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introduction

Unsteady flow in piping systems is a common occurrence. indeed, steady
flow is so rare that one might question the advisability of devoting so much
time to a study of its behavior. Virtually all hydraulic design is based on
steady flow analysis and, in many cases, the unsteadiness occurring in a
pipeline system is of little consequence because of its transient nature and its
smail magnitude of change. It is with those few cases wherein significant
changes in velocity cause large changes in pressure that we are concerned.

Unsteady flows are divided into two categories, depending on the type of
analysis required to accurately describe the flow behavior. The first, called
surge or rigid water column theory treats the fluid as an inelastic substance
wherein pressure changes propagate instantaneously throughout the system - ‘
and elastic properties of the pipe walls are of no consequence. The equations
describing this type of flow are generally ordinary differential equations which
can be solved in close form or with relatively straightforward numerical
techniques. Where applicable, this approach is the easiest to apply and
should always be considered as a possibility to adequately approximate
problems under considerations. The second category of problems is
classified under elastic or water hammer theory wherein the elasticity of both'
the fluid and the pipe walls is taken into account in the calculations. Pressure

~waves created by velocity changes depend on these elastic properties and

they propagate throughout the plpelme system at speeds depending directly ,
on these elastic properties. Often it is not clear which type of analysis should
be used because there is no distinct line of demarcation between the two
areas of application. On the other hand, there are cases where it is obvious
which type of approach should be used. Fore example, if a large storage tank
50 feet in diameter and 75 feet tall were to be drained through a 6-inch :

| pipeline 1000 feet long, it would be foolish to use elastic theory in a tradltlonél
water hammer analysis. Yet, if during the draining process, there was the

possibility of having to close the discharge valve suddenly, then SJQntflcant

“hammer occur and elastic theory should used.

The Unsteady Flow Equations

To analyze unsteady flow broblems in pipe systems. we must begin with
developing an equation describing flow in a single pipe. The approach is to.

- apply Newton's second law to a smail cylindrical fluid particle at the pipe
-centerline. The resuiting differential equation of unsteady flow is known as

the Euler equation and it applies to one-dimensional flow in the pipe. Two or

- three-dimensional flows are not of significance in this situation, hence the

one-dimensjonal analysis is adequate. Fuither, because of the differential

‘size of the fluid element, the resulting differential equation is equally valid for
- compressible and incompressible flow and can be used in both rigid water

column and elastic analyses.
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' Consrderlng only the stream-line. drrectlon Newton s second Iaw grves

ZFS =ma, =m—:

Where m is the fluid partrc[e mass, and s S|gnrfles the streamllne direction.
Substituting the: force components and mass from the figure in the equatron
results in,
PAA (p+-@EAs]AA Wsmé? rAsrrd “Eﬂ o

o g dr

After some mampulat:on we end up with the one-dimensronal Euler equatron

1 ap gz 4r -l dv

}fas Os yd gdt- o :
Expanding the particle diameter to the size of the pipe cross- sectlon and
introducing the average velocity V gives a more useful equation;

'um & 4r, 1dV
y as ds }fD g dr
Where D is the pipe diameter and 1, is the shear stress at the wall. Usrng the
relatlon between To and f of the Darcy -Weisbach equatlon in the form,

'—_pfﬂﬂ
The derrved equatlon becomes

lop oz fVE_tav
y@s os D2g gdl

Knowing that

h=z+%

J/
The equation can read

_Oh fV _lar
s D7g ga’r

LV




Rigid Water Column Theory

The unsteady flow equation can be used to solve a wide range of pipeline
problems which fall within the domain of rigid water column theory. We will
begin with some of the simple problems and proceed to more comprehensive
ones.

Flow Establishment in a Horizontal Pipe

tig 2

Smple System o Applyonye Rgosob Woates Coliiin P s

If the discharge in the pipeline shown in Figure is controlled by the valve at
the downstream end, the pressure in the pipe is everywhere equal to H, when
the valve is closed. When the valve is suddenly opened, the pressure at the
valve drops instantly to zero-and the fluid begins to accelerate. The equation
describing this flow is obtained by integrating the unsteady flow equation with
respect to s, '

Clav
j' '[ZgD ”,Eﬁrﬁd

In a horizontal constant diameter pibe the integration is made assuming that f

in unsteady flow is the same as for a steady flow at a velocity equal to the
instantaneous value. The result is,

p_ Py Lo LdV

y vy 2gD g i

The pressure head at point 1 is H, and at point 2 is zero, and the equation
reduces to '

g Lo _Ldv

° 2gD g dt

Separating the variables and integrating we get,




2gD _ .
The integration gives the following equatlon for the tlme necessary to
accelerate the flow toa given veloc:ty V L o

‘Where lod denotes natural fogarithm. Recognizing that square root in both
the numerator and- denommator is the steady state veiocnty Vo, then the
equatlon fort becomes . o

"Lv .V+V

t= g In
2gH V, V

[t is tmportant to note that as steady ﬂow is approached V approaches Vo and '
‘tapproaches @, which is unacceptable $0 we assume thatwhen V.= 0.99 V,,
the’ steady ﬂow I8 essentlally achleved With thls interpretation, -

LV,

g,
Example 1

A horizontal pipe 24 mch in drameter and 10000 foot Iong [eaves a reservoir
100 ft below the surface and terminate in a valve. The steady state friction
factor is O 018 and it'is: assumea’to remain constant during the acceleration
process. If the valve opens suddenly, calculate how Iong it w:tl take for the
' velomty to reach 9g percent of its final values Neglect mrnor Iosses

2 2 )
. va 0919_510000x\_/‘_”_100m_
- ng - 2x2x322

' To use the equaﬂon for the tlme denved above V0 has to be ca!culated first,

V, = 8.46 fps, and

10000 x8.46
b =2, ° 70
9 =285 o 100 seC




The following graph illustrates how the velocity approaches its steady state
value with time.
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Pressure Caused by Valve Closure in a Horizontal Pipe

Valve closure can cause some analysis problems beyond those of
instantaneous valve openings. The difficulty occurring in this problem is
precipitated by the fact that the pressure just upstream of the vaive is no
longer zero, but is determined by loss characteristics of the flow through the
valve.

