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“low rate, ramp {constant rate of temperature rise), and
nackage density are recognized to be particularly important
Dr obtaining uniform uptake in the package dyeing of

rervlic fibre yarns. This paper is concerned with the
ontribution of these three parameters to levelness in this
ystem, An attempt is made to define empirical mathematical
elationships between these variables and the observed rate

of dyeing, in order to be able to specify those values of

‘hese parameters which would be expected to give rise to
tnlevel dyeings.

Linear relationships were found between these parameters
ind the rate of exhaustion per circulation of the dyebath,
xpressed either as the overall rate or as separate rates for the
wo successive stages of the exhaustion process fattributed to
wsorption at the surface of the fibre and diffusion into the
nterior). The equations relating rate of exhaustion to package
tensity, ramp and the reciprocal of the rate of liquor flow
an be combined into a single equation. This enables the
elative effects of these variables to be calculated. For example,
‘he equation can be used to decide which combination of
amp and flow rate will give a pre-determined rate of
wchaustion by a package of given density. In a similar way,

‘he corresponding equation relating the instrumental criterion
)f degree of unlevelness to package density, ramp and rate of
Tow forms a convenient means of predicting the effects that
Jiese three variables will have on the possibility that unlevel
Iveing will occur.

Present address: Percy Andrew & Son Ltd, Leen Valley Dyeworks,
Bullwell, Nottingham NGé 8ER

*Present address: Vielding & Johnson Ltd, Abbey Mill, Ross Walk,
Leicester LE4 SHH

Introduction
Although yarn dyeing accounts for a relatively small pro-
portion of the total production of dyed textiles, it is an
important branch of the dyeing industry which produces many
specialized preducts for a variety of end-uses. In recent years,
there has been a significant growth in the application of
package-dyeing techniques to acrylic fibre yarns, not only as a
direct replacement for hank processing but also for acrylic
fibre products which may not have been yarn dyed previously.
The reasons for this increase in importance of package dyeing
were enumerated by Gaunt [1] as follows:
(a) elimination of costly hank-reeling processes and the
need for less labour throughout the operation;
(b) improved levelness of dyeing because of the control of
liquor flow through uniform packages;
(c) possibility of pressure dyeing at temperatures above
the boil;
(d) versatility of machine design and rapid rate of drying
of the yarn,

A contributory technical reason for the successful adop-
ticn of package dyeing is that it is amenable to control at
several levels of sophistication up to that of total automation
[2,3]. Several practical papers (e.g. (4]) have been published
giving the essential details of the processing technique. In
addition, control of the process is well advanced and much has
been written about optimization of the procedure by rational-
izing application methods and dye selection, as well as
monitored weighing of dyes, chemicals and substrates [3].

The carly philosophy of package dyeing was to use soft-
wound packages and thereby to obtain levelness, but to accept
the limitations imposed by the machinery available. This
meant that acrylic yarns were dyed with a constant direction
of flow to avoid package distortion, the flow being in the
in-to-out direction. Developments in pump design resulted in
increased flow rates, and shortening of the liquor ratio
increased the number of circulations per minute. Improve-
ments in spindle design have occurred and it is well-known
that the use of larger-diameter spindles favours level dyeing.
Major disadvantages of soft-wound packages are:

(a) package distortion occurs, so that handling and sub-

sequent winding becomes difficult, and

(b) channelling of the dye-liquor is likely.

It was pointed out [5] that dyeing cycles must be made
more efficient for economic reasons and this has been achieved
either by rationalizing the dyeing procedure or by modifying
the dyeing machine. The former method has been adequately
discussed [2,3] and this approach includes the use of
rapid-dyeing techniques which are outside the scope of this
paper. Similarly, machine modifications have been docu-
mented in detail [5--7].

Flow Rate in Package Dyeing
Boulton and Crank [8] used a theoretical model to study
package dyeing and concluded that rapid rate of liguor flow
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and a slow rate of exhaustion of dye are pre-requisites for level
dyeing. Changing the shape of the package. by increasing the
ratio of internal to external diameter to minimize the distance
through which dye-liquor must flow in the radial direction,
was also advocated. It was shown that levelness improved as
liquor ratio was decreased at a given rate of liquor flow, the
effect being attributed to the higher frequency of circulation
of the dyebath [9].

Denton studied patterns of liguor flow in different types
of package [10] and found that flow was in the radial
direction only, when parallel-sided cheeses wound on springs
were mounted on the dyeing column. With conical packages,
however, liquor passed through the larger ends of the cones as
well as through the outer walt. There was little flow in the
corners and the difference in rate of flow between the inside
wall and the corner could be in the ratio of 20 to 1. If the
corners were rounded this ratio decreased to about 6 to 1.
Practical experience confirms the advantages of cone rounding
as an aid to level dyeing. In cones with hard ends, the ratio
increased to 40 to 1. This work demonstrated the important
influence of package shape and method of stacking of the
column of packages on the levelness of dyeing. The same
author extended this study using cotton packages [11]; the
results emphasized the need for uniform packages. Flow was
shown to be streamline at normal industrial rates of circula-
tion. At low package density (0.2 kg/l), good correlation
between permeability and package density was obtained but at
high package densities (0.4—0.5 kg/l), a significant proportion
of the flow passes through the yarns. Small differences in
package density could cause large changes in permeability.

Johnels and Crawshaw [12] found that the rate of liquor
flow was directly proportional to the pressure drop across a
package of a given permeability. Winding, yarn counts,
package dimensions and weight are important factors, but the
density is the most critical. They confirmed that, at low
densities, permeability depends on the spacing of the varns,,
whereas at high densities, it depends on the spacing of the
fibres in the yarn. These authors found that the average rate of
flow was not greatly influenced by variation in the pressure
drop across the package. With conical packages, the pressure
drop decreased as the temperature was raised, but increased
again during the period at top temperature. With parallel-sided
cheeses, changes in pH of the bath affected the pressure drop,
but this was not so significant with cones. In this work, unlevel
results were obtained on worsted packages at a flow rate of
12 1kg ! min™" but satisfactory levelness was achieved when the

rate of flow was 18 1 kg ' min™".

[t has been recognized that the rate of liquor circulation
defines the maximum ramp that can be used, especially when
dyeing polyester yarn [6]. Kalb pointed out the importance
of defining machine characteristics in terms of liquor circula-
tion per minute and showed that level dyeing is dependent on
the percentage exhaustion per liuor circulation [13]. It was
therefore proposed that the rate of dyeing in package dyeing
should be expressed in terms of percentage exhaustion per
circulation of the dyebath instead of the conventional method
of percentage exhaustion in unit time. Any rate constant in
reciprocal time units is specific to the machine used and is a
function of the flow rate and liquor ratio in that machine. The
proposed rate constant is dimensionless and therefore has
much wider significance, because it is not specific to the flow
and volume dimensions of the equipment [14].
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Etters and Urbanik have suggested that exhaustion should
be 1% to 3% per circulation [15]. In the case of dyeing curves
with a rapid initial rate, 20% exhaustion may be tolerated in
the first circulation, provided the average rate does not exceed
the recommended limit and the dyeing system allows
reasonable migration in the later stages [16]. Maximum
levelness is achieved when the direction of flow is reversed
after cach complete circulation of the dye-liquor through the
material. If flow reversal occurs more frequently than this,
however, uniform distribution of the dye through the load is
adversely affected. There is a limiting value of the rate of
liquor flow above which it becomes impossible to reverse the
flow direction for each pass of liguor through the load.

About fifteen years ago, typical flow rates for package
dyeing machines were in the range of 2 to 10 | kg'! min™
Siegrist and Liddiard |5} regard 30 | kg* min' as repre-
sentative of current practice in conventional package-dyeing
machines of modern design, with a complete circulation of the
dyebath every 30 seconds. Machines with a flow rate in the
range S0 to 150 | kg™ min ' are described as rapid-dyeing,
with a complete liquor circulation occurring every 6 seconds at
150 I kg™ min™". Circulation rates above 6 to 8 cycles per
minute were not considered to be justifiable [17], but in a
survey of machinery available, flow rates of 40 to 200 | kg™
min', with 6 to 20 cycles per minute, were quoted [5].

Significance of Package Density

An effective method of reducing cost is to increase the loading
of a given machine. Economic factors have favoured the use of
larger packages to the limit of spindle centres, together with
the use of higher package densities, so that dyelot sizes can be
significantly increased. Pressure packing, which has long been
employed for dyeing polyester fibre, has been extended to
other fibres and this leads to further increases in dyelot
weight. Pressure packing also levels out any slight variations in
package densities and gives a uniform spindle density. In
practical terms, dyelot sizes have been doubled on a given type
of machine. Spindle or column density is now of equal
importance to package density and, in practice, packages can
readily be prepared with a density of 0.35--0.4 kg/l which,
with a compression of 20—30% on the spindle, will give a
column density of 0.5 kg/l. These can be dyed without
problems of unlevelness, and two-way flow can be used.

Pressure flow diagrams in relation to machine design for
various types of yarn package have been published [18]. From
the work of Denton [10], it was apparent that parallel-sided
packages were to be preferred on the grounds of better flow
characteristics. In addition, cones require expensive spacing
devices, complete column sealing is difficult to achieve and
pressure packing is not entirely satisfactory.

Few results have been published regarding suitable package
densities for obtaining level dyeing. The density of the
packages prepared depends on the winding operation, and
suitable packages have usually been specified on a purely
empirical basis. Denton [11] investigated flow through cotton
packages in the range 0.2 to 0.5 kg/l, whereas Johnels and
Crawshaw [12] studied this phenomenon using worsted
packages at 0.34 to 0.37 kg/l. Whittaker [4] stated that
packages in the range 0.275 to 0.35 kg/l are satisfactory to
obtain level dyeing over a range of substrates including cotton,
wool and acrylic fibres.



