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ABs"rRACT 

In order to conlrol and suppress rotating stall in the diffuse,' 

of centnfugal turbo,nachine, a nel4' passive device using radial 

shallou' grooves is proposed and its effect is stndied theoretically 

and experilnentally. The results shol4' that the radial grooves of 3 

,mn depth can suppress ,-otating stall in the vaneless and vaned 

diffusers over ahnost all flol4' ranges. The radial grooves of only 

1 m,n depth on l,oth sidel4'alls can aiso suppress rotating stall. 

lheoretical considerations have revealed that these re,narkable 

effects of radial grooves are caused l,y tl4'o 'nechanis,ns; one is a 

sigmficant decrease in tangentialvelociO' dae to the 'nix'ing betT4'een 

the main /lol4' and the groove flout and the other is an increase in 

radial velocity due tc' the reverse flol4' in lhe g,'ooves. 

INTRODUCTION 

Rotating stall in vaneless and vaned diffusers not only make 

the stable operating range of pumps, fans and compressors very 
narrola', but also contribute severe damages to bearingsO). As 

such, many studies have been performed so far('~)~(5) and the method 

has long been pursued to suppress this unstablc phenomenonC6) 

Hovvever, most of the methods so far proposed induce complicated 

mechahisms, and thus reduce overall efficiency of a turbomachinc. 

'I11:erefore, it is as yet a strong requircment tt) hnd a simple method 

of suppressing rotating stall. . 
One of the present authors has studied extensively on axial 

thrust, and has innovated that radial grooves have remarkable ei'fect 

of reducing swirl strength of swirl flovv(7). Even though the radial 

grooves are very shallow with only I mm in depth, they can reduce 

the sl~'irl strength remarkably. It is then predicted that such a 

device could.be one possible way of controlling rotating stall in 

vaneless and vaned diffusers, as this unstable phenomenon occur 

in a rclatively small discharge range lh'ith large tangential velocity. 

The pr.esent study is thus aimed to rcveal the effects oi' radial 

grooves mounted on the diffuser lvall upon rotating stall in vaneless 

and vaned diffusers. In the first step of the study, the fundamcntal 

charactcristics of rotating stall in a paraflel-walled vaneless dirruscr 

arc determined expcrimcntally. In the second step, thc efl'cct of 

radial groovcs is sho¥~'n upon supprcssing rotating stall in vaneless 

and vaned diffusers c,cpcrimentally. And finally, the mechanism 

of suppressing rotating stall using radia] grooves is analyzod 

theoretically. Il~c hydraulic loss caused by radial grc]ovcs is also 

dctermi ned experi mentall~., . 

EXl'l,'.R]MENTAL A]'1'ARATUS ~D l'ROCEDUlu~S 

vaneless diffuser test and the other is the vaned diffuser test. Two 

kinds of parallel-wallcd diffuser test stands are shown in Figs.l 

(a) and I (b). The dimensions and the notations of theimpellers 

and the diffusers used in both tests are also shovvn in each figure. 

The impeller outlet v~'idth b2 is equal to the diffuser width b. In 

each test stand a variable speed motor is set to control the speed 

of the centrifugal impeller, and a supplemental blower is set at the 

upstream to control the flow rate widely. 

impeller vaneless diffuser 

(a) Vancless Diffuser test stand 

diSiuser vane 

= 125.5 

In order lo reveal the cffect ol' radial grooves on supprcss-

ing rotating s'tall, tvvo kinds of tests' are conducled. Onc is [hc 

(mm ) 

outer radius ro= 315 

inner radius ri = 125.5 

channel width b = 20 

vane number z ~= 20 

inrpeller (open) : (mm ) 

outer radius r2 = 125 

outlet width b2= 20 

outlet angle e2= 90' 

~) Vaned Diffusertest stand 

d if fu ser vane 

groove 

impcl ler 

(c) 
h. 

Diffuscr vanes and radial grooves 

Fig, I Test stand 
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Tue configuration of a diffuser vane in the vaned diffuser test 

is illustrated in Fig. I (c), vvhere the vanes are set at the radius 

ratio of R = r/rj =1.lO and the vane angle Pv = 9" When P~ vL'as 

larger than 16', no rotating stall occurred in all flow ranges. 