The differential equation representing this problem is the same as before,

hy - hy — S 2 =L av
T 2gD g dt
Unfortunately, there are two independent variables, p; and V, and another
equation is needed (boundary condition), which is typical of unsteady flow

problems. '

There is indeed a limit of applicability to this rigid column approach as
discussed before, which ¢an be seen with the above equation. As faster and
faster valve closure times are used, dV/dt becomes quite large and, in the
limit, goes to infinity. According to the equation, in the limit, h, approaches @
also. The point at which rigid water column theory fails to give acceptable
results and a move to elastic theory is necessaryhﬁ]'hard to establish, because
it depends on the individual problem and the accuracy in analysis required.

Example 2

Water flows from one reservoir to another through the pipe at a velocity of 10
pfs. The shutdown plan calls for a valve closure scheme which will cause the
velocity to decrease linearly to zero in 100 sec. The valve is located at the
center of a 6440 ft long pipeline. Estimate the maximum and minimum
pressure which will occur in the system, locate them, and give the time at
which they will occur. :
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The general form of the. unsteady flow equatzon applymg to th:s sntuat[on is,

by ﬂ'

LdV
e Z_gD_‘

g dt_ o
‘Given that the _\jelocity will "décr,e_'a‘ise\ Iine‘a'ruly' with time
Lm0 a0

Cdr 1000 0 T

The problem is solved by COnsidering't_wQ -s'ec_tions upstream of the vah)é

-B—_wo Sy 3229( 010)_110-‘1“2
4 2gD 322
and downstream of the va!ve

I

L . Ieso!

i e

: 'an I

I, 3220 Lo,
Py _gor L y2 320 Conoy=704 o
¥ 2¢D 32.2

2gD

o .




The downstream max pressure is 110 ft at t = 100 sec, and the min is 90 ft at
t = 0, while the upstream max pressure is 90 ft at t = 0, and the min is 70 ft at
t = 100 sec.

Simplified Analysis of Water Hammer

Water hammer phenomenon can be simply described as the ‘inertia
pressure’ resulting from either acceleration of deceleration of a water column.

Inertia pressure is the difference in piezometric pressure, simply

Force = mass x acceleration

_ApA:szLa---- L Fig #
at E‘-, 31 ]’ .
or . . - . }) L
A =Ly S
g i

which is the dynamic equation for-uniform cross section and-incompressible
fluid. '

The same result can be obtained from the detailed analysis above by
neglecting the friction losses, where the unsteady equation takes the form,

oh 1OV _
ox g ot
The previous analysis assumes that at any instant in time V is constant along
the length of the pipe, i.e. ‘rigid' or 'inelastic’ water column, or

V= g Jor all x

0

The above is true if the closure’is gradual.

Example 3

Assuming water is discharged from a reservoir through a pipe of length 1500
m, where the steady state velocity is 2.3 m/s, and the head over the pipe
outlet is 120 m. If a valve at the downstream end of the pipe is closed so that
the velocity decreases to 1.2 m/s in 20 seconds. Calculate the max increase
in pressure using the simplified equation above. : :

Assuming the closure is uniform, i.e.
0 AV :

- Const = e
o1 At

V,-V, 2923
Lav _ LW, =V,) __1500Q12-23) o,
gAN g N 9.81 20

AH = -




In the previous analysis, it was assumed that the change in velocity with time
is linear. However, it is more realistic to assume that the valve area
decreases linearly with time. By doing this’ the change in velocity with time -
will not be linear any. more and the problem will be solved by dividing the
closure time into smaller steps. The following two examples show how the
realistic closure assumption is used to solve the problem

| Example 4

As the. prewous example but assume that valve area is closed from 100% to
55% in 20 sec and the rate of c!osure Is such that o S

. a _
— =const
o
Ltet

a
o=

' Where ais the effectrve valve area and ao is the full Open area

Assummg, _ L

Q=4V =a. f")E(“fTi‘XH) uw:{ Qo = A\!a -: C!u \/ ch H
where AH is the water hammer mertla head then .

Va,H+AH"-.-
—— ........l’l’_..____A. Or

V=aV, f e the boundary condition
-. 0 ’
V and AH are calculated by solvmg the above equatron Wrth the srmplrfsed
unsteady ﬂow equat|on . -

A BAV LUV
ga g N

lf the closure is S|m|lar to the prevrous example then
solving the two equatlons together we: get

V,=055x23. -1-9-01-'2303{{ =0.1 15J120+ A

-2.3
prr =30V =23 g s V)

9.81 20
Squaring the first equation and substltutlng for AH from the second equatlon

the following quadratic equation resulits,




2
V2401017, ~1.8196=0

The solution of the above equation is,
Ve=1.305 m/s and AH=761m

If the closure is linear from 100% to 45% then V¢ = 1.0746 and AH = 9.368 m.

