EFFICIENT VALVE REPRESENTATION IN FIXED-GRID
CHARACTERISTICS METHOD

ABSTRACT: This work formulates a unified set of boundary conditions to efficiently represent the majority of
valve and orifice devices found in water supply, transmission, and distribution systems. A particularly useful
combination of mathematical components results when a lumped inertia model is linked with a throttling device.
This combination of elements, termed a pipe replacement element/valve-in-line (PREVIL), has been constructed
to permit a wide range of control-valve/short-pipe combinations to be conveniently modeled with the method
of characteristics. The solution is quadratic in form and explicit, regardless of the number of pipes that are
connected to the boundary condition. A variety of on-off and modulating valves can be accurately handled within
this framework. An additional feature developed in this treatment of pressure-reducing and pressure-sustaining
valves, flow controllers, and other similar devices permits a more realistic representation of these important
control devices. The response time of the regulating valve on opening or closing can be readily approximated
so that a greater range of control behavior can be simulated. Application of the combined boundary condition
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is illustrated in a pipe network.

INTRODUCTION

A glance at any design text or valve supplier’s catalog re-
veals a plethora of valve types for use in water distribution
and industrial applications. A valve can be custom manufac-
tured to suit almost any need. Despite the seemingly endless
variety of valve types and applications, most of these complex
behaviors are built up by combining several valve functions
into one unit. Although many classification schemes have been
proposed to aid in selecting appropriate valves for a particular
use, none of the taxonomies is ideal for computer modeling.
The classification schematized in Fig. 1 is based on valve char-
acteristics that are important in the current context (dashed
lines indicate that items are not mutually exclusive). Some
useful definitions are

* On-off control: event-actuated valves that have a prede-
fined motion

* Modulating control: valves that can continually adjust
their setting in response to sensed pressure differences

The vast majority of modulating valves sense and react to
pressure differences by means of a pilot system. Air valves,
vacuum-breaking valves, and combination air/vacuum valves
are not considered in this paper.

Modulating valves that maintain a preset upstream level of
head are often called pressure-sustaining or backpressure
valves. Those valves that maintain a preset downstream pres-
sure head are referred to as pressure-reducing valves. Valves
that maintain a constant head loss across the orifice are called
rate-of-flow controllers. Some valves may combine reducing
or sustaining behavior with other flow-control functions; oth-
ers may act with both modulating and on-off control, thus
acting as dual- or multifunction valves. All types may have
check action. In addition on-off control valves may be of the
resetting type. Hydraulically activated valves are controlled by
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local parameters while electronically actuated valves may re-
spond to local or remote parameters. As ‘‘intelligent’’ control
systems based on one or more sensing devices in combination
with electrical relays or programable controllers become more
common, valve control and behavior will increase in com-
plexity.

In this paper the traditional mathematical representation of
orifices and valves is presented, along with an original devel-
opment that highlights the relationship between the formal
mathematical expressions used to describe an orifice element,
the physical device itself, and the modeling representation. A
new and useful modeling element that combines all the fea-
tures of valves and short-pipe elements, connected at either
end to any number of pipes, is introduced. This versatile and
practical mathematical element includes connector inertia and
frictional effects as well as the orifice characteristics. It can be
used to represent virtually any valve and pipe combination and
can be efficiently combined with many other important bound-
ary conditions to provide an improved system representation
with minimal memory use and execution time. The acronym
PREVIL (pipe replacement element/valve-in-line) is coined
here to refer to this particular combination of mathematical
elements.

PIPE REPLACEMENT ELEMENT/VALVE-IN-LINE

To apply the method of characteristics (MOC) to a network,
Karney and Mclnnis (1992) considered a frictionless junction
of any number of pipes meeting at a node. The set N, indicates
those pipes whose assumed direction is toward the node; N,
indicates those pipes whose assumed direction is away from
the junction; while H*' and Q:*' represent the nodal hydrau-
lic gradeline elevation and external discharge at the n + 1
time step. The external discharge is governed by an auxiliary
or boundary relation, with positive external flows assumed to
be from the junction. The resulting linear equation is

Valves
(In-line/External)
On-Off ________________I ___________
(Local/Remois) D) = Modulating
UL |
Time = = - Pressure = ====-== Fliaw Pressure====-==~c-- Flow
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High---Low Rate=== Direction Sustaining Reducing Rate = = « Direction

FIG. 1. Operational Valve Modeling Scheme
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FIG. 2. Simplified PREVIL Element
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and By, By, Cs, Cy are pipe characteristic constants (Karney
and Mclnnis 1992). This basic MOC equation is now applied
to the special case of two nodes connected by a PREVIL el-
ement.

By appropriately specifying the characteristics of the two
basic elements—an inertial element and an orifice loss—the
complex behavior of a wide variety of flow-control elements
(check valves, isolation valves, modulating valves, or simply
short pipes) can be accurately modeled. The PREVIL may
occur by itself or as a subcomponent of other boundary con-
ditions. Fig. 2 shows the device has an assumed upstream
(from) and downstream (to) node. The device is characterized
by four geomemc variables—its length L; the distance be-
tween the *‘from’’ node and the valve L' (specified by 6 = L'/
L); the diameter D; and wall friction f—as well as variables
that specify the type of behavior of the orifice component.

