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ABSTRACT 

In the load rc_~edtion test of Kazunogawa punrped storagc P. S. in Japan, an abnonnal axial thnlst occurrcd in a 

high-head reversible punrp-turbine (412 MW and 7 1 4 m et't~ective head). The rotating parts including a runner 

moved 4 nun upv,'ard in the axial directiorL After taking several countemleasures, this machine is now' operating 

without any problem, but the. detailed mechanism of transient axial thrust is not yet clear, though such a 

transient up-thrust has long been known. 

The present studv is thus aimed to dctcnninc the reason w'hy such abridrm'al axial thrust is caused at the tramsient 

operation and how to reduc e abnonnal thrust. H.ere adopted i s a theoretical approach w'hi: ch has been proved to 

give satisfactorv. results in predicting punrp ax'ial thrust. 

RlisUM~ 

Lors dcs tests dc coupure de la ce;ntr･,ilc a aciLunulation de Kazunog'awa au J.,tpolc~ une pouss6e axialc anormale 

est apparue dac~s' une pompe-turbine haute chute (41 2 MW et 7 1 4 m de chute effective). I_,es parties en rotation, 

y compris la roue, se sont soulev6es axialement de 4 nun. Apres al/oir entrepris plusieurs mesures correctives 

ce'tte machine fonctionne mamtenant norrnalement. Toutefors le m6canl s me dc"tatll6 conduisant a' cette pouss 6e 

axiale transitoire vers le haut n'est pas encore clair, bien clue ce ph6nom~net soit connu depuis longtemps. 

La pr6scntc etudc 'a d' msi pour but dc dc"tenniner les raisons pour lescluelles ccttc poussc'e' axl~le est apparue lors 

des nlamleuwes transitoires et conunent ha r~duire. Une approche th60rique a.vant montr6 des resultats 

satisfaisant pour la pr6diction de pouss~e axiale dan~s les pompes a et6 utilis6e. 

NOMENCLATURE 
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INT. RODUCT:ION 

In thc load re.jection tcst of Kazunogawa pumped storage P. S. in Japan, an abnormal axial 

thrust occurred in the No. I r~versible pump-turbine (vertical axis Fransis type, 412MW and 

714m ef~_ective head). The rotating parts inc]uding a runner moved 4 mm upr¥'ard in the axial 

direction. Afier taking several countermeasures, this machine is no~¥' operating bvithout an.v 

problem, but the detailed_ mechanism of transient axial thrust is not _vet clear. 

The a:im of the present study thus is ; I ) to make clear the mechanism of so-called "up-thrust" 

in the transient operation of a high-head pump-turbine, 2) to establjsh the prediction method 

of a,xial thrust, 3) to propose the method of reducing such an abnormal axial thrust. 

Axial thrust of high-head pump turbine amounts to onl_v lo/o or less of the fluid force acting 
on one back wall of a runner, and the Rcynolds nuniber amounts to more than I O8. Therefore, 

an accurate prediction is still verv_' difficult due to such a small axial thrust and a large 

Reynolds number, even ifthe state ofthe art CFD codes are applied to axial thmst prediction, 

In addition, there are still many problems in the stead.v a,xial thrust, such as a scale effect of 

a,xial thrust, an increase of axial thrust due to wear of seal parts, and so on. Thus one more 

aim of the present stud_v is 4) to determine the scale effect of axial thrust. 

Authors have long been developing a theoretical method of predicting a~xial thrust of pumps. 

This method has been proved to give satisfactory results for the prediction of ptunp thrust 

(Refs. l, 2). In the present paper, a theoretical approach is taken to predict the behavior of 

steady and transient axial thrust, and the results are compared w[th the experimental data. 

THEORY A. ND CAL, CULATION PROCE:DU~RE 

Th eo ry 

Axial thrust is a residual f.orcc of all the fluid forces acting on runncr surface. The main part 

of axial thrust is the difi]erence of both axial forces acting on the back of cro~va and band of a 

runner. These axial forces are remarkab]_v influenced b_v leakage. In both back sides of a 

ruuner many balancing devices are adopted to reduce axial thrust, such as balancing pipes 

and balancing holes. As the balancing devices form many leakage paths, the accur,ac_v of 

axiaj thrust calculation is largel_v dependent upon the leakage calculation in a practical use. 

Therefiore, in order to deterrnine the axia] forces in the range ofven_' Iarge Reyno[ds number, 

it is necessary to adopt integra] method using the universai velocity' Ia~~i', that is logarithmic 

velocit~., distribtLtion. One of the prescnt authors has developed this theon.' to reveal the 

roughness effect of rotating disk flow (Ref. 3). Here, it is fttrther developed to determine the 

axial thrust behavior in the very' Iarge Reynolds number range of a high-hoad runner equipped 

with man_v kinds ofbalancing devices. 

