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A B S T R A C T

Autoclave curing is one of the most energy consuming processes in manufacturing carbon fibre reinforced
polymers. In order to improve the energy efficiency, one needs to understand energy usage in an autoclave
and factors that influence it. This work presents two thermodynamic based models for estimating energy
consumption in an autoclave. The first model is an analytical approach based on simplified heat capacity
equation. The second model combines the Multi-Relaxation-Time Lattice Boltzmann method (MRT LBM) with
Fourier heat equation to simulate autoclave temperature flow and energy consumption. The output from the
two models were compared to energy consumption data collected using a power meter. The estimated values
from the MRT LBM method showed a better match with only 1% difference from the experimental value. Since
the two models are parametric and scalable, a what-if analysis was carried out to investigate the influence of
varying process parameters on autoclave energy consumption. Parameters including cure cycle, autoclave size
and loading capacity.
1. Introduction

Carbon-Fibre-Reinforced Polymers (CFRP) were introduced into the
aviation industry in the early 1960s. Their excellent specific strength
and stiffness make them desirable for aerospace applications, as they
can lead to weight reductions of aircraft components. Weight reduc-
tion in aircraft can lead to improved fuel efficiency during operation.
Adopting CFRP materials in aerospace structures could create environ-
mental problems outside the operational phase such as raw material
production, manufacturing and end of life. With such widespread use,
CFRP part manufacturing processes require additional optimization to
minimize their environmental impact to make large-scale production
more environmentally friendly.

Autoclave curing is a common curing/consolidation method used
for fabricating primary aircraft structures, as it ensures the highest
quality of CFRP parts. The controlled pressure and temperature in
an autoclave result in parts with high fibre-volume content and low
voids [1]. The curing cycle typically begins with the heat-up period
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when the laminate stack is heated to a predetermined curing tempera-
ture. Once cure temperature is attained, the dwelling time begins with
the cure temperature being maintained for a given duration, allowing
enough time for the individual laminate plies to consolidate into one
final part. After curing, the part is cooled down, debagged, and taken
out for finishing processes [2].

Despite its benefits, autoclave curing is considered one of the most
energy consuming curing processes of CFRP manufacturing [3]. This
is due to the mode of heat transfer and long duration of the process
cycle. Typical autoclave curing occur via forced convection between
flowing hot gas under pressure and the bag-laminate-tool element [4].
In the autoclave, air or inert gas, which is usually nitrogen, is heated
up via a heating element and circulated in the autoclave via a fan.
Energy is required to heat up the inert gas with a pressure up to 10
[bar] (depending on the pressure cycle). Energy is also required to
compensate for heat flow to the bag-laminate-tool element, some parts
of the autoclave body and heat loss through the autoclave walls.

The high energy consumption of the autoclave during cure is a
major contributor to the environmental footprint of manufacturing
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Nomenclature

�̇�𝑥 Gas mass flow in 𝑥-axis (kg/s)
�̇�𝑦 Gas mass flow in 𝑦-axis (kg/s)
�̇� Heat flux (W∕m2)
𝜖 Squared internal gas energy constant

(J2∕kg)
𝐞 Lattice direction vector (-)
𝐧 Normal unit vector (-)
𝐑𝐞𝐪 Equilibrium relaxation vector (-)
𝐑 Relaxation vector (-)
𝐱 Position vector (m)
 Emissivity (-)
 Molar mass (kg∕kmol)
 Radius of numerical domain (m)
𝜇𝐴 Ambient air dynamic Viscosity (Pa s)
𝜇𝐺 Autoclave gas dynamic Viscosity (Pa s)
𝜈𝑥𝑥 Diagonal viscous tensor component (m2∕s)
𝜈𝑥𝑦 Off-diagonal viscous tensor component

(m2∕s)
𝜌 Mass density (kg∕m3)
𝜎 Stefan–Boltzmann constant (J∕sm2 K4)
𝜎𝑦 Yield stress (MPa)
𝜏 Gas relaxation time (-)
𝐴𝑤𝑎𝑙𝑙 Autoclave surface area (m2)
𝐶𝑝 Specific heat (J∕kg K)
𝐶𝑝𝐴 Autoclave body averaged specific heat

(J∕kg K)
𝐶𝑝𝐵 Mould assembly breather specific heat

(J∕kg K)
𝐶𝑝𝐶𝐹𝑅𝑃

CFRP panel averaged specific heat (J∕kg K)
𝐶𝑝𝐺𝑎𝑠

Autoclave enclosed gas specific heat
(J∕kg K)

𝐶𝑝𝑡𝑜𝑜𝑙 Mould assembly tool plate specific heat
(J∕kg K)

𝐷𝐴 Autoclave inner cavity diameter (m)
𝑒 Specific internal gas energy (J∕kg)
𝐸𝑐𝑦𝑐𝑙𝑒 Energy consumed by autoclave cure cycle

(J)
𝑓 Microscopic specific velocity of gas

molecules (kg∕m2 s)
ℎ Heat transfer coefficient (W∕m2 K)
ℎ𝐴 Ambient air heat transfer coefficient

(W∕m2 K)
ℎ𝐺 Autoclave gas heat transfer coefficient

(W∕m2 K)
𝑘 Thermal conductivity (W∕m K)
𝑀 Mass (kg)
𝑀𝐴 Autoclave body mass (kg)
𝑀𝐵 Breather mass (kg)
𝑀𝐶𝐹𝑅𝑃 CFRP panel mass (kg)
𝑀𝑡𝑜𝑜𝑙 Tool plate mass (kg)
𝑁𝑢 Nusselt number (-)
𝑝𝑐𝑦𝑐𝑙𝑒 Autoclave cure cycle maximum pressure

(Pa)
𝑝𝐺𝑎𝑠 Autoclave cycle-averaged gas pressure (Pa)

composites parts [3]. A way to tackle this, is to have a better un-
derstanding of the energy usage during an autoclave curing process
by first quantifying the total energy consumed by an autoclave and
2

𝑃𝑟 Prandtl number (m2∕s)
𝑄 Heat (J)
𝑄𝐴 Heat transferred to the autoclave body (J)
𝑄𝑀 Heat transferred to the mould assembly (J)
𝑞2𝐷 Two-dimensional heat (J∕m)
𝑄3𝐷 Three-dimensional heat (J)
𝑄𝐺𝑎𝑠 Heat transferred to the autoclave enclosed

gas (J)
𝑄𝐿𝑜𝑠𝑠 Heat lost to the environment (J)
𝑅𝑎 Rayleigh number (-)
s Thickness (m)
𝑆𝐹 Safety factor (-)
𝑇 Temperature (K)
𝑡 Time (s)
𝑇𝐴 Ambient temperature far from the autoclave

(K)
𝑇𝐺 Autoclave gas average temperature (K)
𝑇𝑎𝑣𝑔 Average temperature of autoclave wall (K)
𝑇𝑊 1 Average temperature on the inner surface of

the autoclave (K)
𝑇𝑊 2 Average temperature at the surface between

the steel and insulation layers (K)
𝑇𝑊 3 Average temperature on the outer surface of

the autoclave (K)
𝑢𝑥 X-axis component of the macroscopic gas

velocity (m/s)
𝑢𝑦 Y-axis component of the macroscopic gas

velocity (m/s)
𝑣𝐺𝑎𝑠 Autoclave gas fan velocity (m/s)
𝑉𝑖𝑛 Autoclave inner volume (m3)
𝑤 Width of numerical domain (m)

then breaking it down into energy consumed by each heat absorbing
elements within the autoclave. For instance, energy that goes to the
laminate stack, the flowing gas, the autoclave body and heat lost
through the autoclave wall. This would help provide insight on energy
intensive areas to focus on for possible improvement.

According to Seow et al. [5] improved monitoring and control of
energy used in manufacturing facilities, play a vital role in reducing
energy consumption of manufacturing processes. Most research on
determining energy consumption of the autoclave process have been
directed towards creating an energy inventory for cost estimation or
in life cycle assessment (LCA) studies These studies have estimated
energy consumption either by direct measurement using power me-
ters [3,6] or by multiplying the power capacity of the autoclave with
the processing time [7]. Although direct measurements of autoclave
consumption provide an accurate energy demand of the autoclave, it
has some limitations. Suitable equipment-specific power meters are
not yet readily installed in all commercial architecture. Also, obtained
results are specific to the cure cycle monitored and may not be
transferable to different cure cycles and process parameters. On the
other hand, estimating energy consumption by multiplying the power
capacity of autoclave with curing time is certainly an assumption as it
neglects the variation in energy demand during heating, dwell or curing
stages. In addition to these limitations, these two methods do not
provide a breakdown of energy consumption during cure, to account
for energy going to the different components of the autoclave including
energy consumption due to heat loss through the autoclave walls or
heat transfer to the autoclave structural body. Hence, they may not be
useful in improving energy efficiency of the autoclave curing process.
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The energy consumption of an autoclave is directly connected to the
heat flow occurring between the autoclave, the CFRP part to be cured,
and the external surrounding. Current methods of modelling autoclave
heat transfer processes involve transient turbulent flow simulations of
the enclosed gas of the autoclave around a detailed 3D model of its
structure. In most studies [8–10], an incompressible Reynolds-Averaged
Navier Stokes (RANS) formulation coupled with a k-𝜖 turbulence model
and a wall function is used. The k-𝜖 model is chosen as it allows for a
coarse mesh to be used. However, Bohne et al. [11] and Zhao et al. [12]
obtained results with the Spalart–Allmaras turbulence model using
the commercial computational fluid dynamics (CFD) solver ABAQUS
CFD [11,13]. The methods outlined in these studies, while reliable,
require a detailed knowledge of the autoclave design and operational
procedure and may also require the use of expensive commercial CFD
solvers. This makes this approach less suitable for cases where the
design information is incomplete or software unavailable. This is com-
mon in LCA studies and energy cost evaluations within the aerospace
industry, as most data required to perform these studies in the industry
are proprietary and not readily available [14]. Hence, novel approaches
are necessary to perform such predictions with scarcity of process and
design data.

The aims of this paper are: First to present simpler but accurate
models for estimating the energy consumption of an autoclave during
cure and attribute the estimated energy flows to different elements
within the autoclave. Second is to perform a what-if analysis that shows
how the autoclaves energy consumption varies with changes in process
parameters.

2. Methodology

2.1. Theoretical background

Energy modelling for an autoclave cure cycle is directly linked to the
heat flows through each of its main components, and the heat lost to
the external environment. The principal processes driving these flows
are thermal convection and diffusion. The effects of thermal radiation
have been considered negligible in previous studies on the temperature
distribution within autoclaves [4,15,16]. However, the study by Kluge
et al. [17] shows that thermal radiation is a heat transfer mechanism
that occurs in autoclaves and should be considered, although its effect
is less significant than convection and conduction. Another source of
energy to be considered is the heat produced by the exothermic reaction
of the epoxy resin during curing. Its effect on the overall energy
consumption was considered negligible in this study due to two reasons.
First, the total reaction heat for epoxy resins ranges between 0.12–0.6
[kJ∕g] [18,19]. Considering that the epoxy resin composition of our
case study CFRP panel is 205 g, The total heat of reaction would range
between 0.00683–0.0342 [kWh]. This number is significantly small in
comparison to the overall energy consumption of autoclave curing.
Secondly, studies by Xie et al. [20] and Dong et al. [21] also show
that the curing reactions raise the heat of the mould configuration, on
average, by 10 to 15 [◦C] above the preset temperature of the cycle for
short periods of time. Hence, their effects on the total energy consumed
is negligible.