Orifice-L.oss Model

Since a valve produces a change in head between its up-
stream and downstream sides, it is natural to think of them as
in-line, or two-node, devices. The equation for discharge
through a valve is (Karney and Mclnnis 1992)

Q,=s1E;Vs-H, “)

in which Q, = discharge through the valve; H, = head drop
across it; T = nondimensional effective gate opening; E, = a
valve-size parameter; and s determines the sign of the flow
(+1 for positive flow and —1 for reverse flow). E, is a function
of the energy dissipation characteristics of the valve or orifice,
primarily its size and geometry.

Lumped-inertia Model

Any short element—that is, short in the sense that its wave
travel time is so small relative to other connective elements
(usually pipes) that communication between its ends is effec-
tively instantaneous—may be accurately modelled by assum-
ing flow through the device is incompressible. However, the
inertia of the fluid mass and frictional effects within such a
“‘lumped inertial’’ element can still be significant (Wylie and
Streeter 1993). Newton’s second law equates the net force act-
ing on the fluid with the rate of change of fluid momentum
within the short-pipe element as follows:

L dQ:

2gDA’ dt

where L = length of the short-pipe element; D = internal di-
ameter; A = internal cross-sectional area; f = friction coeffi-
cient; H} = upstream piezometric head; H; = downstream
piezometric head; and p = fluid density.

pgA (a; o QZIQ:I> = pL — )
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Egs. (4) and (5), when coupled with characteristics equa-
tions at the end nodes, can be solved either implicitly or ex-
plicitly. The implicit approach has an unbounded stability re-
gion while, as is discussed later, the explicit approach may
lead to a more efficient code.

Implicit Approach
An accurate and stable trapezoidal approximation to (5) is
H' + H  H™ + H! et _Lo -0
g( 3 5~ RQQl O —
()]

where known upstream and downstream piezometric heads at
the current time ¢ are denoted by H; and Hj, respectively;
unknown heads at time step ¢t + At are H}*' and H?*'; the
known flow passing through the element is Q7 and the un-
known flow is Q7*'; and R, = fL/2gDA®. Eq. (6) is rearranged
to produce the following conventional form

Hn-H Hn+l - G + G Qn+l (7)

in which the constants G = H; — H} — 2LQ./gAAt and G’ =
2L/gAA: + fL|Q?|/gDA. If the length of an inertial segment
is zero, the constants G and G’ are zero.

Thus the system depicted in Fig. 2 is completely described
by five equations: two characteristic equations apply at the
nodes, a quadratic head-balance expression governs the orifice,
and an inertial equation applies to the upstream and down-
stream pipe segments

Hi*'=Cj — B/Q"", H'=C; — Bi(—Q") @&.,9
QY

H;H _ H:+l =G + G/Q:H 4 xe 7 S(TE)

(10)

H" — HT"'=G, + GO, HY" — HI'' =G, + Gig™"'

(11, 12)

The constants in the characteristic equations have been defined
while inertial element constants are given by

20-L 200L  fo-L
G=H—H)-=—=0% G =
J ( 1 1) At Q J gAAt gD ZiQ l
(13, 14)
2(1 — )L
G, =(H" — H) — =——2= 0"
« = (Hy 2) ZAAT Q: (15)
,_20 =L _f(l - 0L
G + .
i eAA? 2DA? |Q%| (16)

The composite constants G and G’ in (10) are the sum of the
?espective constants for each individual inertial element. That
151; (G, + Gy and (G; + Gj) are values that are independent
of 6.

Explicit Approach

Eqgs. (4) and (5) can be solved explicitly as well as implic-
itly. In order to achieve a degree of accuracy equal to that of
the second-order trapezoidal method, we demonstrate the mod-
ified Euler two-step finite difference method. In symbols, the
modified Euler method is

=0l +— {f Q) + ft + At, Q7 + Atf(r, O]}

17)

where Q7 and Q7" are the discharges through the PREVIL at
time ¢ and ¢ + At respectively; and f(t, Q7) = dQ%/dt. To




clarify, we add the head-loss relation due to the orifice to (5)
and rearrange to produce

Hy - H; - R0 07 - L1
& (1E) (18)
f@ Q9= LigA
In addition, we write
fle + Ar (@)
. e n+l) (Qn-H
H™ — HY — RLQ7Y @YY - #

L/igA
19)

where primed variables represent the predicted quantities at
the end of the time step. Specifically, (Q7*") = Q¢ + Atf(1,
Q7 while (H}*")’ and (H;"") are defined by (1).

It is perhaps fortuitous that the trapezoidal method is com-
monly used in the solution of the in-line valve boundary con-
dition because it is unconditionally stable and second-order
accurate. The same cannot always be said for the modified
Euler approach. In particular under nearly steady conditions
the transient dQ7/dt term in (18) decays rapidly to zero while
the steady terms do not change significantly. These events of-
ten create difficulties in the finite difference solution because
the numerical scheme must cope with the transient term even
after its contribution becomes small (Golub and Ortega 1992).
This is not intuitively obvious because one typically expects
the integration to improve as the solution becomes easier to
approximate.

