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Numerical Water Hammer Simulation

A block diagram of a model of the water hammer in a pipe is presented. Results of water hammer
weulations obtained with the use of the simulation language IBM-CSMP are discussed.

1. Introduction

When designing hydraulic systems and analyzing existing ones, it is necessary
& determine the maximum and minimum pressures which can occur. The largest
wessure changes occur during the so called water hammer. Excessive pressure changes
w= dangerous because of the limited mechanical strength of pipes and fittings.

Several methods of calculating the water hammer are presented in available
lerature [1]. At present, the method of characteristics is most commonly used for
wiving the equations describing the water hammer. However, this method requires
\ scomputer program in one of the standard program languages such as e.g. ALGOL,
WORTRAN. Many designers and engineers concerned with hydrauhc systems have
W =xperience in programming in these languages.

Development of numerical methods resulting mainly in introducing the higher
\wier languages open up the possibility of making water hammer calculations easier.
e paper presents a method of water hammer calculations based on the use of
‘e Laplace transformation. The solution of the system of equations describing the
‘water hammer in the form of Laplace transforms [2] is presented in block diagram
“em, which makes writing a computer program in the IBM-CSMP language easier.
2 example of calculations of pressure changes in a discharge pipe is presented in
‘e final part of the paper.

2. Solving of Equations Describing the Water Hammer

Depending on required accuracy of results and on assumed method of solving, the
\wss=m of hiperbolic partial differential equations [1.4] — the most general description
W the water hammer — is simplified to various degrees. After introducing small

1+ . [163]
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simplifications the basic equations are presented in linearized form in reterence 12B
— the equation of fluid motion

Lop) _ _a(av)

p 0Ox ot _Kildy
— the flow continuity equations :
' ddv) 1 o(4p)
Ox pw? ot

where: K, — 4(vy/3D), — coefficient of linear hydraulic resistance, vo — initial flo
velocity [m/s], D — pipe diameter [m], w — velocity of propagation of the changs
pressure wave [m/s], p — density of liquid [kg/m?3].

In these equations 4p and Av designate deviation of pressure and flow veloc
in the pipe, from the steady state, respectively. The Laplace integral transformatie
was used for solving the above equations. The independent variable ¢ was taks
as the transformation variable. The independent variable x was treated as a pan
meter. Initial conditions are equal to zero since deviation from steady state is com
sidered [2]. :

After the Laplace transformation, the system of partial differential equations -
and (2) is reduced to a system of ordinary differential equations:

1 dA4p(x,s)

;T+3Av(x, s)+ K,4v(x,s) =0
d Av(x, s) 1
e +———pw2 sdp(x,s) =0

where: s — varniable of the Lapféce transformation.
By determining 4v(x, s) from equation (3) and putting it into (4), the II-nd oré
linear differential equation is obtained:
d*4p(x,s) (K,+s)s
dx? w2

The general solution of equation (5) is:

Ap(x,s) =0 5

Ap(x,s) = c,€™* +ce™™
Putting (6) into (3), the solution for the velocity change Av is obtained in the fo

‘ 1 =X
dv(x, s) = —Z(cle"‘——cze )
where:

1
r=— 5K+, Z.= g(K,,+s).

The value of constants ¢; and c, is determined from boundary conditions
the considered system. These constants have been determined with the assumptic
that the pressure changes at the end of the pipe and velocities at its beginning
known (which most often is true for the discharge pipes). After taking into a

\
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“he expressions for ¢; and c,, the equanons (6) and (7) have been used to find the
w=lation between the pressure and the flow velocity changes at the beginning and
end of the pipe:

1 erL__e—rL : erL+ =rL

4v(0, s) = _Z—C*Z* Ap(L, s)+—2——— 4v(L, s) ‘ ®)
rL ~rL 2 rL - avrl

ap(0.9) = = — 4p(L, 9+ 2, """ sl 9 )

These relations constitute a mathematical model of a pipe of constant diameter
uwtuated at a constant angle of inclination. In order to formulate a model of a pipe
i by step varying diameter and variable inclination, of each section, the above
szuations should be used, and additionally, at the points of diameter or inclination
saange, the continuity and the force balance equations should be taken into account.

