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This work focuses on the treatment of parameter uncertainty in the simulation of 
the sheet reheat phase of the thermoforming process. The approach aims to im- 
prove the quality of predictions through more accurate evaluation of the input pa- 
rameters. First, the modeling approach is employed to perform a sensitivity analy- 
sis on the reheat phase. Then, a series of specialized experiments with heat flu 
and temperature sensors are performed on a thermoforming machine. The key pa- 
rameters identified through the sensitivity analysis are the subject of these experi- 
ments. The natural convective heat transfer coefficients are evaluated by two differ- 
ent approaches. Through treatment of the uncertainty associated with the input 
parameters, the prediction of sheet reheat phase is sigmflcantly improved. 

INTRODUCTION 

he thermoforming process involves three stages: T sheet reheat, forming, and solidification. A poly- 
meric sheet is heated in an wen to the desired forming 
temperature distribution. The sheet is then deformed 
to take the shape of the mold cavity and subsequently 
solidified. 

Process modeling is a useful tool in reducing the 
process set-up times and tooling costs and in achiev- 
ing the desired product development goals. Accurate 
prediction of sheet reheat in thermoforming process is 
critical as it is the input for the highly temperature 
dependent forming simulation. Therefore, accurate 
prediction of the temperature is essential to obtain an 
accurate prediction of the final part thickness. Process 
simulation traditionally relies on the exact knowledge 
of parameter inputs, such as material properties, 
process conditions and heat transfer properties. How- 
ever, these parameters are never known exactly, and 
a degree of uncertainty exists. The uncertainty di- 
rectly affects the confidence in the results obtained. 
One therefore has two options-reduce the level of un- 
certainty or account for it in the simulation through 
appropriate sensitivity treatment. 

Heating thermoplastics has been the subject of some 
research works in the literature. Gross (1) summarized 
the methods of analyzing the heating processes for 
thermoplastics. He discussed various mechanisms of 

heat transport for a variety of polymers processing 
techniques. Throne (2) discussed various aspects of 
computer-aided design in thermoforming. The sheet 
heating was characterized through assigning approxi- 
mate values to the processing parameters involved in 
the reheat phase. In another work, Throne (3) also an- 
alyzed modeling of heat transfer in semitransparent 
polymers for thermoforming applications by address- 
ing the wavelength dependency of sheet absorptivity 
and heater emissivity. Schmidt et aL (4) underlined 
the importance of optimizing the reheating stage in 
blow molding and thermoforming. They predicted the 
transient temperature distributions for both thin and 
thick-gage polypropylene thermoformed sheets using 
a radiative heat transfer analysis. An effective radia- 
tive heat transfer coefficient and the effective bulk 
temperature were used for this analysis. Monteix (5) 
optimized the set of processing parameters for the re- 
heat phase of 2-stage injection stretch blow molding 
process. The optimization task included the measure- 
ment of oven air temperature as well as the evaluation 
of heat transfer coefficients at the surface of PET pre- 
forms and sheets. Le Maoult et aL (6) and Monteix et 
al. (7) determined the spectral properties of infrared 
emitters. Bendada et aL (8) developed a n  inverse tech- 
nique to reconstruct the initial temperature profile in 
a preform as well as the free convection coefficient 
using surface temperature measurements. In a recent 
work, Haberstroh et aL (9) have analyzed the mobile 
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preform reheat in injection stretch blow molding 
process. There are also some other works in the litera- 
ture on the simulation of reheat phase for forming 
processes (10-14); however, the effect of process vari- 
ables on the reheat stage has not been addressed in 
details. To the authors' knowledge, this is the first 
work to deal with the sheet reheat stage in details. 
Moreover, the new methodology developed in this 
work is the first attempt to remove uncertainties asso- 
ciated with the input parameters in predicting the 
sheet temperature distribution. 