Tnfluence of Ramp on Rate of Dyeing

The accepted mechanism of dyeing acrylic fibres with basic
dyes implies a two-stage process. The initial rapid step is
adsorption of dye cations by ion-exchange with retarder
:ations already adsorbed on the surface of the fibre. The much
slower second stage is diffusion of dye cations by exchange
with cations associated with anionic sites in the interior of the
fibre. As the molecular size increases in a series of dye cations,
their hydrophobijc character and hence their affinity for the
wrylic fibre increases, but their rate of diffusion into the fibre
jecreases. Diffusion into the fibre proceeds at a significant rate
only at temperatures above the glass-transition temperature of
‘he fibre (usually 75-80 °C). The rate of surface adsorption is
sractically independent of temperature, but the rate of
diffusion increases rapidly with temperature as it rises above
‘he glass-transition point [19].

When dyeing at ‘constant ramp’ (constant rate of tempera-
‘ure rise), complete exhaustion of a basic dye by an acrylic
ibre requires only 12 to 15 °C at an average rate of about 8%
ser “C, compared with an exhaustion range of 25°C at a rate
>f only 4% per °C in a polyester dyeing system [20}. This
lgher sensitivity to temperature, and the poor migrating
yroperties of basic dyes on acrylic fibres compared with most
lisperse dyes on polyester, are responsible for the greater
lifficulty of avoiding unlevel results when dyeing acrylic fibres
inder critical conditions. The limiting steepness of the ramp
vhich will still give a level resuli is a function of the machine
sharacteristics as well as the fibre to be dyed. Thus, with
lyester fibre, where a ramp in the region of 1 to 2 °C/min
vas normal on a conventional package-dyeing machine, it is
10w possible to consider ramps of up to 16 °C/min when using
1 rapid-dyeing version [5,21]. The sensitivity to temperature
of the rate of diffusion is much greater when dyeing acrylic
ibres with basic dyes than when applying disperse dyes to
solyester fibres, so that careful definition of the optimum
tart temperature is more important than in the former case.

A graphical method for determining the critical rate of
lyeing to achieve satisfactory levelness in a minimum dyeing
ime has been published [22]. This is based on investigation of
lveing rate behaviour at constant temperature, at constant
amp, and at various applied concentrations of dye. An
iiternative approach is used in describing a graphical procedure
o derive the time--temperature profile which gives the closest
pproximation to a linear exhaustion curve [23]. The same
issumption, that a linear increase of exhaustion with time will
iive optimum levelness, was made in later work on rate of
xhaustion at constant ramp. Guidance was given on defining
he optimum start temperature and the optimum slope of the
amp [24]. In an idealized system of package dyeing, e.g.,
e with no variations of dye concentration, temperature, flow
relocity or resistance to flow within the material, the ramp
:ould be very steep without any danger of unlevelness.
Jowever, such conditions cannot be achieved in practice.
deviations from such an idealized system may be regarded as
he fundamental causes of unlevelness {25].

A dyeing system in which the rate of sorption by the
ubstrate is maintained constant throughout the whole kinetic
seriod is described as an isoreactive dyeing system. A
heoretical study of this condition was carried out using the
nodified Cegarra—Puente kinetic equation and the Arrhenius
:quation [26]. A method was proposed using the isoreactivity
-quation to calculate time--temperature programmes which

can be applied during dyeing to achieve a constant rate of
sorption. The validity of the results was established by
comparing theoretical and experimenial values of exhaustion
as a function of isoreactive time and temperature in three
dyeing systems, viz. acid dyes on wool, basic dyes on acrylic
fibres, and direct dyes on viscose rayon.

Although it has often been assumed [14,23,24,26,27] that
a dyeing cycle which results in a linear rate of exhaustion will
give the lowest risk of an unlevel result, the basis of this
preference is not well established and other work has cast
doubts on this assumption. Thus, it was shown that a dyeing
rate parameter that was proportional to the relevant degree of
unlevelness could be calculated from the exhaustion curve
[27]. A given value of this parameter could apply to several
exhaustion curves differing in shape. The parameter did not
distinguish between: (a) a curve with a steep initial slope, and
(b) a curve with an equally steep slope at a later stage. Dyes
possessing good migrating properties would be expected to
give betler results with a curve of type (a), because of the
opportunity for levelling after the initial rapid adsorption,
Systems in which migration is more difficult, such as reactive
dyes on wool or basic dyes on acrylic fibres, would not
necessarily give optimum results with either linear or type (a)
exhaustion curves.

Recently, it has been suggested that an exhaustion curve of
constant slope does not lead to optimum conditions for
levelness when the initial and final stages of dyeing relate to
points of differing slope on the adsorption isotherm. If this
stope is more gradual (at the point which corresponds to the
high concentration of the dye present in the dyebath in the
initial stage of dyeing), the expected risk of unlevelness is
lower than at later stages in the dyeing process, when the
concentration of residual dye in the dyebath may be falling
rapidly, corresponding to an increasing steepness of slope in
the adsorption isotherm. This effect is particularly critical
when applying ionic dyes at heavy depths approaching
saturation of the dyeing sites in the fibre {28].

A similar argument has been used to introduce a com-
parison of linear exhaustion with several type (a) exhaustion
curves [29]. in package dyeing with constant direction of
flow, the difference in concentration across the load of
packages is proportional to the overall rate of exhaustion, If
this rate is linear, the difference in concentration is constant
throughout, but the ratio of this difference to dyebath
concentration in the liquor at the downstream side is a small
fraction of that upstream of the load, so that the rate of
uptake is much more rapid at the upstream side. To avoid this
effect, it was considered reasonable to maintain the ratio of
concentrations between inlet and outlet constant, so that the
rate of exhaustion remains proportional to the concentration
of dye at the inlet side.

Dyeings were carried out on wool af a constant slow rate
of flow (ca 0.5 circulations/min) fo ensure that the degree of
unlevelness was sufficient to distinguish between different
types of exhaustion curve. Several alternative procedures were
compared:

(i) linear exhaustion

(ii) exponential rate equation

(iii) exhaustion proportional to root time

(iv) initial strike followed by linear exhaustion

(v) initial strike followed by exponential curve.
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In all cases investigated, using various acid or reactive dyes
applied by different methods, linear exhaustion invariably gave
significantly greater unlevelness than the non-linear pro-
cedures. The relative importance of procedures (ii} to (v)
varied with dye substrate type, and presence or absence of
levelling agent. It was concluded that the ideal shape of
exhaustion curve depends on various factors, including migra-
tion behaviour, diffusion properties and the possibility of
reaction with the substrate. If a full theoretical treatment were
possible, a single defined curve may be so close to the
optimum that theoretical variations may not result in signi-
ficant changes in degree of unlevelness except in particularly
critical circumstances [29].

Experimental

Little experimental evidence has been published regarding the
important parameters of flow rate, ramp, and package density,
particularly with respect to the relationship between these
factors and their effects on level dyeing during the package
dyeing of acrylic yarn. Accordingly, it was decided to study
the influence of these parameters in this system, in an attempt
to define more clearly the limits required to achieve a level
result since, in most cases, any limits imposed in practice had
been achieved empirically. It was also hoped that measure-
ments of rates of dyeing could be used as the link between
these three parameters and the observed degree of levelness
. achieved as the application conditions were varied syste-
matically. Finally, it was hoped that the relationship observed
between these variables could be combined into a set of simple
rules for predicting the likelihood of an unlevel dyeing
, occurring under a given set of dyeing conditions.

Yarn Preparation

High-bulk acrylic yarn, spun on the worsted system from
single-denier high-affinity Exlan (Toyo Spinning) fibre, was
used in this work. The ecru yarn was found to have the
following characteristics:
Spun count —
Folding twist —
Steam shrinkage — 26%at98°C
Relaxed count — 2/233YW.C.
Filament denier - 3.0

Effective fibre length — 122 mm

2/31.5 Y.W.C.
192 turns ‘S’ per metre

Package Preparation

All packages were prepared on a conveniional Superba
Spirovac BV continuous relaxation and winding unit. The
adjustment parameters of the winding heads were maintained
constant throughout as follows:

14 degree traverse angle wind

147 mm traverse throw end to end

360 m/min winding speed

Yarn wound on to a non-woven polypropylene centre
of internal diameter 72 mm.

B

The package densities prepared were obtained against
production specifications, whereby both the feeding-on
tension of the yarn and the force existing between the driving
barrel and the winding package were varied to obtain two
primary targets, namely:

(a) to produce a vyarn of an elliptical cross-section as
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opposed to a flat ribbon type, as laid on to the
package;

(b) to obtain a package of even density throughout the
build.

The package dimensions were designed to fit the cage and
spindle of the Obermaier single-package dyeing machine used
for the dyeings. Each package contained approximately 1 kg
of yarn with the following dimensions:

External diameter 23 ¢m
Internal diameter 7 cm
Height 12-14.5 cm
Maximum traverse 14.7 cm

Dyeability Characteristics
The dyeing properties of the yarn were determined by
established methods for basic dyes on acrylic fibres, as
adopted and further developed by Loughborough Dyeworks
Limited [30]. The average of three tests gave the following
results:

Saturation value of the fibre (Sg) 2.2

Rate of dyeing (V) 50

The concentration of retarder required was calculated from
the concentrations of the dyes used and appropri-te conver-
sion factors. The derived concentration was adjusted to ensure
complete exhaustion of the dyebath when the maximum
dyeing temperature was reached at the end of the period of
constant rate of temperature rise [30].