3. Block Diagram of the Mathematicai Medel of the Water Hammer

Equations (8) and (9) represent pressure and flow velocity changes in the form
W Laplace transforms. In order to determine the change in time of pressure and flow

elocity, the inverse transformation must carried out. The values of pressure and

‘=ocity may be also obtained by modelling equations (8) and () on a computer,
wing the IBM-CSMP language. To make the programming easier, the equatio: s
we presented in a block diagram form (Fig. 1). :

- : : S
Ap(0,s) 2 L F6 A F5 -rl | Fé4 +F3 1 AplLs)

2 - Zc
AvI(Os) s [ F1 rhaE2 £- AviL s)
e :
2 3

Fig. 1. Block diagram of water hammer in a pipe

Elements with transmiuiance Z, and e 'L, appearing in the block diagram, .
= not standard functions of the IBM-CSMP language. Therefore they must be
‘wpanded into a power series.

8y expanding into a power series the expression for r has been obtained in
e following form:

1 ’ s{ Kl K21 K°1
=— /s(K S| l+————"a—
T aule w< ' s B T ? {19
The third and the further terms of the series, are very small in comparison with

e first two terms. This results from the value of K, which for water pipes is much
bmzller than 1. '
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calculations for a straight discharge pipe are presented.

Taking into account relationship (10), the element of transmittance e ™" appearing

in the block diagram may be replaced by a series connection of blocks with trans-

mittance
KL L

e 2w and e W

Now IBM-CSMP standard functions can be used for writing the program.
The block containing transmittance Z, can also be replaced. Expanding the root
present in this expression into a power series the following formula has been obtained

K K.l K21 K’1
7 = it~ T h 11
: wf+s pw<+2s g 2 165 1

As in expression (10), only the two first terms of the expansion have been used &
further calculations. Therefore, the block with trarismittance Z, can be replaced by

. . = . K,1
a parallel connection of blocks with transmission function pw and pr—, which
S 1

are standard IBM-CSMP functions. Often, when a real hydraulic system is conside
the block diagram becomes simpler. In the further part of the paper a diagram

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 water hammer effect in such a pipe
due to sudden switching on or off of the pump, or to sudden closing of the gate v
dowstream the pump. Methods of determining the velocities downstream the p
or gate valve are presented in reference [4]. For thus presented example a
tilinear flow velocity decay in time T, was assumed.

During the water hammer of short duration, the pressure at the connection of pa
and tank does not change. Therefore, the block diagram model presented in Fig:
can be simplified. Since Ap(L, s) designates the transform of pressure deviation f
the initial state, then during water hammer occurrence 4p(L,s) =0 at the
It results that the discharge pipe model may be presented in the form shown in Fig

The common factor pw is separated from the blocks defining the transmittance
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
away from summing knots 3 and 4. These knots constitute one line, and the neg
sign of the signal coming from knot 4 is replaced to knot 2.

Transmittances appearing in the presented diagram are standard IBM-CS
functions, and the system can be programmed on a digital computer in order
calculate the pressure changes.
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Qw — e

L Avi0.s) Ft | gkl |
= :
Fig. 2. Block diagram of water hammer in a discharge pipe

To give an example, a discharge pipe of length L = 800.0 m, diameter D = 0.5 m
e hydraulic resistance coefficient 4 = 0.026 was considered. Initial flow velocity was
4, = 1.5 m/s. The calculated velocity of the changed pressure wave is w = 1073.0 m/s.

The developed program is presented below:

ITLE

SNITIAL
JONSTANT
CONSTANT

WENAMIC

ERMINAL
TMER
BUTPUT
MGE
_ABEL

END

TOP
INDJOB

PRESSURE VARIATION COURSE IN THE DELIVERY
SYSTEM BEHIND THE GATE

. L =28000, D=0.5, VO =15, TA = 1.0, W = 1073.0

LAM = 0.026

KH = LAM*V0//3*D/
HPO = KH*L*V0#1000
C3 = KH*W*500

Cll =L/W
C12 = 2+C11
. C13 = KH*Cl11

C14 = EXP/—C13/
VD = — VO/TA*LIMIT/0.0; TA; TIME/
Fl= —VD —F6

F5 = DELAY/100, C12, C14*F1/

F6 = F5 + VD

F9 = INTGRL/HPO, F6+C3/

PD = F9 + F6+W+*1000

FINTIM = 22.5, DELMIN = 1.0E-9, OUTDEL = 0.i5
PD
NTAB =0

PRESSURE VARIATION COURSE BEHIND ‘THE GATE‘

Structural instructions describing the considered system appear in the DYNAMIC
wrt. The remaining part of the program deals with preliminary calculations and
wganization instructions.