This work focuses on the treatment of parameter 
uncertainty in the simulation of the sheet reheat 
phase of the thermoforming process. As the reheat 
phase is the first phase of the thermoforming process, 
errors in the prediction of this phase will be com- 
pounded in the prediction of subsequent phases. Fur- 
thermore, there are several parameters important to 
the prediction of the reheat phase that have a high 
degree of uncertainty. The approach aims to improve 
the quality of predictions through more accurate eval- 
uation of the input parameters. First, the modeling ap- 
proach is employed to perform a sensitivity analysis on 
the reheat phase. A single parameter at a time is per- 
turbed in a fashion so as to determine the effects on 
the transient response of the sheet surface tempera- 
ture. Then, a series of specialized experiments with 
heat flux and temperature sensors are performed on a 
thermoforming machine. The key parameters identi- 
fied through the sensitivity analysis are the subject of 
these experiments. The natural convective heat trans- 
fer coefficients are evaluated by two different ap- 
proaches. Through treatment of the uncertainty asso- 
ciated with the input parameters, the prediction of 
sheet reheat phase is sigmficantly improved. 

THEORY 
Proper simulation of the sheet reheat stage combines 

the heat transfer and viscoelastic deformations. The 
heat transfer analysis couples radiation and convection 
boundary conditions on both sides of the sheet. A non- 
isothermal viscoelastic formulation is used to represent 
the sheet deformation due to a gravity load or an ap- 
plied pressure. Therefore the thermal and sag predic- 
tions are coupled in the reheat stage. 

If a temperature gradient exists within a body, heat 
is transported from the area of higher temperature to 
that of lower temperature. If an energy balance is set 
up for a volume element where the thickness is much 
lower than the other two dimensions, then one ob- 
tains the differential equation for the temperature 
field as follows (15): 

where p, Cp, and k are the density, specific heat and 
thermal conductivity of the body, respectively, T is the 
temperature, x is the coordinate of the sheet in the 
thickness direction, and t is the elapsed time. The last 

term in the right hand side, ~ aqabs is taken into con- 

sideration when there is heat absorption in the vol- 
ume from a radiative heat source. In radiative heating 
of opaque materials, the volume heat absorption term 
is considered to be negligible. It is important to note 
that the presence of clamp frame introduces an im- 
portant temperature gradient in the planar direction, 
which is neglected in one-dimensional modeling of the 
sheet reheat phase. 

The heat balance equation is subjected to a series of 
boundary conditions. For the radiative heating stage 
in thermoforming, one is dealing with both radiative 
and convective boundaq conditions. As a consequence, 
the simulation of the reheat stage requires accurate 
modeling of the heat f l u  received by the polymer 
sheet. The total heat flux qtot at the sheet surface is 
given by: 

ax 

4tot = ilmd + 4Corlll 

where 

and 
(31 

(4) 

In these equations, qd is the radiative heat flux inci- 
dent on the surface, is the convective heat flux, u 
is the Stefan-Boltzmann constant, F is the view factor, 
Th is the heater temperature, T, is the sheet surface 
temperature, h is the natural convective heat transfer 
coefficient, T, is the air temperature, and  is the ef- 
fective emissivity of the sheet-heater system defined 
as (16): 

(5) 

where E,, and E,  are the emissivities for the heater and 
the sheet, respectively. The incident radiant heat is 
absorbed, reflected or transmitted depending on the 
material under consideration. Since the ABS sheets 
used in this work are opaque and adequately thick 
(1.6 mm), the radiation is assumed to be fully ab- 
sorbed on the surface. 

To calculate the radiative heat flux incident on the 
sheet surface, the Oven is modeled with triangular ele- 
ments representing the zone surfaces. The global ra- 
diative heat flux received by the sheet becomes the 
summation of each heater element contribution ac- 
cording to the following equation (1 7) : 

where Ai is the individual source element surface 
area, FJi is the view factor between @ element of the 
source and j th element of the sheet, and Ti is the 
source element temperature. Radiative exchanges 
with other wen components are neglected. The view 
factor, Fy. is evaluated as follows: 
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where €+ and ej are the direction cosines on ith element 
of the source and j th  element of the sheet, respec- 
tively, d is the distance between these elements, and 
A, and Aj are their respective surface area. 

