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Instytut Maśzyn PrepĘwowych PAN, Gdańsk (Institute of. Fluid-Flow Machinery, Polish Academy of Scienres, Gdańsk)

Waterhammer Control in the Delivery Conduit of a Pump
\

Reported iri the paper is an experimentalf checked algońthm allowing to control the waterhammer
development by operating the valve installed in the pumping §ystem. The possibility is indicated of
application of the atgorithm mentioned for control of operation of hydraulic machines in systems with
long pipelines in transient.conditiońs.

1. lntroduction

The waterhammer in closed conduits occur§ due to sudden chanqes of the
liquid llow condttions, In the pumping §ystems this effect appoar§ mainly during the
pump starting and stopping or coqtrol valves opening and closing.

The waterhammer entails the tncrease of the dynamtc load of the pump and
flow guiding elements mated with it. These effects lead to deterioration of the dura-
bility and reliability of component§ of the whole pumping §ystem. Most frequently
the waterhammer appears in systems composed of long pres§ure conduits in which
fast slowing-down of the flowing liquid occurs. The particularly dangerous water-
-hamrner can occur in pumped-storage power stations equipped with pump-turbines.
These dangerous conditions are enhanced by long penstocks, short duration of
the transient processes and wide range of changes of the machine operating para-

"'ii'; 
$ven pump or turbine system the waterhammef depends malnly on the

control of transient states, i.e. on the changes of the machine rotor speed and'on
the operation mode of its control devices (valves, guide-rings or rotor blades).

Figures l and ż show the results illustrating the iąfluence of the valve closure
mode on the pressure changes in the pump delivery coird,rit. Figure 1 refers to the
case in which the pump driving motor is stopped and then thę flow in the pump
discharge nozzle is throttled by means of the valve. Figure 2 concerns a case in
which the water flow in the turbining mode of the pump operation is being stopped
bY the valve. The results reported show not only that the valve closure mode has
a great influence on the waterhammer but also indicate the need of proper operation
of the control devices to ensure the waterhammer reduction.
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Fig. 1. pressure change§ in the pump discharge rrozz\e pt!\ and at the valve outlęt p,(r) with the PumP
driving motor §topped żnd for different valve clo§ing modes E(t)

Fig. 2. pressure changes in the pump discharge nozz;le plt) and at thb valvĆ outlet p,(t\ lor different

ways ofthe valve closing 9(t) under turbining flow conditions

The comparison of the measured anc calculated pressure variations (Fig. 1)

show§ a sufficiently good agreement between the theoretical and experimental data.

Therefore, the purpose of developing numerical codęs fór waterhammef 'control is

justilled. Waterhammer control con§ists in forcing liquid flow in a prescribed manner.
-Most 

frequently keeping the pressure rise caused by waterhammer within the assumed

limits and ensuring fast stabilization of transient processęs is required.
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Waterhammer Control in the Delivery Conduit of a Pump

The aim of thi§ work wa§ to develop and check ęxpefimentally a computer
program for the valve control to ensure the proper pres§ure variations in the
pump delivery conduit and to prove this program usability for the waterhammer
reduction and shortening.the duration of pressure stabilization.' The work reported in the paper wa§ prepared at the Institute of Fluid_Flow
Machinery of the Polish Academy of Sciencęs in Gdańsk within the framęs of the
Government-Sponsored Research-Development Program "Complex Development
of Power Industry" PR-8,

. Theoretical Basis of the Control Algorithm

The control of the waterhammer can be regarded as an inverse problem to the
analysis of liquid transient llows in the pipelines. The changes in the pressure and
flow velocity caused by a known perturbation such as for example a defined rnotion
of thę flow throttling device or a change of the pump rotational speed are predicted
when a given system is analyzed. The problems connected with the waterhammer

l €ntrifugaI pump óSPJMlóo, , - d""-"[iŁ1;*oJ.of$?iT1 :,:;,:f ,'#i*in ,.u -, innęr onmerer /v uru,, { - oetlvtry
conduitOength20,3ąinnerdim€ter70mm),5-suctionrsenoir,ó-deliveryreservoir,7-butteńyvalvewithamanualknob,
8 - Ponc€l€t overflow, 9 - oveńow tube, 

