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Abstract A novel methodology and a special fluid dynamics coloration machine were successfully

constructed, and then the uptake behaviors of an acid dye on silk fabric under different flow sta-

tuses and parameters were explored for the first time. The obtained results show that the traditional

additions of auxiliaries will not significantly change the kinematic viscosity of the dyeing bath. As

coloration flow status was in laminar, transitional and turbulent flow, respectively, the dye uptake

behaviors on the silk fabric were significantly different. Meanwhile, decreasing the bath pH value

and increasing the temperature of the dyeing bath had a significant positive effect on the dye uptake

behaviors in different flow statuses. Additionally, coloration in laminar or transitional flow pre-

ferred a relatively low dosage of neutral salt, which benefits to a cleaner production. Additionally,

high coloration performance with color-fastness to washing and rubbing of the dyed silk at 4-grade

or above was achieved under different flow statuses. The results further clearly indicate that the con-

structed method and self-built fluid dynamics coloration machine are helpful to investigate dye

uptake behavior in different flow statuses, and are potentially beneficial to an efficient process

and parameters design for cleaner production in textile coloration.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent decades, with the development of the textile industry, envi-

ronmental pollution has become increasingly severe (Chen et al.,

2019; Liu et al., 2021; Hasanbeigi and Price, 2015). At the same time,

with the increasingly strict environmental protection legislations and

improved environmental protection awareness, how to reduce the

use of auxiliaries and minimize the discharge of dyeing wastewater

accompanied with maintaining or even improving coloration perfor-

mances, has become the focus of research (Ozturk et al., 2016; Xiao

et al., 2017; Library, 2017). Accordingly, a series of environmentally
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friendly coloration methods, such as supercritical carbon dioxide dye-

ing, photocatalytic technology, etc., have been successfully developed

and investigated for the green and sustainable manufacturing of textile

products (Long et al., 2012, 2014,2015; He et al., 2021; He et al., 2019).

Moreover, as regards to traditional textile dyeing methods, the influ-

ences of dyeing performance or dye uptake behavior on textile sub-

strates during a process from various parameters, such as dyeing

temperature, dyeing duration, pH value, the amounts of auxiliaries,

have become a key point for applications in practice as well as the

hot topic of academic research (Tzanov et al., 2003; Guo et al.,

2020; Chairat et al., 2005; Zhang et al., 2020). However, during the

conventional textile dyeing processes, particularly for those exhausting

processes, the influences from the flow statuses of aqueous dyeing

media or its Reynolds number on the dye uptake behavior or dyeing

performance onto textile substrates are often ignored easily and very

lack in the literature, even though it is very important to design and

control an efficient coloration process along with energy conservation

and discharge reduction.

Theoretically, the flow status of a fluid can be divided into typical

three types, laminar flow, transitional flow and turbulent flow, accord-

ing to its Reynolds number (Lin, 2013). Reynolds number (Re) is a

dimensionless physical quantity, as shown in formula (1), which is pro-

portional to the average flow velocity (u) in the cross section of a fluid

and the characteristic diameter (d) of its flowing pipe, and inversely

proportional to the kinematic viscosity (m) of the fluid (Pavelyev

et al., 2003). Generally, as for circular pipe flow, the fluid is in laminar

flow status as its Reynolds number is less than 2300, then a transitional

flow status could be observed as its Reynolds number is between 2300

and 4000, and finally a turbulent flow could be further achieved as the

Reynolds number is over 4000 according to the Nicholas curve and

Modi diagram (Lin, 2013).

Re ¼ ud

t
ð1Þ

In a laminar flow, the influence of viscous force is greater than the

inertial one on its flow field, and the viscous force plays a dominant

role in the actions of the fluid micro mass (Lin, 2013). Under the action

of viscous force, the disturbance of the fluid in the flow field is atten-

uated, and the flow is in a stable state. The micro mass in this kind

of flow moves along a smooth straight line paralleling to the pipe axis,

and there is no obvious irregular pulsation in the trajectory of the fluid

micro mass. There is only momentum transfer caused by molecular

thermal motion and no mass transfer between adjacent fluid layers

(Javed et al., 2020; Guha, 2008). However, in a turbulent flow, the

influence of inertial force is greater than viscous one on its flow field,

and then the inertial force plays a dominant role in the actions of

the fluid micro mass and/or micro clusters (Lin, 2013; Annus and

Koppel, 2011(20); Mullin, 2011). In this case, the fluid micro mass

and/or micro clusters not only have lateral pulsations but also reverse

their motions which are mainly contributed to the total motion of the

fluid. Therefore, the trajectory of the fluid micro clusters is extremely

disordered and changes rapidly in a turbulent flow. There is not only

dose momentum transfer occurred in the turbulent flow, but also heat

and mass transfer simultaneously happen between their adjacent fluid

layers, and the transfer rate is several orders of magnitude higher than

that of laminar flow (Afzal et al., 2020). Transition flow is a kind of

flow status between laminar and turbulent flow, and the motions of

fluid micro clusters are more complex than laminar and turbulent ones

(Lin, 2013; Mullin, 2011). Therefore, different flow statuses of col-

oration fluid could readily lead to different motions of the fluid micro

clusters, ions and/or molecules of dyes and auxiliaries in the dyeing

bath, which could remarkably impact on the dye uptake behavior

and performance onto the textile substrate. Particularly, Etters

(Etters, 1995) also pointed out that the diffusion rate of a dye was

greatly affected by the dyeing liquid flow status. Krichevsky

(Krichevsky, 1985) further indicated that the diffusion rate of a dye

mainly depended on the dyeing liquid flow rate. Consequently, to con-
trol an appropriate dyeing liquid flow status is the most direct and sim-

ple way to facilitate an efficient uptake process on the fabric.

