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Abstract
Composite manufacturing has proven to be a quintessential process for the improvement of a spectrum of industries frommedical
to automotive, and aerospace.Most composite manufacturing processes include a two-step process, lay-up, and autoclave curing.
The autoclave process is often long and expensive. Therefore, improving its efficiency can reduce the production cost and
increase the throughput significantly. However, there is a scarcity of studies in the literature that tackle production improvement
of vacuum bag/autoclave molding processes. Thus, in this paper, in collaboration with an industry partner, the effect of quantity,
location, and orientation of parts inside an autoclave on the curing cycle is investigated both computationally and experimentally.
The objective is to improve the production rate without compromising quality. The quality of parts is being represented by their
heat-up rate throughout the curing cycle. The results showed that, for a specific scenario, doubling the number of parts inside the
autoclave could slow down the heat transfer without significantly affecting the heat-up rates. As a result, the lag could be
negligible for the increase in the production rate that it provides.
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1 Introduction

Composite materials usually have unique properties, the most
significant of which is the high strength-to-weight ratio. The
incorporation of composite parts in the aerospace industry has
permitted increased speed, improved fuel efficiencies by re-
ducing part weight, and increased reliability by increasing
strength and durability. Composite materials consist of two
or more types of individual components. This combination
is generally implemented to realize the benefits of each com-
ponent individually while achieving a new material that is
superior in performance to each of the composite individual
parts.

One of the most widely used techniques for composite
manufacturing is the vacuum bag/autoclave molding process,
which involves placing resin and fibers in a mold enclosed in a
vacuum bag. This process involves the lay-up of a variety of
layers to form an assembly. Once assembled, the vacuum bags
are inserted in an autoclave. Inside the autoclave, a vacuum is
created, which forces out air and any excess resin. This pro-
cess will compact the vacuum bag, which will then be sub-
jected to high temperature and pressure, causing the laminate
to consolidate. The entire process inside the autoclave is called
a curing cycle.More specifically, the curing cycle consists of a
heat-up or ramp-up period, dwell time, and a cooling period.
During the heat-up period, the parts are expected to reach a
predetermined curing temperature. Once the curing tempera-
ture is reached, the parts are maintained at the dwell temper-
ature for a given duration, which varies depending on the part
specifications. The dwell period begins after the coldest, lag-
ging point of the parts within the autoclave reaches the curing
temperature. Constant high pressure is maintained throughout
the process until the cooldown period begins.

The effect of variation of curing parameters on the quality
of composite materials has been extensively studied in the
literature [1–17]. In these studies, one or two curing parame-
ters were changed to intentionally induced various defects in
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the composite parts. Then, the correlation between the me-
chanical properties of interest and variation of the curing pa-
rameters was investigated. Some of these studies explored the
effect of variations in curing temperature [1–4], pressure
[7–13], or both [17] on the mechanical properties of compos-
ite parts. While others investigated the design of proper curing
cycles to improve the mechanical properties of composite
parts [5, 6, 18]. There are also studies investigating the design
optimization of autoclave molds to improve curing quality and
performance of composite [19, 20].

In addition to pressure and temperature, a change in the
loading of an autoclave, which means the different placement
of parts and/or different numbers of loaded parts, leads to
different airflow patterns that can affect the curing cycle
[21]. Slesinger [22] experimentally showed that changing
the parts’ locations inside the autoclave will significantly af-
fect the heat transfer coefficient (HTC). Bohne et al. [23]
numerically and experimentally studied the relation between
HTC and the location of parts inside the autoclave. They
found that a part placed in the front region of the autoclave,
where air velocity is the highest, could have an HTC twice as
large as the HTC of a tool placed in the rear of the autoclave
where the air is slower. Some researchers argued that the in-
cidence angle in which the hot air reaches a plate has a signif-
icant effect on the heat transfer to the plate, whether it is a
composite material in an autoclave or an urban building.
Sturrock [24] studied the effect of wind direction on convec-
tive heat transfer by placing cube-shaped building models in a
wind tunnel. He found that the highest HTC occurred with an
incidence angle of 30°. In contrast, early research by Rowley
[25] found no significance in the effect of flow direction by
studying flow angles between 15 and 90° to the surface.