Example 5

da

Same as the previous example but the history of the ratio C;j or =

with time is known. As an example, ¢ may reduce linearly from 1.0 to 0.45.

The solution methed is to divide closure into severa! small increments within
whichthe 97 ratio may be reasonably assumed constant.

o
The function a (t) may itself be nenlinear. For each increment use
appropriate At (need not be constant) and solve for AV-and AH. Use the
largest AH as the answer to the problem. The followmg is the spreadsheet
solution to the problem.

To facilitate hand calculations for each time increment the foilowing solution to
the quadratic equation is developed for the i*" interval,

H, +AH,

Vi=a, V, .. 1, TR,
; HO
Al =L TVin)
g ([1' !r—l)

VR = afVo LV, _ afVy EK’:—'-j--—a,?VOZ =0
| Hy Jgat \ H, Jgat 7

[¢]

S V= _b +..j(-b) +C




Water Hammer (Rigid Water Column}

Input Data ‘ :

L 1500 m length of pipe _ ; _
Vo 2.3 mfs intial velocity
Ho : 120 m initial head ;
tc 20 sec closure time i
o 1 intial valve closure ratio
O 0.45 final valve closure rafic i
At 4 sec time increment |
g 9.81 nvs2 acceleration of gravity
n 5 number of time increments : |

Intermediate Caiculations . . -
t o b c A .Y o S H

0 1.000 2.30 120

4 0.890 1.33 - 7.26 2.1 7.32 127.32

8 0.780 1.03 5.38 -1.86 9:39 129.39

12 0.670 0.78 3.78 1.60 9.92 129.92

16 0.560° 0.53 2.51 '1.34 10.04 130.04
20 0.450 0.34 1.53 1.08 10.06 - 130.06

o intermediate Calculations {automatic) N o .
h t a \Y  AH H : St a v AH H

0 1.000 . 230 0.00 120.00 . ' 0 1.000 2.3 o 120
4 -0.890 2.1 o0 7.32 0 127.32 2 2 0.945 = 2225 874 125.74
8 0.780 L1860 939  -129.39 RIS 4 0.8%0 .- 2117 8.2% 12829
12 0.670 160 992 12992 6 0.835 1,994 9.36 . 129.38
18 0.560 - 134 10,04 130.04 - : 8 0.780. . 1.866 . 8.80 129.80
20 0450 - 1.08 . 10.06 130.06 . 10 0.725 1.735 -9.97°  129.97

12 . 0670 1604  10.04  130.04
, .14 0615 1473 1006 - 130.06
o U160 05600 1341 10.07  130.07

e i 18 0505 . 1.209 10.07 130.07
_ N : 20 0.450 1.078 . . 10.07 130.07
. E . im—dsec i - o
3 e T2 800
S R
0 5 20 25

10, 15
time (sec)




Elastic Water Column

The dynamic equation

v
AH =- Loy suggests that AH — o as At = 0

g Al
When closure is very rapid, the elasticity of the water cotumn and the
containing pipe result in creation of a pressure wave, ie.
ayv
O =0 (cf. traffic approaching stop light 1)
-

[ Snladedelulete gt V_Av“z | .'__11%' 3

8 — V5 H S
H-I-AH___

\b——n-l-‘-”- A

bt

b= =cat

Consider control volume as water wh:ch expenences change in momentum in
time At. : o

Force = change of momentum / second

pPEAHA = - a (mAV)= _ dm ax AV = —(pA)cAV . . '
dar’.. dx di SR
Or . o _ _
A =S AV Which is the dynamic equation for elastic water column -
e (independent of At) B

Example 6

If c = 1000 m/s and velocaty is abruptly reduced from 2. 3 to 1 2 mls find AH.

AH=—¢~AV:—-1000

(19 ’)3) 112.1m
g 9.81




Simplified Deswri_pﬁon of Water Hammer

To. grasp a basic understanding of the action of a pipe system carrying
liquid under the action of water hammer waves, it is easiest to consider as
simple a system as possible. The system we will examine is shown in Figure
13- below as horizontal, constant diameter pipe leading from a reservoir to
some unknown destination far downstream. A valve'is placed a distance L
from the reservoir. Friction in the line is assumed negligible to simplify the
analysis; and because velocity heads are generally quite small in relation to
water hammer pressures, the difference between the energy grade line and
the hydraulic grade line will be neglected.” Water hammer will be introduced
into the system by suddenly closing the valve. The activity will occur both
upstream and downstream of the valve but for our purposes we will observe
only what occurs upstream of the valve.

a Upon sudden closure of the valve the velocity of water at the valve is
forced suddenly to zero."As a consequence, the pressure head at the -

- valve increases suddenly by an amount AH (see Figure 13). The
magnitude of AH is just the amount of pressure head necessary to
change the momentum of the liquid initially flowing at velocity V at the
vaive to zero. The increase in pressure at the valve resultsina
swelling of the pipe and an increase in the density of the liquid. The
~amount of pipe stretching and liquid density | increase depends on the
plpe material and size and the liquid elasticity. General!y, for common
pipe materials and liquids, the percentage change is less than 0.5
percent. The deformation has been greatly exaggerated in F|gure for
purposes of iliustration.

n The pressure increase propagates upstream at a wave speed of a, -

which is determined by the elastic properties of the system and the

liquid and the system geometry. The wave speed will remain constant
“so long as the above remain constant. :

a Traveling at a speed a, the wave will reach the reservoir in a time
L/a. At this time the velocity in the pipe is everywhere zero, the
pressure head is everywhere H+AH, the pipe is stretched, and the
fluid is compressed. Under these conditions the liquid in the pipe is
under a condition of non-equilibrium because the pressure head in the
reservoir is only H.

a As- a result, flow begins to occur toward the reservoir as the
distended pipe ejects liquid in that direction. The reverse velocity is
equal in magnitude to the initial steady velocity (as a result of
neglecting friction) and the source of liquid for the reverse flow is the
liquid previously stored in the streiched pipe walls as compressed
ligutid.

