The rapidly increasing activity coefficients of NMesOH with
concentration (Abdel-5alam et al., 1976) suggest that the re-
action rate constant depends, in some way, on the OH~ con-
centration. Further support of that view comes from the early
work on the alkaline decomposition of diacetone alcohol in
presence of NMesOH and KOH, successively (Halberstadt and
Prue, 1952). The reaction rate in that case increased with in-
creasing NMesOH concentration but decreased slightly in the
case of KOH. This behavior is consistent with the activity co-
efficients of the two electrolytes.

The dependence of the gas-catholyte interface area on the
current density and the electrode configuration is less clearly
understood. It is known that the equilibrium of the electrolyte
meniscus inside the electrode pores depends on several factors,
such as the capillary forces, gas pressure, etc. It may be that
the electroosmotic forces, which depend on the current density
distribution in the electrode, affect the air-electrolyte equilib-
rium and hence their interface area.
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SCOPE

The determination of optimal process reliability can be
described as a mixed integer optimization problem. Al-
though not usually included in the optimization study, re-
liability is an important aspect of process design, affecting
both the safety and economics of the installation.

Process reliability can be improved by redundancy
(spares), by use of more expensive components (or con-
trols), and by subdividing large units into smaller units
that will accomplish the same task. Differing reliability re-
quirements involve new, and sometimes quite different,
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process arrangements. Improving reliability of 2 process
usually adds to the cost, and this added cost must be offset
by better operation,

Reliability can be incorporated in the process study as a
constraint that must be met by the process arrangement,
or reliability might be built into the cost function as a
penalty imposed for less reliable systems. Both of these
methods require manipulation of the process arrangement
to determine the best configuration. At the same time,
however, it is necessary to consider other independent
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variables in the process in order to arrive at an optimum.
This type of optimization study is mixed integer, with dif-
ferent process configurations represented as discrete vari-
ables.

Previous approaches to combining optimization and re-
liability usually treat the two as separate problems, deter-
mining the reliability by integer programming. The pur-
pose of this paper is to describe a method for including re-
liability in the usual process optimization problem. The al-

gorithm applied to this mixed integer problem is the adap-
tive random search, which can search both discrete and
continuous variables simultaneously. This method is ap-
plied to optimization of the primary cooling system of a
nuclear PWR, which has twelve independent variables,
three of which are integers directly affecting system relia-
bility. Reliability data were obtained from USAEC-WASH
1400 report. Optimization results are presented for various
levels of reliability.

CONCLUSIONS AND SIGNIFICANCE

The adaptive random search was found to be an appro-
priate method for solving mixed integer optimization
problems. Only slight modifications to the basic search
procedure are required to accommodate discrete variables.

The optimal design for the PWR was found to consist
of two coolant loops, each with one pump and one ex-
changer. The reliability of this minimum cost arrangement
was only 0.93. Improvements in reliability of the PWR are
obtained by adding loops and pumps, with an attendant
increase in cost. In this study, reliability was incorporated

as a constraint to be satisfied by the process. The adaptive
random search was successful in locating new optima as
the reliability constraint was varied and for different meth-
ods of computing reliability.

This method of design permits improvement in reliabil-
ity, not only by adding safety features but also by modify-
ing the system design. The algorithm is easy to program,
and computational times are reasonable. The method
should find wide application in reliability studies, as well
as other types of synthesis problems.

Optimization of chemical processes involves manipula-
tion of certain independent variables in the process to
achieve a minimum cost or a maximum profit. These inde-
pendent variables are usually continuous, although dis-
crete variables, such as number of stages, are frequently
encountered. The search of continuous and discrete inde-
pendent variables simultaneously poses severe obstacles for
most optimization techniques (Weisman and Holzman,
1969). The method usually employed to handle this diffi-
culty is to treat all variables as continuous, rounding the
discrete variables at the termination of the search. This
procedure produces erroneous results unless the objective
function is well behaved (Beveridge and Schechter,
18970). Another method, somewhat tedious, is to apply an
optimization algorithm to the continuous variables and to
enumerate the discrete variables externally by brand and
bound procedures (Weisman, 1968; Dakin, 1965).

