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Abhstraci—Thiz paper demonatrates the uss of ke simulaled annealing method for the anabysis of design
configurations for a ‘Brayton cycle power plant, This application ceniers aonnd a sequential modular
chemical process dioulalor, the Space Nuclear Auxilizry Power System {SNATE), desipned to simulate
the operation of power plants with dilfferent energy conversion techniques, o find optimal characteris-
fics consirained by feasibility lrnitations, and to design the pland for meacdmum Nexibifiy and religbilicy.
The moditlar nature of SNAPS allows for the analysts of numerous configurations of nuclear pawer
plants. Since 1he solution space is characterized by a large number of desipn and stmciyml parameter
‘cormbinaiions, il demonstrates the successfl applicahbility of simulaled annealing as a synthesis ionl for
nuclcar power plant desipn problems. Simnlated anncalmg is found to perform very well in the face ol a
large number af discantinuities n the salution space.

INTRODUCTTION

Sequential meduolar chemical process simulators,
such as ASPEN, have been extensively uvsed for
design of new processes and amalysiz of existing
processes. These FAowsheeting programs contain
detailed mondels for caleolating mass and energy
balances actass process wnits, s well as for sizing
and costing {Diwekar et af., 1992). SNAPS [The
Space Nuclear Auxiliary Power System) is a chemi-
cal process simulator tailored specifically for space
nuclear power plants (Diwekar and Morel, 1992).
Based on the concept of sequentinl modular simula-
tors, SMAPS can be used to stmulate different con-
figurations of space nuclear power plants or any
power plant in peneral. Tn power plants encrgy
balance plays an important role because in most
cases the stream compositions or Rowrates Temain
the same throwphout the plant. This is ualike chemi-
cal plants where both materia? and energy balances
are to be considered. SNAPS is speciitcally designed
for power plants where the peint concept, first
proposed by Hughes f af. (1981}, is used for storing
the property vector and the stream vecior containg
the molar flowrates which semain constant for most
of the configurations. SNAFS allows for simulation
of numerous possible configurations of power
plants. This flexibility of SNAPS, although very
useful in analysis, poses the challenging synthesis
praoblem of selecting optimal configurations from the
various confipuration sets to achieve specific goals,

The “synthesis” preblem in destpn is to select the
opiimal design conftpuration, both in terms of the

optimal structuaral topology and the optimal param-
eter fevel settings for a system to meet specified
performance and cost objectives (Grossmann,
199}, This problem is very important for many
practical applications and has gained much attention
in recent years. One of the mast important goals in
chemical process synthesis {s 1o create Aowsheet
structures.

Past approaches 1o the process synthesis problem
bave fallen in two areas:

(1} heuristics;

' (2) mathematical programeming techniques.
Heuristie approaches exploit physical intuition and
engineering design knowledge to simplify the prob-
tem and quickly identify sobitions which may be of
good quality (Douglas, 1988). However, they do not
guarantee optimality and do not account for trade-
offs and interactions very well.

The mathematical programming appoach to pro-
cess synthesis involves: (a) formulation of n Row-
sheet superstructure incorporating all the alteroative
process confipurations; and (b) identification of both
the opfimal configuration and operafling process
patameters by an alporithm based on the alternating
requence of nonlinear programs {NLPs) and mixed
integer linear proprams {MILFs), Over the last few
years, significant advances in the mixed integer noa-
linear programming (MINLEP) algorithms have led
to rapid developments of equation eriented software
packages such as APROS (Pauies and Floudas,
1989, DICOPT++ (Kocis and Grossmenn, 1989,
Viswanathan and Grosmann. 19H)} and PROSYN
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{Kravanju 2nd Grossmann, 199)). slthaugh these
packages provide an environment For  solving
MIWLP process synthesis problems, they have some
ptactical limitations; for example, it {5 difficult to
solve process synthesis problems involving complex
chemical processcs. Besides, sequential madular
simulators like ASPEN, PROCESS, FROII, eic,
are more widely used in chemical industrics than
equtation otiented simulators, These simulators have
grown in sophistication aver the years and have
useful capabilities to model many complex chemical
processes. Therefore it is more desirable to have the
process synthesis capability around these simulators.
A new MINLE process synthesiz capability built
around the public version of ASPEN {Diwelkar er
af., [992) represents a step ia this regard.

