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ABSTRACT 

The control of stresses and liquid pressure surges in pipes is an important 

problem in the design of hydraulic pipe networks. The method of characteristics 

has been used to solve the transient stresses and pressures in liquid-filled piping 

systems. The friction force is included in the equations of motion for the fluid and 

the pipe wall. The maximum pressure and maximum stress at any point along the 

length of the pipe are evaluated for the entire simulation time. A nonlinear search 

technique has been developed using the simplex method. The optimal valve closure 

is sought, that will minimize the maximum pressure and/or stresses. A continuous 

optimal valve closure policy is specified using spline functions. Numerical examples 

are presented showing the reduction of the dynamic pressure and the dynamic stress 

from linear valve closure to optimal valve closure for a simple pipeline and a complex 

pipeline. Also, a method for choosing the shortest time of closure which will keep 

the stresses below specified allowable stresses is presented. 



1-1 Problem Description 

CHAPTER 1 

INTRODUCTION 

17 

Waterhammer in pipelines developed by rapid changes in valve setting can 

cause severe damage to piping systems and loss of system operation time. The 

control of fluid pressure transients or waterhammer is an important problem in 

the design of hydraulic piping systems, hydroelectric penstocks, and any hydraulic 

system for industrial or commercial application. Controlling the pressure transient 

can be achieved by many auxiliary system components which can be used to limit or 

reduce pressure transients. These system components such as air chambers, surge 

tanks, relief valves and surge supressors are expensive in construction, operation 

and maintenance. Another effective way is to control the boundary conditions of a 

pipeline in such a way as to limit the maximum pressure to a predetermined value 

and eliminate the pressure residuals from the whole system, i.e. valve stroking, 

(Streeter, 1963), (Propson, 1970). An alternative method is to regulate the valve, 

in a specified time period, in such a manner as to keep the pressure surges as low as 

possible during the entire process without eliminating the pressure residuals at the 

end of valve closure, (Contractor, 1983), (Sen and Contractor, 1986). Minimizing 

the maximum pressure can prevent severe damage resulting from undesirable high 

pressures. Another useful design criterion is to minimize the maximum stresses so 

as to keep the stresses below the allowable stress, since pipeline failure will occur 

when the stresses in the pipe wall exceed a critical value. 
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In this study the valve closure policy specified by the T - t curve is the main 

focus. The objective function is a weighted sum of the maximwn pressure and the 

maximwn stress. Finding the optimal valve closure, which minimizes the objective 

function, is the goal of this study. A nonlinear optimization technique will be used 

to modify an initial valve closure history so as to minimize the objective function. 

1-2 Literature Review 

- Valve stroking: 

Streeter (1963) presented a study in which valve stroking was defined so that 

the transient was completely eliminated when the valve movement ceased. The head 

will not decrease below the initial steady-state value and will not exceed the specified 

maximwn. Then, Streeter (1967) extended his control theory to cover a complex, 

series and branching system and included friction by use of waterhammer equations. 

Propson (1970) reevaluated the existing valve-stroking theory and modified and 

extended the theory to include a greater number of boundary conditions in simple 

and complex piping systems. 

- Minimize the maximwn pressure: 

Driels (1975) presented a method of minimizing the maximum waterham

mer pressure when working with a two-stage valve closure. Contractor (1983) for

mulated the waterhammer problem as an optimization problem and applied dy

namic programing to solve the problem. The objective function was designed to 

minimize the pressure rise at the valve only. Later, Contractor (1985) utilized the 

Box-Complex Method in a study of two or three stages of valve closure. Conway 

(1986) applied the dynamic programing technique to a series pipeline, and con

cluded that dynamic programing is very sensitive to pipe configuration, junction 
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location, friction factor and the closure time. Sen and Contractor (1986) applied 

minimax optimization procedures to minimize the maximum pressure anywhere 

along the pipeline. Azoury et al (1986) presented a chart for finding the optimum 

valve closure for a simple horizontal pipe including friction effect. One of their 

conclusions was that the minimum pressure in frictionless flow corresponds to a 

linear valve closure, which is different from the conclusion of this study. Goldberg 

and Kerr (1987) described a time optimized procedure called quick stroking. No 

optimization method was used in this study. 

- Nonlinear optimization: 

To find the optimal valve closure the simplex technique is used in this study. 

Spendlyet al. (1962) introduced this technique for locating the optimum operating 

conditions by evaluating the output from a system at a set of points which forms a 

regular or irregular simplex. A new simplex is formed, which has all the previous 

set of points except a new reflecting point. 

NeIder and Mead (1965) developed a new modified simplex method which 

adapts itself to the local landscape, changes direction, expands and contracts around 

the minimum. 

Box (1965, 1966) presented a method of constrained simplex optimization, 

(Complex method) developed from the simplex method of Spendly et al. The 

performance of this method is compar~d with many other constrained optimization 

techniques. 

- Liquid-pipe interaction: 

The method of characteristics is well established as one of the best numeri

cal methods for application to water hammer problems. Wylie and Streeter (1982) 
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and Chaudhry (1987) summarized the state of analytical techniques and the com

putational procedures to solve many types of problems dealing with fluid transients 

with various boundary conditions. 

The usual theory of water hammer which predicts the magnitude and ve

locity of pressure waves in a pipe filled with a liquid was presented by Joukowsky in 

1898. Skalak (1956) extended the work of Joukowsky and included the axial stress 

and the axial inertia. He stated that there are two waves that will be generated, one 

of which is similar to Joukowsky's results and the second is a tension wave in the 

pipe wall. Lin and Morgan (1956) introduced the effects of rotary inertia and the 

transverse shear on the propagation of an axisymmetric wave in an elastic circular 

tube. 

Walker and Phillips (1977) introduced a new theory which includes radial 

inertia of the pipe wall. They developed a six-equation model witn a three-wave 

family of radial and axial stress, and axial liquid. They removed the restriction 

that the speed of sound in the tube material must be greater than that in the fluid 

and also the restriction that the pulse length must be much greater than the tube 

diameter. They also concluded that the classical waterhammer equations are valid 

for long pulses. 

Otwell (1984) simplified the six equations model of Walker and Phillips 

to four equations by neglecting the radial inertia. Otwell developed a laboratory 

experiment that isolated the important parameters of the liquid-pipe interaction. 

He studied the pressure resultants that occur at fittings where the pipe area or 

direction changes. Later Wiggert et al. (1985a) studied the effect of elbow restraint 

on pressure transients. When the elbow was fixed, no pressure reflection was ob

served, but when the elbow was not fully restrained alteration in the pressure wave 

occurred. Wiggert et al. (1985b) utilized the method of characteristics to analyze 
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seven wave equations; axial compression, torsional shear, transverse shear in the 

two orthogonal directions and bending about the two transverse axes. 

- Unsteady friction: 

Frequency-dependent friction is one of the important causes for distortion 

effects in the pressure waves. Holomboe and Rouleau (1967) presented experimental 

results which identified the strong distortion of waves traveling through a fluid line. 

They showed that viscous shear in periodically unsteady laminar flow is frequency

dependent and that wall shear stress is a function of both frequency and mean flow 

velocity. 

Zielke (1968) derived an equation which relates the wall shear stress in 

transient laminar pipe flow to the instantaneous mean velocity and to the weighted 

past velocity changes. Later, Trikha (1975) developed an approximate version of 

Zielke's model for simulating frequency-dependent friction. The proposed method 

requires much less computer storage and computation time than Zielke's method 

and its inclusion in the method of characteristics is more convenient and practical. 

Trikha suggested the use of the same expression for frequency-dependent friction 

for turbulent flow. 

Shuy and Apelt (1983) concluded in their review that the phenomenon of 

unsteady laminar pipe flow is well understood and many theoretical models have 

been developed to describe it. On the other hand, the phenomenon of unsteady 

turbulent pipe flow is much more complex and there is no accurate and practical 

model for predicting friction losses in general unsteady turbulent flows. 
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CHAPTER 2 

FLUID STRUCTURE INTERACTION 

In liquid-filled piping systems, there are two significant coupling mecha

nisms in which pipe properties affect the dynamic response of the contained liquid. 

Strain-Related Coupling. This coupling occurs due to the Poisson ratio, by 

which the dynamic pressure and the resulting circumferential strain cause an axial 

strain in the pipe wall. It occurs throughout the length of a pipe reach; 

(2.1) 

where €z and €o are axial and circumferential strain and v is Poisson's ratio. 

Pressure Resultant Coupling. This coupling occurs at junctions, where the 

dynamic pressure causes an axial force on piping and the resulting pipe motion 

alters the dynamic pressure. It occurs at fittings where the pipe area or direction 

changes. 

