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Control parameters in dyeing
machinery operation

Jim Nobbs

The dyeing process is similar to many operations in chemical
engineering and in this sense can be considered as the transfor-
mation of reactants into products. Where transformation in-
cludes both physical change as well as chemical changes, the
term reactants is taken to describe the state of the materials of
interest at the start of the process, while products describes their
state at the completion of the process. In the case of a dyeing

process the groups might be as shown in Table 1.

Conventional dyeing process control
consists of a pre-defined variation of
temperature, flow, addition of dye and
other process chemicals with time.
Each condition/time variation is
developed to optimise the process with
respect to cost of production and
quality of product, for a general batch
of material on a general dyeing
machine. During the dyeing operation
each process variable is measured,
compared with the target value and
the appropriate stimulus given to the
machine to compensate for a difference
between measured and desired values.
The process variables are controlled
but are not control parameters, since
the target values are not changing in
response to the measured behaviour of
the dyeing process.

A fixed condition/time variation
limits the ability of the process to
accommodate a change in properties
from one batch of materials to another

Table 1

Reactants Products

Undyed materia Material containing
adsorbed/absorbed

dyes

A solution of dyes
in the dyeing
machine

Residual dyes in
solution in the
dyeing machines

A solution of dyes
in the addition
tank

No dye solution
remaining in the
addition tank

Other additives such Additives in
as salt or alkali solution

and also a change in machine perform-
ance. As a result the process sequence
is often conservatively designed to
cope with the worst combination of
material and machinery variation
without detriment to the product.

The following describes an alterna-
tive approach in which control is made
to a strategy rather than to a pre-set
variation with time. This involves
continuous analysis of the process by
instruments and calculation of correc-
tion or maintaining actions according
to the strategy. Thus, at any instant,
the target temperature, pH, dye
addition rate, flow rate and direction
are determined by calculation. In other
words the process variables become
control parameters rather than control-
led parameters.

Although the same control strategy
may be applied to each machine and
dyeing lot, the actual variation of
process conditions with time can be
different from one dyeing to another,
according to the measured behaviour
of the materials. This approach may
lead to more efficient process cycles
using a reduced amount of auxiliaries
and the ability to reuse a proportion of
spent dye liquor.

Control according to strategy
The obvious aim of a dyeing process is
to produce material of the correct
quality for the lowest cost of produc-
tion. In order to develop a control
strategy these requirements need to be
related to process conditions and
ranked in an order of priority.
For example the quality may be
expressed as follows:
* concentration of each of the dyes on
the material must be within certain
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limits at all positions within the
package

* physical properties of the package
material should not be degraded.

The cost of production may be

expressed as:

- batch processed in the shortest time

— use of the minimum amount of
energy for heating, cooling and
pumping

- use of the minimum number and
amount of auxiliary chemicals

- production of the lowest load on the
effluent disposal system.

The link between these constraints
on the dyeing operation and process
variables such as temperature, dye
concentrations, pH, liquor flow rate
and flow direction has still to be
established. If only the dye absorption
stage of the process cycle is considered
then the factors quoted in Table 2 may
apply. The relationships expressed in
Table 2 are interpreted in terms of
process variables by means of a
mathematical model describing the
characteristics of the dyeing machine
and of the dye-fibre combination.

Development of processing conditions

Devising the most efficient dyeing

process typically involves the following

CONCerns:

* machinery design

¢ pre-selection of dyes of compatible
properties

* use of dyeing auxiliaries*

* design of pH versus time profiles*

* selection of liquor ratio, flow rate and
flow direction reversal times*

* design of temperature versus time
profiles*



Table 2

Constraint Process variable

1. Distribution of Differences across the
the dye on the package of the rate of
material absorption of the dye by

the material (dye concen-
tration, temperature, flow
rate and direction, pH,

electrolyte concentration)

2. Degradation
in physical
properties

High flow rates at high
temperatures and
adverse pH

3. Process time Rate of absorption of dye
by the material. Rate of
ditfusion of dye within the
fibre or yarn (related to
item 1)

4. Energy usage Temperature change and
flow rate

* continuous addition of dye solution
to the bath as the dyeing proceeds.”

The items marked by an asterisk are
those that would be most influenced
by the adoption of the strategy ap-
proach to control. In order to imple-
ment such control the dyeing machine
must incorporate the facilities listed in
Table 3.

The physical link between measure-
ment, setting target values and actua-
tion is made via a computer-based
process monitor and control system.
The mathematical link is made by
means of a simple or reduced model of
the machine and the dyeing process.