2 This process continues and at time 2 Lia, the pressure has returned
to normal (but with reverse flow oceurring) throughout the pipe.

P,




o However, there is no source of liquid at the valve to supply the
upstream flow hence the pressure head drops an additional AH to
force the reverse velocity to zera. This drop in pressure causes the
pipe to shrink and the lsqu1d to expand.

0 At time 3 L/a this effect has propagated fo the reservoir and the
velocity of flow is everywhere zerd. However, the pipe pressure head
is AH below that of the reservoir.

o Conseqguently, the pipe sucks in liguid from the reservoir creating a
velocity of flow equal to and in the same direction as the original
steady flow, While this is occurring the pressure in the pipe is also
returning to its onglnal value.

o After time 4 L/a this wave has reached the valve and at this instant
the flow is identical to its original steady state configuration. This
elapsed time constitutes one wave period. As time goes on, this cycle
of events will continue without abatement (in the absence of friction).

Some fundamental concepts can be gained from examining more closely
what occurs”in this system. For example, it is clear that the time parameter
which best describes the sequence of events in a meaningful fashion is not
time alone but the ratioc L/a. It is informative to plot the pressure head at
various points in the pipeline as a function of time as shown in Figure 14. Note
the pressure head at the valve fluctuates between Hx AH whereas the
pressure head at other locations also experiences periods of time when its
value is H.

One basic point can be made from Figure (14-b). Note that the pressure
does not increase at a point until enough time has occurred for the wave to
travel from the closed valve. Once the pressure head has increased, it
remains there only long encugh for “relief' to arrive back from the reservoir.
This idea of “time of communication” or “message propagation time” is funda-
mental to a good understanding of the happenings in a system undergoing
water hammer.

A second important point can be seen by examining Figure (14-a) more
closely. Suppose that instead of closing the valve suddenly, we were to close
it in 10 steps, each increasing the pressure head at the valve by AH /10. A
further requirement would be that the complete closure of the valve would be
accomplished before 2 L/a seconds had elapsed. It is clear that the pressure
head at the valve would still buitd up to the full AH value because "relief” from
the reservoir could not arrive before 2 L/a seconds. The point to be made is

that a valve need not be closed suddenly to create the maximum water

hammer pressure. Indeed, any closure time less than the time necessary for
relief to return from a reservoir (a larger pipe may also act much like a
reservoir) will result in full water hammer pressures. In fact, as we will see
later, because of the manner in which a valve shuts off flow in a pipeline by
creating large head losses, it may be necessary to close the valve in a time
much greater than 2 L/a to prevent high pressures from occurring.

#
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FIS 15 I:ﬂ"cct of friction. Varnt:on of pressure ncxt to thc valve with time after com-.
' plcte \a]w: closure. Thcorctrcal (no frrct:on) fine shown dottcd

The effects of friction losses are indicated in Figure 15, which shows the -
perhaps surprising factthat a greater rise of pressure-may. occur with friction
than without it. When the veloc:ty of the fluid is reduced, so is the-head lost to
frrctron the head available-at the downstream end of the pipe consequently
rises somewhat as layer after layer of the fluid is slowed down. This
secondary effect is transmitted back from each layer inturn with celerlty a,
and so the full effect is not felt at the valve until.a time 2L/a after its closure
In the Figure this effect is indicated by the upward slope of the line'ab. During

~ the second time interval of 2L/a velocities and pressure amplitudes have
reversed signs, and thus the line de slopes slightly downwards. However
energy is also dissipated by viscous forces during the small movements of
individual particles as the fluid is compressed and expanded. This dissipation
of energy, known as damprng a[ways tends o reduce the: amp!rtude of the
pressure waves

Flgure 16 shows the change in pressure drstrrbutron with time due to
- closure times less than 2L/a (instantaneous.closure), while Figure 17 shows
the situation for closure time between 2l/a and 5 x 2L/a (intermediate
closure). In the latter case, the closure time is treated as a series of
incremental closures each of duration 2L/a accumulated algebrarcal[y
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Intermediate Closure (2Livy, < t; < 5 (2LMvy))




Wave Celerity ¢
Due to pressure increase AH, volume reduction is due to,

i} elastic compression

Ap pgi ' _
K=l 2 e 7,
AV()HVO[ AVo!/AA\ % D
therefore, // .
- /

AVol,, = (Ax)! peAHl

iy  radial strain

pD | : EZ)” '
_stress o1 - _ PgAHD® ? | /// :
£ hence  AD= oET o e %

strain
D _ . '
therefore, - | [ bD
- ‘e P A $ 2
AVol , = nDAx A;) pi‘;H ”’i Ax | \/ | // '
then the volume for incoming fluid is, ' ' _-.1 ; : |
| 1. D P TR "
AVol = AMAH -—4+ | = AMAH —.
where K. is the equivalent Bulk modulus. - - ok
'But ' N Lo '
AVol =-AV A M= pgAH(AAY) -,
_ ol =—AV A M = pgAH (A ")Ke" R Tk%s‘
Then C | |
AV g AH