Up to date, many methodologies and some parameters have been

developed and investigated to overcome the influences and/or reason-

ably utilize the coloration fluid flow statuses for an efficient mass and a

heat transfer in dyeing bath to achieve satisfactory colorations in

actual production processes. Mahdi (Mahdi et al., 2020), Luepong

(Punyachareonnon et al., 2021), Adeel (Adeel et al., 2020), Mansour

(Mansour and Heffernan, 2011) and Boonla (Boonla and Saikrasun,

2013), etc., explored the effects of temperature, pH value, auxiliary

concentration, and other factors on the dye uptake behavior on silk,

and successfully developed a series of dyeing methodologies for silk,

such as plasma, ultrasonic, and microwave assistant coloration meth-

ods. Although these researches have successfully improved dye uptake

behaviors on silk substrate to some extent, there are still some defects

needed to be improved further, such as complicated dyeing procedures

and a relatively large amount of auxiliary agents involved. Moreover,

among all those methodologies, the control of fluid flow status is a

basic, direct and efficient method to alter and improve the mass and

heat transfer for coloration, as well as to conveniently adjust the thick-

ness of the diffusion layers in dyeing bath. But unfortunately, up to

now, there is no any professional, suitable method and efficient equip-

ment or machine to investigate or explore the uptake behaviors of dye

molecules conveniently in different flow statuses in dyeing baths, as

well as the influences from system parameters.

The purpose of this work is to construct a novel methodology and a

special fluid dynamics coloration machine equipped with a circular

pipe for conveniently and efficiently investigating and exploring the

uptake behaviors and performances of an acid dye on silk fabric for

the first time in different fluid flow statuses, as well as in order to con-

struct or develop some possible basic knowledge for sustainable and

cleaner production in textile coloration. Simultaneously, the influences

of various parameters for different fluid flow statuses, such as Rey-

nolds number, pH value, temperature, application of anhydrous

sodium sulfate and peregal O, were also investigated and optimized

for the development of cleaner production in textile coloration.

2. Experimental section

2.1. Materials and chemicals

A pure silk fabric with a specification of 65.0 g m2 and a plain

weave, which was fully bleached and degummed, was used in
this work. A commercial acid dye (C.I. Acid Red 134) was uti-
lized for silk dyeing in this work, which was kindly supplied by

Shanghai Anoqi Group Co., ltd. (Shanghai, China) and its
molecular chemical structure was depicted in Fig. 1. The com-
mercial peregal O (fatty alcohol Polyoxyethylene ether O) was

supplied by Wuxi Yatai United Chemical Co., ltd. (Wuxi,
China). Other chemicals, such as anhydrous sodium sulfate,
disodium hydrogen phosphate dodecahydrate and citric acid

monohydrate, used in this work all were analytical pure grade
and purchased from Sinopharm Chemical Reagent Co., ltd.
(Shanghai, China).

2.2. Apparatus and procedures

2.2.1. Development of fluid dynamics machine and the uptake of
acid dye on silk in various flow statuses

As shown in Fig. 2, the development of the coloration machine
was mainly composed of a pump (10), a regulator box at the

top (4), a reservoir at the bottom (1), a coloration circular pipe
(7), a proportional valve (8) and a flow meter (9), etc. As the
pump was working, the coloration fluid in the reservoir could



Fig. 1 The chemical structure of the employed C.I. Acid Red

134 dye.
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be transported up to the regulator box and then flowed

through the coloration circular pipe with a constant fluid level
difference to maintain the stability of the fluid during a col-
oration process. Furthermore, the proportional valve was
employed to control the flow velocity of the coloration fluid

in the circular pipe, and the flow meter was used to accurately
Fig. 2 Schematic diagram of the self-built special fluid dynamics color

Shelf; (4): Regulator box for coloration fluid; (5): Overflow plate; (6):

valve; (9): Flow meter; (10): Pump; (11): Circular pipe; (12): Fabric st
measure the corresponding flow velocity of the coloration
media passed through the circular pipe.

Meanwhile, a series of the lamelliform holders in a concen-

tric semicircle shape with a radius varying from 10.0 mm to
2.5 mm were made and set in the coloration circular pipe
according to a specific experimental requirement with a dis-

tance varying from 7.5 mm to 15.0 mm from the pipe inner
wall, respectively, as shown in Fig. 2. Then a silk fabric strip
in a dimension of 70.0 � 1.5 cm (Length and width) was fixed

on the arc-shaped holder for performing a dye uptake process.
Therefore, a utilized Reynolds number on the fabric strip sur-
face could be equal everywhere in a predetermined circular
pipe flow layer during an uptake process.

Accordingly, the uptake process of the acid red dye 134 on
silk fabric was carried out in the self-built special fluid dynam-
ics coloration machine as follows. After preparation for the

dyeing bath according to the recipe of silk fabric coloration
(namely, a certain amount of anhydrous sodium sulfate and
peregal O with the presence of the acid red dye at 0.05 g/L

in 200 L aqueous bath, along with pH value at 5.0 with for
30.0 min duration), the dyeing bath was then heated to a pre-
determined temperature, and was continuously elevated and

charged into the regulator box from the reservoir by the pump.
As the liquid level of the coloration fluid reached the maximum
height of the overflow plate to meet experimental request, the
proportional valve was switched on and adjusted to a required

value, particularly to realize a coloration process under differ-
ent flow statuses or Reynolds numbers, as shown in Scheme 1
(A, B). Then the aqueous coloration fluid in the regulator box

was flowed through the coloration pipe circularly under con-
ation machine for silk dyeing. (1): Reservoir; (2): Heating unit; (3):

Steady flow plate; (7): Coloration circular pipe; (8): Proportional

rip holder in a concentric semicircle shape; (13): Silk fabric strip.
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stant pressure and formed a stable, predetermined flow status
for a hydrodynamic coloration process. Thus, the acid red dye
molecules or ions as well as the employed auxiliaries in the col-

oration solution could adsorb and uptake onto the silk fabric
strip on the arc-shaped holder via their various interactions, as
the fluid was flowing through the coloration pipe with a con-

trolled flow status and other conditions, as shown in Scheme 1
(B, C, D). Finally, after the requested coloration duration, the
silk fabric strip was taken out and fully rinsed with tap water

to remove some excess dye molecules, auxiliaries and other
impurities on the fabric substrate. Then the colored fabric sam-
ples were dried in air at a room temperature and conditioned
at 25.0 �C with a relative humidity of 60.0 % ± 5.0 % for

24.0 h before further measurements.
2.2.2. Measurement of kinematic viscosity for the employed
aqueous coloration fluid

The kinematic viscosity (m) of the employed aqueous col-

oration fluid was measured at 27 �C by employing an ubbelo-
hde viscometer (Shanghai Liangjing Glass Instrument Co.,
ltd., China), in which the inner diameter of the capillary is