Process reliability is a function of the type and arrange-
ment of equipment in the process. Reliability has a very
definite influence on process economics although reliabil-
ity is rarely considered in the optimization problems. In-
clusion of process reliability in the process optimization
study would involve manipulation of the process-arrange-
ment to adjust reliability and maximize profitability. Such
a study is analogous to the synthesis of the optimal process
(Hendry et al., 1973; Umeda et al., 1972). The variables
in these studies will include discrete quantities, number of
spares, type of equipment, etc. Therefore, optimization
procedures for reliability and synthesis analyses usually
involve integer or discrete programming methods (Henley
and Gandhi, 1975; Menzies and Johnson, 1972).

The usual statement of the optimal reliability problem
is to maximize the reliability subject to a maximum cost
constraint. These problems treat equipment type or re-
dundancy as integers and do not include continuous vari-
ables. Therefore, solutions can be obtained by integer pro-
gramming (Tillman and Luttschwager, 1967; Proschan
and Bray, 1965) or integer gradient methods (Henley and
Gandhi, 1975).

A more general optimization problem for the chemical
process would be to include the reliability as a cost item in
the profit function to be optimized (Gandhi and Henley,
1975; Allen and Pearson, 1975). A similar approach is to
treat the reliability as a minimum constraint that must be
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satisfied. Both of these procedures introduce integer vari-
ables associated with manipulating the reliability, thereby
complicating the optimization procedure.

The purpose of this paper is to describe a method for
solving the mixed integer, process reliability-synthesis op-
timization problem. The method utilizes the adaptive ran-
dom search procedure which can be modified to allow
search of continuous and discrete independent variables
simultaneously. The example chosen for demonstration of
this method is the optimization of the primary cooling sys-
tem of a nuclear reactor. This process was chosen because
of the importance of the reliability of these systems and be-
cause it offers an interesting optimization problem with
twelve discrete and continuous variables.

THE ADAPTIVE RANDOM SEARCH

The adaptive random search technique, proposed by
Gall (1966) and examined in detail by Heuckroth and
Gaddy (1976), searches each variable randomly by simu-
lation of values of the variables from a probability density
function given by Equation (1):

R
xi=xi§+-z-(20—l)k (1)

The search is centered about values of the independent
variables which have given the best objective function;
thus, the search converges in a systematic manner to the
optimum. The efficiency of the search is controlled by in-
creasing the distribution coeflicient k and by reducing the
range R as the optimum is approached. This procedure
has been found to be quite effective in solving a variety of
problems and exhibits certain advantages for process op-
timization problems (Gaines and Gaddy, 1976; Heuckroth
and Gaddy, 1976).

The adaptive random search procedure can be applied
to discrete variables by sampling from the distribution
given by Equation (2):

Mk (j=1N)
0= kplw) K=1 xy=x° (2)
i=1 k>1, Xy = x;*

The new value of the independent variable is a7 The
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probabilities p(x;;) are found from Equation (3):

N
2 Kplay) =1 8)

Initially, the probabilities are all the same [p(xy) =
1/N], and an exhaustive random search is performed.
As the search converges toward the optimum, k" is in-
creased to raise the probability of obtaining a value which
is near optimal.

When the number of possible values of a discrete vari-
able becomes large (N > 50), the sampling can be per-
formed in two steps to reduce the computational effort.
First, the range of possible values is divided into a num-
ber of equal regions, and each region is treated as a dis-
crete variable. Once the proper region is chosen, by means
of Equations (2) and (3), the value of the discrete va-
riable within that region is calculated by Equation (4)

f—plu) [xiv — %] (4)

p(xiw) — p(xi)
Rounding the variable x;, as in Equation (4), is neces-
sary, since the fraction [§ — p(xi)]1/[p(xiv) — p(x)]
is not always an integer. The above sampling procedure
corresponds to a uniform search within the selected re-
gion. An alternative procedure would be to apply Equa-
tions (2) and (8) to the selected region.

Since the search procedure does not associate the inde-
pendent variables, except through the objective function,
it can be applied to mixed integer optimization problems.
Separate random numbers are generated for each variable,
and convergence is controlled by the distribution coeffi-
cients.

max (x;;) =x;, +

NUCLEAR POWER PLANT PRIMARY COOLING SYSTEMS

Figure 1 shows the flow diagram of a pressurized water
nuclear reactor system. The nuclear fuel is cooled by water
circulated through the core. The coolant then exchanges
heat to produce steam that drives a turbine generator.
Water pressure, generally in excess of 2000 1b/in.? to sup-
press bulk boiling, is maintained by an electrically heated
pressurizer. Only one coolant loop is shown in Figure 1,
although several identical parallel loops are generally used.

