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Hierarchical Optimization of Cleaning
& Rinsing Operations in Barrel Plating

By Q. Zhou & Y.L. Huang

Cleaning and rinsing are two key unit operations in
achieving high plating quality in an electroplating pro-
cess. These two operational steps, however, are iden-
tified as major sources of waste, such as wastewater,
spent solutions and sludge. In practice, the opera-
tions in plants are far below optimal, consuming exces-
sive chemical solvents, water and energy. In order
to improve environmental quality significantly and to
maintain economical competitiveness for electroplat-
ing, the cleaning and rinsing operations must be opti-
mized. In this paper, a practical optimization method-
ology is introduced to optimize the operations in the
cleaning and rinsing steps. With this methodology,
both optimal production and pollution prevention are
realized in a cleaning and rinsing system. Since hierar-
chical dynamic optimization is difficult to implement, a
statistical function approach is proposed to transform
the bilevel programming problem into a single level
optimization problem. Case studies are shown that
demonstrate the desirability of adopting the method
in plating lines.

Tremendous efforts have been made by electroplaters to
improve operation and reduce waste. However, the clean-
ing and rinsing operations in the industry are far below
optimum. Process optimization is one of the most impor-
tant engineering toolsfor cost reduction and pollution pre-
vention in the chemical industry.* A basic concept of opti-
mization and its potential for pollution prevention (P2) in
electroplating plants has been introduced by Load et al?
and Cushnie.® Recently, Lou and Huang introduced a prof-
itable pollution prevention (P3) concept that has led to the
development of various effective methodol ogies.*

Huang and his associates have focused on source reduc-
tion and operational improvement in plating linesfor several
years. An expert system-based software package* was suc-

Nuts & Bolts:
What This Paper Means to You

No plating process can work unless there is adequate cleaning
and rinsing. At the same time, these operations generate waste-
water, spent solutions and sludge, and as a result, use too much
water, energy and chemicals ($$$). This paper covers a math-
ematical means of providing the most effective cleaning and
rinsing with the least production of waste and consumption of
resources. While the math may be daunting to some, there is
likely an engineer in many organizations who could put this
information to good use.

cessfully developed.® It can classify and compare different
P2 techniques and provide decision support.

Successful implementation of the source reduction strat-
egies requires sufficient process information at a quantita-
tive level. Various process dynamic models for a general
cleaning-rinsing system have therefore been developed.®
Very detailed quantitative analysis is conducted on process
dynamics and environmental impacts under different oper-
ating conditions.

Based on these quantitative and qualitative analyses on
the behavior of electroplating lines, a new type of pro-
active approach for wastewater reduction has been intro-
duced.” It focuses on the modification of the existing rins-
ing system to determine the optimum water flow pattern
and system configuration under the constraints of rinsing
quality. Furthermore, an integrated wastewater reduction
technol ogy has been introduced by combing the superstruc-
ture-based optimization and dynamic model-based water
flow schedule.®

This paper centers on the development of arigorous opti-
mization methodology to optimize the operations in clean-
ing and rinsing steps. The optimization will simultaneously
lead to optimal operation and pollution prevention (P2) in
a cleaning and rinsing system. The methodology is general
for either barrel or rack plating, regardless of the number of
rinse tanks involved. For arinse subsystem consisting of two
or three counterflow rinse tanks, the optimization procedure
mathematically treats that system as one integrated unit.

Dynamic Models

A cleaning-rinsing system usually consists of a cleaning
tank followed by one or more rinsing units. A dynamic
model should characterize the surface cleanliness of parts,
the chemical concentration in a cleaning tank, and the pol-
lutant composition in arinsing tank.