However, the MINLP approach to process syn-
thesis also encounters seme major difficulties which
are outlined below:

1. The problem of implicit corstraints is encoun-
tered in the case of MINLP synthesis in sequentizl
maduTar simulators. This is because of the black box
nature of the models m sequential modular simala-
tors. Many of the MINLP environments are based
on a two-level optimization alporithm eonsisting of
an upper level MILF master problem and a lower
level MLP problem. The MILP master problem
predicts new discrete variables, while the NLF prab-
lem provides new continuous variables. The MILP
raaster problem represents the linearized NLF prob-
lem with non-fixed binary varables sinee at each
stage the MILP problem conlains the lincarization
information from the NLP optimizer. When using a
sequential madulator simulator, the implicit (bladk
box) nature of the simulator results in the WLP
cptlimizer being unable to transfer crucial lineariza-
tion infermetion (o the master problem. This ocours
because there i= no derivative informaton from the
Tacobian, As p consequence, the algorithm fails to
find the optimal solution. Alternatives to make the
implicit constraints explicit including methods of
partitioning peeudo-decision varables are being
developed {Dviwekar and Rubin, 1992).

2. The MINLP approach requires 1he objective
function to satisfy convexity comditions to guarantee
convergence to the global optimum.

3. In synthesls, even fairly simple systems can
lead to large combinatorial explosion. MINLP
algotithms pose difficulties for large scale combina-
torial problems where there are a Jarge number of
discrete decisions to be made. Standard problems
without special structure that can be handied by
MINLP salvers taday typically have 40-60 binary
variables {Grossmann, 1990,

4. The MINLP algorithms cannot handie Jarge
dizcantinuities in the solution space or infeasibility
it the NLF stage, Although Tran and Gressmann

(1986) presented a smooth approximation method

to handle rondifferentiable MINLP synthesis prob-

lems, their approach is restricted 1o functional dis-

continuities at few specific points [e.z. the kink
function, which is discontinuous at f{x}=0]. For the
synthesis problems where there are [arpe-scale dis-
continuities such as the problem at hand, it is not
possible to apply MINLP algorithms,

The alternaiive to MIMLP process synthesis is to
use simulated annealing. The advantapes of simu-
lated annesling in the chemical synthests problem
are that it is not a derivative bazed method and can
handlz Targe discontinuitics in the state space much
more easily. Simulated annealing is designed for
lacge combinatorial preblems. It has been success-
fully applied to the design of heat exchanger and
pipeline networks (Daolan f al, , 1989). Also, it has
been uied in the scheduling of batch processes (Das
ef al., 1990}, However, te our knowledge, it has not
been applied to the synthesis problem of & power
plant, nor has it been incorporated into a sequential
modular simuldtor program. We view the extension
of simulated anncaling to process synthesis in the
same way that MINLP spread from network design
problems to synthesis problems.

This paper extends the application of simmtated
annealing technique in two ways:

1. It incorporates simulated annealing inta a che-
mical process simulater, SNAPS, thus allowing
for the optimization of chemical Aowsheel
structures.

2. It {5 applied to the analysiz of the design of &

Brayton cycle space nuclear power plant.

In addiiion, 2 new method of representation of the
objeclive function over the configuration space is
presented.