Ar K" Ar  continuity equation

Recalling the dynamic equation developed before for unsteady flow

s 1A 1avs (1 s
Ax g Ar g A M g K(Ar]
AH
hence
¢ = -;'_K“e_” ' which is the equatio'n for wave celerity

Velocity of wave propagation is not a velocity with which particles of matter
are movmg therefore we use the word ‘celerity’. It represents the rate at
which a ‘message’ can be ‘telegraphed’ through the ﬂUld If we lgnore the
elasticity of the pipe, then o

K . ' I
¢ = . - whichis the velocity of sound in an infinite expanse of liquid

i




- Example 7

A pipeline has a diameter of 300 mm and wall thickness 8 mm. I K = 2. 05
GPa and E =200 GPa flnd the vave celenty C..

] 1 D
ﬁﬁﬁﬁﬁ e + N
K, K ET
RS 1 300
K, 2. 05 " 200x8
Ke = 1.481 GPa
c= “48]“0 =1217 m/s
;1000 ST
Example 8

' Plpellne of Iength 1500 m has dlameter of 300 mm and wall thtckness of 8.
mm steel, the valve closes flow of 0,15 m3/s in 2 sec. Find AH.

From the prevuous example Ke = 1 481 and c= 1217 m/s

’) ’)

L, L ¢ 1 500' = 2.465 sec ) lc = 23ec, then ,c!osure is instantaneous
¢ 1917 _ ' '

Vo= 0.15 =2.122 mls .
zx(_O.S_)Z o

_ 4 |
AH = - 1217 (o 2. 122) 263'm
Example 9

if in the pre\nous example closure reduces ol from 1.010 0. 3 in 2 sec, flnd'
Himax, if Hy = 120 m. : :

[ =03x2.122x. f@ﬁ 0

120
1217

AH =- V,-2.122 2
gg Vs %122 (2)

Solving (1) and (2), we get Vi = 0.947 m/s, and AH = 145.7 m.
Himax = 120 + 145.7 = 265.7 m.

20




Intermediate Closure

When valve closure extends beyond 2L/c, expansion wave returns to valve
before closure is completed and reduces the total inertia pressure. As
mentioned above this closure is treated as a series of incremented closures
each of duration 2L/c. Each incremental closure produces a wave of
pressure. These are accumulated algebraically. For each time increment

At=2Ll/c,

AH, == AV,
g
H,
V‘. =a,Vo:*H-:;
AV; =V =Vi
H" :HO +AH,. "‘AH,‘_;] +AH,__2 —_
At t= 1 x2L/c Hy=Ho+ AH4
t=2x2l/kc HZ;H0+AH2-AH1
: - = H°+AH2—'H1+HO
=2 Ho + AH2 = H4
t=3x2L/c H3=HQ+AH3~—AH2+AH1 _
=H0+AH3+2HO—H2—H1+H1-Ho
=2H0+AH3_H2 '
In general H,=2H,+ 0, — Hy
Example 10

For L = 1500 m, Vo = 2.3 m/s, Ho = 120 m, and closure to a = 45% in time of 8
sec. Use E =200 GPa, K= 2.08 GPa, D = 300 mm, and T =7 mm, Find the.
maximum head at the valve. :

1. Find Keand ¢

1 1 300

L1, 300 06051 =K, =1439GPa
K, 208 200x7

1439%10°
c= T =1200m/ s

1000

9 Calculate reflection time

2{[‘_ = %3(}-529 =2.5sec=1,

c 1200

24




Subdivide closure

ty = 2.5 sec

2 :-1.0—_-(1—'9;_‘—8-045) 25208281

t2 - - |5s8ec az-_ T To656 . |
t3 7.5sec  |ay . 1 0.4844

s 10 S?C | Olg -1 0.450

3 SO]VeforHl"j_g_Sﬁl .‘ . e

AH, = (19"_;}(1)} AV, = 127 32 (’) 3 V,)

5 -00302(120+?8134 17232V1) |
V436987, -12132=0 = V= 2.095 mil s i‘_
. AH,-2513m = H _145 13m o

Second mcrement et
v2 -0.6563x2.3 '1220 _0.1378, 120+AH2 AHT
AH, = (gggj AV, =12232(2 0945 - v2)

VZ4+3.3206V,-6.661=0 = V, =16697 m/s-
AH, =122.32(2.0945 -1.6697)=51.96 m
Hy =120+51.69-25.13=146.83m

Thl!’d mcrement -
Ve =1, 2332 m/s AH3-5356m H3—' 146 71 m

Fourth mcrement
_V4 1. 028 m/s AH4-—24 99m H4— 118. 28m _

‘The attached spreadsheet demonstrates the solutton to the prob!em in -
addition to calculating the effect. of changmg the closure t;me tc onthe
maximum head Mmax: :

Slmliar to Ex.ample 5, the coefficients of the quadratic equation used to solve
for Vi is given by the following expressions,

L (@ vo) Cy
H, g
¢ H,.
| C= {2(0: V; 1)2 +b ~g""’ Vg~ F}j]

13-




Valve Opening

The same solution procedure can be used to simulate the valve opening
operation. First, the valve movement has to be checked if instantaneous or
not. The velocity and head are calculated as in the case of intermediate
closure to account for the returning wave. The following example illustrates
the solution steps.