The radial grooves used in the vaneless diffuser tests are of 

the width 14'=10 ,n,n , the depth d=1 or 3 ,n,n and the number of 

grooves n is varied from 4 to 32. The groove length is equa] to 

(ro~ri) and short grooves of .b~O, 70 and 125 ,,u,t in length are also 

tested. In the vaned diffuser test 78 grooves of ~4';5 ,n,n and d=3 

,,un are used. In both of the tests the impeller speed is 3000 rp,n. 

and the corresponding Reynolds number Re s u2r2/v is 3.3 x l05 

v~'here u2 is the impeller tip speed and v is the kinematic viscosity 

of vvorking fluid. 
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EXPERIMENTAL RESULTS AND DISCUSSIONS 

Characteristics of Rotating Stall in a Vaneless Difitrser 

The wall pressure nuctuations measured at the radius ratio of 

R ~ r/r2 =1.10 in the vaneless diffuser are plotted in Pig. 1,-. The 

flow angle a is defined as a=tan~1(v~f/v~o)' where v~t and v~o are the 

sectipnal-averaged radial and tangential velocity components. 

When the flow angle is decreased by throttling the inlet flow, 

a periodical pressure fluctuation jnitiates at the flow angle a of 

about 26 ', corresponding to the flow coefficient of c ~ Q/~dlrr2b2u2 

= 0.33, where Q is the flow rate . This fluctuation grows to a clear 

sinusoidal oscillation as shown in Fig. 9-(a). The pressure data 

measured at three differentpDints in the tangential direction revealed 

that this oscillation is due to the rotating stall with two cells. With 

further decrease in flow rate, both the frequency and the amplitude 

increase as shown in Figs. '-(b) and (c), and the oscillation changes 

from a sinusoidal v~'ave to a triangular wave superimposed ,~,ith 

higher harmonic waves. The amplitude of two-cell-oscillation takes 

the maximum value near the flow angle of a=15' and decreases 

with further decrease in OL Around a= 1'_', another oscillation 

with much lower frequency is imposed to two-cell-oscillation as 

shown in Figs. '_(d) and (e). The phase measurement has revealed 

that this oscillation is the rotating stall v~'ith one cell. 

With further decrease in the flow rate, the one-cell-oscillation 

becomes prominent as shown in Figs. '- (e) and (i), and grows to a 

large pressure fluctuatioh whose amplitude amounts to about twice 

that of t¥~'o-cell-t]scillation. The frequency of this oscillation 

increases with a decrease in the fiol~' angie until cL=~~' and thcn 

decreases as shown in Fig. 2 (g), while the amplitude of two-ceil-

oscillation decreases monotonously and disappears. In the range 

of c0< 2' the rDtating stall disappears as shown in Fig. 2 (h). 

The behavior of the present rotating stall described above 

seems to be much different from that previously reported(1)-(6). ･Ib 

show the difference more clearly the non-dimensional amplitude 

and frequency are calculated and are shown in Figs. 3 (a) and ~). 

Here, the non-dimensional frequency ~ is defined as~) 
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where, f and ,n are the frequency and the number of cells 
respectively, and voi is the tangential velocity at the diffuser inlel. 

Figure 3(a) reveals that Lhe largest pressure fluctuation occurs 

Yvhen both one-cell-stall and two-cell-stall coexist and its range is 

5'< (x <13' in the case of 3000 rpm. 

According to the results(3)~(s), the non-dimensicmal frequency 

~ shows slight change or no change with a and takes the value of 

~ =1.1-1.2. But Fig. 3 ~) shows that ~ changes largely ¥~'ith a. 

~ is rc¥~'ritten as ~=('Iscr,f 1ln) / (v oirj/ r~), in ¥~'hich the numerator 
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?IsErdfi/,n is the stall propagation velocity per one cell at the diffuser 

outlet and lhe denominator voi rj/r. is the nuid tangential velocity 

at the diffuser outlet. The constant ~ value of the results(3)~(s) Ihen 

sholvs that the stall propagation velocity mainly depends upon lhc 

outlet flovL' charactiristics of the diffuser. 