0.3–0.4 mm. The coloration fluid media mainly involved a
dosage of the acid red dye at 0.05 g/L, 0–20 g/L of anhydrous
sodium sulfate and 0–0.8 g/L peregal O. A duration（t）for
the coloration fluid to flow through a certain height in the cap-

illary was accurately measured by a stopwatch, and then the
kinematic viscosity of the coloration fluid could be calculated
according to the equation (2) and the known viscometer con-

stant（K, K = 0.002472 mm2/s2 in this work）(Hughes and
Rhoden, 1969).

t ¼ K� T ð2Þ
2.2.3. Color measurement

The color characteristic parameters on an individual dyed silk
fabric were indicated by L*, a*, b*, C*, h� values and color
intensity (K/S value), which were measured on an UltraScan
PRO instrument (HunterLab. Co., ltd., USA) by employing

a simulated D65 light source lamp and a 10�visual angle with
a measurement aperture at 6.6 mm. Furthermore, the color
intensity (K/S value) of the silk fabric substrate was measured

according to the Kubelka-Munk equation with its characteris-
tic maximum absorption wavenumber (kmax) at 570.0 nm for
the acid red dye (Guo et al., 2020; Long et al., 2011). Each silk

sample to be measured was in an 8-folded form and twelve dif-
ferent sites were applied to. Then, as depicted in equation (3),

an average value (K=S
�

) of the measured K/S values was

obtained for an individual sample (Tzanov et al., 2003; Yan
et al., 2020; Fan et al., 2019), and utilized as the final result
to evaluate the final color intensity of a sample to characterize
the acid dye uptake behavior on silk substrate in this work.

K=S ¼ 1

n

Xn

i¼1

ðK=SÞi; kmax
ð3Þ

where i = 1, 2, 3. . . n (in this work n = 12), refers to the dif-
ferent sites measured on a silk sample; ðK=SÞi; kmax

is for the

color intensity measured at an i site on a silk sample at the
characteristic maximum absorption wavenumber (kmax) of
570.0 nm.
2.2.4. Color fastness assessment

According to China textile criteria of GB/T 3921.1-2008A

(2008; equivalent to ISO 105-C10:2006 A (1)), the wet-
washing fastness assessment was carried out by employing a
washing-fastness apparatus (SW-12A, Changzhou Depu textile

technology Co., ltd., China) with a liquid ratio 1:50 and 5.0 g/
L soap powder at 40.0 �C for 30.0 min; and an adjacent fabric
of SDC Multifibre DW (product code 2115, SDC Enterprises

Co., ltd., UK) was used for staining fastness assessment. Addi-
tionally, according to China textile criteria of GB/T3920-2008
(2008; equivalent to ISO 105-X12:2001), a series of rubbing
fastness tests were also performed by employing a rubbing tes-

ter (Y571B, Nantong Hongda Experiment Instruments Co.,
ltd., China) with standard rubbing cotton cloth in dry and
wet states, respectively. Then the evaluation of the rubbing

fastness was further carried out by employing CTA grey scale
according to China textile criteria of GB/T3920-2008 (2008).

3. Results and discussion

3.1. Investigation of the kinematic viscosity of coloration fluid
with various components

Generally, the kinematic viscosity of a coloration fluid is

directly related to its flow status and impacts an important
influence on it in the bath. Therefore, in order to conveniently
and accurately investigate the coloration fluid flow status, the

influences of the main components of the coloration fluid, such
as the various dosages of anhydrous sodium sulfate at 0–20 g/
L and commercial peregal O at 0–0.8 g/L ranges on the kine-
matic viscosity, were explored and made sure at the first step,

respectively, with the presence of the Acid Red dye at 0.05 g/L
and a bath temperature at 27 �C. The obtained results were
depicted in Fig. 3.

Fig. 3 clearly shows that under a constant bath temperature
at 27 �C, the kinematic viscosity (m) of the employed coloration
fluid showed some alterations, but did not change significantly

with the presence and increase of the concentration of sodium
sulfate and peregal O, respectively, in comparison with the
pure water. With respect to the additions of anhydrous sodium
sulfate in the coloration fluid, a weak enhancement in the kine-

matic viscosity (m) from 0.853 to 0.887 mm2 s�1 was deter-
mined as the anhydrous salt increased from 0 to 20 g/L.
However, almost no any influence on the kinematic viscosity

(m) from 0.852 to 0.854 mm2 s�1 was also achieved with the
presence of the peregal O at a relatively low application of
0–0.8 g/L in the coloration fluid.

Theoretically, as for the absolute main component in the
aqueous coloration fluid, water possesses a unique three-
dimensional network structure which is constructed and main-

tained by numerous hydrogen bonds (Bowen and Yousef,
2003). Therefore, an internal friction resistance could be natu-
rally and immediately occurred as some portions of water or
its layers have some relative motions against the bulk, which

shows an instinctive property to impede those motions from
their adjacent layers or portions. It is obvious that the internal
friction resistance is the original resource of the production

and existence of the dynamic or kinematic viscosity (m) in the
water media or other fluids. Thus, any factors which tend to
change those interactions of the water molecules and their net-

work structures could readily impact some influences on the



Fig. 3 Influence of the main components of the coloration fluid

on its kinematic viscosity at a bath temperature of 27 �C with the

presence of anhydrous sodium sulfate at 0–20 g/L (D), peregal O at

0–0.8 g/L ( ) and the acid red dye at 0.05 g/L.

Fig. 4 Influence of the coloration fluid on the dye uptake

behavior of silk fabric in a laminar flow (j), a transition flow ( )

and a turbulence flow ( ) statues, respectively, along with the

coloration conditions at: 0.05 g/L the acid dye, 5.0 g/L anhydrous

sodium sulfate, 0.2 g/Lperegal O, an initial pH value of 5.0, 70 �C
coloration temperature with 30.0 min duration.
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media viscosity, particularly for the kinematic viscosity (m).
Accordingly, with the presence and increased concentration
of the sodium sulfate salt in the coloration aqueous, the more
dissolved and ionized sodium and sulfate ions would enhance

the polarity of the solution, and induce more polarization of
those water molecules to modify and strengthen their interac-
tions and network structures. Particularly, the hydration of

one sodium ion with six water molecules would further inten-
sify those modifications with the increased concentration of the
salt in the coloration fluid. Moreover, as a typical neutral salt,
the higher concentration of the sodium sulfate, the more aggre-

gation and/or bigger microclusters of the acid red dye mole-
cules could be occurred due to the weakened coulomb
repulsions among the dye ions and/or micelles, this was also

equal to intensify the inner structures of the coloration fluid.
Therefore, all those possibilities resulted in the slight increase
tendency of the kinematic viscosity of the coloration fluid in

Fig. 3. However, the almost no change in the kinematic viscos-
ity with the addition and increase of the peregal O shows that a
nonionic surfactant, especially for a low applied dosage in the

coloration fluid impacted a very less or neutral influence on the
water and the coloration media structures.