The plant size studied is 384 MW, net electrical output,
and is identical to the unit constructed at San Clemente,
California, in 1963. The objective of the optimization
study is to minimize the investment for this facility. Long
experience with turbine-generator design has led to stan-
dard units, and it is assumed that the cost of generating
equipment for 384 MW is constant. Also, it is assumed that
the cost of reactor fuel, auxiliary systems, and safety fea-
tures is fixed. With these assumptions, the design which
minimizes the cost is only concerned with the primary
coolant loop. This study is similar to one performed for
the same facility by Weisman and Holzman (1972).

The cost equations include the following parameters:
reactor core and vessel size, size and number of reactor
coolant loops, number and power requirements of coolant
pumps, number and size of steam generators, and coolant
and steam pressure. A number of design constraints are
imposed: size and weight of steam generators, size of re-
actor vessel, linear flow in main coolant piping, and the
departure from nucleate boiling ratio. The equations de-
scribing this system (objective function and constraints)
have been presented earlier (Weisman, 1968; Weisman
and Holzman, 1972) and are not repeated.

The twelve independent variables are listed in Figure 1.
As noted, the number of loops, number of pumps per loop,
number of heat exchangers per loop, and number of fuel
rods are integer variables. Tubing diameter and lengths
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Fig. 1. Pressurized water reactor (PWR) primary cooling system.
Independent design variables

1. Total coolant flow 7. Number of fuel rods in the
2. Coolant temperature at re- core
actor inlet 8. Thermal shield flow pas-
3. Delta T between steam and sage width
coolant at outlet 9. Coolant piping diameter
4. Steam generator tube diam- 10. Number of coolant loops
eter 11. Number of pumps per loop
5. Steam generator tube length 12. Number of steam genera-

6. Operating pressure tors per loop

TABLE 1. RANGE oF DESIGN VARIABLES Fop PWR

Variables Minimum  Maximum
Number of coolant loops (N) 2 10
Number of pumps per loop (NPN) 1 2
Number of stm. gen. per loop
(NHN) 1 2

Total coolant flow (W}, Ib/hr

Coolant temp. to reactor (TIN),
°F 490 660

AT @ stm. gen. outlet (DELT2),
°F

2.5 x 107 2.5 x 108

50 170
Stm. gen. tube diameter (D), in. 0.5 1.0
Stm. gen. tube length (ZL), ft 10 80
Max. operating pressure( ZPMAX),
Ib/in.2 1000 2 500
Thermal shield flow passage width
(B), ft 0.1 3.0
Coolant piping diameter (CAPD), ft 1.0 35
Fuel rods in code (NN) 15 000 40 000

TaBLE 2. PWR DEgsiGN OpTiMIzATION WiTHOUT RELABILITY

Optimal

Variables value
Number of coolant loops 2
Number of pumps per loop 1
Number of stm. gen. per loop 1
Total coolant flow 6.26 x 107
Coolant temp. to reactor 549
AT @ stm. gen. outlet 50.1
Stm. gen. tube diameter 0.994
Stm. gen. tube length 26.33
Max., operating pressure 1411
Thermal shield flow passage width 2.46
Coolant piping diameter 2.56
Fuel rods in core (NN) 36 398
Minimum total cost, MM$ 18.89

may also be considered discrete variables. Table 1 lists the
upper and lower limits of the design variables. The varia-
ble names given are used in subsequent tables. Since the
range of the number of fuel rods is quite large, this vari-
able was sampled by the method given in Equation (4).