TRCESS SYNTEHESIS DY SIMULATED ANNEALING

Simulated anncaling is 2 recently developed pro-
babilistic method for combinatorial optimization
based on ideas from siatistical mechanics {Kirkpa-
trick ef af., 1983). 1t is a heuristic approach which s
not guaranteed to find a global optimum wnless the
problem is convex. In these cases, simulated anpeal-
ing i= able to provide an approximate solution 10
NP-complete problems which is asymptotically exact
{Das ef af., 1990). In practice, anpealing yields a
polymorizl time solution to an exponential Gme
problem. It has, however, praven to be a very
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.pnmrﬁll 100l for many of the larpe scale technologi-
cal problems facing eagineets and scientists today,
Thaugh the seminal paper was published just 10yr
ago. a host of application arcas have since deve-
loped (Johmson ef af., 1989). Stmulsted anncaling
has been applied to larpe scale combinatorial opti-
mization problems such as VL3531 design, pattern
racognition-, and graph tearing with excellent
results,

The aralogy in simulated annealing is 1o the
hehaviar of physical systems in the presence of a
heat bath: in physical annealing, all atomic particles
arrange themselves in a laitice formation that mini-
mizez the amount of encrgy in the substance,
provided the initial tempemture s sufficiently high
and the cooling is carried out slowly. At each tem-
perature T, the system is allowed to reach thermal
equilibrium, which is characterized by the prob-
ability {Pr) of being in a state with energy £ given by
the Boltzmann distribution:

Pr{E= EY = [1/Z(1)] exp{— E/ K0, T,

where K is Boltamann’'s constant
(1.3806% 10°* I/K) and 1/Z({f) is A normalization
factor {Collins er al., 1938).

In simulated annenling, the objective function
fusually cost) becomes the encrgy of the system.
The goal is to minimize the costfenargy. Simulating
the behavior of the system then bocomes a question
of generating a randam perturbation that displaces a
“particle” {maving the system to anather configu-
ration}. If the configuration that results from the
move has a lawer chergy Stale. the move Is ac-
cepted. However, if the move is to 8 higher energy
state, the move is aceepted according (o the
Metropolis criterin [accepted with probability=
exp{ — AE/K, T)] (vanLaarthoven ard Aris, 1987).
This implies that at high temperatuces, a lavee
percentage of uphill moves are accepted. However,
as the temperatute gets enlder, a small pereentage of
uphill moves are accepted. After the aystem has
evolved to thermal equilibrium at a given tempera-
ture, the temperature is lowered and the annealing
process comtinues until the system reaches a temper-
ature that represents “freezing™. Thus simulated
annealing combines both iterative improvemeant in
local areas and random jumping to help ensure the
system does not get stuck in a local optimam. The
gemeral simulated annsaling algorithm is given
below (vanLaarhoven and Arts, 1987).

Initialize variablesa:

Tinstn Teneeeee BC0Ept and reject limits or &
{mumber of moves at a given (emperature],
initizl configuration S and cost (5].

3N
While T Theese 90
While i< A da
Gererpte move 8° by perinrbing 8
Acost=cost {$")— cosi (8]
If Acost=0 or [randam(f, 1}
< exp{ — Acast! T}] then aceept 87,
5=5"
Update number of aceepts, rejects
Until equlibrium is reached at T {when { =M}
Update T: T=aT
Ulntil 7= Tl‘rb‘_"l'\!‘

AFPPLICATION: SELECTING OFTIMAL DESIGN
CONFIGURATIONS FOR A 5PACE NOCLEAR POWER
PLANT

The purpere of nuclear power in space is to
fulfill the requirerents for longevity of flight while
minimizing the need for refueling. Space nuclear
power technology invelves the use of the thermal
energy liberated by nuclear processes. The key
factors which are important to spece application of
auclear power plants include power and efficiency,
mass and volome, reliability, safety and Aexibility.
A generic space nuclear power sysiem consists of the
enctgy source (isotope system or nuclear reactor),
the primery heat transport systcm, an enerpy Con-
varsion technique, and a radiator for heat rejection.
The current space nuclear power research program,
SP-100, involves an assesstment of a large number of
eombinations of reactors and power coaverters that
could form a space nuclear power plant sysiem. See
Fig. 1 for possible types of systems.

Stringent spacecraft mass and volume restrictions
force nuclear power systems designers to develop
systems with the best power-to-mass ralic. Since
nuclear reactors can be considered as a tremendous
sourre of energy, the components which offer the
best opportunity for mass and volume reductions are
the thermal tiansport from the reactor to the power
conversion system (PCS} the PCS and the radiator,
not the nuelear reactor. There is no cirar-cut choice
between static and dynamic conversion processes;
each application brings different considerations of
factors such as power, mass, volurne and reliability.
Although eatlier space nuelear power plant stedies
concentrated on static conversion techniques, dyna-
mic cycles such as the Brayton eycle are being
considercd as plausible options for power conver-
ston. This paper analyzes different configurations of
Brayton cycle plants. Note that this is a mubset of all
the configurations given in Fig. 1.