Briefly, as the achieved overall results in the aqueous col-
oration system above, a negligible effect of the applied auxil-

iaries and their tested dosages on the kinematic viscosity (m)
was obtained. Consequently, a convenient, simple and practi-
cal way was employed to calculate the Reynolds numbers of

various aqueous fluids for different coloration processes in this
work, by utilizing the kinematic viscosity of the pure water at a
corresponding bath temperature according to the equation (1)

and (2). This is a basis as well as helpful to further investigate
the influence of the coloration fluid flow statuses on the acid
dye uptake behavior and performance on silk substrate.
3.2. The uptake behaviors of the acid dye in different coloration
fluid flow statuses

In order to explore the characteristics and the influences of the

coloration fluid flow statues on the acid dye uptake behavior
onto silk substrate, a series of colorations were carried out at
different fluid flow statuses controlled by various Reynolds

numbers varying from 1000 to 12000 in the coloration pipe.
The achieved results are shown in Fig. 4.

Fig. 4 demonstrates that very different and remarkable

characteristics and influences from the fluid flow statues as
the Reynolds number ranging from 1000 to 12000 on the dye
adsorption performances were observed. As the coloration
fluid was in a laminar flow status with the Reynolds number

between 1000 and 2300, the silk fabric K=S
�

value, which char-
acteristically represents the dye uptake behavior on the silk
substrate, was integrally much improved with the Reynolds

number increase, accompanying with a maximum value at
the Reynolds number of 1750. In particular, it presented a
peak function distribution, and well conformed to a Gauss-

Mod model with a relatively high regression coefficient of
determination R2 at 0.993 as shown in Table 1.

While the coloration fluid was in a transition flow status

with the Reynolds number between 2300 and 4000, the dye
uptake behavior on the silk substrate was decreased first and
then improved with the increase of the Reynolds number,

attaining the maximum K=S
�

value with the Reynolds number
at 2500. Moreover, it also followed a peak function distribu-
tion, and well conformed to a Bigaussian model with a rela-
tively high regression coefficient of determination R2 at

0.965, as depicted in Table 1. Additionally, as the coloration
fluid was in a turbulent flow status with the Reynolds number
over 4000, the dye uptake behavior on the silk substrate was

further continuously and much improved with the increase
of Reynolds number. As depicted in Table1, it exhibited an



Table 1 Possible uptake models of the employed acid red dye 134 on silk fabric under different flow statuses.

Flow status Model Equation R-Square

Laminar GaussMod a 0.993

Transition Bigaussian b 0.965

Turbulence Exp3P1Md c 0.977

a : y ¼ 13:4þ 2:48� exp 1� 10�6 � x� 1500ð Þ=4427:2� �� erf x�1500
12:6 � 0:0007=sqrt 2ð Þ� �þ 1

� �
=2,

b : y ¼ 16:6� 1:3� exp� x� 2935:2ð Þ2=29963:5;
c : y ¼ expð2:9� 258:1= x� 2333:2ð ÞÞ:
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exponential function distribution, and well followed to an
Exp3P1Md model with a relatively high regression coefficient

of determination R2 at 0.977. It is obvious that significant
and different influences from the coloration fluid flow statuses
on the acid dye uptake behaviors on the silk substrate were

achieved with the Reynolds number ranging from 1000 to

12000 by monitoring the color intensities of the K=S
�

values
on the silk fabric.

Theoretically, as for a fabric dyeing in an aqueous bath, the
fluid flowing velocities between the bulk solution and the fluid
layers close to the solid silk fabric as well as its fiber surfaces

are continuously decreased and even almost reduced to zero,
due to their namely called viscous forces. Generally, these vis-
cous forces are produced from a series of molecular interac-
tions between the water media and the solid surfaces of the

substrate for a tight adsorption, and simultaneously from var-
ious internal friction resistances among those fluid layers.
Therefore, there is a fluid layer or district adjacent to the solid

surface of fabric in which the fluid flow velocity decreases from
the bulk solution to those solid surfaces in dyeing bath, and is
generally defined as hydrodynamic boundary layer (Zhao,

2009). Moreover, the fluid layer, which is very close to the fab-
ric or fiber surfaces within the hydrodynamic boundary layer,
is called diffusion boundary layer (Zhao, 2009). Generally, the
dyeing fluid in a diffusion boundary layer is almost in a static

state, the ions and/or molecules of dyes and auxiliaries mainly
depend on their own thermal diffusion to penetrate this layer
and then approach fabric and/or fiber surfaces for a subse-

quent adsorption to start an uptake procedure on the sub-
strate. Therefore, in conventional coloration theory, the
diffusion boundary layer is a barricade shield for mass transfer

between the bulk solution and the substrate surface and pre-
sents remarkably effects on the uptake behavior and dyeing
performance of dyes in bath.