The sheet sag as well as the sheet forming is pre- 
dicted with the K-BKZ viscoelastic constitutive model. 
This model has shown to be capable of predicting the 
viscoelastic deformation of most thermoforming grade 
plastics during the forming processes including their 
deformation under the gravity load (10). The K-BKZ 
model relates the stress to the strain history as fol- 
lows (18). 

u =  

where q is the hydrostatic pressure, 6 is the identity 
tensor, m is a memory function given by the Maxwell 
relaxation spectrum, c is the Cauchy deformation ten- 
sor, c-l is the Finger deformation tensor, h is a damp- 
ing function based on the Cauchy strain invariants 
and 8 refers to the second normal stress difference in 
the deformation (biaxial effect). 

The thermal dependence of the K-BKZ model is ac- 
counted for with a temperature shift function that 
modifies the modulus or the relaxation times of vis- 
coelastic models. The most common shift function 
used is the WLF equation: 

where c1 and c, are model constants and TEfis the 
reference temperature at which the shift a, equals 1. 

To theoretically evaluate the natural convective heat 
transfer coefficients, empirical equations are used. 
These equations are genedly of the following form (19): 

- 

= = CRaF k 
~ 

where NuL is the average Nusselt number, h is the av- 
erage heat transfer coefficient, k is the thermal conduc- 
tivity of air, and C and n are constants. The Fbyleigh 
number, 

is based on the characteristic length L of the geometry 
defined as follows: 

where As and P are the plate surface area and perime- 
ter, respectively. In JZq 11, g is the local acceleration 

due to gravity, p is the thermal expansion coefficient, 
T, is the plate surface temperature, T, is the air tem- 
perature, u is the kinematic viscosity and CY is the ther- 
mal diffusivity of air. 

The following equations give the heat transfer coeffi- 
cients for the upper surface of a heated plate or the 
lower surface of a cooled plate: 

= O . 5 4 R ~ i ’ ~  lo4 I Ra, 5 lo7 (13) 

Nu, = 0 . 5 4 ~ ~ ; ’ ~  107 s. RaL I 10” (14) 

Similarly, the heat transfer coefficient for the lower 
surface of a heated plate or the upper surface of a 
cooled plate is: 

NuL = O.27Rail4 lo5 i Ra, i 10” (15) 

This work aims to improve the quality of tempera- 
ture predictions through more accurate evaluation of 
the input parameters. The parameters were selected 
based on either their major effect on the reheat phase 
or the uncertainty involved with their real values under 
processing conditions. 

SENSITIVITY ANALYSIS 

The modeling approach was employed to analyze 
the sensitivity of the sheet reheat phase to the key pa- 
rameters of the thermoforming process. The sheet was 
meshed using 9360 triangular multilayer membrane 
elements and the simulations were performed using 
FormSim software (10, 20). The parameters were se- 
lected based on either their major effect on the reheat 
phase or the uncertainty involved with their real val- 
ues under processing conditions. The parameters of 
interest were oven temperature, air temperature, emis- 
sivity, view factor, heat transfer coefficient, sheet spe- 
cific heat, sheet thermal conductivity, and heater-sheet 
spacing. A single parameter at a time was perturbed 
in a fashion so as to determine the effects on the tran- 
sient response of the sheet surface temperature. The 
procedure can be summarized as follows: 

1. Perturb one parameter at a time (15%) and run 
the FormSim code to get the sheet surface tem- 
perature distribution 

2. Track the surface temperature after 90, 120, 150, 
and 180 s reheat period and compare the simula- 
tion results with the control condition (Tmmc ref- 
erence temperature profile with no perturbation) 
along the transversal symmetry axis featuring the 
highest temperature gradient 

3. Spot the perturbation for which the surface tem- 
perature is the highest along the symmetry axis 
and take the maximum temperature difference 
obtained (Tm-Tm& as the basis for normaliza- 
tion procedure 

4. Plot the normalized sensitivity (T-TcOnhJ/(Tma- 
along the symmetry axis and, for the cen- 

ter of the sheet, as a function of reheat time for all 
perturbed cases 
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In this work, the normalized sensitivity results for 
the center of the sheet as a function of reheat time are 
presented. 