To obtain an estimation of the energy consumed for a preset cure
cycle, the first two phenomena have to be modelled in the solid auto-
clave body as well as in the enclosed gas within it. This study proposes
two methodologies for modelling these heat transfer phenomena and
subsequently the energy consumption of an autoclave during curing.
The first method presented in Section 2.3 is an analytical method based
on fundamental thermodynamics equations. This method assumes the
energy consumed per cycle is composed of the heat transferred to
the autoclave body, mould configuration and enclosed gas, as well
as the heat lost to the surrounding environment. The heat transfers
are computed using basic thermodynamic equations based on average
temperature values in the aforementioned elements. Thermal radiation
3

Fig. 1. Sketch of the longitudinal cross-section of the TU Delft laboratory-scaled
autoclave. The blue arrows represent the direction of the gas flow during curing.

and the exothermic heat produced by curing are not modelled in this
method.

The second method, developed in this study, is presented in Sec-
tion 2.4. This method uses a two-dimensional (2D) Multi-Relaxation-
Time Lattice Boltzmann method (MRT LBM), based on Yang et al. [22]
to simulate the transient autoclave gas velocity and temperature flows.
This is combined with a 2D Fourier Heat Equation, which estimates
the heat flows through the solid bodies and solid–fluid boundaries. The
heat transfer due to thermal radiation was also taken into account for
this method. This was done using the Stefan–Boltzmann law of radi-
ation. However, the exothermic heat produced by the curing process
is still neglected. A python code implementation of this model was
generated for this paper, and is available as supplementary material on
the internet hosting service and version control ‘‘GitHub’’, and archived
in the general-purpose repository, Zenodo [23].

2.2. Case study autoclave cycle

Autoclaves used for curing composites are cylindrical pressure ves-
sels and come in various sizes. Modelling the heat flows in an autoclave
require an understanding of its main components and their heat transfer
mechanism. To model heat flows within an autoclave during curing,
Antonucci et al. [4] simplified the autoclave components into the
autoclave body, a mould assembly and circulating gas.

In this study, an autoclave cycle was selected to help identify
the various components within it that can influence heat flows and
subsequently its energy consumption. This case study cycle was also
used to generate inputs that were applied to the developed models as
shown in Section 2.4.7 and for validation of the models as shown in
Section 3.3. The autoclave Scholtz (LF7M03) owned by the faculty of
Aerospace Engineering, Delft University of Technology, was selected as
the case study autoclave. It has a maximum loading panel size of 1.08
[m] × 1.70 [m] and volume of 4.5 [m3]. The autoclave body consists
of a load-bearing steel structure, an insulation layer, heating elements
and a fan as shown in Fig. 1.

A cure cycle for thermoset composites typically consists of a tem-
perature and a pressure cycle. The temperature cycle begins with the
introduction of heat, which initiates the cross-linking of the polymer
matrix. Initial application of heat also leads to reduction in resin
viscosity, allowing it to flow and saturate the fibre reinforcements.
Once cure temperature is reached, the dwelling stage begins, where
temperature is maintained for a period of time. At this stage, the resin
viscosity begins to increase until cross-linking is completed. Pressure is
applied during the cure cycle to foster removal of trapped air in the
composite part, and to enhance part consolidation [24,25]. Cure cycles
for polymer matrix systems are usually developed empirically, hence
a matrix system may have several cure cycles, with each cure cycle
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Fig. 2. Preset temperature log of the cycle used for the curing of a CFRP panel in the
TU Delft autoclave.

leading to an optimized property in the cured part or accounting for
laminate thickness [24].

The CFRP panel considered in this study is made from a carbon
fibre (CF)/epoxy prepreg ‘‘Deltatech GG200T - DT120’’ using a standard
cure cycle ‘‘1.5 h @ 120 [◦C]’’, which is a recommended cycle in
the prepreg manufacturer datasheet. This panel was cured in a mould
assembly consisting of an aluminium tool plate and breather materials.
The circulated gas in this cycle was Nitrogen gas. A summary of the
data from the case study autoclave cycle that served as inputs to the
proposed models is shown in Table 1.

2.3. Analytical energy consumption model

This section covers the analytical procedure for estimating the
energy consumed by autoclaves running CFRP cure cycles. It is based on
fundamental thermodynamics laws, combined with existing empirical
models for estimating the heat loss through the autoclave walls during
a cycle. The procedure makes use of the following properties of the
autoclave, CFRP part and mould configuration, and cure cycle.

• autoclave mass 𝐌𝐀 [kg];
• autoclave specific heat 𝐂𝐏𝐀 [J∕kgK];
• autoclave inner volume 𝐕𝐢𝐧 [m3];
• autoclave gas type and pressure 𝐩𝐆𝐚𝐬 [bar];
• autoclave gas specific heat 𝐂𝐏𝐆𝐚𝐬

[bar];
• autoclave wall surface area 𝐀𝐰𝐚𝐥𝐥 [m2];
• autoclave wall layer thicknesses: 𝐭𝟏, 𝐭𝟐, . . . , 𝐭𝐧
• autoclave wall layer conductivities: 𝐤𝟏, 𝐤𝟐, . . . , 𝐤𝐧.

Similarly, for the mould configuration residing in the autoclave, the
following parameters are of interest:

• CFRP mass 𝐌𝐂𝐅𝐑𝐏, [kg];
• CFRP specific heat 𝐂𝐏𝐂𝐅𝐑𝐏 [J∕kgK];
• tool plate mass 𝐌𝐓𝐨𝐨𝐥 [kg];
• tool plate specific heat 𝐂𝐏𝐓𝐨𝐨𝐥 [J∕kgK];
• breather mass 𝐌𝐁 [kg];
• breather specific heat 𝐂𝐏𝐁 [J∕kgK],

The cure cycle is approximated with a linear interpolation between
a series of known temperature points:

(𝑡 , 𝑇 ) ⟶ (𝑡 , 𝑇 ) ⟶ ... ⟶ (𝑡 , 𝑇 ) ⟶ (𝑡 , 𝑇 )
4

0 0 1 1 𝑛 𝑛 0 0
Table 1
Summary of the collected data about the autoclave and CFRP panel used for the curing
process.

Data collected Values and units Measurement
error

Autoclave Mass 1102 kg << 1 %
Autoclave Outer Length 3.4 m << 1 %
Autoclave Inner Length 3 m << 1 %
Autoclave Outer Diameter 1.55 m << 1 %
Autoclave Inner Diameter 1.25 m << 1 %
Autoclave Total Volume 6.2 m3 << 1 %
Autoclave Inner Volume 4.5 m3 << 1 %
Autoclave Surface Area 13.84 m2 << 1 %
Autoclave Specific Heat Capacity 513.6 J/kg K 10%
Autoclave Thermal Conductivity 1.2 W/mK 10%
Autoclave Wall Thickness 0.14 m << 1 %
CFRP Panel Dimensions 0.45 × 0.45 × 0.012 m << 1 %
CFRP Number of Layers 12 – –
Fibre Mass 0.48 kg << 1 %
Fibre Specific Heat 750 J/kg K 10%
Fibre Thermal Conductivity 171 W/mK 10%
Resin Mass 0.205 kg << 1 %
Resin Specific Heat 1850 J/kg K 10%
Resin Thermal Conductivity 0.1 W/mK 10%
Bleeder Mass 0.242 kg << 1 %
Bleeder Specific Heat 1350 J/kg K 10%
Bleeder Thermal Conductivity 0.5 W/mK 10%
Bleeder Dimensions 0.7 × 0.7 × 0.00025 m << 1 %
Tool Plate Mass 12.15 kg << 1 %
Tool Plate Dimensions 0.8 × 0.8 × 0.009 m << 1 %
Tool Plate Specific Heat 921 J/kg K 10%
Tool Plate Thermal Conductivity 200 W/mK 10%
Gas Type Nitrogen –
Gas Viscosity 1.81 ⋅ 10−5 Pa s 10%
Gas Specific Heat 1040 J/kg K 10%
Gas Thermal Conductivity 0.04 W/mK 10%
Fan Speed 6 m/s << 1 %
Ambient Air Temperature 20 ◦C << 1 %
Ambient Air Density 1.225 kg m3 << 1 %
Ambient Air Viscosity 1.81 ⋅ 10−5 Pa s << 1 %

Table 2
Summary of the input parameters used for the MRT LBM simulation of
the TU Delft autoclave gas flow.

Simulation parameters Values and units

Spatial Discretization Step 0.013 m
Time Discretization Step 0.013 s
2D Domain Length 4.3 m
2D Domain Width 1.65 m
Heating Element Temp. 190 K
Autoclave Outer Length 3.4 m
Autoclave Inner Length 3 m
Autoclave Outer Diameter 1.55 m
Autoclave Inner Diameter 1.25 m
Autoclave Thermal Conductivity 0.8 - 1.2 W/mK
2D Mould Dimensions 0.45 × 0.0012 m
Gas Viscosity 1.81 ⋅ 10−5 Pa⋅ s
Gas Specific Heat 1040 J/kgK
Gas Thermal Conductivity 0.04 W/mK
Fan Speed 6 m/s
Ambient Air Temperature 20 ◦C
Ambient Air Density 1.225 kg m3

Ambient Air Viscosity 1.81 ⋅ 10−5 Pa⋅ s

where 𝑡𝑖 [s] and 𝑇𝑖 [K] are the times and temperatures at instances i
in the cure cycle. These instances are linearly interpolated to obtain a
continuous function 𝑇 (𝑡), as shown in Fig. 3.

