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PRACE INSTYTUTU MASZYN PRZEPŁYWOWYCH
Znszyt X)-9l

JULIAN SKIBA

jl Inłnierii środowiska Politechniki Poznańskiej (Institute of Environmental Engineering of the Tchnical University of Poznań)

Numerical water Hammer simulation

Ą block diagram of a model of the water hammer in a pipe is presented, Results of water hammer

i. -]ations obtained with the use of the simula.tion language IBM-CSMP are discussed.

1. Introduction

When designing hydraulic systems and analyzing existing ones, it is necessarY

;: :etermine the maximum and minimum pressures which can occur. The largest
,]|["}siiure changes occur during the so called water hammer. Excessive pressure changes

,r,: Jangerous because of the limited mechanical strength of pipes and fittings,

>everal methods of calculating the water hammer are presented in available
]:l::ture U]. At present, the method of characteristics is most commonlY used for
u _l§ the equations describing the water hammer. However, this method requires
i, _ . nputer program in one of the standard program languages such as e.g. ALGOL,
,i,: RTRAN. Many designers and engineers concerned with hydraulic system§ havę
rl' :rperience in programming in these languages.

)evelopment of numerical methods resulting mainly in introducing the higher
,t,t: languagęs open up the possibility of making water hammer calculations ea§ier.
-'|:rl paper presents a method of water hammer calculations based on the use of
]ll;: ' aplace transformation. The solution of the system of equations describing the

lł,,: ;l hammęr in the form of Laplace transforms [2] is presented in block diagram
,::-:. which makes writing a computer program in the IBM-CSMP language easier.
l !: .\ample of calculations of pressure changes in a discharge pipe is presented in
::,r :inal part of the paper.

2. Solving of Equations Describing the Water Hammer

)epending on required accuracy of results and on assumed method of solving, the
,,, ,;l:m of hiperbolic partial differential equations rl.4f - the most general descriPtion
l :e water hammer - is simplified to various degrees. After introducing small

Iló3l
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simPlifications the basic equations are presented in linearized form rn relerence |2
- the equation of fluid mótion

t a@fl a(Au\

n ał: -#-K{Aa)
- the flow qontinuity equations

a@u)

0x
l a(Ap)

pwz at

where: Kh - )"(aol3D), --"_ coefftcięnt of linear hydraulic resistance, uo - initial
velocity [m/s], D - pipe diameter [m], w - velocity of propagationof the cha
pres§urę wave [m/s], p - density of liquid [kg/m.].

In these equations Ap and /u designate deviation of pressure and flow vet
in the pipe, ffom the steady state, respectively. The Laplace integral transform
was used for solving thd above equation§. The indepindent variable r was
as the transformation variable. The independent variablę x was treated as a
meter. Initial conditions are equal to zero since deviation from steady state is
sidered [2].

After the Laplace transformation, the system of partial dilferential equations
and (2) is reduced to a §ystem of ordinary differehtial equations:

t dAok.s|
* s Au(x, s) + Kr/u(x, s) : 0P dx n -\--,-,

dAuk. s| 1- J_ + ^.-, s/p(x,s):0ax pw,

where: s - vanable of the Lapiace transformation.
By determining Au(x,s) from equation (3) and putting it into (4), the II-nd

linear differential equation is obtained:

d2 Ap(x, s) (K, + s)s

-tr-trAp(x,s):Q \

The general solution of equation (5) is:

. AP(x,s) :,cre'"+ 
"r9-",

Putting (6) into (3), the solution for the velocity change /o is obtained in the

lu(x, s) : - },k r*." - crę-'")
where:

v6(r<n+r), Z":ŁlKr+s).
r

The value of constants c, and c, is determined from boundary conditions
the considered system. These constants have been determined with the assumoti
that the pres§ure changes at the end of the pipe and velocities at its beginnin!
known (which most often is true for the discharge pipes). After taking in1o accł

I
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Numerical water Hamnrer simulation 165

:e expres§ions for cl and c2, the eguanons 16) and (7) have been.used to lind the
-:lation between the pressure and the flow velocity changes at the beginning and
nd of the pipe:

/u(O,s) :Ż+dł&,s1+!!ż!-" Au(L,s) (8)

/p{O,s):t+ Ap(L,s)* 7,Ł--" Au(L,s) (9)

These relations constitute a mathematical model of a pipe of con§tant diameter
ll:ated at a constant angle of inclination. In order to formulate a model of a pipe
ii lY steP varying diameter and variable inclination, of each section, the above
:;:ations should be used,,and additionally, at the points of diameter or inclination
j:.ngą thę continuity antl the force balance equations should be taken into account.