Example 11

ForL = 1500 m, V, = 2.3 m/s, H, = 120 m, and valve opens from o, =010
o = 50% in time of 2 sec. Using a wave speed of 1200 m/s, find the
maximum and minimum head at the valve.

1. Calculate reflection time

2L 2x1500

= =25sec=t,
c 1200 o

Valve movement is instantaneous
2. Solve for H= 1,2,3,4
Pty taa, 2.5 4'2-'; ' -
V, =0.5%2.3 M _0.105 120 + AH,
:120 ' _

AH, = -{193%%] AV, =122.32 (v, -0) -
V2 =1.3225-1.3481V, |
V2 +1.3481v,-1.3225=0 = V,=0.659m/s

H, =120 -122.32 (0.659 - 0.0) = 39.4 m

At time 5 sec

V, =0.105 /H,

AH, = ~122.32 (V, - 0.659)

V2 =0.01102 (120x2-122.32 (V, - 0.659) - 39.4)
V2413481V, -3.099=0 = V,=1211m/s

AH, =~122.32(1.211-0.859) = 67.52 m
Hy, =120%x2-67.52-39.4=133.08 m

At time 7.5 sec

Vi =1.133m/s, AH3=9.54m, Hs=116.47 m

_'13_




At time 10 sec |
Va=1154mis, AH,=-2.61 rn Ha = 120. '91' m
The attached spreadsheet demonstrates the solutlon to- the problem

Similar to Example 10 the ooeffncnents of the quadratlc equatlon used o solve
for Vi is given by the followung express:ons : L

b= (a,vo_)z Cw
Ho g

_Pressure at Intermediate Poihts -

All examples so far conSIder pressure at the valve i.e.at farthest pomt from
reservoir. For mtermed|ate pomts reflectlon tlme 2L/c is reduced and type of e
8 closure may vary : : T . '

E -For example for L= 1500 m and Cu = - 1200 m/s the reflectlon tlme is 2L/cW = 0
‘ 2 5 sec. lf tc 2 sec otosure is instantaneous s - : o

o For a pomt 300 m upstream from the valve L = 1200 m and 2l_/cW 2.
sec, then closure is still mstantaneous ‘ -

o  Fora point closer to reservotr 600 upstream the valve L = 900 m, and' :
2l/cy, = 1 5 Sec, then closure is intermediate.

Exam_ple 12

For the following data,

L=1500m °

L cw=1200m/s
Ho=120m

Vo=2.3mls

=10

=03

t. = 2 sec

Find the maximum head at points along the pipe every.30'_0 m.

pi




Complete Closure

input Data

Ho 120 m

3] 300 mm
T 7 mm
E 200 GPa
K 2.08 GPa
0 1000 kg/m3
g 9.81 m/s2
L 1600 m

Q 0.15 m3/s
tc 2 sec
o0 1

of 0

Intermediate Calculations

Elastic Water Column

incomplete closure

intial pressure head at valve
pipe diameter

pipe wall thickness

modulus of elasticity

bulk modulus

density of liquid
acceleration of gravity
tength of pipe

flow

closure time 2 sec
initial valve area ratio 1
final valve area ratio 0.3

Ke 1.439 GPa equivalent bulk modulus
Vw 1199 m/s wave speed
tr ‘ 2501 sec reflection time
Type of closure ' instantaneous
Vo 2.300 mis initiat velocity .
Vi 0.000 mfs ] _ 1.042 mis
AH - 2812 m increase in pressure at valve - 153.8 m
e velogity - head !
| |
2 3.00 - - 180 _ 5
E e o 120 E %
Z ) 80 T E
- 40 2
 Zow! - o
? 0 5 10 15 |
"~ time (sec) |
; l
‘

%




~ Intermediate Closure " Effectof Ghénging tc on Hmax

tc - 146.85
25 2274
o5 . 1858
7.5 . 1488
100 1410
425+ 1365
15 1336
17.5 - 1316
- R _ . - 20. . 1301 -
'‘8sec-. . .. 225 1289,

0.45

t{sec) = o .. Voo b e AH. -~ H _
0 230 - o000 0 120.00.
25 0828 - 209 . 370 -12128 2513 14513
5.0 0656~ 167 - 232" '-6660 = 5198  146.85 - .
7.5 0484 - 123 0 126 -3072 5356 - 146.71.
10.00 0450 - 103 - 109 - -21477 - 24.94 - 11822
12,5 0450 . 1.04-. - -1.09 . -2.208  -1.23 12055
15.0° . 0.450 1.03 ° 109 -2199 038 119.83 -
17.5 0.450 1.04 - 1.09 2202 -012 12005
20.00. 0450 1.03 . £09 - 2201 = 0.04 119.98
225 . - 0450 1.04 1.09 2201 -0.01 12001

Hmax  146.85

) o,
L]

Ik
-3

- Hmax (m})
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The General Water Hammer Equations

oV pg OH - ,
R continuity equalion

o K, o

ot 1 oV . .
R dynamic equation
ox g o

If we differentiate the first equation wrt to t and and second wrt to X we obtain

o°v __pg o°H
ot K, ot

FH__107

ox? g oxdl

Or _ _

?H K,0'H . . v K, 8%
N similarly ——5 ="y
ot p ox or- P ox

These are plane wave equations in H and V with respect to x and t, where
Kep=c?. The general solution to the equations is, -

HoH, = F=-2)+ft+>)
c [

V-V, = —S-[F(; —“1)-f(x+£)]
c c c
The physical significance of F(t-x/c) is a wave +
of constant shape moving in +ve direction with

velocity ¢. After time At the wave moves a 1 bt
distance, Ax= c At, therefore l AH

Frra- T8 s Fa-T 4 Ar- [ S
¢ ¢ c ¢’ =

31

if and only if Ax/c = At.