The model considers the total energy consumption of the autoclave
for this cure cycle to be composed of the heat flow to the autoclave
body, 𝑄𝐴 [J], the heat flow to the gas 𝑄𝐺𝑎𝑠 [J], the heat flow to
the CFRP mould, 𝑄𝑀 [J] and the heat lost through the walls to the
surrounding environment 𝑄𝐿𝑜𝑠𝑠 [J]:

𝐸 = 𝑄 +𝑄 +𝑄 +𝑄 (1)
𝑐𝑦𝑐𝑙𝑒 𝐴 𝑀 𝐺𝑎𝑠 𝐿𝑜𝑠𝑠
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This equation only takes into account the significant contributions
to the energy consumption of the cycle, for the sake of simplicity.
The effect of exothermic curing reaction on energy consumption is
considered negligible due to the reasons explained in the beginning of
Section 2.1. Thermal radiation is also not considered in this method for
two reasons. First, heat transfer due to thermal radiation in an auto-
clave is considered small and negligible in a number of studies [4,15].
Secondly, estimating the heat loss due to thermal radiation requires
a more precise prediction of the average surface temperature of the
autoclave. Thermal radiation of an object surrounded by air, according
to Zhang et al. [26], is given by Eq. (2):
𝑑𝑄
𝑑𝑡

= 𝜎𝐴
(

𝑇 4
𝑊 3 − 𝑇 4

𝐴
)

(2)

where 𝑑𝑄
𝑑𝑡 is the heat time rate [W], 𝜎 = 5.67 ⋅ 10−8 [J∕s m2 K4] is the

Stefan–Boltzmann constant,  is the emissivity of the object material [-
], 𝐴 is its surface area [m2] 𝑇𝑊 3 is its surface temperature [K] and 𝑇𝐴
is the air temperature away from the object. If 𝑇𝑊 3 ≈ 𝑇𝐴, then 𝑑𝑄

𝑑𝑡 ≈
0. As seen in the equation above, the 4th power in the temperature
term makes it a sensitive parameter when estimating heat loss due to
thermal radiation. For an ambient temperature of 20 [◦C], a surface
temperature of 25 [◦C] and an emissivity of 0.3, an overestimation of
10 [◦C] in the surface temperature would increase the radiation flux
from 9 W∕m2 to 28 W∕m2. This is a 300% increase which would add
to the error in estimating energy consumption. The analytical method
does not take into consideration the temperature variations at the walls
of the autoclave. This simplification may lead to an overestimation of
the heat loss due to radiation as well as the total energy consumption.
The body heat flows (𝑄𝐴, 𝑄𝑀 and 𝑄𝐺𝑎𝑠) depend solely on the initial
and maximum values of the temperature in the cure cycle, and can be
modelled using Eq. (3):

𝑄 = 𝑀 ⋅ 𝐶𝑃 ⋅ 𝛥𝑇 (3)

where 𝑀 is the mass [kg], 𝐶𝑃 is the specific heat [J∕kg K] and 𝛥𝑇 is
the temperature difference [K].

This equation is used only for positive or neutral temperature
gradients, as the energy required for cooling is provided by a separate
system. Thus, the mould assembly heat flow is given by Eq. (4):

𝑄𝑀 (𝑡) = (𝑀𝐶𝐹𝑅𝑃 ⋅ 𝐶𝑃𝐶𝐹𝑅𝑃
+𝑀𝑇 𝑜𝑜𝑙 ⋅ 𝐶𝑃𝑇 𝑜𝑜𝑙 +𝑀𝐵 ⋅ 𝐶𝑃𝐵 ) ⋅ (𝑇 (𝑡) − 𝑇𝐴),

𝜕𝑇
𝜕𝑡

(𝑡) ≥ 0 (4)

where 𝑇 (𝑡) is the continuous cure cycle temperature [K]. The cycle
temperature at time t [s] is taken when 𝜕𝑇

𝜕𝑡 ≥ 0, to exclude the cooling
energy consumption from the equation. Similarly, the gas heat flow is
given by Eq. (5):

𝑄𝐺𝑎𝑠(𝑡) = 𝑀𝑔𝑎𝑠 ⋅ 𝐶𝑃𝐺𝑎𝑠
⋅ (𝑚𝑎𝑥(𝑇 (𝑡)) − 𝑇𝐴)

=
𝑃𝐺𝑎𝑠 ⋅ 𝑉𝑖𝑛 ⋅𝐺𝑎𝑠

𝑅 ⋅ 𝑇𝐴
⋅ 𝐶𝑃𝐺𝑎𝑠

⋅ (𝑚𝑎𝑥(𝑇 (𝑡)) − 𝑇𝐴) (5)

where 𝐺𝑎𝑠 is the gas molar mass [g∕mol K].
The wall heat loss (𝑄𝐿𝑜𝑠𝑠) is computed based on Fourier law, assuming
a convective heat flow with the surrounding gas/air. Fig. 4 shows a
hypothetical temperature variation through said wall.

With an assumed �̇�, it is possible to calculate the temperature drops
between the different layers. For instance, as the heat flows from the
inside of the autoclave to the wall, it sees a decrease in temperature
from 𝑇0 to 𝑇1, quantified in part by the heat transfer coefficient of the
autoclave gas, ℎ𝐺, as in Eq. (6):

𝑇𝑊 1 = 𝑇𝐺 −
�̇�
ℎ𝐺

(6)

where 𝐴𝑤𝑎𝑙𝑙 is the surface area of the autoclave walls, and the heat
transfer coefficient, ℎ𝐺 is approximated with the semi-empirical Dit-
tus/Boelter Equation for forced convection inside a cylindrical wall
[27]:

ℎ𝐺 = 0.023 𝑘
(

𝜌𝑉𝐺𝑎𝑠𝐷𝐴
)0.8

⋅
(𝜇𝐺𝐶𝑃𝐺𝑎𝑠

)0.4

(7)
5

𝐷𝐴 𝜇 𝑘
Fig. 3. Sketch of a linear temperature log, programmed in autoclave CFRP cure cycles.
The 𝑥-axis represents time, while the 𝑦-axis represents temperature.

Fig. 4. Schematic of the heat flow through the autoclave wall. Temperature ranges
from 𝑇𝐺 (inside the autoclave), to 𝑇𝐴 (outside the autoclave). It shows the thickness and
thermal conductivity of the insulator (W1) and the steel wall (W2), and the convective
heat transfer coefficients of the nitrogen gas (G) and the outside air (A).

In the equation above, 𝜇𝐺 is the dynamic viscosity of the gas [kg∕ms]
and 𝑉𝐺𝑎𝑠 is its velocity [m/s]. 𝐷𝐴 represents the inner diameter of the
autoclave [m], and 𝜌 is the density of the gas [kg∕m3].

In contrast, the temperature decrease through one layer of the wall
depends on the wall thickness 𝑠𝑖 and its thermal conductivity 𝑘𝑖. This
applies to both the insulating and steel layer and is given by Eq. (8):

𝑇𝑖+1 = 𝑇𝑖 − �̇�
𝑠𝑖
𝑘𝑖

(8)

Finally, the temperature difference from 𝑇𝑊 3 to 𝑇𝐴 is given by Eq. (9):

𝑇𝐴 = 𝑇𝑊 3 −
�̇�
ℎ𝐴

(9)

where ℎ𝐴 is the air natural convection heat transfer coefficient, approx-
imated using the empirical law found by Incropera for free convection
around a horizontal cylinder [28], given by Eq. (10):

ℎ𝐴 =
𝑁𝑢 ⋅ 𝑘𝑎
𝐷𝐴

, 𝑁𝑢 =

⎛

⎜

⎜

⎜

⎜

⎜

⎝

0.60 +

⎛

⎜

⎜

⎜

⎜

⎜

⎝

0.387 ⋅ 𝑅
1
6
𝑎

(

1 +
(

0.0559𝑃−1
𝑟

)
9
16

)
8
27

⎞

⎟

⎟

⎟

⎟

⎟

⎠

⎞

⎟

⎟

⎟

⎟

⎟

⎠

2

,

𝑃𝑟 =
𝐶𝑃𝐴𝑖𝑟𝑘𝑎
𝐷𝐴

, 𝑅𝑎 = 𝑃𝑟 ⋅
𝑔𝛽𝐷3

𝐴𝜌
2
𝑎
(

𝑇𝑊 3 − 𝑇𝐴
)

𝜇2
𝑎

(10)

Here, 𝑁𝑢 [-], 𝑃𝑟 [m2 s−1], and 𝑅𝑎 [-], are the Nusselt, Prandtl, and
Rayleigh numbers; that describe the convective behaviour of the gas.
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𝛽 is the coefficient of volume expansion, usually equal to 𝛽 = 0.0034
[1∕𝐾], and 𝑔 is the gravitational acceleration [m∕s2].

With the value of ℎ𝐴, �̇� can be recalculated iteratively using the tem-
erature difference between the inside and the outside of the autoclave
𝑇𝐺 and 𝑇𝐴), resulting in Eq. (11)

̇ =
𝑇𝐺 − 𝑇𝐴

1
ℎ𝐴

+ 𝑠1
𝑘1

+ 𝑠2
𝑘2

+ 1
ℎ𝐺

(11)

Once the heat flow value for the cure temperature is calculated, the
heat flow value for other temperatures within the cure cycle can then
be calculated as this simple model is linear, and so �̇�

𝛥𝑇 = constant. Once
he heat flow is calculated for every point of interest, the heat loss,
𝐿𝑜𝑠𝑠 of the autoclave, is the result of Eq. (12).

𝐿𝑜𝑠𝑠 = 𝐴𝑤𝑎𝑙𝑙 ∫

𝑡

0
�̇�(𝑡)𝑑𝑡 (12)

inally, the heat flow to the autoclave body is defined in part
hrough the partial steps of the heat loss model. As the autoclave
all will experience different temperatures, it is useful to define a

emperature that represents the weighted average of the different layers
f the autoclave. Just like the gas and mould heat flows, the reference
emperature will be the maximum temperature until time t. In this case,
his is the temperature that will be used to calculate the rest. Then, if
𝑊 1, 𝑇𝑊 2, 𝑇𝑊 3 are the temperatures at the inner, middle, and outer
ections of the wall, respectively, the weighted averaged temperature
𝑎𝑣𝑔 is then defined through Eq. (13).

𝑎𝑣𝑔(𝑡) =
𝑇𝑊 1(𝑡) − 𝑇𝑊 2(𝑡)

2
𝑠1

𝑠1 + 𝑠2
+

𝑇𝑊 2(𝑡) − 𝑇𝑊 3(𝑡)
2

𝑠2
𝑠1 + 𝑠2

(13)

With the averaged temperature, the heat flow to the autoclave body
can be calculated as in Eq. (14).

𝑄𝐴 = 𝑀𝐴 ⋅ 𝐶𝑃𝐴 ⋅ (𝑇𝑎𝑣𝑔(𝑡) − 𝑇𝐴) (14)

To generate an energy consumption variation plot using the analytical
method proposed in Section 2.3, this was translated into a computer
algorithm written in Python 3.8, with the help of the NumPy and Mat-
plotlib libraries [29,30]. Within this algorithm, the procedure explained
above has been applied for a finite set of discretized time steps in the
duration of the cure cycle. The properties of the autoclave and mould
configuration outlined in Table 1 were used as input parameters for the
model, together with the temperature log in Fig. 4.