As an example, we wsed SNAPS to analyze the
Brayton cycle plant from the SP-100 evaiuation
report {Anderson ef al.. 1983}. This power plant is
represented by chemical processes in Fig, 2. The
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Fig. [. Basic system mn'ﬁgumtinns for apace nuclear pawer planis.

power conversion stage in the Brayton cycle
involves isentropic compression/expansion. He and
Xe are the gases used in the system. See Fig. 5 for
the SNAPS representation of this Brayton cycle.
The overall flowsheet uses orly three basic onft
modules from SNAPS: compressors {CMP), heat
exchangers {HEX) and the convergence block
{ZTA). The converged results from SNAPS are
showa in italics in Fig. 3.

TMPROVING PERFORMANCE BY COMBINATORIAL
OFTIMIZATION

The performance of the Brayion cycle power
conversfon subsystem depends on the number of
stages, and the design parameters such as the capaci-
ties of comprassors and tushines {function of pres-
sure tatio) and the capacities of heat exchanpers

ﬂ"E;

(function of temperature differance or heat duty}. A
multistage  expansion/compression  system  with
intetmediale heating and cooling, respectively, can
increase the revessibility of the pewer conversiom
process resulting in higher power (sce Fig, 4 for the
power gained in a  multistape compression/
expansion cycle). Although this increases the
efficiency of the Brayton cyele, it also increases the
mass and cost of the system and decreases the
reliability, The basic tradectf is that adding com-
pressors and turbines vyields more power but
inereages the mass and cost.

Here we are considering the design alternatives to
be number of stages, pressure ratios of turbines and
COMmpTessors, and fntermediate heat exchanger capa-
cities. All the alternative configurations are emied-
ded in a superstructure shown in Fig. 5. SMNAPS
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calculates the energy balance and performance char-
scteristics for one specific configuration given an
input  configuration and design  parameters.
However, the modularity of SMAFS allowed us to
generate many such combinations easily. Figure 5
shows a system with five heat exchangers (HEXI-
5}, five wurbines (TUR1-3), and five compressors
{CMP1-5). This superstructure in Fig. 5 involves 26
unit modules and 67 sireams. The radiator is shown
in heat exchanger B and the heat addition from the
puclear reactor comes in heat exchanger 7. A set is
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Fig. 4. Multistage compression  cyele  with  interstage
coaling.

defined az a group of unit medules consisting of one
turbine, one compressor and oae heat exchanger
and is equivelent to onc stage in compression with
cooling and one stage in expansion with keating. For

.example, a set is turbine 3, compressor 3 and heat

exchangers 3-34 in Fig. 5. The SNAPS mode! thus
allowed us 1o consider Brayton eycles with 1-3
compressorfturbine/hieat exchanger sets, with each
unit having many options for parametet levels. The
parzmeters osed as deciston variables for this prob-
lem were heat exchanger capacity (given by AT)
and compressor/turhine pressure ratios. If a set is
not selected in the annealing process, then for that
heat exchanger the parameter AT is is equated to
zero and the pressure ratio Across the compressor
and turhine squals 3. This allows the structare of the
topology matrix to essentially remain comstant no
matter how many sels are considerad.