In acleaning tank, the soils on part surfaces are removed
by applying energy of some form. It is assumed that the
concentration difference is the driving force for cleaning.
When a barrel enters the tank, the mixing of the solution
in the barrel and the solution in the tank outside the barrel
is assumed to be instantaneous. The concentration in the
barrel, therefore, is assumed to be the same as in the tank.
Because the cleaning effectiveness is determined by the
solution concentration, the volume of the barrel and the
displacement of solution have no significant influence. The
rate of change of soil on the partsisinversely proportional
to a soil-removal rate. This rate is determined by the type
of chemicals used and their concentrations, and thetype and
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amount of soil on the parts. The soil removal model can be established
asfollows®

dW,. () —
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WhereAp isthe total surface area of the partsin abarrel, C(t) isthe
chemical concentration in the cleaning tank, r,,(t) isthe soil removal
rate in the tank, W (t) is the amount of soil on the parts, and y(t) is
the looseness of the soil on the parts. The (t) isatime function.

The amount of chemical in the tank changes with consumption
to remove the soils or with replenishment. Also, the chemical is
carried over through drag-out to succeeding tanks. A chemical con-
centration model can be established as follows:

dC (v _
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whereV _isthe capacity of the cleaning tank, W (t) is the flow rate
of the chemical added to the cleaning tank, D (t) is the drag-out
flow rate, and ) is the chemical capacity for soil removal.

To run these models, the initia dirt and chemical concentration
in the tank must be obtained through experiment. The kinetic con-
stant and the chemical capacity can be determined by the type of
chemical used.

A rinse model was also established by Gong et al b i.e,

LG
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where F(t) isthe flow rate of rinsewater, X (t) is the pollutant com-
position in rinsewater, R (t) isthe recycle flow rate, Z (t) isthe pol-
lutant concentration in influent rinsewater, D,(t) is the drag-in flow
rate, and Z,(t) is the pollutant concentration in drag-in.

The model is based on the following assumptions: (1) uniform
chemical concentration in the rinse tank and (2) no chemical reac-
tion in the tank. If arinse step consists of two or more rinse tanks,
the model can be applied to each tank. The water flow rate vari-
ables will be determined based on the rinse system configuration.

Hierarchical Optimization—First Stage

An electroplating plant has a number of cleaning and rinsing steps.
Cleaning operations consume a huge amount of expensive chemi-
cals for removal of soils from parts and barrels, as well as con-
sumption through drag-out. Moreover, the chemicals consumed
congtitute the major pollutants in wastewater. A rinsing operation
consumes a great amount of water for rinsing purposes, and there-
fore generates a similar amount of wastewater. From the standpoint
of cost reduction, chemical and water consumption should be mini-
mized. From the P2 point of view, the chemicals in the wastewater
and the volume of wastewater should be reduced to the maximum
extent; they can aso be implemented through minimizing chemi-
cal and water consumption. To achieve thesetargets, it is necessary
to understand the characteristics of the process. Because the clean-
ing and rinsing operations are multi-step batch processes, each
cleaning or rinse tank can be independently modeled based on the
dynamic modeling method described earlier.

The typical dynamicsin a cleaning tank are depicted in Fig. 1.
The dynamic variation of the soil on the parts in barrels is deter-
mined by the chemical concentration in the tank, as well as sev-
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Fig. 1—The first stage of optimization for cleaning operation.
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Fig. 2—The first stage of optimization for rinsing operation.

eral other constant parameters. The cleaning quality isexpressed in
terms of the soil remaining on the parts when the barrel isremoved
from the cleaning tank. The cleaning time is the time the parts are
immersed in the tank. To minimize chemical cost and waste gen-
eration, the chemical concentration should be minimized while the
cleaning quality is maintained within the desired cleaning time.

Similarly, the representative dynamics in a rinse tank are
depicted in Fig. 2. The concentration of total dissolved solids
(TDS) in the rinse tank is measured by a conductivity meter. The
dynamic change of concentration in the rinse tank is primarily
determined by fresh water flow rate, while the other parameters
remain constant. The rinsing quality is defined as the solution con-
centration attached to the parts and barrels as the barrel |eaves the
rinse tank. As with the cleaning step, the rinsing time is the period
that the barrel isimmersed in the rinse tank. Therefore, it is neces-
sary to determine the minimum fresh water flow rate to minimize
water consumption and wastewater generation.