2-1 Analytical Development 

The equations governing fluid motion in a pipe are given below: 

-Equation of continuity, 

1 ap aVr Vr avz 0 --+-+-+-= Kat ar r ax 

-Equation of motion in the x direction, 

(2.2) 
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(2.3) 

-Equation of motion in the r direction, 

ap aVr 
-+PI-=O ar at (2.4) 

where, 

K = bulk modulus. 

p = pressure. 

Vz = velocity in the x direction. 

Vr = velocity in the radial direction. 

PI = fluid density. 

To = shear stress at the wall. 

R = inside radius. 

The pipe motion equations for an axisymmetric, thin, elastic tube, assuming 

plane stress c~nditions with small deformations are as follows: 

-Equation of motion in the x direction, 

auz au To 0 
--Pt-+- = ax at e 

(2.5) 

-Equation of motion in the r direction, 

(2.6) 

-Axial stress-strain relation, 

E .(au w) u x - ax + v R = 0 (2.7) 

-Circwnferential stress-strain relation, 

E.(w au) uo- -+v- =0 R ax (2.8) 



where, 

u ~ = axial stress. 

u 8 = circumferential stress. 

Pt = tube's density. 

e = wall thickness. 

pw = wall pressure. 

U, to = axial and radial velocity. 

u, w = axial and radial displacement. 

E* = E/(l- v2 ) 

E = Young's modulus. 
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Walker and Philips (1977), introduced an improved version of the water

hammer equations by including the effect of the tube inertia and removing the 

restriction that at must be greater than aJ. The uncoupled wave speed, aJ and at, 

for liquid and pipe are defined as follows: 

af = (K/ PJ )1/2 

at = (E* / pt)1/2 

(2.9) 

(2.10) 

A second improvement was related to the ratio between the pulse length 

and the tube diameter. The improvements were only significant for some range of 

moderately long pulses. Pressure and fluid velocity are expressed as functions of 

x and t only and independent of r, using the power series expansion of the Bessel 

function for the small argument approximation. The pressure, p, was approximated 

by including the first and second order terms and neglecting all higher order terms. 

The velocities V~ and Vr are found by neglecting the second order term. The ap

proximations for velocity and pressure are summarized as follows: 



vz(r, x, t) ~ vex, t) 

vr(r, x, t) ~ ~ tb(x, t) 
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(2.11) 

(2.12) 

U sing these approximations in the equation of motion in the r direction, 

Equation (2.6) yields: 

R8w 
Pw = peR, x, t) ~ p(x, t) - PI"2 8t (2.13) 

where p and v denote the fluid pressure and velocity at the center of the tube. 

Applying these results to equations (2.2)-(2.8) gives the following six cou

pled, first order partial differential equations, with two independent variables, which 

represent the Walker and Philips model: 

1 8p 2. 8v 
--+-w+-=O 
K 8t R 8x 

8v 8p 2To 
PI-+-+-=O 8t 8x R 
8uz 8u To 
--Pt-+- =0 
8x 8t e 

( R2) 8· 
PtRe + PIT 8~ - Rp+ eUe = 0 

8u z _ E* (8u + v tb) = 0 
8t 8x R 

8ue E* (tb 8U) - 0 
8t - R + v8x -

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

Solving these six equations using the appropriate initial and boundary conditions 

provides the solution for the six unknowns: p, v, U, to, UZ , Ue. 

For very long pulses both the classical and improved waterhammer ap

proaches give accurate results. Otwell, (1984), simplified the above model by as

suming long pulses, so that the fluid pressure and axial velocity are uniform across 
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the cross section of the tube. He also neglected the inertia term in the radial mo

mentum equation which is a valid assumption for many practical piping system 

transients. Then Equation (2.17) can be written as follows: 

(1(] = Rp/e (2.20) 

By using Equation (2.20) and eliminating tV from equations (2.14)-(2.19) , 

a set of four equations are presented by Otwell in 1984, and solved for unknowns: 

p, v, u, (1z. 

where, 

8p _ 2vK* 8u + K* 8v = 0 
at 8x 8x 

8v 8p 2To 

P f at + 8x + R = 0 

80'z 8u To 0 
8x - Pt at + -; = 

80' z _ v R 8p _ E 8u = 0 
at e at 8x 

K* = K/(l + 2RK) 
eE* 

(2.21) 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

Equations (2.21)-(2.24) are linear, first order, hyperbolic partial differential 

equations. A dynamic coupling between the liquid and the pipe wall is included 

through the Poisson ratio, v, in equations (2.21) and (2.24). The wall friction term 

is included in equations (2.22) and (2.23). The expression for the shear stress at 

the wall, To, is defined in terms of the Darcy-Weisbach friction factor, f. In the 

transient flow calculations, the shear stress, To, is considered to be the same as if 

the velocity were steady, (Wylie and Streeter, 1982). 

To = ~Pf(V - u)lv - ul (2.26) 
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The absolute term in equation (2.26) is meant to change the sign of To, when v - it 

is negative. It is customary to apply the steady-state friction, Equation (2.26), 

for turbulent flow. For frequency-dependent friction, Zielke(1968) has developed a 

model for laminar flow. 

2-2 The Method of Characteristics 

The four model equations are transformed from partial differential equa

tions into ordinary differential equations using the method of characteristics, 

(Forsyth and Wasow, 1960). The method of characteristics is chosen for the high 

degree of accuracy that is maintained during the solution. Nonlinearities such as 

friction, cavitation and gas release can be included. Also, boundary conditions can 

be nonlinear and time dependent and can be solved at end or internal sections of 

a piping system. In matrix form the four equations (2.21)-(2.24) can be written as 

follows: 

1 0 0 0 E1!. 0 PI 0 0 £I!. 2ToIR ox ot 
0 0 0 1 ou 0 0 0 ou Tole ax + 

-Pt at + =0 
0 K* -2vK* 0 au 1 0 0 0 ou 0 ax at 
0 0 -E 0 aCT; -vRle ox 0 0 1 OCT; 0 ot 

which can be written in a simple form as: 

[A]{zx} + [B]{z,} + {C} = 0 (2.27) 

where [A] and [B) are the coefficient matrix and {zx}, {z,}, and {C} are column 

vector. The system of equations expressed by Equation (2.27) will be subjected to a 

linear transformation T with a nonvanishing determinant. The transformed system 
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will have the same solution as the original system. This equation will be written 

without matrix notation as follows: 

TAz~ +TBzt +TC = 0 (2.28) 

The coefficients of the transformation matrix T depend on x, t and z, and the 

elements of this matrix can be found using the following equation; 

TA = ATB (2.29) 

where A is a diagonal matrix representing the roots of equations (2.27). The follow

ing substitutions can be used to solve the system of equations (2.28): 

TB=A* 

TA = AA* 

TC=C* 

Equation (2.28) can be written as follows: 

AA*z~ + A*zt + C* = 0 

Now Equation (2.33) can be changed to the total derivative form as follows: 

which is valid only when 

A* dz + C'" = 0 
dt 

dx/dt = A. 

(2.30) 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

To find the roots of Equation (2.27), Equation (2.29) can be solved in the 

following form: 

1 -API 0 0 

0 0 APt 1 
[A - AB] = =0 

-A K'" -2vK* 0 

RVA/e 0 -E -A 



this will give the following equation: 

where, 

where, 

a/ = (K*/p/)1/2, 

at = (E/pt)I/2. 

The solutions of Equation (2.35) include four real values of A 

M - -1M2 -4a}ai 
\ 2 _ 02 ___ -..:.V ____ _ 
;\ - /- 2 

and 

then, 

M = a} + a~ + 2112 K* R/ept 

0/ and Ot = the coupled wave speed for the fluid and the tube 

The [T] matrix can be found by using Equation (2.29), 

Tn K*TI3 -211K*TI3 - ETl4 Tl2 

T21 K*T23 -211K*T23 - ET24 T22 

T31 K*T33 -211K*T33 - ET34 T32 

T41 K*T43 -211K*T43 - ET44 T42 

Al(T13 - ~VT14) Alp/Tn -AIPtTI2 AITl4 

A2(T23 - ~VT24) A2P/T21 -A2PtT22 A2T24 
=0 

A3(T33 - ~VT34) A3P/T31 -A3PtT32 A3T34 

A4(T43 - ~VT44) A4P/T41 -A4PtT42 A4T44 

29 

(2.35) 
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Solving the above equation will give all the elements of the T matrix as 

follows: 

for i = 1, 2, 3, 4. 

The [A*] matrix can be found using Equation (2.30), 

for i = 1, 2, 3, 4. 

A* e ( A~) "4=-- I--
I Rv a2 

f 

The [C*] vector can be found from Equation (2.32), 

C'!' = 'ToAi (! -~ (1- A~)) 
I R Rv a2 

f 

for i = 1, 2, 3, 4. 