Finding the averall optimal configuration {optimal
both in tems of topological structure, that is,
number and arrangement of components. and in
terms of associated parameter levels per compo-
nent) iz a larpe-scale combinatorial optimization
problem. First, there are many combinations of
units such as hear exchangers, turbines and com-
pressors. Tn additon, each component has a set of



374 . L. A. PanTtorn and [P, M, DhweEksR -

Fig. 5. A multstrge expaksion/campression Brayton cycle.

parameters which may vary acrass many discretized
tevels [for example, heat duty across a heat
exchanger or pressure ratio of a furbine or com-
pressor). For a Brayton cycle power plant consisting
of 1, sets with m, pressure ratios and #ar tempera-
ture levels, the number of combipations can be
calculated as;

. Fay
total combinations = 2 fherhr
fmi
Using the above formula, one can easily see that the
number of combinations is very latge: even in our
simple model of a Brayton cycle system with up to
five turbines, up to five compresssors, and up to fve

heat exchangers gives & state space of 10.2 milfion
combinations. The methad of simulated annealing
was used to find the optimal structural topology and
design parameter levels of the power plant.

MIPFLEMENTATION

A major difficulty in the application of simulated
annealing is defining the analogs to the entities in
physical annealing. Specifically, it is necessary to
specify the following: the confipuration space, the
cost function, the move generator (A method for
randomly jumping for ome confipuration to
another), the initial and final temperatures, the
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temperature decrement, and the eguilibrium detac-
tien method. ATl of the above are dependent on
problem structure. The initial and final tempera-
tures in combination with the temperature decre-
ment schemme and equilibrium detection method are
penerally referred to as the cooling schedula. Much
work has been dome in these areas for specific
problems such as praph partitioning and VLSI
design {Rutenbar 1989 Johason ef af., 1989, but
each problem is uniqoe, What follows is a brief
summary of the configuration space, enoling sche-
dole, and move penerator developed for space
nuclear power plant optimization.

Configuration space

As discussed above, the configuration space in our
maodel is a SNAPS representation consisting of unit
module components such as turbines and heat
exchangers, The model (Fig. 5) allows one to vary
the number of sete and also the unit parameters
across discretized levels. The parameters chosen
were heat cxchanger capacity and compressar/
turbine pressure ratios. These were allowed to be
set to ore of five lev 1s. Table 1 shows the different
pressure ratios and heat exchanger capacities usedin
this problem.

Objecrive function

The objective funetion was defined as an addjtive
function of the negative of power (because the
objective i to maximize the power) and cosl of heat
exchangers, compressors and turbines. Weights
were assigned to each of the components of the total
cost funetion. The functional forms of the cost
equations are:

O =2,984 P4
Coe=en O g P

where P is power in kW, €, is the cost of a turbine
in 100N}, L, is the total cost, and the weiphts are w,
and & (note the £, is a dimensionless quantity: it
represents a molti-attribute weighted wility). The
cost models for compressorsfhirbines were taken
from DOE guidelines (ASPEN Technicn! Reference
Menuaf, 1982) and can be replaced by more tigarous

Tuhle 1. Prsssure raflos and tempernines fevels for the synihesis

profibem
Hent duty Proasurs rutio
Level AT(K) turfine/compressar
1 15T R 150000
? 175K DLS7571.74
3 L ig ML6S0F 54
4 25K [LT25F [ 34
5 50K [LATDFL 25
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cost models if necessary, Although the objective
function used for this study includes power and
cost only, futore studies will alse include additional
altributes such as mass, reliability and flexibility
measures.

Initial temperatiere

If the initial termperature is (oo low, the search
space is limvited and the scarch becomes trapped in a
tocal region, [T the initial temperature is woo high,
the algorithm spends g lot of time “bailing arpung™
and wasting CPU time, To determine initial temper-
ature, the following criteria were satished [the idca
is to initially have a high pereentape of maves which
are accepted (Kitkpatrick ef af,, 1983}

E. Take an initial temperature T, >0.

2. Perform N (= 100) sampie moves according
to the annealing schedule.

3. If the acceptable moves arc < 80% of the total

' sampled (M fNyn,<0.8) then set Tu=

2*Ti and oo back to (2).