Heat transfer is a major contributing factor during the cur-
ing process of composite materials. It generally occurs in 3
forms:

1. Forced convection between the solid and the moving hot
gas.

2. Conduction between the different layers of the part.
3. Heat production by the polymerization reaction through

the thickness of the part.

The entire heat transfer mechanism is regulated by forced
convection. While the literature is extensive in investigating
the effect of pressure and temperature changes on the curing
cycle, it is very sparse on the impact of autoclave loading on
curing cycles, especially when forced convection used for
modeling the heat transfer. Additionally, in the literature
concerning autoclave heat transfer, the main objective of effi-
cient curing cycles, which is curing the maximum number of
parts in the shortest possible time, is often neglected. For
example, it is not clear when the number of parts is doubled
(two racks), how it will affect the curing cycle and whether it

is worth the 100% increase in production rate, and whether it
will maintain the product quality. Therefore, the main contri-
bution of this paper is to investigate the effect of autoclave
loading and its variation on (1) the curing cycle; (2) the heat-
up rate of parts as a measure of their quality and acceptance.

In sections 2 and 3 of this paper, we will explain the com-
putational and experimental methods of our study. In section
4, we summarize the results and findings, explaining the as-
sumptions and limitations of the study as well as avenues for
further research.

2 Computational study

2.1 The autoclave

For this study, the curing process occurs in a specific autoclave
to reduce outside noise and variabilities not otherwise associat-
ed with the control parameters of the study. The autoclave
chosen for the study is modeled after an existing one at a partner
company. It is a cylindrical model with a blower located at the
rear, which blows hot gas through a metal sheet annulus. The
annulus forms a 2.5″ conduit with the boundaries of the auto-
clave. The gas circulates through this opening until it reaches
the front of the autoclave, where the flow reverses once it hits
the curved door. The gas then travels back through the center
and exits the chamber through a radiator that cools down the
gas before it is heated up again and blown back inside the 2.5″
opening. The autoclave has an interior diameter of 6′, measured
to the interior surface of the metal sheet annulus. The interior
length, from the lip with the door open to the cooling radiator
located at the rear, is 12′. The door’s interior has a hybrid shape,
which is comprised of both flat and curved surfaces. The oper-
ating conditions are at 425 °F and 125 PSI. When facing the
door, on the left side, there are ten vacuum source ports spread
along the length of the autoclave; on the opposite side, are ten
vacuum monitor ports. Each part requires a minimum of 1
vacuum source and one monitoring port. The operating gas
inside the autoclave is nitrogen. We used a representative prism
to physically and thermally represent actual molds, also known
as tools, inside the autoclave. The representative prisms were
chosen to represent parts as large as 6.5″ × 6.5″ × 18″.

One of the major problems of the curing cycle is that a
portion of composite parts does not remain within the required
specifications. More specifically, the lagging or trailing edge
of the part is not maintaining the minimum ramp rate required.
While this is problematic on the trailing edge of the parts, the
issue is not present on the leading edge. The ramp rate varies
based upon the given temperature. According to parts’ speci-
fications, parts need to maintain a defined ramp rate at various
points during the process over a given average time frame.
Table 1 shows an example of the required ramp rates for a
part:

2990 Int J Adv Manuf Technol (2021) 112:2989–3000



Table 1 shows that the ramp rate remains constant at
4.44 °C/min throughout the process, while the minimum ramp
rate begins at 1.11 °C/min and reduces as the temperature
increases, this can be seen in Fig. 1. Figure 1 shows the tem-
perature vs. ramp rate graph, with the mean observed ramp
rate depicted as a black dashed line located slightly above the
minimum required ramp rate throughout the process.

One major issue of composite manufacturing is that the
specifications are not met consistently on the trailing edge of
parts. If the 10-min average ramp rate of any part falls outside
of the specification for any portion, the part is rejected. Inside
an autoclave, the temperature is monitored through various
thermocouples located across the surface of each part. Often
the autoclave process temperature ramp rate is set to the max-
imum ramp rate, i.e., the autoclave is not capable of ramping
up the temperature at a higher rate than current operation.

The purpose of the simulation is to investigate the heat pro-
file and spacing of a particular prism in the model autoclave to
reduce the number of rejected parts and to improve the curing
cycles in order to increase the number of parts cured at once.