'0 - 
manometr, .l.t - scals for mruuńng the tuming mommt, 

'2 - 
prssure trffiducer,

'3 - 
rotational sPged mnvertgr, 

'4 - 
converter of thę butteńy revolution angl€, 

'5 - 
amplifier, .ló * loop reillognpĘ 17 - di8ital munttr

control relate to determination of the perturDauon ln order to obtain the requred
change of the pressure and flow velocity. In this work the requirements are formulated
for the waterhammer development at a selected point of the pumping system. The
appropriate algorithm has bęen workęd-out basing on the equations describing
a transient flow in the pipelines and on boundary conditions representing the pro_
perties of the pumping system under consideration (Fig. 3).

1l
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2.1. Transient Flow of Liquid in Cloaed Conduits

The unsteady flow of liquids.in the closed conduit§ is described by the flow
continuity and motion equation§ formulated under following assumptions:

l. The flow is onedimensional,
2. Thę conduit walls and liquid are subject to elastic deformation.
3. The hydraulic losses are proportional to the §quare of tĘp flow instantaneous

velocity.
4. The flow velocity in the conduit can be regarded small when compared to

the propagation speed of perturbations in the flow.
Under above assumptions the eQuations of motion and continuity take the

following form [1]:

aH 0u ),gŃ* ar+ń u|u| :9,

dH a2 0u
_ *-;-:0,ot gOx

dx--:-: -a.dt

(1)

Q')

where: x denotes the distance measuring coordinate, t is the time, .H describes the
static pressure head, u stands for the liquid flow velocity, D - J4I1ft is the conduit
substitutę diameter, F denotes the area ot the inner cross-section ol'the conduit,
g is the acceleration of gravity force and a stands for the pressure wave speed in the
conduit.

Equations (1) and (2).form a closed system of hyperbolic partral dilterentrar
equations in which H(x,t) and u(x,r) are the functions sought for. This system
of equations can be solved numerically under arbitrary boundary conditions. Pre-
valently these equations are integrated by the method of characteristics. Recurring
to this method Eqs (1) and (2) can be transformed into the following system of
ordinary differential equations:

'for

a dH du iulul"--L-t "_0
a dt dt' 2D

dx-=-: +a:
dt

a dH du )"ulul

adt ilt'2D

(3)

(4)

(5)

for

(ó)



Waterhammer Control in the Delivóry Conduit of a Pump

Equations (4) and (6) define a set of curve§ called characteristics in the x -, plane.
The characteristics can be interpreted physieally as the lines along which the flow
perturbations are propagating. Equations (3) and (5) determine relationships between
the liquid llow parameters which are fulfilled along above mentioned lines. Taking
into consideration the boundąry conditions, Eqs (3) - (6) can bę solved numerically
using the difference method of the first or higher ordęr.

2.2. Boundary Conditions

Initial conditions. Determined by the steady flow parameters.
Suction and delivery reservoir. It iś assumed that durlng-the translenl tlow the

levels of liquid in the suction and delivery reservoirs remain con§tant.
Yalve. During the displacement of the valve spindle the tlow rate ano inc pr€s_

sure difference between the valve inlet and outlet are changing. The changes of
these parameters force a transient liquid flow within the whole pumping system.
Thą difference AH of pressure head at the valve inlet and outlet under transient
flow conditions is assumed to change according to the following formula:

13

AHh\_ 1 u(ł|u(ł|
--- \-/ Zg |Cokpt)))z

(7\

The function Cr(v.G)) depends on the valve throttling capacity and on the drive
of valve closing device (in case under consideration on the valve buttęrfly drive).
The throttling properties have been determined giving the relationship between the
flow factor C, dnd the valve Ópening rp (the angle of the valve butterfly position).
This last relationship has been determined basing on the tests under steady flow
conditions (Fig. a). The valve drive evolution is given by the function rp(r). The con-
trol of the waterhammer exiges that this function is previously determinćd.