AIChE Journal (Vol. 22, No, 6)



TasLE 3. CooLinG SYsTEM COMPONENT FAILURE PROBABILITIES

Component failure rates

Failures Failures
Component per hour per year
Pumps (failure to run) 3 x 10-5/hr  2.628 X 10~ 1/yr
Pipe, = 3 in. diam (per
section-rupture/plug) 1 x 10~9%/hr  8.76 X 10-8/yr
Pipe, > 3 in. diam (per
section-rupture ) 1x 10-30/hr  8.76 X 10~7/yr

TaBLE 4. CoMPONENT RELIABILITY CALCULATIONS

I. Reliability of pump(s) in a loop (parallel)
Roumps = 1.-(0.2628 )NPN
II. Reliability of steam generator(s) in a loop (parallel)

Regs = 1.-(1.-(1.-8.76 X 10—-6)NTH)NHN

III. Reliability of coolant piping in a loop (series)
Ryipe = (1.-8.76 X 10-7)6

IV. Coolant loop reliability (series)
Rioop = Rpumps X Rsgs X Rpipe

TasBLE 5. OpTiMizaTION REsuLTs WITH
ReLIABILITY CONSTANTS

Reli- Stm.

ability System Number  Pumps gen. Min.

con- reli- of per per cost,
straint ability loops Toop loop $MM
0.80 0.9309 2 1 1 18.89
0.90 0.9309 2 1 1 18.89
0.95 0.9817 3 1 1 18.94
0.98 0.9817 3 1 1 18.94
0.99 0.9952 2 2 1 20 04
0.995 0.9952 2 2 1 2004
0.996 0.9997 3 2 1 22.34
0.999 0.9997 3 2 1 22.34
0.9999 0.99998 4 2 1 23.76

OPTIMIZATION OF THE PWR

The adaptive random search procedure was used to
search the twelve independent variables of the PWR sys-
tem shown in Figure 1. The results of this optimization
study are presented in Table 2. Two coolant loops, each
with one pump and one heat exchanger, were found to be
optimal. The minimum cost of the system is about $19 mil-
lion. This figure represents the cost of equipment in 1968
and does not include installation. If appropriate installa-
tion and time correction factors are applied, this cost com-
pares favorably with other cost data for this size facility
(US-AEC Report, WASH-1150, 1970; Bowers and Mey-
ers, 1971).

It should be noted that the optimal solution shown in
Table 2 is somewhat different from the optimal solution of
$23 million presented by Weisman (1968). Weisman
followed a direct search procedure to locate the optimum
region, treating all variables as continuous. A branch and
bound procedure was then used to locate the true opti-
mum. Rather than introduce discrete variables, a penalty
function was added to the objective function when the
value of a variable was not discrete. Weisman also im-
posed a substantial design margin on his solution by
requiring a low probability of a constraint violation. There-
fore, a different solution with a lower cost would be ex-
pected with the adaptive random search.

OPTIMIZATION WITH RELIABILITY

The reliability of the PWR is dependent upon the abil-
ity of the system to maintain an adequate coolant flow
(Reactor Safety Study, 1974). This is in turn dependent
upon the configuration of the design, number of loops,
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pumps, etc. Therefore, as certain independent variables
are manipulated in the optimization procedure, the relia-
bility of the system changes. If the reliability must be
maintained above some minimal level, a further constraint
is imposed upon the optimization procedure. This con-
straint can only be checked by determing the reliability of
each process configuration synthesized. As described ear-
lier, the reliability could be built into the cost equations;
however, the constraint approach seems to be appropriate
for nuclear systems design.

The reliability of the primary cooling system is the prod-
uct of the series-parallel arrangement of the components.
Loops are, of course, in parallel, as are multiple pumps and
steam generators within a loop. The reliability of an indi-
vidual loop is the product of the reliabilities of the coolant
piping, steam generator(s), and pump(s), since these
items are arranged in series.

Failure rate data for the system components were taken
from USAEC WASH-1400 Report (1974) and are shown
in Table 3. Previous PWR designs (Ark. Power & Light,
1974; Duke Power Co. 1972) indicate that six series piping
sections are required per loop and confirm the parallel ar-
rangement of loops, pumps and steam generators. The
pressurizer and reactor vessel were assigned reliabilities of
unity (USAEC WASH-1400 Report, 1974).

Table 4 summarizes the reliability calculations. Reliabil-
ity is calculated on an annual basis. The reliability of a
single generator is calculated with the tubes (pipe = 3 in.
diam) in series, since failure of one tube causes failure of
the unit. The number of exchanger tubes is a computed
(dependent) variable.

