figure 4 shows a pressure recovery 
prediction error when the residuary loss model is 
applied for the case of AS4=I.0. Kang (1998) 
suggested the following empirical residuary loss 
model. 
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Cp,~, = ( C~ + C2M +. C3B) x (2 0) + C, + CsM 
+ C6M + CaB + Cr logl0 (AS,) 

(4) 

where Ct=0.0029, Cz=0.0089, C3=0.148, C4 = 

-0.078,  Cs-0.093,  (]6=0.75, C7=0.82. Figure 5 

shows a sample comparison of the predicted 

pressure recovery coefficients through the channel 

region by the present method and experimental 

database for a diffuser (throat aspect ratio of 

1.0, throat blockage of 0.02, inlet Mach number 

of 0.6, and length to width ratio of 16). For 

small pressure recovery at the channel exit reg- 

ion, an adiabatic frictional flow calculation is 
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Pressure recovery prediction error (AS4 = 1.0, 

Inlet M=0.2, 0.6, 1.0, Blockage=0.02, 0.06, 
0.12, mean error=0.011) 

performed through the exit region. For a wide 

range of inlet Mach number from 0.2 to 1.0 and 

throat blockage from 0.02 to 0.12, the small 

prediction error in pressure recovery coefficient of 

0.011 shows that the residuary loss is modeled 

well. The other cases (Kang, 1998) for wide range 

of throat aspect ratio also show good coincidence 

between the predictions and the measured data- 

base of Runstadler et al. (1969, 1973). The last 

loss-generating source remained is the incidence 

angle at the vane leading edge for off-design flow 

rates. The total pressure loss due to the incidence 

angle is modeled from the experimental data and 

will be discussed later. 

3. Exper imenta l  Faci l i ty  and 

Instrumentat ion  

Three diffusers are designed and their perfor- 

mances are evaluated with a single stage cen- 

trifugal compressor. The high-speed compressor 

test rig is composed of an impeller, a diffuser, a 

large collector with four outlet pipes, an inlet 

settling chamber, a radial turbine, and an in- 

strumentation system (Kang et al., 2000, 2001). 

The schematic view of the centrifugal compressor 

test facility is shown in Fig. 6. The radial turbine 

is driven by compressed air supply. The inlet and 

outlet total temperatures are measured using the 

T-type thermocouples installed at the settling 

chamber and the collector. The rotating speed of 
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Pressure recovery prediction of channel by 
developed loss model (AS4=I.0, Throat 
blockage=0.02, Inlet M=0.6, L/W4=I6) 
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Fig. 6 Schematic view of compressor test facility 



1148 Jeong-Seek Kang, Sung-Kook Cho and Shin-Hyoung Kang 

Table 1 Specifications of test impeller 

Impeller diameter 110 mm 

Inducer tip diameter 63.4 mm 

Inducer hub diameter 20.4 mm 

Inducer tip blade angle --60.0 deg. 

Inducer hub blade angle --29.2 deg 

Backsweep angle --35.0 deg. (from radial) 

Number of blades 18 

Design speed 60,000 rpm 

Impeller tip width 5.5 mm 

Table 2 S ecifications of three test channel diffusers 

Channel I Channel 2 Channel 3 

L/W4 11.4 8.35 14 

AS4 1.0 0.765 1.21 

20 (deg) 7.6 7.0 7.0 

ZD 25 19 29 

0 (deg) 3.4 5.97 2.71 

aa(deg) 70 70 70 

Ra/R2 1.1 1.1 1.1 

TLEa(mm) 0.5 0.5 0.5 

,,), 

Fig. 8 Impeller and test channel diffuser I 

the impeller is measured by an induced electro-  

magnetic force signal between the coil  and a 

permanent  magnet  fixed on the turbine shaft. The 

meridional  view of the test section is shown in 

Fig. 7. The  specifications of  the impeller and three 

test diffusers are shown in Table  I and 2. 

