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Synopsis 

The three continuous processes (thermosol, high temperature steaming, and heat transfer printing) 
for the coloration of polyester and the involved equipment are briefly reviewed. A simple model 
for the transient heating of a body is developed, the model [eq. (22)] comprises a specific area of 
transfer parameter (As): area through which transport (of heat) takes place per unit mass of the 
body. This model is used in order to estimate the relative heating rates for the different geometrical 
approximations present in the fabric system: plate (fabric), cylinder (fiber), and sphere (dye particle). 
Results obtained from the more exact numerical analysis solution are used for investigating the 
limitations of the simple heat transfer model. 

INTRODUCTION 

This study investigates three standard processes for coloring polyester with 
disperse dyes: thermosol, high temperature steaming (HT steaming), and the 
conventional heat transfer printing (HTP). In the first part of this process ex- 
amination, the heat transfer to the fabric system (fabric, fiber, and dye particle) 
is analyzed in order to determine the relative heating rate of each component 
in the fabric system, and the consequent limitations on the possible heat transfer 
coefficient, and the heat source temperature for heating the fabric to a certain 
temperature in the heating unit. A t  the end of Paper I, a comparison is made 
between results obtained from the simple model [eq. (22)] used for the above- 
and commonly used in different forms in the textile literature-and results from 
the more accurate numerical analysis. Paper I1 of the enquiry compares the 
heating characteristics of the three coloration processes. Results obtained from 
both Papers I and I1 are utilized in Paper I11 for the modelling of the simultaneous 
heat and mass transport involved in the three coloration processes, and a com- 
parative efficiency analysis is finally made with recommendations on what more 
direct coloration processes should involve in terms of operation and process 
variables. 

CURRENT CONTINUOUS PROCESSES FOR COLORING 
POLYESTER WITH DISPERSE DYES 

Presently there are three major processes for continuously coloring polyester 
fabric with disperse dyes: thermosol, high temperature steaming (HT Steaming), 
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and heat transfer printing (HTP). According to the most recent statistics from 
Textile Machinery Trends (1977-78), the total number of Thermosol-Pad and 
Steam Ranges in the United States is 132, and the number of HTP units in place 
is 77 with 59 continuous process units. In 1977, the output of polyester fibers 
dyed and printed amounted to approximately 4 million tons (worldwide) con- 
suming 400,000 kg of disperse dyes every day.l 

Polyester fiber [poly(ethylene terephthalate) (PET)] offered considerable 
difficulties in dyeing when it was first produced by the Imperial Chemical In- 
dustries (ICI) as TeryleneB in 1947. The polymer PET was discovered in 1941 
by J. R. Whinfield and J. T. Dickson in England. Due to the lack of hydrophilic 
properties, PET fibers have no affinity for water-soluble dyes like, say, direct 
dyes that are used to dye cotton. Furthermore, polyester has no reactive groups 
such as those present in cellulose (hydroxy groups) and protein (amino groups) 
fibers. Only one major class of dyestuff proved to be practical for dyeing un- 
modified polyester: disperse dyes-a nonionic dye class. Disperse dyes were 
discovered by Ellis in 1920 and were used for dyeing cellulose acetate. Presently, 
disperse dyes are used for coloring cellulose acetate, nylon, polyester, and acrylic 
fibers. 

Several classes of processes have been developed to overcome the difficulties 
of dyeing polyester with disperse dyes, viz., aqueous dyeing under atmospheric 
conditions, pressure dyeing, carrier dyeing, and vapor phase coloration, as in 
thermosol, H T  steaming, and HTP. The vapor phase coloration processes can 
be operated continuously and are carried out a t  high temperatures at around 
200°C for residence times varying from 1 min to 20 s-as in HTP. The former 
(aqueous) processes are batch, and the dyeing takes place at  about 100°C for 1 
h or more, except for pressure dyeing where the operating temperature can be 
as high as 140°C and the residence time is less than an hour-around 30 min. 

Relatively speaking, better quality control can be achieved in continuous 
(steady state) coloration processes whereas batch processing of the material in- 
volves transient conditions that make larger quantities of textile goods more 
difficult to control; this makes the continuous coloration processes of large 
quantities of polyester material more economical. 

Thermosol 

Thermosol is a process for fixing-immobilizing-disperse dyes in polyester 
fiber using air as the heating medium. This process was introduced by the Du- 
Pont Co. in the early 1 9 5 0 ~ . ~  A typical sequence of operations for continuously 
dyeing (or printing) polyester fibers involves padding the polyester fabric with 
a disperse dye solution, drying the fabric, and then driving the dry fabric into 
a hot air oven at  the desired temperature (around 200°C) for a predetermined 
residence time that varies from 60 to 90 s, depending on the required shade depth, 
specific weight of fabric, and equipent used.3 Pale (pastel) shades and light 
fabrics need less fixation time then deep (dark) shades and heavy fabrics. This 
process became particularly successful in the United States; its commercial 
implementation took place in the late 1950s; 1.0-1.2 m/s are normally produced 
using thermosol units.3 

There are four major types of Thermosol units: (1) units based on forced 
convection of hot air through the fabric; (2) direct contact units in which the 
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Fig. 1. Hot flue thermosol unit. 

fabric is passed between heated cylinders; (3) conduction-convection units 
whereby the fabric is driven through perforated heated cylinders that allow si- 
multaneous forced convection and conduction to take place; and (4) infrared 
radiation units. 