2.2 Simulation model

In this study, we used computational fluid dynamics (CFD)
simulation to model the heat transfer inside the autoclave

described in section 2.1, which is loaded with parts. The main
purpose is to test the possibility of increasing the number of
loaded parts during a single run while maintaining the heat-up
rates within the acceptable limits and minimizing total cure
cycle times. To this end, different scenarios were numerically
simulated using ANSYS Fluent software. The scenarios are
chosen to allow a comprehensive analysis of how the number
of loaded parts, their placement, and orientation affect the heat
transfer inside the autoclave.We attempted to establish a mod-
el that predicts how loading the autoclave can affect curing
cycles each time.

Our simulation only models the heat-up process of the cure
cycle. So, one of the outputs will be the time it takes the parts
to reach the curing temperature. Because, the more time it
takes a single part to reach the curing temperature, the slower
the whole cycle becomes. Additionally, since all parts during
the curing cycle must achieve certain predefined heat-up rates,
other simulation outputs that will be calculated and analyzed
are the heat-up rates. The heat transfer modeled in this study
will be the forced convection from moving hot nitrogen to the
molds. The conduction through the different layers of mate-
rials is ignored in this paper. Mainly because the convective
heat transfer initiates and regulates the total heat transfer
mechanism inside the autoclave and thus its simulation gives
us a clear idea of the total heat transfer behavior and will form
a solid understating of the objectives defined in this research.
As a result, the temperature change on the surface of the molds
is of most interest and will be used to draw results and
conclusions.

2.2.1 Operating conditions

For the different simulation scenarios, the variable parameters
were the position of the molds, the number of the molds, and
their orientation inside the autoclave. Also, the operating con-
ditions inside the autoclave remained the same for all

Table 1 An example of the required ramp rates for a part

Temp Ramp rate spec requirement

Ambient–54 °C No requirement

54–88 °C 1.11 °C/min–4.44 °C/min

88–110 °C 0.56 °C/min–4.44 °C/min

110–120 °C 0.17 °C/min–4.44 °C/min

120-dwell temp No requirement (must dwell
at 127±5 deg for 100 mins)

Fig. 1 Temp vs. ramp rate graph
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scenarios. To replicate the real behavior of the autoclave and
molds during the curing cycles in real-life, the conditions in-
side the simulated autoclave had to be the same as those used
during actual cycles. The real autoclave conditions were
modeled after a common autoclave model owned by a partner
company. The benchmark autoclave is pressurized to 90 PSI.
The vacuum is vented when the pressure reaches 15 PSI. The
temperature of the air for every time step increases from am-
bient temperature to a maximum of 250 ± 10 °F before it cools
down. The dwell time at the maximum temperature is
100 min. The cycle duration to cure 2 to 3 parts is approxi-
mately 5 hours. The only unknown parameter of the
benchmarked autoclave was the velocity of the nitrogen gas
inside the autoclave. The absence of blower specifications
hindered gathering velocity data. Therefore, the velocity at
the inlet of the autoclave was measured experimentally for
simulation purposes. Since it was impossible to access the
back of the autoclave, the velocity was measured at the exit
of the metal sheet annulus near the door at atmospheric pres-
sure and temperature, and with the door of the autoclave open.
The average velocity was found to be 5 m/s. As a result, the
conduit in which the gas flows between the annulus and the
boundaries of the autoclave was omitted from the simulation
to simplify the geometry, since the simulation started at the
exit of that conduit.

2.2.2 Parameter settings

Figure 2 shows the model of the autoclave used for the simu-
lation as well as the chosen inlet and outlet positions. The
autoclave’s actual dimensions were maintained. The mold
chosen for the simulation was a prism with the following
dimensions: 6.5″ × 6.5″ × 18″. Simulating one type of mold
will exclude the effects of variation in mold’s dimensions
during the experiments. Initial testing of the empty autoclave
was conducted in steady-state mode to make sure that the gas

flow follows the general pattern, which is reflected at the door
and returns through the center to the exit through the radiator.