On thc contrary, the prcsent results shovv that thc stall 

propagation velocity is largely innuenced by the flow angle (~ i. 

e., by the novL' behavior inside the diffuser rather than the no¥v 

behavior at the diffuser outlet. Further invesligation has revealed 

that almost all of Lhe diffusers used in the conventional studies had 

much smaller radius ratio of rJri<'-.O, than that of the present 
diffuser rJri=4.78. According to Jansene) and Tsujimotoe), the 

reverse flol~' near the wall could be the cause of rotating stall. In a 

small-sized diffuser, this reverse flow region soon expands to thc 

diffuser outlet with a decrease of a and after that the rotating stall 

should shovL' similar behavior against a decrease of cL, while in a 

large-sized diffuser the reverse flolA' region near the wall hardly 

expands to the diffuser outlet and the rotating stall should･ shovv 

several different pattems with a decrease of a. Thus, it is concluded 

that the present diffuser may give more general behavior of rotating 

stall than the conventional ones. 

Suppression of Rotating Stall in a Vaneless Diffuser by Radial 

Grooves 
In order to suppress rotating stall in a vaneless diffuser, 

several kinds of radial grooves were tested. Radial grooves were 

mounted on one sidewall or both sidewalls, and the effect of grooves 

was revealed experimentally togetherwith the hydraulic loss caused 

by the radial grooves. 

In the first step of the measurements, the number n of the 

grooves was increased for the fixed depth of d=3 mm and the 

la'idth of vl'=iO mm. With an increase in number of grooves irom 

4, the amplitude of vvall pressure fluctuation decreased remarkably 

and the flolA' rate range of rotating stall also decreased largely. 

But it was not until n=32, when the stall ,A,as completely suppressed 

over the whole flovv range. As an example, the I~'all pressure 

fluctuation measured at R=1.10 is compared with the no-grooved 

case in Fig. 4. This is the case of the largest pressure fluctuation, 

that is, at a -- 8.4'. Referring to rig. '- (O, it is c'learly seen that 

the periodic pressure fluctuation is completely suppressed. 

Several kinds of grooves vvith various dimensions la'ere further 

tested and it was revealed that the groove dimensions v~'hich could 

suppress the rotating stall completely in all fio¥A' ranges livere 3'-n 

x 3 mmdx 10 mm" on t]ne side¥A'all and 3'_'x I mmUx 10 mm~ 

on both sidewalls. The larger dimensions than those mentioned 

here can suppress rotating stall completely for all flolA' ranges. 

The sectional velocity profiles at R=1.10 in these cases are 

compared in Figs. 5 (a) and C))･ in which z is the distance from the 

upper v~'all. Figure 5 (a) shows that the decrease in tangential 

velocity ve caused by shallow grooves is surprisingly large, though 

the change of radial velocity vr is limited only near the vL'all as 

shown in Fig. .b~ (b). 

The short gn)oves were also tested and the results sho¥A'ed that 

they could also suppress rotating stall remarkably. For example, 

the grooves of 50 mm in length and of 32n x 3dx 10" on one 

side¥~'all reduces the range of rotating stall irom a ~ 26' to a ~ 7' 

and the amplitude to a half. Although they could not suppress 

rotating stall completely, yet they were very effective. 

The use of radial grDoves is inevitably associated v~'ith the 

reduction of the overall performance of a turbomachine, because 

thcy decrease the tangential velocity of the diffuserflo~A'. HolA'ever, 

the reduction of tangcntial velocit), also decre'ases the friction loss 

in diffuser, ¥vhich improves the diffuser performance. In order to 
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examine the total hydraulic loss increase, the total pressures are 

measured at the upstream and the outlet of the impeller, R=1.lO, 

The total pressure at the diffuser outlet is the atmospheric pressure. 