(2.36) 

(2.37) 

(2.38) 

(2.39) 

(2.40) 

(2.41) 

(2.42) 

(2.43) 

(2.44) 

Using equation (2.34) to find the total derivative form for the system and 

substituting for A* and C* from equations (2.40)-(2.44), will result in the following 

equations: 



which is valid on the characteristic lines given by, 

and 

dx 
-=±Cf dt 

valid on the characteristic lines given by, 

where, 

dx =±C 
dt t 

e ( CJ) Gf =- 1--
Rv a2 

f 
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(2.45) 

(2.46) 

Referring to Figure (2.1), the differential Equation (2.45) can be integrated 

along the characteristic line ct, Cj using the time-line interpolation method (Gold

berg and Wylie, 1983). The reachback time-line interpolation generates a smaller 

numerical error and damping than many of the spatial interpolation schemes. How

ever, highly nonlinear problems must be solved with some degree of caution. Equa

tion (2.46) can be integrated along the characteristic line ct, C-; . 
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Figure 2.1- The x - t plane in the method of characteristics. 
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In the above two compatibility equations, (2.45) and (2.46), the expression 

for the shear stress, To will be used as given by Equation (2.26). The integra

tion of these two equations will introduce an approximation in the finite difference 

representation of the friction term. 

The form which will be used in this analysis has been suggested by Wylie, 

(1983), where the finite difference equations remain linear in the dependent vari

ables. 

Along cj, Cj : 

(pp - PB) + PfCf(VP - VB) + PtCfGf(Up - UB) - Gf(UP - UB)+ 

~PfFf(VP - UP)IVB - uBI(xp - XB) = 0 

(pp - PD) - PfCf(VP - VD) - PtCfGf(Up - UD) - Gf(Up - UD)

~PfFf(VP - Up)IVD - UDI(xp - XD) = 0 

Along ct, Ct-: 

(pp - PA) + PfCt(VP - VA) + ptCtGt(Up - UA) - Gt(Up - UA)+ 

(2.47) 

(2.48) 

~ PfFt ( Vp - up )IVA - uAI(xp - XA) = 0 (2.49) 

(pp - pc) - PfCt(vp - vc) - ptCtGt(up - uc) - Gt(up - uc)-

~ PfFt(vP - Up )Ivc - ucl(xp - xc) = 0 (2.50) 

In Figure (2.1) the unknown value P, located at node #I and time step #J J, 

is found by solving equations (2.47)-(2.50). The location of points A, B, C, and 

D is found using the time-line interpolation technique. The time increment D..t is 

calculated by dividing the shortest distance over the largest wave speed. 
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The initial value for friction coefficient Is can be calculated for steady-state laminar 

flow as follows: 

when f -M.. 
s - NR. 

and for turbulent flow, (Blasius' formula): 

when NR > 2000 f - 0.316 
s - NO.25 

R. 

where N R denotes Reynolds number and Is denotes the steady state friction coef-

ficient. 

The work by Zielke, 1968, has shown that I depends not only upon the 

instantaneous value of v but also upon the past velocity change. Trikha, 1975, pre

sented an efficient procedure for simulating frequency-dependent friction for lami

nar flow which is an approximate version of Zielke's model and its inclusion in the 

method of characteristics is more convenient and practical. 

32v 
lu=ls+ Dv2{YI+Y2+Y3) v> 0.001 (2.51) 

32v 
lu = Is + D{.001)2 (YI + Y2 + Y3) v <0.001 (2.52) 

where, YI = Y2 = Y3 = 0 for t ~ O. 

Equation (2.52) is used for v < 0.001 for the stability of computations. 

The following expressions for Y will be used when t > 0, 

Yl{t + ~t) = YI{t)e-8000.0(II/R2)At + 40.0(v(t + ~t) - vet)) 

Y2{t + ~t) = YI{t)e-200.0(II/R2)At + 8.1{v(t + ~t) - vet)) 

Y3{t + ~t) = YI{t)e-26.4(JI/R
2
)At + 1.0(v(t + ~t) - vet)) 

(2.53) 

(2.54) 

(2.55) 

where,/u is the unsteady friction coefficient and D is the inside pipe diameter. 

Trikha (1975) suggested the use of this model for frequency-dependent turbulent 

flow, calculating Is from the Blasius formula for use in Equation (2.51) or (2.52). 



35 

For practical applications, the results are acceptable, however much work needs 

to be done to model the frequency-dependent friction for turbulent flow properly, 

(Shuy and Apelt, 1983). 

2-3 Stress Criteria 

Plane stress analysis is used when the thickness is small in comparison 

with other dimensions (R/t > 10). In any pressure vessel subjected to internal 

or external pressure stresses, the state of stress is triaxial and the three principal 

stresses are O'x, U8, and O'r. 

2-3-1 Maximum Energy of Distortion Criterion (Mises) 

The total mean normal stress is defined as follows, Eisenberg (1980): 

and the stress deviator, 

O'x + U8 + O'r 
0'= 

3 

2 1 
Sx = O'x - U = SUx - S(U8 + O'r) 

2 1 
S8 = 0'8 - U = SUB - 3(ur + ux ) 

2 1 
Sr = O'r - U = SUr - 3(O'x + (8) 

(2.56) 

(2.57) 

(2.58) 

(2.59) 

The radial stress is a direct stress which is a result of a pressure acting 

directly on the wall and causes a compressive stress equal to (-p). In a thin wall 

pipe, this stress is small compared to the other principal stresses and it is generally 
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ignored. For plane stress the state of stress can be simplified to biaxial and the only 

non zero stresses are 0'% and 0' B. 

2 1 
S% = -O'z - -0'0 

3 3 
(2.60) 

2 1 
So = gO'o - '3O'z (2.61) 

1 
Sr = -'3(0'% + 0'0) (2.62) 

The second deviatoric stress invariant, J2D, can be written as follows: 

(2.63) 

substituting equations (2.60)-(2.62) into equation (2.63), 

(2.64) 

Plastic flow will begin to occur when the second invariant of deviatoric stress J2D 

reaches some critical value K2, i.e. when 

(2.65) 

and 

(2.66) 

where Y is the yield strength in pure tension. 

The Von Mises yield criterion is: 

(2.67) 

The factor of safety, F S, is defined as follows: 
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FS = .!:. = (v'3JW)yield > 1 
Ua (-/3J2D)actual 

(2.68) 

where, U a = the allowable stress. 

2-4 Boundary Conditions 

In a simple pipeline configuration as shown in Figure (2.2), there is a reser

voir at the upstream end at point P and a valve at the downstream end at point 

PI. At any point within the pipeline, there are four unknowns and four equations 

except at the boundary. At the upstream reservoir there are only two equations, 

Ct , Cf , and at the down stream valve there are ct, Cj, as shown in Figure (2.3). 

At the upstream boundary the following two conditions are necessary for any time 

t > 0, 

(2.69) 

up(O, t) = 0 (2.70) 

where "YI is the specific weight for fluid and HL is head at the left side reservoir. 

These equations, together with equations (2.48), (2.50) will be used to find vp,up. 

At the downstream boundary two equations are also needed. The first is 

the relation between the PPI and VPl at the valve which is mainly controlled by the 

valve opening at any time t ;::: 0, 

(2.71) 

where HR denotes the head at the right reservoir and HI is friction head. 



--- ---
H.G.L ---

AU \ 
\ 

- T P __ ------- v __t_ _____ ....... _ 

L 
1 

L l 
1 

Figure 2.2- A simple pipeline system with end valve. 
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Figure 2.3 - Characteristic lines in the z - t plane for boundary conditions. 
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where 

For a positive flow direction in the pipe, 

v>o and 

H _ flv~ 
1- 2gD 

v = (CdAv)t V2g6.H 
AI 

VO = (C~~v)o V2g6.Ho 

v = TVo V6.H 
VtlHo 

v = T(CdAv)o V2g6.H 
AI 

Cd = orifice discharge coefficient. 

Av = opening area of valve. 

A I = flow area. 

For steady-state conditions, the valve is fully open, T = 1 and hence, 
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(2.72) 

(2.73) 

(2.74) 

(2.75) 

(2.76) 

(2.77) 

(2.78) 

Using equations (2.72), (2.78) in equation (2.71), the steady-state velocity, V o , is 

calculated as follows: 

Vo = (2.79) 
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Using equation (2.75) and the grid notation shown in Figure (2.3), the following 

equation can be written: 

(2.80) 

this equation gives the relationship between VPI and PPI and represents the first 

boundary equation. The second boundary equation is as follows: 

(2.81) 

These two boundary equations, together with equations (2.47) and (2.49) are used 

to solve for p, v and (j at point PI. 