To simulate the heat transfer inside the autoclave, a tran-
sient model was used as the problem is time-dependent. At all
times and for all scenarios, the mesh was drawn with the
highest possible resolution to ensure the adequate conver-
gence of the problem. The maximum allowed number of ele-
ments was 512,000. In terms of boundary conditions, inserting
a pressure of 90 PSI at the inlet and outlet ensured that the
pressure remained constant throughout the cycle. At the inlet,
the velocity of 5 m/s could not be considered as representative
of the actual velocity inside the autoclave at a pressure of 90
PSI (which is more than 6 times the atmospheric pressure) and
a temperature of 250 F, as it resulted in a very slow heat
transfer. Therefore, this velocity was used as an initial
setpoint, and different experiments with inlet velocities were
conducted. Finally, an inlet velocity of 25 m/s, showed com-
parable results with the real numbers provided by the partner
company. As for the temperature, a transient inlet boundary
condition was selected using the data for the gas temperature
variation with time from the partner’s company cure reports.
When the inlet temperature reaches 250 ± 10 °F, it is held at
this value until all the molds reached that temperature. In the
beginning, the temperature of the molds was set to the atmo-
spheric temperature of 66 F.

The actual curing cycles are very time consuming, and the
heat-up period during actual parts curing alone could take up to
3 h. A time step of 1 s was chosen for the first minute that the
flow progresses, then it was raised to 5 s for another 10–15 min,
while the remaining was computed with a time step of 10 s.
These large time steps affected the convergence but were a
reasonable compromise to achieve a more practical computation
time. For all simulation scenarios, the temperature was moni-
tored for every mold inside the autoclave. More specifically, the
minimum temperature, the average surface temperature, and the
average volume temperature were measured. It was very crucial
to also generate data about the velocity of the flowing hot nitro-
gen, as well as other data such as pressure inside the autoclave.

2.2.3 Description of scenarios

Each scenario that was simulated required a different place-
ment of molds inside the autoclave and/or different numbers
of molds. The autoclave-mold configurations for each scenar-
io are as follows:

Scenario 1: Simulation of 4 molds along the length of
the autoclave Four molds were placed inside the autoclave.
They were placed in the center of the autoclave radially but
spread apart along the length of the autoclave following the z
coordinate (horizontal line). The nearest to the front was 20″
from the lip of the door, and all the molds were then 20″ apart.
This clearance offers a manipulatable distance between 2Fig. 2 Autoclave inlet and outlet locations
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consecutive parts. This scenario was run three times to gener-
ate three sets of results.

Scenario 2: Simulation of 2 levels of 4 molds each All the
molds were placed in the z-direction the same way as scenario
1 for both levels. However, radially along the y-axis (vertical),
the distance between the closest extremities of the molds, top
side of the bottom level and bottom side of the top level, was a
practical 14″ distance. This scenario was also run three times
to generate three sets of results. The placement of the molds
inside the autoclave for scenarios 1 and 2 is shown in Fig. 3.

Scenario 3: Simulation of 4 molds rotated at 45° around the
vertical axis The same model from scenario 1 was used here.
However, all the molds were rotated to the right, around the
vertical y-axis, by 45°.

Scenario 4: Simulation of 8 molds rotated at 45° around the
vertical axis The same model from scenario 2 was used here.
However, all the molds were rotated to the right, around the
vertical y-axis, by 45°.

2.2.4 Simulation results and discussions

The variable of interest was the temperature of the molds at
every step of flow time since this was a heat transfer simula-
tion. Similar to the literature review, the lagging point inside
the autoclave during the cure cycle is the most important
point, since it initiates the remaining steps of the cycle. For
this reason, in the rest of this section, the temperature that will

be looked at and used in compiling the results and analysis is
the minimum temperature or the trailing edge on the surface of
every mold.

Scenario 1, which consisted of simulating 4 molds spread
from the front to the back of the autoclave, will be considered
as the base model of the study and will be compared with all
other scenarios. This strategy will help discover the answers to
the constraints of autoclave loading and attain the purpose of
this study. The flow of hot nitrogen inside the autoclave is
shown in Fig. 4. It can be seen that the gas follows the curva-
ture of the door and return inside to the back of the autoclave
where it exits through the radiator. The velocity of the gas
decreases as it reaches the outlet. Radially, the velocity is
maximum at the center of the autoclave, and decreases when
moving up or down, or left or right. As for the temperature, we
studied the temperature rises of the leading point in the auto-
clave from the simulation results versus the temperature rise of
one of the thermocouples during an actual cure cycle made by
the partner company. The results showed that although the
simulated molds slightly lag behind the actual parts, as shown
in Fig. 5, it is a good estimation of the real thermal behavior of
the molds.