Dyeing Equipment

The dyeings were carried out on an Qbermaier Turbostat 1VZ
single-package dyeing machine with a Foxboro calibrated unit
for control of the rate of liquor flow. The dial of the Foxboro
controller is calibrated in arbitrary units from 0 to 100, which
correspond on a linear scale with the controlled rate of liquor
flow, which is infinitely variable in the range from 0 to 180
l/min, the maximum pump performance. For a package weight
of 1 kg, therefore, a flow rate of 10 1kg ' min™" is obtained at
a flow scale reading of 5.56. In general, for a package weight
of W kg, a flow rate of F 1 kg min™ is obtained at a flow
scale reading of 0.556 WF.

The dyeing cycle was programmed on the Withof dye-cycle
controller supplied with the Obermaier Turbostat 1VZ. The
Withof programme can be set with any combination of linear
temperature gradient(s) and constant temperature holding
period(s), but there is a limitation in setting the duration of
each step in the programme. Each step can be set for times in
the series 5, 10 15, 20, 25, 30, 35, 40, 50 and 60 min. In order
to programme a pre-determined ramp, therefore, the required
temperature increment is determined by the permitted dur-
ation of the ramp. For example, a ramp of 0.2 °C/min can
only be set for temperature increments of | °C to 8°C
inclusive, 10 °C or 12 °C. Measurements of actual dyebath
temperature during ramps of various slopes in the range
0.15 °C/min to 1.8 °C/min showed that the Withof controller
provided accurate and steady control of temperature rise up to
about 1.2 °C/min, but for steeper ramps there was a tendency
for the actual temperature to lag behind the programmed
temperature by 0.5-1 °C.



Dveing Procedure
With the exception of the deliberate changes of the important
cariables as discussed later, a standard dyeing process was
followed for this series of dyeings. The direction of liquor flow
was from inside to outside of the package throughout the
lyeing process. During dyeing, the cross-wound package of
yarn on its polypropylene centre was supported on a flexible
stainless steel dyeing spring placed over the central spindle of
the machine. The ends of the package were held by the base
plate of the stainless steel cage surrounding the package and
the upper plate, which was screwed on to the tip of the spindie
by manual pressure. The upper plate is compressed by means
of a spring load, so that the consolidation of the package
which takes place because of yarn shrinkage during dyeing is
;ompensated for by extension of this spring and the upper
plate remains in close contact with the end of the package.
The dyebath was set at 25 °C with 1% sodium acetate and
sufficient acetic acid to give an initial pH of 4.5. The package
was wetted out in water at 25 °C and the temperature raised
by 3 °C/min over 20 minutes to 85 °C. On reaching 85 “C, the
solutions of the basic dyes and the cationic retarder were
added. Circulation was continued for 5 minutes at 85 °C and
then the temperature was raised at the pre-determined ramp
for the time and temperature increments required in the
appropriate experiment. When the upper limiting temperature
of the ramp was reached, the dyeing was held at this
temperature for a further 5 minutes before cooling at
1 °C/min over 30 minutes to a temperature 30 °C below the
maximum temperature reached in the dyeing stage. The 5
minute holding periods at 85°C and at the maximum
temperature were included in the dye-cycle programme
because the Withof controlier does not allow for immediate
shanges of slape of the ramp, or from a heating ramp to a
cooling ramp.

Measurement of Dyebath Exhaustion
Dyebath samples were taken from the addition tank and from
the exhaust dyebath circulating back from the outside of the
package. In the first few minutes of dyeing at slow rates of
flow, the former reading gave too low an apparent exhaustion
and the latter reading gave much too high a value, owing to the
slow feeding rate of dye from the addition tank into the
dyeing chamber. Therefore, it was necessary to correct for
these discrepancies by calculating the % exhaustion from the
appropriate concentration of the dye under test using the
Beer's Law calibration curve as a zero-point control, rather
than by direct measurement of the dyebath at zero time. The
% exhaustion derived from sampling the addition tank is more
reliable in the early stages of dyeing than the apparent
axhaustion indicated by sampling the outlet pipe, because the
volume of liquor between the outside of the package and the
outlet pipe is considerably less than that in the addition tank
and pump circuit of the Obermaier Turbostat IVZ machine.
Most of the dyeings were dyed to a 1/1 Standard Depth
areen obtained from 0.45% Synacril Yellow 8G (IC1) and 0.5%
Synacril Blue 3G (ICI), with 1.7% Matexil LC—RA (ICl) as
retarder. These two dyes, C.I. Basic Yellow 13 (CV 3)and C.L
Basic Blue 3 {(CV 3.5) were selected as an important
compatible combination in which the rate-of-dyeing behaviour
of the components can be studied without difficulty. The
yellow dye is adsorbed a little more rapidly than the blue
zomponent, but the discrepancy is not serious enough to cause

unlevelness of hue. The absorption spectra of mixtures of
these two dyes show no evidence of interaction, and absorp-
tion of light by both dyes is negligible in the range 475—520
nm: hence no corrections are required for possible overlap of
the two spectra. A green colour is very useful for visual
assessment of unlevelness because the eye is particularly
sensitive to small colour differences in the green region.

The absorbances of the dyebath samples diluted appro-
priately for measurement were determined at wavelengths 410
nm (Yellow 8G) and 655 nm (Blue 5G) using a Hardy (General
Electric) spectrophotometer, which records the absorption
spectra over the wavelength range 380--700 nm. The %
exhaustion after dyeing time ¢ minutes was calculated by
taking the absorbance corresponding to the initial concentra-
tion of dye in the dyebath (derived from the Beer’s Law
calibration curve) as the zero-time control value and then
expressing the decrease in absorbance, after ¢ minutes, as a
percentage of the initial absorbance.

Preparation of Knitted Panels
After dyeing, each yarn package was rinsed, dried and sampled
as follows:

(a) a layer 1 cm thick was wound from the outside of the
package on to Cone 1 (outside);

{(b) further yarn was wound on to another cone, Cone 2
(middle), until the diameter of the dyed package had
been halved;

(¢) the remaining yarn was wound on to Cone 3 (inside).

The sampled yarn was knitted on a 10 gauge Ajum Flat
machine in 1:1 rib construction in continuous ascending order,
repeating the operation five times, i.e. Cone 1. Cone 2, Cone 3,
Cone 1, etc., giving fifteen panels to the final fabric swatch for
levelness assessment. Each knitting was scoured in anionic and
nonionic detergent solutions, and then rinsed five times in hot
distilled water. The knittings were spread on to a flat surface
and allowed to dry at ambient temperature before visual and
instrumental assessment of the degree of unlevelness.

Visual Assessment

The knittings were assessed in the following three categories:
(a) Level
(b) Borderline
(c) Unlevel.

The assessing panel consisted of five assessors each
concerned with passing bulk dyeings to critical outlets for
dyed yarn in the knitwear industry on a regular basis. Each
assessor reached a decision independently and assigned a
category to the knittings individually, and then all the results
were tabulated. The visual assessment assigned to each knitting
in this way represented the majority verdict by the panel of
assessors. In some instances the intermediate gradings level-
borderline and borderline-unlevel were assigned.

Instrumental Assessiment

Two methods of instrumental measurement were compared
for evaluation of the degree of unlevelness of the knittings.
Both instruments were used to obtain values for the % colour
yield of each of the fifteen panels in each knitting. Panel 2 in
each knitting — the first portion of yarn taken from the
middle region of the package - was taken arbitrarily as the
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control for comparison with the remaining panels in cach
knitting,

The more accurate of the two methods of measuring
colour yield was based on reflectance spectra obtained using
the Pretema Spectromat FS—3A spectrophotometer. The
knittings are illuminated diffusely by white fight from a
high-pressure xenon lamp and the reflected light is measured at
a point vertically above the knitting after passing through each
of 33 narrow-band interference filters in sequence. Reflec-
tances are measured, therefore, at 33 wavelengths from 390 to
710 nm. The receiving geometry is such that fluorescent
dyeings, as in the present instance, can he measured
accurately. The % colour yield is calculated trom the reflect-
ance data using a computer programme based on the
Kubelka—Munk equation. Although this method is particularly
suitable for comparing dyeings of a single dye at different
depths, it is also satisfactory for a specific mixture of
compatible dyes if their reflectance spectra do not show
evidence of interaction. The reliability of the Spectromat
method for the mixture of C.I. Basic Yellow 13 and C.L Basic
Blue 3, was confirmed by the absence of significant differences
in hue between the panels when assessed visually, or by
measurement of hue differences using the Colour Difference
Meter, as indicated later.

The ICL Colour Difference Meter (CDM) consists of a
tristimulus colorimeter to measure R, G, B values and a linked
mini-computer which controls the colorimeter and derives the
colour differences in ANLAB units according to the Adams
Nickerson formula. The measured total colour difference is
made up of components representing differences in hue,
brighiness and strength, each of which is expressed quanti-
tatively by the CDM. Colour yield can also be derived from
the CDM tristimulus co-ordinates, but the method is less
accurate than the Spectromat calculation from reflectance at
33 wavelengths. The usefulness of the CDM approach to this
type of evaluation lies in versatility of application rather than
accuracy of response. Owing to the facility by which colour
differences can be analysed in terms of differences in hue,
brightness and strength, CDM data are valid for all incom-
patible mixtures of dyes as well as single dyes and compatible
mixtures, Knowledge of the relative contributions of these
three factors to total differences between the regions of the
package often permits a more meaningful interpretation of the
phenomena responsible for the unlevel distribution.