4. If the acceptable moves are = 80% of the total
sampled {(M.od Moump=0.8) then the initial tem-
petature for the simulated annealing is o

Final temperatire

The final lemperature was chosen so that the
algorithm stapped after 10 suceessive temperature
decrements with no change in the optimal con-
figuration,

Equilibrium deteciion and temperatire decrement

If the temperature deerement is too big, the

* algorithm quickly “quenches™ and conld get stack in

a lecal minimuom with not enough thermal energy to
climb out. On the other hand, if the temperature
decrement is wvery small, much CPU time s
tequited. Some Tales for setting the new tempera-
ture at each level are:

L. Tom=aT,, where 0.8 =g =0.99.

2. Tooe= Todl T+ (14 91T/ 30] 0.
This annealing schedule was developed by
Aarts and van Laarhoven and is based on the
idea of maintaining quasi-equilibrivm at each
temperature {van Laarhoven and Aarts. 1987
7 is the standard deviation of the cost at the
anncaling temperalure 7y and ¢ is a param-
eter which governs the speed of annealing
{usually very small).

3. Tom= Taaexpiave & cost X T lo?.
This schedule was developed by Huang and is
based upan the idea of controlling the averape
change in cost at erch step instead of taking a
fixed change in the log T (&5 in Schedule 1).
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This allows one to take more moves in regicns
of lower varability, so that one takes many
small steps at cooler ternperatures when o is
Tow (Hueng ef of., 1986). *

Schedule 1 was chosen For decrementing tempera-
tare with a=09.

Simulated annealing necds to reach  quasi-
equilibrium at each state or it is not truly annealing.
It is difficult to detect equilibriom baot there are
same crieds meathads:

1. Set N=pumber af states visited at each tom-
perature,

2. Set an accept/reject ratio af 1:10.

3. Sample N moves. Assuming the change in cost
has a Gaossian distribution, the number of
samples within the region (average cost +of2)
is erlang(0.5}+=0.38. Thus if 38% of the sam-
ples fall within the aceept region bafore 2% of
the samples fall outside, one assumes the
systern has reached equilibrivm {Hoang er af.,
1986).

In practice, it rarely is posgible or efficient to run to
an equilibitium distsibution at intermediate temper-
atures. The atporithm vsed visited a fixed number of
states at each temperature {that is, the lower bornd
an the total number of moves A was piven by the
number of successful moves, N, ..}, but alsa allowead
for a number of accepts and rejects in the 1:10 o
{the aigorithm drops to the next temperature when
the number of accepts or rejects reach their lEmits).

Move generator

The creation of a move penerator is difficult
because a mave necds to be *random™ yet resolt in a
configuration which is in the vicinity of the previous
configuration. Based upon an annesling algorithm
for a heat exchanger network (Delan ef of., 1939)
and exhaustive experimentation, an optimal move
penerator was created such that each move could
result in one of the following permutations of the
current configeration:

1. Add a random rumber of sets. A sel & one

heat exchanper, one compressor and one 1ur-
, bine. Randomly set the peremeters of the
added sets to one of the passible levels.

2. Delete a random number of sets.

3, Remzin ot the same number of sets, but
“bump" ope of the parameters up or down by a
random nimber of levels (not exceeding the
maximum allowed level}. When the tempera-
ture gets small enough, however, fimit the
move gize ta plus or minus one level.

L. A. Pavmon and 1. M. Diwekan

The above move possibilities were weighted
10:10: 80 {that is, 80% of the time the move {nvolves
only changing a paramcter level, not the overall
topology structere). This move penerator was one of
three used in this study and gives the best results
because it is the most “randomized™ one. It was
found that bumping the parameters or number of
seis up or dawn by one leve] was not sufficient for a
comprehensive search of the confipuration space,
The large discontinuities in the solution space
cansed the failure of the annealing algorithm when
small jumps such as bomping parameter or nurmber
sets up or down by one level were used. In this case
even choosing different annealing parameter (e.g. a
ctoser to unity} did not helpr te artive at the optimmm
abjective function.

RESULTS

Salufior space ps a distiibiion function (DF}

The anmealing algorithm described abowe is coded
in FORTRAN arcund the SMAFS power plant
simulator. The averview of the program structure is
shown in Fig. 6.