The total pressure differences at R=1,lO and at the diffuser 

outlet from the impeller inlet are plotted in Figs. 6 (a) and 6 (b) 

respectively and only for the case of the most effective groove 

dimensions. Comparison of Fig. 6 (a) with 6 (b) reveals that the 

hydraulic loss amounts to about O.'_ x pu22/'- at the impeller outlet 

(Fig. 6 (a)), but about 0.1 x pu22/'- is recovered in the diffuser 

channel (Fig. 6 (b)). This means that the increase in total loss by 

grooves is about 100/0 of pu22/2. Here, it is to bc noted that in the 

largest pressure fluctuating range around c-0.1'_, the total pressure 

loss takes the minimum value of about )~a/o of pu,_21'-. 

As the total pressure at the impeller outlet depends mainly 

upon the impeller specific speed, it is difficult to deduce a general 

conclusion. However, it should bc remarked that the total pressure 

loss of 0.05 x pu22/'- is the compensation for the suppressiDn of the 

most severe prcssure fluctuation. 

Suppression of Rotating Stall in a Vaned Difthser 

With a decrease in flow rate in the vaned diffuser test, 

rotating stall initiated at the flov~' rate around c*0.020, and the 

pressure fluctuation showed a triangular wave, which is typical for 

the rotating stall of a vaned diffuser. With further decrease in 

flow rate the amplitude of the pressure fluctuation showed no 

change and the frequency increased a little. Figure 7(a) illustrates 

the typical fluctuation measured 'at R=;･10 and at the middle of the 

vaned channel for the case of c=0.014. 

In order to suppress the rotating stall, the radial grooves of 

n=78, d=3 mm andl4'--5 mm are used on both sidewalls as shown 

in Fig. I (c). Since the area between the impeller outlet and the 

diffuser vane inlet is very small, the number of the grooves is 

increased much more than the vaneless diffuser case. The effect 

of grooves is illustrated in Fig. 7 (b). 'lhe rotating stall is shown 

to be suppressed and no periodical pressure fluctuation is seen. 

When thegrDoved wall is used, an increase of hydraulic loss 

isinevitably associated. Tue total pressurevariations are cDmpared 

in Fig.8 among the no groove case [1, the grooved-wall case A 

and the vaneless diffuser case e, In the vaneless diffuser case 

rotating stall occurred in all flow ranges and the total pressure is 

the smallest among the three( C], A, e) over the whole flow 

range. In the vaned diffuser case with no groove the total pressure 

suddenly drops due to the initiation of rotating stall aroundc*0.0'_O. 

In the vaned diffuser with grooves, the total pressure takes the 

intermediate values betlA'een the vaned diffuser and the vaneless 

diffuser over the whole flow range, and the hydraulic loss due to 

the grooves amounts to about 8% of pu 2P... In this case the 

rotating stall was completely suppressed over all flow ranges but 

for a very low range of c<0.005, the total pressure dropped as 

shown in Fig. 8. 
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Theoretieal Consideration 

In c]rder to elucidate the mechanism of suppressing rotating 

stall, the effects of radial grooves are studied theorctically. The 

purposc of the analysis is to reveal the change ol mean now 

characteristics by providing radial grooves, and thus the steady 

incompressible flow in a parallel-walled vaneless diffuser with 

grooves is analyzed in the followings. 

Rotating stall generally occurs in the low flov~' range where the 

Fig. 9 Flo~A' near the inlet of vaneless diffuser ~A'ith radial grooves 

radial velocity v, is much smalier than the tangential vclocity vo' 

Supposing v, <<vo in the vaneless diffuser vvith radial grooves, the 

equations of angular momentum balance, momentum balance and 

of continuity are written as follows using the notations in Fig. 9: 

d/dr['_Tcp?bv~,v~o] ~ Pr~(dQddr) = -4Jt~1:o (,~) 
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dp/dr = pV2/r 

2gl:rbv~, = Q 

(3) 

(4) 

where, bar denotes the averaged value over the section from the 

upper v~'all 7_=0 to the iolA'er wall z=b, and the double bar denotcs 

the mass-averaged one. QGis the now rate of the groove flow. In 
the momentum equation (3), the integration v02dz isapproximated f

 to (Jrvedz)1.., and the error due to this approximation amounts up to 

~_o/o at most. The second term in the left hand of Eq. (2) represents 

the loss of angular momentum caused by the flow coming into the 

groove. If the groove flow comes into the main flow, this term 

should be considered as O. 