Definition of Measured Variables
The colour yield data were used to derive the following three
criteria for expressing relative degree of unlevelness:

(2) range between extreme values of colour yield (F);

(b) ratio between the extreme values, sometimes called the

levelness factor (1.);
(c) mean deviation from the average of colour yield for
the package (M).

Two of these criteria, the extreme range K and the
levelness factor L, have been used in published work in this
field [17,27,31], but they both suffer from the limitation that
they depend only on the two extreme values measured,
whereas M takes account of all the measured data. The
suitability of these three instrumental criteria for expressing
unlevelness is assessed later by reference to their relationships
with visual assessments of unlevelness and measured values of
dye uptake per circulation of the dyebath.
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Mathematical equations have been derived from the results
detailed later to express the interdependence of the package
density P, the ramp R, the flow rate F, the rate of dye uptake
Q and the criterion of unlevelness M. The rate-of-dyeing curve
is almost linear with change in temperature or time when the
temperature is increasing slowly with time, but the shape of
the dyeing curve changes as the rate of temperature rise
becomes rapid. For steep ramps, therefore, the shape of the
rate-of-dyeing curve shows a relatively slow initial stage
followed by a more rapid later stage. Equations have been
derived to relate P, R, F and M to values of O for these two
successive stages, as well as the overall rate:

F = rate of liquor flow (1 kg 'min™)

M = mean deviatien from the average of colour yield
Q) = initial rate of dye uptake per circulation

Q2 = later rate of dye uptake per circulation

Qo = overall rate of dye uptake per circulation

P = package density

R = rate of temperature rise ("C/min).

Results and Discussion

Preliminary Dyeings

Before commencing investigation of the effect of changes in
flow rate on the rate of exhaustion and the degree of
unlevelness, a series of six preliminary dyeings was carried out,
incorporating single changes in several parameters. The
objective was to confirm that the ranges of variation selected
for subsequent study were sutficiently wide to give easily
measurable variations in exhaustion rate and to give degrees of
unlevelness that could be detected visually and instrumentally.
Details of the dyeing conditions employed are given in Table
L.

Two of these preliminary dyeings incorporated a change in

flow rate from 101 kg ' min™ to 351 kg min™. The shape of
the exhaustion curves, in the absence of retarder, was almost
linear until about half of the total exhaustion had taken place
and then the rate began to decrease gradually, so that the
second half of the process took about twice as long as the first.
Dyeings 1 and 2 were carried out in the absence of retarder at
a steep ramp of 1.8 °C/min, in order to obtain deliberately a
high degree of unlevelness. The average rate of exhaustion with
time at a flow rate of 351 kg ' min™ was mare than twice that
at 10 1 kg'min', but in terms of % uptake of dye per
circulation of the dyebath, which is more significant in
relation to the risk of unievelness, the dyeing at 101 kg™ min™
gave a considerably higher value and in fact gave a more
unlevel result, as expected.
Measurements of colour yield for dyeings 1 and 2 using the
Spectromat spectrophotometer are given in Table 2. These
results provide an interesting indication of the distribution of
dye within the dyed package in relation to rate of flow. The
contrast in depth between the inside and middle regions of the
dyeing 1 package at 10 1 kg™ min™ was several times greater
than the contrast between middle and outside regions. In the
dyeing 2 package at 351 kg 'min™", on the other hand, the
contrast between middle and outside regions was approxi-
mately twice the conirast between inside and middle regions.
Although both dyeings were markedly unlevel, the higher rate
of liguor flow in dyeing 2 had distributed the concentration
gradient more deeply into the package from the inside towards
the outside layers.



TABLE 1

Preliminary Dyeings

Dyeing No. 1 2 3
Synacril Yellow 8G (%) 0.45 0.45 045
Synacril Blue 5G (%) 0.5 0.5 05
Matexil LC—RA (%) 0 0 1.7
Ramp (°C min™) 1.8 1.8 0.15
Package Density (kg 1) 0.283 0280 0.278
Package Weight (kg) 1.12 1.18 1.18
Flow Rate (1 kg™ min™) 10 35 35
Flow Scale Reading 6.2 229 229
Pump Performance (I min ') 11.2 413 413
Rate of Circulation (circ. min™) 0.86 318 3.8
Final Exhaustion (%) 95 96 98
Exhaustion Time (min) 11 S 70
Rate of Exhaustion (% per min) 864 192 140
Uptake per Circulation (% per circ.) 10.05 604 0.44
TABLE 2
Distribution of Colour Yield within the Packages
Set of 3 Panels Dyeing 1 Dyeing 2
(101kg™ min*) (351 kg' min™)
In Middle Out In  Middle Out
et 1 124 101 96 112 104 88
et 2 124 99 94 109 103 88
set 3 123 99 94 109 102 89
et 4 126 102 94 108 101 84
set 5 125 101 95 11 102 86
Average Values 124 100 95 110 102 87

A change in ramp from 0.15 °C/min to 1.8 °C/min was
represented in dyeings 3 and 4 of the preliminary series; details
of the dyeing conditions are shown in Table 1. Increasing the
ramp in dyeing 4 to twelve times that in dyeing 3 resulted in
an increase in rate of uptake of dye by about five times,
Packages of density 0.168 kg/1 and 0.286 kg/l were used in the
preliminary work, as indicated for dyeings 5 and 6 in Table 1.
In this instance, increasing the package density by 70% was
accompanied by a 32% decrease in the rate of exhaustion per
circulation, but the two factors cannot be directly linked
because of the difference in concentration of retarder used for
the two dyeings.

[ABLE 3

Dye Uptake per Circulation and Degree of Unlevelness

Jyeing Uptake per  Visual Spectromat CDM
No. Circulation Assessment Colour Yield Colour Yield
o E L M FE L M
3 0.44 Level 3097 07 3097 0.8
6 1.31 Level 5095 14 4096 0.67
5 1.93 Borderline 9 092 2.1 12 0.89 3.1
4 2.13 Unlevel 10 091 23 4 0956 087
2 6.04 Unlevel 28 0.75 8.4 20 0.81 6.5
1 10.05 Unlevel* 32 0.74 11.8 31 0.75 10.6

*Dyeing 1 showed within-panel skitteriness as well as panel-to-panel
differences in depth.

4 5 6
045 0045 0045
05 005 0.05
1.5 2.05 233
1.8 0.15 0.15
0.286 0.168 0.286
1.12 1075 1.16

35 10 10
218 6 6.5
382 1075 116
302 083 0.89
90 96 70
14 60 60
643 1.60 1.17
213 193 1.31

Method of Estimating Degree of Unlevelness
The packages produced in the six preliminary dyeings were
measured for colour yield by the Spectromat spectrophoto-
metric method and by using the CDM tristimulus colorimeter.
The Spectromat readings for dyeings 1 and 2 have been given
already in Table 2. The degree of unlevelness in each case was
expressed in terms of the three criteria already defined:

(a) range between extreme values (£)

{b) ratio between extreme values (L)

{c) mean deviation of colour yield (M).

These results are compared in Table 3 with visual
assessments of the degree of unlevelness, as well as the average
values of dye uptake per circulation of the dyebath as already
derived for dyeings 1 and 2 in Table 1. In Table 3 the dyeings
are listed in order of increasing rate of uptake per circulation,
which agrees well with the visual assessments.
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Figure 1 — Dye uptake per circulation (Q) and extreme range

(E)

Values of £ and M derived from Spectromat data increased
progressively with rate of uptake per circulation, as expected,
and the value of L decreased in a similar way as Q increased.
These relationships are illustrated in Figures 1, 2 and 3. Similar
graphs of the relationships between () and the unlevelness
criteria K, L and M, derived from CDM celour yield measure-
ments, were less satisfactory, however, mainly because of the
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TABLE 4
Cotour Differences for Dyeing 1 Panels
Set of Total
3 Panels Difference Strength Brightness Hue
In Mid OQut In Mid Out In Mid Out In Mid Out
Set 1 26 00 0.6 +18 00 -05 06 00 +0.1 02Y 00 00
Set 2 26 05 05 +19 +0.1 -04 -06 -04 +0.1 0.1Y 00 00
Set 3 28 0.7 04 +1.% +02 03 -08 -04 +0.1 0.1Y 0.1Y 0.0
Set 4 26 06 04 +2.3 +0.1 02 -02 -05 +0.2 0.1¥Y 00 00
Set 5 27 06 0.1 +2.2 +0.2 0.1 -03 ~04 00 02Y 00 0.0
Average 26 05 04 +20 +0.1 -03 -05 03 +.1 0i1Y 00 00
TABLE 5
Colour Differences for Dyeing 3 Panels
Set of Total Strength Brightness Hue
3 Panels Difference
In Mid Out In  Mid Out In Mid Out In Mid Out

Set 1 02 00 0.1 6o 00 00 -02 00 -01 00 00 00
Set 2 01 02 0.1 0.0 00 00 -01 02 -01 00 00 00
Set 3 02 02 02 -0.1 0.0 0.0 00 01 -02 O0.1Y 0.1Y 00
Set 4 02 01 02 -02 00 0.0 00 -01 -0a1 06O 00 017
Set 5 02 0.1 02 00 00 00 -01 -0.1 -02 01Y 00 00
Average 02 01 02 -0.1 00 00 -0.1 -0.1 —-0.1 00 0.0 00
apparently anomalous results for dyeings 4 and 5 (see the last From Spectromat data From CDM data
three columns of Table 3). E =465Q E =405¢Q