For a negative flow direction in the pipe, 

v < 0 and f:l.H = H R - H PI 

(2.82) 

IT the same procedure is followed in the second example shown in Fig

ure (2.4), the velocity in the steady-state condition, with T = 1, is as follows: 

Vo = 

PI( (0:1.),) 2 + %) 
(2.83) 

Using the grid notation in Figure (2.5), for a positive flow direction in the pipe, 

V>o and f:l.H = HpI - Hp2 

VPI = ;~~o V(PPI - PP2) (2.84) 

VP2 = VPI (2.85) 

UPl = 0 (2.86) 

UP2 = 0 (2.87) 
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Figure 2.4- A simple pipeline system with intermediate valve. 
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Figure 2.5 - Characteristic lines at a valve within a pipeline. 
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The four equations (2.84)-(2.87) are combined with the four equations 

(2.47)-(2.50) to find eight unknowns p, v, u, (1 at PI and p, v, u, (1 at P2. 

For a negative flow direction in the pipe, 

v<o and 

Hence, 

(2.88) 

This equation is used instead of Equation (2.84) and the same procedure repeated 

as described previously. 

The elbow boundary condition shown in Figure (2.6) is discussed in detail 

by Otwell, (1984) and by Wiggert et al. (1985a). The equations are summarized as 

follows: 

where, 

- Continuity equation, 

-Fluid pressure equation, 

pz =py 

-Equation of motion in the x direction, 

-Equation of motion in the y direction, 

m = mass of the attached piping. 

c = damping coefficient. 

(2.89) 

(2.90) 

(2.91) 

(2.92) 
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Figure 2.6- Characteristic lines at an elbow element in a pipeline. 
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k = stiffness coefficient; calculated by the stiffness method. 

Equation (2.91) and (2.92) are integrated by the trapezoidal rule then solved 

with equations (2.47)-(2.50) to find p,v,O',u at points PI and P2 as shown in 

Figure (2.6). 

2-5 Experimental Verification. 

The numerical results of the characteristics program are compared with 

the experimental results by Holmboe and Rouleau, (1967). The test was run on 

a 1in-ID copper tube connected upstream to a 60-gal tank which maintained at 

a constant pressure by compressed air. A quick closing valve was mounted at the 

downstream. The tube had a length of 36.08 m which was coiled in the form of a 

spiral and embedded in concrete to reduce vibration, Figure 2.7. The fluid wave 

speed was measured to be 1324.36 m/sec. The kinematic viscosity, VI of the fluid 

was 3.9 X 10-5 m2 / sec at 800 F (50 times of water, to highlight the viscous shear 

effect). 

To test the numerical model the following information has to be introduced: 

Tc = 0.0 msec 

Tmaz = 410.0 msec 

Vo = 0.128 m/ sec 

(CdAv)o = 0.0001 

r = 0.013 m 

e = 0.00127 m 

PI = 878.0 kg/m3 

Pc = 8900.0 kg/m3 

E = 115.0 X 109 Pa 



QUICIC CLOSING 
VALVE 

DIAMETER OF PIPE I INCH 

WAVE ·SPEED 43~5 fps 
z 

ICINEMATIC YlSCOSY .000427 ft Isec RESERVOIR 

I"" 118.4 feet ~ I 

Figure 2.7 - Setup for the experimental work of Holmboe and Rouleau, 1967. 

~ 
til 



K = 2.1616 X 109 Pa 

v = 0.034 

v / = 0.0000397 m 2 
/ sec 

/0 = 64/NR = 0.763 

Pres = 7.824 kPa 
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Two pressure transducers were used in the experiment, at the valve and 

at the middle of the pipe, to measure the pressure surges resulting from an in

stantaneous valve closure. A comparison between the experimental results and the 

calculated results for pressure fluctuation at the valve using steady state friction is 

presented in Figure 2.8. The steady state friction gives a rough approximation to 

the measured pressure. A comparison between the experimental results, obtained 

by Holmboe and Rouleau, (1967), and the calculated results for pressure fluctua

tion at the valve using frequency-dependent friction is presented in Figure 2.9. The 

figure shows an acceptable agreement, much better than the steady state friction 

condition. 

The second laboratory experiment is described in detail in Otwell (1984) 

and in Wiggert et al. (1985). The experiment was performed to show the effect 

of the elbow on the pressure surge. The model was run on a 1in-ID copper tube 

connected upstream to a tank which maintained at a constant pressure. A quick

closing valve was mounted at the downstream end. A simulation of the experiment 

is shown in Figure 2.10. The tube had a total length of 47.94 m. which is divided 

into three segments L1, L2, L3 equal to 28.02, 7.65, 12.27 m respectively. There are 

two elbows in the system; the first is constrained from motion and the second is 

free to move. 
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Figure 2.8 - A comparison of experimental and calculated pressures at the valve 
using steady state friction for a simple pipeline, (experimental results from Holmboe 
and Rouleau, 1967). 
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Figure 2.9 - A comparison of experimental and calculated pressures at the valve 
using frequency-dependent friction for a simple pipeline, (experimental results from 
Holmboe and Rouleau, 1967). 
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Figure 2.10 - A pipeline system with two elbows. 
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Figure 2.11 - A comparison of experimental and calculated pressures at the valve 
using frequency-dependent friction for a pipeline system with two elbows, (experi
mental results from Otwell, 1984). 



To test the numerical model the following data was used: 

Tc =4.0 msec 

T max = 80.0 msec 

Vo = 1.22 m/sec 

(CdAv)o = 0.0001 

r = 0.013 m 

e = 0.00127 m 

PI = 998.2 kg/m3 

Pt = 8940.0 kg/m3 

E = 117.0 X 109 Pa 

K = 2.15 X 109 Pa 

V = 0.34 

VI = 1.02 X 10-6 m 2 /sec 

fo = 0.01 
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The effect of the frequency-dependent friction is included in the program. 

A comparison between the experimental results, obtained by Otwell (1984), and the 

calculated results for the pressure fluctuation at the valve is presented in Figure 2.11. 

Also, the axial velocity Ux at the second elbow is presented in Figure 2.12 where 

both the experimental results and the calculated results show good agreement. 
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Figure 2.12 - A comparison of experimental and calculated axial velocity u: at 
elbow #2 using frequency-dependent friction, (experimental results from Otwell, 
1984). 
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CHAPTER 3 

A NONLINEAR OPTIMIZATION TECHNIQUE 

Numerical search techniques must be used to solve n-dimensional minimiza-

tion problems. Two major types of search methods can be distinguished: 

a) gradient methods, 

b) direct search methods. 

For many problems the function value f(x) is difficult to compute, and its 

first derivative may be more complicated or unavailable. In the gradient methods, 

which require both function and gradient to be available, an estimate of the gradient 

by numerical approximation techniques must be found. The calculation of these 

gradients will not be efficient in terms of computation time. Moreover, the numerical 

rounding errors affect the estimation of the gradient and interact with convergence 

criteria. Optimization techniques that operate by evaluating the objective function 

only, and that do not involve any derivative calculation can be categorized under 

direct search techniques. One of these methods is the simplex method, which utilizes 

a pattern of n + 1 points in n-dimensional space called a simplex. 

3-1 The simplex method 

The simplex method requires only the ability to evaluate the objective 

function at specified points. The method can be applied to a very wide class of 

problems as long as the function is continuous and has a unique minimum in the 

area of the search. It does not involve unidirectional searches or any line search 
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techniques. It does not assume quadratic approximation to the function. The 

method can be applied where the function is non-differentiable, where the first 

partial derivatives are discontinuous, and to functions for which a quadratic is not 

a very good approximation. This method is very useful when the function value 

depends upon some physical measurement and may be subject to random errors 

which are very difficult to handle in the gradient methods. All calculations are 

simple and each move is completely determined by the previous results, so it is 

not necessary to maintain a large storage space in computer memory. The simplex 

technique follows an optimum which may be changing with time, (Spendley et al., 

1962). It is not efficient for use with a large number of variables, (n > 10), because 

the number of function evaluations increases very fast, (Box, 1966). Inequality 

constraints can be introduced to the simplex method, (Box, 1965). Although no 

proofs of convergence have been derived for the simplex method, in practice it 

has proven to be robust and reliable, (Murray, 1972). The method rarely fails to 

locate at least a local minimum for a given function, although sometimes the rate 

of convergence can be slow. 

A simplex is expressed as a geometric figure consisting of at least n + 1 

points in n-dimensional space. The use of a simplex was first suggested by Spend

ley et al., (1962). In two dimensional space, n = 2, a simplex consists of three 

points represented by a triangle as illustrated in Figure 3.1. The number in Fig

ure 3.1 denotes the order in which the vertices were introduced. The basic iteration 

procedures are summarized as follows: 

1- Determine the vertex that has the highest objective function and reflect 

this vertex in the centroid of the remaining n vertices to form a new simplex. 