The tangential component of the shearing stress 1:o in Eq. ('-) 

is e,cpressed as follola's I~'hen the flow distortion parameter K'(~~ 

VI v ~ is introduced~) e/ amax] ' 

N = ¥ l~ O. 
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The flolA' distortion parameter K' is expressed as follows(8) for the 

case of b!a=b: 

K v8/vemax=0.88K, K~v~o/v~=e O 812/coll4 (6) 

Generally speaking, the groove flow is driven by the radial 
pressure gradient and thus flows in the invvard direction. The balance 

of forces in the groove is then expressed as 
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Adp 1:osdr 1:0=0.108p(QG/.4 )2(v.4//Qod)o~5 (7) 

where, A and s are the sectional area and the wetted surface length 

of the groove, respectively. ~o is the wall shearing stress on the 

groove wau and is expressed as shovvn above referring to Blasius. 

Introducing Eqs. (3)-(7) into Eq. (2) yields the following 

non-dimensional equation. 

I'lere it is supposed that the main flolA' and the groove flow soon 

mix to be uniform in ~he small region Ar shown in Fig. 9. The 

angular momentum balance in this small control volume determines 

the value Vea(s v03lu2) at R=1+ Ar/r~ and is expressed as 

pr2ve2Q = Pr3v~~e3(Q+ Q G~ + 2Jr291;r21:8dr (11) 

{c+a(V621R)4r7 }RdV/dR = - Ve{ c + a(Ve2lR)fv7 } 

- 
(since)o.184 (RVd coscL)rsl6 (8) 

Comparison and Discussions ofTheoretical Data and Vaneless 

where, Vo~velu,_ and R ~r/r2' a and b are expressed as 

a = O.)~68 Reln (D]2n W Ilnn)/(D+W)4nB2Kv7 

0184 , 0186 b=0.049/Re ' K ' B2 

vvhere, D ~d/r2, W ~wlr._ and B_7 sb2/r2' 

If there is no groove, a becomes O and Eq. 

analytically to give ; 

(8) can be solved 

0184 0186 1/B2 1+ 0'0400(sina21Re) ' 1/2 ' 

R
-
1
)
}
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I/ R 1'816 cB2(K I cosd2 ) 
(9) 

The effects of grooves are to bc determined from Eq. (8) 

numerically, vvhich requires the boundary value V02 at R=1.0. 

boundary value V02 is predictcd from Eq. 

empirical relation measured at R=1.10 in the no groove case. 

'Il~e 

(9) by giving thc following 

(x3=78.3c (at R=1.lO) (10) 

When the grooves are mounted on the diffuser wall, the 

gn]ovc flovv comes inward in the groove and mixes with the main 

flow resulting in a sudden drop of the bDundary value at R=1.0. 

DifYuscr Test Data 

The conspicuous effect of radial grooves is to decrease the 

tangential velocity of the main flol~' as is already shDwn in Fig, 

5(a). To confirm the validity of the theory, comparison of the 
theoretical and measured tangential velocity v~o is shown in Fig. 

10(a) at R=1.10 and Fig. 10(b) at R=1.64. Three cases are plotted, 

the no groove case (e), the grooved wall case of I mm depth on 

both walls (C]) and that of 3 mm depth on the upper wall (A). 

Figure lO(a) reveals that v~B near the diffuser inlet decreases 

remarkably over the vvhole flovv range by the grooves of only 1 

mm depth, and that the groove effect increases v~'ith a decrease in 

c. But the decrease of v~G is relatively small at R=1.64 from Fig. 

