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SUMMARY

I. Title
Compressor Stall and Surge Control Technology
II. Objectives and significance

The performance of a centrifugal compressor is typically characterized as its
pressure ratio, flow rate, and efficiency. Stability can also be considered as
another important performance factor. The flow instabil_ity of compressor results
not only in the deterioration of compressor performance, but also in the
mechanical damages due to the dynamic excitations, especially, at high pressure,
high mass flow applications. Rotating stall is a limiting factor that determines
stable operation range of compressor. Therefore the studies on the rotating stall
have been focused on depressing the occurrence of rotating stall and expanding
the stable operation range. Especially, in case of turbomachinries that operating
condition frequently changes, turbochargers and gas turbine engines for aircraft,
the extension of the Stable operating range for a turbo-compressor is more

important factor.

M. Contents and scope

In this research, a centrifugal compressor with unshrouded radial bladed
impeller, parallel wall vaneless diffuser, and vaned diffuser was manufactured.

Experimental research was conducted for rotating stall in vaneless and vaned
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diffuser by high frequency pressure transducer and hot-wire probe. From the
experiment, the number of rotating stall cell and its propagation speed were
observed. The present investigation also puts its focus on the periodic flow
behavior in vaneless diffuser of a centrifugal compressor under rotating stall.
The flow characteristics such as the phase averaged radial and tangential
velocity fluctuation and the absolute flow angle were measured to understand
the complex flow physics during rotating stall. The flow characteristics of
reverse flow at rotating stall onset point and at further reduced flow rate are
also discussed. Several different types of vaneless diffuser, constant area type,
half contraction, and pinched types, were designed and manufactured in order to
investigate their performance and characteristics of rotating stall. Vaned
diffusers, straight vane type, were also designed and manufactured to study on
the effect of solidity and stagger angle of vane. An analytical method was

proposed to evaluate the flow which was not symmetric between the walls.

IV. Research results

This study has conducted on rotating stall and flow behavior vaneless diffuser
of a centrifugal compressor by using I-type hot-wire probe to extend the stable
operating range. From experimental results on velocity in diffuser, it was
observed the appearance of rotating stall, and the number of stall cell was one
at each rotational speeds (1800, 2400, 3000, and 3560 rpm). As the flow rate
decreased, the propagation speed of the rotating stall cell increased, and as the
rotating speed of the impeller increased, the propagation speed also increased.
As the flow rate decreased, the profile of radial velocity component changed

from a sawtooth to a sine wave. According to the analytic study, asymmetric



flow at the diffuser inlet influenced the stability of flow in the vaneless diffuser.
The flow instability in the diffuser can be improved by contracting the passage
width of diffuser inlet or by using a pinched diffuser. For the vaned diffuser,
The characteristics of performance and rotating stall of the compressor were
dominated by stagger angle rather than number of the vane . As the stagger
angle of the vane decreases, onset of the rotating stall decreases and the

maximum flow rate of the compressor also decreases.

IV. Future plan and recommendations

On basis of this research that was focused on the understanding the
phenomenon of rotating stall and experimental results, experimental data base
for the prediction on the compressor stall was constructed, and can be used as
a prediction model to analyze the compressor stability for the conventional
and/or new model of the compressor. The adequate flow model to calculate the
flow in a diffuser was also established. From these results, it is believed that
the technology on the compressors and their related fields was advanced.

The research to suppress the rotating stall and improve the operating range is
necessary to be continued. It is considered that the stall characteristics on the
several different types of impeller, backward type, etc., is another important
research. The study on the surge was not performed for this research period
because of some limits of the scale of research fund and the experimental test
rig, however, it is necessary to be included in a research plan and to be

investigated in the near future.
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b diffuser width

Cs: wall friction coefficient

C, : static pressure rise coefficient

D diameter or distortion of velocity distribution,
D= aU/U

e skew parameter, e=tanvy,,

f frequency

G velocity gradient of the main flow

K, : constant in the equation (4.28)

M sampling number or Mach number

m rotating stall cell number or exponent in the equation (4.2)

n exponent in the equation (4.1)

p static pressure

PSD : Power Spectral Density

Q : flow rate

r radius

R; : Reynolds number, R;= Us/v

T Temperature

t time

U : impeller tip speed or main-flow velocity

u main-flow component of velocity v

_10_



v velocity in the boundary layer

w main-flow component of velocity v

y distance from the shroud wall

z distance from diffuser hub wall or distance from
the wall

a : absolute flow angle

a, difference of skew angle and main angle , a— 7,

B shear force direction from the tangéntial direction

Yw ° skew angle

o boundary layer thickness

o density

T, wall shear stress

D, o : flow coefficient

x adiabatic exponent

Superscripts

- mean

- Vector
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Subscripts

0 total

1 impeller inlet

2 impeller exit or diffuser inlet
h hub side

I impeller or boundary layer no.l or 2
k : inlet plenum

r radial component

rs rotating stall

s shroud side

., 6 ; tangential component

u main-flow component
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y)oltHl6l. € dreMe 94 4271dA stall ¥ surge 5& 2oz 5}
71983 Aol s nEsr)|2 s}

Loss
characteristic

Compressor
characteristic (4)

. Pressure ratio

Flow coefticient

Fig.2.1 Stability of compressor operation[15.

wg=velocity of blades relative to casing
op=velocity of stall cells relative to blades