Pump. The changes of the pump operation conditions occurring during the
transient flow have been described by the following equations:

a) equation of the rotating masse§ motion for the pump-electric motor'§ystem
in the form

nI dn

na: M"(n\- M(Q,n).

In Eq. (8) 1 stands for thę rotating masse§ rnoment of inertia, n for the rota-
tional speed, Q denotes the flow rite, M is the moment of hydraulic forces, and
M" the moment of electric motor electrodynamic forces;

b) equation of energy balance of the pump in the fbrm.

(8)

H,-H"-rG-#) : H"tQ,n)l (9)
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In Eq. (9\ H, and lr" stand for the pressure head in thę pump disctrarge and
suction nozzle, respectively;.tl" is the pump total.head, F" and F, denote the areas
of the suction and clischarge nozzle, respectively

The functions M(Q,n) and H,(Q,n) have been determined basing on the experi-
mental characteristics of the pump obtained for the steady flow conditions (Fig. 5).

The function M"(n) has been ręcovered out from the experimental static characteri-
stics of the motor.

E
§
E

Flg. 4. Relation§hip between the valve flow l'actor,
C, and its opening 9

Fig. 5. ó5PJM160 pump characteristic§
. head{ischarge cunes ll.(Q),

- - mom€nt-disharge cury6 M (C)

The chosen description of the pump transient state omlts the torces generated

by the liquid floŃ within the pump impeller and the electrodynamic forces due to
the fast alternating inductive currents generated via the chinges of thę pump driving
electńc motor parameter§. The errors resulting from neglection of the transient flow
in the pump a{e not very evident in cases in which the mass of liquid contained in
the pump is small compared to that contained in the conduits and when the pres-

sure pulsations generated by the pump blading are small compared to the water-

o.Lllą
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hammer ęlfects. Omission of the transient conditions of the'electric motor opera-
tion iS based on thę fact that electromagnetic time, constants are very §mall when
compared with the time constants characteńzing mechanical transient states.

3" Algorithm and Control Program

Equations (3) + (ó) together with the boundary conditions constituted the basis
for thę working out of an algorithm and numerical program for control of the water-
hammer cour§e by means of a valve installed within the pumping sy§tem,

Numerical integration of Eqs (3) l (6) consists in determining the grid of charac-
tęristics in the x-t plane basing on Eqs (4) and (6) and in calculating the discrete
value§ ofu and Il in nodes ofthis grid based on Eqs (3) and (5) and taking into account
the boundary conditions. Fig.6 shows the grid of characteristics in the x-r plane
limited by the suction and delivery pipes. This grid was obtained by dividing the
suction and pressure pipes into sections keeping in mind that the timę At of the
pre§§ure wave propagation along each of these sections should be identical.

To carry out the numerical calculations Eqs (3) + (6) have been replaced by the
following §ystem of difference equations [5]:

H,,j-Hr,i*r+ El(Qli-Q,,1*l)+ R,(Q?,i+Q,,iQi,i* r*Q?,i*r) : 0 (10)

for

Xi-Xi+l - aj
At
2' (11)

i^,ll

(i^,m

(i,n)

(l,m1

(2,n)

(t,^)

ir,Ą

.')

1,1,1

,|)

.,D,

il

lI

x.O
j',m j,m,l j:r" j.L-1 x"l"l!,

j=1

Fig. 6. Characteństics grid
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Fig.7. Flow chart ofthe control algorithm
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H,.i-H,-r.ł-r-Ą-t(Qti-Q,-r,i. )-Rj- !(Q?,j+Q,,iQ,*r,i-r+Q?. t,i-]:0 (l2)

, 
{13}

l7

for

X1_1:Xi:

In Eqs (10) and (l2| Ej and R; stand for

At
-ai-tT

1 for (Q,,;+Qi,i*r)> 0
0 for (Q,,r+8i,;*r):0

- 1 for {Qt,i*Q1.1*r) < 0

Ei: ailbF;) 
,

R, = )./xl*xinJl(żuDf j|e1

respectively, where

8i:

Indices i and j numbering the ll and Q values correspond to the modes of cha.
racteristics (Fig.6) while index j numbering the values of a, )., D, F, E and R ręfers
these values to the jth segment of the pipeline section.