The flo¥v at the back of a ntnner is basicall.v anal.vzed using a rotating disk flow enclosed in a 

c_vlindrical c~sing, in ¥vhich the goveming equations are expressed as follovvs: 
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Equation of Continuity 

Angular Momentum Balance 

Momentum Balance 
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(1) 

(9~) 

(3) 

¥vhere z is the axial distance from ~vall and r is radius. u and v are tangentral and radial 

velocities, respectively and prime(') refers to rotating wall. p and T are pressure and shearing 

stress (_Subscripts o denotes tangential component) and 3. 5 are boundary' Ia_ver thickness 

along the stationanF_'(S) and rot,ating(R) wall, respectively. Ql is the leakage flow-rate. 

For velocit_v profile. Iogarithmic velocity applicable to high Rc_vnolds number is assumed ; 

u/v~ =ip(,7), v/v' =- ~ - ~ (4) al rll,71 (17) 

~
 

u'/v"=t'a'/v"-ip~), v'/v;=a'(1-~'/CI ~') (5) 

where, ip(g')= 2.5 In(9~+1),~= v.z/ ,', and subscript I refers to the edge of boundary la.ver. 

1~; , =1~~ . ･' The friction velocity v' ~: Ts / p, v* - T1~ /p are determln~d from thc boundary condition; 

u u Kr(t' at z'=3(n=~i), z=(S(C=Cl) (6) 
The boundarv_' Iayer thickness on the rotating wall is assumed referring to Daily (Ref-4) as 

5=0.526(1-K)2r/ c2'r . v 

Substituting Eqs.(,4)-(7) to Eqs.(2) and (3) through :Eq.(1), two ordinary differential equationS 

as for the tangential velocity' ratioK~~ C,'It'co and the non-dmjensional prcssure Cr = 2-plpr02r02 

are expressed as a f'. unction of radius ratio R~~ rhb . 

To solve tbese equations in a high-head pump turbine, it is of key importance to determine 

accurate boundary values, ~~'hich are given b_v solving the follow'ing equation of the angular 

momentttm balance at cvery' control surface where the space configuration changes. 

J" 'A'2,~r (TRe 1~sr,)dr+AfcR Mcs = 4A4: ~ ･i/vli" (8) .* '" .**t ' 

where, AAl~~1 ' ItA4fi~ are angu]ar momentum which leakagc takes into or brings out of the 

control surface, and AfRC,. Ads'c' are friction torque of rotating and stationary c_v]indrical ¥~'~al]. 

R.unner Configuration Analyzed and Transient 'Up-Thrust 

The configuration of .Kazunogawa No,1 runner is shown in Fig. I -together with several 
balancing devices, the outer balancing pipes (BP) bonnecting the backs spaces between band 

and cro¥vn> the inner balancing pipes (BPD1･) connecting cro¥~'~n to draft tube, and balancing 

holes(BH). The leakage paths are also il]ustrated in the t~1gure, in ~vhich the non-dimensiona] 

leakage Cqc , CqB at the inlet of crox~i'n and band, CqBJ>, (.'qL)r at the outer and inner balancing 

pipes, respectively, and CqB/./ at the balancing hole. 
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F'ig. 2 Time histor.v ofload reJection te'st ･---3.,'4 I_oad p7g. I No. 1- Runner 

Asswning every leakage adequately, the pressure distribution around a runner is calculated. 

and then every leakage is so modified that all the boLtndar~i.' pressures ,at the outlet of all flow 

fields (BP outlet. BPDT outlet. BH outlet) arc' equal to the given values. Axial thrust AT' is 

given as the difference of axial forces T~; at the back of crown a~id T)3 at the back of band 

including the momentum change pQV ofoutiet fiol~'~; AT= Tc' ~ T1; -pQV -FB, ¥vher,e, FB js the 

axial force caused by the do¥~'nstream pressure at the runner outlet. 

The measured time history of the load rejection test is illustrated in Fig. 2, in which a large 

up-thrust is seen at about 3s after the start. This a[so reveals th'at an abnormal phenomena, 

such as ~~i'ater hammering or draft surge, is not the cause of the present up-thrust. 

RESULTS AND DISCUSSIONS (1) ------- TRANSIENT AX:lAL THRUST 

To revea] the cause of up-thrust, the fol]o¥~'ing items should be iu' ily examinedj 

( I ) Flow'~ unsteadiness, or a time lag due of the response to the sudden increase of rotational 

speed and pressure in the runner backside flovv 

(2) Peculiar behaviors of rumer inlet flow' and outlet flow (flo~v in the ruuner e.ve) 
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Flow Unsteadiness 

The unsteadiness of the rotationa] flo¥v is caused bv acceleration or deceleration of the ¥vall 

speed, and can be basicall.v studied referring to the flow along a suddenl.v accelerated rotating 

disk. One of the present authors (Ref. 5) revealed that the velocitl'.' field along an enclosed 

rotating disk is formed very fast fo]lowing the change of'disk rotational speed as shown in 

Figs. 3 (a) and (b). 

