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Binary-coded and real-coded genetic algorithm in
pipeline flow optimization*

SENKA VUKOVICT AND LUKA Soptaf

Abstract. The mathematical model for the liquid-gas mizture flow
in pipelines is an initial-boundary value problem for a nonlinear hyper-
bolic conservation law system. This hyperbolic conservation law system
together with boundary conditions is numerically solved using the essen-
tially non-oscillatory (ENO) schemes.

The optimization problem is a boundary control problem, i.e. bound-
ary conditions that cause pressure values in the pipeline as close as pos-
sible to the desired ones are to be found, considering given constraints.
The applied optimization method is the genetic algorithm (GA) with two
different wvariable-to-chromosome coding strategies: binary coding and
real coding.

The results of both GA strategies applied to two pipeline flow opti-
mization problems are presented and compared.
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1. Introduction

We are concerned with pipelines consisting of pipes, reservoirs, valves, pumps, tur-
bines, surge tanks, air chambers etc. filled with a liquid-gas mixture. Perturbations
at the boundaries of the pipes induce nonstationary fluid flow characterized by wa-
terhammer and cavitation phenomena. Our goal is to control the operations with
valves, turbines, pumps and other pipeline elements in order to minimize pressure
oscillations.

In this paper we not only propose a solution of this problem using essentially
non-oscillatory schemes for the computation of the flow and the genetic algorithm
as the optimization method (see [8]), but also further improve of the optimization
results obtained by applying of real coding instead of binary coding.

*This paper was presented at the Special Section: Appl. Math. Comput. at the 7t" International
Conference on OR, Roving, 1998.
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2. ENO-schemes in computation of liquid-gas mixture flow
in pipelines

The model for nonstationary liquid-gas mixture flow in a pipe is the conservation
law system:
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for z € (0, L), t > 0 together with relations:
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Here: x - position along the pipe axis, t - time, o - density, v - flow velocity, p
- pressure, g - gravity acceleration, z - height measured from a given level, A\ -
friction factor, D - circular cross section diameter of the pipe, k - quantity of gas
in a bubble, c1, ¢ - constants of proportionality, ps - liquid-gas saturation pressure,
p, - vaporization pressure, o; - liquid density, a; - sound velocity in the liquid in
the pipe, L - pipe length.

The equations are the mass conservation law (1), the momentum conservation law
(2) (see [3]) and the ideal gas law combined with the Boussinesque relation (3) (see
[6]). Initial and boundary conditions are needed in order to solve the system (1)-
(4). Boundary conditions are derived from the influence of other pipeline elements:
reservoirs, pumps, valves, turbines, air chambers, surge tanks etc. on the fluid flow
and are usually non-linear (see [2]). The physical phenomena in that way modeled
are waterhammer and cavitation.

The system (1)-(4) is a hyperbolic conservation law system (see [4]):
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For this system Hugoniot loci in 1- and 2-characteristic fields are 1-parametric (-
parameter) curves:
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differential equations for 1- and 2- rarefaction integral curves:
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and 1- and 2- Riemann invariants:
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where: a = j—i - sound speed.

In order to numerically solve the initial-boundary value problem for (1)-(4), we
applied essentially non-oscillatory (ENO) schemes (see [7]) and with particular care
we numerically modeled boundary conditions (see [8]).

3. Binary-coded and real-coded genetic algorithm in opti-
mization of pipeline flows

Valve closures, pump failures, turbine operations etc. are boundary perturbations
that generate pressure oscillations propagating through the pipeline. The optimiza-
tion goal is to minimize these oscillations, i.e. the function:

¢ = max |p(£L’0,t) - pO(t)| ) (10)
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where: xg - chosen position in the pipeline, [t1,t2] - time interval, py - desired
pressure values.

The optimization variables are the cross section area of the valve opening as a
function of time, the rotational speed of a centrifugal pump or of a turbine as a
function of time etc.

We chose the genetic algorithm (GA) (see [5]) as the optimization method. For
the coding of the goal function real variables into the chromosome of an individual
we used two different approaches. In the binary-coded GA the chromosome is:
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and in the equivalent real-coded GA:
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where: g; - gene, §; - goal function variable.