10(b). 'Ille present theory is seen to give good prediction to the 

mcasured data of 3 mm depth case. Here it is to be remarked that 

thc I mm-depth-groove on both walls has almost the same effect 

as the 3 mm-depth-groove on one sidelA'all, though the theory does 

nol ~vcll agree ~~'ith the Imm-depth-groove. This might be due to 

a rapid increase of radial velocity near the wall IA'hich is not 

considered in the theory based on the mean flovv. 

lb discuss the mechanism of suppressing rotating stall by 

shallow grooves, the change of fiow angle a is illustrated in Figs. 

ll (a) at R=1.10 and 11 (b) at R=1.64. A considerable uniforrn 

increase of a is caused for over all discharge ranges, and this 

increase is seen noi locally but over the whole diffuser region. It is 
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also revealed that complete suppression of rotating stall i'or over 

all flow ranges requires about 7.5-8.5' increase <)f the mean flow 

angle at R=1.lO. If the increase of a were caused only by the 

decrease of tangential velocity, it would become much smaller 

than that sho,A'n in Fig. Il. This means that the radial velocity vf 

also increases l,argely. To show this more clearly, the theoretical 

results of the flow raie ratio QG/Q at R=1.10 are illustrated in Fig. 

1'_. It is surprising that the flow rate amounts to more than 400/0 of 

the main no~~' in the shallow grooves of 3 mm depth in the lovv 

flow range. As the increase of vr is limited to the vicinity of the 

wall as shown in Fig. 5(b), the flow angle near the I~'all should 

become much larger. 

To reveal the detailed mechanism of suppressing rotating 

stall by the grooves, the contribution of mixing between the main 

flow and the groove flow is separated in the theory by neglecting 

Eq. (11). The increase of a then becomes 3.5-4' for all fiow 

ranges at R=1.lO in ,he case of 3 mm-depth-groove, which is half 

of the total increase of ct. 

Accordingly, it is concluded that remarkable effects of radial 

grooves are caused by the following two mechanisms; one is a 

remarkable decrease of tangential velocity at the diffuser inlet due 

to the mixing between the main ilow and the groove flo~v, and the 

other is a remarkable increase of radial velocity due to the reverse 

flol~' in the grooves. Both the effects have the same weight ol' 

contribution to increase the flow angle. Even if the groove is very 

shallow such as d=1 mm, the increase of flow angle is very large 

near the wall, which suppresses rotating stall over the whole flow 

range. 

CONCLUSIONS 
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Th eo ry 

In order to suppress rotating stall in vaneless and vaned 

diffusers, a new passive device using radial grooves is proposed 

and its effect is confirmed theoretically and experimentally, and 

the characteristics of rotating stall in a large-sized diffuser are 

deterrnined. The conclusions are summarized as follows; 

(1) Tuough the shallow radial grooves are very simple, the effect 

of decreasing flow angle is conspicuous. Using the groove 

dimensions of 3'_n x 3d x lOw on one sidewall or 3'-n x Id x 10 on ~ 

both walls, the rotating stall in a vaneless diffuser is completely 

suppressed in all flow ranges. Using the short grooves of 78n x 3d 

x .)~v, the rotating stall in a vaned diffuser is also completely 

suppressed in almost all flow rangcs. 

(9_) The theory has revealed the mec.hanism of suppressing rotating 

stall by radial grooves, i. e., the following two mechanisms; one is 

a remarkable decrease of tangential velocity at the diffuser inlel 

due to the mixing between the main flow and the groove 110w, and 

the other is the remarkable incrcase of radial velocity duc to the 

reverse flow in the grooves. Both effects have thc samc weight of 

contribution to increase the flow angle. Since the increase of a 

flow angle is espccially large near the ~vall, the shallow groovcs 

on both the walls have nearly the same effe'ct as the deepcr groovcs 

on one side vvall. 

(3 ) To suppress the largest pressure 1luctuation of rotating stall 

requires 7._~~-g.5' increase of a flow angle. But the radial grooves 

reduce the flo¥A' angle uniformly in all flow ranges. This causes 

additional hydraulic loss of (5-1 O)o/oof pu2'~/2 in a vaneless diffuser 

and about 80/0 of pu2'~/~- in a vaned diffuser. 

(4) Rotating stall in a large-sized vaneless diffuser sho¥vs many 

different pattems depending on the flow anglc, as the region of the 

rcverse flo¥A' induced near the wall hardly expands t() the diffuscr 

outlet. On the contrary, in a small-sized diffuscr thc flo~v pattcrn 

of rotating stall changcs little ~vith the change of a ilo~v angle. 

Fig. I l 
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