Similarly, f(t+x/c) describes a wave of arbitrary
by constant shape moving in
-ve direction with velocity c.

The following uses the mathematical solutions +R X

to explain the reflection of the pressure wave
at the upstream and downstream boundaries. -

H‘g,]f)

285




i) case 1 open boundary
H=H,=constantatx=1L .

F(;—ic‘-)+f(:+§)=ﬁmﬂo =0,

i.e. wave F() is reflected with opposite
sign, e.g. compression wave is reflected
as expan_si_ve wave, Also, attimet=L/c -

V-V, = "-g[/’(’—%‘)—f(l?r%)} .

c c c 4 ) )

: x_?g R~ L) -
¢ 4

i.e. velocity change is doubled in
magnitude, thus when pipeline is under
AH over entire length V=0 but when
expansion wave travels down velocity
reverse and-flow returns to reservoir.

i) case 2 closed boundary
If downstream valve is closed AV=0, thus

F-T)- 0+ =0,
4 C’. .

hence H—H, =2 F(1-")
' c

i.e. wave is reflected with no change in
sign, e.g. wave:of expansion continues as
a further wave of expansion.

b /T BH

- :\/_"'

P

-

[ R




Water Hammer Effects and Contro!

This section includes a discussion on the effects of pump stop, power failure,
and water column separation, and the control devices like valves, air in lines,
surge tanks, and other techniques.

Effects

If the pump motor is shut off the pump goes down in speed, and when the
pump goes down in speed, a pressure decrease is created at the pump, and
propagates as the front of a sub pressure wave AH in the pipeline. After a
time period t = L/c the wave reaches the outlet of the pipeline and is reflected
back towards the pump, but a pressure wave (as shown in Figure 18). By
comparing the minimum pressure line and the pipe profile, we can find the out
where the lowest pressures occur in the pipeline.  These lowest pressure
zones cause pipe buckling or collapse and fatigue for an on-off regulated
system. '

If the system has a swing type check valve, it closes at the moment of flow -
reversal, where the flow is still towards the closed check valve. The moving
water compress against the check valve causing pressure to rise, called
upsurge pressure.- The latter pressure could rise up to twice the value of the
static head. : :

When negative pressures along the pipeline during downsurge are severe, it
cause the water to vaporize along some portions of the pipeline, causing
water column to separate and a vapor pocket to form (water column
separation). It is at the high points that water column separation takes place
during abrupt pump stoppage (as shown in Figure 19). The static head above
the point of water column separation is the driving force behind the movement
of the water column, causing the water column to accelerate to a velocity that
is suddenly extinguished at the moment the vapor pocket collapses (water
column collapse). It is not uncommon for the pressure at the site of column
collapse to rise from —32 ft to 500 ft in about one second. | '

Con_frol Devices and Techniques’

Because the change in pressure is directly proportional to the change in

& ~veioeity; v, avoiding sudden velocity changes generally prevents serious water

hammer pressures. Most control devices and techniques are designed to
function in a particular application to satisfy this generalization.

Valves

~#< Controlled Valve Movement

It can be illustrated that the valve closing schedule could éffect the maximum

pressures devéloped, e.g. the last 2-5 percent or so of valve closure is the

most critical for gate valves. By introducing controls onto the valve closure

27




Figure 18a.
Propagation of sub-pressure
(negative) wave.

Figure 18b.

Propagation of reflected
Pressure wave. o

/

Minimum Pressure Line

T is time for water column to lose momentum and stop forward movement.

STEADY STATE HGL

s
S

- WATER S~
VAPORIZES ~ ~~=~---

MINIMUM HYDRAULIC
GRADELINE DURING
DOWNSURGE

Figure 19 Down surge hydraulic grade line and column separation.
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mechanism, particularly to slow down the final stages of closure, consrderable
reductions in surge pressure can be achieved.

< Slow Operating Valves

Slow operating valves (closing and opening) are installed at the discharge of
pumps, and hence are often referred to as puimp control valves. For water
applications, butterfly valves are commonly used. For controlling water
pressures during normal pump stoppages, slow operating valves are very
effective.

b surge Relief Valves .