Autoclave loading for scenario 1

Autoclave loading for scenario 2

Fig. 3 Autoclave loading for scenarios 1 and 2

Fig. 4 Streamlines of nitrogen flow for the base model

Fig. 5 Heat profiles of the simulated leading mold vs. an actual
thermocouple
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To understand the effects of the proposed part-loading
mechanisms on the heat up of the molds and the cure cycle,
the base model will be compared with scenario 2 in what is
called case 1. In case 2, the base model will be compared to
scenario 3, to study the effects of molds’ rotation by 45° on the
heat up. Finally, case 3 will compare the base model to sce-
nario 4, to look at the combined effect of increasing the num-
ber of molds and changing their orientation inside the
autoclave.

Case 1 Since the curing cycle will not progress until the lag-
ging point in the autoclave reaches the cure temperature, dia-
grams 1 and 2 in Fig. 6 and Fig. 7 on the left respectively show
the corresponding time inminutes it takes each loadedmold to
reach the cure temperature of 250 °F for scenarios 1 and 2. The
lagging mold in each scenario is in green, and the rest are
yellow. It can be seen that the heat up of the whole system
becomes slower when the number of loaded molds doubles.
This hypothesis can be confirmed with a 95% level of confi-
dence. In fact, by looking at the velocity contours in Fig. 6 and
Fig. 7, it can be seen that from scenarios 1 to 2, the molds
move from an area of high velocity in the middle of the auto-
clave to an area of lower velocity. Also, only one side of the
molds is exposed to hot and fast nitrogen gas. Generally, this
condition should decrease the heat transfer coefficient (HTC)
in scenario 2. What is surprising is that the lagging mold in
scenario 2 is the nearest to the door, on the lower level.
Looking at the velocity contours, one would expect the lag-
ging mold to be one of the molds near the rear of the
autoclave.

Case 2 Here also, the diagram in Fig. 8 on the left shows the
time in minutes for the molds to reach 250 F. Rotating the
molds by 45° will slow down the heat up of the molds, more
significantly for the lagging mold near the rear of the auto-
clave. The decrease in heat transfer is very low and the added
lag is only 4 min. By looking at the velocity contours in Fig. 8
on the right, it can be seen that the dynamics of the flow
changes slightly, especially for the most right mold. In addi-
tion, the area of 0 to low velocity between the 2 right-sided
molds grows from scenario 1 to scenario 3.

Case 3 This case had the purpose of showing the combined
effect of loading more parts inside the autoclave, rotated at
45°. The diagram in Fig. 9 on the left clearly shows that the
results from scenarios 2 and 3 add up to deliver the slowest
heat transfer to the molds between all studied scenarios, as
expected. The time to reach 250 °F reaches 140 min for 5
out of 8 molds. The added lag is 18min. The velocity contours
in Fig. 9 on the right show the change in flow dynamics which
caused this decrease in heat transfer. The contour for scenario
4 shows that the lagging mold, which is near the rear of the
autoclave on the upper level, for the most part, is in a region of
gas velocity between 0 and 2 m/s. This suggests that this
region must have recorded the lowest HTC.

To better present the differences between the compared
mold-loading configurations, Fig. 10 shows a heat-up graph
associated with each case discussed earlier. Each graph in the
figure contains the fastest and slowest heat-up curves corre-
sponding to the leading and lagging molds repectively. This
method will display the full range of the heat-up for each case
and will offer a different angle to look at the effects caused by

Fig. 6 Time in min to reach 250 °F for scenario 1 (left) and velocity contour for scenario 1 (right)

Fig. 7 Time in min to reach 250 °F for scenario 2 (left) and velocity contour for scenario 2 (right)
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the variation in the loading type of the autoclaves. It is obvious
that the biggest effect on the heat-up curves happens when the
number of loaded molds in the autoclave doubled and rotated
by 45°.