2.4. Lattice-Boltzmann-based numerical energy consumption model

The analytical model outlined in Section 2.3 provides a first-order
estimation of the energy consumed by an autoclave, with little knowl-
edge about the autoclave dimensions, besides its inner diameter, 𝐷𝐴.
For more accurate predictions, however, a more detailed analysis is re-
quired. The model presented in this section utilizes general geometrical
parameters of autoclaves and CFRP mould assemblies, and by making
use of the axis of symmetry typically found in autoclave designs, per-
forms a 2D analysis of the heat transfers occurring during a cure cycle
for a given temperature log. The novelty in the procedure lies in MRT
LBM simulation of the gas flow inside the autoclave, with a solid heat
simulation of the autoclave body itself and the mould assembly within
it. The coupling is performed using convective boundary conditions,
based on empirically-determined heat transfer coefficients. The purpose
of the MRT LBM simulation, besides estimating the convection and
diffusion of the autoclave gas, is to calculate its temperature at the
inner surface of the autoclave walls. This temperature distribution is
necessary in the determination of the heat loss to the surrounding
environment, through the autoclave walls. As this model accounts for
temperature variations within the autoclave components, it is expected
to yield more accurate results, compared to the analytical method
presented in Section 2.3. However, similar to that method, this model
neglects the heat produced by the exothermic curing reaction of the
CFRP panel.
6

2.4.1. Multi-relaxation-time Lattice-Boltzmann flow modelling
This subsection covers the theory behind fluid flow modelling,

adapted for the specific case of heated autoclave convected gas. As
discussed in Torres et al. [31], an autoclave curing cycle involves a
variation of temperature and pressure of the enclosed gas within it.
This is done to achieve a desired curing sequence for a CFRP part.
Therefore, to perform a CFD simulation of the entire cycle, one would
require a compressible solver to account for the pressure variation.
Such simulations over the duration of an entire cure cycle are often
impractical, as they consume computational time and resources. As a
result, many CFD studies on autoclaves are performed over a short
period of the time in the curing cycle, such as [8,10,11], after which
the results are extrapolated for the entire cycle. Given the short time
span, the pressure variation experienced is negligible and the flow is
assumed incompressible. A similar approach is adopted in this study,
for modelling convective and diffusive heat processes in the autoclave.
As pointed in the three scientific papers mentioned above, the gas
speeds in an autoclave do not exceed 10 [m/s] throughout a cycle. This
leads to Mach numbers in the order of 𝑀 ≈ 10−2, which, according
to [32], imply incompressible behaviour in the flow. Considering the
larger goal of modelling heat transfer and having robustness in mind, an
MRT LBM 2D formulation was chosen for solving the transient velocity
field of the gas. For this study, the method proposed by Yang was
utilized [22], and it is briefly summarized below.

Firstly, the fluid domain is discretized in a series of square cells,
with discrete points at the corners. For each corner, 9 microscopic
velocities are defined at the centre and each cardinal point: 𝐞𝟎 = [0, 0],
𝐍 = [0, 1], 𝐞𝐒 = [0,−1], 𝐞𝐄 = [1, 0], 𝐞𝐖 = [−1, 0], 𝐞𝐍𝐄 = [1, 1], 𝐞𝐍𝐖 =
[−1, 1], 𝐞𝐒𝐄 = [1,−1], 𝐞𝐒𝐖 = [−1,−1]. These velocities represent the
statistical average speed of the gas molecules in a specific orientation.
For each velocity, a particle distribution function matrix 𝐅𝐭 = [𝑓0, 𝑓𝑁 ,
𝑓𝑆 , 𝑓𝐸 , 𝑓𝑊 , 𝑓𝑁𝐸 , 𝑓𝑁𝑊 , 𝑓𝑆𝐸 , 𝑓𝑆𝑊 ]𝑇 is defined at time 𝑡 with 𝑓𝑖 being
the fraction of fluid particles travelling in direction 𝑖. The fluid domain
is shown in Fig. 5.

At the root of this method, lies the Boltzmann Transport Eq. [33]
shown in Eq. (15):
𝜕𝑓𝑖
𝜕𝑡

+ 𝐞𝐢 ⋅ ∇𝑓𝑖 = 𝛺𝑖 (15)

This equation describes the change in time of every microscopic veloc-
ity in the method and can be discretized using forward differentiation,
which yields:

𝑓𝑖
(

𝐱 + 𝐞𝐢𝜕𝑡, 𝑡 + 𝜕𝑡
)

= 𝑓𝑖 (𝐱, 𝑡) −
1
𝜏
(

𝑓𝑖 (𝐱, 𝑡) − 𝑓 𝑒𝑞
𝑖 (𝐱, 𝑡)

)

(16)

where 𝜏 is the dimensionless relaxation time towards equilibrium, 𝐱 =
𝑥, 𝑦]𝑇 is the position vector in Cartesian coordinates and 𝑓 𝑒𝑞

𝑖 (𝐱, 𝑡) is
he equilibrium state of the distribution function 𝑓𝑖 according to the
oltzmann distribution [22]. This equation is split into two steps for
ach time interval: the collision step and the streaming step.

The collision step consists of redistributing, for every cell, the in-
oming microscopic velocities 𝑓𝑖, according to the Boltzmann Distribu-
ion [33]. Firstly, the macroscopic parameters of the flow are computed
sing the microscopic velocities 𝑓𝑖. This is done in a matrix–vector
orm, in Eq. (17), as shown in [22].
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Fig. 5. Sketch of the fluid domain for the MRT LBM, showing the coordinates of the
microscopic velocities and their corresponding distribution functions.

where 𝐑 is the relaxation vector, and it is computed from the micro-
scopic velocity vector, 𝐅. Rewritten in a shorter form for a specific time
step, Eq. 17 becomes:

𝐑𝑛 = 𝐌 ⋅ 𝐅𝑛, (18)

Where 𝑛 is the index of the time frame. Next, the macroscopic parame-
ters of the relaxation vector are partially redistributed in time to their
equilibrium state, using a relaxation matrix 𝐒 and the equilibrium state
vector 𝐑𝐞𝐪 described by Yang et al. [22], with Eq. (19).

𝐑𝐧+ 𝟏
𝟐 = 𝐑𝐧 − 𝐒 ⋅

(

𝐑𝐧 − 𝐑𝐞𝐪) (19)

The matrix 𝐒 has been defined by Yang et al. [22] empirically. The
algorithm is found to perform best by using the following values:

𝐒 =
[

0 1.1 1.3 0 1.8 0 1.8 1
𝜏

1
𝜏

]

⋅ 𝐈 (20)

where 𝐈 is the identity matrix. According to Yang et al. [22], the
equilibrium 𝐑𝐞𝐪 matrix is given by Eq. (21):

𝐑𝐞𝐪 =
[

𝜌 −2𝜌 + 3 ⋅
(

𝑢2𝑥 + 𝑢2𝑦
)

𝜌 + 3 ⋅
(

𝑢2𝑥 + 𝑢2𝑦
)

0 −𝑢𝑥 0 −𝑢𝑦 𝑢2𝑥 − 𝑢2𝑦 𝑢𝑥 ⋅ 𝑢𝑦
]𝑇

(21)

where 𝑢𝑥 = 1
𝜌

(

𝑓𝐸 + 𝑓𝑁𝐸 + 𝑓𝑆𝐸 − 𝑓𝑊 − 𝑓𝑁𝑊 − 𝑓𝑆𝑊
)

and 𝑢𝑦 = 1
𝜌

(

𝑓𝑁
+𝑓𝑁𝐸 + 𝑓𝑁𝑊 − 𝑓𝑆 − 𝑓𝑆𝑊 − 𝑓𝑆𝐸

)

are the macroscopic velocities (m/s).
Using these two matrices, the new distribution functions after the
collision step can be computed with Eq. (22):

𝐅𝐧+ 𝟏
𝟐 = 𝐌−𝟏 ⋅ 𝐑𝐧+ 𝟏

𝟐 (22)

Next, the streaming step is performed. This step advects the particle
distribution functions 𝑓𝑖 in 𝐅𝐧+ 𝟏

𝟐 between the cells of the domain. To
simplify calculations, the MRT-LBM requires 𝜕𝑥 = 𝜕𝑡. The streaming
equation is simply:

𝑓 𝑛+1
𝑖

(

𝑥 + 𝑒𝑖𝜕𝑡, 𝑡 + 𝜕𝑡
)

= 𝑓
𝑛+ 1

2
𝑖 (𝑥, 𝑡 + 𝜕𝑡) (23)

This concludes the algorithm for one time step. The same procedure
is repeated for every following time step. Solid boundary conditions
are handled by the impulse method, as shown in [33]. This method
assumes the flow particles to experience perfectly-elastic collisions with
the walls of the solid boundaries, and thus, return to their opposite
direction with a velocity equal in magnitude.

2.4.2. Gas heat flow modelling
Approximating the heat flow through the autoclave gas requires

the modelling of two phenomena mentioned in the beginning of Sec-
tion 2.3: convection and diffusion. While the latter can be resolved
using a Laplacian equation with the initial and boundary conditions
for the temperature field [34], the former requires information about
7

the gas velocity in the computational domain. To solve the temperature
field, a coupling between the velocity field outputted by the MRT
LBM method presented in the previous section and the Laplacian heat
equation is proposed, through Eq. (24), taken from White et al. [34]:
𝜕𝑇
𝜕𝑡

= 𝑘
𝜌𝐶𝑝

∇2𝑇 − 𝑢 ⋅ ∇𝑇 (24)

where 𝑢 is the previously computed velocity field at an arbitrary time.
The term on the left accounts for the heat diffusion through the gas,
while the term on the right models thermal convection. This equation
is discretized in 2D using central and forward difference schemes, as
follows in Eq. (25):

𝑇 (𝑥, 𝑦)𝑛+1 = 𝑇 𝑛(𝑥, 𝑦)

+ 𝛥𝑡 ⋅
(

𝑘
𝜌𝐶𝑝

(

𝑇 (𝑥 + 𝛥𝑥, 𝑦) − 2𝑇 (𝑥, 𝑦) + 𝑇 (𝑥 − 𝛥𝑥, 𝑦)
𝛥𝑥2

+

+
𝑇 (𝑥, 𝑦 + 𝛥𝑦) − 2𝑇 (𝑥, 𝑦) + 𝑇 (𝑥, 𝑦 − 𝛥𝑦)

𝛥𝑦2

)

− 𝑢𝑥 ⋅
𝑇 (𝑥 + 𝛥𝑥, 𝑦) − 𝑇 (𝑥 − 𝛥𝑥, 𝑦)

2𝛥𝑥
−𝑢𝑦 ⋅

𝑇 (𝑥, 𝑦 + 𝛥𝑦) − 𝑇 (𝑥, 𝑦 − 𝛥𝑦)
2𝛥𝑦

)

(25)

The expression in the parenthesis multiplied with 𝛥𝑡 is denoted
𝑔(𝑇 , 𝑥, 𝑦, 𝑡), and then a 4th order Runge–Kutta scheme is applied to solve
for 𝑇 (𝑥, 𝑦)𝑡+1, as shown below:

𝑘1 = 𝛥𝑡𝑔(𝑇 , 𝑥, 𝑦, 𝑡), 𝑘2 = 𝛥𝑡𝑔
(

𝑇 +
𝑘1
2
, 𝑥, 𝑦, 𝑡

)

,

𝑘3 = 𝛥𝑡𝑔
(

𝑇 +
𝑘2
2
, 𝑥, 𝑦, 𝑡

)

, 𝑘4 = 𝛥𝑡𝑔
(

𝑇 + 𝑘3, 𝑥, 𝑦, 𝑡
)

𝑇 𝑛+1 = 𝑇 𝑛 + 1
6
(

𝑘1 + 2 ⋅ 𝑘2 + 2 ⋅ 𝑘3 + 𝑘4
)

. (26)

This system is posed uniquely, using proper boundary and initial con-
ditions. At the edges of the heating elements, the temperature is kept
to the one dictated by the cure cycle, using a Dirichlet boundary
condition. At the autoclave walls, heat loss is modelled in a simpli-
fied way, using the same procedure as described in Section 2.3, with
Eq. (12). The heat transfer coefficients in that equation are modelled
using the Dittus/Boelter empirical laws (Eq. (7) and (10)) for forced
and free convection around a cylinder [27]. This heat flow through the
autoclave walls is, however, simulated as described in Section 2.4.3,
by means of the Fourier Heat Equation [4]. A section of a generic
autoclave wall and its insulator and load-bearing steel layer is depicted
in Fig. 4, where the steady-state temperature gradients, as assumed by
the analytical model, are also plotted as a function of thickness.