Such problems involving more than one time scale create
so-called stiff systems of differential equations. Although plac-
ing significant restrictions on the time step (i.e., reducing it
drastically) may ensure computational stability in stiff systems,
it is inefficient in most extended period simulations. Therefore
methods should be used that exhibit an unbounded region of
stability (Shampine 1994) but that are not susceptible to the
same time step restrictions. For example, the first-order ac-
curate backward Euler method is globally stable and most of-
ten recommended as an alternative to multistep finite differ-
ence methods under these conditions (Press et al. 1992; Gear
1971; Miranker 1981). Higher-order backward formulations
such as implicit Runge-Kutta methods are typically less sat-
isfactory in terms of maintaining stability (Shampine 1994).
In symbols, the backward Euler method is

o OF 4+ Atf(e + A Q) (20)
but upon substitution of (19) can be rewritten as
™= —b + Vb - c, @D
where
LigA + (B, + B))At

0= 4

1
2[R, + W}At

AHC, — C)) — LQ7/gA

[RL " E,)’] At
(22)

Having derived a set of equations that fully describes the
operation of a PREVIL we must still define a transition cri-
teria. During steady-state conditions the inertia of the fluid is
negligible, therefore we can solve for the steady-state dis-
charge (Q7*')” by evaluating (19) when dQ"*"Y'{dt = 0. Thus,
it is proposed that the transition between the backward Euler
and modified Euler methods be governed by the following
criteria:

If (@)

@ =<0.001 m’/s must use backward Euler [i.e., (21)]
‘ >0.001 m”s must use modified Euler [i.e., (17)]

(23)

That is, (17) describes the conditions during the transient event
while (21) describes the conditions outside the transient event
(i.e., steady, or nearly steady, state).

Using the notation of Fig. 2, and (8)-(10), solutions for
several important valve and orifice boundary conditions are
presented in subsequent sections. The constants in this for-
mulation (namely, G, G', G, G/, G,, G;, C|, C,, B,, B,) are
known from initial condltlons However, there are six potential
unknowns—H;*', Hy*', H*', H3*', Q7*', or r—but only five
equations. Thc type of valve and the initial conditions deter-
mine one of these values, and the remaining five equations are
combined in various ways to solve for the other unknown var-
iables. In all cases the final expression is no higher than quad-
ratic and can be solved explicitly. The discussion begins with
on-off valves.

ON-OFF VALVES

As their name suggests, on-off valves have a predefined
valve motion that they execute in response to a specified ‘‘trig-
ger’’ variable, such as a particular time or a certain pressure
value at some location. Whatever the activating parameter,
once the triggering value (set point) has been realized the valve
follows the motion prescribed by its T-curve. Valves belonging
to this category include fixed orifices, check valves, direct-
acting pressure relief valves, surge-anticipating relief valves,
solenoid-controlled valves, valves with external actuators
(manually, hydraulically, or electrically driven), and many oth-
ers. In addition, some types of modulating valve behavior may
be reasonably approximated by a predefined T motion if its
gross behavior can be anticipated and the system response is
not particularly sensitive to details of the valve’s behavior.
Considerable flexibility exists to permit complex behaviors —
such as valves moving along the 1-curve, opening and closing
in response to one or more setpoints—but no matter how
““logically’’ complex the behavior may be, it is fully defined
by the 7-function.

The problem for on-off valves may thus be summarized as
follows: the valve setting () is given from the T-function for
the valve while the unknowns include the heads (H}*', H}*',
H7™', H3*') and the external flow (Q"*'). This allows the so-
lution to be split into two logical parts: (8)-(10) may be
solved for the nodal heads and the discharge; the internal heads
H?"' and H3"' are then obtained from (11) and (12), respec-
tively, to update the constants for the next time step.

Substituting (8) and (9) for H;*' and H}*' in (10) produces
a quadratic expression with a smgle unknown—Q’*'. Rear-
ranging results in the following simple relation

Qn+l = __b + 5\ /bz - ¢ (24)

in which b = s(tE,)(G’' + B; + B.)/2; and ¢ = s(1E, )( C
+ C; + G). The nodal heads can be back-calculated usmg (8)
and (9). The sign of the flow is determined from the sign of
C;ie.,

s = sign{C; — Ci; — G} (25)

In addition, the constants G and G’ are calculated from the
inertial equations. It is noted that if E, is zero, instantaneous
check-valve action is implied.

The constants in (10) require that the internal section heads
be calculated in order to compute G and G’ at the next time
step. It is recommended that the constants from the character-
istics equations be used rather than directly substituting the
calculated values for H;*' or H}*'; solving in terms of Q7'
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reduces numerical round-off errors. These errors can be sig-
nificant for PREVIL elements with negligible friction and or-
ifice losses.

Whenever an on-off valve is activated at some specified
time 1., in the simulation, the activation criterion is clear: if ¢
= ¢, the valve motion begins precisely at f,. Intermediate
values are easily obtained by interpolation. However, if the
valve is activated by exceeding a setpoint, some ambiguity
exists about the precise time at which the valve motion should
start. A reasonable resolution is to assign the starting time as
r,=1t— A12.