Forced convection units fall into two categories. (a) Hot flue units (Fig. 1): 
The fabric is entered in its full width into the heating chamber and driven 
through a fringed path; thereby a large amount of fabric is processed per unit 
length of the equipment. These units require a long thread up and are frequently 
used for high speed production; 1.5-2.3 m h 4  (b) Tenter frame units (Fig. 2): 
Both edges of the fabric are clipped by two endless chains that guide the fabric 
horizontally into this thermosol unit, and hot air is blown on both sides of the 
fabric [Fig. 2(a)] during its straight path. Of course, such units have a lower 
fabric capacity and occupy more floor space than the hot flue units; however, 
the heating efficiency, because of full fabric exposure to heating medium, is al- 
most 10 times higher.5 

Direct contact units have different modes of heating the fabric (see Fig. 3) that 
vary from directly heating the interior of the cylinder by burning a fuel and 

FABRIC 

/ 

Air- 
Suction 

(b) 
Fig. 2. (a) Tenter frame thermosol unit; (b) air path in tenter frame of unit shown in (a). 
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Fig. 3. Direct contact thermosol unit. 

producing a flame inside the cylinder (gas-fired units) or heating the cylinders 
by continuously circulating steam, or other heating media inside the cylinder. 
These directly heated “cans” have a shorter thread-up length and occupy less 
space than common hot air convection units, but they require a long heating time 
for startup. Heavy shades of dyed fabric can be produced using heated cans at 
a rate of 0.6-0.9 m h 6  Figure 4 illustrates a conduction-convection thermosol 
perforated drum unit where hot air is sucked from the drum interior, thereby 
causing the fabric to be heated by both direct contact with the hot drum surface 
and by forced convection with hot air-achieving a higher rate of fabric 
heating. 

In the infrared units the fabric is guided straight between the heating elements 
that can have temperatures varying from 5OOOC to 2000°C, depending on the 
desired production speed. Close control of the fabric surface temperature is 
important in order to avoid partial melting of the fibers at  the fabric surface! 

Direct contact units are more susceptible to dye vapor contamination and can 
easily damage the fabric appearance and hand properties-especially at  high 
temperatures (21OOC). In cases where the fabric hand is important, only forced 
convection and infrared thermosol units are considered. 

Thermos01 units have distinct advantages over the previous generation of 
aqueous dyeing systems like jigs, winches, beam dyeing, etc. No carrier is needed 
during the thermosoling of polyester with disperse dyes; in addition, the fabric 
is processed in its full width, thereby eliminating rope marks-as in the jet or 
winch dyeing eq~ipment .~  

Whenever the term thermosol is used in this text, it is meant fixing the disperse 

I I 

Fig. 4. Conduction-convection thermosol unit. 
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Fig. 5. Superheated steam path in high-temperature steamers. 

dye into the polyester fabric by using hot air convection heating and not direct 
contact heating, unless specifically mentioned otherwise. 

High Temperature Steaming (HT Steaming) 

The high temperature steaming process came into existence after the ther- 
mosol. HT steaming was developed in the mid 1960s by ICI in England. This 
process makes use of superheated steam at atmospheric pressure for dye fixa- 
t i ~ n . ~ $ ~  It became very popular for the dyeing of polyester+otton blends; it was 
found that the fixation of both the reactive dye (in cotton) and the disperse dye 
(in polyester) is improved in the presence of superheated steam compared to dry 
air as in thermosol.1° 

In early steamer designs, large volumetric flow rates of superheated steam at 
higher temperatures, well above the desired fabric temperature, were normally 
consumed. This was done in order to compensate for the heat loss to the sur- 
roundings and prevent condensation on the inside walls of the steaming chamber, 
which can cause “water drip spots” on the processed material. Modern steamers 
now used in industry contain open live steam lines and closed coil lines. The 
steamer side walls and ceiling are well insulated and maintained at a higher 
temperature than that of the steaming chamber. This is done by allowing the 
superheated steam, at  a higher temperature, to run in the side walls and ceiling 
through closed coil lines before emerging out from open live steam lines to the 
steaming chamber at  the required temperature, as in Figure 5. This had been 
found to reduce the steam consumption to about one third of that required 
without circulation.‘l Steamers of this type contain a water seal at the exit end, 
which prevents loss of steam, in addition to a continuous overflow of cold water, 
which eliminates dyestuff buildup in the seal. 

Steamers used for the continuous thermofixation of polyester fabrics offer 
a fringed path to the fabric in a steam surrounding, thereby increasing the unit 
capacity and saving floor space, making the unit more economical to operate. 