2.4.3. Solid heat flow modelling
For the simulation of heat flow through the solid surfaces, the

only thermodynamic phenomenon that must be modelled is heat dif-
fusion [4]. For this model, only the autoclave body and the mould
assembly are considered in the solid heat flow simulations. These
simulations are done with the Fourier Heat Equation [4], applied to a
2D representation of the autoclave body, which accounts for the load-
bearing and insulation layer of the structure. The Fourier Heat Equation
is given by Eq. (27), and it is applied with convective boundary
conditions:
𝜕𝑇
𝜕𝑡

= 𝑘
𝜌𝐶𝑝

(

𝜕2𝑇
𝜕𝑥2

+ 𝜕2𝑇
𝜕𝑦2

)

. (27)

This equation is discretized into an algebraic system using central and
forward difference schemes, as shown in Eq. (28):

𝑇 (𝑥, 𝑦)𝑛+1 = 𝑇 𝑛(𝑥, 𝑦) + 𝛥𝑡 ⋅
(

𝑘
𝜌𝐶𝑝

(

𝑇 (𝑥 + 𝛥𝑥, 𝑦) − 2𝑇 (𝑥, 𝑦) + 𝑇 (𝑥 − 𝛥𝑥, 𝑦)
𝛥𝑥2

+
𝑇 (𝑥, 𝑦 + 𝛥𝑦) − 2𝑇 (𝑥, 𝑦) + 𝑇 (𝑥𝑦 − 𝛥𝑦)

𝛥𝑦2

)

. (28)
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Similar to the procedure in Section 2.4.2, the expression in the paren-
theses multiplied with 𝛥𝑡 is denoted 𝑔(𝑇 , 𝑥, 𝑦, 𝑡), and then a 4th order
Runge–Kutta scheme is applied to solve for 𝑇 (𝑥, 𝑦)𝑛+1, as shown in
Eq. (26). The inner and outer walls of the body are modelled with
convective boundary conditions, using Eq. (29):
𝜕𝑇
𝜕𝑛

= ℎ ⋅ (𝑇 − 𝑇𝐴), (29)

where 𝑛 denotes the vector normal to the autoclave’s surface. The
discretization of this boundary condition is given by Eq. (30):

𝑇 (𝑛 + 𝛥𝑛) − 𝑇 (𝑛)

𝛥𝑛
= ℎ ⋅ (𝑇 (𝑛) − 𝑇𝐴). (30)

The heat transfer coefficient (ℎ𝐺) is determined using the same proce-
dure as in Section 2.3, using Eq. (7).

2.4.4. Thermal radiation heat loss modelling
The final process taken into account by this numerical model is

the heat lost to the environment through thermal radiation. While the
analytical model proposed in Section 2.3 considers this phenomenon
negligible due to its small contribution, it is taken into account here
to increase the accuracy of the total heat consumption estimation
produced by this one. As shown in Zhang et al. [26], thermal radiation
is given by Eq. (31):

𝑞𝑖(𝑡) =
𝑁𝑐𝑒𝑙𝑙𝑠
∑

𝑖=0
∫

𝑡

0
𝜎𝜈𝐴𝑖

(

𝑇𝑊 3𝑖 (𝜏)
4 − 𝑇𝐴(𝜏)4

)

𝑑𝜏 (31)

where 𝜎 = 5.67 ⋅ 10−8 [J∕s m2 K4] denotes the Stefan–Boltzmann
constant, 𝐴𝑖 is the area of the cells on the outer surface of the autoclave
[m2] and  is the emissivity of the material in the outer layer of the
autoclave.

2.4.5. Total heat consumption calculation
The total energy consumed up to the time instance, 𝑡 = 𝑛 ⋅ 𝛥𝑡,

where 𝛥𝑡 is the time step of the simulation [s], is computed through
the summation of all heat transfers occurring in the elements of the
simplified autoclave model outlined at the beginning of Section 2.3.
The heat 2D flows through the autoclave body, the mould configuration
and the enclosed gas are obtained by summing the individual heats of
all the cells in the domain, for every time step, with Eq. (32) [35]:

𝑞𝑛𝑖 = 𝑞𝑛−1𝑖 + 𝑚𝑖 ⋅ 𝐶𝑝𝑖 ⋅ (𝑇𝑖(𝑡) − 𝑇𝑖(𝑡 − 𝛥𝑡)) (32)

where the heat 𝑄 represents either 𝑄𝐴, 𝑄𝑀 or 𝑄𝐺𝑎𝑠. To obtain the heat
lost to the environment until time 𝑡 = 𝑛 ⋅𝛥𝑡, Eq. (33) is used for the cells
at the external edges of the 2D domain in Fig. 8:

𝑞𝑛𝑖 = 𝑞𝑛−1𝑖 + 𝛥𝑡 ⋅ ℎ
(

𝑇𝑖
)

𝛥𝑥
(

𝑇𝑖(𝑡) − 𝑇𝐴
)

(33)

After a conversion from a 2D domain to a 3D domain, the heat com-
ponents of all elements of the model are summed up, using Eq. (1),
which yields an estimation of the total energy in 2D consumed by the
autoclave up to a given point in time.

2.4.6. Conversion of model 2D outputs to 3D results
The numerical model proposed in the previous subsections of this

section simplifies autoclaves to a 2D domain, and hence, all autoclave
model outputs must be converted to 3D properties. This correction is
based on the axial symmetry of autoclaves. Therefore, all heat flows
occurring in the 2D domain of the autoclave body, namely 𝑄𝐴𝑎𝑛𝑑𝑄𝐿𝑜𝑠𝑠,
are rotated and integrated along the longitudinal symmetry axis, to
obtain volumetric cumulative heats. This is done by means of Eq. (34):

𝑄3𝐷 = ∫𝛺2𝐷

𝜋(𝑥, 𝑦)𝑑𝑞2𝐷 ≈ 𝜋
𝑁𝑐𝑒𝑙𝑙𝑠
∑

𝑖=0
𝑖 ⋅ 𝑞2𝐷𝑖

(34)

where 𝛺2𝐷 is the 2D domain, 𝑄3𝐷 is the total 3D heat flow [kWh],
(𝑥, 𝑦) is the distance between a local point (𝑥, 𝑦) in the domain and the
8

Fig. 6. Program structure for the autoclave energy consumption model. The blue boxes
represent sub-algorithms, while the red boxes show intermediary simulated results.

Fig. 7. A sketch of the spatial discretization of the autoclave interior. The blue area
has a horizontal velocity set to the fan velocity. The red areas have the temperature
set to the heating element temperatures. The black areas are solid, with zero velocity.

axis of symmetry [m], and 𝑑𝑞2𝐷 is the local heat flow of a differential
square element in the 2D domain [kWh∕m3]. The equation uses the
term 𝜋 instead of 2𝜋 because the 2D domain must be rotated by an
angle of only 180◦ to describe a full rotational volume.

Converting the 2D heat flows through the mould configuration
with its elements requires a separate procedure. For the CFRP panel,
breather and the tool plate, it is assumed that the temperature through
the width of the components has a negligible variation. This follows
from the study of Bohne et al. [11], where temperature sensors placed
on the front and rear of a mould configuration registered a difference
below 10 ◦C. Thus, the 3D heat flow is approximated through Eq. (35):

𝑄3𝐷 = ∫𝛺2𝐷

𝑤(𝑥, 𝑦)𝑑𝑞2𝐷 ≈
𝑁𝑐𝑒𝑙𝑙𝑠
∑

𝑖=0
𝑤𝑖 ⋅ 𝑞2𝐷𝑖

(35)

where 𝑤(𝑥, 𝑦) is the width variation of the simplified mould configura-
tion [m], and 𝑤𝑖 are the widths of the discretized cells [m].

2.4.7. Algorithmic implementation of the Lattice-Boltzmann model
While Section 2.4.1 to 2.4.6 covered the generalized theory and

numerical equations involved in the proposed MRT LBM method, this
subsection outlines the computational implementation of these equa-
tions for axisymmetric, cylindrical autoclaves used in the curing of
CFRP panels. The algorithmic procedure utilized by the model is por-
trayed in Fig. 6. it begins with the MRT LBM simulation itself, which



Composites Part A 166 (2023) 107365C.J. Ogugua et al.
produces a steady-state temperature field of the gas within the auto-
clave. This temperature field is then used to determine the temperature
distributions on the inner surface of the autoclave and on the mould
configuration. These are then used as boundary conditions for three
other heat conduction simulations through the solid structures of the
autoclave and mould. The outputs of these simulations are the heat
components building up the total energy consumption for a given cycle:
the heat transferred to the autoclave body, the heat transferred to the
mould configuration, the heat lost to the external environment through
convection, and the heat lost through thermal radiation. Finally, these
elements are summed together to compute the simulated energy log of
the autoclave.

To perform the MRT LBM simulation, a cross-section of the auto-
clave body is simplified to a 2D collocated Cartesian domain, modelled
based on the autoclave geometrical parameters, such as those outlined
in Table 1. The internal pressure-vessel shape is maintained through
the domain, while the fans and heating elements are modelled re-
gions in the domain where Dirichlet boundary conditions are applied
on the velocity and temperature fields. The CFRP mould assembly
itself is simplified to a 2D rectangular shape, maintaining its cross-
sectional surface area and aspect ratio. A sketch of such a domain is
shown in Fig. 7. The solid heat transfer simulations for the autoclave
body and mould configuration make use as well of a cross-section of
their geometry as a 2D numerical domain. However, the autoclave
is represented through a rectangular structure, which simplifies the
application of boundary conditions in the domain. It is expected that
the effects of this simplification on the resulting energy consumption
of a cure cycle to be negligible. This is because the flux of heat
through the autoclave walls is independent of their shape, as long
as the layer thickness and surface area are preserved. To compute
the rectangular shape, besides the wall thickness, the autoclave cross-
sectional area has been maintained constant, together with its radius.
A similar method is applied to the mould configuration. According to
Antonucci et al. [4], the most important components for heat transfer
in the mould are the tool plate, the CFRP panel and the bleeder.
Therefore, these are considered in the numerical domain. Sketches of
such domains are shown in Fig. 8 and Fig. 9. For the autoclave body
simulation, the temperatures recorded on the edges of the MRT LBM
domain are projected and applied as boundary conditions on the four
walls surrounding the red area. A similar procedure is performed for
the outer boundary of the mould configuration domain, using the gas
temperatures recorded in its vicinity. This one-way coupling allows for
different 2D-to −3D conversion methods being applied to the autoclave
and mould assembly domains to compute the total heats transferred, as
shown in Section 2.4.6.