Since the crossover operator makes cuts between genes in the binary-coded GA,
it changes the value of the goal function variables, while in the real-coded GA it just
interchanges the variables between individuals. The mutation operator is the only
one that creates new variable values in the real-coded GA, so we must take a small
mutation probability (p,, = 0.05) in the binary-coded GA, and a much greater one
(pm = 0.3 ) in the real-coded GA.

4. Results

We implemented the chosen numerical and optimization methods in the C++ pro-
gram. The results were obtained using the ENO-Localy-Lax-Friedrichs scheme of
3™ order, and the GA with linear scaling of raw fitness, stochastic universal sam-
pling for the selection operator, two-point crossover operator and multi-bit mutation
operator. In both of the following two computations the real-coded GA gave better
results than the binary-coded GA. We can conclude that for the solution of opti-
mization problems where the goal function has real variables the real coding should
be preferred to the binary coding.

4.1. Valve-closure optimization

In the pipeline with the structure: reservoir - pipe - junction - pipe - valve, the
valve has to be closed in the time interval [0s, 6s]. The binary-coded GA gave us
the valve-closure strategy in Figure 2 that reduces pressure oscillations in respect
to the initial value down to the value of ¢,,;, = 784015 Pa, while with the real-
coded GA we obtained an improved valve-closure strategy in Figure 4 that gave us
Ymin = 736218 Pa. Pressure and velocities at the valve in both cases can be seen
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in Figure I and Figure 3, respectively.
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Figurel. Binary-coded GA result: pressure and velocity at the valve
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Figure2. Binary-coded GA result: optimal value-closure strategy

RE!Hipk F a)

12 5]

10.0

7.4

70 S0t

Tn ANted

Figure 3. Real-coded GA result: pressure and velocity at the valve
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Figure4. Real-coded GA result: optimal value-closure strategy

4.2. Pump-stoppage optimization

In the pipeline with the structure: reservoir - pipe - pump - pipe - junction - pipe
- reservoir, the pump has to be stopped in the time interval [0s,4s]. The binary-
coded GA gave us the pump-stoppage strategy in Figure 6 that reduces pressure
oscillations in respect to the initial value down to the value of ;,:,, = 310760 Pa,
while with the real-coded GA we obtained an improved pump-stoppage strategy in
Figure 8 that gave us @i, = 308562 Pa. Pressure and velocities at the valve in
both cases can be seen in Figure 5 and Figure 7, respectively.
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Figure5. Binary-coded GA result: pressure and velocity at the pipe junction
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Figure 6. Binary-coded GA result: optimal pump-stoppage strategy
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Figure 7. Real-coded GA result: pressure and velocity at the pipe junction
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Figure 8. Real-coded GA result: optimal pump-stoppage strategy

References

1]

J. ABREU, E. CABRERA, J. GARCIA-SERRA, P. A. LoPEZ, Optimal closure of
a valve for minimizing water hammer, in: Hydraulic Machinery and Cavitation
II, Kluwer Academic Publishers, Dordrecht, 1996.

M. H. CHAUDHRY, Applied Hydraulic Transients, Van Nostrand Reinhold
Company, New York, 1979.

J.H. FERZIGER, M.PERIC, Computational Methods for Fluid Dynamics,
Springer-Verlag, Berlin, 1996.

E. GopLEwsKI, P. A. RAVIART, Numerical Approximation of Hyperbolic Sys-
tems of Conservation Laws, Springer-Verlag, New York, 1996.

E. D. GOLDBERG, Genetic Algorithms in Search, Optimization, and Machine
Learning, Addison-Wesley Publishing Company, New York, 1989.

C. KRANENBURG, Gas release during transient cavitation in pipes, Journal of
the Hydraulics Division 100(1974), 1383-1397.

C.W.SHU, S.OSHER S, Efficient implementation of essentially mnon-
oscillatory shock-capturing schemes II, Journal of Computational Physics

83(1989), 32-78.

S. Vukovi¢, Optimal Control of Nonstationary Pipeline Flows, Ph.D. thesis,
Faculty of Engineering, University of Rijeka, 1998.