Consequently, as for the laminar flow status, most of the
acid dye molecules moved along a smooth straight-line paral-
leling to the pipe axis in various flow layers, and less or didn’t
exhibit obvious irregular pulsations with the trajectory of the

fluid micro mass, as shown in Scheme 1 (A). Moreover, there
was mainly momentum transfer forward in the laminar flow
for most of the dye molecules and less crosswise transfer

between adjacent fluid layers in the coloration circular pipe.
Consequently, only those of the acid dye molecules that were
in the diffusion boundary layer could be transferred onto the

fabric strip surfaces via their molecular thermal motions and
then some attractions occurred for the acid dye adsorbs from
the substrate macrochains before overcoming some repulsive
forces between them. Accordingly, an appropriate increase of

the Reynolds number in the laminar flow, namely a suitable
improvement of the average velocity of the fluid flow, could
lead to a reduction of the thickness of the diffusion barricade
shield closely around the fabric strip. Thus, it was beneficial for

some dye molecules from the hydrodynamic boundary layer or
even the bulk solution to across the diffusion boundary layer,
and reasonably resulted in the observed significant enhance-

ment of the acid dye uptake behavior on the fabric strip. How-
ever, as the Reynolds number was higher than 1750 in the
laminar flow, the acid dye uptake behavior was reversely

decreased in some degree, although the diffusion boundary
layer around the fabric trip surfaces continuously became thin-
ner. It is probably due to the overhigh laminar flow velocity of
the adjacent layers to the diffusion boundary layer, which

could lead to a decreased across transfer for some of the acid
dye molecules to the diffusion boundary layer via their limited
molecular thermal motions. Therefore, although in the same

laminar flow status, the K=S
�

value on the silk fabric appeared
to a slight decrease as the Reynolds number improved further.

Transition flow status is a kind of flow status between lam-

inar and turbulent flow, and the motions of fluid micro clusters
are more complex than laminar and turbulent ones. When the
dye fluid was in transitional flow status with a relatively small

Reynolds number, the dye ions exhibited some stronger char-
acteristics as in laminar flow status, and these characteristics
also gradually decreased with the further increased Reynolds
number, as shown in Scheme 1 (A). Additionally, the motion

performance of the dye molecules was poor and there was
no obvious mass transfer between adjacent flow layers. With
the increase of Reynolds number, even if the diffusion bound-

ary layer thickness on the fabric surface became thinner, the

K=S
�

value on the silk fabric decreased due to the insufficient
reaction duration between the dye ions and the substrate. With

the further increase of that coloration fluid Reynolds number,
the turbulence characteristics of dye ions were gradually
enhanced, and the dye ions between adjacent flow layers began

to exhibit obvious mass transfer, meanwhile, the thickness of
the boundary layer on the fabric surface decreased so that
dye ions were easier to approach and to be adsorbed on the silk

fabric. Therefore, under the transition flow, with the increase
of Reynolds number, the positive effect from the reducing of
the diffusion boundary layer thickness on the dye uptake
behavior decreased first and then gradually increased. Thus,

the K=S
�

value on the silk fabric accordingly decreased first
and then increased again.

When the coloration fluid was in turbulent flow, the K=S
�

value on the silk fabric increased exponentially with the Rey-
nolds number increase, as depicted in Fig. 4. In this case, the
dye molecules were transferred not only via the lateral pulsa-

tions of the fluid micro-mass and/or micro-clusters, but also
via their reversing motions. Therefore, the momentum trans-



Influence of fluid flow status on the uptake behavior 7
fer, heat transfer, particularly, the dye molecules transfer
simultaneously occurred between their adjacent fluid layers,
and their transfers are much far quicker than those in laminar

or transition flows, as shown in Scheme 1 (A). Consequently,
the acid dye ions more easily and fast approach the surface
of silk fabric. At the same time, the thickness of the diffusion

boundary layer on the fabric surface was significantly reduced
with the increased Reynolds number, which accelerated dye
ions to approach the fiber surface and made the dye ions easier

to adsorb on the silk fabric. Therefore, the K=S
�

value of the
silk fabric reasonably improved with the increased Reynolds
number.

3.3. The dye uptake behaviors under different flow statuses by

involving various pH values

In order to explore the characteristics of the acid dye uptake

behaviors onto silk substrate under different flow statuses
involving different initial pH values in the dyeing bath, a series
of colorations were carried out at different dye bath pH values

controlled by various Reynolds numbers in the fluid dynamics
coloration machine. The achieved results are shown in Fig. 5.

Fig. 5 clearly shows that under various flow statuses, the

K=S
�

value of the silk fabric, which characteristically represents
the dye uptake behavior on the silk substrate, was integrally
much improved as the solution pH value shifted from 7.5 to

4.0. Especially, as the pH value in the dyeing bath was over

6.0, the K=S
�

values of the fabric as well as their differences
for various flow statuses gradually decreased steadily with

the solution pH value. These phenomena indicate that at dif-
ferent acid-base environmental conditions, namely at different
pH value ranges in the dyeing bath, the fluid flow statuses dis-

played different influences on the dye uptake behaviors, and
less notable than that of the solution pH value especially in
a weak acid, or neutral and weak alkaline environment. How-
ever, a notably increasing influence from the fluid flow statuses
Fig. 5 Influence of solution pH value on the dye uptake

behavior on silk fabric with the Renolds number at 1750 (j),

2500 ( ) and 12000 ( ), respectively, along with the conditions of

0.05 g/L the acid dye, 5.0 g/L anhydrous sodium sulfate, 0.2 g/

Lperegal O in the aqueous bath with a total volume of 200 L, as

well as a coloration temperature at 70 �C and a duration of

30.0 min.
or the increased Reynolds numbers was also investigated as
more acid environment was applied in the dyeing bath, as
shown in Fig. 5.

As well known, the silk fiber is composed of various amino
acid molecules or their molecular residues, which contain a
large amount of amino and carboxyl groups (Liu and

Zhang, 2014). Therefore, as the pH value of the dyeing bath
was lower than the isoelectric point of the silk fiber due to a
large number of hydrogen ions (H+) presented in the dyeing

bath, the ionization of carboxyl groups on the macro-chains
of the fiber would be inhibited. Simultaneously, the positive
ionizations of the primary amino and/ or imino groups (silk-
NH3

+, silk-(NH2
+)-) would be occurred via the adsorptions

of the free hydrogen ions (H+) in the dyeing bath onto silk
fiber. Consequently, the silk fiber was positively charged, and
the acid dye ions were also ionized into dye anions in the dye-

ing bath due to their connected sulfonic acid groups in mole-
cules, which readily led to strong interactions, particularly
Coulomb attractions, between the dye molecules or its anions

and the positively charged silk fiber to form ionic bonds (He
et al., 2019; Shin et al., 2008). Thus, various acid dyes could
adsorb and uptake onto the silk fabric for coloration. More-

over, the lower the pH value of the solution was, the stronger
the Coulomb force could be achieved between the acid dye ions
and silk fiber, which accordingly caused more dye ions to
adsorb and uptake on the surfaces of the substrate and resulted

in the higher color intensity in Fig. 5. However, as the pH
value increased, the concentration of H+ in the dyeing bath
decreased while the concentration of OH– gradually increased

which facilitated the ionization of the carboxyl groups and
caused the fiber to be negatively charged. Thus, Coulomb
repulsion forces between the fiber and the dye anions were

not conducive to the adsorption and uptake of the dye mole-
cules. Under this condition, the dye ions adsorbed to the fiber
mainly by depending on hydrogen bonds and van der Waals

forces. Therefore, as the pH value of the dyeing bath increased,

especially from 4.0 to 7.0, the K=S
�

value on the fabric
decreased notably.