The usual calculation of system reliability would be to
treat the loops as a parallel arrangement, in which all
would have to fail to cause a system failure. This approach
is not strictly applicable to the nuclear reactor, since a sys-
tem failure can be effected by loss of a single loop, if the
heat transfer capability of the remaining coolant flowing
through the reactor core is not adequate to suppress film
boiling at the fuel rod surface. However, when loss of
coolant resuits, because of a loop failure, the thermal out-
put of the reactor is reduced by moderation of the reac-
tion. With this method of operation, system failure would
result only when all loops fail, and the primary cooling
system reliability R, is calculated by the redundancy equa-
tion

Ri=1— (1 - Rloop)N (5)

The above treatment is, of course, an oversimplification
of the reliability computations for a very complex system.
For example, redundancy does not protect against com-
mon faiiure, such as electric power loss. The intent here is
to demonstrate a method of analysis, and the method will
permit more elaborate treatment of reliability, as illustrated
later,

Optimization with the adaptive random search was re-
peated as before, except with a minimum reliability im-
posed as a constraint. The results of these runs with sev-
eral values of reliability are presented in Table 5. The
basic design of two loops, each with one pump and ex-
changer, has a system reiiability of 0.93. Therefore, the re-
liability constraint has no effect on the solution until the
required reliability exceeds 0.93. The system which most
economically satisfies this higher reliability constraint has
three loops, each with one pump and exchanger. This de-
sign has a reliability of 0.98 and costs very little more than
the optimal design. Interestingly, the San Clemente de-
sign consists of three loops, each with one pump and one
exchanger. Therefore, this near optimal, but more reliable
system, was chosen by the actual designers.

When reliability must exceed 0.99, the most economical
design consists of two loops, each with two pumps and one
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exchanger, and produces a reliability of 0.995. This 2-2-1
system costs about 6% more than the optimal design. To
find the optimum design for each of these reliability situa-
tions, all twelve of the independent variables were op-
timized. Only the optimal process configuration is shown
in Table 5.

As noted from Table 3, the failure rate of exchanger
tubes is quite low; therefore, significant improvements in
reliability are achieved only by increasing loops and
pumps. To obtain a reliability exceeding 0.995, an addi-
tional loop is required, increasing the cost approximately
119%. The reliability of the 3-2-1 system is 0.9997. Further
improvements in the reliability can be obtained only by
adding loops, since only two pumps per loop are permit-
ted. To exceed a reliability of 0.9997, a 4-2-1 system is re-
quired. The last increment of reliability improvement is
quite costly, 0.03% improvement in reliability for $1.4
million. Each of these optimization runs with the adaptive
random search required about 1.5 min of CPU time on the
IBM 370/165.

ALTERNATIVE RELIABILITY COMPUTATION

The previous treatment of redundant loops in the relia-
bility calculation probably represents the maximum relia-
bility case. There are cases where failure of one loop would
necessitate system shut down: failure in capability to mod-
erate reaction, failure of the loop with the pressurizer,
coolant leak that cannot be valved off, etc. An alternative
reliability computation, which probably represents the
minimum reliability case, would be to assume that the re-
actor thermal output is always constant; that is, the reac-
tion moderation efforts fail. With this failure, the heat
transfer conditions in the reactor core necessitate shut
down upon violation of a nucleate boiling criterion. This
procedure is described as follows:

1. One of the coolant loops is assumed to fail. This fail-
ure is assumed to reduce the total coolant flow by the ratio
of number of coolant loops not operating to the design
number of coolant loops.

2. The thermal conditions for the system are calculated,
with no reduction in the reactor thermal output.

3. If the departure from nucleate boiling ratio (Weis-
man, 1968) does not exceed unity, the system is operable.

4. Another loop is assumed to fail, and steps 2 and 3 are
repeated. When the system fails in step 3 or the number
of operable loops goes to zero, the system reliability is cal-
culated by

Ry=1-— (1 — Rloop>N' (6)

The optimization results with reliability computed by
Equation (6) are presented in Table 6. The design
(2-1-1) to achieve 0.9 reliability does not change with the
new reliability computation, since a design was located in
which adequate cooling could be achieved with half the
coolant flow. However, different designs are required to
meet cach of the other reliability constraints. The result of
a constant reactor thermal output is a requirement for
more redundancy (loops, pumps, etc.) to achieve a given
reliability. As expected, the optimal cost of the designs to
meet the reliability constraints in Table 6 are higher than
those in Table 5. A reliability of near unity can be
achieved with ten loops, but at a cost of almost double the
optimum.