Other variations in the steamer designs are means of minimizing the tension 
on the fabric while travelling into the steamer, as well as providing control sys- 
tems for recycling and purifying the used steam from any volatile contami- 
nants. 
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Fig. 6. Continuous heat transfer printing, 

Heat Transfer Printing (HTP) 

Vaporization (sublimation) transfer printing for coloring polyester with dis- 
perse dyes was first discovered in France by de Plasse.12 This process was first 
adopted in industry about 1967. Thermos01 and H T  steaming can only be op- 
erated economically in a continuous mode, HTP can be, and is, performed con- 
tinuously, batchwise, and cyclicly. Nevertheless, the principle of operation is 
the same: The dye is vaporized from a paper substrate while in close contact 
with the fabric; the dye in the vapor phase is then adsorbed and penetrates the 
fabric. The dye vapor coloration mechanism applies also for thermosol and HT 
steaming with the difference in the initial dye position: In both thermosol and 
H T  steaming the dye particles are deposited on the fiber surface, whereas in HTP 
the dye particles are deposited on a separate substrate or carrier which is in 
conventional HTP the heat transfer paper. 

In continuous HTP operation, as in Figure 6, the fabric is pressed against the 
heat transfer paper (HT paper) that is in contact with the hot surface (at about 
21OOC) of a rotating cylinder calender. For a given duration of contact heating 
between the H T  paper and fabric, the larger the calender diameter is, the faster 
will be the machine production as a result of increasing the area of heat transfer 
between the HT-paper-fabric assembly and the surface of the calender and as 
expressed below: 

(1) 
where LH = portion of the calender circumference in contact with the fabric (m), 
which is directly proportional to the area of heat transfer from the calender 
surface to the H T  paper and fabric, up = production velocity (m/s), t = contact 
time that is necessary for a differential area of the fabric (dA)  to be heat-transfer 
printed (s), d = calender diameter (m), and 8 = wrapup angle-as in Fig. 6. 
Assuming a typical heat transfer printing time of 20 s a production speed of 0.2 
m/s, and a 8 of 330°, then the required calender diameter is 1.4 m from eq. 
(1). 

As can be seen from eq. (l), the calender diameter ( d )  is directly proportional 
to the velocity of production ( u p )  for a given HTP residence time ( t ) .  Very large 
calenders of over 2 m in diameter offer alignment problems between the fabric, 
heat transfer paper, and the blanket that presses the fabric and paper against 
the heated calender surface. This is why the operating velocity in conventional 
HTP calenders is around 0.3 m/s-about one third of the possible thermosol or 
H T  steaming production rate. 

LH = upt  = ~ d ( 8 / 3 6 0 )  
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Fig. 7. One-dimensional heat transfer to a fabric: (To) initial fabric temperature a t  time ( t )  equal 
to 0, (7') fabric temperature a t  any time ( t )  and position (x) in the fabric. 

Batch HTP is performed by using hot presses. The usual setup is to have the 
upper plate heated and pressed against the heat transfer paper and fabric. 
Higher production rates can be achieved by heating both the upper and lower 
plates, thereby reducing the time of HTP by accelerating the heating of the HTP 
components: fabric and paper. 

In cyclic operation, the HTP is carried out by using a hot press that operates 
automatically: receives, say, a garment piece with the HT paper on it, prints, 
releases, and receives again. . . . The typical pressure used in HTP is about 13.8 
kN/m2 (2 psi g) at  a temperature of 200°C7 

Like direct contact thermos01 units, HTP has a relatively high rate of heating 
the fabric but causes dye vapor contamination problems as well as a reduction 
in the fabric hand properties; nonetheless, for some applications this is accept- 
able. As a matter of fact, HTP is becoming more and more popular for printing 
polyester material, and research in industry is active for extending its application 
to other natural and synthetic fibers. 

HEAT TRANSMISSION TO THE FABRIC SYSTEM: FABRIC, 
FIBER, DYE PARTICLE 

Fabric Heating 

Figure 7 is a schematic representation of a fabric that is immersed in a heating 
medium of a temperature (T- ) ,  and is heated from both sides. For a l-dimen- 
sional heat transfer, as in Figure 7, the mean space temperature (T,) is 

where x is the heat transfer direction along which the temperature is averaged, 
T,  is function of time only whereas T is the function of both time and position 
in the x -direction. In the case of a fabric, ( x 2  - x 1) represents the fabric thickness 
( 2 6 F ) .  
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Fig. 8. Heat transmission to a fabric differential area (dA):  (T,) mean temperature of fabric 
as expressed in eq. (2). 

The thermal analysis of a representative differential surface area (dA) of a 
fabric that is initially a t  temperature (TO), and is (the fabric) continuously fed 
for a time in residence (t ) within a heating unit that is constantly maintained 
at  temperature ( T a ) ,  can be approximated to the thermal analysis of a plate that 
is initially a t  temperature (To) and then is (the plate) suddenly, a t  (t = 0), im- 
mersed into a heat source having a constant temperature (T,)-when the dif- 
ferential surface area of the fabric (dA) enters the heating unit, this is like the 
plate being suddenly subject to the heat source. 