The algorithm of calculations is; shown in Fig. 7 in the forln of a flow chart;
the computer program being described in detail in referencc f3l.

4. Experimental Yerification or'n" Control Program

4.1. Experimentel Stłnd

The experiments have been carried out at the laboratory of the Institute of Fluid-
-Flow Machinery of the Polish Academy of Sciences in Gdańsk.=The expedmental
standls schematically shown in Fig. 3. The pump (1) coupled with an electrodyna-
mometer (2) sucks water out of the reservoir (5) and delivers it into the reservoir (6),

The water level in both containers is almost constant. The level of water in the
delivery re§ervoir is kept constant by means of an overflow (9). The butterfly valve (7)

is used tg generate the ivaterhammer and to change the pump operation parameters,
The valve can be opened and closęd both manually and mechanically. The męchani-
cal clósing of the valve is actuated by a properly shaped driving cam.

The measurement system installed at the experimental stand allows to record
the pump operation parameters and flow parameters in the pipeline under steady
flow conditions as well as the pressure variations occurring in the pressure pipeline
in transient states.

These variations were measured and ręcorded using.the inductive pre§§urę trans-
ducer (12) connected in a half-bridge system with strain-gauge amplif,rer (15) and
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a loop oscillograph (16). The proce§§ of butterfly valve closing was recorded simul-
taneously with thę pressure variations. To this aim a potentiometer (14) and a strain-
-gauge amplifier (15) were used together with a loop oscillograph (16).

4.2. Experiments

The pump static characteristics (Fig. 5), the valve throttling charactęristic (Fig. 4),

the frictional lossęs factor-in the pipelines and the initial parameter§ - the water
flow'rate Qo, and the pump rotational speed no - were determined under steady
state conditions.

The control program was used to determine the function EG) describing the
valve closing for three assumed cases of waterhammer course in the delivery conduit,
In all the cases under consideration the same initial conditions of water flow are
assumed together with the same value of the total valve closure time and the same
constraint connected with the maximum velocity of the valve butterfly position angle
change. Under the last assumption the maximum valve closure speed should occur
in the range betw'een 100 per cent and 40 per cent of full valve opening. The pre-set
pressure_time function at the valve outlet and, the corresponding to them, calculated
valve opening and pressure at the pump outlet are given in Fig. 8 as the time curves.

The calculated valVe closing-trme functions 9(t) were attained duńng experimental
runs using the oroperly shaped cam§ controlling the valve butterfly position.

The męasured pressure and valve opening have been compareo wltn tne assumed
or calculated values (Fig. 8). The comparison indicates that in the first two cases
(Figs 8a and 8b) the agreement between theoretical and experimental data is suf-
ficiently good. The last remark refers only to the valve closing phase. The maximum
difference betweęn measured and calculated values of the pressure is in this phase
less than 15 per cent with respect to the pressure under the steady state conditions.

Certain differences.of pressure values which appear in this phase can be linked to
the small, but perhaps significant, differences between real and numerically deter-
mined valve closing-time curves. In the third case large differences in the valve
closing phase (Fig. 8c) appeared.

The causes for these differences can be sought in tĘe appearance of the zones
filled with vapour-ga§ bubbles (cavitation zones) at those places in the conduit in
which the pressure falls down to its critical value close to the liquid evaporation
pressure at given temperature [4]. The disturbance of the flołu continuitY, often
referred to as liquid column separation has appearod also in the second case at
the end of the valve closing process (Fig. 8b). The dilferencęs noticed in the phase
of attenuating pressure free oscillation regard mainly the damping intensity and
the frequency of oscillations. Comparing them with the calculated data the oscillations
arę in the reality significantly more stronely damry.d down and their frequency is
lower. It can be suggested that these difference§ are due mainly to the following
phenomena neglected in the theoretical model:

- ga§ and vapour cavitation U,2,4],
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Fig. 8. Calculated varvc closure ilrodc§ 9(r, and pressure value§ v§ time curves at the pump outlet p,(t)

for a given p..:1:-111T;::".§":rJ*,"nve outlet p,(r) and respectiv€ experimental curves

- change of the pressure wave speed caused by the presence of fręe gases in the

liquid rl,zf,
- energy dissipation in the walls of conduit§ and their §upports and interaction
between the pressure wave§ in the liquid and the §tres§ wave§ in the cpnduit wall [1,4].
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5. Final Rernarks and Conclusions

I

Figure 9 shows the results of experiments performed tor an arbitrarily chosen
valve closing mode and compared with expgrimental data taken from Fig. 8, i.e. with
the results obtained by applying the control program. This comparison makes clear
the usefulness of waterhammer control and allows to estimate the influence of dif-
ferent valvę closing modes on waterhammer. All cases given in Fig. 9 are characteri-
zed by identical time of valve closure and the same initial conditions of water flow.
Highest pressuró values occurred in the case of arbitrary valve closing mode (curves
no. 4). The closing of the valve carried out according to curve no. 3 caused the
fastest supression of the pressure changes whilę the same proc€ss cailed out according
to curve no, l allowed to avoid the column separation of liquid,

{a5r,fu

.-ź

Fig. 9. Measured valve closure modes E(r) and the respective pressure variations at the valve outlet
p,(r) and inlet p,(t)

Attention should be paid to the order in which the valve closing curves are traced.
This order corresponds to the increase of the amplitude of the pressure free oscillations.

Also worth mentioning is the strong dependence of the pressure variations on the
valve closing course (the valve closing curves are placed very close to one another
and small modification in the closing procedure results in large changes of the water-
hammer).

The control program discussed in this paper allows for waterhammer reduction
for the given time of valve closure or to shorten this time while keeping the water-
hammer effects in the admissible limits. Additionaly, the stabilization of free pressure
oscillations can be hastened by diminishing the difference between the pressure
value at the moment of complete valve closure and its value in the equilibrium

&,ł'l

§ł§.J'\-A
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state at the con§idered cross-section of the condult (Fig.8c). For above l6ted rea§on§
this Program can be used to improve the operatiCIn*under transient conditions of
the hydraulic machines mated wiih long conduits.

Use of the Program Presents, however, certain disadvantage. The valve closing
mode for which the total closure time would agree with its requiired value and whict
would eliminate the pressure free osciliations can be determinid only by the method
of successive aPProximations. This entails a long tinre of calculatións and suggests
that the program ought to be further improved, The program requires 

"l." 
ń;;;-

v€ment§ from the Point of vierv of phenomena connected with the transient liquid
flow in conduits. On'the other hand an experimental verificątion in case of positive
waterhammer is needed
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sterowanie uderzeniem hydraulicznym w przewodzió tłocznym

streszczenie

We wstęPie PodkreŚlono znaczenie efektów dynamicznych związanychz nieustalonyrn przepływem
aeczY a szczególnie,z uderzeniem bYdraulicznym. Wskazano nu pot.rebę ,terowania uderzeniem hydrau_licznYm w układacb PomPowYch, a zwłaszcza w, ukłądach z odwracalnymi tnaszynami hydraulicznvmi.Na Podstawie wYników wczeŚniej przeprowadzonych badań zilustrowano wplyw wymuszenia nieusta-lonego prŻepływu (sposobu zamykania zaworu) na przebieg uderzenia hydraulicznego (rys. 1 i 2). TewYniki wskazują na moŻliwoŚĆ ograniczenia poziomu uderzenia hydraulicznego za pomocą odpowiedniej
regulacji natężenia przepływu,

Dalej Przedstawiono algorYtm sterowania przebiegiem uderzenia hydraulicznego za pomocą zaworu.
WYznaczono trzY Przebie§zamykania zaworu dla zaiożonych przebieiów zmian ciśnieniu * *yb.unyrn
PrzekĄu rurociągu-tłocznego (rys. E). We wszystkich przypadkach 