The results show that by adding a second level of molds
inside the autoclave, or by rotating the molds by 45°, or by
doing both, the heat-up of the molds slows down, which de-
lays the total cure cycle. However, it slows it down by a
relatively short amount of time, except for scenario 4.

Adding to this, the heat-up rates fall within the acceptable
range for all scenarios. The results suggest that in all cases, it is
better to keep the molds at an orientation where the gas flow
hits the face of the molds, and not the edges. On the other
hand, the results show that it is beneficial to add a second layer
of molds inside the autoclave and to double the number of
molds as the resulting delays are relatively short. It is more
efficient to run the autoclave one time with 2 levels of molds
and to experience a slight delay than to run the autoclave two
times with 1 level of molds which double the cure cycle time.
This method of manufacturing increases the production rate
by 100%without adding a notable delay to the whole process.

For a one-level loading, it is always better to start loading
from the front of the autoclave where the gas velocity is max-
imum (see scenarios 1 and 3). However, when 2 levels are
used, there is not enough data to see if this method still stands.
When the molds move out from the center gas stream, where
velocity is maximum, it becomes harder to predict which lo-
cation will be subject to the lowest HTC as seen in scenarios 2
and 4.

2.3 Production analysis

The current demand of the partner company for the selected
part (represented by our prims) is 96 units per month.

Currently, the company loads a maximum of 3 parts in the
autoclave per run. This production rate means that it takes 32
autoclave runs per month to meet the monthly demand. The
time that it takes to complete a single run, from cure reports of
3 parts, is approximately 326 min. The time it takes the lag-
ging thermocouple to reach 250 °F is 117 min.

According to the simulation results, by placing 8 parts for a
single run in the autoclave, the heat-up rates fall within the
acceptable range, there is enough space to fit eight parts, and
there are enough vacuum ports for all 8. From the numerical
simulations, the time it takes the lagging mold to reach 250 °F
is 132 min (see scenario 2). As a result, the total time to
complete a single run is going to be:

Total cure cycle for 8 parts per run = total cure cycle for 3
parts + lag difference.

= 326 + (132–117) = 341 min.
Also, the total number of monthly runs will be 96/8 = 12

runs. By loading eight parts together, the number of runs to
achieve the production demand will go down from 32 to 12
runs.

The next step will consist of comparing the total curing
time it takes per month to meet the current demand. This
reduction in the number of runs results in 106 h reduction in
total curing time per month.

Fig. 8 Time in min to reach 250 °F for scenario 3 (left) and velocity contour for scenario 3 (right)

Fig. 9 Time in min to reach 250 °F for scenario 4 (left) and velocity contour for scenario 4 (right)
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Table 2 shows the average heat-up rates calculated from the
simulation results as well as those required by the partner
company. The results of the numerical simulation suggest
curing eight parts per single run. This will decrease the total
cure cycle time to achieve a higher production rate per run.

The simulated model offers great insight into how the loading
of the autoclave is going to affect the thermal behavior inside
the autoclave with consideration of its limitations and
assumptions.

In the next section, we propose a design of experiments to
test the validity of the findings from the simulation model.

3 Design of experiments

In this section, we propose the application of design of exper-
iments (DOE) to investigate the impact of rack location and
level on the curing cycle. The metric chosen as the response
value is the mean deviation. The mean deviation (MD) is the
distance between the mean ramp rate for a given temperature
range and the minimum ramp rate for that range, as shown in
Eq. (1).

MD ¼ ∑ RRavg−RRLower

�
�

�
�

n
ð1Þ

In Eq. 1, MD is the mean deviation, RRavg is the average
ramp rate of a given temperature range, and RRLower is the
lower ramp rate threshold for that temperature range, and n
is the number of measurements taken in that range. TheMD is
calculated over all sets of thermocouples (TCs) of an experi-
ment, adjusted for each set of temperature ranges. A TC is a
point temperature sensor for the scope of this study. Each part
inside the autoclave was fitted with and assigned to 4 TCs,
with temperature readings every minute. The TC assignments
were as follows: two front and two aft the part, with two near
the top while the other two located near the base of the part.

For the specific part and autoclave used in this study, there
is no possibility of exceeding the maximum listed ramp rate of
8 °F/min. Therefore, we only need to be concerned with the
lower threshold, which varies depending on the temperature
range. Also, a 10-min averaged ramp rate below the minimum
required rate would lead to part rejection. Thus, our objective
is to maximize the MD.