The analysis of the heat transfer to the fabric can be made on one half of the 
fabric only because of the symmetry of the temperature distribution at  any time 
t-as shown in Figure 7. The heating rate, or the change of T, with time 
(dTm/dt), in one half of the fabric cross section is a mirror image of the heating 
rate of the other fabric half. At  the plane of symmetry, the temperature gradient 
is zero, i.e., ( d T / d ~  = 0); therefore, no heat can hypothetically flow across the 
middle of the fabric. In other words, each half of the fabric is an insulation to 
the other fabric half. Accordingly, the heating rate of a fabric-with a thickness 
of (%F)-that is heated from both sides is simply equal to the heating rate of 
the same fabric-with a thickness of (8p)-when heated from one side while 
insulated from its other side. 

Numerical solutions for the temperature distribution in the plate (approxi- 
mation of the fabric) cross section as function of time are already available and 
are graphically represented for c~nvenience.'~ Due to the fact that the fabric 
is a relatively thin plate and the heat transfer coefficients used to heat the fabric 
are relatively low, the temperature gradient inside the fabric cross section is of 
a few degrees during most of the heating process; hence, the fabric temperature 
can be assumed for the sake of simplicity to be at all times uniform and equal 
to the mean space temperature (T,). 

A simple expression involving the fabric mean temperature (T,) and an overall 
heat transfer coefficient (h) will be derived. The fabric heating rate under a fixed 
temperature gradient is directly proportional to the heat transfer coefficient, 
which reflects the ease of the heat transmission from the heat source to the fabric. 
An energy balance on a fabric surface differential area (dA) that is heated from 
one side and insulated~from the other side, as in Figure 8, during a time period 
(dt) (heat flow to the fabric = heat gained by the fabric), gives upon substitu- 
tion 

hF.dA.(T, - T,).dt =dA.pF*CF-dT,  (3) 
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where h F  = overall heat transfer coefficient to fabric (W/m2-"K), T ,  = mean 
fabric temperature (OK), T ,  = heating medium temperature (OK), dA = fabric 
differential surface area (m2), t = time ( s ) ,  p k  = areal fabric density (kg/m2), and 
CF = fabric specific heat (kJ/kg-OK). Rearranging eq. (3) and integrating from 
( t  = 0) to ( t  = t )  and from (T = To) to (T = Tm) yields 

where A> = specific heat transfer area of fabric heated from one side (m2/kg). 
Solving eq. (5) for T ,  gives 

Tm = Tm - (Tm - To) eXp[-hF. t / ( p k -  C F ) ]  (6) 

In this case, the areal density of the fabric ( p k )  is also equal to the weight of 
fabric (kg) for every unit area (m2) available for heat transfer-for a fabric heated 
from both sides, the area available for heat transfer will double and accordingly 
the weight of fabric per unit area of heat transfer will drop by one half: 

A ;  = 2/p;? (7) 
where (A;)  is the specific fabric heat transfer area (kg/m2) when the fabric is 
heated from both sides or ( A F )  for simplicity. Thus eq. (5) becomes 

PF = p F ( 2 6 F )  (9) 

where p~ = fabric density (kg/m3) and 26F = fabric thickness (m). Equation 
(8) is the expression for the heat transfer to a fabric in a heating unit, but, due 
to the fact that the fabric heating rate measurements are usually made by in- 
serting a thermocouple between two layers of fabric, and assuming that the 
fabric-back temperature is approximately equal to T,, eq. (5) is commonly used 
to represent the fabric heating rate in the l i t e r a t ~ r e . ~ , ~  

Unsteady State Heating of a Fiber 

A similar methodology can be adopted for representing the heating of a fiber, 
which will be useful in a later stage of this analysis. A fiber can be considered 
as a cylinder of an infinite length and radius (R f ) ,  and an energy balance on a 
cylinder unit length during a period of time ( d t )  gives 

(10) 

where hf = overall heat transfer coefficient to fiber (W/m2a0K), Rf = fiber radius 
(m), pf = fiber density (kg/m3), Cf  = fiber specific heat capacity (kJ/kg-"K), Tm 
= fiber mean temperature (OK), and 

hf * 2 ~ R f  * (Tm - Tm) * dt = ~ R f 2 .  p f .  C/ * dT, 
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Fig. 9. Heat radiation to a fabric differential area ( d A ) .  

Integrating eq. (10) and rearranging yields 

where 

Af = specific area of heat transfer for a fiber that is heatec all arounc 
kg). 