When the disk starts to rotate in an infinite space, the disk boundan.' Iayer is formed verv_' 

slow'l_v due to fluid viscosity. But in the case of enclosed rotating disk in a c_vlindrical casing. 

the fl. uid starts to rotate very quick]_v with the time lag of 0.3s because ofthe secondary' flow 

effect (Ref. 5). Thc velocitv.' field is formed very quickl.v as shown in Fig. -3(a), and the axial 

force also f'o]]olvs the rotational speed verv_' quickly as shovvn in Fig. 3(b). 

C.ompared ¥¥'ith the above-mentioned. change. Fig. 2 reveals that the phenomena is much 

slower in tbe load rejection of a pump-turbine, and then it is conc]uded that the flow-field at 

the back of a runner can be treated as quasi-stead_v. Here, the change of pressure in the outer 

radii might cause appreciable time lag to the flovv change in the inner radii due to the fluid 

viscosity in the annular seal. According to RJef. 6 of a suddenly accelerated pipe flovv, the 

velocitv.' field is formed ven"' quickl.v vvith the time lag of about 0.8s follow'ing the pressure 

change. This result suggests that the velocity field of a seal flow is also formed very quickl_v. 

To show' the seal effi. ect of a high head pump-turbine, the ca[cu]ated pressure distribution is 

sho~~'~n in Fig. 4 ~vith the comparison ~~i'ith the measurements ofthe model test. The annular 

~eal is so tight that about a half of the ntnner head drops at the step-tyl)e annular seal. Further 

calculation revealed that the runner seal is so tight that the pre'ssure changes little in the inner 

radii in spite of large pressure change in the outer radii. This also means that a large pressure 

change jn the outer radii causes so large change of leakagc flow-rate as to kecp thc pressure 

in the inner radii almost constant. 

From these results, it is concluded that the nmner backside flovv responds so quickly to the 

change of runner inlet pressure and rotational speed that it can be treated as. quasi-stead_v. In 

the followjng calculations the transient a~~~ial thrust is t_reated as quasi-steady state. 
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P~g. 4 Pressure distribution al lhe back oj'runner 
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Peculiar Behavior of Runner Inlet Flow and Outlet Flow 

To reveal the cause of up-thrust at the load rejection, the transient axial thrust is calcuiated 

using the measured pressures at nmner inlet and draft tube inlet as the boundary values. 

The calculated time historv.' of axial thrust is shown in Fig. 5(a), in which the runner [nlet 

pressures plO I;/B at the cro¥¥'~n and band are estimated under the assumption that they are 

proportiona] to the priming pressure in Fig. 2. T, his result reveals that there is no possibi[ity of 

abnormal up-thrust at the load rejection in spite of l,arge change of plO plB. 
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P~g. .5 C'alclJ/ated time histor_v ofax~ial thrust under dl:~. ~rent assumptions 

In the load rejection the runner outlet flow changes and has a strong swirl which causes a 

rapid pressure drop around a runner cone. To reveal this effect on axial thrust, calculations 

were futlher perf'ormed changing the runner outlet condition_ ' The extreme case is that the 

runner cone pressure is zero, in 1~'hich case the upo~'ard axial thrust increased a little. It is thus 

revealed that the runner outlet flow behavior has no possibilitv.' of causing' any abnormal axial 

thrust even if it is extreme]y di.ff'erent from the normal state. 

Here, it is to be paid attention in Fig. 2 that the measured back pressures at R= 0.81 have 

small difference betu･een band and crowa by about l-20/0 throug'hout the lo~d rejection, 
though the ca:lculation gave no d[fference. This difference should come from the difference of 

the flow at the runner inlet. 

In order to confrrm this influence on ,axial thrust, the runner inlet pressures plc', PIB Were so 

mod[fied that the both calculated pressures at the measuring points are equal to the measured. 

The calcuiated time history' of ax[al thrust is sho¥~~n in Fig. 5(b), It reveals tb,at the maximum 

up-thrust of 495 ton is calculated, which is near[v_ equal to the weight of rotating 'part. 