To avoid interruptions in the current manufacturing sched-
ule while implementing the experiments, inputs such as an

Leading Lagging

Leading Lagging

Leading Lagging

Fig. 10 Heat-up curves of leading vs lagging molds for case 1 (top), case
2 (center), and case 3 (bottom)

Table 2 Comparing the heat-up rates calculated from the simulation
results to the rates required by the partner company

Heat-up rate Required
rates (F/min)

Scenario
1

Scenario
2

Scenario
3

Temperature
range

130–190 2.55 2.44 2.23 2–8

191–230 1.68 1.62 1.46 1–8

231–250 0.88 0.84 0.74 0.3–8
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increase in the number of parts in the autoclave or changing
their orientation was not possible. These limitations, in com-
bination with time constraints due to long batch processing
times and downtimes, led to added limitations in designing
and implementing the experiments. Therefore, the parameters
considered for evaluation were the rack position and level.
The rack position evaluates the position of parts in front or
back of the autoclave. The front position is defined as the
location with the closest proximity to the annulus, or hot air
outlet, and the back position is the furthest from the air outlet.
The rack level evaluates the level that parts are placed in the
autoclave on the rack, either on the top of the rack or on the
bottom.

Since only two parameters were available to test, we used a
22 Full-Factorial design. In a 2-factor Full-Factorial design,
only four experiments are required to obtain data for testing
the effect of parameters. Minitab 16 DOE tool was utilized to
aid in experiments’ setup and analysis.

Figure 11 shows the four tested scenarios or configura-
tions: front top, front bottom, back top, and back bottom.
Table 3 shows ramp regions assigned based on the tempera-
ture range.

Ambient–130 and 250–max ramp regions were outside the
scope of the study, as no required ramp rates were assigned to
these temperature ranges. Therefore, we only studied ramp
regions 1, 2, and 3. The calculations of ramp rates were as
follows:

RRavg ¼ ∑10
1 RRt

n
ð2Þ

where RRt is the ramp rate at time t,
RRt = tempt − tempt − 1. RRavg is the 10-min average ramp

rate. Then, the mean deviation was calculated using the MD
given in Eq. (1). MD was calculated for each TC by ramp rate
for a given temperature range. Each TC was associated with a
part location given as front or back and top or bottom level, an
average MD was taken of each location, and a summary was
then derived producing a number which could be entered into
Minitab for comparison of each experiment as shown in
Table 4. The MD was selected as the value output from each
experiment because of its nonbias property. From the lagging
part thermocouple (PTC), ramp rates were observed in each
tested configuration. It can be seen that the top front

Table 3 Ramp regions
assigned based on the
temperature range

Temperature (F) Range

Ambient–130 Ramp region 0

130–190 Ramp region 1

190–230 Ramp region 2

230–250 Ramp region 3

250–max Ramp region 4

Fig. 11 Four tested configurations in the autoclave
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configuration yields the most stable curve, with the lowest
standard deviation, of 0.5711. The mean deviation is also at
a higher level in this configuration, which is ideal. According
to this analysis, the top front configuration will lead to fewer
rejected parts than the other configurations tested.

Figure 12 shows time vs. temperature for the front-bottom
configuration. There were three parts with 4 TCs loaded in the
autoclave in each cycle. Different colors correspond to differ-
ent parts. It is evident that the 4 TCs associated with part 2
(bottom red lines), come close to the minimum requirements
according to the required specifications shown by dashed
black lines. Although they appear to remain above the mini-
mum ramp rate for the duration of the curing cycle, in Fig. 13,
they fall below the specification for a significant portion of the
cure cycle. The specification requires that the minimum

average ramp rate for any 10-min duration remain above
2 °F per minute from 130 to 190 °F. From 170 to 190 °F, both
PTC21 and PTC22 remain below 2 °F/min, indicating a part
that should be rejected.

The discontinuities in Fig. 13 show the uneven heating
inside the autoclave, the larger the disconnect, the longer the
duration between a given TC reaching the next temperature
range, and the slowest TC reaching the same range. Ideally,
there would be no discontinuities in this graph. It is also evi-
dent that none of the thermocouples approach the upper limit
of the ramp rate. The ramp rates in Fig. 13 are averaged over
10-min periods.