(13) 

(m2/ 

Infrared Radiation Heating of a Fabric 

An expression for the infrared radiation of a fabric surface can be derived, 
again, from an energy balance on a fabric differential area (dA) as in Figure 9: 

heat energy flow to fabric = heat gained by fabric (14) 

F * E - 0. dA * ( T i  - T i )  dt = dA - p k -  C F  - dT, (15) 

where F = geometric factor, F = 1.0 for a fabric that has all of its heated surface 
fully exposed to the radiating element, E = fabric emissivity, E is about 0.94 for 
a fabric material,g u = Stefan-Boltzman constant, u = 5.67 X W/m2-OK4, 
T ,  = radiating element temperature (OK), T,  = fabric mean temperature (OK), 
as in eq. (2), and t = time (s). Rearranging eq. (15) and integrating 

F - E - u J I ~ ~  1 T m = T r n  dT, 
dt = (16) Pk 'CF T,=To ( T i  - T k )  

+ tan-1 - Trn - tan-' - " 1  (17) T ,  T ,  
As can be seen from the above analysis, no heat transfer coefficient is involved 

in the heat transmission by radiation. Nonetheless, for the sake of comparison, 
dividing eq. (3) by (15) and solving for h F  yields 



COLORATION OF POLYESTER FABRIC. I 4703 

TABLE I 
Fabric Heating Rate by Radiation 

Radiation Convection (or 
hR direct contact) 

( W/rn2."K) - to.9 (s), eq. ( 8 )  
T , R ~  T ,  hR to.9 (4 T ,  = T,R T ,  = 210°C 
("C) 210°C 20°C (W/m2-"K) Eq.(20) Eq.(21) h p = E ~  h p = h ~  

210 23.2(') 13.2 18.2 24.5 20.6 26.2 26.2 
300 31.6 19.2 25.4 6.8 5.5 6.7 18.9 
500 55 38.8 47.3 1.7 1.42 1.6 10.1 

1000 173.6 142.5 158.1 0.2 0.2 0.2 3.0 
2000 793.6 718.7 756.1 0.02 0.02 0.02d 0.62d 

a T,R = radiating element temperature. 
h~ = arithmetic average of the radiation heat transfer coefficient hR. 
T ,  = 199°C. 
These values are purely hypothetical due to limited (hp) values; in addition, eq. (8) cannot be 

used a t  high heat transfer coefficient values as will be shown in a later section-see Figure 10. 

where hR = radiative heat transfer coefficient (W/m2-"K). As before, when the 
fabric is being irradiated from both sides the heating rate is doubled, as a result 
of doubling the specific area of heat transfer, and this can simply be accounted 
for by dividing the rhs of eq. (17) by a factor of 2, or letting 

where A; is, as before, the specific heat transfer area of a fabric being irradiated 
from both sides. 

Thus, for heating a fabric from both sides, eq. (17) becomes 

The hR coefficient is just for the purpose of comparing the heat transmission 
efficiency of heating units operating at different heating modes. Equation (18) 
shows that hR will increase as the fabric temperature T ,  increases. Usually, 
the radiating element temperature T ,  is larger than the maximum desired fabric 
temperature (21OoC), thereby reducing the variation in hR-as demonstrated 
in columns 2 and 3 of Table I. Calculations in Table I are made by assuming the 
following parametric values for the fabric: TO = 20"C, pk = 0.24 kg/m2, CF 
= 1.38 kJ/kg."K, F = 1.0, and E = 0.94. 

A simpler form for expressing the time-temperature relation in heat trans- 
mission by radiation [as in eq. (20)] can be obtained by substituting hF in eq. 8 
by the value of hR from eq. (18), which gives 

Column 8 in Table I shows how fast a fabric will heat if subject to the same heat 
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TABLE I1 
Specific Heat Transfer Area for Different Body Geometries in Case of Symmetrical Heating of 

the Bodv 

Body geometry A, (m2/kg) 6 (m) 

Semiinfinite plate (e.g., fabric of thickness 2 6 8 )  l I p 6  6F 
Semiinfinite cylinder (e.g., fiber of radius R f )  2 lp6  Rf 
Sphere (e.g., “spherical” dye particle of radius Rd) 3Ip 6 Rd 

transfer coefficient as in column 4 for radiation (hF = h ~ )  but with the heating 
medium temperature (T,) held constant in all cases at 210°C. From the heating 
time values (to.9) in columns 7 and 8 in Table I, under the same heat transfer 
coefficient, the medium that has a higher temperature (T,) will always heat the 
fabric faster; however, higher heat source temperatures (over 2lOOC) may result 
in the melting of the “standing out” fibers a t  the fabric surface-see the section 
after the next one. 

A General Expression for Heat Transmission to a Body 

From Table I, it is clear that, within the range of practical accuracy of tem- 
perature and timing control, eqs. (20), (21), and (8) give similar results; thus eq. 
(8) can be used to express the heating of a fabric (or fiber) under all modes of 
heating, and hp in eq. (8 )  is practically an overall heat transfer coefficient for 
convection, conduction, and radiation. Small deviations occur when eq. (8) is 
used to express heat transmission by radiation at fabric temperatures close to 
the radiating element temperatures, but most industrial radiating equipment 
has heating element temperatures well above the maximum desired fabric 
temperature. Thus, eq. (8) can be rewritten as 

where hT is the overall heat transfer coefficient for all heating modes from the 
heat source(s) to the body that is also denoted h for simplicity, CT is the body 
heat capacity, and A, is the body specific heat transfer area. The specific area 
of heat transfer A, varies in eq. (22) according to the body geometry as in Table 
11. 

