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Abs亡ract

Inorderto　control　andbalance　a滋al　thmstofturbo　machine，manytypes　ofbalancing　devices

are　usedbutmostofthem　are　complicated　and　some丘mes　ca腿setroubles．：㎞this　study，avely

simple　deviceofusing　shallowgroovesmountedon　acasingwa11，㎞own　as“J－Groove”，is

proposed　and　studied　eXperimenta皿y　and　theore藤cally．The　result　shows　that70％of　axiaI

血rust　in　an　industda14－stage　centri釦gal　pump　can　be　reduced　at　the　best　ef行ciency　point．

Moreover，the　analy丘c瓠methodof“inter蝕edgap紐ow”isestablishedan⑫simplefbrmula

which　can　detem血etheoptimumdimensionofgroove　andits　locationisproposed．

Inセ0αuction

In　order　to　balance　axial　thrust　of　t斑bo－machines，many　d亭vices　such　as　balancing　disk，

balanc孟ng　dmm，balanclng　hole　and　sealing　system　are　used．Howeve蔦many　ofthese　devices

become　complicatedandcauseproblems　such　asthevibrationbybalancingdisk．Therefbre，a

vely　simple　devicetobalance　axialthrustisstronεIydesired．

Kurokawa　et　a1．have　verified　that　a　n㎜1ber　ofradial　sal蓋ow　grooves　mounted　on　a　cas五ng

幅H　can　dras丘cally　decrease　axia1血n熔t（Ref1）。As　shown　in　Fig．1，“J－Groove”，wi血only　l

orseve圃㎜ofdep血，c舳魏c組lydecreasethes而rls往en幽inthe翻gapHow
between　an　impeller　s㎞loud　and　a　casing　wall．By　this　swirl　decreasing　ef琵ct，the　radial

pressure　d孟stribu“on　curve　is且a賃ened　and血e　axial　thrust　is　considerably　reduced．

This　study　is　intended　to　apply　this　simple　de、4ce　to　contro豆axiaI　th』mst　of　mul丘．stage

centri釦gal　pump　and　examine　the　effectiveness　of　J．Groove。Also，this　study　proposes　a

simp董e　caIcula丘on　method　to　determine　the　op“mum　dimension　ofgroove　and　its　loca辰on　to

balance　axia1血mst　wi血out　using　any　otherbalancing　devices．

When　grooves　are　mou血ted　on　a　casing　wa11，astrong　mdial　outflowappears　inthe　axial　gap．
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However, in the case of the strong radial oufflow in a very narrow gap, a proper flow model to 

express the flow field is not established yet. This study will develop a new calculation model 

for "a narrow gap flow". With this new model, this study will develop a calculation method to 

deal with every type of flow from narrow to wide gap flow. 
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Fig. I 11lustration of J-Groove installed on the front wall of pump casing 

Theoretical analysis 

The pressure acting on the impeller shroud causes axial thrust. Therefore, axial thrust analysis 

consists of flow analysis in the gap between a rotating ' and a stationary wall and the 

determination of boundary values. Kurokawa et al. have studied with an enclosed rotating 

disc, which substitutes the flow between the casing wall and the shroud of an impeller (Ref 2). 

Due to the trend to large size and high speed of centrifugal turbo-machine, a calculation 

method that covers wide range of Reynolds number is required. Even if CFD-codes are used, 

it is still difflcult to calculate the axial thrust, since the total axial thrust amounts to only a 

few o/o of axial force working on the shroud and high accuracy of 0.lO/o is required. To cover 

all of these requirements, this study uses the momentum integral method by assuming 

logarithm law as the velocity profile of the gap flow. 

In the gap flow there are generally the following two types. One is the "non-interfered gap 

flovV' which has been widely used in many cases, and the other the "interfered gap flovf', 

shown in Figs.2 and 3. In the former, the flow consists of the boundary layers on both walls 

and the core flow in which the tangential velocity u is expressed as Kr a/ and no radial flow 

exist. But in the latter, the core flow disappears and the bounday layers interfere with each 

other. The interfered gap flow usually exists when the gap is very narrow or/and radial 

outflow is superimposed, and can be seen in the rear side of a multi-stage centrifugal pump or 

in the cooling device of a turbine rotor. 