Table 3

Actuation Measurement

Heating and cooling Temperature
measurement at
several
locations

Continuously variable Flow

flow rate measurement
and pressure
measurement

Change in flow direction pH and conduc-
tivity measure-

ment

Concentration
of dyes in
circulating
liquor

Dye addition pump

Auxiliary addition pump

The model does not need to be elabo-
rate, the requirement is to provide a
link between the measured process
variables and the control strategy in
the following manner.

During the dye absorption stage of
the dyeing operation, each process
variable is measured and interpreted in
terms of how well the process con-
straints are being satisfied. The control
strategy is then used to decide on the
appropriate corrective or maintenance
changes to be made over a short time
period in the immediate future. The
reduced model interprets these in
terms of changes in the appropriate
process variables from the current tar-
get values and must take into account:
* representative volumes, mixing and
flow behaviour of tanks and connect-
ing pipes
size, shape of the material and the
liquor flow through the material
adsorption properties of the dye—
fibre system.

The reduced model, an example
The position of the reduced model of
the dyeing process in the control
scheme may be illustrated by consider-
ing a particular case, namely the batch
dyeing of wound yarn packages. The
model is used to provide explicit
equations that relate measured process
variables to other dyebath and material
package parameters, and is developed
by always assuming the worst case
when making simplifying assumptions.

The distribution of dye across a
package of the material is determined
by the difference in the deposition rate
of a dye at the inner radius of the
package to that at the outer radius of
the package. This is defined as the
parameter Z() by Eqn 1.

The various parameters need to be
defined:

Package parameters _
n = package radius at liquor
entrance (dm)
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Ty = package radius at liquor exit
(dm)

M(r,t) = concentration of dye on
package at radial distance r
and time ¢ {g/dm?)

C{r,t) = concentration of dye in the
liquor within the package
material at radial distance r
and time ¢ (g/dm?)

The constraint is expressed as saying
that the magnitude of the integral of
Z(t) over the dyeing time {, is kept
below a set value (Eqn 2).

In order to devise a control strategy
to satisfy this constraint Z(t) must be
related to the measured dyebath
parameters via terms that describe the
dyeing machine and the pre-set batch
processing conditions.

Measuired parameters
t = time (s)

T = temperature (K)

C(t) = concentration of dye in the
circulating liquor at the mixing
tank (g/dm?3)

F = flow rate (dm%s)

I = flow direction indicator {I = +1

for flow from inside to outside
of package, ] = -1 for flow from
outside to inside of package)

Process parameters

V() = total volume of circulating
liquor present at time t (dm?)

P volume of liquor entrained in

the package (dm?)

total volume of liquor added

during the dyeing (dm?)

= volume of liquor added at time

t (dm3)

total amount of dye present in

the circulating dye liquor and

in the addition tank at the start

of dyeing (g)

fraction of Dy present in the

circulating liquor at the start of

the dyeing

E(t) = fraction of Dy adsorbed onto
the material at time ¢ {the
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exhaustion)
o = fractional voidage or porosity
of the package.

The relationship from the reduced
model is expressed by Eqn 3.
Term 1 depends on the winding
density of the package
is the time it takes to circulate
the dye liquor through the
package
is the initial concentration of
the dye in the liquor if it were
all present in the liquor
is the ratio of rate constants
(see later)
is a function dependent on
the concentration of dye in
the liquor and the exhaustion
rate.

Term 2

Term 3

Term 4

Term 5

Further equations are given in the
appendix. The variables in Eqn 3 that
may be used for control are:

* flow rate (F) and flow direction (I}
via the pump speed or adjustment of
a throttle/bypass valve

rate of exhaustion [dE(t)/dt] via
temperature (T) and also pH (H) for
some dye-fibre systems,
concentration of dye in the circulat-
ing liquor C(t) via the added liquor
20}

The first two terms may be control-
led, in the sense of being decreased as
well as increased in response to
changes in process conditions. C(t) may
be increased by dye addition, although
decrease in C(t) is coupled to increase
in E(?). In this sense, control of C(#) is
secondary to that of dE(t)/dt which
describes rate of partition of dye in the
whole system.

Terms like Dy, V(0), V,, VP, Xand o
are fixed at the beginning of the dyeing
process.

Control via temperature

At regular time intervals during the
dyeing process, the values of C(t), F, H,
t and T are measured. The derived
parameters such as E(#), dE{t)/dt, K(#),
W(#) and Kg(t) are determined {appen-
dix) and for convenience these will also
be described as measured values.

The control strategy rules and Egn 3
are used to determine a rate of exhaus-
tion dE(t')/dt at a later time of ¢'. This
can be an attempt to follow a particular
exhaustion versus time profile. The
value of dE(#')/dt is used to determine
the desired value of Kg(t') via the
equations in Appendix 1.

The temperature T* needed to
achieve the value of Kg(t) may be
estimated from the measured values at

time { by assuming an Arrhenius type
relationship (Eqn 4), where 2 is the
characteristic temperature of the
adsorption process defined by Eqn 5.