3. Block Diagram of the Mathematical Model of the Water Hammer

Equations (8) and (9) represent pressure and flow velocity changes in the form
: -aPlace transforms. In order to determine the change in time of prissure and flow
"r,,:citY, the inverse transformation must carried out. The values of pressure and
,t _,"gity rnay be also obtained by modelling equations (8) and (9) on a computer,
ut;-g the IBM-CSMP language, To make the programming easier, the equatio; s
ur": presented in a block diagram form (Fig. 1).

F)g. l. Block diagram of water hammer in a pipe

:iements with tiansmlrTance Z, and e-'L, appearing in the block diagram,
,m :ot standard functions of the IBM-CSMP language. Therefore they mu-st ue
*n,,nded into a power series.

3i' expanding into a power series the expression for r has bęon obtained in
lutu ollowing form:

(10)

lhe third and the further terms of the series, are very small in comparison with
irłu :irst two terms. This results from the value of Kr, which for water pipes is much
nr ,']er than l.
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Taking into account relationship (10), the element of transmittancś e-rL appęarĘ
in the block diagram may be replaced by a series connection of blocks with trans-

mittance
_KnL _L

ę 2w and e '*.
Now IBM-CSMP standard functions can be used for writing the program.

The block containingtransmittance Z,can also be replaced. Expanding the roC
present in this expression into a power seńes the following formula has been obtaine&

z,:w/Ę =,,(, -+:-+i-Ti 
)

As in expression (10), only the two first terms of the expansion have been used i

further calĆblations. Therefore, the block with tradsmittance Z"can be replaced b

a parallel connection of blocks with transmission function pw una or!!,
are standard IBM-CSMP functions. Often, when a real hydraulic system is consi
the block diagram becomes simpler. In the further part of the paper a diagram
calculations for a straight discharge pipe are presented.

4. Calculations of Water Hammer in a Discharge Pipe

Discharge pipes are often a part of hydraulic systems. For the calculations a

charge pipe with a pump at its beginning was taken into account. At the other end

the pipe is a large open tank. Most often the watęr hammer e§ect in such a pipe

due to sudden switching on or off of the pump, or to sudden closing of the gate

dowstream the pump. Methods of determining the velocities downstream the

or gate valve are presented in reference [4]. For thus presented example a

tilinear flow velocity decay in time Ę was assumed.' 
During the water hammer of short duration, the pressure at the connection of fi

and tank does not change, Therefore, the block diagram'model presented in Fig
can be simplified. §ince /p(L, s) designates the transform of pressure deviation
the initial state, then duńng water hammer occurrence /p(L,s) :0 at the

[t results that the discharge pipe model may be presented in the form shown in Fig
Tńe common factor pw is separated from the blocks defining the transmittane

It is also assumed that velocity changes at the end of the pipe (at the tank) will not

determined during computations. Therefore only one signal is supplied to and cani
away from summmg knots 3 and 4. These knots constitute one line, and the

sign of the signal coming from knot 4 is replaced to knot 2.

Transmittances appearing in the presentgd diagram are standard
functions, and the system can be programmed on a digital computer
calculate the pressure changes.

IBM
in order
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Fig. 2, Block diagram of water hammer in a discharge pipe

To give an example, a discharge pipe of length Ł : 800.0 m, diameter D : 0.5 m
mc hydraulic resistance coefficient ), :0.0?6 was considered. Initial flow velocity was
ll]ił : 1.5 mls. The calculated velocity of the changed pressure wave is w : 1073.0 rrr/s.

The developed program is presented below:

TTLE PRESSURE VARIATION COURSE IN THE DELIVERY
SYSTEM gplłNo THE GATE

NTTIAL
ilCi\STANT
n_]\STANT

Mit\AMIC

L: 800.0, D :0.5, Y0: 1.5, TA: 1.0, W : 1073.0
LAM = 0.026
KH : LA|pd*YQl3*Dl
HPQ : KH*L*VQ* 1000
Q] : |(|{*$/*§QQ
Cl1 : L/W
CI2:2*Ct1
C13 : KH*Cl t

C!4: EXP1-Cl3l
VD: _VO/TA*1-IMIT/0.0; TA; TIME/
Fl : -VD -.F6
F5 : DF.LAY/100, Cl2, Cl4*Fll
F6: F5 + VD
F9: INTGRLiHP0, F6*C3i
PD: F9 + F6*W*1000

FINTIM :22.5, DELMIN : 1.0E-9, OUTDEL == 0.15
PD
NTAB :0
PRĘSSURE VAR|ATION COURSF. BEHIND ,THE GATE

mlEa.MINAL
[l]r]WER

M|iTPUT
pcGE
;łBEL
f\-D
ffoP
f\DJoB

Structural instructions tlescribing tbe crrnsidercd §ystem appear in the DYNAMIC
n-ą. The remaining part of the program deals with preliminary calculations anC
nrlganization instructions.
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Pręssure change§ in the plpe due to thę fact that the flow at its beginning stops
after the time Ę : 5 s are shown in Fig. 3.