EXPERIMENTAL 

The experimental measurements were performed on 
an industrial scale thermoforming machine. The ABS 
sheet dimensions were 240-mm width, 252-mm length, 
and 1.6-mm thickness. The oven had an upper and a 
lower heater bank of six ceramic elements for profiled 
control of three zones. First, the ceramic heaters were 
calibrated at three different set points (dialed in tem- 
peratures). To this end, the surface temperatures of 
the heater banks were measured at  different set 
points using mounted type K thermocouples. The av- 
erage temperature of the coil and support on each 
heating element was found to represent best the 
heater temperature. The calibration curve was con- 
structed by plotting the measured temperature uersus 
set point temperature. 

Rgwe I shows the experimental setup including the 
location of thermocouples measuring oven, sheet and 
air temperatures. For an oven set-point temperature 
of 180°C and 360-s reheat time, the transient sheet 
surface temperature was measured at three different 

locations (both upper and lower sides) using mounted 
type K thermocouples. The sheet upper surface tem- 
perature was also measured using an AGEMA 9OOLW 
infrared camera right after removing the sheet from 
the oven. The two temperature readings were fairly 
comparable (less than 5% discrepancy). 

Black-painted BF-02 series sensors from Vatell Co. 
(polyimide, 10 mm by 10 mm by 0.2 mm), equipped 
with a type T thermocouple on the top surface were 
used for heat flux measurements. A single heat flux 
sensor at a time was attached to the center of the ABS 
sheet (either upper or lower surface) using a conduc- 
tive adhesive pad provided by Vatell Co. The transient 
heat flux (convective + radiative) as well as the top 
surface temperature of the heat flux sensor was mea- 
sured. It was noticed that the temperature readings of 
the type T thermocouple integrated to the top surface 
of the sensor corresponded well to the sheet surface 
temperature readings using mounted thermocouples 
(less than 5% discrepancy). This indicates that the 
heat flux sensor does not disturb the heat flow. 

The transient air temperature was measured using 
type K thermocouples, midway between the heater 
and the ABS sheet. The spots where the air tempera- 
ture measurements were performed correspond to 

FYg.1. Expenmen ' tal setup including the fncafbn of thermocouples measuring the oven, sheet and air temperature. AU dimensions 
areinm 
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those of sheet surface temperature measurements 
(see Q. I ) .  The same procedure was repeated to mea- 
sure the air temperature at several locations along the 
vertical symmetry axis. 

The infrared camera was also used to measure the 
emissivity of the ABS sheet and ceramic heaters. A 
black paint of a known emissivity was applied to the 
test surface in order to create a reference value for the 
emissivity readings. The effective emissivity as a func- 
tion of temperature was evaluated using Eq 5. 

RESULTS AND DISCUSSION 
Flgure 2 compares the normalized sensitivity of the 

sheet surface temperature to the input parameters as 
functions of dimensionless heating time. Dimension- 
less scales allow a better demonstration of the relative 
effect of each parameter on the sheet surface temper- 
ature evolution and the time course during which 
these effects are significant. As a consequence these 
results are applicable to a wide range of thermoform- 
ing systems and materials. The results for thermal 
conductivity are not considered in this figure since it 
was found to have a little effect on the sheet surface 
temperature. However, for thick-gauge sheets, the effect 
of this parameter should be taken into consideration. 
These results indicate that the heater temperature, 
emissivity, view factor, and the polymer specific heat 
have the most pronounced effects among the parame- 
ters under investigation. Moreover, it can be seen that 
the sensitivity of the reheat phase to each parameter is 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

dynamic in nature during reheat. While at the begin- 
ning of the reheat phase the specific heat and emis- 
sivity have pronounced effects, the heat transfer coef- 
ficient becomes more predominant towards the end of 
the reheat. 