MODULATING VALVES

In contrast to on-off valves, the 7 value of modulating
valves is determined by sensed pressure differences and by a
hydraulic pilot system. The pilot system permits the modulat-
ing valve to regulate the valve inlet or outlet pressure, or the
head difference across the loss element. Many methods pre-
sented in the literature for dealing with modulating valves are
often unsuitable. Either they are two simple to account for
important behavioral factors such as response time, or they are
complex, resulting in large code size, large data requirements,
and inefficient solutions. More specifically, the response time
of modulating valves is determined by the design and physical
characteristics of both the pilot system and the valve itself.
The behavior of this system is dynamic and can be described
by a system of ordinary differential equations (Wylie and
Streeter 1993; Chaudhry 1987), similar to a spring-mass-dash-
pot system with an external forcing. The rate of change of
pressure in the valve cover chamber also depends on charac-
teristics of the pilot system. Solving such a boundary condition
is both computationally demanding and data intensive. The
formulations presented here overcome problems associated
with both unwarranted simplicity and extreme complexity, and
are physically and behaviorly quite general.

By recognizing that the primary factor controlling the re-
sponse time is the rate at which pressure is relieved or added
to the cover chamber by the pilot system, a useful approxi-
mation to the gross opening and closing speed of the valve
can be obtained. In fact, the pilot system is generally adjusted
so as to permit the valve to completely open or close in a
specified period of time. This can be conveniently summarized
by two parameters, AT, and A7, which are the average rates
of change in T for opening and closing of the valve, respec-
tively. If 1, is the time required for the valve to open fully
from a closed position, then typically A1, = 1/z,. The average
rate of closure A7, is similarly calculated. For the case of a
modulating valve whose gross opening or closure schedule is
a linear 7 function, the approximation is exact and equals the
slope of the T-curve.

Often there is little data on the shape of the T-curve for
modulating valves. Even when it is available, it is strictly cor-
rect only when the valve closes or opens under conditions of
constant inlet pressure. Nevertheless, some account can be
taken of pronounced nonlinearity in the valve schedule by cal-
culating AT, or A, as the slope of the T function at the current
value of 1.

The algorithms presented here assume that the valve re-
sponse time is limited by an appropriately specified value of
A, or At.. This simple device greatly enhances the analyst’s
qualitative and quantitative ability to simulate modulating
valves. Moreover, the damping effect provided by explicitly
defining the response time of the valve controls physical and
numerical instabilities, as well as improving convergence to
steady state.

PRESSURE-REDUCING VALVES

Pressure-reducing valves are common devices in distribu-
tion systems comprising several pressure zones. Whenever
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flow passes from an area of high pressure or elevation to an
adjacent zone at lower elevation, the pressure must be reduced
to maintain it within acceptable limits. This application nor-
mally requires valves that are slow to respond, as pressure
changes usually take place gradually. A quite different appli-
cation is required when, for example, a constant low pressure
is required for some industrial process. In this case a quick-
acting reducing valve is needed so that pressure fluctuations
in the supply system are not transmitted to the downstream
process. '

The solution for pressure-reducing valves uses the known
downstream head (that is, the head to be maintained by the
valve) to determine the unknown external discharge; that is,
(9) may be substituted into (12) to give

H ;H — G — Gy

n+l _

The sign of the flow s is simply the sign of the external dis-
charge Q7

Once the flow through the PREVIL is known, all the re-
quired heads (H;*', H;*', and H}"') can be computed and an
expression for the unknown valve setting derived. The up-
stream internal head (adjacent to the valve) can be obtained

by rearranging (11) to
H''=C/ — G, — (G + B))Q."' 27)
Knowing the head loss across the valve, the value of T re-
quired to maintain the downstream head at the setpoint value
is given by
0 ifH"' — H3' =0
T= (28)

n+i\2
VR, = %(F(T‘Q—I)'F> ifHT — HY' 20
s 1 - 2

(26)

The radical V/R, is not defined if its denominator is identically
zero. However, the physical meaning is unambiguous if the
head difference across the valve is zero, and therefore there is
no flow. In this case any value of T will produce the same
result. In reality the weight of the valve disk, or sometimes a
weak spring pressing on the disk, will cause the valve to
slowly close, hence the first line in (28).

The interpretation of (28) is clear provided the radical is
positive. However, if it is negative an imaginary solution re-
sults that cannot be physically interpreted, other than to say it
implies that energy must be added by the valve in order to
arrive at its setpoint pressure. Since the valve can only dissi-
pate energy, its behavior must be somehow constrained. The
following logical scheme (illustrated in Fig. 3) is proposed

Tmx If Ry <0 and Q>0
7={Tmn ifR. <0and Q<0 (29)

VR, otherwise

Essentially, the logic reflects the fact that water flowing
through the valve will induce a torque causing the valve to
respond as indicated. This scheme is consistent with the
known physical behavior of modulating valves described in
this paper. The maximum permissible valve opening is Tpa
and usually equals 1. The minimum permissible setting is T,
which usually equals 0.

Using any other relational criteria to establish valve behav-
ior may unpredictably result in aberrant physical solutions.
Under certain conditions the anomalous behavior is recogniz-
able as such. In other cases the results seem strange but plau-
sible. Such abnormal responses are not common but must be
properly handled. Failure to do so impairs both the utility of
the model and the confidence that may be placed in its pre-
dictive ability.