The MRT LBM simulation is run until thermal equilibrium is
achieved within the numerical domain, and a steady-state solution is
generated. Thermal equilibrium is defined by a difference between the
average gas temperatures in the domain at times 𝑡 and 𝑡+𝛥𝑡 of less than
the allowed error, 𝛿. This condition is given in Eq. (36):

1
𝑁𝑐𝑒𝑙𝑙𝑠

𝑁𝑐𝑒𝑙𝑙𝑠
∑

𝑖=0

(

𝑇𝑖𝑡+𝛥𝑡 − 𝑇𝑖𝑡
)

< 𝛿 (36)

where 𝛿 [◦C] is an arbitrary value chosen by the user. For the simu-
lations performed in this study, a value of 𝛿 = 1 [◦C] was used. To
implement the model computationally, the Python 3.8 programming
language was used, together with the NumPy library [29] and the
Matplotlib library [30].

2.4.8. Collected experimental data for validation
To validate the model presented in this study, a 0.45 [m] by 0.45

[m] by 0.002 [m] CF/Epoxy prepreg panel was manufactured using
autoclave curing. This was done in the Delft Aerospace Structures and
Materials Laboratory (DASML) using the case study autoclave described
in 2.2. The air temperature in the autoclave was heated at a ramp-up
9

Fig. 8. Square grid mesh of the simplified 2D representation of the autoclave body.

Fig. 9. Sketch of the 2D square grid mesh used to discretize the mould assembly
containing the CFRP panel.

rate of 2 [◦C∕min] from room temperature to a cure temperature of
120 [◦C]. The cure temperature was maintained for a dwell of 90 mins
before cooling. This corresponds to the preset temperature used in the
simulated models 2.2. The energy consumption of the autoclave during
cure was monitored using a power analyser ‘‘RS PRO IPM3600N Power
Quality Analyser’’. The monitoring frequency was set at 50 Hz and a
reading was recorded every 5 s. These energy readings were compared
to the simulated energy consumption results from the proposed models.
The result of this comparison is further discussed in 3.3

3. Results

In this chapter, two simulated energy graphs were produced through
the aforementioned methods, using the autoclave and mould param-
eters from Table 1 and the preset temperature of the cycle. Conse-
quently, the cumulative energy consumption graphs generated from the
two models were compared against the experimental energy log for
validation.

3.1. Simulated energy consumption using analytical model

This analytical model proposed in Section 2.3 has been used to
provide a direct prediction of the most significant heat contributions to
the energy consumption of an autoclave cure cycle. The models were
applied to the set of inputs given in Table 1, which were obtained from
the case study autoclave cycle described in Section 2.2. The autoclave
body transferred heat, together with the heat loss to the environment
and the heat consumed by the enclosed gas and mould assembly, were
determined as functions of time for the case study cure cycle. As shown
in Fig. 10, the simulated total energy consumption is 21.1 [kWh], and
it is composed of the heat transfer to the autoclave body of 11.3 [kWh],
a heat loss to the environment of 8.1 [kWh] and heat transferred to the
circulated air of 1.2 [kWh]. Heat transferred to the mould assembly was
only 0.4 [kWh].

3.2. Simulated energy consumption with MRT LBM model

The simulation of the energy consumed by the TU Delft autoclave
using the MRT LBM method required several more inputs than the an-
alytical method and produced a series of intermediary results required
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Table 3
Summary of the input parameters used for the body heat flow simulation
of the TU Delft autoclave.

Simulation parameters Values and units

Spatial Discretization Step 0.015 m
Time Discretization Step 0.01 s
2D Domain Length 3.4 m
2D Domain Width 1.55 m
Auto. Mass 1102 kg
Auto. Total Volume 6.2 m3

Auto. Inner Volume 4.5 m3

Auto. Surface Area 13.84 m2

Auto. Specific Heat Capacity 459.7 – 567.5 J/kg K
Auto. Thermal Conductivity 1.2 W/mK
Auto. Wall Thickness 0.14 m
Ambient Air Temperature 20 ◦C
Ambient Air Density 1.225 kg m3

Ambient Air Viscosity 1.81 ⋅ 10−5 Pa s
Gas Viscosity 1.81 ⋅ 10−5 Pa s
Gas Specific Heat 1040 J/kg K

Fig. 10. The autoclave total energy consumption and individual contributions using
the simple, analytical method proposed in Section 2.3. The simulation is performed on
the cycle in Fig. 2. The final energy consumption of the cycle is 21.1 [kWh].

for the final simulated energy consumption. These are presented below.
The first set of results comes from the MRT LBM gas simulation. For
this, the simulation inputs given in Table 2 were used. The steady-
state temperature field is shown in Fig. 11. As it can be observed in
the image, a gradient of decreasing temperature forms in the vicinity
of the walls of the autoclave, and a variation in the inner-surface
temperature of the walls is noticeable. Next, the temperature at the
boundaries of the 2D domain corresponding to the autoclave wall was
recorded, to be mapped onto a domain of a different, more simplistic
shape, used for the solid heat flow simulation. These temperature fields
were used as transient Dirichlet boundary conditions in the simulation,
applied at the four sides of the domain. This simulation utilized a
different set of parameters, which is given in Table 3. Based on this
information, the temperature field within the domain was simulated
for the entire duration of the cure cycle, and the heat transfer through
it was calculated. A frame of this simulation is shown in Fig. 12, during
the dwell time of the cycle. As shown, for a temperature of 110 ◦C at the
inner surface of the domain, temperatures between 25 ◦C and 65 ◦C are
observed at the outer edges. This implies that the domain is effectively
containing the heat produced during the cycle, as the insulator layer of
a real autoclave would.
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Fig. 11. Steady-state solution of the MRT LBM temperature field simulation at a preset
temperature of 120 ◦𝐂, with a fan horizontal nitrogen gas velocity of 6 𝐦∕𝐬. The
temperatures outside the autoclave and inside the mould are set to 20◦ C. The external
boundaries simulate the wall heat loss to the environment.

Fig. 12. Transient solution of the Fourier Heat Equation applied to the 2D discretized
domain of the autoclave body at a preset temperature of 120 ◦𝐂. The inner boundaries
have Dirichlet conditions set to the nitrogen gas temperature, while the outer surface
has a convective boundary condition.

Table 4
Summary of the input parameters used for the CFRP mould configuration
heat flow simulation.

Simulation parameters Values and units

Spatial Discretization Step 0.015 m
Time Discretization Step 0.05 s
2D Panel Domain Dim. 0.45 × 0.012 m
2D Bleeder Domain Dim. 0.7 × 0.025 m
2D Tool Plate Domain Dim. 0.9 × 0.009 m
CFRP Number of Layers 12 –
Fibre Mass 0.48 kg
Fibre Specific Heat 675–833 J/kg K
Fibre Thermal Conductivity 153–189 W/mK
Resin Mass 0.205 kg
Resin Specific Heat 1665–2055 J/kg K
Resin Thermal Conductivity 0.09–0.11 W/mK
Bleeder Mass 0.242 kg
Bleeder Specific Heat 1350 J/kg K
Bleeder Thermal Conductivity 0.5 W/mK
Tool Plate Mass 12.15 kg
Tool Plate Specific Heat 921 J/kg K
Tool Plate Thermal Conductivity 200 W/mK
Gas Viscosity 1.81 ⋅ 10−5 Pa s
Gas Specific Heat 1040 J/kg K

In parallel to this simulation, a second one was run for the heat
transfer through the mould configuration, using the same method, and
a 2D domain as depicted in Fig. 9. For this simulation, the numerical
inputs in Table 4 are used. A frame of this simulation is depicted
in Fig. 13, where the temperature field variation within the mould
configuration is shown. As it can be seen, the simulated CFRP panel
seems to heat up from the edges to the centre, and shows a temperature
gradient from 120 [◦C] to 90 [◦C].

With the autoclave body, mould configuration and gas heat simu-
lations performed, the prediction for the energy log of the MRT LBM
model was calculated. This is shown in Fig. 14, where the total energy
consumption, as well as its main components, are plotted against time.
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Fig. 13. Transient solution of the Fourier Heat Equation applied to the 2D discretized
domain of the mould assembly at a preset temperature of 120 ◦𝐂. The surfaces of the
mould have convective boundary conditions with the nitrogen gas in the autoclave.

The same three phases of the cure cycle that were observed in the
analytical model results, can also be noticed here: the heating phase,
the dwell phase and the cooling phase. However, the energy variation
in time simulated with this method seems smoother than the previous
results. This is likely due to the damping introduced by simulating the
insulation layer of the autoclave using the 2D Fourier Heat Equation.
The simulated total consumed energy falls within a final range of 15.9
[kWh] to 19.02 [kWh] with an average value of 17.47 [kWh]. The
upper and lower estimates are based on the input ranges in Tables 3
and 4. The contributing components include the heat transferred to the
autoclave body of 13.2 [kWh], heat lost to the environment through
convection of 3.9 [kWh] and heat transferred to the mould configura-
tion and gas, of 0.2 [kWh]. An additional component computed by this
model is the heat lost through radiation, which was predicted to be 0.2
[kWh] as well. Overall, these results are lower than those predicted by
the analytical model. This is most likely due to the use of more detailed
temperature fields instead of average values in the computation of heat
flows.

3.3. Energy consumption models validation

A quantitative validation of the proposed mathematical models has
been done through a comparison between their resulting simulated
energy logs and the experimental energy log data described in Sec-
tion 2.4.8. The result of this comparison is shown in Fig. 15, where
three curves are plotted. The experimental energy log in red, the
analytical model-produced energy log in dotted black, and the MRT
LBM-produced energy log in continuous black. The plot shows a high
correlation between both models and the experimental data. For the
analytical model, a correlation coefficient of 𝑅2 = 0.8 is computed with
a 14% overestimation between the simulated and measured energy
consumption. On the other hand, the MRT LBM model shows a corre-
lation coefficient of 𝑅2 = 0.95, with a 0.03% over estimative difference
between the simulated and the experimental results.

4. What-if analysis

One major benefit of the proposed models is that they can be used
to predict energy consumption of an autoclave with varying process
parameters. This section assesses how variations in selected process
parameters can influence energy consumption of autoclave curing.

4.1. Varying autoclave loading capacity

Autoclaves used for curing composites are cylindrical pressure ves-
sels and come in various sizes. In industrial applications, batch man-
ufacturing of composite parts is common as it saves time and manu-
facturing cost. However, an autoclave can only run one cure cycle at
a time. This implies that only parts with the same cure cycle can be
run together at the same time. This can pose a challenge especially for
large autoclaves as often times they are not loaded to their maximum
11
Fig. 14. Simulated heat flows within the autoclave-environment for the CFRP cure
cycle. The black lines show total simulated heat consumption of the autoclave. The
green line shows heat transferred to the mould assembly and gas, red lines show heat
flow to the autoclave structural body, blue lines show the heat lost through the outer
walls to the environment. The brown line shows the heat lost through radiation to the
environment.