In both types of flow, the flow characterishcs are determined from the eqtiations of 



23'd IAHR Symposium - Yokohama 

October 2006 

3 (3) 

momentum, angular momentum and continuity shown in the followings; 

a rr v2dz-r'u2de= r ap ~ars ~(T,e+T,e) (1) ar lo Jo 

=_r2 (r ) a f* 
*e + T,e 

p
 

[~de + Jfov'dz' - Ql 

- tlf 
(
3
 
)
 

where r and z are radial and axial distances, respectively, u and v are tangential and radial 

velocities, p is pressure, p is density of fluid, T , and T , are wall shearing stresses of 

rotating and stationay walls, respectively. Ql is through flow rate in the axial gap, and Ql>0 

when outflow is superposed. Subscripts r and e are radial and tangential components, 

res pectively. 

Rotating wau R ct, ating walt 

stationary wall 

Fig. 2 Non-interfered gap flow model 

r
 stationary walL 

Fig. 3 Interfered gap fiow model 

Theory of non-interfered gap flow 

As shown in the above, the non-interfered gap flow consists of the boundary layers on both 

walls assuming the followings; 

i. The core flow existing between 2 boundary layers has a tangential velocity u expressed as 

Krco andno radial flow. 

ii. The velocity distribution in the boundary layer on the stationary wall is expressed as below: 

v* ~ 1 
iii.The velocity distribution in the boundary layer on the rotating wall (denoted by dash (')) is 

expressed as below: 

' ra' 6) = - p(~) v'* v'* 
v
'
 
~
 = v~ ~l 

,, v.z v.z , ~= 

~(~)= 2.5ln(9.0~ + l) are defmed as so. 

From the Daily's equation of boundary layer thickness on the rotating disk, 
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6 = 0.400(1 - K)2 r (8) (a'r2/v ~ (Ref 3) 

When equations (4) to (8) are inserted into equations (2) and (3), tangential velocity ratio K 

can be determine by an ordinary differential equation on R (=rlr2) as below. 

dK fl(K R C ) = f2(K,R,Cq) (9) 

"qdR 
where C rs the nondimensronal through flow rate and rs defmed as Cq = Ql /2pui a) 

Theory ofinterfered gap flow 

In an interfered gap flow the core flow disappears and the bounday layers interfere with each 

other that are caused by a very narrow gap or/and radial outflow. The following assumption is 

adopted for the calculation of the flow. 

i. The boundary layers interfere at center of the gap and its tangential velocity is Kr a) . 

ii. The velocity distribution on the side of stationary wall is expressed as below: 

v* 

v _a(1- q )ip(a) +b c(~) (11) v. ~(vl ) '71 

iii. The velocity distribution on the side of rotating wall is expressed as below: 

' ra) 12) = ' ~ip(~) 

v 
ip(CI ) '

 v* 

,, where ~=v.z, ~=v.z , u=u'=Kra' (at q=ql and ~=~1) and ~(~)=2.5ln(9.0~+1) 
v v 

are defined as so. 

When above equations are inserted into equations (2) ahd (3), K can be determined by an 

ordinary differential equation on R as below. 

dK 
f (K R C ) = f4(K.R,Cq) (14) "qdR 

Theory in the case of J-Groove installed on the casing wall-

When the J-Groove is installed on the casing wall, the radial inward flow is induced in the 

shallow groove due to the pressure gradient. The groove flow makes the outward flow along a 

rotating disk increase to satisfy the equation of continuity, that is 

[vdz + Jrov'da = Ql +QC 

, (15) 
where Ql and QG are radial through flow rate in the axial gap between rotating disk and 

stationary casing wall and the flow rate in the grooves, respectively. 

The groove flow is detemined by the radial balance as below. 
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where 1:, and rh are shear stress to radial direction and hydraulic radius of the groove, 

res pectively. 

Determination of pressure distribution and axial thrust 

From equation (1), pressure distribution can be determined as below. 

[ Cq ) 

R2S dR 
)
l
 

where C is defined as C = (p-p P_2 22 2 p p 2 r a' (p2 is the pressure at rr2.) and S is gap ratio 

defined as S = slr2 ' 

The axial force working on each side of the impeller can be determined by integrating the 

pressure distribution as below. 