From Table 11, the specific heat transfer area for the three basic geometries 
can be generally expressed as 

A, = m/p6 (23) 

Accordingly, eq. (22) becomes 

where m = 1 for the plate, 2 for the cylinder, and 3 for the sphere-as in Table 
11. 

Generally speaking, the resistance to the heat flow is the reciprocal value of 
hT, and hT = h,, + h,d + hR; the heat transfer coefficients due to convection, 
conduction, and radiation, respectively. 
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TABLE I11 
“Standing-Out” Fiber and Fabric Heating Ratesa 

t0.9b (4 (Trn )~  (“C) 
(T, = 199OC) Mean fabric 

(t0.9)f temperature 
T ,  ‘h T “Standing out” (t0.9)F after a duration 

(“C) (W/m2.OK) fiber in fabric fabric of (to.9)r (s) 

210 1.16 28.7 411.6 

116.00 0.3 4.1 
500 1.16 4.65 66.8 

116.00 0.05 0.7 
1000 1.16 2 28.8 

116.00 0.02 0.3 

11.60 2.9 41.2 55 

11.60 0.5 6.7 35 

11.60 0.2 2.9 33.6 

a Using eq. (24). 
to.9 = time (s) for T,,, to reach 199°C. Values used for the above computations are: Rf = 

m, pf = 1.38 X lo3 kg/m3, C, = 1.67 kJ/kg.”K, p ’ ~  = 0.24 kg/m2, and CF = 1.38 kJ/kg.”K. 

Heating Rate of “Standing Out” Fibers at Fabric Surface 

Table I11 shows the “standing out” fiber (at the fabric surface) heating rate 
for reaching a mean temperature T, of 199°C under different heat transfer 
coefficients and heat source temperatures. 

In cases where more uniform heating of the fabric cross section is required, 
higher heating medium temperatures cannot be used even at lower heat transfer 
coefficients, as demonstrated in column 5 of Table 111. Lower heating medium 
temperatures (and lower heat transfer coefficients) result in less difference be- 
tween the fabric surface “standing-out’’ fiber temperature and fabric bulk 
temperature. 

On the other hand, if it is desired to only heat the fabric surface, then the higher 
the medium temperature (T-) ,  the larger the temperature difference between 
the fabric surface and the fabric bulk. However, a diminishing return does exist, 
for instance, by increasing (T,) from 210°C to 500°C the temperature difference 
between the fiber at the fabric surface and the fabric bulk increases by 20°C (from 
55°C to 35”C), but by increasing the heating source temperature to 1000°C the 
temperature difference is only increased by 1.4”C-as in column 5 in Table 
111. 

By dividing eq. (8) by eq. (12) one obtains the fabric “standing-out fiber” 
heating time ratio ( t ~ l t f )  for reaching the same temperature T,: 

Substituting from eqs. (7) and (13) for the values of A, and AF as in Table I1 
gives 

For the values used in the computations for Table I11 one obtains 
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which explains the 14 times faster heating rates of the fiber at  the fabric surface 
compared to the fabric bulk in Table 111. (In Table I11 it was assumed for the 
sake of simplicity that hf = hF.) The thicker and heavier the fabric is, the larger 
will be the value of (pk )  in eq. (261, and the faster will heat the “standing-out” 
fibers compared to the bulk of the fabric. The specific heat transfer ratio ( A f /  
AF) ,  in eq. (25), indicates that the specific surface area prevailing for heat transfer 
to a fiber is about 14 times larger than that of the fabric, 

Dye Particle Heating 

Equations similar to eq. (25) provide very useful correlations for estimating 
the relative heating time of substances having different shapes and/or structures, 
when subject to the same heating source temperature. 

For example, one can estimate the heating time of “spherical” disperse dye 
particles deposited on the fiber surface and having a radius (&) of m (1 p )  
and a density (Pd) of 1.0 X lo3 kg/m3. The specific area of heat transfer of a 
sphere subject to the heat source from all around is as in Table 11, Ad = 3 / p d & ,  
and for the fiber, Af = 2/prRf; thus, substituting as in eq. (25) yields 

Assuming that both the fiber and the dye particles have the same heat transfer 
coefficients and that, for the sake of argument, the heat capacity of both materials 
is comparable, then from the above calculation the dye particle will heat about 
20 times faster than the fiber. No data could be found in literature on disperse 
dye heat capacity. Such data is normally obtained under low heating rate con- 
ditions. Heat capacity measurements under high heating rate conditions, as 
prevailing during the continuous processes under investigation, are difficult to 
obtain and would produce a spectrum of apparent values. The c d  value assumed 
in this section is of the same order of magnitude as the heat capacity of similar 
solid material found in Ref. 13. 