- Qext

r=\/R.,.— T = Tmax

FIG. 3. Real and Complex Solutions for v

Generally speaking the defined, positive radical case pre-
vails and (28) is solved yielding a positive value. This does
not guarantee, however, that this required valve opening is
feasible with respect to either the response time of the valve
or the maximum and minimum permissible values of 7. To
obtain the actual valve opening, the value of T given by (28)
must be compared with the set of feasible values. Letting
T,_a be the effective valve opening at the previous time step,
the feasibility requirements can be tested by determining if the
valve is opening or closing and setting the maximum permis-
sible change in valve setting, At Ar; accordingly

for opening valves (i.e., T — T,.a > 0) set A1-Ar = Ar,- At
(30a)

for closing valves (i.e., T — T,_a < 0) set AT-At = —~AT.- At
(30b)
Next test the computed T value against the feasible values.

MiN[Toe, Max(T,_a, + AT- AL, 7)) if |1’ - T,_A,l > |AT~A1|
= VR, otherwise
31

If the latter condition applies the solution procedure is com-
plete, the upstream and downstream nodal heads are computed
by (8) and (9).

If the final value of 7 has been constrained as indicated by
the former condition, the problem is transformed to that of an
on-off valve with unknown heads and external discharge, but
with a known 7 value. In this case a second iteration is made
using the solution procedure presented previously for on-off
valves.

Pressure-Sustaining Valves

Pressure-sustaining, backpressure, or pressure-relief valves
are all terms describing a modulating valve whose pilot system
causes it to adjust its setting to maintain a present inlet pres-
sure. The function of the valve is determined by its topological
relationship to other system components. If the valve is placed
in a series arrangement, it attempts to maintain a constant
backpressure in the system by throttling the discharge. When
the same valve is installed in a small branch downstream of a
pump, it acts as an unloading or recirculating bypass. This
same valve functions as a pressure-relief device if it opens
rapidly and closes slowly.

The purpose of the forgoing descriptions is merely to show
that all of these superficially different valves are really the
same hydraulic component with particular aspects of its be-
havior modified. Hydraulically all of these functions are ade-

quately simulated by varying two parameters—the inlet pres-
sure to be maintained and the valve’s response time. The
solution procedure is completely analogous to that just pre-
sented for pressure-reducing valves and only those portions
that are different are described below.

The solution for pressure-sustaining valves begins by using
the known upstream head—that is, the inlet pressure head or
hydraulic grade line elevation to be maintained by the valve
—to determine the unknown external discharge. Eq. (8) may
be substituted into (11), which is rearranged to solve for the
external flow

n+1 C/’ — GI — H"”“
" G/+B ¢2)

The sign of the flow s is simply the sign of the external dis-
charge Q7"

Once the external flow is known, the downstream (outlet)
head adjacent to the valve can be obtained from (12) as shown

in the following:
H3"'=Ci + G, + (G} + B)Q"*! (33)

The other internal head is the setpoint value H,.,.

Knowing the head change across the valve, (28) is solved
for the value of 7 required to maintain the desired inlet pres-
sure. The remainder of the solution is identical to that given
for the pressure-reducing valve.

Rate-of-Flow Controllers

Rate-of-flow controllers differ from the two previous types
of modulating valves because their pilot system adjusts the
valve position to maintain a preset pressure difference across
an element such as a fixed orifice. Because there is a single
value of discharge associated with each unique head loss
across the fixed orifice, this value limits the maximum system
discharge to Q...

Rate-of-flow controllers are used to prevent overpumping of
wells, to maintain a constant flow for industrial processes, or
to prevent a low-pressure zone from ‘‘robbing’’ a higher-pres-
sure zone when the pressure differential increases between the
zones. The external flow is now known: Q7*! = Q... = valve
setpoint. The unknowns are the four heads (H}*', H*', H*',
and H3'") and the valve setting 7. The external flow is assumed
to equal the setpoint value Q... The valve inlet and outlet
heads can be computed as before, i.e.

H" =C] — G, — (G + B)Q." (34)
H3"' = Cl + G, + (Gi + B)Q:"! (35)

Knowing the head change across the valve, (28) is solved
for the value of 7 required to maintain the desired inlet pres-
sure. The remainder of the solution is identical to that given
for the pressure-reducing and pressure-sustaining valves.

EXAMPLE 1: IMPORTANCE OF INERTIA EFFECTS

Admittedly, the inertia effects associated with many in-line
valves are rarely significant. But in some special cases—such
as a transition between a large-diameter pipe and a much
smaller-diameter short connector where the inertia effects can-
not be readily handled by conventional methods-—the
PREVIL approach finds great utility. The following example
compares the predicted behavior of a system in which the in-
ertia effects are included in the numerical analysis to the pre-
dicted behavior of an otherwise identical system in which the
inertia effects are neglected.

System Description

Consider a simple horizontal pipeline in which water passes
from a constant head supply reservoir to a constant head ter-

JOURNAL OF HYDRAULIC ENGINEERING / AUGUST 1997 /713




minal reservoir at a flow rate of 0.55 m®s. As Fig. 4 illustrates,
the pipeline is 180 m in length with a 20 m reduced-diameter
connector at its midpoint. A gate valve (E, = 1.0 m*¥s) is
located at the midpoint of the reduced-diameter connector and
executes a linear closure from full gate opening in 10 s. The
physical characteristics of the pipeline and constant head res-
ervoirs are given in Fig. 4.