These valves designed to open when a certain prescribed pressure is
exceeded, range from relatively inexpensive spring-loaded devices, to rather
expensive and complicated systems. They are generally located adjacent to
the device expected to cause the high pressure. The purpose of such valves
is to provide an escape for the flowing liquid and prevent sudden decreases in
velocity and the resulting high pressures. Some pressure relief valves are self
regulating during closure (damped closure to allow for much longer closure
time). During clesimgof the relief valve, the valve will halt and even reopen to
limit pressure to the pre-set value in the event that the upsurge pressure
reoccur. Figure 20 shows schematlc dlagramo of. safety, relief and pressure
regulating valves. :

€ By-pass Valving Systems

Figure 21 shows alternatives for protection of pumping stations: a) shows
 pump bypass to supply compensating flow if pump fails and low pressure
regions forms on pump discharge, b) a check valve is installed to prevent

back flow through the pump with a control valve in smaller bypass line, ¢)

pump is isolated from the pipeline transient by a pump discharge-control

valve, d) a system which allows to continue at a lower flow rate and minimizes
the surge implications of !ocal pump failure. : '

Air in Lines .
Filling Em'p‘ty Lines

Liquid is introduced slowly into the system at velocities of 1.0 fps or less,

where release and air-vacuum valves must be provided so that the air can be
forced from the system slowly. Another technique is to locate inexpensive

- spring-loaded pressure relief valves nearthe air valves to prevent the sudden
velocity changes. < _

Removing Air from Lines

The best approach is to use the technigue suggested for filling empty lines
and not resume normal operation until all vacuum valves and air release
valves have closed.
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~ Figure 20 Schematic diagrams of safety, relief, and pressure regulatihg valves.

Low Qfessu'!eheretfpumpfali;. IR ' .

/ Steady flow
2550 ]

Nyuretany
valve |
proiccis
pump

‘Non-return valve,
shut W pumpon

Steady fluw

oL L -~ _ t
- e yriariocirs - F_-.-.-._ NI |
. E Bypass pipe of
/ ’ : T T T T b smaller diamerer
Conal valve vo hypass bl - ’
Compensating How . - . LIS O PP Srip

Continuations Row

Non-returg valve . .Sh:.n.!_\' flow

= P“;_‘“\P Control  Long pipeline : M

{sofation vafves

Mump

(¢) (d)
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F’ump waer F‘ailure

Surge Tanke

Can be employed to prevent both objectionably high and low pressures. They
act as temporary storage devices for excess liquid which has been diverted
from the main flow system to prevent high pressures, or they act as supplies
of liquid to a pipe which needs more fluid to prevent excessive deceleration.
Figure 22 illustrates some common surge tank (shaft) designs. For a one-way
surge tank, if the hydraulic grade line drops below the surface of the liquid in
the tank,a check valve opens and liquid flows into the system. The resuiting
hydraulic grade line configuration for a typlca! pumped plpehne with one-way
surge tanks is shown in Figure 23.

Vented-Surge Tanks

A variation on the one-way surge tank, which is sealed and equipped with a
vacuum valve and air-release valve. This added capablhty can be most useful
if reverse flow problems are anﬂcupated

A|r Chambers

A relatw_ely smal! pressurized vessel containing both water and air, as shown
in Figure 24, connected to the main pipeline at the discharge side of pumps.
In addition to suppressing surges, air chambers prevent negative pressures
and column separation in the pipeline system downstream of the chamber. A
typical situation is shown in Figure 25, which illustratef how gently the air
chamber can bring the system to rest. The latter figure also shows that an air
chamber is not always adequate to completely prevent column separation. ‘In
the case where low pressure can occur at local summits, a one-way surge
tank is provided at the summit to ‘drape the. HGL above the pipe as shown in
Figure 26.

Wave Speed Redu_ctioh Methods

Wave speeds depend on (1) elastic wall properties an geometry, (2) liquid
compressibility, and (3) free gas content in the pipeline. The response
frequencies of complete systems may be altered by the wave speed change
in component parts of the system, thereby ellmmatlng resonance as a result
“of particular forced oscillation.

Bieeding in air

‘Entraining air into the liquid flow in a system is widely used {o eliminate
unwanted transients. The air is beneficial in reducing the severity of cavitation
and also in red ucmg transient oscﬂlat:ons related to wavespeeds in the draft
tubes. .

A
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Figure 2.3 One-way surge tanks in a pumped pipeline.
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Figure 244 Schematic diagram of an air chamber and its appurtenances.

Flngl 25 Propagation of negatwe wave after a pump power fatlure W1th an air




“—-—-AIR CHAMBER |

Figure 2 & Pnopagat:on of negative wave after a pump pOWCl failure with an air
chamber and a one- way surge tank

Noncrrcuiar Condwts

A nonclrcular cyilnder when subjected to an |nternal pressure, is deformed
generally-into a shape more nearly approachlng a circular cylinder, this
increases the cross-sectional area per unit pressure change more than it
would if the it were mrcular The wave speed can be greatily reduced m thts
manner. - _ .

Flexible Hose

In mariy systems, flexible hoses (and many of the plastic hoses) are
frequently employed as a means of reducing the severity of transients.

System Geometrical Design Changes

The transient performance of a piping system may be improved, in general by
increasing piping diameter. This design change may be particularly effective.
in suction lines, since it greatly decreases the possibility of cavitation. A
dead-end branch (stub) originating at a chosen point along the: system and of
such a length that its response nullifies oncoming waves is very effective
geometric change. A section of rubber or other flexible hose in a metal piping
system generally increases natural periods of the system, and the magnitudes
of head fluctuations are reduced accordingly. Also, stiffening and bracing the
system at loop points of the pressure fluctuatrons reduces the harmful effect
of resonance.

in Summary, by proper design of components stich as valve controls, pipeline
sizes, pump flywheels, etc. and by informed operational procedures, transient
effects in fluid systems generally maybe controiled within satisfactory limits.
The provision of an air chamber or surge tank is an excellent design option,
followed in a priority ranking by other pressure- and flow-limiting devices as
relief valves, check valves, air valves, bypasses with valving, elc.
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