2- Evaluate the objective function at the new vertex and go to the first step. 
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3- At any stage if the vertex introduced by step #1 is the most recently 

introduced vertex, reflect the second highest function value instead as point 

10 is reflected instead of point 13 in Figure 3.l. 

4- If one vertex remain unchanged for M consecutive iterations reduce the 

size of the simplex by one half around that vertex and go to step # 1. For 

n-dimensional space, M is given by Spendley et al., (1962) as follows: 

M = l.65n + 0.05n2 (3.1) 

The currently accepted technique is due to NeIder and Mead, (1965). The 

modified method allows for irregular simplexes. Distortions of the simplex are 

performed during the iteration automatically. 

3-2 Model Description 

The nonlinear optimization problem is formulated as follows: 

Minimize 

i = 1,2, ... ,n 

subject to n constraints, 

i = 1,2, ... , n 

where, 

It =Pma:r: 

fa = ( J3J2D )ma:r: 

Wl, W2, W3 = weighting factor, 
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gi, hi = lower and upper constraints are either constant or functions of 

In n-dimensional space the simplex consists of n + 1 vertices, denoted by 

Tj, where j = 1, 2, ... ,n + 1. An initial feasible point, T1 = [T11' T12, ... , T1 n], 

which satisfy all the n constraints, must be provided. The other n set of points, for 

j = 2, ... , n + 1, are evaluated as follows: 

i = 1, ... , n (3.2) 

An alternative method is to generate the initial simplex points with equal 

sides. The initial simplex is described in a matrix form where the first point is 

chosen to be the origin, 

T1 0 0 0 0 0 0 

T2 q1 q2 q2 q2 q2 q2 

T3 q2 q1 q2 q2 q2 q2 
- (3.3) 

Tn q2 q2 q2 q2 q1 q2 

Tn+1 q2 q2 q2 q2 q2 q1 

where, 

q1 = nJ2( vn + 1 + n -1) 

q2 = nJ2(Vn + 1-1) 

a = the side length of the simplex 

The side length corresponds to the size of the step in the search. The smaller 

this value the more accurate is the search and the more slowly it will progress. The 

rows of the matrix give the n-coordinates of each of the n + 1 vertices of the simplex. 

To satisfy the n explicit constraints, the values of q1 and q2 have to be located 

between the minimum and the maximum limits of all the independent variables. In 
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the valve closure problem 0 < a :5 1. The above simplex will only be regular at 

the first cycle of iteration. 

Using equation (3.2) or (3.3) will produce a set of n points which satisfy 

the explicit constraints but may not satisfy all the implicit constraints. If an im

plicit constraint is violated, the point is moved halfway toward the centroid of those 

points, already selected, including Tl. This process is repeated until an accept

able point is found, assuming that the feasible region is convex. This procedure is 

done for any point which violates at least one implicit constraint. Then the initial 

configuration is constructed, (Box, 1965). 

At any stage of the iterations, the function value, Fj , at point T;, where 

j = 1,2, ... , n + 1 is stored to determined the highest, the second highest, and the 

minimum value of the functions, Fh, Fg , F,. Similarly the worst point will be Th, 

followed by Tg and the best point will be Tl. Further, f is defined as follows: 

1 n+I 
f = -((LTj) - Th) 

n . 
J=1 

(3.4) 

Four main operations are included in the process, reflection, expanSIOn, 

contraction along one dimension and contraction along all dimensions. The reflec

tion, expansion and contraction steps for a function of three variables, n = 3, where 

the simplex has four points or a tetrahedron, are illustrated in Figure 3.2. 

At each stage of the iteration the worst point, Th, which has the highest 

function value, needs to be replaced. The steps are summarized as follows: 

1- Reflection: 

r* = (1 + a)f - aTh (3.5) 

where, the reflection coefficient a = 1. The function value at the new reflection 

point, r*, will be written as F*. If F, < F* < Fh then T* replaces Th and the 

iteration is completed and the computations start again with the new simplex. 



(2) 

(3) 

(4) 

Figure 3.2 - Three dimensional simplex (tetrahedron) and possible outcome, 
l)reflection, 2)reflection and expansion, 3)contraction along one dimension, 
4 )contraction along all dimensions. 
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2- Expansion: 

In the reflection step, if F* < F, then T* will be the new best point. An 

expansion trial is made in the same direction using the following equation: 

(3.6) 

where, the expansion coefficient 'Y = 2. If F*'" < F, then the expansion is suc

cessful and T** will replace Th. If F** > F, then the expansion has failed and T* 

will replace Thi in either case, start the computations again with a new simplex. 

3- Contraction along one dimension from the high point: 

If the reflection step resulted in a new worst point i.e. F* > Fg then the 

following contraction equation is used, 

T*'" = (1 - (3)1' + (3Th 

T*'" = (1 - (3)1' + (3T* 

if Fh < F* 

if F* < Fh 

(3.7) 

(3.8) 

where, the contraction coefficient (3 = 0.5. If then the 

contraction has succeeded and T** will replace Th and there is a new simplex. 

4- Contraction in all the dimensions toward the lowest point: 

In the previous step, if F** > min(Fh' F*) then more contraction 

needs to be done. The following equation is performed for all the points of the 

simplex, 

Tj = (Tj + TI)/2 j = 1, 2, ... , n + 1 (3.9) 

and start the computations again with a new simplex. 

The coefficients a, (3 and 'Y have been found by NeIder and Mead, (1965), to 

be 1, 0.5 and 2 and were obtained by testing three different analytic functions. The 

best strategy is one which requires the minimum number of function evaluations. 
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In multidimensional optimization, termination criteria are generally defined 

for the whole cycle and not for one independent variable. The terniinating step is 

based on the variation in the function values over the simplex, and the search is 

concluded when the standard deviation of the function values at the vertices falls 

below some limit, e. 

(J'= 

",,~.!l (F, _ F)2 
L.J,-l' < e 

n - (3.10) 

Another criterion often used is to add the total distances which are moved during 

one step until it becomes less than the tolerance. To make sure that the minimum 

is obtained, start the minimization routine using the minimum which is found pre

viouslyas an initial point. If it is the true minimum not much reduction will occur. 

Otherwise a new minimum is obtained. A better technique, which is used in this 

study, is to reduce the size of the simplex by using a smaller step size (a/IO), and 

restarting the procedure around the estimated optimum till it converges. 

Each trial solution 1?) i = 1, ... , n, generated in the kth iteration from 

equations (3.5)-(3.9), constructs a new simplex. This new point represents the n 

independent variables. These independent variables are checked against the explicit 

and the implicit constraints for feasibility. 

The explicit constraints may be as follows: 

1- bounds on the minimum and the maximum limits, 

T min,i :::; Ti < T max,i i = 1, ... , n (3.11) 

The implicit constraints may be as follows: 

1- bounds on closure rate which is very important in practical applications, 

where the valve can not close faster than a specific rate. 

i = 1, ... , n - 1 (3.12) 



2- bounds on deviation from specified policy, 

3- monotonic closure, 

where, 

T* = specified policy, 

bI , b2 = constants. 
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i = 1, ... , n (3.13) 

(3.14) 

If a trial point violates some of the explicit constraints given by Equa

tion (3.11), i.e. it happens to fall beyond its upper or lower bound, the value of this 

point is reset to a value 0.000001 inside the appropriate limit. The point should 

never be set exactly on a constraint boundary to ensure that the points of the 

simplex can not all collapse into one linear constraint boundary. If a trial point vi

olates some implicit constraints as given by equations (3.12)-(3.14), the trial point 

is moved halfway towards the centroid of the remaining points until a feasible point 

is located. 

Alternatively, when any trial point which fails to satisfy the implicit con

straints, the function value at this point can be put at any value greater than Fh. 

This makes the point worse than any other point of the current simplex and it is 

eliminated at the first available opportunity. The search is thereby directed away 

from the boundary. This alternative method is used in this study. 

3-3 Cubic Spline FUnction 

The points of interpolation are (tI' TI), (t2' T2), .. . , (tn, Tn). S(t) is a cubic 

polynomial between each adjacent pair of nodes. Adjacent polynomials are joined 
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with continuous first and second derivatives. When the boundary equations are 

S"(td = S"(tn) = 0, the function is called a natural cubic spline. Between n nodes 

there are n -1 intervals, and n -1 separate sections of the cubic curve. Each section 

has four parameters resulting in 4n - 4 unknowns for all the sections. To solve the 

system of equations, 4n - 4 equations are needed. The equations are summarized 

as follows: 

1- For the interior n - 2 nodes, Set), S'(t), and S"(t) are continuous on [tt, tn] 

which result in 3( n - 2) conditions on S. 