As for the notable influences of the fluid flow statuses on

the acid dye uptake behavior at a relative low pH value in
the dyeing bath, as shown in Fig. 5, it was mainly relative to
a fact that the adsorption of the dye ions onto the fiber pre-

dominantly depended on the Coulomb attractions, and was
also relative to the diffusion boundary layers formed on the
solid substrate. Generally, with the increase of Reynolds num-

ber, the diffusion boundary layer on the fabric surface became
thinner, so the resistance of dye molecules to diffuse to the fab-
ric surface decreased and they were easier to adsorb on the silk

fabric. Particularly, under a relative low pH value condition,
the strong coulomb forces as well as other attractions between
the dye molecules and the silk fiber led to a very easy and high
rate adsorption of the dye molecules which located very close

to the substrate surface. Therefore, in this case, the adsorption
and uptake rate and quantity of the acid dye onto silk fiber was
mainly controlled by the dye transfer from the bulk solution to

the solid substrate surface. Accordingly, with the increase of
Reynolds number, namely with the fluid flow status changed
from a laminar, or a transition flow to a turbulence flow, more

acid dye molecules could be efficiently transferred to the fiber
surfaces, which resulted in the corresponding improvements in

the K=S
�

values on the fabric.
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However, with the increase of pH value in the dyeing bath,
the coulomb attraction between the acid dye ions and fabric
macromolecules gradually changed to coulomb repulsion.

Even the weak interactions of the hydrogen bonds and van
der Waals forces between the acid dye ions and fabric macro-
molecules became the main driving forces for the dye adsorp-

tion and uptake. Therefore, in this situation, the dye
adsorption and uptake became a little difficult due to the pro-
duced coulomb repulsion and the weak driving forces, and

were controlled by the interactions between the acid dye mole-
cules and the silk fiber rather than a dye transfer process. Con-
sequently, with the increase of the pH value in the dyeing bath,
the influences of the fluid flow statuses were gradually

decreased and even almost disappeared with the pH value at
7.5.

3.4. The dye uptake behaviors under different flow statuses at
various temperatures

Generally, the transfer and uptake behaviors of dye molecules

changed significantly with the variations of system tempera-
tures and bath media flow statuses. In order to explore the
characteristics of the acid dye uptake behaviors onto silk sub-

strate under different flow statuses at different coloration tem-
peratures, a series of colorations were also carried out at
different temperatures and various Reynolds numbers in the
fluid dynamics coloration machine. The achieved results are

shown in Fig. 6.
Fig. 6 demonstrates that very different characteristics and

notable influences from the system temperature and the fluid

flow status on the dye uptake behaviors and/or performances
were observed with the temperature ranging from 50.0 �C to
90.0 �C. As shown in Fig. 6, with the dyeing temperature

increased, the K=S
�

value of the silk fabric improved signifi-
cantly first, and then reached a maximum value at the temper-
Fig. 6 Influence of the system temperature on the dye uptake

behavior on silk fabric with the Reynolds number at 1750 (j),

2500 ( ) and 12000 ( ), respectively, along with a dosage of the

acid dye at 0.05 g/L, an application of the Anhydrous sodium

sulfate at 5.0 g/L, a commercial peregal O at 0.2 g/L and an initial

pH value of the solution at 5.0 in the aqueous bath with a total

volume of 200 L, as well as a 30 min coloration duration.
ature of 80.0 �C for either a laminar flow, a transition flow or a
turbulence flow in the bath solution. Moreover, as the temper-
ature further increased from 80.0 �C to 90.0 �C, no notable

enhancements in the K=S
�

values of the fabric were obtained
for a transition flow at a Reynolds number of 2500 and a tur-
bulence flow at a Reynolds number of 12000. Especially, even

a decrease in the K=S
�

value was also observed under a laminar
flow at a Reynolds number of 1750.

Theoretically, with the increase of the dyeing bath temper-

ature, the hygroscopic swelling of the hydrophilic silk fiber will
be intensified significantly, thus many micro-gaps and tunnels
among their macromolecules could be formed or increased and

enlarged remarkably, which will be helpful and benefit for the
dye molecules to diffuse into the fiber inner phases. Mean-
while, due to the increase of system temperature, the kinetic

energies, movements and the diffusion rates of the dye mole-
cules in fiber and bulk solution will be also improved greatly
(Long et al., 2014; Zhao, 2009; Shin et al., 2008). Therefore,

the K=S
�

value of the silk fabric increased significantly with
the temperature from 50.0 �C to 80.0 �C in Fig. 6. However,
since the adsorption and uptake of dye molecules onto the silk
fiber are an exothermic process, so further increase in the bath

temperature, particularly exceeding a certain range, would not
be conducive to the coloration process (Kamel et al., 2005).
Thus, maximum values at 80.0 �C, or some inapparent

enhancements and even a decrease in the K=S
�

values of the
dyed silk fabric were accordingly obtained with a further
increase of the bath temperature from 80.0 �C to 90.0 �C.