The temperature ramp rate is set to
be (T’ - T)/(t - t); if this rate is physical-
ly unrealistic then alteration of pH or
flow rate may be considered.

The control software then interprets
the set values in terms of heating/
cooling power levels, pump speed/
direction settings, acid or alkali addi-
tion pump rates.

Flow rate control

The condition on Z(f) is that the
magnitude of the integral of Z(t) over
the dyeing time is below a commercial-
ly acceptable limit. Eqn 3 shows that
Z(t) is inversely proportional to flow
rate. Hence if the measured value of
Z(t) is too high then it may be reduced
either by increasing the flow rate or by
reducing the temperature of the
circulating liquor, or both changes can
be made.

Flow direction control

Eqns 1 and 3 show that the value of
Z(1) is positive or negative depending
on the direction of flow of the circulat-
ing liquor. An appropriate strategy is to
perform a numerical integration of the
‘measured’ values of Z(t) with respect
to time as the dyeing proceeds. Each
time the magnitude of this integral
becomes greater than a certain value,
the direction of flow is reversed. This
introduces the freedom to increase the
rate of exhaustion (shorter dyeing
times, higher values of Z(f)) but
maintain an acceptable integrated
value by frequent reversal times.

Discussion

The paper has described an approach
to dyeing process control using
instruments to analyse the state of the
dyebath; calculation of correction or
maintaining actions according to a
strategy; and the setting of a target
temperature, pH, dye addition rate,
flow rate and direction by means of a
reduced model.

As a direct replacement for conven-
tional control schemes it may offer
reduced dyeing times and a reduction
in the use of auxiliary chemicals. Since
the suggested scheme is not con-
strained by the need to control to the
worst combination of machinery and
material variation, these conditions are
sensed and automatically taken into
account.

The facility to sense the dyebath
condition and adjust the process
operation accordingly suggests a
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method of reusing part of the spent
dye liquor. The auxiliary chemicals
contained in the spent liquor are added
as part of the dye adsorption or
fixation sequence of the previous dye
cycle. A similar requirement for these
materials will exist at the start or
during the next cycle and may be
partly satisfied by using a portion of
the spent liquor. Although the dyebath
composition will inevitably vary from
one dyeing to the next, the control
scheme should automatically adjust for
this.

The controlled exhaustion stage is
only part of the process cycle. Conven-
tional time sequence control is required
to initiate and complete the cycle of
operations, from starting liquor and
undyed material to spent liquor and
material at a temperature appropriate
for removal from the process.

The work forms part of an SERC
funded research project at Leeds and
Heriot-Watt Universities. The pilot-
scale dyeing machine has been con-
structed at Leeds. This acts as a test bed
for monitoring equipment, to allow
control strategies to be investigated
and to provide dyeings under control-
led conditions in order to test the
predictions of the mathematical models
and simulations. At Heriot-Watt
investigations into the mathematical
simulation of a dyeing machine as an
example of a general process engineer-
ing problem has been undertaken. The
simulator program is used to investi-
gate the effect of machine design,
process conditions, and material
properties on the efficiency of the
dyeing process, and the distribution of
dye in the system.

This paper and the following paper
were first given at the conference
entitled ‘Dyehouse pollution -engin-
eer your way out’, at Heriot-Watt
University, Edinburgh, in April 1991.

Jim Nobbs is a senior lecturer in the
Department of Colour Chemistry
and Dyeing, University of Leeds,
Leeds LS2 9]T, UK




Appendix
The volume and exhaustion during dye addition expressed in terms of known
or measured values are:

Vi) = V() + Va(t)
Vo)  COHIVEH-Vp]
A D

EBH=X+(1-X).

and at the end of dye addition are:
Vi) = VO + V,

b = 1 SO VO V)

A rate parameter K(t) is used to describe the depletion of dye from the mixed
section of the dyeing machine and is defined in terms of measurable variables:
_ D dE(t)

) Vin-V, dt

K(#)

A second parameter Kg(t) is used to describe the rate of depletion of dye from
the liquor entrained in the package and deposition onto the fibre material:
1-« 1 <dM(r, bt >

Kg(h) = )
a <C{rhH> dt

where the brackets denote average values over the radius of the package. The
reduced model gives the ratio W(#) between the known term K(f) and the
unknown Kg(t) term as:
W) = K ()
Kty
_m&wm—%q

W(t):l——Fw—~‘ln(1
b K(t) 2

Finally the term D is related to Dy by the relation:

V(0)-Vp

D=Dp. ———— &
V(©0) = Vp(1-X)

These equations link the constrained parameter Z(t) to the known and meas-
ured parameters and form the basis of the control strategy.
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