2- For each of n nodes S(ti) = Ti i = 1, ... , n, which introduce n conditions 

onS. 

3- Two boundary conditions are S"(td = S"(tn) = 0 which complete the total 

number of conditions to 4n - 4. 

Following the analysis in Forsythe et. aI., (1977), and considering the subin

terval [ti, ti+l], the expression for the cubic polynomial becomes: 

(3.15) 

where, bi,Ci,di (i = 1,2, ... ,n -1) are the cubic coefficients for each interval 

[ti, ti+l]' These coefficients can be found by using the above equations as shown by 

Forsythe et. al., (1977). 

One of the important motivation to use the spline function is that in 

the method of characteristics the time increment, 6.t is smaller than the interval 

[ti, ti+l]' Then, using the spline function gives the advantage of having an accurate 

T - t relation where the T value can be obtained precisely at any time during the 

simulation. The spline function is chosen in this study to obtain a very smooth 

function that passes through the n-independent variables representing the valve 
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closure policy at any stage of the iteration. Also, the smooth curve simulates the 

practical valve closure better than linear valve closure. 

3-4 Algorithm 

The FORTRAN program OPLIQ is written to solve the transients flow 

and stress with frequency-dependent friction. Then it is coupled with a nonlinear 

optimization technique using the Simplex method. The output is an n optimal 

closure values located at a specific intervals. These n points are connected together 

with a very smooth cubic spline. 

The FORTRAN program is general enough to be applied to a pipeline 

that runs in general in three-dimensional space; x, y, z. Friction is included in the 

program as steady state or frequency-dependent. 

The main divisions of the program as shown in the flow charts (Figures 3.3 

- 3.5) are described as follows: 

1- The main program which controls the time and subroutines. 

2- NELDER: performs the simplex optimization method with constraint, Fig

ure (3.4). 

3- CONSTRAINT: can handle all the implicit constraints affecting the vari

ables. 

4- FUNK: calculate the objective function, which controls the required type 

of closure scheme. 

5- EVTA U: evaluates the T variable at any time during the simulation through 

a cubic interpolation spline. 

6- SIMU: finds the maximum value of pressure, p, axial stress, q:z;, and stress, 

J3J2D. 



Read and write 
-input pipe data 

-initial valve closure, 
T1 = [T11' T12, ••• , T1 n] 

Input Simplex data 
-number of variables n 

-tolerance 
-side length = a 

CALL SIMPLEX 
___ ...... min. FeT) = w1!l + w2!2 + w3h 

st. 0 < T < 1 

yes Side = a/lO 

Does Fe T) decrease ? 

no 

CALL PRINT 

CALL PLOT 

Figure 3.3- Algorithm for the main program. 
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yes 

yes 

Set rj j = 1,2, ... , n + 1 

Set convere;ency criteria 

Evaluate F( rj ) 

j = 1,2, ... ,n + 1 

Determine 

_--4 Satisfy all constraints '? no 

is F* < Fg ? 

no 

is F* < Fl& ? 

yes 

Replace 

Replace Replace Locate r** 

_.;.... ... Satisfy all constraints ? 

yes 
Replace 

yes 
nO'-04---4 Converged? 1----.1 

Figure 3.4- The NeIder and Mead Simplex algorithm. 
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CALL SIMPLEX 
-using function evaluation at each 

point [r] = F(r) 
.&. 

I For each [r] CALL SPLINE J 
.&. 

CALL SIMUL 
-perform initial calculation 

-calculate steady state condition 

'" ~ Increment time I 
.&. 

r is found at any time using function EVTA U I 
A. 

CALL PIPE 
-calculate the transient flow solution 

for all sections and boundary condition 
J. 

Determine the max. pressure and max. stress 
11 =Pmax 
12 = U:l:max 

fa = (J3J2D )mu 
0 .&. 

I r t > tmu ?) 
Y I 

n 

es 

yes 

no 

e 
Figure 3.5- Algorithm for the function F( r). 



67 

7- FRlCRF: finds the unsteady friction factor at point B, shown in figure 

(2.1). 

8- FRlCRT: finds the unsteady friction factor at point A, shown in figure 

(2.1). 

9- FRlCSF: finds the unsteady friction factor at point D, shown in figure (2.1). 

10- FRlCST: finds the unsteady friction factor at point C, shown in figure (2.1). 

11- PIPE: solves the four equations model which is mainly similar to Otwell 

model. The frequency-dependent friction is added and the time-line interpo

lation will be used at all the four points A, B, C, D, figure (2.1). 

12- PRINT: prints the results. 

13- READP: reads the pipe information. 

14- READS: inputs the single degree of freedom data. 

15- PLOT: plots the results. 

16- SPLINE: interpolates between the optimized variables, T. 

17- VALSPL: evaluates T during the closure time. 
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CHAPTER 4 

APPLICATION OF OPTIMIZATION TECHNIQUE 

4-1 Simple Pipeline 

A single horizontal pipeline with the valve located at the down stream end 

and connected upstream to a tank which is maintained at a constant pressure head. 

The input data for the problem as follows: 

L = 600 m 

H res = 150.0 m 

D =0.5 m 

e = 0.025 m 

fo = 0.018 

K = 2.2 X 109 Pa 

E = 207 X 109 Pa 

9 = 9.806 m/sec2 

V = 0.34 

VI = 1.02 X 10-6 m 2 / sec 

PI = 998.2 kg/m3 

Pt = 8900 kg/m3 

Tc = 2.1 sec 

T max = 3.4 sec 
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The fluid wave speed, C, = 1341.13 m/sec, and the tube wave speed, 

Ct = 4878.69 m/ sec, are calculated in the program. 

U sing the above simple pipeline system the following problems will be 

solved: 

- Problem #1 

The problem is to find the optimum valve closure policy, which reduces 

the maximum pressure that occurs at any position in the pipeline during the sim

ulation time. All the data are presented in Example 1 for a simple pipeline. A 

10-dimensional simplex correspond to 10 values of the T variables is to be opti

mized according to the objective function. The initial valve closure curve is given 

as straight line begining at t = 0 with T = 1.0 and ending at t = To with T = 0.0. 

The closure time Tc = 2100.0 ms is slightly greater than 4L/C,. The pipe length is 

divided into 5 sections each of length equal to 120.0 m. The optimum valve closure 

is given in Figure 4.1 and it can be simply described as a two-step closing curve. No 

implicit constraint is given for the problem i.e. no restriction on the rate of closure. 

In Figure 4.2, two curves are given to compare the pressure surge at the valve due 

to linear valve closure and due to the optimum valve closure given in Figure 4.1. 

The initial steady state pressure at the valve = 1406 kPa. 

The maximum pressure for a linear valve closure = 2434 kPa. 

The maximum pressure using the valve closure in Figure 4.1 = 2119 kPa. 

% Reduction of the dynamic pressure = ~:~::i!~: = 31%. 

For the same valve closure in Figure 4.1, the maximum axial stress occurs 

at the reservoir. A comparison between the maximum axial stress due to linear 

valve closure and the optimum valve closure are presented in Figure 4.3. 

The initial steady state axial stress at the reservoir = 7000 kPa. 
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Figure 4.1 - Optimum valve closure for minimizing the maximum pressure, 
Tc = 2100.0ms, for a simple pipeline. 
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Figure 4.2 - Pressure variation at the valve for linear and optimum valve closure, 
Tc = 2100.0ms, for a simple pipeline. 
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Figure 4.3 - Axial stress variation at the reservoir due to linear and optimum valve 
closure, figure 4.1, for a simple pipeline. 



The maximum axial stress using linear valve closure = 8709 kPa. 

The maximum axial stress using the valve closure in Figure 4.1 = 

9069 kPa. 
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It is clear from the figure that there is no reduction in the dynamic axial 

stress and there is a slight increase. On the otherhand when Von Mises criterion 

is used, which is more important in designing the pipeline, the second invarient of 

the deviatoric stress V3J2D is reduced from 2.14 X 104 kPa to 1.86 x 104 kPa. 

The result prove that the axial stress information has a little effect on the design 

analysis. 

For the same conditions as in Problem #1, the optimization problem was 

re-run including the following implicit constraints on all the T variables: 

i = 1, ... , n-1 

The above constraints set the maximum closure rate which is a characteristic of the 

valve and the valve drive mechanism. The results are presented in Figure 4.4. The 

slope of the closure curve is limited by the above criteria. The initial steady state 

pressure is equal to 1406 kPa and the maximum pressure for the linear v~ve closure 

equals to 2434 kPa and the maximum pressure according to the policy described in 

Figure 4.4 equals to 2214 kPa. A reduction of 21.4% is obtained which is less than 

the reduction for the unconstrained case, (31%). 