After dissecting the data from each batch, it proved valu-
able to evaluate the separate ramp rate regions at each config-
uration. Averaging the MD between all 3 ramp regions would
cause the loss of valuable information. We wanted to observe
if the two parameters had independent effects on the mean
deviation (MD) in ramp regions 1, 2, and 3. Table 5 shows a
summary of the data for each ramp region. These are the
values that were the input in Minitab according to the design
explained earlier.

The results show that in region 1, when the rack is in the
front position, the expected MD is at its maximum. The rack
level has nearly zero levels of impact on the output. The Pareto
and normal plot analysis show factor A (rack position) has a
significant effect on the output. The interaction factor_A ×
factor_B (position × level) has no statistically significant ef-
fect. Factor B (rack level) has no effect on the MD in ramp
region 1.

In ramp region 2, when the rack is in the front position, the
expected MD would be at its maximum. The rack level has
little impact on the effect of the output. In this case, factor A
(rack position) does not have a statistically significant effect

Table 4 Data summary

Average Min MD

Front bottom Ramp 1 3.16 2.27 1.46

Ramp 2 2.02 1.42 1.38

Ramp 3 1.02 0.6 1.01

Back bottom Ramp 1 3.14 2.33 1.14

Ramp 2 2.12 1.52 1.12

Ramp 3 1.19 0.75 0.89

Back top Ramp 1 3.08 2.28 1.08

Ramp 2 2.02 1.43 1.02

Ramp 3 1.06 0.62 0.76

Front top Ramp 1 3.52 2.63 1.52

Ramp 2 2.43 1.74 1.43

Ramp 3 1.37 0.84 1.07

*All values in terms of Deg/Min

Fig. 12 Time vs. temp front-bottom front top purple, front bottom: blue, back bottom: red
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on the output but does have the highest effect among the 3
factors (A, B, and their interaction). The interaction factor A ×
factor B (position × level) and factor B (rack level) have small
effects on the output but do not have statistically significant
effects on the MD in ramp region 2.

In ramp region 3, results show when the rack is in the front
position, the expected result is at its maximum. The rack level
has little impact on the output. The interaction factor_A ×
factor_B (position × level), factor A (rack position), and factor
B (rack level) are not statistically significant factors for the
MD in ramp region 3.

4 Summary and recommendations

In the proposed study, we first used CFD simulation to inves-
tigate the effect of part location, direction, and quantity on the

heat transfer and curing cycle inside a model autoclave when a
specific prism is used. The baseline model included 4 prims
facing the autoclave front. The results showed that doubling
the number of prims in the autoclave in two levels, without
changing the direction of the molds, could impose a small lag
in the heat-up portion of the curing cycle (~ 4 min) while the
ramp-up rates are within the specifications. As a result, this
loading of an autoclave will double the production rate in each
cycle without comprising the quality of the parts or increasing
the number of defective items.

We then experimentally investigated the effect of part lo-
cation (front or back) and level (low or high rack) on the ramp-
up rate of 3 parts provided by a partner company. The results
of controlled experiments showed that loading parts in the
front configuration lead to a statistically significant positive
effect on the MD, while the rack position is not statistically
significant. This result could verify the computational results
obtained earlier that adding a new level will not have a signif-
icant impact on the quality of the parts.

In this paper, we explored the heat transfer during the heat-
up portion of the curing cycle in an autoclave. Future works
could involve modeling the full curing cycle from heat-up to
cool-down and the conduction through the layers of the parts
for a more accurate heat profile of the scenarios studied. We
predict that there will be a lag in the cooling part of the curing
cycle resulting from loading more parts similar to the heat-up
section. As it is the same heat transfer process, in the opposite
direction, the resulting lag will contribute to the total delay in
the curing cycle.

Fig. 13 Temp vs. ramp rate front-bottom

Table 5 DOE test response values*

Configuration MD-ramp 1 Mad-
ramp2

MD-
ramp3

Front bottom 1.46 1.38 1.01

Back bottom 1.14 1.12 0.89

Back top 1.08 1.02 0.76

Front top 1.52 1.43 1.07

*All values in terms of Deg/Min
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