Moreover, the configuration of time dependence curve of ax'ial thrust is very near t. o the 

measured, and the calculated period of the maximum up-thrust is same as the measured. This 

reveals that the cause of abnormal up-thrust is the pressure diff'erence betvveen band and 

crown at the runner periphery'. In Fig. 5(b) is also plotted the runner inlet pressures pl(~ plB, 

¥~'hich take the maxi mum at 3s faster than the period of maximum-thrust and 2s s[o¥~,'er than 

the period of maximum rotation. This also reveals that the sudden increase of priming 

pressure and rotational speed due to guide vane c[osure is not the direct origin causing 

abnormal axial thrust. 

If the pressure difference at runner inlet ¥vere I o/o higher in the band and I o/o lo¥ver in the 

crowTl, the calculated up-thrust could be 63O ton, which exceed the weight of rotating" Parts. 
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Cause and Countermeasure of Up-Thrust 

As discussed in the above, the main' cause of abnormal up-thmst shotild be the pressure 

diff'erence in the runner inlet section between crown and band, and the abnorrnal flow in the 

runner outlet section should not cause such large up-thrust. Transient flow behavior at the 

back of a iunner also shotild not cause abnormal axial thrust. The calculation also reveals that 

the difference of runner inlet pressure betw'een crow'n and band exists not only in the transient 

operation but in the stead_v operation as shown at the period of t = Os in Fig. 5(b). The 

problem is that this pressure difference becomes larger in the transient operation due to a 

sudden decrease of iloby-rate. In pumps the outlet flow f'rom a dentril>ugal impeller deviates to 

suction side and has the same kind of pressure difference in the low flow operation, w'hich 

cause a rapid increase of axial thrust. ' 

When the balancing pipes are mounted betvveen crown and band, the axial thrust curve in 

Figy. 5(b) moves almost parallel to the do~mward direction, resulting in that the maximum 

axial thrust becomes much smaller. When the balancing pipes are mounted near to the runner 

periphery, the axial thrust almost balances. 

RESULTS AND DISCUSSI ONS (2) ------ SCALE EFF:ECT IN AXIAL THRUST 

Axial thrust of a protot_vpe is usually estimated from the model test under the assumption of 

similarity la¥~,'. How~ever, axial thrust is remarkabl_v influenced b_v leakag'e, ¥~'hich is larg~ely 

dependent on seal gap firiction. Axial thrust thus should be in.fluenced by' the Reynolds 

nurnber. The calculated pressure distribution at the back of crown is co,mpared for the 

variation of the Re.vnolds number in Fig. 6(a). The non-dimensional pressure is seen almost ' 

same regardless of the Re_vnolds nnmber. In this case the non-dimensional leakages cqc~ C,lB 

and C'qDT was also almost same regardless of the Reynolds number but for C,1BFl' 

To show this more clearly, the non-dimensional values of leakage, fluid force and axial thrust 

are shown ag"ainst the Reynolds number in Fig". 6(b). It is clearly shown that the similarity law' 

is valid in the leakage Cqc~ C<lB and in the axial force CI'c'. Clv in the crown and band, 

respectivel_v. Howev_er the non-dimensiona] axial thrust ACr varies depending on the 
Re~F"'nolds number, w'hich is because of the change of the balancing hole leakage C,lBI-1' As the 

axial thrust amounts only to 0.50/0 (outer BP c]ose) 30/0 (outer & inner B:P c[ose) of the fluid 
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force ¥~'orking on one ¥¥'~all, a sma:ll change of leakag"e influences the balance of the fluid 

force, resulting' in a complicated behavior of axial thrust curve against the Reynolds number. 

[t is then conc]uded that the axial thrust should not be estimated from model test. 

coNa.,usloN 
From the present calculations, some remarkable results ¥vere obtained as i'ol[o¥~'s; 

(1) The main cause of abnormal up-thrust at the load rejection is not essentiall.v the increase 

o'f efi'ective head and rotational speed or a s~virl flow at the runner outlet, but the pressure 

difference at a runner inlet between band and crown. At load rejection, since the flow 

rate doesn't follovv the runner speed, the runner flow comes into a lovv flow condition. 

The runner inlet flow' might be inclined to crown side, ¥¥'hich causes lo~¥･' velocitv_' region 

at band side and makes the pressure at band side higher than that at crown side. 

(2) Estimating the leakage flow rate in each part with high accuracy, the predicted axial 

thrust is in good agreement with the measured. From the revie~v of past studies, it is 

concluded that the transient phenomena at load re.jection can be treated as quasi-steady. 

(3_) Large axial thrust can remarkabl.¥' be reduced in the stead_v or transient operation by 

using balancing pipes betw'een cro¥~･in side and band side at outer radii. 

(4) Similarity law is valid both in axial forces at the back of runner and in leakage at the 

outer radii. However, simjlarity la~v is not valid for axial thrust due to the dependence of 

balancing hole leakage on the Reynolds number, though the dependence is not large, 
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