The above data are presented to illustrate how the sys-
tem reliability can be affected by process conditions. These
additional constraints can readily be incorporated in the
process model used for optimization.

CATASTROPHIC RELIABILITY

An interesting extension of this study is to consider the
calculation of the probability of a catastrophic reactor fail-
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TABLE 6. OPTIMIZATION RESULTS WITH ALTERATIVE
ReLIABILITY COMPUTATION

St

Pumps gen Min,

Reliability System Number  per per cost,
constraint reliability  of loops  loop  loop $MM
9 .9309 2 1 1 18.89
.99 9952 4 2 1 23.76
.999 .9997 5 2 1 26.03
.9999 .99998 7 2 2 3171
.99999 .999998 9 2 1 33.71
.999999 .9999999 10 2 1 35.43

ure. In order to have a catastrophic failure (melt down),
both the coolant system and the engineered safey features
(control rods, water spray, etc.) must fail. The combined
reliability of the safety features is given as 0.94158 (US-
AEC WASH-1400, 1974). A combination of this reliability
with the reliability of a 4-2-1 system from Table 5 gives a
reliability against catastrophic failure of 0.99999~8, There-
fore, about one catastrophic failure in one million reactor
years could be expected for the 4-2-1 reactor contiguration.
This analysis emphasizes the ability to increase the relia-
bility against catastrophe, not only by adding safety fea-
tures but also by modifying the system design. The latter
procedure may prove more economical in many cises.

CONCLUSIONS

In summary, it has been shown that the adaptive ran-
dom search procedure can be used to solve mix d integer
optimization problems. The solution obtained fcr the nu-
clear reactor coolant system was in reasonable = greement
with another study of this same process.

The adaptive random search was also used to synthesize
the optimal coolant system design to achieve a certain
level of reliability. This was accomplished by adding the
reliability computation as a constraint to the optimization
problem. This method proved satisfactory in finding the
optimal design with various methods of computing relia-
bility and for various levels of reliability. Computational
times for this method are reasonable. The adaptiv: random
search is also applicable to other types of synthusis prob-
lems.

NOTATION

k = distribution coefficient (odd integer 1, 3,5 ...)

k = weighting coeflicient for x;;

M = smallest value of j that satisfies Equation (3) for
a given random number, ¢

N = number of possible discrete values of the: #*h vari-
able

N; = number of loops that have to fail to cause sys-

tem failure
NHN = number of steam generators per loop
NPH = number of pumps per loop
NTH = number of tubes per steam generator

p(x;;) = probabiiity of obtaining x;;

x; = new value of the i continuous indepencient vari-
able

x;* = value of variable x; which has produced highest
(lowest) objective function

x; = j*h discrete value of i*" independent variable

x;* = value of the ith independent variable producing

the previous best value of the objective function

%y, = lower bound of chosen region
x;y = upper bound of chosen region
R = allowable search region (range) about x;*
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Riop = reliability of a coolant loop

Rpype = reliability of the coolant piping

Rpumps = reliability of the pump (s) in a loop

Rgge =reliability of the steam generator(s) in a loop
] = uniform random number between zero and one

LITERATURE CITED

Allen, D. H., and G. D. M. Pearson, “A Preliminary Model for
Achieving Optimum Reliability Investment in Chemical
Plants,” in Generic Techniques in Reliability Assessment,
Nordhoff, Netherlands (1975).

Beveridge, G. S., and R. S. Schechter, Optimization: Theory and
Practice, p. 487, McGraw-Hill, New York (1970).

Bowers, H. 1., and M. L. Meyers, “Estimated Capital Costs of
Nuclear and Fossil Power Plants,” USAEC Report ORNL-
TM-3243 (March, 1971).

Dakin, R. L., “A Tree-Search Algorithm for Mixed Integer Pro-
gramming Problems,” Computer J., 8, 250 (1965).

Gaines, L. D., and J. L. Gaddy, “Process Optimization by Flow
Sheet Simulation,” Ind. Eng. Chem. Process Design Develop.,
15, No. 1, 206 (Jan., 1976).

Gall, D. A., “A Practical Multifactor Optimization Criterion,”
Recent Advances in Opiimization Techniques, A. Lavi and
T. P. Vogel, ed., John Wiley, New York (1966).

Gandhi, S. L., and E. J. Henley, “Computer Aided Design for
Optimal System Availability,” in Generic Techniques in Re-
liability Assessment, Nordhoff, Netherlands (1975).