-

1 Dl N e
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Pressure changes in the pipe due to the fact that the flow at its beginning stops
after the time T, = Ss are shown in Fig. 3.

In order to evaluate the credibility of obtained results, they were compared with
the results obtained by solving the basic system of equations for the considered pipe
using the method of characteristics. These last results show good agreement [5]
with experimental results. The obtained results were put in together with the pre-
viously 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 hammer curve.
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Fig. 3. Comparison of pressure change curves calculated with presented method and with the
method of characteristics
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- The next curve (Fig. 4) illustrates the influence of flow stopping time on the
oressure change curve. The pressure change curves for flow stopping times T, = 1s
and T, = 5 s are shown. The shorter time is selected in such a way that the so called
ample water hammer occurs in the system. For T, = 5 s, a non-simple water ham-
mer takes place in the pipe.

The curve indicates that the maximum deviation of pressure from the static
sressure is 1.61 MPa..The pressure change calculated from the Allievi formula [4]
s for this system: -

Ap = pw Av = 1.61 MPa.

These values also confirm the credibility of the presented method of pressure
thange calculation.

It may be also observed from the curve- .-that increase in time during which the
Jow is stopped (leading to the -non-simple water hammer) results in a decisive
fecrease of extreme pressure changes during the water hammer. Therefore, slow
- whanging of flow velocity is one of the methods of preventing excessive pressure
snanges. The curve shows that decrease in the initial velocity of flow results in
senificant drop of pressure changes occurring during the water hammer. The in-
tmence of other parameters characterizing the system on pressure changes occurring
turing the water hammer can be examined in a similar way. Printout in the form
i curves allows quick evaluation of results obtained.

5. Summary

The results obtained with the use of the presented method are in good agreement
with results obtdined by solving the basic system of equations using the method
W characteristics as well as with the results obtained from the Allievi formula.

| This warrants the credibility of curves obtained.

The model for water hammer calculations is presented in a block diagram form.
“uis makes utilization of the IBM-CSMP simulation language for computer cal-
wiations easier. The language enables performing calculations on a computer with
wmly very little knowledge of programming. Results are obtained directly in the form
¢ curves. This allows to check the results more quickly than in.case when they

L= given in the form of tables. The above feature of the presented method of water
semmer analysis suggests that it can be recommended for use in design calculations.

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

W pracy przedstawiono metode modelowania i analizy uderzenia hydraulicznego w przew
hydraulicznym. Uktad rownan opisujacych przebieg uderzenia, ktéry jest szczegdlowo omawiany w pn-
cach 1 i 4, po zlinearyzowaniu przedstawiono w postaci rownan (1) i (2). Rozwiazanie tych rownas.
zaleznosci (8) i (9), przedstawia zwiazek pomiedzy zmianami cisnienia i prt;dkosm przeplywu na poczaths
przewodu p(0, s), v(0, s) oraz na koncu przewodu p(L,5), v(L,s). Do wyznaczenia wartosci liczbo
cisnienia i predkosci w przewodzie na komputerze korzystano z jezyka programowania IBM-CSM¥®
W celu ulatwienia programowania rownania (8) i (9) przedstawiono w postaci schematu blokowego (rys. 8

Dla przyktadowych obliczen przyjeto przewéd tloczny, na poczatku ktorego znajduje sic pompe
Na drugim koficu przewdd zakonczony jest duzym zbiornikiem otwartym. Schemat blokowy przebices
uderzenia w tym przewodzie przedstawiono na rysunku 2. Wyniki obliczen na komputerze przedstaws
rysunek 3. Celem oceny wiarygodnosci otrzymanych wynikéw poréwnano je z wynikami uzyskany
z rozwigzania podstawowego uktadu réwnan dia rozpatrywanego uktadu za pomoca metody cha
terystyk i uzyskano duza zgodnos¢.