In order to evaluate the credibility of obtained results, they were cornpared with
the results obtained by solving the basic §y§tęm of equations for the considered pipe
using the method of characteristics. These last results show good agreement [5]
with experirnental results. The obtained results were put in together with the pre-

viorrsly made curves (Fig, 3). It can be stated, that there is a good agreement of
results obtained by both methods, especially for the first few time-stages of the
water hamnaer.curve.

7.5 90 1o5 12o
Tim t tsl

Fig. 3. Comparison of pre§§ure cłlange curves calculated with presented method and with the
method of characteristics
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Fig.4. Influence offlow stopping time on pressure change
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The next curve (Fig. 4) illustrates the influence of flow stopping timę on the
:ressure change curve. The pressure change cufves for flow stopping times Ę : 1 5

iad To: 5 s are shown. The shorter time is selected in such a way that the so called
,lmple water hammef occurs in the system. For To: 5 §, a non-simple water ham-
:er takes place in the pipe.

The curve indicates that the maximum deviation of pressure liom the static
::.ssure is 1.61 MPa.,The pressure change calculated from the Allievi formula [4]
- ior this system:

Ap : pw Au: |,61 MPa.

These values also conlirm thę credibility of the presented method of pressure
. - lnge calculation.

It may be also observed from thę curvę,that ineręase in time during which the
l-rł,is stopped (leading to thę.non-simple water hammer) results in a decisivę
:...-rease of extreme pressure changes during the water hammer. Therefore, slorv
_:.lnging of flow velocity is one of the methods of preventing excessive pressure
.-3nges. The curvę shovrs that decrease in the initial velocity of flow results in
:rificant drop of pressure changes occurring during the water hammer. The in-

l::nce of other parameters characterizing the system on pressure changes occurring
: _:ing the water harnąer can be examinęd in a similar way, Printout in the form

--urves allows quick evaluation of results obtained,

5. Summary

The results obtained with the use of the presented method are in good agreement
, ,: results obtdined by solving the basic systern of equations using the method

;haracteristics as well as with the results obtained frorn the Allievi formula.
-:.s warrants the credibility of curves obtained.

The model for water hammer calculations is presented in a block diagram form.
--:.. makes utilization of the IBM-CSMP simulation language for computer cal-
. .tions easier. The language enabĘs performing calculations on a computer with
"__, very little knowledge of programming. Results are obtained directly in the form

-,urves. This allows to check the results more quickly than in case when they
,, siven in the forrn of tables. The above feature of the presented metbod of waięr
*::mer analysis suggests that it can be recommended for use in desigrr calculations.

The method can be also used for calculating water hammer in rnore complex
:raulic systems and for selecting water hammer damping devices [5].
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Symulacja cyfrowa przebiegu uderzenia hydraulicznego

, streszczenie

, W pracy przedstawiono metodę modelowanią i analizy udęrzenia hydraulicznego w przewod*
hydraulicznym. Układ równań opisujących przebieg uderzenia, który jest szczegółowo omawiany w p,-t-
cach 1 i 4, po zlinearyzowaniu przedstawiono w postaci równań (1) i (2). Rozwiązanie tych równar.
zależnoŚct (8) i (9), przedstawia związek pomiędzy zmianami ciśnięnia i prędkości przepływu na poczarir.
Przewodu p(O,s), u(O,s) ota7, na końcu przewodu p,(Ł,s), u(L,s). Do wyznaczenia wartości liczbowllt
ciŚnienia i prędkości w przewodzie na komputerze korzystano z języka programowania IBM-CSII{F
W celu ułatwienia programowania równania (8) i (9) przedstawiono w postaci schematu blokowego (rys '"

Dla przykładowych obliczeń przyjęto przewód tłoczny, na początku klórego znajduje się pornrrł
Na drugim końcu przewódzakończony jest dużym zbiornikiem otwartym. Schemat blokowy przebiqgr,
uderzenia w tym przewodzie przedstawiono na rysunku 2. Wyniki obliczęń na komputerze przedstart
rYsunek 3. Celem oceny wiarygodności otrzymanych wyników porównano je z wynikami uzyskanlnr
z rozwiązania podstawowego układu równań dia rozpatfywanego układu za pomocą metody charl_
terystyk i uzyskano dużą zgodność.