Fig. 15. Simulated vs. recorded total energy logs of the autoclave cure cycle. The
continuous line represents the simulated log using the Lattice Boltzmann-based method,
while the dotted line represents the log computed with the analytical method.

capacity. Hence, this section analyses how energy consumption of an
autoclave is affected by change in panel size. To achieve this, the
maximum part length and width that can be cured at a time, in the case
study, was used. In order to simulate the energy consumption, the two
heat transfer models were used — MRT LBM and analytical method.
The energy consumption of the autoclave has been observed by chang-
ing the dimensions of the panel. The results have been compiled by
running the method discussed in Section 2. The following assumptions
were made regarding the cured panel. First, the panel is assumed to be a
rectangular panel with a constant laminate thickness of 2 [mm]. Then,
the composition of the panel is assumed to be homogeneous, making
the density of the panel constant. Furthermore, the part tool is assumed
to be a rectangular aluminium tool plate with a constant thickness of
1.8 [mm], and the dimensions of the tool are increased linearly with
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Table 5
Estimated energy consumption with respect to variation in panel area using MRT LBM and analytical model.

Length and width
[m × m]

Area
[m2]

Energy consumption
for MRT-LBM [kWh]

Energy consumption for
analytical model [kWh]

1.080 × 1.700 1.83 * 100 18.8411 22.6114
0.540 × 0.850 4.59 * 10−1 18.3082 20.2732
0.270 × 0.425 1.14 * 10−1 18.1749 19.6887
0.1350 × 0.2125 2.87 * 10−2 18.1416 19.5426
0.0675 × 0.1063 7.17 * 10−3 18.1333 19.5060
0.03375 × 0.05312 1.79 * 10−3 18.1312 19.4969
0.01687 × 0.02656 4.48 * 10−4 18.1307 19.4946
0.00844 × 0.01328 1.12 * 10−4 18.1306 19.4940
the dimensions of the panel. Finally, the material composition (carbon
Fibre/Epoxy) and temperature cycle used are same with that of the case
study part as defined in Section 2.2.

4.2. Varying panel dimensions

For this analysis, the laboratory-scaled autoclave was first assumed
to be loaded to its maximum capacity, which is the maximum area of
a panel that can be cured at a time. According to the manufacturer’s
data sheet, the maximum area of the panel is 1.08 × 1.7 [m2]. It was
assumed that the volume of the autoclave is small and will not allow
for vertical stacking of additional parts, hence this was not considered.

Then the panel size was varied within the autoclave and the total
electrical energy consumption was estimated. To achieve this, the panel
areal dimensions (length and width) were decreased using geometric
progression with a common ratio of 2 until a selected minimum panel
size of 0.00844 [m] × 0.01328 [m] was attained. Table 5 contains the
estimated energy consumption of the autoclave with respect to different
panel dimensions from the MRT LBM and analytical methods.

As seen in Table 5 and Fig. 17, although the area of the CFRP
part was varied in three orders of magnitude, the estimated energy
consumption was approximately the same for MRT LBM with a dif-
ference in the energy consumption for the largest and smallest panel
being 3.77%. However, in case of analytical method, the change in
energy consumption is 15.34%. Also, after the panel area becomes
smaller than a certain area which is 0.114 [m2] in this case, the energy
consumption remains more or less the same for both models. This shows
that the total energy consumption of the autoclave does not change
significantly when its loading capacity is varied or when composite and
mould dimensions are changed, especially for small panel sizes. This is
consistent with the two models. Although the total energy consumption
does not vary significantly with variations in loading capacity, the
specific energy attributed to each cured part varies considerably, as
shown in Fig. 17

The values of the energy consumption in Table 5 were estimated
considering the maximum length and width of a panel that the case
study autoclave can cure at a time. Also, only one autoclave stacking
layer was considered. Although this gives us insight into the influence
of loading capacity on the energy consumption of an autoclave, it limits
the autoclave capacity to a 2D rectangular panel without considering
the influence of part curvature and stacking layers. In order to consider
these factors, more detailed loading models for autoclaves need to be
considered, which is outside the scope of our study.

4.3. Effects of cure cycle

Temperature cycle during cure not only determines the microstruc-
tural quality of a part [36] but also can influence the energy con-
sumption of the autoclave during cure. This is because the cure cycle
determines the cure temperature of a matrix system alongside the ramp-
up rate and dwell times, which significantly influences the amount of
heating required during cure.

The influence of varying the cure cycle on energy consumption was
analysed in this study by first comparing the temperature cycle used
12
Fig. 16. Temperature responses of the mould assembly to 2 CFRP-curing cycles for
‘‘Deltatech GG200T - DT120’’ prepreg system.

in Section 2.1: 120 [◦C] cure temperature with ramp up rate of 2
[◦C]/min and 90 min dwell time, with an alternative cure cycle for the
same panel dimension. This was also specified in the manufacturer data
sheet but was not the recommended standard cycle. This alternative
cure cycle (130 [◦C], 3 [◦C]/min ramp up rate and 60 min dwell
time) has higher cure temperature and ramp up rate 3 [◦C]/min but
less dwell time. The results obtained show that the cumulative energy
consumption of the alternative cycle was 0.2 [kWh] higher, a difference
of approximately 1% (see Fig. 16).

To further investigate the influence of cure cycle, its energy con-
sumption was also compared to cure cycles for other composite ma-
terials commonly used in aerospace applications. This includes Hexcel
M21, a 180 [◦C] epoxy curing matrix system and the Toray Cetex®
TC1225 Low Melt PAEK thermoplastic composite. As seen in 19, the
estimated energy consumption of Hexcel M21 with a 180 [◦C] curing
system, summed up to 53 [kWh]. This amounts to a 180% increase
in energy consumption when compared to our case study Delta Preg
120 composite (with a 120 [◦C] curing system). The estimated energy
consumption of the LM PAEK (a thermoplastic with a 320 processing
temperature) summed up to 67 [kWh], approximately 3.5 times higher
than the energy consumption of the Delta Preg case study part. This
analysis shows that energy consumption is sensitive to the cure cycle of
a part, mostly influenced by the cure temperature. This is because most
of the energy is consumed during ramp up to the cure temperature and
not necessarily the dwell time. The energy consumed during dwell is
mainly to complement heat loss through the walls or, in some cases, to
account for an increase in pressure. Increasing the pressure introduces
additional air/nitrogen into the system which need to be heated up,
hence consuming additional energy.
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Fig. 17. Energy consumption per unit area of the autoclave with respect to different
panel areas.

4.4. Effect of autoclave size

For industrial applications, it is relevant to determine how the
energy consumption of an autoclave design scales with a proportional
increase in its dimensions. To perform such an analysis, the mod-
els outlined in Sections 2.3 and 2.4, together with autoclave design
regulations for pressure vessels according to European standard EN
13445 [37]. For this analysis, it was assumed that the autoclave pres-
sure vessel is made out of Stainless Steel 316L. Furthermore, the
insulating layer is an Aluminium Oxide Fibre blanket. To determine
the necessary thickness of the steel layer of the autoclave, the pressure
vessel formula in Eq. (37) is used:

𝑠𝑆𝑡𝑒𝑒𝑙 =
𝑆𝐹
𝜎𝑦

⋅ 𝑝𝑐𝑦𝑐𝑙𝑒 ⋅ 𝑅𝑎𝑢𝑡𝑜 (37)

where 𝑆𝐹 is the safety factor of 3, 𝑅𝑎𝑢𝑡𝑜 is the autoclave radius, 𝑝𝑐𝑦𝑐𝑙𝑒 is
the cycle maximum pressure and 𝜎𝑦 is the yield strength of the stainless
steel structure. This analysis was applied to the real autoclave design,
by varying its volume from 5 to 400 [m3] with multiple intermediate
steps.

Fig. 18 shows the variation in estimated energy consumption with
autoclave volume for both models. The first conclusion is that the
increases in volume cause a relatively linear response in both models,
which suggests that the autoclave dimension itself is a major contrib-
utor to the energy consumption of the cycle. This can be attributed to
the autoclave body, due to more mass, the contained gas due to more
inner volume, and the heat loss due to bigger autoclave area.

Consequently, it is essential to note the differences between the
two models. The analytical model provides a much higher estimate of
energy consumption compared to the MRT LBM model. The difference
between the two values is also seen to diverge as the autoclave size
increases. This could be due to the analytical model overshooting the
heat loss value, the overshoot increases as the autoclave size increases
and more heat loss is experienced. Another interesting feature is the
different shapes of the cumulative energy curve generated from the
proposed models. The analytical model follows simpler curves. Once
the temperature stabilizes at around 30 min, only the heat loss through
the wall makes an added contribution to the log in the remainder of
the cycle. On the other hand, the MRT LBM incorporates the transient
behaviour of the system, it does not assume an immediate temperature
equilibrium like the analytical model. This makes the contributions
delay in time and results in a slower but progressive increase in energy
consumed.
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Table 6
Heat loss change by varying insulator thickness. Stainless steel structural thickness is
fixed at 0.015 [m].

Change Thickness [m] Heat loss [kWh] Difference

Reference 0.085 9.087 Reference
+20% 0.102 8.588 −5.49%
+40% 0.119 8.145 −10.37%
+60% 0.136 7.748 −14.74%
+80% 0.153 7.377 −18.82%
+100% 0.170 7.051 −22.40%

4.5. Varying insulation thermal conductivity and autoclave wall thickness

Heat loss through the autoclave walls contributed significantly to
its total energy consumption, as seen in Section 2.4.3. To estimate
heat loss, parameters including insulator conductivity, wall thickness,
autoclave area and cure temperature were used as expressed in Eq. (3).
In this section, the sensitivity of autoclave energy consumption to vary-
ing insulator conductivity and wall thickness is assessed. The model
for estimating heat flow through the autoclave wall described in Sec-
tion 2.4.3 was used. Here, the autoclave wall consists of a 0.12 [m]
thick aluminium oxide insulation blanket and 0.015 [m] thick stainless
steel wall. The insulation thermal conductivity and wall thickness were
varied in two scenarios described below, and the resulting heat loss for
each scenario was recorded and analysed.

In the first scenario, the arbitrary thickness and conductivity of the
structural steel layer were kept constant while the thickness of the
aluminium oxide insulation foam were varied. By varying the insulation
layer thickness, the total autoclave wall thickness also changed. The
heat loss through the autoclave wall is calculated for every insulation
layer thickness considered. The result provides an insight as to how
varying insulator thickness can influence heat loss and subsequently en-
ergy consumption of an autoclave. In the second scenario, the thermal
conductivity of the insulation and structural steel materials were varied
to see how this affects heat loss. This is possible as different steel alloys
or insulator mixtures provide a spectrum of values with the potential
of resulting in completely different heat loss values.