As for the influences of the fluid flow status, a relatively low
dyeing temperature usually leads to a limited hygroscopic swel-
ling of the silk fiber, and a relatively low molecular kinetic

energy and poor diffusion behavior of the dye, so most of
the dye molecules only adsorb on the surfaces of the fiber,
which is a typical diffusion control process in the fiber at this
situation. Therefore, very less differences and influences were

observed as the three kinds of fluid flow statuses were applied
in the dyeing bath at a system temperature of 50.0 �C. How-
ever, with the temperature increase, the notable and different

influences of the fluid flow statuses on the dye uptake behavior
were probably attributed to the fact that the micro masses in
the laminar flow move along a smooth straight-line paralleling

the pipe axis, and no or less transfer of the dye molecules
between adjacent fluid layers, meanwhile, the diffusion bound-
ary layer close to the substrate surface was very thick. There-

fore, all the situations resulted in the relatively low uptake
behavior of the acid dye on silk fabric as a laminar flow status
with a Reynolds number at 1750 utilized in the dyeing solu-
tion. However, when the bath solution was in a non-laminar

flow, such as the transition flow with a Reynolds number at
2500 and the turbulence flow with a Reynolds number at
12000, there is not only a momentum transfer occurred, but

also heat and the dye molecules’ transfers simultaneously hap-
pen between their adjacent fluid layers. Thus, there were fewer
or no parallel linear movements of the micro masses of the

solution and the dye molecules against the fabric; on the con-
trary, the movements of most of them were chaotic along with
the bath solution flow (Schlichting and Gersten, 2015), partic-
ularly for the turbulence flow status, as shown in the scheme 1.

Therefore, more acid dye molecules were easily transferred
along with the chaotic masses of the bath solution from the
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adjacent fluid layers to the simultaneously thinned diffusion
boundary layers for adsorption and uptake, which accordingly

resulted in more efficient improvements of the K=S
�

values for
the transition and the turbulence flow statuses in order than
those of the laminar flow in the dyeing bath.

3.5. The dye uptake behaviors under different flow statuses by
involving various dosages of sodium sulfate

In order to explore the characteristics and the influences of the

presence of a neutral salt, sodium sulfate which acts as a dye-
ing promoter in the dyeing bath, on the acid dye uptake behav-
iors under different fluid flow statuses, a series of dyeing

experiments were further performed by employing various
concentrations of sodium sulfate and different Reynolds num-
bers in the dyeing bath. The achieved results are shown in
Fig. 7.

Fig. 7 clearly shows that with the addition of the sodium
sulfate in the coloration liquid with a concentration range over

0.0–5.0 g/L, the K=S
�

values on the silk fabric increased notably

whether in laminar, transition or turbulence flow statuses, as
well as by a traditional method. Particularly, in comparison
with the traditional method, remarkable improvements in the

uptake behavior of the acid dye were observed by utilizing
the fluid dynamics coloration machine. Moreover, the chang-

ing tendency of the K=S
�

values under turbulent flow was sim-

ilar to those by the traditional oscillation dyeing method. On

the contrary, in the laminar and the transition flow, the K=S
�

values of the silk fabric showed less improvements and even

decreased with the further addition of sodium sulfate, espe-
cially for its addition over 10.0 g/L. These phenomena could
probably be explained that the uptake tendency of the acid
Fig. 7 Influence of sodium sulfate on the dye uptake behavior on

silk fabric with the Renolds number at 1750 (j), 2500 ( ), and

12000 ( by employing the fluid dynamics coloration machine

with a total volume of 200 L, along with a dyeing liquid ratio at

1:200, a dosage of the acid dye at 0.05 g/L, an application of the

commercial peregal O at 0.2 g/L and an initial pH value of the

bath solution at 5.0, and a coloration temperature of 80.0 �C for

30 min duration; as well as a traditional oscillation dyeing method

( ) was performed as a control experiment.
dye under the turbulence flow status was similar in some
degree to the traditional oscillation dyeing method in all tested
concentrations of anhydrous sodium sulfate in the dyeing

bath, except for much higher efficiency than that of the latter.
Whether in laminar, transitional or turbulent flow, the con-

centration of Na+ in the dyeing bath increased greatly with the

addition of sodium sulfate, which readily weakened or elimi-
nated the coulomb repulsions between the acid dye ions and
the fiber, and then reduced energy resistances for the dye ions

to easily adsorb and uptake onto the surfaces of the fiber
(Kamel et al., 2005). Therefore, as the concentration of sodium

sulfate increased in an appropriate range, the K=S
�

values of the

silk fabric enhanced quickly. However, as a typical neutral salt,
an increased concentration also easily leads to more aggrega-
tions and/or bigger microclusters for the acid dye molecules,
by weakening the coulomb repulsions among the dye ions

and/or micelles in the dyeing bath. Therefore, with the further
increase or overhigh concentration of sodium sulfate, a large
amount of the acid dye ions would be aggregated and

decreased the solubility of the dye molecules (Shin et al.,
2008). Consequently, as the dissolving and movement perfor-
mances of the dye ions were poor under the laminar and tran-

sitional flow, the diffusion and transfer of dye ions were not as
good as that in the turbulent flow and the conventional

method, resulting in the decrease of the K=S
�

values at the over-

high concentrations of the neutral salt in the laminar and tran-
sitional bath flow. These results also disclose that the
coloration in laminar and transition flow prefers a relatively

low application of neutral salts in the dyeing bath, which is
conducive to cleaner production in textile coloration.

3.6. The dye uptake behaviors under different flow statuses by
involving various applications of peregal O

For further exploring the characteristics and the influences of
peregal O, a leveling dyeing auxiliary, on the acid dye uptake

behavior on silk substrate under different flow statuses, a series
of dyeing experiments were also investigated at different con-
centrations of peregal O and Reynolds numbers in the fluid

dynamics coloration machine. The achieved results are
depicted in Fig. 8.

Fig. 8 clearly demonstrates that with the increase of peregal

O concentration in the dyeing bath, the K=S
�

values of the silk
fabric decreased significantly in laminar, transitional and tur-

bulent flow, respectively. Nevertheless, the error of the K=S
�

values was decreased with the increase of peregal O concentra-

tion. As for the oscillation dyeing method, neither the K=S
�

val-
ues nor their error changed insignificantly with the

applications of peregal O in the dyeing bath.
Theoretically, peregal O is a typical nonionic dyephilic aux-

iliary leveling agent, which can dissolve and combine with the
dye molecules via hydrogen bonds and van der Waals force in

the dyeing bath. Therefore, various complexes, micelles, and/
or more aggregations, bigger microclusters could be formed
via those interactions between the acid dye molecules and

the peregal O along with its increasing additions in the dyeing
bath, which resulted in a decrease in the amount of the free
monomolecular acid dye in the dyeing bath. Therefore, the