Hierarchical Optimization—Second Stage

The operation of cleaning and rinsing tanks is in a batch mode.
The operational cycle (i.e., the arrival time between two adjacent
barrels in a plating line) is determined by the production rate.
Currently, determining the cleaning time (i.e., the time a barrel
residesin the cleaning tank) and rinsing time (i.e., thetime abarrel
residesin therinsetank) ismainly by experience. Today’s expertise
in determining the right “cleaning package” aready helps deter-
minethe cleaning time. The cleaning timeistill very conservative,
however, and determined without examining the process dynamics
and performing an optimization. This has caused operating costs to
be much higher than necessary and waste generation to be much
more than expected. In the mathematical optimization methodol-
ogy presented, the cleaning time is determined not only by clean-
ing dynamics in the tank, but also by the production schedule in
the entire process. Asfor the production rate, the optimization does
not change the existing production rate, which is determined by the
plating capacity.

The chemical cost for a cleaning tank is heavily related to the
cleaning time. If other process variablesremain constant, the chem-
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Fig. 3—The second stage of optimization for cleaning operation.
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Fig. 4—The second stage of optimization for rinsing operation.

ical cost can be formulated as a function of a single variable, the
cleaning time. The relationship between different chemical con-
centrations and cleaning time is explained in Fig. 3. Here it is
given that the cleaning quality reguirement is that 26 percent of
the soil residue can remain on the parts (i.e., 74% of the soils be
removed). If the cleaning timefor one barrel isincreased from 3.00
to 3.67 min, the chemical concentration in the cleaning tank must
be decreased (from 8.4 to 8.0%) in order to avoid overcleaning.
The chemical consumption consists of two parts: (1) the chemicals
consumed for soil removal and (2) that carried over by drag-out
to the succeeding tank. Lower chemical concentration in a clean-
ing tank can tremendously reduce the chemicals lost through drag-
out, therefore reducing the chemical cost. Because a longer clean-
ing time permits alower chemical concentration, the chemical cost
can be reduced by increasing the cleaning time, if possible.

The characteristics of different rinsing timesin arinse tank are
depicted in Fig. 4. Here we assume that the pollutant concentration
in abarrel isthe same as that in the rinse tank. As shown, to reach
the same rinsing quality, an increased rinse time of one barrel from
2.5t0 3.7 min can lower the rinsewater flow rate from 20.4 to 18.2
L/min (5.4 to 4.8 gal/min). Therefore, increasing the rinse time can
reduce the rinsewater cost and, moreover, the wastewater treatment
cost.

Optimization Model

For a given cleaning and rinsing process, the maximum permis-
sible pollutant concentrations in the tanks should be specified. The
optimization problem isto determine the optimal cleaning time and
rinse time as well as chemica concentration and water flow rate
of each tank that leads to the minimum consumption of chemical
and fresh water, while ensuring the cleaning and rinse quality . The
optimization model has the following objective function:

min > UC +> U W,

- J ()

where C, is the chemical consumption in cleaning tank i within the
cleaning time, Wj isthe rinsewater consumed during the rinsetime,
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U, isthe unit cost of chemicalsin tank i, and ij isthe unit cost of
fresh industrial water in tank j.
This optimization is subjected to following constraints:

(1) Chemica consumption estimation:

AW, _
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T

C = 'LWd(t)dt i=1,...N ©)

(2) Rinsewater consumption estimation:

dX (v :
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W, = J;Frj(t)dt i=1,...M (11)
(3) Process constraints:
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Xim=X,(T) 20 j=1..M 43
Tiim > sz + Tr_i (14)

where Wiim is the maximum soil level on the parts coming out of
the cleaning tank i, W_,(T,) is the soil residue on the parts out of
thecleaningtank i, T isthecleaning timeintank i, X|™ isthe max-
imum pollutant level in the rinsewater coming out of the rinse tank
i X, (Tq) isthe pollutant concentration in the rinsewater coming out
of therinsetank j, T istherinsetimein tank j, and T"™ isthe time
for one barrel to travel through the cleaning and rinsing system as
determined by the cycle time and number of barrels.