4.5.1. Constant steel thickness with varying insulation thickness
The thickness of the insulator for our case study autoclave was

varied between 0.03 [m] and 0.23 [m]. This range of values was
selected because they are still within the thickness range of the original
autoclave configuration (0.12 m). The thermal conductivity of the insu-
lator, which is in our case study autoclave, aluminium oxide foam, was
set at 1.1 [W∕mK]. This value was obtained from a manufacturer data
sheet and extrapolated to account for the current curing cycle [38].
The thermal conductivity of the stainless steel wall was obtained from
online website ‘‘Engineering Toolbox’’ [39] and set at 14.4 [W∕mK].
With these sets of values, the heat loss through the autoclave wall for
varying insulator thickness was estimated and shown in Fig. 21. As seen
in Fig. 21, varying the thickness of the insulator layer influenced the
heat loss through the walls. However, the effect of increasing insulation
thickness progressively decreases as the insulator gets thicker. This is
also shown in Table 6.

4.5.2. Varying conductivity of stainless steel and insulator
The conductivity values of the stainless steel structural body of the

autoclave and aluminium oxide blanket insulation were varied and the
resulting heat loss through the autoclave wall was estimated. While
the total thickness and insulation ratio were kept to imitate the case
study autoclave setup (0.135 [m] and 88.9%, respectively), the ranges
that were chosen for the materials were: 0.935–1.265 [W∕mK] for the
aluminium oxide blanket (±15% margin from the original value of 1.1
[W∕mK]) and 12.24–16.56 [W∕mK] (±15% margin from the original
value of 14.4 [W∕mK]) for the stainless steel.
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Fig. 18. Total simulated energy consumption for a 120 ◦C thermoset cycle using the
Lattice Boltzmann-based method (continuous lines) and the analytical (simple) method
(dotted lines) for different autoclave volumes.

Fig. 19. Energy logs for 3 CFRP-curing cycles applied to a laboratory-scaled autoclave.

Table 7
Heat loss changes as a result of altering insulator thermal conductivity values in a
range of 15% of the original value, while keeping steel conductivity constant at 14.4
[W/mK].

Change Ins. Con. [W/mK] Heat loss [kWh] Difference

−15.0% 0.935 7.620 −6.16%
−7.50% 1.018 7.888 −2.86%
Reference 1.100 8.120 Reference
7.50% 1,183 8.332 2.61%
15.0% 1.265 8.526 5.00%

Tables 7 and 8 show the changes in estimated energy consumption
by varying the insulator and steel thermal conductivities. These tables
show that varying the conductivity of the insulator material affect the
heat loss much more significantly than varying the conductivity of the
stainless steel body. For instance, in Tables 7 and 8, a change of 7.5%
to the original insulator conductivity creates a 3% increase in heat
loss, while a change of 7.5% in the original steel conductivity merely
changes the heat loss by 0.02%.

The perspectives provided by the two different scenarios in Tables 6
and 7 show that heat loss is sensitive to thermal conductivity and
thickness of the insulating material. The results also show that the heat
14
Table 8
Heat loss changes as a result of altering stainless steel thermal conductivity values in
a range of 15% of the original value, while keeping insulator conductivity constant at
1.1 [W/mK].

Change Steel Con. [W/mK] Heat loss [kWh] Difference

−15% 12.24 8.115 −0.061%
−7.5% 13.32 8.118 −0.028%
Reference 14.40 8.120 Reference
7.5% 15.48 8.122 0.024%
15% 16.56 8.124 0.045%

loss through the autoclave wall is more sensitive to the thickness of the
insulation than it is to its conductivity.

5. Discussion

In this study, two mathematical models were proposed to predict
the energy consumption of autoclave curing in CFRP manufacturing.
An analytical model based on Fourier heat equations and an MRT
LBM based model. This section compares the two methods taking into
account the differences in the simulated energy consumption results,
reasons for these differences, possible applications and limitations of
each model.

5.1. Models comparison and possible applications

The two models presented in this study have a few similarities.
They are both 2D models that take into account thermal diffusion and
convection. They both utilize thermodynamics based heat equations to
estimate heat flow through the solid mediums (e.g. wall) and solid
fluid boundaries. Also, they both estimate total energy consumption
and discriminate this consumption to the different elements of auto-
clave curing. Despite these similarities, the results obtained from these
methods differed by 11% and this is attributed to the main difference
between them.

The main difference between these models is that the analytical
model assumes an averaged temperature equivalent to the predeter-
mined cure temperature cycle. The MRT LBM method, on the other
hand, simulates the transient velocity and temperature variation of the
flowing gases within the autoclave. Which is then used to estimate
temperature variations on the solid boundaries (mould assembly and
autoclave structure). Neglecting this temperature variation can lead to
an overestimation of the heat loss through the walls and subsequently
the total energy consumption. Amongst the two methods considered,
the estimated energy consumption from the MRT LBM method had a
closer match to the experimental data, with only a 1% difference (see
Fig. 20).

Another difference between the two models is that the MRT LBM
method considers heat transfer due to thermal radiation. This value
is relatively small and accounts for only 1% of the simulated energy
consumption. Another interesting feature is the different shapes of the
energy curves, as seen in Fig. 15. The analytical model follows simpler
curves: once the temperature stabilizes at around 30 min, only the heat
loss through the wall makes an added contribution to the log in the
remainder of the cycle. On the other hand, the MRT LBM incorporates
the transient behaviour of the system, it does not assume an immediate
temperature equilibrium like the analytical model. This makes the con-
tributions delay in time and results in a slower but progressive increase
in energy consumption until temperature equilibrium is attained.

Although the energy consumption values estimated by the two
models differed by 11%, the what-if analysis carried out in this study
shows that as the autoclave increases, the variations in the results
from the two methods increases 4.4. This is attributed to the increased
autoclave dimensions and higher insulator thickness. With larger auto-
clave dimensions, the temperature variation at the walls is much more
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Fig. 20. Temperature variation at the wall of an autoclave, represented by the MRT
LBM Method at a 400 [◦C] temperature cycle. At 400 [◦C], the temperature on the
east wall averaged 288 [◦C] and 362 [◦C] on the West wall.

Fig. 21. The heat loss with constant structural and varying insulation thickness. The
steel layer has a thickness of 0.015 [m]. TU Delft autoclave configuration shown in
red. This was estimated using the analytical method.

significant. Also, by increasing the insulation thickness, the diffusion
of heat through the autoclave wall slows down, hence the temperature
field reaches steady state at a shorter amount of time. Since the analyt-
ical model does not account for temperature variation and diffusion
at the autoclave walls, the resulting energy consumption would be
overestimated significantly.

One major benefit of the analytical model over the MRT LBM model
is its lower computational effort. This makes it suitable for applications
where only rough estimates of total energy consumption are needed.
This may be the case in some energy cost estimations or what-if analysis
The MRT LBM method, although with a higher computational effort,
has some benefits. It provides more accurate results and can esti-
mate energy consumption at high frequency throughout the cure cycle
(i.e. energy consumption for every selected time step, say 5 seconds
interval). This makes it suitable for applications where more precise
energy logs are needed or applications requiring energy monitoring at
15
higher frequencies. This may be the case when comparing cure cycles
in terms of energy efficiency.

The models presented in this study do have some limitations. One
major limitation is that both models represent the autoclave as a
2D computational domain, which is not the case with an autoclave.
However, in the MRT LBM based model, the heat flow occurring in
the 2D domain of the autoclave body and the mould assembly were
converted to 3D outputs to provide results that are more representative.
The heat flow conversion for the autoclave body and mould assembly
were done using different methods, considering their differences in
axial symmetry. The conversion for the mould was simplified based
on the assumption that the through width temperature variation of the
mould assembly is negligible. This can also be seen as a limitation. The
MRT LBM based model also assumes no reverse dependency between
the mould and the autoclave domains during expansion, hence allows
different expansion methods to be used.

Another limitation is that the models require some preset temper-
ature cycle, which is obtained empirically. In most cases this can be
found in a manufacturer data sheet of the prepreg or resin materi-
als, but this dependency on empirical data is still a limitation. It is
important to note that this study covers energy consumption of the
autoclave for only heating and air circulation within the autoclave.
Autoclave curing also incurs other energy demands, including energy
for producing Nitrogen gas (in some cases, air is used instead to
eliminate this demand), energy for pumping the gas into the autoclave
and cooling. These aspects were out of scope and not considered in this
study.

6. Conclusion

This work presents two mathematical models for estimating energy
consumption of an autoclave during composite curing. An analyti-
cal model based on Fourier heat equations and an alternative model
that combines Fourier laws with 2D MRT LBM. The major difference
between these two methods is that the MRT LBM model takes into
account the temperature gradient occurring within the autoclave and
at the autoclave walls, while the analytical model assumes an average
temperature value. The simulated energy consumption results were
compared to an energy log from the case study experiment carried
out in a 4.5 [m3] autoclave at Delft University of Technology. The
MRT LBM method predicted a value range between 15.9 [kWh] to
19.04 [kWh] with an average value of 17.47 [kWh]. The average value
17.47 [kWh] is only 1% lower than the recorded value, indicating a
better match. However, one advantage of the analytical model over
the MRT LBM model is its lower computational effort, as the MRT
LBM method takes a longer time to run and require more detailed
information about the autoclave curing process. This can be beneficial
in some applications where rough estimates of energy consumption and
not precise values are required, and may be the case for some energy
cost estimations and sensitivity analysis.

The two models presented in this study have three main advantages.
They are parametric, scalable and can segregate the energy consump-
tion of the autoclave curing process. In this study, the autoclave energy
consumption was segregated into heat flow to the autoclave body, the
composite-mould part, the nitrogen gas and heat loss through the auto-
clave walls. The results show that heat flow to the mould assembly and
the nitrogen gas combined only accounted for less than 2% of the total
energy consumption. This implies that the efficiency of the autoclave is
significantly low, as the energy consumed for the curing process itself
constitutes only 1.1%. It also suggests that existing autoclave designs
are developed for curing efficiency, rather than energy-efficiency, and
from an energy-efficiency point of view significant improvements still
need to be made.

Their adaptability to changing process parameters allows the mod-
els to identify those design/process parameters that significantly influ-

ence the energy consumption of an autoclave. As seen in the what-is
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analysis carried out in this study, the temperature cycle and autoclave
volume are the most influential parameters, followed by the insula-
tion thickness and conductivity. Identifying these parameters provides
insight as to possible design and process changes that may improve
autoclave energy efficiency. This can serve as a guide to future energy
reduction target for autoclave curing. The scalability of the models
allows energy consumption results obtained using pre-defined cure
cycle, to be scaled up for production scenarios such as autoclave
size and autoclave loading (loading it to full capacity or not). This
element may be essential in prospective life cycle assessment studies
where lab scale experiments are scaled up to be more representative
of future industrial scale scenarios [40]. It may also be valuable in
cost models for predicting possible energy cost for different scales of
production [41].

In general, these models provides better access to energy inventory
that can serve as input in cost models for estimating energy costs and in
LCA studies. This is needed especially in the aerospace industry, where
most data required for these studies are proprietary and not readily
available.

To further develop these models for better accuracy, a few more
steps are recommended. It is recommended to apply the two models to
a wider range of cure cycles and autoclaves for more validation. The
analytical model can further be developed by including a correction
factor or additional equations to account for temperature variations
within the autoclave. Also, extending the MRT LBM model to have
3D simulations that better represent the autoclave as a computational
domain, may be beneficial in getting more accurate results.
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