- Problem #2 

The same information given in Problem #1 is used except the closure time 

is reduced to Tc = 1040.0 ms. The optimum valve closure is given in Figure 4.5 and 

it represents a one-step closure. The closure time is slightly greater than 2L/Cf . A 

comparison between the pressure histories due to linear and optimum valve closure 

is given in Figure 4.6. 
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Figure 4.6 - Pressure variation at the valve for linear and optimum valve closure, 
Tc = l040.0ms, for a simple pipeline. 
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The maximum pressure using linear valve closure = 4238 kPa. 

The maximum pressure using the valve closure in figure 4.5= 2568 kPa. 

% Reduction in the dynamic pressure = 59 %. 

Also, for the same conditions a reduction of 20% in the dynamic axial stress 

is achieved which is in contrast to the results for Tc = 2100 ms. The second invarient 

of the deviatoric stress V3J2D is reduced from 3.79 X 104 kPa to 2.29 X 104 kPa, 

(41 % reduction). 

- Problem #3 

The problem is to minimize the maximum axial stress, ax, using the same 

data given in Problem #2. The optimum valve closure to minimize the maximum 

axial stress is presented in Figure 4.7. The maximum axial stress occurs at the 

reservoir. A comparison between the axial stress histories for a linear valve closure 

and optimum valve closure is given in figure 4.8. 

The initial steady state a:r: at the reservoir = 7000 kPa. 

The maximum ax using linear valve closure = 1.24 X 104 kPa. 

The maximum a:r: using the valve closure in figure 4.7 = 1.01 x 104 kPa. 

% Reduction in the dynamic axial stress = 43.1 %. 

In the same time the maximum pressure is reduced from 4238 kPa to 

3715 kPa, representing a reduction of 18.5% in the dynamic pressure. The results 

obtained from this policy do not give as good results for the maximum pressure 

reduction as the first problem (59%) because the objective function is to minimize 

the maximum axial stress only not the pressure. 
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Figure 4.8 - Axial stress variation at the reservoir due to linear and optimwn valve 
closure, Tc = l040.0ms, for a simple pipeline. 
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- Problem #4 

The objective function is to minimize the second invarient of the deviatoric 

stress ..j3J2D. Given the same data set as for Problem #2 with Tc = 1040 ms the 

optimum valve closure is shown in Figure 4.9. 

For a linear valve closure the maximum ..j3J2D = 3.79 x104 kPa. 

For optimum valve closure, Figure 4.9, the maximum ..j3J2D = 

2.26 x104 kPa. 

% Reduction in the dynamic ..j3J2D = 42.0 %. 

% Reduction in the dynamic pressure = 58.4 %. 

% Reduction in the dynamic axial stress = 9.3 %. 

The result is good for reducing the pressure but not good enough for the 

axial stress, keeping in mind that a reduction of 43.1 % in the dynamic axial stress 

is already obtained in Problem #3, Figure 4.8. 

- Problem #5 

The objective of this problem is to minimize the summation of the maxi

mum p,O'x, and ..j3J2D. Using the same data given in Problem #2, the optimum 

valve closure is given in Figure 4.10 

For a linear valve closure the maximum value of the summation = 

5.45 x 104 kPa. 

For optimum valve closure, Figure 4.10, the value of the summation = 

3.6 x 104 kPa. 

% Reduction in the dynamic pressure = 58.0 %. 

% Reduction in the dynamic axial stress = 28.0 %. 

% Reduction in the dynamic ..j3J2D = 41.0 %. 

This result gives good results for both the pressure and axial stress. 
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Figure 4.10 - Optimum valve closure to minimize the summation of the maximum 
UZ , J3J2D and p, Tc = 1040.0ms, for a simple pipeline. 



83 

4-2 Complex Pipeline 

The optimization routine is applied to the complex pipe system described 

in Chapter 2 and illustrated in Figure 2.9. The differential equations and the nu

merical model were tested by comparing their output against experimental output 

of pressure and axial velocity (Figures 2.10 and 2.11). The experiment was per

formed by Otwell, (1984) using a linear valve closure, Tc = 4 ms to generate the 

surge wave. 

- Problem #6 

To see the effect of optimization, the closure time had to be increased. The 

valve closure of Tc = 2.25L/C, = 100.0 ms was chosen, and the maximum time of 

simulation, Tmax , was increased to 400 ms. 

The weighting parameters in the objective function were selected so as 

to minimize the maximum pressure that occurred any where in the system. The 

optimum valve closure is given in Figure 4.11 and it represents a one-step closure 

in the r - t curve with the step occurring at r = 0.13. A comparison between the 

pressure histories due to linear and optimum valve closure is given in figure 4.12. 

The results can be summarised as follows: 

The initial steady state pressure at the valve = 20.8 kPa. 

The maximum pressure using linear valve closure = 1715.14 kPa. 

The maximum pressure using the valve closure in Figure 4.11 = 

575.78 kPa. 

Cd. R d t' . th d' 1715.14-575.78 6724Cd. 10 e uc Ion In e ynamlc pressure = 1715.14-20.8 = . 10 

The initial steady state u x at the valve = 101.0 kPa. 

The maximum u x using linear valve closure = 9259.88 kPa. 

The maximum U x using the valve closure in Figure 4.11 = 3190.57 kPa. 
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% Reduction in the dynamic axial stress = 9~~~9~:8~~~~:~7 = 66.27% 

The J3J2D is reduced from 1.6 x 104 kPa to 0.595 x 104 kPa. 
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The computer execution time for this problem is 3-5 times more than the 

simple pipline problem because the number of elements in this problem is increased 

and it includes two elbows and some fixed supports. 

4-3 Experimental Hardware 

In any pipeline system, simple or complex, the valve is a primary compo

nent. The valve type and size are critical in a system design. Hydraulic valves for 

the control of the system usually are one or a combination of the following types; 

1- Directional valves which prevent flow through selected passes. Examples of 

this type are the check valve, three-way and four-way directional valves. 

2- Pressure control valves which control either upstream or downstream pres

sure such as relief valves, counter balance valves, and an unloading valves. 

3- Flow control valves which meter the flow, such as needle valves, deceleration 

valves, and flow dividers. 

An electro-hydraulic drive system can be used for one or two of the above 

categories. Such a system includes an on-off solenoid directional valve. A propor

tional valve is used as a linear response solenoid valve. A servovalve is used in a 

feed-back system. Digital valves are those where a mk:coprocessor sends discrete 

signal pulses to a stepping motor. The digital valve is described in this study be

cause of its precision and accuracy of responding in milliseconds to modulate the 

flow by rapidly opening and closing to match the optimum T - t curve at all times. 

It can easily be interfaced with the program. 
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4-3-1 Di&tru Vruve 

The microprocessor (p.P) is di&tru and derus only in discrete (single-vruue) 

signrus. All of the analog input information must be changed to di&tal pulses with 

an anruog digital, A/D, converter. The p.P can receive and anruyze the information 

in milliseconds, then instantly generate instructions that the hydraulic valves and 

controls must follow. Those instructions are in digitru form as they leave the p.P 

and must be converted into whatever form is needed to directly pulse the digitru 

valve. The digitru vruve system components are shown in Figure (4.13) and can be 

summarized as following, (Yeaple, 1984): 

1- Microprocessor: it is a stored-program computer that processes input in 

predetermined ways and delivers a coded pulse. In this study the output 

will be the optimized T - t curve which minimizes the required objective 

function. 

2- Driver: it is an electronic package that amplifies each pulse, without rutering 

the pulse timing to a level sufficient to operate the stepping motor against 

the resistance of friction and flow forces. 

3- Electronic stepping motor: it rotates one step for each pulse received. The 

motor is mounted integral with the digitru vruve. 

4- Digitru vruve: it can be a spool-type flow control valve with a flapper pilot 

stage. The flapper is positioned by the integral stepping motor via a me

chanicru linkage. The spool follows the flapper and opens in proportion to 

the number of pulses received. 

The Intelligent Control Vruve (ICV) is one of the valves which can be used 

to perform the optimized closure policy. 
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Microprocessor Stepping Digital Valves. 

Integrated Control. Motor Driver. 

~ 

Digital Feedback Hydraulic 
~ -Sensor (optional). Actuator. 

Figure 4.13 Digital valve system components 
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The valve is made by Tecmax Corporation in Yokohama, Japan. It is a 

versatile, integrated control system which includes the following properties: 

1- High rangeability 1000-1 turn down control range, i.e. it can reduce the 

flow from 1000 cc to 1 cc directly 

2- The full stroke closure time ~ 1.4 sec. 

3- An electronic actuator that generates an electric pulse over 0-3000 Hz 

span every 10 rnsec and ensures ultra precise positioning (5000:1 resolution). 