To prove that the annealing algorithm does con-
verge upon a (near) oplimal solution, ft was necess-
ary to generzie the entire space of possible confipu-
rations and their associated weighted cost functions,
Because this solution space is a nonconvex, discrete
cornbinatorial space ft was not possible to analyti-
cally take derivatives to find the optimum. The only
methed available was “brute force™, generating each
combination. This took a very large amount of
computation time: to generate the 10,172,525 com-
binattons took 233 338,29 CPU s or 2.7 days on the
Cray Y-MP.¥

Since the mumber of decision variables is more
than three, it is dificult to visualize the solution
surface as a function of the possible design options
and parametey settings. The distribation functions
can be uszd 1o represent the complex surface and to
pravide gorme insight into the nature of the zalution
surface. For example, the stifiness of the cumulative
disteibution function (CDF) or the hills of the distr-
bution function {DF} represent the flatness of the
solution space, indicating a higher probability of

. petting trapped in local optima in these regions. This

is a novel way to represent the solution surface,
The cumulsative distribution of the solution speoe

penerated by exhaustive search is shown in Fig. 7.&

This CDF shows that most of the combinatiotia are

T Mote: the code was not vectorized, 20 it was nof able to
run very afiiclently.

£ Nole that 1Be cost Tunetion shawn in Fige 7 and 8 is given
in absalute valne for ¢ase of cepresentation.
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infeasible. COhver 99% of the combinations are infea-
sible which introduces large discontinuitics, but it is
not passible to know which ones prior to ranning the
combinations through SMAPS. The large number of
infeasibilities iz due to the vioiation of physical
constraints in the Brayton cycle (for example, the
radiator temperature being out of bounds). Mote
that simulated annealing does not have a way of
dealing explicitly with constraint enforcement. We
chase to implement constraint enforcement through
the use of a penalty function. The power cutput and
cost function were set to zevo if the specific configu-
ration was infeasible, &t was not possible to use a
more complex penalty function because in the case
of Brayton cycle power plant it was difficult to close
the enerey balance when the constrainis were vio-
lated. ‘Though our penalty function was very crizde
due to the naturs of infeasihilities, we found simu-
lated annealing robust and able to incorporate the
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penalty function costs into the algorithm. This
allowed us to handle large numbers of constraints.
It can be seen that simelated annealing performs
very well even in the face of a latae nomber of
discontinuities, Of the approximately 100,000 com-
bipations that are feasible, the majority fall in the
cost range of — 4K to — 500 (see the disttibution
function in Fig. 8). The patential for getting stuck in
a local optima i this range is high because most of
the feasible solutions are in this region. There are
2835 combinations with a cost below — 600, This
represents 0.02% of the possible solutions. '

Optial design configurations

The annealing code was run with many difforent
values of the annealing parameters such as initial
temperature (T}, temperature decrement (e},
number of successful moves at each temperature
(M) and the random number generator {izeed) for
the case of the 1000 kW Brayton cycle plani with up
to five compression/expansion stages. The results
are shown in Table 2. Note that all the optimal
configurations have three or four sets. The optimal
levels for heat duty and pressure ratio vary, but
mzny are al 1he high end (250° for heat duty, 0.8 for
preszure Tatio}. The power output rangss from 931
to $93 kKW.t The optimom weighted cost function
tanges from —&60 to — 729, Note that the reasom
the annealing algerithm does not converge to the
same salution cach time is because the optimal
solutions are spread out in a “gopher hole™ fashion
in the solution space, Since the surface has number
of local minfma it §s interesting to see effect of
different annealing parameters on the performance
in detail, Figures ¢ and 10 show effect of tempera-
ture decrement a which poverns the cooling sche-
dule and number of successful moves M, which

T Mot that the {feasibiliiy limitallons of temperature in Lhis
case arc T =0 K, which is not possible in practics,
This problem represents an idealized salution that is
thearetically achievable with multi-stage compressian/
expansion. The efficiency of the idealized Drayton
cyele i3 given by the Carnol limit Tor dynamfe conver-
SN cyclet: Meie ™ (T Tt W T