In spite of the appreciable scatter of some of these results, 100(1-L)=43 @ 100 (1-L)=3.85¢
particularly those measured using the CDM, the existence of M =125¢Q M =11 @

an approximately linear relationship between each of these
criteria of unlevelness and the dyeing rate function Q seems to
be a reasonable assumption. Several dyebath parameters were
varied in this preliminary series of dyeings and, therefore,
better relationships between each unlevelness criterion and @
would be expected in a series of dyeings in which only one
dyebath parameter is varied. Nevertheless, the linear relation-
ship between M and Q, evident in Figure 3, is remarkably close
in view of the possible sources of variation at this stage. The
results in Table 3 can be reasonably represented, as illustrated
in Figures 1-3, in terms of the following simple linear
relationships passing through the origin of each graph:
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Measurements of colour difference (in ANLAB units)
between the panels in each knitting can also be used to derive
the same criteria of unleveiness, except for the levelness factor
(L), which becomes zero if the measurements on a given
knitting include the reading 0.0 ANLAB units which often
occurs. The colour-difference data obtained using the CDM are
given for dyeing 1 (the most unlevel) and dyeing 3 (the least
unlevel) in Tables 4 and 5. Positive values in the ‘Strength’ and
‘Brightness’ columns represent stronger and brighter, respect-
ively, negative values the opposite. The abbreviation Y in the
‘Hue’ columns signifies yellower. The hue component of total



colour difference is small enough to be neglected and this
provides useful confirmation of the reliability of the colour
yield approach, which becomes inaccurate if there are signifi-
cant variations in hue between the panels.

A comparison of (a) the two criteria of unlevelness derived
from colour-difference data, with (b) visual assessments of
degree of unlevelness, and (¢) the average value of dye uptake
per circulation, is provided in Table 6. It is clear by examining
these results that plots of @ against £ or M will show
considerable scatter because of the anomalous apparent
differences between dyeings 4 and 5, and the relatively low
values for the unlevelness criteria at the high values of @ for
dyeings 1 and 2. Colour differences of less than 0.5 ANLAB
units have little practical significance. This approach is,
therefore, a relatively insensitive method of deriving z suitable
criterion to express the degree of unlevelness of the dyeings.

TABLE 6
Degree of Unlevelness from Colour-difference Data

Dye- Uptake per  Visual Total
ing Circulation Assessment Difference

Strength  Brightness

No. Q E M E M E M
3 0.44 Level 0.2 005 0.2 0.02 02 005
6 1.31 Level 0.7 0.15 0.2 0.03 0.6 0.15
5 1.93 Borderline 1.2 0.28 04 0.13 1.2 0.17
4 2.13 Unlevel 04 0.07 04 0.18 03 0.05
2 6.04 Unlevel 14 045 19 057 0.7 0.20
1 10.05 Unlevel* 2.8 100 2.8 093 1.0 0.27

*Dyeing 1 showed within-panel skitteriness as well as panel-to-panel
differences in depth
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Figure 4 — Effect of flow rate on rate of exhaustion (Synacril
Yellow 8G) (ICI)

Effect of Flow Rate on Unlevelness

Dyeings were carried out at flow rates in the range 10 !
kg”min™ to 30 L kg min™ to examine the influence of this
variable on rate of exhaustion and degree of unievelness.
Details of the experimental conditions are given in Table 7. As
expected, the rate of dyeing increased progressively with
increase in the flow rate. The series of exhaustion curves for
Synacril Yellow 8G are plotted in Figure 4 to show the
similarity in shape of the curves at various rates of liquor flow.
Synacril Blue 5G gave a similar series of curves. The

exhaustion data for a similar dyeing 14 at 35 1 kg min™" (see
later) have been included to extend the range of variation of
the flow parameter.

TABLE 7

Dyeing Conditions for Variation of Flow Rate

Dyeing No. 7 8 9 10 11
Synacril Yellow 8G (%) 045 045 045 045 045
Synacril Blue 5G (%) 0.5 0.5 0.5 0.5 0.5
Matexil LC-RA (%) 1.7 1.7 1.7 1.7 1.7
Ramp (°C min™} 0.9 09 09 09 09
Package Density (kg I"') 0294 0.270 0267 0.265 0.259
Package Weight (kg) 119 119 113 1.16 1.16

Flow Rate (L kg” min') 30 25 20 1510

Flow Scale Reading 19.8 16.5 12.6 9.7 6.4
Pump Performance 357 297 226 174 116
(I min™)

Rate of Circulation 275 228 174 134 089

(circ. min™)

In dyeings with retarder at relatively steep ramps (as at
0.9 °C/min in this series), the characteristic shape of the
exhaustion curve shows a relatively slow increase of exhaust-
ion with time until 20—25% of the total exhaustion has taken
place. The slope of the curve then increases and exhaustion
proceeds at this new rapid rate until 80-90% of the dyeing
process has been completed (see Figure 4). The change in
shape of the exhaustion curve as the ramp is varied will be
discussed in more detail later. In order to express quantita-
tively the rates of exhaustion for each of these two stages of
the process, values of {0 were calculated for each stage
separately and for the two stages together as indicated in Table

initial rate of dye uptake per circulation for 0—-25%

0,

exhaustion

Q, = later rate of dye uptake per circulation for 25--75%
exhaustion

Qo = overall rate of dye uptake per circulation for 0-75%
exhaustion.

If the values of @y, @, and @, from Table 8 are plotted
directly against F, three curves are obtained which show that
the rate Q accelerates progressively as the flow rate decreases
over the range 351kg'min? down to 101kg'min™ . This
arises from the existence of a linear reciprocal relationship,
which becomes evident when Qp, @, and @, are plotted
against 1/F, as shown in Figure 5. This relationship can be
expressed in terms of the following simple equations, which
are all of the simple form @ =a/F £b. It may be noted in
Figure 5 that for very low values of 1/F, i.e. at very rapid rates
of flow (>200 lkg'min), @, has a negative value.
Apparently, the two factors responsible for @, and Q5 operate
in opposition under conditions of extremely rapid flow, but
(@, always predominates because ¢, and Q, both remain
positive.

41.2

Qo =—— +0.16 O —20+022 86 0.41
0 F . 1 F . Qz F— .

The two stages are related by the equation:
¢ =023 @, +0.33
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TABLE 8

Variation in Rate of Uptake per Circulation with Flow Rate

Dyeing No. 14 7
Flow Rate (1 kg min ) 35 30
Circulation Rate 3.25 2.75
(circ. min™")

Time (min) for Y B Y B
0—25% Exhaustion 925 105 9.5 11.5
25—75% Exhaustion 8.75 7.0 8.25 6.75

0--75% Exhaustion 17.0 17.5 17.75 18.25
Initial Exhaustion/min 2.70 2.38 2.63 2.17
Later Exhaustion/min 6.45 7.14 6.06 7.41
Overall Exhaustion/min 4.41 4.29 4.23 4.11
Initial Exhaustion/circ. 0.83 0.74 0.96 0.79
Later Exhaustion/circ. 2.00 2.21 2.20 2.69
Overall Exhaustion/circ. 1.37 1.33 1.54 1.49
Average Initiat (Q)) 0.78 0.88
Average Later (();) 2.10 2.44
Average Overall ((,) 1.35 1.52
Ratio (Q,/Q1) 2.69 2.77
Y = Synacril Yellow 8G (ICI)

B = Synacrii Blue 5G (ICI)
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Figure 5 — Dye uptake per circulgtion (Q) and reciprocal flow
rate (1/F}

Measurements of colour yield by the Spectromat and CDM
methods were obtained as already described and the derived
values of the unlevelness criteria £, L and M are given in Table
9, for comparison with the rates of exhaustion @y, @, and Q,,
and the visual assessments of degree of unlevelness. The best

TABLE 9

Dye Uptake per Circulation and Degree of Unlevelness

8 9 10 i1

25 20 15 10

2.28 1.74 1.34 (.89
Y B Y B Y B Y B
9.75 1225 10.25 130 110 13.5 1175 140
85 6.5 8.5 6.25 8.0 6.25 7.5 6.2:
1825 18.75 18.75 19.25 190 19.75 19.25 20.2:
256 2.04 244 1.92 227 1.85 2.13 L
5.88 7.69 5.88 8.00 6.25 8.00 6.67 8.01
4.11 4.00 4.00 390 3.95 3.80 390 3N
1.12 0.89 1.40 1.10. 1.69 1.38 2.39 2.0
2.58 3.37 3.38 4.60 4.66 597 7.49 8.9
1.80 1.75 2.30 2.24 2.95 2.84 4.38 4.b
1.01 1.25 1.53 2.
2.98 399 5.31 8.2
1.78 2.27 2.90 4.2
2.95 3.19 3.47 3.7

Dyeing Flow Uptake per Visual Spectromat
No. Rate Circulation Assessment  Colour Yield
F Qo G O E L M
7 30 1.52 0.88 244  Level 2 095 0.73
8 25 1.78 1.01 298  Llevel 5 096 1.13
9 20 227 1.25 399  Level 7 093 1.67
10 135 290 153 531 Borderline 6 094 207
11 10 427 220 8.24  Unlevel 9 091 340
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relationship between rate of uptake and the instrumental
criteria of unlevelness was obtained as before by plotting @
against M, the mean deviation of the Spectromat colour yield
values.

The linear relationships between M and Q are shown in

Figure 6. The three equations to the curves in Figure 6 are as
follows:
Qo = L.O6M+0.64 Q, = 0.5M+048 @, = 2.21M+ 0.62
These can be combined with the equations for Q against 1/F
above to obtain the following equation (see Figure 7)
expressing the effect of flow rate on degree of unlevelness.