Fig.2.2 Three-cell stall pattern[5.
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Lennemann and Howard(17]= hydrogen bubble technique® ©]&3}t rotating
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2}A vaneless diffuserol 419l stall2 12929 ¥le] A (separation point)°) 74
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3. 9% OFA A% (Vaned diffuser stall)
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ol ZAastA o] JAode] AH]L3| B(static pressure recovery)® Q) leading
edge®] 2&Zto]l FristA Hi, olEld F FFol s stallo] T E3F
stalle] A} &£+ diffuser vane) solidity7t ZHaghol] wet F7hgtch

Haupt(1819] A7 LALE719] vaned diffuser rotating stallel g+ &A% 2

_18_



FE& BAF 1 3= Fig2.3e rotating stall®] 548 Qs AHolth Stall cell?
542 4HAMZ Z2FHJR gAY BHol=9 &L strain gaugeZ =AY
o AS F L vaneless diffuserdl Aol 238 BAFE ooy Euix g g
FA 274 2 & FFNLWY stall EHS YA R Z A 14000, 15000
rpmol A& stall celle] YERR] @gt3 16000 rpmoll A E stall celle) 47 2712
ZU%. Channel diffusers A$E A3 AFNA Vel oD, cambered vane
diffuserdl & ddH o2 n3|dsoM Uelwth @k cambered vaneo] tl &3
YT FE3LY AXFEE AAE R&wolE rotating stalld) S4o) A W)
& U000 pm)A AT FAHAT stall cell= 2742 FARAY. T2} 2
dol= 39 VX2 3A Frlste AYE 7MAST o437 o] rotating stall

& gHol=e) Aol 4L NATGE RS ¢ £ Yok

170024

vow-@‘mjm‘"“l
E oo @(CL‘ ecmd
a2 | B €D com 2z
g_ I I : : Qaa s
& 130004 :
17 e (ool
5§ @
& Dacral

11000 4 ) )

1 O B

saco] . s ma

| Pt

Fig.2.3 Results of blade vibration measurements in
the range of occurrence of rotating stall[18.
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1 4 L 4 | ] ] 4 L 1 4
ok Air Equivalent Speed 42,350 rpm l’\\ Jeo
Test Speed in LSM 29,000 rpm AN
N\
_Collector Pcol JSurge S
S} T N s
& \ \ 1 -
. { Diffuser Throat P 4 #208 %
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P o ; -4 20
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] Speed N e —
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Fig.2.4 Pressure variation during the surge at 42,000rpm
( 85% speed, 1 psia = 6.89 kPa ) [21.
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At oy oFAY 43 FoAYL Fig.3.23 Table 3.2 YerlY o,

)

L7 intet duct

3 couphing 9: 1ollerirail
i2) impelier ® driving motor -
@ collecting chamber 7 support 18 bellmouth
‘4) bearing housing 8 bed

Fig.3.1 (b) Photograph of compressor test facility
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Table. 3.1 Geometry of impeller

Impeller exit diameter 418 mm
Impeller hub diameter 110 mm
Impeller tip diameter 240 mm

Number of impeller blade

17 (no splitter)

Impeller exit blade angle

90° -
(from tangential direction)

Table. 3.2 Geometry of diffusers

He
4

Y7473 |2797| 97 =

7 = 5%

420 mm | 720 mm | 19.4 mm

194 mm| Fo| 43 FPg v FA

15 mm

113 mm (#E @@do] ¥ CFA

16.8 mm Pinched 3 =2} ] &£ A

145 mm Pinched & Ej9] o] & A
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Fig.3.11 Pressure fluctuation amplitude spectra with flow rate
at 3000 rpm (Case A diffuser)
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Fig.3.12 Pressure fluctuation amplitude spectra with flow rate
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Fig.3.21 Phase averaged radial, tangential and absolute flow angle

distribution with diffuser radius ratio and axial distance
during rotating stall( ¢ =0.16)
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z=10

solidity=0.85
stagger=6T7-

1=120.0{mm)

radius ratio=1.09(229mm

Fig.3.24 Vaned diffuser (plate vane)

Table 3.3 Vaned diffuser geometry and test cases

Case A Case B Case C
Number of vane 8 10 ' 16
Vane type Straight |  Straight Straight
Vane length 120 mm 120 mm 120 mm
Solidity
Inlet radius ratio 1.09 1.09 1.09
Stagger angle 15° 123" |30° |15° |23° [30° [15° [23° |30°




4

2 |

120

19.45 J

Fig.3.26 (a) Geometry of static pressure tabs
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Fig. 3.26 (b) Photograph of the vaned diffuser (Zvd=16, y =23deg.)
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| Fig. 3.27 Compressor performance with impeller
rotating speed (Zvd=16, 7 =23 deg.)
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Fig. 3.28 Compressor performance with  Fig. 3.29 Compressor performance with
stagger angle of diffuser vane number of diffuser vane
(Zvd=16, 3000rpm) (7 =23 deg., 3000rpm)
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Fig.3.30 Pressure fluctuation amplitude spectra with flow rate

at 3000 rpm (7 =15 and 23 deg)
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Fig.3.30 Pressure fluctuation amplitude spectra with flow rate
at 3000 rpm (7 = 30 deg) (cont.)
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Fig.3.31 Pressure fluctuation amplitude spectra at diffuser inlet with
respect to number of diffuser vane (3000 rpm, 7 =23 deg., ¢=0.23)
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Fig.4.6 Static pressure coefficient distribution with the exponent, m:
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