Three different approaches are used to numerically model
this system. The most accurate of the three approaches consists
of dividing the pipeline into 18 characteristic lengths of 10 m
each and an orifice loss component. This choice implies a nu-
merical time step of 0.01 s. Both the inertia and compressi-
bility effects of the reduced-diameter connector are accounted
for in this approach. The second and more common approach
is to artificially shorten the pipeline by eliminating the 20 m
connector and using only two 80 m characteristic lengths and
an orifice loss component to describe the pipeline. Here the
time step is set to 0.08 s while both the inertia and compress-
ibility effects of the reduced-diameter connector are neglected.
The final approach is to use a PREVIL element. In essence,

this third approach is a compromise between the first and sec-
ond approaches in that the inertia effects of the short connector
are accounted for while its compressibility effects are ne-
glected. The reduced-diameter connector and gate valve is re-
placed with a 20 m PREVIL while two 80 m characteristic
lengths are employed to model the remainder of the pipeline.
As a result the time step is 0.08 s as in the second approach.

Simulation_Results

The simulation results for a 10 s linear valve closure com-
puted by the three approaches are illustrated in Fig. 5. In par-
ticular, the time history of piezometric pressure head at nodes
J and k (as indicated in Fig. 4) is shown.

Note that for the second approach two sets of data are
shown. Removal of the reduced-diameter connector made it
impossible to obtain the same system steady state as is
achieved in the first and third approaches. That is, nearly all
of the steady state head loss is due to friction in the reduced
diameter connector for both the first and third approaches. To

‘ -Z
) Dy=06m p=rlism Dp=06m
L,=80m 9 =05 L, =80m
[~ 4 =1000m/s a = 1000 m/s a=1000m/s "7
fp = 0.012 f=0.012 fp =0.012
Gat —
H,=175m vae  ® = T
I W
1 H; =100 m
TMY/TMY/TMNY/ PREVIL JAV/TAY/T N
z=0m
[ l Datum

FIG. 4. Two Constant-Head Reservoirs Joined by a Serles Pipeline and a Reduced-Diameter Connector
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compensate for the neglected friction loss, the conventional
practice of increasing the orifice loss is also employed. Cal-
culations show that a valve constant equal to 0.064 m*?/s pro-
duces a sufficient head loss in the second approach to give an
identical steady state to that of the first and third approaches.
Therefore, included in Fig. 5 are head traces for the second
approach using both the original valve constant of 1.0 m*?/s
and the adjusted valve constant of 0.064 m*%s.

As expected, the head trace of approach 2 (E, = 1.0 m*?/s)
significantly differs from that of approach 1. The high steady
state discharge (i.e., 4.9 m/s) in approach 2 (E, = 1.0 m**/s)
results in a rapid increase in the piezometric head at node j
(or decrease in the piezometric head at node k) as the valve
closes during the first 10 s of the simulation. The system re-
sponse (at both nodes) after the 10 s closure consistently un-
derpredicts the response of approach 1 by approximately 30
m at the peaks. The head trace of approach 2 (E, = 0.064
m®*?*/s) is included to demonstrate that conventional techniques
such as adjusting the orifice coefficient to account for the ne-
glected reduced-diameter connector sometimes degrades the
accuracy of the simulated performance. In fact, approach 2 (E,
= 0.064 m*?*/s) underpredicts the system response by approx-
imately 65 m at the peaks once the valve has closed.

In contrast, the behavior of the system as predicted by the
PREVIL method (approach 3) shows little deviation with the
system behavior predicted by the complete representation (ap-
proach 1). The execution time of approach 1 is approximately
9.6 times greater than that of approach 3; the execution times
of approaches 2 and 3 are almost identical. It would therefore
seem prudent to employ PREVILs for short pipes regardless
of the importance of inertia effects. That is, the PREVIL ap-
proach can be efficiently employed wherever there is a short
pipe or orifice loss without being overly concerned about the
importance of the inertia associated with the device. In addi-
tion the computational savings associated with the PREVIL
compared to other accurate approaches can be very significant
in large network simulations.

EXAMPLE 2: IMPORTANCE OF RESPONSE TIME

It is impossible to give an exhaustive set of model verifi-
cation and validation examples. In any case the mathematical
model has been subjected to a variety of conventional verifi-
cation and validation techniques as a matter of course and, by
inspection, can be seen to reduce to a variety of existing spe-
cial cases of conventional boundary conditions.

It is, however, instructive to demonstrate the utility of the
formulation and, at the same time, present an example of an
interesting stability phenomenon known as ‘‘talking’’ valves.
Many pipelines or pipe networks have two or more modulating
valves installed to produce specific types of local automatic
hydraulic control. Occasionally it may happen that the action
of one valve produces a compensating action by another valve.
This adjustment in valve setting may in turn cause a response
in the first valve, thus initiating a cycle of response and coun-
terresponse that maintains a continuous barrage of unsteady
shock waves emanating through the system. Frequently, but
not always, the response time of such valves is long and this
“*damping’’ of the valve response prevents such unstable be-
havior from reaching critical proportions.

Without some mechanism to account for the finite rates of
valve opening and closure, actual cases of such unstable be-
havior cannot be properly analyzed. Moreover, models that
permit instantaneous and unlimited changes in valve setting to
occur may generate critically unstable behavior that in no way
represents the actual behavior of the pipe system. The follow-
ing example graphically demonstrates this phenomenon.