39.3
—— —0.48
F

All these equations containing M have a limiting condition
for real values of M, i.e. when M= 0:
O, =064 0, =048 (O, =062 F =819

Thus, at flow rates faster than about 801kg'1 min!, which
corresponds to a rate of dye uptake of about 0.5—0.6% per
circulation, the degree of unlevelness would be so small as to
be impossible to detect by this method of measurement.

CDM
Colour Yield
L M
096 093
096 1.53
093 1.73
093 1.53

E
4
4
7
7
6 094 2.00
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TABLE 10

Dyeing Conditions for Variation of Ramp

Dyeing No. 12 13 14 15 16
Synacril
Yellow 8G (%) 045 045 045 045 045
Blue 5G (%) 0.5 0.5 0.5 0.5 0.5

Matexil LC-RA (%) 1.7 1.7 1.7 1.7 1.7
Ramp (°C min™) 0.3 0.6 0.9 1.2 1.5
Package Density

o) 0290 0275 0281 0.280 0.281
Package Weight (kg) 1.12 120 120 113 114
Flow Rate 35 35 35 35 35

(kg™ min™)
Flow Scale Reading 21.8 234 234 220 222
Pump Performance

(Lmin™) 39.2 42.0 420 39.5 399
Rate of Circulation
Effect of Ramp on Degree of Unlevelness
Dyeings were carried out at ramps in the range 0.3 °C/min to
1.8 °C/min to examine the influence of this variable on the
rate of exhaustion and degree of unlevelness. Details of the
experimental conditions are given in Table 10. The measured
values of % exhaustion of Synacril Yellow 8G (ICI) at various
ramps are plotted against time in Figure 8 to show how the
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Figure 8 - Effect of ramp on exhaustion vs time {Synacril
Yellow 8G) (ICI)
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Figure 9 — Effect of ramp on exhaustion vs femperature
(Synacril Yellow 8G) (ICI)

shape of the rate-of-dyeing curve changes as the ramp becomes
steeper. Figure 9 demonstrates for the same dye the change in
shape of the exhaustion vs temperature curve with increasing
ramp. The exhaustion data for dyeing 3 at 0.15 °C/min
are included in Figures 8 and 9 to extend the range further.
Synacril Blue 5G (ICI) gave asimilar series of curves when %
exhaustion of this dye was plotted against dyeing time and
temperature.

As the ramp increases from 0.15 °C/min to 1.5 °C/min in
Figure 8, the shape of the curve changes progressively from
almost linear at 0.15°C/min to markedly non-linear at
0.6-1.5 °C/min. For dyeing times of less than about 8
minutes (10-20% exhaustion), there is relatively little change
in the exhaustion rate with increasing ramp, particularly at the
faster ramps where the curves overlap completely in this
region. On the other hand, in Figure 9, which illustrates the
rate of change of exhaustion with temperature, there is
relatively little overlap of the curves for exhaustion values
greater than 10—15%.

These results suggest that the exhaustion curves represent
two successive stages of the adsorption process which respond
differently to the changes in dyeing time and temperature. In
the early stage, the rate of exhaustion with time is relatively
independent of temperature, and the curves at various values
of ramp tend to overlap. This tendency increases as the ramp
becomes steeper, especially above 0.6 °C/min. In the later
stage, the rate of exhaustion with time becomes dependent on
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temperature and this stage is reached more quickly the smaller
the value of ramp, especially when this is less than about
0.6 °C/min.

The reasons for these differences in response to time and
temperature are not known, but a possible explanation may be
associated with the relative influence of surface adsorption and
diffusion on rate of exhaustion. It is logical to assume that the
initial rate of exhaustion is determined mainly by the rate of
adsorption of dye on the surface of the fibre, and this may
well be a time controlled process relatively independent of
small changes in temperature, if the adsorption is occuring at a
temperature too low for significant diffusion to take place.
Diffusion from the surface of the fibre into the interior is
probably the rate-determining factor in the later stage of
exhaustion, because of the considerable increase in dye
mobility within the fibre as the temperature increases above
85 °C. When dyeing at a slow ramp, there may be sufficient
time for the structure of the fibre to adjust to the temperature
which has been reached and, therefore, the time-controlled
surface adsorption process may have a rate-determining
influence on the exhaustion curve for a greater proportion of
the total dyeing time.

In order to examine the relationship between ramp and
these two rates of exhaustion more closely, the times for
0-25% and 25--75% exhaustion of each dye were read off
from the relevant exhaustion curves. These are given in Table
L1, where they are used to calculate rates of % exhaustion per
minute and % exhaustion per circulation of the dyebath (Q)
for each of the two stages separately and for the two stages
together. It is interesting to note that the times for 0—25% and
25-75% exhaustion during these dyeings show clearly that
Synacril Yellow 8G (ICI) is taken up more quickly than
Synacril Blue 5G (ICI) in the initial stage, but the blue
component is exhausted more quickly than the yellow in the
later stage. Presumably the rate of surface adsorption is more
dependent on the higher affinity of the yellow dye and the
later temperature-controlled diffusion proceeds more quickly

TABLE 11

Variation in Rate of Uptake per Circulation with Ramp

Dyeing 3 12
Ramp (°C/min) 0.15 0.3
Circulation Rate 3.18 3.02

Time (min) for Y B Y B

0—25% Exhaustion 175 215 1325 17.0
25-75% Exhaustion 260 250 165 14.25

0—75% Exhaustion 43.5 465 29.75 31.25
Initial Exhaustion/min 143 1.16 1.89 147
Later Exhaustion/min 1.92 200 3.03 3.51
Overall Exhaustion/min .72 1.61 252 240
Initial Exhaustion/circ. 045 036 0.63 049
Later Exhaustion/circ. 060 063 1.00 1.16
Overall Exhaustion/circ. 0.54 051 083 079
Average Initial (@) 0.40 0.56
Average Later ((2;) 0.62 1.08
Average Overall (Q,) 0.52 0.81
Ratio (@, /Q) 1.553 1.93

Y = Synacril Yellow 8G (ICI)
B = Synacril Blue 5G (ICD)
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Figure 10 — Dye uptake per circulation (Q) and ramp (R)

with the lower-affinity blue, since affinity and diffusion
coefficient are usuatly inversely related.

The rates of exhaustion per circulation are plotted against
ramp in Figure 10. In view of the errors involved in
determining the times for the arbitrary stages 0—25% and
25—75% exhaustion on which Table [1 is based, the results in
Figure 10 are reasonable support for the existence of an
approximately linear relationship between Q and R, at least
for values of R in the range 0.15 to 1.5 °C/min. Equations
representing this portion of the curves are given below:

Qo = 09R+ 0.52 Q, =0.35R+045 @, = 2.08R + 039

The two stages are related by the equation:
0, = 0.17Q, +0.38.

There is insufficient evidence to indicate the shape of the
Q vs R curves at very slow rates of temperature rise (less than
0.15 °C/min). If the straight lines are continued to the Q axis,
however, it is seen that the intercepts of the three curves are

13 14 15 16
0.6 0.9 1.2 1.5
3.23 3.23 3.04 3.07
Y B Y B Y B Y B
9.25 10.5 925 10.5 9.0 105 825 95
9.0 875 795 1.0 6.0 525 50 4.25
1825 1925 170 175 150 15775 13.25 13.75
270 238 270 238 278 238 3.03 263
556 571 645 7.4 833 9.52 100 11.76
4.11 390 441 429 500 476 566 54
084 0.74 084 074 091 078 099 0386
.72 177 200 221 274 313 326 3.83
127 121 137 133 164 157 1.84 1.76
0.79 0.79 0.85 0.92
1.74 2.10 294 3.54
1.24 1.35 1.60 1.80
2.20 2.66 346 3.85



TABLE 12

Dye Uptake per Circulation and Degree of Unlevelness

Dyeing Ramp Uptake per Visual
No. {°C/min) circulation Assessment
R Q Qv
3 0.15 0.52 0.40 0.62 Level
12 0.3 0.81 0.56 1.08 Level
0.6 1.24 079 1.74 Level-
borderline
14 09 1.35 079 2.10 Borderline—
unlevel
15 1.2 1.60 0.85 294 Unlevel
16 1.5 1.80 092 354 Unlevel

very similar, although their slopes cover a sixfold range (0.35
to 2.08). This suggests that there may be a limiting rate of
exhaustion per circulation of approximately 0.4% per circula-
tion at this circulation rate of 3.02--3.23 circulations/min, i.e.
a limiting dyeing rate of 1.2 -1.25%/min, which is approached
if the ramp is decreased towards zero, and which would be
expected under conditions of constant temperature in the
region of 90°C — the mid-point of the ramp used in the
present work.