F = [~ 2mp(r)dr = CF Pgac2 a' (18) 42 

where ri and r2 are the inner and outer radius of impeller, respectively, and CF is the axial 

force coefficient. 

The total axial thrust T is given by the difference of axial forces FF, FR On front and rear 

shroud and momentum change of the inlet flow working on the impeller as below. 

where Q [m~/s] is main flow rate and v [m/s] is flow velocity at the mouth of impeller. 

Evaluation of the interfered gap flow model. 

s
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Fig. 4 Rotating disk model 
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In order to confirm the validity and reliability of present theoretical analysis, comparison is 

conducted among the results from the present theoretical analysis, CFD calculation by use of 

commercial code ANSYS CFX and experiment using the enclosed rotating disc model as 

shown in Fig. 4. In the case of CFD calculation when radial outflow is imposed on a very 

narrow gap flow, the result of CFD calculation is hardly converged because tangential 

velocity becomes almost zero. Therefore, present CFD and experimental conditions in Fig. 5 

are deterrnined in consideration of a limit convergence range of CFD calcul ation by the rate of 

axial gap versus flow rate of radial outfiow. The momentum integral method (using 

"interfered gap flow model") and a k- a/ model in the CFD calculation are compared in Fig. 5 

where the radial pressure distributions in a narrow gap along an enclosed rotating disk with 

superimp6sed radial flow are compared. Figure 5 reveals that the present theory (momentum 

integral method), CFD (k- a/ model) and experiment (Daily et al., Ref 3) agree well each 

other. 

Test pump and reduction of axial thrust by J-Groove 

Purnp inlet knpeller Pump outlet 

Fig. 6 4-stage centrifugal pump tested 
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Figure 6 shows an industrial 4-stage 
centrifugal pump teste(t Specific speed of 

the pump is n*=256 [min~1, m3/min, mj. The 

radius of impeller r2 is 46.5mm and there is 

a cut at R (=r/r2)=0.892 of rear shroud. The 

impeller has 6 blades and the blade outlet 

angle is 22.5'. J-Groove is mounted on the 

casing wall and its dimension is depth 

d=1mm x width w=10mm x length 
l=26.75mm and numbers n=0 to 12. 

Maximum efflciency of the test pump does 

not change by the installation of J-Groove as 

showa in Fig. 7. However, by installation of 

J-Groove, axial thrust is reduced 
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Number ofgrooves per I stage (n) 

Fig. 7 Maximum efficiency vS. 
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considerably　in　the　all　flow　rate　ranges　and　similadty　law　is　kept　even　with　the　use　of　J一

αoove　as　shown　in　Fig．8．Espec三ally，in　the　case　of　groove　number　of　n雲12，axial血mst

decreasesconsiderably．Itisseen血atthea滋althmsta仙ebestefEciencypoint（委0．067）

drops　by70％．

Ef艶c亡ofJ－Groove2mαits　op血numd㎞ension

Thepre磁cteddis血buti・ns・fpress肛e』 ・e伍cientq適血e費・nt脚・舳etestp㎜IP㎝d
axiahhmstreduc褥on∠lCTby　use　ofJ」（3roove　are　compared　with　the　e琴perimental　results　in

Fig．9．Non－interf◎red　gap　f1ow　model　is　adopted　fbr　the　theoretical　analysis，as　the　present

theory　revealedthatthe重nwardleakageflowrate　is　vely　largeinthe　f塾ont　shroud　gap．Alarge

inwardflowis　inducgdinthegroove，resul面g　aIargeoutwardfiowin　the　axial　gap　to　sa近sfy

血e　equa怠on　of　con盛nui鍬．There負）reシtangen磁al　veloci鯉decreases　remarkably　and　the　radial

pressure　gradientbecome寧gradu雄。Theoredcal　results　correspondto　those　ofthe　eXperiment

well．
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In　order　to　deter血ne　the　optimum　dimensions　of　J－Groove，many　calcula丘ons　were

perODmed　by　ch飢1ging血e　p訂ameters　ofpump　dimensions　and　groove　dimensions．The

c組culated　results　revealed　that　the　eff6ct　ofall　parameters　on　axial　thrust　can　be　represented

by　one　parameteち　that　is　2て7ハ配）．def三ned　as　魚》llows．The　TCハb．is　dehved　by　血e

multiplica冠on　ofJENo。（Ref4）andtheresultsofmany　calcula蕊onsfbrtheparameters。

　　　　π物・一n（卿）12”（2D＋研）一5／7刀ノ5（1－Rw）3Bw2／5CP、κ．2Rel14　　（20）

曲ere五）ニφケ2，研二W〃2，L＝砕2，Rw＝んケ2（Wea血g　ring　ra磁US），βw＝ゐンケ2（Wearing　ring
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veloci‡yra丘o　attheimpelleroutletゴrespectively。