System Description

Consider a simple horizontal pipeline in which water passes
from an upstream constant head reservoir of 75 m to the at-
mosphere at the downstream end. The pipe diameter is 600
mm and its wave speed is 1,000 m/s. The total pipeline length
is 1,100 m and its Darcy friction factor is 0.012. A valve (E,
= 0.1 m*¥/s) at the downstream end begins closed so that there
is no initial flow in the pipeline. This valve opens linearly in
30 s from a fully closed to a fully open position thereby ini-
tiating flow.

Two modulating valves (without connecting pipes) are also
incorporated in the pipeline to regulate pressure. These valves
are found 50 m downstream of the reservoir and 50 m up-
stream of the terminal valve. These modulating valves shall
henceforth be called PRV1 and PRV2 for the upstream and
downstream valves, respectively. The valve constant E, equals
1.0 m*¥s for flow in either direction. The upstream valve
PRV1 is of the pressure-reducing type and has been set to
maintain a downstream pressure head of 40.0 m. The down-
stream valve PRV2 is of the pressure-sustaining (backpressure)
type and has been adjusted to maintain a pressure slightly
lower than PRV1.

Hydraulically activated valves of this kind are controlled by
pilot systems whose function may be impaired by the presence
of grit, sand, or other particulate matter in the water. Further-
more, pressure setpoints may alter over time and often need
readjustment to ensure proper control. Thus, assume that the
setpoint of PRV2 has departed from its original value and the
valve is, in effect, now attempting to maintain the same pres-
sure head as PRV1, i.e., 40.0 m.

A potentially unstable situation now exists. Using physical
reasoning alone it is difficult to imagine precisely how the two
valves will interact. However, the model for modulating valves
presented in this paper permits one to rapidly and easily assess
the potential for instability by performing a sensitivity analysis
of the system response for different average (linear) rates of
valve opening and closing. Consider the following four cases:

¢ Case 1: PRV can execute a full linear opening or closure
in 0.01 s. PRV2 can execute a full linear opening or clo-
sure in 20.0 s., i.e., A1, and A1, = 100 for PRV1 and Ar,
and AT, = 0.05 for PRV2.

» Case 2: Same as case 1 except At, and Ar. = 0.20 for
PRV2.

* Case 3: PRV1 and PRV2 can both execute a full linear
opening or closure in 20 s, i.e., A1, and AT, = 0.05.

* Case 4: PRV1 can execute a full linear opening or closure
in 20.0 s. PRV2 can execute a full linear opening or clo-
sure in 0.01 s, i.e., AT, and AT, = 0.05 for PRV1 and AT,
and A7, = 100 for PRV2.

Most codes for modulating valves permit only two types of
behavior: either the valve is so slow to respond that it is treated
as a fixed valve during the transient, i.e., AT, and AT, = 0; or
the valve is considered to be capable of an instantaneous valve
opening or closure, i.e., A1, and A1, = %, The variable AT
allows a continuous range of ‘‘damping’’ with a value of AT
= 0 representing the special case of an infinitely damped valve
while a value of At = o represents a completely undamped
valve. From this perspective, the example indicates just how
drastically the behavior of a single physical system can be
affected by assumptions about the damping characteristics of
modulating valves.

Simulation Results

Simulation results of the system behavior for the four test
cases listed in the previous section are summarized in the plots
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of Figs. 6 and 7. Fig. 6 presents a time history of piezometric
pressure head at four locations along the pipeline; i.e., at the
upstream reservoir, the pipeline 1/4 point (275 m downstream
of the reservoir), the pipeline 3/4 point (825 m downstream of
the reservoir), and at the downstream valve.

Note that for a properly functioning system as described in
the previous section, the final flow rate should be zero, and
the section of the pipeline internal to valves PRV1 and PRV2
should contain water at a constant pressure head of 40.0 m.
The pressure head in the segment downstream of PRV2 should
reduce to zero while the pressure head in the pipe segment
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between the upstream reservoir and PRV1 should be equal to
the reservoir head of 75 m.

Examining the head trace for case 1, it is evident that this
is precisely the final condition that the system attains. The
initial transient is most pronounced for the first 30 s, during
which time the downstream valve and PRV 1 open. Thereafter,
the system moves gradually (due to the damping of PRV2)
toward the final condition, with only slight oscillations of pres-
sure visible in the interior section of the pipeline.

The same pattern is visible in the head traces of case 2.
However, the amplitude of the head oscillations in the internal




pipe section have increased due to the reduction in the damp-
ing of PRV2.

Similar behavior occurs for case 3 in which both PRV1 and
PRV2 have been damped. Note that the internal head traces
show some increase in the head oscillations after 70 s of sim-
ulation. This same pattern is observed in the system whenever
PRV1 and PRV2 have identical damping characteristics.

Case 4 is the exact reverse of case 1; i.e., the downstream
valve PRV2 is now relatively undamped while the upstream
modulating valve PRV1 is relatively damped. The system ex-
hibits an even more aggravated form of internal oscillations
than the previous cases.

The head traces illustrate that there are some distinct dif-
ferences in the behavior of the system depending on how the
dynamic characteristics of the modulating valves are modelled.
Because the pressure head oscillations are modest, these re-
sults might lead one to presume the system behavior to be
fundamentally the same in all cases.