Hendry, |. E., D. F. Rudd, and ]. D. Seader, “Synthesis in the
Design of Chemical Processes,” AIChE ], 19, No. 1,
1 (1973).

Henley, Ernest J., and Satish L. Gandhi, “Process Reliability
Analysis,” ibid., 21, No. 4, 667 (July, 1975).

Heuckroth, M. W, ]J. L. Gaddy, and L. D. Gaines, “An Ex-
amination of the Adaptive Random Search Technique,” ibid.,
22, No. 4, 744 (1976).

Menzies, M. A., and A. I. Johnson, “Synthesis of Optimal En-
ergy Recovery Networks Using Discrete Methods,” Can. J.
Chem. Eng., 50, 290 (Apr., 1972).

Proshan, F., and T. A. Bray, “Optimum Redundancy Under
Multiple Constraints,” Operations Res., 13, No. 5 (1965).

Tillman, F. A., and J. M. Luttschwager, “Integer Programming
Formulation of Constrained Reliability Problems,” Man. Sci.,
13, No. 11, 887 (July, 1967).

U.S. Atomic Energy Commission, “Trends in the Cost of Light
Water Reactor Power Plants for Utilities,” USAEC Report
WASH-1150 (May, 1970).

, “Reactor Safety Study—An Assessment of Accident
Risks in U.S. Commercial Nuclear Power Plants,” USAEC
Report WASH-1400 (draft) (Aug., 1974).

Umeda, T., A. Hirai, and A. Ichikawa, “Synthesis of Optimal
Processing Systems by an Integrated Approach,” Chem. Eng.
Seci., 27, 795 (1972).

Weisman, J., “Engineering Design Optimization Under Condi-
tions of Risk,” Ph.D. thesis, Univ. Pittsburgh, Pa. (1968).

, and A. G. Holzman, “The Integer Programming Prob-
lem in Nuclear Power Plant Optimization,” Trans. Am. Nuc.
Soc., 12, 141 (1969).

———————, “Optimal Process System Design Under Condi-
tions of Risk,” Ind. Eng. Chem. Process Design Develop.,
11, No. 3, 386 (1972).

, Preliminary Safety Analysis Report, Oconee Nuc. Sta.

1 & 2, Duke Power Co., Greenville, N. C. (1972).

, Arkansas Nuclear 1, Fingl Safety Analysis Report, Ark.

Power and Light, Little Rock, 3.5 (1974).

Manuscript received June 11, and accepted July 29, 1976.

Equilibrium Staged
Parametric Pumping

I. Single Transfer Step per Half-cycle and Total

Reflux—the Analogy with Distillation

Equilibrium staged batch parametric pumps are studied with non-
linear isotherms. The half cycle is composed of one single equilibration

GEORGES GREVILLOT
and

step and one discrete transfer. The limiting regime (for infinite number of

cycles) is shown to correspond to a staircase construction between the two
isotherms, the number of steps being equal to the number of stages. The
reservoir concentrations are then connected by Fenske’s equation. Several
analogies with binary total reflux distillation are suggested.

DANIEL TONDEUR

Laboratoire des Sciences Du Genie Chimigue
E.N.S.I.C. 1, rue Grandyville
Nancy, France

SCOPE

Parametric pumping is a separation technique based
on the periodic movement of a fluid phase over a solid
adsorbent bed and a coupled energy input into the sys-
tem to effect the separation. The most common form of
parametric pumping is one in which a packed bed of
adsorbent, undergoing a cyclic temperature change, is
subjected to a synchronous, alternating, axial flow. The
variation of adsorptivity with temperature and the syn-
chronized relative motion of the fluid over the fixed
phase makes possible the enrichment of a given compo-
nent at one end of the column and its depletion at the
other end. In this form, parametric pumping was first
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described by Wilhelm et al. (1966). Since this paper,
several similar processes have been described and studied,
including continuous, semicontinuous, and nonthermal
processes.

The scope of the present paper may be explained by
the following key words, in addition to parametric pump-
mg:

1. Finite staging. The continuous column of Wilhelm’s
scheme is here replaced by a cascade of discrete stages;
the number of these stages is finite and in some examples
small.

2. Discrete transfer. The continuous flow of Wilhelm’s
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