The sensitivity analysis indicates the influence of 
the input parameters on the reheat phase assuming 
the same level of uncertainty for each parameter. 
However, in practice the uncertainty varies from one 
parameter to another. The following results demon- 
strate the level of uncertainly for each parameter. 

The temperature distribution histogram of the lower 
heater bank obtained using the infrared camera is 
shown in Rg. 3. Although the set-point is 180"C, about 
9% of the surface falls below the set-point, represent- 
ing the gap between the heating elements. Further- 
more, over half the surface is at temperatures be- 
tween 200°C and 220°C. Combining new and old 
heating elements can lead to this kind of temperature 
nonuniformity. 

Figure 4 shows the transient temperature of the 
heater banks measured at a set-point of 180°C. A sig- 
nificant discrepancy is observed between the set-point 
and the measured temperatures for the upper heater 
bank, particularly toward the end of the reheat phase. 
Therefore, the heater temperatures input in the simu- 
lations must be time-dependent to properly predict 
the reheat stage. An alternative would be to obtain a 
better transient temperature control of the heating 
zones. 

+Oven temperature 

+I+ Emissivity & View Factor 

It Specific heat 

+Heat transfer coefficient 

+Air temperature 

43- Sheet-heater spacing 

0.5 0.6 0.7 0.8 0.9 1 .o 
Dimensionless Heating Time (5)  

Rg. 2. Normalized sensitivity as afunction of dimensionless heating time for some input parameters. The ouerd heating time is 
180 s. 
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Temperature Area (percentage) 

1 I I 
Flg. 3. Temperature distribution histogramgwing the temper- 
ature us. percentage of area for the lower heater bank. 

The sheet surface temperatures measured at three 
different locations using both mounted thermocouples 
and the infrared camera are given in Fig. 5. As ex- 
pected, the temperature is higher at the center and 
decreases towards the edges, with a minimum at the 
comers. This can be explained by the diminishing 
magnitude of the view factor towards the edges. The 
thermal conduction in the planar direction due to the 
presence of the clamp frame is also responsible in 
part for the observed temperature gradient. Figure 5 
also shows that the temperature is higher at the lower 
side of the sheet than at the upper side of the sheet 

due to rising hot air. The temperature reading using 
the infrared camera at the end of the reheat period is 
slightly higher at the edge. The lack of proper contact 
between the mounted thermocouple and the sheet 
could be responsible for this discrepancy. 

Figures 6 to 8 show the air temperatures measured 
midway between the sheet and heater banks at the 
upper and lower side of the sheet as well as those 
measured along the vertical symmetry axis. The re- 
sults imply that the oven air temperature is extremely 
nonuniform and changes significantly with heating 
time. Moreover, the air temperatures at the lower side 
of the sheet are 1.5 to 2 times greater that the values 
at the upper side. This can be attributed to the clamp 
frame at the lower side, which creates a stagnant re- 
gion by trapping the hot air. The fluctuation in the 
temperature readings is probably due to the circula- 
tion of the oven air caused by natural heat convection 
phenomena. The following correlation was used to 
represent the air temperature as a function of reheat 
time (21): 

T(t) = Tf+ (Tt - Tf)e-bt (16) 
where qt) is the transient air temperature, b is a pa- 
rameter related to the heating rate, ?is the final air 
temperatures at the end of reheat, and Ti is the initial 
air temperature related to the ambient temperature 
Tamb and oven temperature To as follows: 