L. A, Paiwropn and U, M. Diwek Ak

decides the equilibrium at cach temperature, on the
optimal sclution and on the CPU time require-
ments. [t can be seen that if slower schedule (bigper
a) is used then CPU time is higher as expected,
however the cooling schedule does not affect the
solution that much. The effect on the optimal salu-
tion is more pronounced for equilibrium detection
eriteria, the larger Ny, always gives better solution
at the cost of increased CPU time. Both thess effects
can be attristed easily to the solution surface we
are dealing with. The solution surface is flat at many
places because of the large discontinuities and

‘infeasibilities where finding an uphill or downbhill

move iz not easy unless one takes large number of
randora moves at each 1emperature, Therefore, the
equilibriem detection requires more samples and
the solution improves for larger value of A__.
Similarly, one encounters very few uphill moves on
this surface and hence the effect of cooling schedule
which decides zcceptance or rtejection of uphill
moves is not that sipnificant.

The overzll performance of the annesling pro-
gram is excellent: all solutions ended up above the
99.98% point on the CDF. Thus simnlated anneal-
ing avoids petting stock in a local optima in the
—d400 to — 500 region. Instead, it converges in the
“optimal” tegion, the upper 0.02% of the CDF.
Strmulated annealing converges on a solution after
only sampling a smelt amourt of confisumations, on
average 11,3375 (this is 0.1% of the possible solo-
tens). Mote that the “worst” optimum found, — 660,
is 9.5% away from the best optimum found, — 729,
A single run of the annealing program takes approx
171000 of the time il took to generate the entire
configuration space. Thus arrealing provides signifi-
cant computational advantage over exhaustive
search.

CONCLUSION

Simulated annealing is 2 powerful technique for
solving large combinatorial optimization problems.
[t has been successfully applied to the case of select-
ing optimal design configurations far 2 Brayton cycle
space nuclear power plant. This is the first time that

- such a techmique has been applied to nuclear power

plants, and also the first time it has been imple-
mented in a sequential modular simulator for chemi-
cal processes. The Brayton cycle power plant prob-
lem presented in this paper is associated with large
discontinuities in the functional space and is suitable
for application of simulated annesling, Simulated
annealing is a trede-off among the speed of conver-
peoce, the probability of being trapped in local
oplima, the handling of dizcontinnities, and the
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Tahiz 2. Optimal design configuraiians for diffcreat annepling schedules
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- ability to deal with constraints. Although gradient
s techniques ate fasier in cases of convex, cantinuous
E::: objective functions over convex search spaces,
0 anncaling provides many advantages in problems
15D .
100 such as process synthesis problems where the search
- space is nonconvex and discontinuous and the objes-
=ipha tive function is nonconvex. In these cascs, annealing
o vk oy asn  avoids the problem of local optima: it provides one
ol with a set of optima. In addition, it is able to handle
. T large discontinuities and infeasibilities due to con-
2 iy straint violations that gradient-based techniques
g a7 may simply not be ahle to do,
rFd

-70q
Al

Fig. 9. Effect of changing cacling schedule on anncaling
gerlfonmance.

Performance of the annegling algorithm is highly
dependent on the annealing schedule and jts imple-
mentation. Two major questions are; how to deger-
mine what sorts of combinatorizl aptimization prob-
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lems lend themselves to znnealing, and how ¢o

puarantee that the maove generatar and cooling sche-
dule are properly sampling the space for annealing
to accur. “Not all combinatoric optimization prob-
lems can be anmealed to give satisfactory solutions
... a mostly flat landscape with numerpus, densely
packed gopher holes . .. is probably impossible to
anneal” (Rutenbar, 1982). This search has found
that a basic move generator which rmandamly bumps
a parameter up or down one level is not sufficient for
simutated anncaling of the type of cost functions
{often characterized by large Aat spaces) apprapri-
ate to Brayten cycle space nuclear power plant
desigrs. Thus a more robust move generator which
randomly ¢hanges the number of paired sets and
moves the parameters 2 random number of levels
was developed, The space power plant configuration
problem has provided an innavative area in which to
apply simulating annealing. In addition, a novel
interpretation of the diztribution funciions have
besn used to represent the solution surface. The
future work will address the problem of optimizing
the simulated annealing alporithm itsalf,
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