Without the actuator the high rangeability of the valve could not be fully 

utilized. 

4- The valve accepts the standard 4-20 rnA analog input. Also an optional 

externally mounted transducer which can accept a frequency input and pro

vides an analog output can be used. 

5- A built in PIn controller, RS-422 communication interface port, which is a 

special requirement for industrial application and provides an efficient data 

communication path between the valve and a host computer. Up to 16 ICV 

units can be networked to a single personal computer. 

6- The stepping closure can indeed be accomplished since the valve needs only 

an external signal to initiate stem movement. Basically, it would be starting 

or stopping the drive motor from some switching device external to the valve. 

7- 3-Way operation, computer, auto and manual modes. 

The cost for the ICV is approximately $3000. It may be considered as an 

expensive valve, but, in fact, the ICV can be installed in the piping system instead 

of other expensive system components such as air chambers or surge tanks. 
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CHAPTER 5 

RESULTS AND EVALUATION 

The closure time Te plays an important role in the design criteria of any 

system. For example, the simple system which is described in Chapter 4 has been 

solved repeatedly for different closure times Te , keeping the rest of the data constant. 

The results of these runs are presented in Figure 5.1. The maximum reduction of 

the dynamic pressure can be found very easily from this figure. The maximum 

reduction of 59% in the dynamic pressure, using the optimum valve closure, occurs 

when Te = 2.25L/O,. Also, for any other closure time, the percentage of reduction 

in the maximum pressure can be measured from Figure 5.1 when the optimum valve 

closure is used. The times at which those peak reductions occur in Figure 5.1 can 

be found using the following formula: 

nL nL 
Te = 0, + 80, n = 2,4,6, ... (5.1) 

The above formula is valid for the specific system being considered and a 

general formula can be obtained using the same procedure. One of the interesting 

results is that closing the valve in exactly 2L/O, sec. does not give a good reduction. 

The same remark can be made about closing the valve in 4L/O, sec. as shown in 

Figure 5.1. 

The data in Figure 5.1 are presented in a dimensionless form in Figure 5.2 

to highlight the advantage of optimization over the linear valve closure. 
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By drawing a horizontal line between the two curves in this figure, one 

can see how much faster the valve can be closed for the same maximum pressure 

from linear and optimum closure. Similarly, a vertical line between the two curves 

indicates the reduction in pressure for the same time of closure Te. 

The program was executed repeatedly to minimize the maximum axial 

stress u % using different closure times, Te, and the results are shown in Figure 5.3. 

The geometry used for this analysis is the same simple pipeline given in Chapter 4. 

Figure 5.3 shows only one peak reduction of 44% in the axial stress and it occurs 

in 2.4L/C/ sec. 

5-1 Stress Analysis 

For the second invariant of the deviatoric stress using Von Mises criterion, 

a reduction of 60% in the dynamic V3J2D was realized as shown in Figure 5.4. 

Using the data from Figure 5.4, the stress V3J2D can be plotted against the closure 

time for both linear valve closures and optimum valve closures, Figure 5.5. Two 

horizontal lines are drawn in Figure 5.5 to indicate the yield stress, Y, and the 

allowable stress, Y / F S. Then, drawing a vertical line in the same figure between 

the two curves explains the reduction in stress achieved by optimum valve closure 

over linear valve closure. A horizontal line between the two curves indicates the 

reduction inthe time of closure from optimum valve closure over linear valve closure. 
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CHAPTER 6 

CONCLUSIONS 
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Eliminating the severe effects of waterhammer, stress, and/or pressure is 

one of the important steps that needs to be taken in every pipe-system design. The 

primary objective of this study was to determine the optimal valve closure policies 

which would minimize one or a combination of the following parameters: maximum 

pressure, maximum axial stress and maximum total stress. The maximum values 

of these parameters can occur anywhere in the system and at any time before the 

maximum time of simulation, Tmaz • 

Two systems have been examined in this study, a simple pipeline and a 

complex pipeline with two elbows. For the simple pipeline the maximum reduc

tion of 59% in the dynamic pressure occurs in 2.25L/0, sec. see figure 5.1. The 

optimal closure policy can be described by three movements of the valve, i.e. a 

very rapid closure to T = 0.5, then no change in the valve opening for most of the 

closure time and another very rapid closure at the end. A spline function has been 

used to simulate the actual movement of the valve as smoothly as possible. An

other peak reduction of almost 33% of the maximum dynamic pressure occurs when 

Tc = 4.5L/0, sec. The optimal closure curve has a two-step shape in which the 

steps are located at T = 0.65 and T = 0.35. The shape of the optimal valve closures 

are very sensitive to the time of closure and to the geometry of the system. For 

example, in the complex system which is totally different in geometry from the sim

ple system, choosing the same closure time used in the simple case, Tc = 2.25L/0 f 
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sec., the shape of the optimum valve closure policy remains the same; however, the 

step occurs at T = 0.13 and a reduction of 67% in the dynamic pressure occurs. 

Achieving 60% - 67% reductions in the dynamic pressure are encouraging 

and is sufficient reason to establish this method in practice, even with the presence 

of subsequent residual transients. Current solutions to the problem of waterhammer 

are known to be very expensive in initial capital cost and maintenance, such as surge 

tanks and air chambers whereas the proposed approach is expected to reduce the 

cost of operation and maintenance. 

When minimizing the maximum pressure, there is no guarantee that a sim

ilar reduction will occur in the axial stress, except when the closure time is around 

2L/C,. On the other hand, minimizing the total stress will definitely reduce the 

maximum pressure. The stress analysis, using Von Mises criterion, is the basis to 

find out the optimum valve closure to minimize not only the maximum stress but 

also the maximum pressure occurring at any place in the system. When the ob

jective function includes the weighted summation of maximum pressure, maximum 

axial stress and maximum total stress, a good all-round result is obtained. 

The second objective was to find a design chart for each specific system. 

Using the optimal valve closure and linear valve closure results, one can plot the 

maximum pressure and the maximum total stress versus closure time, see Figure 5.2. 

For any specified maximum pressure, the closure time to achieve that pressure can 

be found, and the optimal valve closure policy is obtained from the optimization 

program. Also, for a limiting Tc , one can read off the reduction in the maximum 

pressure or maximum stress when the optimal valve closure is used instead of the 

linear valve closure. 

The effect of constraints on the T values has been studied in Problem #1. 

The slope of the optimal closure, T - t curve, will be restricted by the constraint 
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imposed on the variable, T, while significant reductions in pressure can still be 

achieved. 

The nonlinear optimization technique has been used successfully in this 

study. The only disadvantage is that the number of function evaluations increases 

as the number of variables to be optimized increases. This will make the solution 

slow especially if the time which is needed for the transient solution is slowed by 

adding the frequency-dependent friction or adding more elements to the system. 

6-1 Future Work 

Future work can apply this method to a big pipe network. For example 

the network may include many valves, sensors and a microcomputer which can 

communicate with all the valves. The sensors can be calibrated to measure stresses 

and pressures and send its signals to the computer. When the stresses or pressure 

exceeds a certain limit the computer send its signal to each individual valve to close 

or open in a prescribed way so as to minimize the objective function. This can be 

imagined as a real time expert system, (RTES), where all these procedures need a 

very fast response and the operator has a few milliseconds to act, such as in a pipe 

system in a nuclear reactor. 

One solution to the multivalve system, n valves, is to begin with valve #1 

which is the nearest in position to that severe limiting pressure or stress and get 

the optimal valve closure assuming the other n - 1 valves operating their previous 

preschadual closure. Repeat the same procedure for valve #2, the second nearest, 

and fined the optimal valve closure for it where valve #1 operating with its optimal 

closure and the other valves, from #3 to #n operating their previous preschadual 

closure. The procedure will continue until the optimal closure for the last valve, the 
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farthest one, is obtained. The above step will give n-optimal valve closure but it is 
. . 

not guaranteed that this step will give the optimal solution to the problem because 

those valve closures are not coupled with each other. So, to continue solving the 

problem, another cycle has to be performed beginning with valve #1 to find the new 

optimum closure, where all the n - 1 valves operating with their previous optimum 

solution obtained from the first cycle. These steps have to be repeated until two 

following cycles produce solutions that differ only by specified tolerance. 

FUture work includes a very fast computer system and a better optimization 

routine which is efficient in the number of function evaluation. Also, instead of 

optimiz~~llg T only, the optimization should include T and t. So, for n points in the 

T - t ct'u-ve, 2n variables need to be optimized, (i.e. the value of the closure and its 

time of occurence. In this study only T values are optimized and a fixed time value 

has been allocated in advance for it. 

Finally, all this work can not be performed without an intelligent digital 

valve which is very fast, accurate and precise in accepting the optimal closure and 

perform it as it is given within that specific short time. 
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