200 

G 0 

8 100 

8 

U 

L 

c, 

Q) 150 
=I 

2 

E 

50 

0 

: Upperheaterbank : 

Set point = 180°C 

I Start End 
: reheat : reheat p- t*/ 

I I I I 1 

700 800 900 1000 1100 1200 1300 

Time (s) 
Flg. 4. Variations in the temperature of the heah banks us. reheat time. 
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Fig. 5. Sheet surface temperatures measured at three dixerent locations on the upper and the lower surface using both mmted 
thennoauples and infared camera 
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F@ 6. Air temperature, measured midway between the sheet and upper heater bank 
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FQ. 7. Air temperatwe, measured midway between the sheet and l o w  heater bank. 
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FXg. 8. Air temperature measured along Verticat symmetry ads, between the heater banks arid the ABS sheet 
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Fig. 9. Effectim emisswity evaluated using Eq 5 before and 
after correctbn for the gap bewen the heating elements. 

where a is a parameter below unity. The regression 
based on these equations is also shown in Figs. 6 and 
7. Predicting the transient air temperature for various 
oven temperatures using Eq 16 will be the subject of 
our future work. To achieve this goal, appropriate cor- 
relation must be found for each fitting parameter to 
represent their variations with oven temperature. 
Figure 9 gives the effective emissivity evaluated 

using LCq 5 based on the measured emissivity values. 
Having observed a linear temperature dependency for 
the emissivity of the ceramic heaters ( E ~ ) ,  the effective 

0.1 6 
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0.12 
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N g 0.10 

x 0.08 
J 
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0)  

- 
CI 
0 0.06 
I 

0.04 

0.02 

0.00 

emissivity at higher temperatures was approximated 
through extrapolating the effective emissivity curve 
(dotted line). On the other hand, the infrared thermog- 
raphy of the heater banks indicated that around 9% 
of the heater area fell below the set-point temperature, 
representing the gap between the heating elements. 
As a consequence, the effective emissivity curve was 
corrected to represent the actual heater. The resulting 
curve (solid line) is also shown in Fig. 9. The extrapo- 
lated effective emissivity curve leads to a value around 
0.7 at a heater temperature of 200°C. 

The heat flux measurements enabled us to approxi- 
mate the natural convective heat transfer coefficients. 
According to Eqs 2-4, the heat transfer coefficient can 
be evaluated as follows: 

Sheet surface temperature and air temperature are 
known a priori based on the experimental measure- 
ments conducted in this work. The radiative heat flux 
is evaluated based on the parameters measured in 
this work for the infrared heaters. The view factor for 
the heat f l u  sensor is evaluated numerically based 
on Eq 7 using our SheetMesh software (10, 22). Figure 
10 gives both the total heat flux and radiative heat flux. 
Accordmg to these results, the heat flux measurements 
leads to a heat transfer coefficient value of 2 W.m-2.K-1 
for the lower side of the sheet at the beginning of the 

Total heat flux 

Radiative heat 

0.0 100.0 200.0 300.0 400.0 500.0 

Time (s) 
Rg. 10. Total hedw (measuredl and radiative heatjlux (calculatedl for the lower swme of the sheet. 
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Fic~. 11. Sheet swjiie temperature at the center and midway air temperature measured for  the upper and the lower side of the 
S h e e t .  

reheat phase. Since BF02 heat flux sensors start to 
heat up at higher temperatures and deviate from their 
calibration constants, the results at the end of the re- 
heat phase are considered less reliable. The heat flux 
measurements for the upper side of the sheet failed 
due to the poor contact between the sensor and the 
sheet. 