Statistical Function Approach

Optimization isimplemented in atwo-layer computation scenario.
At the lower layer, the objective is to minimize the unit operating
costs and waste generation through adjusting the settings of control
variables, such as chemical concentration and water flow rate, in
each individual tank. At the upper layer, the objectiveisto perform
globa optimization over the whole cleaning and rinsing system.
The overal objective is to minimize the overall operating cost and
waste generation of the system through optimally setting the proc-
essing time in each tank. In the optimization procedure, the upper
layer will deliver the chosen processing time to each unit tank at
the lower layer. Based on the desired processing time, the cor-
responding minimum settings of chemical concentration or water
flow rate will be found and sent back to the upper layer. The upper
layer will evaluate the overall operating cost and waste generation
based on the control variable settings received from the lower layer.
When the upper layer optimization shows that an overall optimum
has been reached for cost reduction and P2, the iteration will be
stopped; otherwise, the upper layer will choose a different process-
ing time and send the process down to the lower layer again.

We have proposed a statistical function approach to transform
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Comparison of the Original & Optimal Operation

Conclusions

A rigorous mathematical method is presented for
optimizing cleaning and rinsing operations. The

Operational steps Original system Optimized system ~ OPtimization is implemented in two layers. In
. ; . the lower layer, the optimal settings for local con-
Cleaning 1 4.5 min 4.35 min ) . ;
. . . trol variables such as chemical concentration and
Cleaning 2 4.5 min 4.35 min . - ; -
. . . water flow rate are identified for implementing
Gz 4.5min 5.22min rofitable pollution prevention. In the upper layer
Total chemical cost $89,916 $82,975 P Diep prevention. PPerlayer,
. ; ) the optimal processing timein all the cleaning and
Rinse 1 1min 0.72 min . L .
. . . rinsetanksare presented for realizing optimal pro-
Rinse 2 1min 0.72 min - - . .
. . . duction. The statistical function approach is pro-
Rinse 3 1min 1.14 min X ok
L posed to coordinate the two-layer optimization.
Total rinsing cost $20,724 $19,956 N
Total oper ating cost $110,640 $102.931 A case study has shown the significance of cost
' ' reduction in electroplating lines. This approach is
applicable to any electroplating line.
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Fig. 5—Process flowsheet of a three-step cleaning and rinsing system.

the hierarchical optimization problem into a single-level problem.
First, through simulation of the dynamic models, the regression
models describing the relationship between the cleaning time and
chemical concentration, as well as that between the rinse time
and water flow rate, can be established. Originally, the upper-layer
objective function was mi ny{ F(x,y), yOY} and the lower-layer
objective functionwas min { G(x), xJX} . Through regression anal-
ysis, the relationship between x and y can be formulated as a func-
tion y(x). Thus, the hierarchical optimization problem can berefor-
mulated as min { F(y(x),x), x0X} . It can be solved by using acon-
ventional nonlinear optimizer.

Case Study

A cleaning and rinsing system in an electroplating plant is depicted
inFig. 5. It consists of three cleaning-rinsing subsystemsin series.
Parts in barrels are withdrawn sequentially from a cleaning tank
and charged into the succeeding rinsing tank in series. The con-
tamination level limits in the three rinse tanks are 2500, 2500 and
2000 mg/L, respectively. The chemical concentration rangesin the
three cleaning tanks range from 6 to 8%, 6 to 8% and 6 to 9%,
respectively. The cycle time between two adjacent barrels coming
into the system is six min. There are, at most, three barrels in the
system at any given time. Each barrel, therefore, requires 18 minto
travel through this system.

To optimize production, the dynamic models are established
for al the cleaning and rinse tanks. Through simulation of these
dynamic models, a number of regression models are developed.
With these regression models, a non-linear programming tool is
then used to solve the optimization problem. The comparison of the
original and optimized systems is given in the table. It shows that
the total operating cost in this specific case study can be reduced
by 6.9 percent.
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