Uptake per circulation (@)

Degree of unievelness {M)

Figure 11 — Dye uptake per circulation (Q) and mean
deviation (M)

TABLE 13

Dyeing Conditions for Variation of Package Density

Dyeing No. 17 18 19 20
Synacril Yellow 8G (%) 043 0.45 045 0.45
Synacril Blue 5G (%) 0.5 0.5 0.5 0.5
Matexil LC—RA (%) 1.7 1.7 1.7 1.7
Ramp (°C min™) 0.9 0.9 0.9 09
Nominal Density (kg 1) 0.17 0.23 0.29 0.32
Package Height (cm) 12.7 14.1 13.6 12.6
Actual Density (kgi™?) 0.161 0.196 0256 0.305
Package Weight (kg) 0.842 1.114 1.132 1.125
Flow Rate (1 kg* min™) 350 350 350 350
Flow Scale Reading 16.4 21.7 22.1 219
Pump Performance (Imin ')  29.5  39.0 396 394
Rate of Circulation (circ. min?) 227  3.00 3.05  3.03

11

Speciromat CDM
Colour Yield Colour Yield
£ L M E L M
3 097 070 3 097 080
5 095 120 3 097 047
9 091 180 4 096 1.20
9 091 200 6 094 147
9 090 247 5 095 1.53
0.89 287 8 092 193
.
3 M=1.5R +0.68
E;
R
E
=)
a
0+ T T T

1.0 1.5

Ramp (R)
Figure 12 - Mean deviation (M) and ramp (R

Measurements of colour yield by the Spectromat and CDM
methods, and the derived values of the unlevelness criteria kL
and M are given in Table 12, for comparison with the rates of
exhaustion Qp, @y and @,, and the visual assessments of
degree of unlevelness. The best relationship between @ and the
instrumental criteria of unlevelness was obtained as before by
plotting against M, the mean deviation of the Spectromat
colour yield values.

21 22
0.45 0.45
0.5 0.5
1.7 1.7
09 09
0.35 0.38
12.3 12.6
0341 0362
1.112  1.034
35.0 350
217 20.2
389 36.2
2.99 2.78
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The linear relationships between M and Q are shown in
Figure 11, The three equations to the curves in Figure 11 are
as follows:

Qo = 059M+0.13Q, = 0.24M+0.27 @, = 1.39M — 0.56
These two stages are related by the equation:
¢, = 0170, +0.37

These can be combined with the equations for Q against R
above or the curve plotted directly from the data in Table 12
to obtain the following equation expressing the effect of ramp
on degree of unlevelness (see Figure 12);

M= 15R+0.68

This equation has a limiting value of M = 0.68 when R = 0,
suggesting that the limiting dyeing rate of 1.2—1.25%/min
(corresponding to 0.39% per circulation at the observed rate of
circulation) would be expected to give a degree of unlevelness
of 0.68 units when the ramp is decreased to zero, the
condition for constant-temperature dyeing at 90°C.

Effect of Package Density on Degree of Unlevelness

relatively slower increase of exhaustion with time until about
25% exhaustion had taken place, followed by a more rapid
second stage. Times for 0—25% and 25—75% exhaustion for
each dye were read off from the relevant exhaustion curves.
These are given in Table 14, where they are used to calculate
rates of % exhaustion per minute and % exhaustion per
circulation of the dyebath for each of the two stages
separately (Qy and Q,) and for the two stages together (Qp).

N Q, = 1.23P + 1.47

S

Q, =133 - 0.28P

SR

Q1= 1.02-0.867

Uptake per circulation (Q)

Packages were prepared with densities in the range 0.161 kg/l o 020 0Zs T YT

to 0.362 kgfl and dyeings were carried out under the Package density (7)

conditions detailed in Table 13, in order to assess the influence

of package density on rate of exhaustion and degree of Figure 13 - Dye uprake per circulation (Q) and package
unlevelness. The packages used for this work were prepared in density (P)

such a way that they would have densities in the range 0.270
kg/l to 0.380 kg/l when compressed to a package height of 120
mm in the cage of the Obermaier dyeing machine. In fact, it
was not possible to adjust exactly to the desired package
height by manual pressure, but the actual heights of the wet
packages immediately after dyeing were measured and are
recorded in Table 13. These results enabled the actual package
density just after dyeing to be calculated from the nominal

The rates of exhaustion were not very sensitive to changes in
package density (P). As Figure 13 shows, there was a small
gradual decrease of Q; and an approximately similar small
increase of ¢, as Pincreased from 0.161 to 0.362 kg/l; the net
effect was a slight decrease in the overall rate Q, with increase
in P. These relationships are summarized in the following
equations to these curves:

value. Qo = 1.33-0.28P Q, = 1.02-086P 0, = 1.23P+147
As already described, the exhaustion curves under these The two stages are related by the equation:
conditions were indicative of a two-stage process, with a Q, = 205-070,
TABLE 14
Variation in Uptake per circulation with Package Density
Dyeing No. 17 18 19 20 21 22
Ramp (°C min ™) 0.161 0.196 0.256 0.305 0.341 0.362
Circulation Rate 2.27 3.00 3.05 303 2.99 2.78
Time (min) for Y B Y B Y B Y B Y B Y B
0--25% Exhaustion 120 13.0 9.0 1125 975 1075 1075 1125 105 12.75 12.25 13.25
25—75% Exhaustion 13.75 1275 10.5 9.25 95 875 9.25 85 9.25 825 975 925
0—-75% Exhaustion 25.75 2595 195 205 1925 195 20.0 19.75 1975 210 220 225
Initial Exhaustion/min 208 192 278 222 256 233 233 222 238 196 204 189
Later Exhaustion/min 364 392 476 541 526 571 541 588 341 606 513 541
Overall Exhaustion/min 291 291 385 366 390 3.85 375 380 380 3.57 341 3.33
Initial Exhaustion/cire. 092 085 093 074 084 076 077 073 080 066 073 068
Later Exhaustion/circ. 1.6¢ 173 159 180 1.72 187 1.79 194 181 203 185 195
Overall Exhaustion/circ. 1.28 128 128 122 128 126 124 125 127 119 123 1.20
Average Initial (@) 0.88 0.84 0.80 0.75 0.73 0.70
Average Later () 1.66 1.70 1.80 1.82 192 1.90
Average Overall (Qp) 1.28 1.25 1.27 124 1.23 1.22
Ratio (Q,/0Q,) 1.89 2.02 2.25 243 2.63 2.1

Y < Synacril Yellow 8G (ICI)
B = Synacril Blue 5G (ICI)
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Although Q> is always larger than @, for real values of P,
he equations containing these variables show that the values
f Q, and @, are closest together at very low package
ensities and they gradually diverge as the density of the
iackage increases. This implies that the degree of non-linearity
f the rate of exhaustion curve increases with package density.
“he initial rate @4, which has been attributed to a time-
ontrolled surface adsorption process relatively independent of
mall changes in temperature, shows a gradual decrease as the
rackage density increases. This may be visualized as a
rogressive loss in accessible area of fibre surface available for
dsorption from solution owing to the closer packing of the
‘arns as the density is increased.

It is more difficult to explain the observed slow increase
vith package density of the rate for the second stage 0,
vhich has been attributed to a more temperature-dependent
yrocess of diffusion into the interior of the fibre. Possibly the
oss of accessible surface results in a slightly higher surface
.oncentration of dye on the remaining areas accessible to dye,
elative to the surface concentration at lower package density,
yut not sufficient to counterbalance the decrease in uptake
:aused by the formation of inaccessible regions under condi-
jons of tighter packing. Since the difference in dye concent-
ation between the surface and the interior of the fibre is the
Iriving force for diffusion, such an effect would presumably
ve reflected in a slightly more rapid rate of diffusion (and
econd-stage rate of exhaustion 0, ) at higher package density.

Measurements of colour vield by the Spectromat and CDM
nethods, and derived values of the unlevelness criteria E, L
ind M are given in Table 15, for comparison with the rates of
sxhaustion Qp, @1 and Q,. All the dyeings were acceptably
evel by visual assessment. This is in accordance with earlier
esults, in which the range M =1.8-2.0 corresponded to
yorderline acceptance by visual assessment and a level rating
vas found when M was significantly less than 1.9. As before.
he best relationship between Q and the instrumental criteria
»f unlevelness was observed by plotting against M, the mean
leviation of the Spectromat colour yield values.

The three equations to the curves defining the linear
elationships between M and (), are as follows:

Qo =131 —0.05M Q=097 — 0.16M Q, = 0.24M + 1.52

The two stages are related by the equation
Q1 = 198 — 067Q2

These can be combined with the equations for  against P
ibove or the curve plotted directly from the data in Table 15

TABLE 15

Dye Uptake per Circulation and Degree of Unlevelness

M =573P - 0.26

1

Degree of unlevelness (M)

0.15 0.20 0.25 0.30 0.35
Package density (P}

Figure 14 — Mean deviation (M} and package density {P)

to obtain the following equation expressing the effect of
package density on degree of unlevelness (see Figure 14):
M= 53P -0.26

If the condition for perfect levelness (M = 0) is applied to
this equation, this gives a theoretical value of P = 0.049 kg/l.
In practice, however, channelling would certainly occur at a
package density as low as this and a phenomenon of this
nature cannot be represented in an equation derived from
results obtained within the range # = 0.161—0.362 kg/l.

Linear equations have now been obtained relating the rate
of exhaustion per circulation (@) to the three variables flow
rate (F), package density (P) and ramp (R). These can be
combined into a single equation as follows:

Op = 1.33- 0.28Pwhen F = 35and R = 0.9

412

Qo = —F +0.16 when P=0.271 and R =09

Qo = 09R +0.52 when F = 35and P = 0.281.

From the general equation Qo = 411F_2_ —0.28P+09R+C

it follows that 4_11F_2 +09R+C=133when F=35and R=09
Therefore C= —0.66.

. 41.2
Similarly, T 0.28P + C=0.52 when F = 35and P=0.281
Therefore C = —0.58.

Similarly,C — 0.28P+09R =0.16 when P =0.271 and R =09
Therefore C=-0.57.