Przedstawiony model przebiegu uderzenia-moze by¢ wykorzystany do obliczen w ukiadach bardzis
ztozonych (przewody taczone rownolegle i szeregowo). Schemat blokowy pozwala na uwzglednieme
zmian struktury badanego ukladu wykorzystujac metody przeksztalcania schematow blokowych -
Mozliwo$¢ zastosowania jezyka programowania IBM-CSMP pozwala na korzystanie z przedstawxom
metody juz przy niewielkiej znajomosci programowania. Wyniki otrzymuje si¢ bezposrednio w pos
wykreséw, co ulatwia analiz¢ uktadu podczas obliczen inzynierskich.

Ludposast cuMy.1smms X0za THIpaBJIHYeCKOro yaapa
x Pesrome

B pabote mpejcTaBiieH METOM MOJCTMPOBAHMS M &HAJM3A TMAPABIMYECKOTO yapa B IMAPABAE
HeckoM TpybonpoBose. ChCTEMa ypaBHEHHH ONUCHIBAIOMIAX XOJ YAapa, NOAPOOHO OTMUCAHHAS B TPYIak:
[1] u [4], nocae nuneapusanuu npeacTasicHa B Gopme ypasrernit (1) u (2). Peinenue 5TuX ypaBHeHmh
T.¢. 3aBUCUMOCTEH (8) u (9), IPEACTAaBIAET CBA3h MKy M3MEHEHHSIMU JABJIEHHSA ¥ CKOPOCTH TEUCHME
B Hayayle TpybonpoBoaa Ap(0, s), 4v(0,s) u B KOHIe Tpybomposona 4p(L,s), 4v(L,s).

Jlis onpesie/ieHus YHCICHHBIX 3HAYCHUH NABIEHHS U CKOPOCTH B TpybompoBoae Ha DBM ucnoss
30BaH A3bIK mporpamMMmupoBaaus IBM-CSMP. C nensio obneryeHnsi mporpaMMHUPOBAHHS yDABHEHEE
(8) u (9) npeacrarneno B Bune 6104HOM cxeMsl {puc. 1).

JLnst IPUMEDPHBIX PAcYETOB MPUHAT HATIOPHBINA TPYGONPOBO, B HaYaje KOTOPOro HAXOMUTCS HACOE
Ha ngpyrom koHue Tpy6onpoBo/i BXOAUT B GONBINON OTKPhITsIA pesepByap. Biounas cxema xona yaape
B 9TOM TPYOONPOBO/iE NIPE/ICTaBeHa Ha puc. 2. Pesysibratsl pacuétos Ha DBM npencTaBieHs! HA puC. &
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_ UENBIO OLEHKM JOCTOBEPHOCTH TMONYUCHHEIX PE3YJIbTATOB MPOU3BEACHO X CPABHEHNE C Pe3ybTATAMH

JELIEHNS OCHOBHOW CHCTEMEI ypaBHCHPXﬁ At paccmannBaeMoﬁ CHUCTEMbI C IOMOILBIO METOAA XapaKTe- |

sucTHK. JIOCTHIHYTO XOpOLU€E COOTBETCTBHE.

Tpencrap/ienHas MOJE/Ib X0Aa yAapa MOXET GBITh HCIIONB30BaHA ANIs PACUETOB B GoJiee CIOXKHBIX
“scTemax (Tpy6onpoBOibI CoeMHACMbIE NAPATIIENBHO U MOCIeI0BaTENbHO). BiioYHas CXeMa MO3BOJSET
SHTBIBATH M3MCHEHHS CTPYKTYPBI UCCIIEAYEMON CUCTEMBI, UCTIOIB3Ys METOIbI NPEBPAILCHUH BI0YHBIX
“oM. Bo3MOXHOCTb IPUMEHEHHs s3blka MporpamMmupoBanus IBM-CSMP no3sosisieT HCHOJb30BATH
FEEICTABJICHHBIH METOJ YyXKe NMpU HEOONBIIOM O2HAKOMIIEHUWH C NPOTPAMMUPOBAHHEM. PesynbTaThi

WOIYYaATCA HCHOCpe}JCTBCHHO B (I)OPMC I padmxos 10 06.1'[61"!36'1‘ AHaJIN3 CUCTEMbI BO, BpEMSI HHXeE-
SEDHBIX pacquon