The test impeller and channel diffuser I are 

shown in Fig. 8 and the three channel  diffusers 

are shown in Fig. 9. The steady pressure dis- 

t r ibutions in the diffuser I are measured at 121 

pressure taps of  diameter  0.5 mm as shown in 

Fig. 10. The  measured uncertainties are 0 . 5 1 %  in 

mass flow rate and 0.35 % in static pressure ratio 

by the method of  Kline et al. (1953). 

4. M e a s u r e d  Per formance  and 
Pressure  Distr ibut ions  

4.1 P e r f o r m a n c e  

A steady compressor  performance was obtained 

for full range of  flow rate from choking to surge 

condi t ions  using t ime-averaged static pressures at ~ ~ the channel and impeller  exit as shown in Fig. 11. 

l J  The compressor  characteristics show positive 

slope near the surge condi t ion  and negative slope 

at the other  flow rates. The pressure recovery 

through the diffuser shows its maximum value 

4 l, near the design condi t ion  and gradual ly  decreases 

Fig. 7 Meridional view of tested impeller and at the oi l -des ign condit ions.  The pressure at the 

diffuser exit of  channel  diffuser decreases near the choking 

2opyright (C) 2003 NuriMedia Co., Ltd. 
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I 2 

I 

(a) Channel diffuser 1 

(b) Channel diffuser 2 

__ f ~ 1  . . . . . . . . . . .  ~ , __ 

(c) Channel diffuser 3 

Fig. 9 Three test channel diffusers 

~°~ ° ° ° • o ° t  

Fig. 10 Location of static pressure taps in the 

diffuser (channel l) 

1.8 

1.6 
a- 

1.4 

1.2 

Fig. 11 

• Clit~LIII~¢ tlll~ 
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-- Choking 
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0.1 0.2 0,3 0.4 0.5 
Mall (1~1) 

Performance map of compressor at 60,000 

rpm (Channel diffuser 1) 

condition, however, impeller exit pressure rather 

increases, which is due to a normal shock in the 

diffusers (Kang et al., 2000, 2001). The impeller 

exit pressure becomes higher than the diffuser exit 

pressure and the diffuser no longer works as a 

diffuser but as a convergent-divergent nozzle at 

choking conditions. 

4.2 Pressure Distributions 
Figure 12 shows the static pressure distribu- 

tions in a vaneless space. Circumferentially non- 

uniform pressure distributions are observed in 

the vaneless space due to high pressure at the 

leading edge where the flow stagnates. The high 

pressure vane leading edge of a vane strongly 

influences the pressure field in the vaneless and 

semi-vaneless space. The pressure level is lower 

and more uniform between the vanes afthough 

higher near the vane location. The pressure non- 

uniformity caused by the vane leading edge de- 

creases at the vaneless space and the pressures at 

the impeller exit are fairly uniform and does not 

show much variation between the pressure side 

and suction side. The pressure gradient is larger 

in the pressure side than in the suction side, For 

near surge flow rate, the pressure gradient in the 

vaneless and semi-vaneless space is lower than 

that for the design flow condition as shown in 

Fig. 12(b). Figure 13 shows the pressure dis- 

tribution at choke condition where normal shock 

, opyright (C) 2003 NuriMedia Co., Ltd. 
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(b) Near surge flow 

Fig. 12 Pressure distribution in the vaneless space of 

diffuser 1 

Fig. 13 Time-averaged pressure contour in diffuser 

1 at choke condition (Kang et al., 2001) 

occurs downstream of  throat  (Kang et al., 2001). 

The pressure distr ibutions along the vane 

1 

1 

0.5 

Fig. 14 

• PS (des ign )  
o SS (dutgn) 

~ ,  * P8 ( n e a r  surge)  

i a I i i I I I J J I I I I I t 
0 5 10 

x/W, 

Pressure variations along the channel for 

three flow rates in channel 1 (PS : Pressure 

side, SS : Suction side) 

surfaces are shown in Fig. 14. Most of  the 

pressure recovery occurs at the entry of  diffuser 

and the pressure gradient gradual ly  decreases to- 

wards downstream• At the design and near surge 

condit ions,  the pressure gradual ly  increases from 

the entry to the exit. Pressure difference between 

the pressure and suction sides is small• However ,  

at the choke condit ion,  large pressure difference 

appears between the pressure and suction sides of  

the vane leading edge and extends to the down-  

stream of  shock location. The  pressure on both 

sides converges at the location where x/W4 is 

about  5.3. 