Przedstawiony model przebiegu uderzenia,możebyć wykorzystany do obliczeń w układach bard-Ę
złoŻonych (przeviódy łączone równolegle i szeregowo). Schemat blokowy pozwala na uwzględnienr
zmian struktury badanego układu wykorzystując metody przekształcania schematów blokowriE
MoŻliwosc zasłosowania języka programowania IBM-CSMP pozwala na korzystanie z przedstawionq
metody juŻ przy niewielkiej znajomości programowania. Wyniki otrzymuje się bezpośrednio w postl:
wykresów, co ułatwia analizę układu podczas obliczeń inżynierskich.

I_|n$ponan crrMyJInqIrR xoAa rlrApaBJlnqecnoro yAapa

Perrołre

B Pa6ore npeAcl'aBneH MeToA MoAeJlłpoBaHill u aHarw|3a r[ApaBnlłqecKoro yAapa B rIłApaB.l}-
qecKoM rPY6onPoroge. Cłcreva ypanueHrłń onficblBaloill}lx xoA yAapa, nogpo6Ho onucaHHa_ff B Tprn:
Il] 'ł [a], nocJ'Ie nl4Heapktal!.ull npeAcTaB.fieHa n @opue yparneHnfi (1) u (2). Penerłue erux ypanHeHxi.
T.e. 3aBficl,IMocreŹ (8) n (9), npelcraBlqeT cBr3b MexAy l43MeHeHIłrMIl AaBJIeHLl, 14 c6opocTil TeqeHF
B HaqaJIe rpy6ouposola /p(O, s), Au(0, s) u B KoHrIe rpy6onporo4a /p(L, s), /u(L, s).

.[:rr oupe4eleHllf qilcJ'IeHHblx lHaqeHnń AaBneHLL !l cKopocTl s rpy6onporołe ga 3BM HcIIo_]-r
3oBaH 

'3LIK 
nporpaMMfiPosarrux IBM-CSMP. C qelrro o6,reryeHlł, nporpaMMnpoBaHl.l, ypaBHeHł[

(8) u (9) npeAcTaBnego n su4e 6.nouHofi cxeur,I (pac. l).
Ą-ux nprłłreprrrrx pacvćror rrpllHrT rłanopuufi rpy6onponoq, B HarIaJIe l(oToporo HaxoAIłTc, HaciĘ

Ha.qPYroNa rouqe rpy6onpoBoA BxoAllT B 6ołlruoź orrprtrtIfi pe3epByap, B,.roqrłag cxeMa xoAa yAaia
n srov rPy6onpoBoAe npeAcTaBIeHa Ha pnc. 2. Pery,lr,raru pacrćros Ha 9BM npeAcTaBreHbl Ha plłc. j
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€ qe;rrro oqęrtx}t AocToBepuocTlt noflyqęrtttblx pę3yIbTaToB npon3BeAeno I{x cpaBnęIlnę c pe3yJrbTaTaMI{

3erueniłr ocHoruofi c[cTeMbr yparrrerrnń AJL paccMaTprłnaeuoń cncTeMbt c noMoułblo MeToAa xapaxTe-
rĘcTlłK. Ąocrrłrxyro xopouee cooTBeTcTBrłe.

flpeAcrarneunafl MoAenb xoAa ylapa uoxer 6urs ucnoJlb3oBariźl 1lr pacłćroa s 6olee cfloxHHx
xTeMax (rPY6onponołbl coe,[IłHreMbre napanJleJlbHo H IIocJIeAoBaTe.nlrło). Elovnaf cxeMa no3BolreT
_łqrThIBaTb Ił3MerłeH[' cTpyxTypbl rłccle4yeuofi cIłcTeMhI, ltclloJlb3y, MeToAbI npeupauexufi 6noqHrlx
:r:v. BolvoxHocTb TIpt{MeHeHLt, ,3HKa nporpaMMrłponaHrłx IBM-CSMP norsoJtceT l4cnoJrb3oBaTb
łlFtJcTaBneHHbrfi uerog Yxe nprr ne6olrruolł o3Ha(oMJIeHłLl c trporpaMMlłpoBanl{eM. Pe3ylrraru
]-ryqaFTc' HenocPeACTBeHrło a QOpłre rpaQrłron, 3ro o6nerqaeT aHźuIIł3 cIłcTeMbI Bq BpeM, {Hxe-

qlłux pacvćron.

l
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