dye ions adsorbed to the silk fabric decreased, and accordingly



Fig. 8 Influence of peregal O on the dye uptake behavior on silk

fabric with Reynolds number at 1750 (j), 2500 ( ), 12000 ( ) by

employing the fluid dynamics coloration machine with a total

volume of 200 L, along with a dyeing liquid ratio at 1:200, a

dosage of the acid dye at 0.05 g/L, an application of Anhydrous

sodium sulfate at 5.0 g/L and an initial pH value of the bath

solution at 5.0, and a coloration temperature of 80.0 �C for 30 min

duration; as well as a traditional oscillation dyeing method ( ) was

performed as a control experiment.
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the K=S
�

values decreased significantly with the peregal O con-
centration whether in the laminar, transition or turbulence

flow. At the same time, when the dye solution was in turbulent
flow with the Reynolds number at 12000, the diffusion bound-
ary layer close to the silk substrate was the thinnest, and then

the thickest one in the laminar flow with the Reynolds number
Scheme 1 Schematic diagram of the circular pipe dyeing of silk fabri

dynamics coloration machine: (A) coloration fluid flow statuses, (B) ci

colored silk substrate.
at 1750, as well as a middle one for the laminar flow in the dye-
ing bath. Therefore, with the increase of Reynolds number, the
movement and transfer performances of acid dye ions in tur-

bulence were highly improved by readily passing through the
thinned diffusion boundary layers for adsorbing onto the silk
fiber, and simultaneously the acid dye ions were not easy to

aggregate and form some complexes. Thus, the dye uptake

behavior and the K=S
�

values on silk fabric were highest in
the turbulent flow, and the lowest for laminar flow. However,

the relatively low and almost non-influence with the applica-

tions of peregal O on the K=S
�

values and their errors in the tra-
ditional oscillation dyeing were probably related to its limited

bath ratio, complex flow status and amount of dye ions in the
dyeing bath.

Additionally, as a nonionic surfactant, peregal O can

reduce the surface tension of the dyeing liquid. When the con-
centration of peregal O is below its critical micelle concentra-
tion, the surface tension of the dyeing liquid would decrease
with the peregal O concentration, which was conducive to

the infiltration of the silk fabric and diffusion of dye ions
(Sawada et al., 2004; Xie et al., 2011). Therefore, whether in
laminar, transition, turbulence flow or the traditional oscillat-

ing dyeing, the K=S
�

value error of the silk fabric decreased
with the peregal O concentration, which indicates that
improved leveling effects were achieved.

3.7. Color fastness performance of dyed silk fabric under

different flow statuses

To further explore the characteristics and the influences of the
coloration fluid flow statues on the acid dye color fastness on
silk substrate, a series of coloration experiments and tests were

performed at different flow statuses controlled by various Rey-
nolds numbers in the fluid dynamics coloration machine. The
achieved results are shown in Table 2.
c in different flow statuses by employing the self-built special fluid

rcular Pipe coloration, (C) the dye adsorption and uptake, (D) the



Table 2 Color fastness of the acid dye 134 on silk fabric under different coloration conditions a.

Different coloration conditions Washing fastness Rubbing fastness

Fading Staining Dry Wet

Wool Acrylic Polyester Nylon-66 Cotton Acetate

Re = 1750 4 5 5 4–5 4–5 4 5 4 4

Re = 2500 4–5 5 5 4 4 4–5 5 4–5 4–5

Re = 12000 4 5 5 5 5 4 5 4 4

Conventional dyeing 4–5 5 5 5 5 4–5 5 5 4

a: a dosage of the acid dye at 0.05 g/L, an application of Anhydrous sodium sulfate at 5.0 g/L and an initial pH value of the bath solution at 5.0

with a total volume of 200 L. and a coloration temperature of 80.0 �C for 30 min duration.
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Table 2 shows that a good, commercially acceptable color
fastness under standard washing conditions was achieved with

grades of 4 or higher grades for all the dyed silk substrates
whether under laminar, transition or turbulent flow, especially
for their fading and staining fastness on the six-fiber (cotton,

wool, acrylic, polyester, polyamide-66, and acetate) standard
adjacent fabric SDC Multifibre DW. Moreover, under dry or
wet conditions, a good rubbing fastness more than 4 grades

was also obtained for the dyed silk fabric under all the flow
conditions. These results indicate that there was no obvious
influence on the color fastness from different flow statuses in
the dyeing bath, as well as from the traditional oscillation dye-

ing method. Moreover, these results also disclose that the self-
built fluid dynamics coloration machine is useful and helpful
for the investigation of the different influences of various fluid

flow statuses on the dye uptake behaviors onto fiber substrates,
etc.

4. Conclusions

To investigate and then control an appropriate dye uptake behavior

under different coloration fluid flow statuses is a basic, direct and effi-

cient method to improve the mass and heat transfer for coloration,

particularly for product qualities and implementing sustainable pro-

cesses. The results in this work show that a novel methodology and

a novel special fluid dynamics coloration machine were successfully

developed and applied to explore dye uptake behaviors in different

flow statuses. The uptake behaviors of the acid dye on silk substrate

were significantly different in the laminar, the transition and the turbu-

lence flow, and their K=S
�

values also conformed to different distribu-

tion models. A negligible effect of the applied auxiliaries and their

tested dosages on the kinematic viscosity (m) was obtained. Decreasing

the pH value and increasing the temperature of the coloration liquid

had a significant positive effect on the uptake behavior of the acid

dye in different flow statuses, especially for the turbulence flow. Dyeing

with laminar and transitional flow preferred a relatively low dosage of

neutral salt in dyeing bath, which benefits to effectively reducing the

amount of anhydrous sodium sulfate for cleaner production. The pres-

ence of the peregal O could reduce the adsorption and uptake of the

acid dye on silk fiber whether in the laminar, the transition or the tur-

bulence flow, while improved leveling effects could be achieved. In

addition, the color fastness to washing and rubbing of the dyed silk

fabrics was 4 grade or above for all fluid flow statuses. It is clear that

the obtained results are potentially beneficial to an appropriate and

efficient process design and parameter control during the development

of various cleaner processes in textile dyeing, and the developed

methodology and self-built fluid dynamics coloration machine are also

powerful and useful to investigate dye uptake behaviors in different

fluid flow statuses.
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