To evaluate the natural convective heat transfer co- 
efficient towards the end of the reheat phase, we re- 
sorted to empirical equations. Equations 13 to 15 re- 
quire the sheet surface temperature as well as the air 
temperature. Figure 11 summarizes the required in- 
formation for the evaluation of the heat transfer coeffi- 
cient at the center of the sheet. Based on these data, 
Figs. 12 and 13 give the heat transfer coefficients for 
the lower and upper side of the sheet as functions 
of reheat time, respectively. Both constant and tran- 
sient air temperatures were considered to allow a 
later comparison. The discontinuity around 55 s for 
the upper side and 210 s for the lower side represents 
the crossover points where the air and sheet surface 
temperatures coincide (T = 80°C and T = 14 1 "C. see 
Fig. 11). Below these temperatures the empirical 
equations are not reliable because of the nonunifor- 
mity of the air temperature, ranging from sheet sur- 
face temperature to oven temperature. Therefore, a 
comparison cannot be made between the values eval- 
uated using empirical equations for the beginning of 
the reheat phase with the one obtained using heat 
flux sensors for the lower side of the sheet. On the 
other hand, no matter what the air temperature is, 

the heat transfer coefficient after the crossover point 
levels off toward the end of reheat phase once the 
sheet surface temperature reaches equilibrium. The 
resulting equilibrium value of the heat transfer coeffi- 
cient for the lower side of the sheet ranges between 
2.0 to 3.5 W.mw2.K-'. Since the natural convective 
heat transfer mechanism is different before and after 
the crossover point, the evaluated values after the 
crossover point cannot be directly compared to the 
one measured experimentally for the beginning of the 
reheat phase. The empirical equations lead to a heat 
transfer coefficient between 6.5 and 7.5 W.m-z.K-l for 
the upper side of the sheet regardless of the air tem- 
perature, as can be seen in Fig. 13. These results 
imply that the natural convective heat transfer coeffi- 
cient for the upper side of the sheet is 2-3 times 
greater than the values obtained for the lower side. 
This conclusion holds for the majority of conventional 
thermofonning operations. 

mure 14 shows the variation of the heat transfer 
coefficient for the upper side of the sheet as a function 
of the sheet surface temperature. Despite the strong 
temperature dependency of the heat transfer coeffi- 
cients, they can be assumed constant for the most of 
the reheat period due to the slight changes in the 
sheet surface temperature towards the end of the re- 
heat phase. The evolution of heat transfer coefficients 
given in Figs. 12 and 13 also confirms this assump- 
tion. 

The other parameter investigated in this work was 
the polymer specific heat. Based on the experimental 
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Fig. 14. Heat transfer c o e m n t  for the upper surface of the sheet as afunction of temperature evaluated using Eq 13, assuming ei- 
ther constant or transient air temperature. 

data taken from the literature, the specific heat was 
assumed to increase linearly with temperature featur- 
ing different slopes below and above glass transition 
temperature. Differential scanning calorimetry will 
bring some insight to the magnitude of this parameter 
for a wide temperature range. 

Sheet sag affects the sheet reheat phase through 
changing the sheet-oven spacing and as a conse- 
quence the view factor. In the simulation of the reheat 
stage, the sag was accounted for through dynamic 
evaluation of the view factor. Figure 15 shows how the 
view factor changes for opposite sides of the sheet as 
a function of reheat time. 
Table 1 summarizes the degree of uncertainty for 

some of the input parameters. The prediction of sheet 
reheat phase was improved by implementing appro- 
priate input parameters in the simulations. That is: 

1. Measured oven temperatures instead of set points 
(199OC and 187°C for upper and lower heater 
banks, respectively). 

2. Average air temperatures (60°C for the upper side 
and 110°C for the lower side of the sheet). 

3. Different convective heat transfer coefficients for 
the upper and lower side of the sheet (7 W.m-2.K-1 
and 2 to 3 W.m-2.K-1, respectively). 