5. Prediction of Performance  

The pressure recovery coefficient of  the channel 

diffusers is estimated using the reference dynamic 

pressure measured at the impeller  exit with the 

parallel  wall vaneless diffuser. The  performance 

of  the vaneless diffuser is regarded as a reference 

(Yoshinaga et al., 1980). Rexlt/Rz o f  the parallel 

wall vaneless diffuser is 2.0 and tip clearance is 

0.3 mm. The impeller  exit flow for the design 

condi t ion  is as fo l lows ;  m = 0 . 2 6 8  kg/s ,  Prrr= 
2.18, Prrs=l.57, M2=0.69, a,2=70.3deg.,  T2---- 

350.3 K, where m is mass flow rate, Prrr the total 

to total pressure ratio at the impeller exit, Prrs the 

total to static pressure ratio at the impeller  exit, 

, opyright (C) 2003 NuriMedia Co., Ltd. 
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Fig. 15 
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(b) Diffuser 2 (c) Diffuser 3 

Comparison of measured and predicted pressure recovery coefficients 

M2 the impeller exit Mach number, az the flow 

angle at impeller exit, and Tz the temperature at 

impeller exit. Since the value of pressure at the 

impeller exit hub side is slightly higher than that 

of the shroud side, the mean values of both sides 

are used as the reference static pressure at the 

impeller exit. Pressure recovery coefficient is 

defined as follows: 

C/~s= ( /~ - /~ )  / ( ~ z - / ~ )  (5) 

At design flow rate, the pressure recovery 

coefficient of channel diffuser 1, 2 and 3 are 0.733, 

0.664, and 0.661 and that of the vaneless diffuser 

is 0.572. The diffuser 1 shows the maximum 

pressure recovery at the design condition among 

them. Modeling shows low blockage and low 

friction loss for throat aspect ratio of 1.0. This 

result coincides with the experimental results of 

Runstadler et al. (1969, 1973) and Bhinder et al. 

(1983). 

The incidence loss which is the important 

component for off-design performance prediction 

is modeled as follows: 

L C =0.005 i 2 (6) 

where i is the incidence angle (vane angle-flow 

angle) of negative value. The coefficient is deter- 

mined using the measured pressure of the dif-  

2opyright (C) 2003 NuriMedia Co., 

fusers. It is assumed that there is no incidence loss 

if i is positive (less than 5 degree) where flow 

from the impeller exit is accelerated to the diffuser 

throat. The flow angle is estimated by one- 

dimensional flow calculation from the inlet to the 

throat. This model is valid for incidence angle, 

- - 1 0 < i < 5 .  

Figure 15 shows the measured and predicted 

pressure recovery coefficients for three channel 

diffusers. There is a good coincidence for the 

diffuser 1 not only at the design condition but 

also at the off-design conditions. The results for 

channel 2 and 3 are also satisfactory. 

6. C o n c l u s i o n  

A hybrid channel diffuser performance pre- 

diction method using four loss models-friction 

loss, incidence loss, blockage and complex flow 

loss, exit kinetic energy loss-is developed in the 

present study. Friction loss and exit kinetic ener- 

gy loss are obtained from calculation, while inci- 

dence loss and blockage and complex flow loss 

are obtained from the experimental data. Throat 

blockage which strongly affects the performance 

of channel is calculated through a boundary 

layer calculation. Incidence loss for off-design 

Ltd. 
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conditions is modeled from the measured data. 

Three channel diffusers are designed and their 

performances are tested to verify the developed 

method. The detail distributions of t ime-averaged 

pressure over a channel diffuser are measured. 

Strong non-uniform pressure distributions over 

the vaneless space and semi-vaneless space are 

obtained due to high pressure at the vane leading 

edge. This performance prediction method uses 

both experimental data and computational res- 

ults, so it is named as a hybrid method. The 

predicted performance shows a good coincidence 

with the experimentally evaluated performance of 

the channel diffusers at the off-design conditions 

as well as at the design condition. 
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