In fact this is a dangerously wrong conclusion. The behavior
of the system is radically different in cases 3 and 4. The energy
phase plots of Fig. 7 show the partitioning of total system
energy into its potential (strain) and kinetic-energy compo-
nents (Karney 1990). The plots trace the partition of energy
at each time step of the transient simulation. The point (0, 0)
occurs at time ¢t = 0. The initial kinetic energy is zero since
there is no flow and the potential energy is zero since the
potential energy ‘‘datum’’ is taken to be the initial hydraulic
grade line. The phase plots represent the succession of trans-
formations of system energy from the initial potential energy
to kinetic energy and vice versa. In each plot the total elapsed
time is 300 s except for case 3 in which the total elapsed time
is 100 s.

Case 1 and case 2 show the same pattern of stable behavior
with the kinetic energy of the system initially increasing as
the downstream valve and PRV1 open. Subsequently the ki-
netic energy decreases towards zero as both PRV1 and PRV2
close. The energy oscillations during the valve closure are
slightly greater in case 2, again reflecting the decreased damp-
ing characteristic of PRV2 for this simulation.

Case 3 shows an identical pattern to case 1 until about 70
s of simulation time have elapsed. At this point the two mod-
ulating valves begin to ‘‘talk’’ and a resonancelike phenom-
enon is established that persists indefinitely.

Case 4 exhibits an even more unusual form of chaotic and
unstable behavior. The modulating valves start ‘‘talking’’ to
each other sooner as indicated by the early onset of internal
head oscillations of Fig. 6. Interestingly, three separate ‘‘at-
tractors’’ or modes of valve interaction are evident from the
energy phase plot. This aspect of the system behavior is not
discernible from the head traces (Fourier spectral analysis
could be attempted). As before, this instability continues in-
definitely. q

SUMMARY

A wide variety of in-line and off-line valves are used to
control pressures and flows in modern pipe systems. The
PREVIL element introduced here can be used to represent
most of these important control-valve/short-pipe combina-
tions. Whether the valve follows a prescribed valve motion or
responds to changing hydraulic conditions, an explicit solution
can be obtained from this new boundary condition formula-
tion. Moreover, the model presented here permits the response
time of modulating valves to be accounted for in a simple, yet
practical, manner.

The PREVIL element can also be used to represent signif-
icant losses at pipe junctions. Not only can the junction loss
itself be specified, but control-valve or orifice losses, pipe fric-
tion in the connecting elements, and inertial effects of the wa-

ter column contained in the short-pipe elements can also be
included. A nodal consumption (constant or a known function
of time) may easily be added in the solution, and like all other
boundary conditions developed in this paper there are no re-
strictions on the number of junction elements nor on the num-
ber of pipes attached to each junction PREVIL. Finally, since
the computational savings associated with the PREVIL ap-
proach are potentially significant in large network simulations,
it would seem prudent to employ PREVILs whenever there is
a short pipe, regardless of the importance of inertia effects.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

A = cross-sectional area of PREVIL,;
A, = cross-sectional area of pipe;
a = wave celerity;
B = pipe constant a/gA,;
B’ = junction characteristic constant;
B, = pipe characteristic constant (C);
B, = pipe characteristic constant (C™);
b, b, = quadratic constants;
C’ = junction characteristic constant;
Cy = pipe characteristic constant (C™);
C, = pipe characteristic constant (C*);
¢, ¢, = quadratic constants;
D = diameter of PREVIL,;
D, = inside pipe diameter;
E, = a valve size parameter;
f = Darcy-Weisbach friction factor for PREVIL
wall;
Jf, = Darcy-Weisbach friction factor for pipe;
G, G' = PREVIL constants;
G, G/, Gy, G; = PREVIL constants;
g = acceleration due to gravity;
H = piezometric head; H = H(x, 1);
H, = orifice upstream piezometric head;
H, = orifice downstream piezometric head;
H?} = piezometric head at node (n, i),
H] = PREVIL upstream piezometric head at time ¢;
H}*' = PREVIL upstream piezometric head at time ¢ +

At
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PREVIL downstream piezometric head at time
r

= PREVIL downstream piezometric head at time

LA L L /T T [ [ O |

t + At

elevation of water surface at supply reservoir;
elevation of water surface at terminal reservoir;
head drop across orifice;

integer denoting spatial nodal location;
integer denoting upstream PREVIL node;
integer denoting downstream PREVIL node;
length of PREVIL,;

distance between from node and valve;

pipe length;

set of pipes discharging to (from) network
node;

integer denoting time nodal location;
volumetric flow function: Q = Q(x, 1);
discharge through PREVIL at time ¢,
discharge through PREVIL at time ¢ + 1;
volumetric flow at node (n, i);
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Q.
R.
t, At

'cr
ta

]
x, Ax

AT, AT,

QT DM

[ T I A [

Tmin

discharge through PREVIL orifice;

pipe reach friction constant;

pipe friction constant;

pressure-reducing value constant;

sign of flow;

time, time step;

activation time of on-off valve;

time required for valve to open fully from a
closed position;

valve opening start time;

space coordinate, space increment;
elevation of pipe centerline;

time step;

average rates of change in 7 for opening and
closing of valve;

friction term linearization factor;

L'/L;

density of fluid;

nondimensional effective gate opening;
maximum permissible valve opening; and
minimum permissible valve opening.