AlI　the　results　are　s㎜ahzed　in　in　Fig．10，wh藍ch　is　apP1孟cable　to　any鯉pes　of　centd血gaI

pump　and　any　J－Groove　dimensions．Ordinate　represents　the　diffピrential　t㎞ust　deflned　as

∠CT一（T一篇8）／働4ω2where轟gisthev樋ue・f血職inthe幡e・fn・J・α・・ve，鋤d

abscissarevealsπ7ハめ．v》hich　considers　the　effbct　ofthe　dimension　ofg郵oove，wearing　ring，

impeIIer　outlet　boundaτy　conditions　and　the　Reynol（蛤nu血ber　The　figure　shows　that　l

c㎜dline訂1inecanbe血awnthmugh血eplots・feve・ydif艶rentcondiゆ．1hisc面linear
line　is　plotted　us孟ng　the　equa五〇n（21）to　detem血e　the　op丘mum　dimension　of　groove　to

baIance　axial　thrust　under　any　condi廿on．

　　　　　　　　　　　　　　　　ロロタ　　
　　　　　△CT竃一4．3＠恥）　　　　　　　　．　（21）

V切hile，there　is　a　lin鍾ta顧on　of血e　above　equa額on衰》r　eveτy　condi樋on，because血60utlet

press肛e・f孟mpellerc㎝’tbel・we曲㎝血eimerpress肛e油ichme甲曲atc・mpletely舩

distribution　wil豆be　the互imit　This　cri亟cal　value　of　a】dal　thmst　reduc媛on，Cπ声，which　is

derived　by　mul恒plication　of　the　results　of　many　calcula丘ons　pe㎡b㎜ed　by　changing　the

p飢ametersofp㎜pdimensions，isgivenby血efbllo輌nglbmu1＆1

　　　　　△CT．．＝O・0318（1－R．）砿6C鰍6Re軌02CJα2　　　　　（22）

By　using　these　equat重ons，it　isゆossible　to　detem血e　the　optimum　dimension　ofJ－Groove　and

血eli血伽・n・fthe∠CTv副uet・b田ancethe翻証㎞st・facen曲9謡P卿。



23噛AHR　Symposium－Yokohama
October2006

9（9）

haddi丘on，血edi歯en梱麟由㎞st（∠CT）increおesastheleakage（∠Cg）increおest・・．

The　equa戯on　to　detem血e　the　rate　of∠Cg　per∠CT　is　shown　as　below　Moreoveちthe

co∬ela蕊on　is　shown　in　Fig。11．

　　　△C9／△CT－O・8510－Rw）一L2B↓2C謁5K∫α2Reα。7　　　　（23）

　　　　　　　　　　2蓬10¢1
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Fig．11The　rate　of∠」Cレper∠CT

　O

Conclusions

1．　J－Groove　attached　on　t1｝e章ont　casing　wall　of　an　industri田4－stage　cen面fhg謡pump

　reduced　axial　thmst　considerably　over　the　whole　fiow　rate　range．At　the　best　e伍ciency

　point，70％ofaxial　t㎞ustis　reduced．Presenttheo1ypredicts　thegroove　ef琵ctwell．

2．Present　theoly　predicts　the　pressure　distribu額on　ofgap｛10wimposed　with　radial　throu⑳

　flowwe11丘omave！ynaπowgapto　awidega巫
3．A　guideline　fbr　op廿mum　configurations　of　J－Groove　is『 roposed　using　a　simple

　calcula“on　methodwhich　considers　the　effbctofthe　dimensions　ofgroove，wearing　ring，

　bo㎜daly　conditionsofimpellero磁letandReynoldsmmbertobalancetheaxialthmst
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