Dyeing Package Uptake per Visual Spectromat CDM
No.  Density circulation Assessment  Colour Yield Colour Yield
P Qo O O E L M E L M
17 0.161 1.28 0.88 1.66 Level 3 097 060 S5 095 1.53
18 0.196 125 0.84 1.70 Level 4 096 087 6 094 1.20
19 0256 127 0.80 1.80 Level 6 094 107 7 093 1.67
20 0305 125 075 1.82 Level 5 095 120 6 094 1.73
21 0341 1.23 073 192 Level 6 094 160 9 091 193
22 0.362 122 070 1980 Level 7 093 1.73 10 090 2.27
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The equations relating @ and M to £, P and R can all be
derived in a similar way:

o = 4—;—2— —0.28P+09R - 0.6

20

o4 0.86P+0.35R +0.13

8
O = FG +1.23P+2.08R — 2.63

M= 313_'-3 +53P+15R 193

Each of these equations can be used to construct a
four-dimensional matrix of curves relating either the rate of
dye uptake per circulation or the degree of unlevelness to the
three dyebath parameters. Such a matrix can be used to
indicate which combination of flow rate, package density and
ramp will give a pre-determined rate of % exhaustion per
circulation, or to predict the degree of unlevelness expected
from a given combination of the three parameters. Diagrams,
based on the equation linking M with F, P and R, are shown in
Figures 15 to 18 to illustrate the use of this equation. The
same principles apply to the equations defining Qy, O, and
(2, the rates of dye uptake per circulation.

Figure 15 shows the increasing degree of unlevelness with
decreasing flow rate for packages of various densities at a ramp
of 0.9 °C/min. Superimposed on the diagram is the band
between M =18 and M=2 which, according to the visual
assessments of unlevelness recorded previously, represents the
borderline region between visually acceptable and unaccept-
able degrees of unlevelness. The diagram indicates that a flow
rate of 30 1 kg’ min™" or higher is necessary to obtain
satisfactory levelness with a package of density 0.2 kg/1 at this
ramp, At a flow rate of 30 1 kg™ min™, level results are only
obtained with packages of density 0.2 kg/l or less, but at 501
kg™ min™', package densities of 0.3 kg/l or less can be dyed
without risk of unlevelness under these conditions.

The relationship between degree of unlevelness and ramp
at various rates of liquor flow is illustrated in Figure 16 for a
package of density 0.3 kg/l. When the ramp is only 0.1
°C/min, any rate of flow above 20 1 kg™ min™ will give a level
result, but at 0.9° C/min, a flow rate of at least 50 1 kg ' min
is necessary. If the machine gives a flow rate of 30 1 kg! min™
with packages of this density, a ramp of 0.5 °C/min should not
be exceeded or unlevelness may occur. Similar conclusions can
be drawn from Figure 17, which refers to a flow rate of 35 1
kg™ min™'. Under these conditions, a package of density 0.15
kg/l can be given any ramp up to 1.2 °C/min, but at 0.32 kg/I
a ramp which exceeds 0.6 °C/min may cause unlevelness.

The curves of flow rate against ramp at various package
densities in Figure 18 are plotted for the borderline condition
when M =1.9. The general equation for these curves is as
follows:

39.3
3 +53P+1.5R=3.83

As the diagram shows, a package of density 0.35 kg/l can
only be dyed level if the flow rate is high enough and the ramp
gradual encugh to fall within the upper left sector of the
diagram. As the package density is decreased from 0.35 kg/l to
0.15 kg/l, a progressively larger area of the diagram represents
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evel-dyeing conditions, as steeper ramps and slower rates of
flaw can be tolerated with the more permeable packages.

Conclusions

Package-dyeing techniques for acrylic fibre yarns have attrac-
ted increasing attention in recent years and studies of the
controlling variables in this system help to explain practical
observations and to provide a framework for rationalizing the
dyeing procedure. Published work on package characteristics
has been concerned with the investigation of flow patterns
within packages, the relevance of package shape and permea-
bility, and the relation between flow rate and package density.
The rate of exhaustion per circulation of the dyebath through
the package, rather than the rate of exhaustion with time. has
been recognized as one of the most important factors
controlling levelness. Sensitivity to small changes in dyeing
temperature is one of the characteristic features of the acrylic
dyeing process and the critical upper limit of rate of
temperature rise for uniform uptake of dye is determined by
the rate of uptake per circulation.

The investigation described in this paper has been con-
cerned with quantifying the relative contributions of flow rate
{constant rate of liquor flow), ramp (constant ratc of
temperature rise) and package density to the attainment of a
level dyeing. Levelness was assessed visually and instrument-
ally, and rates of dye uptake per circulation were measured to
provide a direct indication of the effects of the dyebath
parameters on the dyeing rate function which controls the
degree of levelness attainable.

Instrumental estimation of degree of unlevelness is more
sensitive if based on measurements of colour yield rather than
colour differences. A spectrophotometric method was more
accurate than use of a tristimulus colorimeter to determine
colour yield. The absence of significant variations of hue in the
colour-difference data confirmed the reliability of the spectro-
photometric method for this mixture of compatible dyes. In
the case of the more unlevel dyeings, measurement of colour
yield in different regions of the dyed package gave an
interesting indication of the influence of the rate of liquor
flow on the distribution of dye within the dyed package.

The mean deviation (M) from the average value of colour
yield within the dyed package was found to be a more
accurate and reproducible criterion of degree of unlevelness
than the range between the extreme values of colour yield (£),
or the ratio between the extreme values, some times called the
levelness factor (). Linear relationships were obtained bet-
ween (, the % exhaustion per circulation of the dyebath, and
these three possible criteria — £, L and M. Linear relationships
were also obtained between M or Q and the reciprocal of the
rate of flow (1/F).

When the flow rate was varied in the range 10 1 kg™ min™
to 35 1 kg min™! at a ramp of 0.9 °C/min, a green dyeing at
1/1 Standard Depth using Synacril Yellow 8G (ICI) and
Synacril Blue 3G (ICI) with Matexil LC—RA as retarder began
to show significant unlevelness by visual assessment if the flow
rate was less than 20 I kg™! min'. At flow rates faster than
about 80 | kg”' min™, which corresponded to a rate of dye
uptake of about 0.5-0.6%/circulation, the degree of unlevel-
ness would be so small as to be impossible to detect by this
method of measurement.

In the dyeing system selected for this work, the shape of
the rate-of-dyeing curve changes with rate of temperature rise.

As the ramp becomes steeper, the shape of the exhaustion
curve changes from almost linear at 0.15 °C/min to markedly
non-inear at 0.6—1.5 °C/min. This effect is attributed to a
difference in temperature-sensitivity between the rates of two
successive stages of the adsorption process. It is suggested that
the initial rate of exhaustion is determined mainly by the rate
of adsorption of dye on the surface of the fibre as a
time-controlled process relatively independent of small
changes in temperature. Diffusion from the surface of the fibre
into the interior is probably the rate-determining factor in the
later stage of exhaustion, because of the considerable increase
in dye mobility within the fibre as the temperature increases
above 85°C. Synacril Yellow 8G (ICI) is taken up more
quickly than Synacril Blue 5G (ICI) in the initial stage, but the
blue component is exhausted more quickly than the yellow in
the later stage. Presumably the rate of surface adsorption is
more dependent on the higher affinity of the yellow dye and
the later temperature-controlled diffusion proceeds more
quickly with the lower-affinity blue.

Linear relationships were obtained between ramp (R) and
the rate of exhaustion per circulation of the dyebath,
expressed either as the overall rate (Jy) or as separate rates for
the successive stages of the exhaustion process (@, and Q2).
All three of the curves of { against R gave intercepts close
together on the Q axis, suggesting that there may be a limiting
rate of approximately 0.4%/circulation at the observed
circulation rate of slightly more than 3 circulations/min. These
conditions correspond to a limiting dyeing rate of just above
1.2%/min, which is approached if the ramp is decreased
towards zero, and which would be expected under constant-
temperature conditions in the region of 90 °C, the mid-point
of the ramp used in the present work. The observed empirical
relationship between degree of unlevelness (M) and ramp
indicates that this limiting dyeing rate would be expected to
give a degree of unlevelness of just less than 0.7 units.

The empirical linear equations relating the rate of dye
uptake per circulation to package density, ramp and the
reciprocal of the rate of flow can be combined into a single
equation which indicates which combination of these three
dyebath variables is required to obtain a pre-determined rate
of dye exhaustion per circulation. [n the same way, the
equation relating the degree of unlevelness criterion to package
density, ramp and flow rate can be used to predict the degree
of unlevelness to be expected from a given combination of
these dyebath parameters.

Although this investigation has been confined to one fibre
type and dyes with compatibility values of 3, the rate of
exhaustion per circulation and the degree of unlevelness as
defined in this paper are both dimensionless quantities. They
are therefore not dependent on the characteristics of the
dyeing machine or the colorimetric co-ordinates of the dyes
used. Thus, it can be concluded that the equations obtained
have reasonably wide applicability to other situations in the
package dyeing of acrylic yarn.

Thus, in the practical dyeing situation, level dyeing can be
optimized by the adjustment of two parameters:

(a) retarder concentration is calculated and will be influ-
enced by the CV of the dyes and the dyeability
parameters of the fibre (Sg and V)

(b) ramp can be adjusted to allow for package density and
flow rate of the machine.
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Package density of a given type of yarn and flow rate of a
en machine will usually be standard values, and so the

maximum ramp that will permit satisfactory levelness with a
particular dye recipe is readily determined.

It is hoped that the present work has added to the

fundamental knowledge of dyeing acrylic fibres with basic
dyes and will thereby enable processing parameters for level
dyeing to be defined in the practical situation on a systematic
basis.
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