4. Measured effective emissivity value of 0.7. 

5. Temperature dependent specific heat. 

6. Dynamic view factor evaluation. 

Figure 16 compares the numerical predictions with 
experimental measurements for the center of the sheet 
(lower side) before and after uncertainty treatment. 
The results indicate that the accuracy of predictions 
can be significantly improved by accurately evaluating 
the uncertainty bound for the key parameters through 
the approach implemented in this work. FXgure 17 
gives the thickness prediction results before and after 
uncertainty treatment as well as the experimental 
thickness data obtained on a bass boat thennoformed 
at industrial operating conditions (10). One can also 
see that the thickness predictions are considerably im- 
proved upon the improvement in the prediction of tem- 
perature profile prior to forming. These results imply 
that for various thennoforming operations, proper pre- 
diction and treatment of parameter uncertainty for 
the reheat phase will improve the quality of predic- 
tions for the entire process. 

CONCLUSION 

This work involved the uncertainty treatment, 
through more accurate measurement of the input pa- 
rameters. The sensitivity analysis indicated that the 
sensitivity of the sheet temperature to each processing 
parameter was dynarmc in nature during reheat. The 
parameter highly affecting the sheet surface tempera- 
ture was the temperature of the radiant heater. The 
emissivity of the radiant heater, the view factor, and the 
polymer specific heat were the other parameters signifi- 
cantly affecting the reheat phase. These results are ap- 
plicable to a wide range of thermoforming operations 
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Q. 15. Variations in the view factor for the upper and the lower side of the sheet as afunction of reheat time. 

and materials. However, for thick-gauge sheets, the 
effect of thermal conductivity should be taken into 
consideration. 

The experimental measurements demonstrated a 
significant discrepancy between the set point and 
the measured temperature response of the ceramic 
heaters. Therefore, the heater temperatures input in 

the upper side of the sheet, heat transfer coefficients 
approximated by empirical equations were almost 
three times the value of the lower side. 

This work demonstrated that the prediction of sheet 
reheat phase could be significantly improved by im- 
plementing appropriate input parameters in the simu- 
lations. That is: 

the simulations must be time dependent to properly 
predict the reheat stage. An alternative would be to 
obtain a better transient temperature control of the 
heating zones. Experimental measurements also 
demonstrated that the air temperature was extremely 
nonunifom in all three directions and changed signif- 
icantly with heating time. Furthermore, the air tem- 
peratures at the lower side of the sheet were 1.5 to 2 
times greater that the values at the upper side. The 
heat flux measurements indicated that for the lower 
surface of the sheet, the heat transfer coefficient is ex- 
tremely low (2 W.m-z.K-l). This was attributed to the 
clamp frame at the lower side acting as a barrier to 

Measured oven temperatures instead of set-point 
oven temperatures 
Different air temperatures and convective heat 
transfer coefficients for the upper and the lower 
side of the sheet by keeping the respective ratio 
for each parameter 
Accounting for the geometrical features of the 
heating elements in evaluation of the effective 
emissivity 
Temperature-dependent specific heat and dynamic 
view factor evaluation. 

the natural heat transfer phenomena by trapping the 
hot air. Empirical equations lead to a comparable 
value of the heat transfer coefficient for the lower side 
of the sheet towards the end of the reheat period. For 

The context of this work is the reheat phase of ther- 
moforming processes and can be generalized for a 
wide range of equipments, materials and processing 
conditions. The uncertainty treatment methodology 

Table 1. Uncertainty Evaluated for Some Input Parameters. 

Parameter Nominal Upper bound Lower bound 

Oven temperature (“C) 
Air temperature (“C) 
Heat transfer coefficient (W.m-*.K-’) 
Effective emissivity 
Specific heat (J1Kg.K) 

180 
60 
5 
0.80 

1300 

220 
140 

7.5 
0.95 

2200 

170 
40 
2.0 
0.70 

800 
~~ ~~~ 
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Q. 16. Improvement in the prediction of sheet reheat phase through the uncertainty treatment. 
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boat indicates the location and dhxtion of exprimental measurements. 
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and the observed trends in the processing parameters 
discussed in this work can directly be applied to im- 
prove the accuracy of sheet reheat predictions. 
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