As the dye particle sublimes and the particle “radius” vanishes, the ratio Ad/Af 
approaches infinity and the dye particle rate of heating relative to the fiber ac- 
celerates. 

In fabric printing, the dye particle is part of a porous film and heats according 
to the film heating rate. 

Limitations of the General Expression for Fabric Heating 

Equation (24) is very useful for expressing solid body heating cases where the 
temperature distribution inside the body can be approximated by a uniform and 
mean temperature (Tm),  that is, in cases where small temperature gradients exist 
between the body center and surface. This approximation can be offset by high 
temperature gradients between the body surface and center by either increasing 
the heat transfer coefficient, or in cases where the distance between the body 
surface and center is large. But since eq. (24) is being used on fabrics, fibers, 
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and dye particles of relatively small dimensions in the direction of the heat flow 
(or large specific heat transfer surface areas as in Table 11), the main equation 
limitation is its inadequacy for heating conditions involving high heat transfer 
coefficient values-as the ones in Table I for high radiating element tempera- 
tures. Under such circumstances the temperature distribution inside the body 
is far from uniform and T,,, cannot be calculated from Eq. (24). 

According to eq. (24), as hT approaches infinity, t will go to zero, and T,  - 
T ,  in no time. This does not happen in reality; the heat transmission through 
the fabric thickness (as hT - a) becomes limited by the fabric thermal diffu- 
sivity. 

When analyzing the heat transport between different phases, two sets of 
variables have to be considered: the thermal diffusivity of each phase and the 
heat transfer coefficients between phases. The thermal diffusivity reflects the 
capacity within the phase for thermal diffusion. The heat transfer coefficient 
between two phases is an indication of the ease with which heat flows from one 
phase to the other, or the interface capability for heat transfer. 

Let us first consider the case when h T  = a and heat is transferred to the fabric 
through a perfect contact between the heat source and the body interface, i.e., 
a t  t 0, the fabric surface temperature equals the heat source temperature 
(Ta) .  

The transient 1-dimensional heat conduction in a homogeneous medium can 
be expressed by the following differential equation: 

where T = fabric temperature (OK), when assuming the fabric to be a homoge- 
neous plate-as in Figure 7-t = time (s), CYF = fabric thermal diffusivity (m2/s), 
x = distance along the fabric thickness (m) in the direction of the heat transfer 
(see Fig. 7). 

where kF = fabric thermal conductivity (W/m°K), p~ = fabric density (kg/m3), 
and CF = fabric specific heat capacity (kJ/kg.'K). 

Measurements for the variation of kF and CF for a jersey knitted fabric had 
been made.14 In the temperature range 2O-20O0C, CF varies from 1.05 to 1.67 
(kJ/kg-OK) and k F  varies from 0.06 to 0.066 (W/m-"K); the changes in CF and 
k F  in the investigated temperature range are almost linear. In order to simplify 
the thermal analysis, the values of the system physical properties (especially when 
their variations with temperature are small) are taken at  the arithmetic average 
temperature, which is in our case 110°C; thus, k F  = 0.064 W/m"K and CF = 1.38 
kJ/kg-"K. Thus, for a fabric having p >  = 0.24 kg/m2 and 26F = 0.001 m, 

= 1.93 - m2/s 2 X m2/s (30) 0.064 
(0.24/0.001) X 1380 

(WF = 

For the initial, boundary, and final conditions (see Fig. 7), 
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TABLE IV 
Comparison between the Fabric Heating Rate Solutions Obtained Using eq. (24) and Numerical 

Analysis 

to.9 (s) ( T ,  = 199OC) 

(W/m2."K) analysis13 Eq. (24) 
hT Numerical 

0 m m 

40 12.0 12.0 
58 9.0 8.2 
93 6.1 5.1 

116 5.2 4.1 
232 3.3 2.1 
465 2.2 1.0 
697 1.9 0.7 
930 1.7 0.5 

1160 1.6 0.4 
2320 1.5 0.21 

m 1.37 0.0 

a t t 3 0 ,  T = T ,  a t x = f 6 F  (31b) 

a t t = a ,  T = T m  a t - 6 F < x Q + 6 ~  (31c) 

where To is the initial fabric temperature (2OOC) and (T,) is the heating source 
temperature (21OoC), eq. 28 can be solved by the separation of  variable^,'^ which 
gives 

The mean fabric temperature (T,) can be obtained by substituting for T from 
eq. (32) in eq. (2)) which yields upon integration and arrangement eq. (33): 

(33) 
Tm - Tm 
Tm -To n=O (2n + 1 ) 2  * 7 9  

n=m exp[-(2n + 112 - r 2  - CYF t/(4 * 6$)] = 8  C 

Fortunately, eq. (33) converges very rapidly for relatively long heating times. 
For example, for t = 1 s, eq. (33) gives 

Ta - Tm 
= 8 [1.4075 X + 2.1682 X + 1.5 X + -1 = 0.1126 

T ,  - To 
(34) 

Therefore, T ,  = 188.6"C after 1 s (t = 1 s) for the fabric in question, and for t 
= 0.5 s 

= 8 (3.776 X + 1.562 X + 7798 X + -) (35) T ,  - T ,  
T ,  - To 

Therefore, Tm = 152.6"C after 0.5 s. 
Equations (34) and (35) show how the convergence of the infinite series in eq. 