*przylęto 
taxre §ame początkowe

warunki przepĘwu oraz ten §am czas całkowitego zamykania zaworu, wyniki obliczeń sprawdzonodoŚwiadczalnie na stanowisku pompowym w laLoratorium tnstytutu Musryn przepływowych pAN
w Gdańsku. t :

Na zakończenie wskazano na kierunki dalszych prac w dziedzinie uderzeń hydraulicznych , a szczegól-nie na koniecznoŚĆ oPracowania odpowiednich prógramów do sterowania uruchamianiem i zatrzy:my-
waniem maszYn hYdraulicznych współpracujących z długimi przewodimi w celu obniż:e"i. 

"u"-ńz",nhydrodynamicznych.
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Ynpanłenne rnApaBnn.recnlM yAapoM B HanopnoM Tpy6onpoBoAe

Pertoue

.Bo ncryrutenrn no.4sćpxlsaerc, 3}taqeHne AnHaMllqecKnx lstĘxror cBr3aHHbrx c HeycTaHoBuBilll,iMcfl

TeqeHHeM xHAKocTH. a oco6euHo c rłIpaBr[qecKIłM ynapoM,

Vxasrrsaercl ga ueo6xoAlłvocTb ynpaBJreHlł, rlłłpaBnrrqecx,lM yAapoM B Hacocnblx cllcT€Max,

a oco§exrro B clłcTeMax c o6parxuulrł{ rnApaBJrHqecKrMIł MarurłHaurł, Ha ocnoBe pmynbTaToB paHblllę

npoulne.ąćrrrłrtx łlccJleAoBagufi lłllrccrpNpyerc, BrrlrHlłe BbIHyxAeHIfl HeycTagoBt{Buteroc, TerłeHI{,

(cnoco6a 3aKpblTll, xlanarła) Ha xoA rlrApaBJrlłqecxoro yAapa (prrc. l u 2).3rn pe3ynbTaTbl noxa3bl_

Ba}oT Ha Bo3MoxgocTb orpaHIłqHBaHrł, ypoBH, rłrApaB5Iłqec6oro yAapa c noMolllbro cooTBeTcTByroqefi

p€rynrtłnlt IlHTeHctłBHocTIl TegeHur. 
l

B aarrrxefirilefi qacTu npeAcTaBneB anbroplłTM yIIpaBneHIł, xoAoM rrłApaBflłqecroro yolŁ1_, 
i__";

MolJIb}o KJIanaHa. onpeAeneHu Tprł xoAa 3aKpbrT[, r.lrauarrb AJrfl npeAnoJloxeHHblx pacnpeAeneHrrl1

xrvegegdfi AaBJIeHx, B [36paHBoM ceq€HIłIł Hanopgoro rpy§onporona (pxc, 8), Bo rcex cJlyqa,x rrprr-

HrTbt TaxHe xe caMbre HaqiurbHbre ycroBlt, Teqefin, rt To xe caMoe BpeMfl noJlHoro 3axpblTtłf xJtanaHa,

Pesy.nrrarn pacv€ros npoBepeHbl 3KcneplrMegTźurbgo Ha cTeHAg An, ucc.11eAoBarlł, HacocoB B na6opa-

Topr& łlHcTIłTyTa npoToqHbrx MauIIłH flonscrofi AxaAeuun Hayx a fAarłrcxe,

B :arlloqegnu yra3blBaeTc, Ha HarrpaBneHu, AźUIbHeżIIlrłx pa6oT B o6IacTil ruApaBJruq@Krrx yAapoB,

a ocooeHBo Ha Beo6xoA}lMocTb o6pa6oTKu cooTBeTcTBy}oqrrx npolpaMM .tiłx ynpar.irexn' nycroM

B ocTaHaBJrnBaHIłeM ruApaBJl[tt€cKtłx Matung, cogoficTByrorqux c.Ę[rł§HbrMn Tpy§onpoBoAaMlł c qe.lrblo

lałeHbuteHr{, rrrApoAil§aMrłqecrofi Harpy3r[.