(33) is slowed down by decreasing the time (t), e.g., for t = 0.1 s, the second term 
in the series becomes 1.9051 X when t = 1.0 s. compared to 2.1682 X 
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Fig. 10. Effect of the heat transfer coefficient on the fabric heating time (to.9) and comparison 
between results obtained from numerical analysis13 and eq. (24). 

Thus for the particular fabric under investigation and for heating times over 0.5 
s one can safely approximate eq. (33) by neglecting all terms in the series except 
the first term, which yields 

. t) for t  20.5 (s) 

From eq. 36 (h  = a) and for T ,  = 210"C, the time necessary for (T,) to reach 
199°C is t = 1.36 s, which is the shortest possible time for heating the fabric, 
whereas from eq. (24) with hT = 1162 W/m2-"K, t = 0.4 s. The difference be- 
tween the heating times 0.4 s and 1.36 s as obtained from the exact solution [eq. 
(36)], and the simple heat transfer model [eq. 241 demonstrates the limits of eq. 
(24). Graphical representations of eqs. (32) and (33) are available and are more 
convenient to use.13J5J6 

Numerical Solution and General Expression for Fabric Heating-A 
Comparative Analysis 

A comparison between values of to.9 ( T ,  = 199°C) using available graphical 
solutions of the numerical analysis13 for the boundary conditions as in eqs. (31a), 
(31b), and (31c) and values of (to.9) obtained from eq. (24) are shown in Table 
IV for different values of hT. Nevertheless, for most practical purposes the heat 
transfer coefficient of industrial heating units for fabrics seldom exceeds a few 
hundred W/m2."K as will be shown later. 

Table IV shows the diminishing return of increasing the heat transfer coeffi- 
cient. Increasing h T  from 93 to 232 W/m2-"K cuts the necessary heating time 
( t 0 .g )  by about one half from 6.1 to 3.3 s, beyond that hT needs to be increased 
by an order of magnitude (232-2320) in order to reduce to.9 by another 50%. 
Figure 10 illustrates the results obtained in Table IV and the deviation of eq. (24) 
from the numerical analysis solution at  high heat transfer coefficient values. 
Figure 10 also shows how trying to increase hT over 400 (W/m2."K) produces 
an insignificant effect on the speed of heating the fabric. 

The textile literature should recognize the limitations of eq. (24) in order to 
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avoid serious errors in estimating the overall heat transfer coefficient of heating 
processes involving high h T  values-as in HTP-as will be demonstrated in 
Paper I1 of this study. 

SUMMARY 

In this investigation, first, the three common processes for continuously col- 
oring polyester with disperse dyes are briefly reviewed, and the slower production 
rate of the conventional HTP relative to thermosol or H T  steaming is simply 
analyzed [eq. (l)]. Then a general expression that represents the heat trans- 
mission by conduction, convection, and/or radiation to the fabric system com- 
ponents (fabric, fiber, dye particle) is derived [eq. (22)]. Next, a methodology 
for estimating the relative heating rate of the different fabric components is used 
to demonstrate that, for the typical polyester fabric under investigation, the fibers 
standing out at the fabric surface heat up about 14 times faster than the fabric 
bulk [eq. (27)], which explains the necessary close control of the fabric surface 
temperature when using infrared thermosol units containing high temperature 
heating elements in order to avoid partial melting of the fabric surface. The same 
methodology is also used to show that a dye particle (of 2 X m in diameter) 
heats up about 20 times faster than the polyester fiber (2 X loL5 m in diameter) 
it is deposited upon [eq. (27’)l. Finally, the limitations of the general heat 
transmission [eq. (22)] are investigated for the fabric heating. For the fabric 
under investigation, results obtained from eq. 22 for the heating time for the 
fabric to reach 200°C ( to .9)  start deviating from the results obtained from the 
numerical analysis ~olu t ion’~  (by approximating the fabric to a homogeneous 
plate) for heat transfer coefficient values over 40 (W/m2.”K); as in Figure 10. 
Under such circumstances the uniform temperature distribution inside the body 
being heated-a basic assumption for eq. (22)-is violated. In the case of the 
fiber and dye particle, the body geometry is so small such that increasing the heat 
transfer coefficient (up to, say, 200 W/m2.”K) does not significantly affect the 
body temperature distribution uniformity. If eq. (22) is used for high heat 
transfer coefficients to represent the heating rate of a fabric, it will yield heating 
times shorter than those obtained from the more exact numerical analysis-as 
in Table IV. 
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