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Introduction

Advanced composites have been widely applied in aviation 
due to their excellent performances, such as high-specific 
strength and stiffness, good weight loss of structure, the 
improvement of aircraft performance, and so on. As known, 
the quantity of composite components in aircraft has 
become a crucial sign to measure the advanced performance 
of aircraft design [1, 2]. The autoclave process can better 
make advanced composites to achieve the key performances 
mentioned above, especially for large composite compo-
nents. In manufacturing process of large composite compo-
nents, large molds are often employed to assist their form-
ing process. It may be a reason for large frame type molds 
to become so popular. As for the forming quality of large 
components, the temperature uniformity at the mold surface 
is an influential factor, which plays important role of “wind 
indicator” during autoclave process. Many factors influence 
the temperature distribution of large frame type molds, such 
as the heat exchange of gas within autoclave, the structure 
of molds, the heat-transfer characteristic of craftwork acces-
sories attached at the mold surface, and the complicated 
structure of molds themselves. Therefore, it is difficult to 
exactly predict the molds’ temperature distribution [3]. It is 
a valid way to adopt experimental methods independently to 
obtain the temperature distribution, but it is time-consuming 
and costly. Therefore, at present, computer simulation tech-
nology has become a popular way to obtain the approximate 
temperature distribution in molds, because of the high effi-
ciency and low cost, and the issues of simulation on tem-
perature distribution can be solved well.

Abstract  Since the production of advanced composites, 
they have gained popularity in many industrial applications 
because of their unique performances. The advantages of 
these materials are very important, especially in the area of 
aviation. Among all the molding methods adopted in their 
production, the autoclave stands out as distinct method. 
Considering the temperature distribution in molds, it is 
one of the crucial aspects to impart quality to composite 
components during the process of autoclave molding, and 
it is necessary to do research and analysis on temperature 
distribution in molds, especially those of large frame-type 
molds. In previous studies, many authors improved the sim-
ulation accuracy simply by changing the grids or boundary 
conditions. A few of them took boundary layer grids into 
consideration for further precision. With the aid of com-
puter softwares, this paper conducts simulation on large 
frame type of molds. Given that the boundary layer grids 
will largely determine the simulation precision, this study 
attempts to give emphasis on the study of boundary layer 
grids to make the simulation results more accurate, and 
finally make a comparison with the experimental data. The 
error between simulation and experiment results was within 
5 %. This indicated that the boundary layer grids had great 
influence on the accuracy of simulation of the paper con-
ducted, and should be given more attention. Therefore, the 
method of simulation in this study can be further used to 
accurately simulate the temperature distribution in molds.
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Many relevant studies have been carried out by focus-
ing on composite materials, molds, and temperature dis-
tribution of mold formation. Nakhaei et  al. [4] studied 
the composites as they had widely applied to automotive 
and aerospace fields, and studied some parameters that 
may influence the composites. Gniatczyk et  al. [5] dis-
cussed that the thermal conductivity of molds could be 
raised through an “egg box” of metal frame structure, and 
pointed out that selection of spacing was decided by dif-
ferent materials in the process of design. Michael et al. [6] 
illustrated the advantages of molds of frame-type struc-
ture, and thought that these molds could not only reduce 
weight, but also could accelerate the heat transfer. Prasad 
et al. [7] attempted to combine the banana fiber with low-
density polyethylene to produce composite materials that 
would be environmental and friendly. In their study, they 
also discussed the effect of banana fiber surface treatment 
and compatibilizer addition to composite materials. Bahra-
mian et al. [8] illustrated some information about the effect 
of the external heat flux through calculating the effective 
thermal diffusivity and doing evaluation on ablation per-
formances. Duval studied the heat-transfer mechanism of 
molds fabricated by carbon fiber/epoxy composite materi-
als, and carried simulation on the three-dimensional tran-
sient temperature distribution of the molds. Finally, he 
made a comparison of both experimental and simulation 
results to prove the reliability of simulation data [9]. Hudek 
studied the effects of various factors on heat-transfer coef-
ficient, and their research results showed that the probable 
influential factors were as follows: vacuum bags, the status 
of composite components in autoclaves, the disposition of 
molds, heat flow direction of the open air and etc. At the 
end of his research, the heat-transfer coefficient was suc-
cessfully modeled [10]. Pirouzfar et  al. [11] studied the 
design and optimization of carbon–carbon composites to 
investigate the influence of each parameter. Through the 
modification of parameters, they finally concluded that 
heat shields provided more heat resistance than the com-
posites derived from resole. Ding et al. [12] studied com-
posites of functional graphene nanoflakes/cyanate/epoxy 
and by making comparison they concluded that functional 
graphene nanoflakes could be used as catalyst and shorten 
curing time. Vafayan et al. [13] presented the better thermal 
cure cycle with the aid of softwares: Abaqus and Matlab, 
because an optimized thermal cure cycle could ensure the 
curing uniformity of complex-shape composite parts. Gao 
et al. simulated the temperature rising process in autoclave 
through numerical computation method. In their studies, 
the distribution of the fluid field and temperature field in 
autoclave were obtained, and the accuracy of simulation 
results was verified by comparing with the experimental 
data [14]. Zhang et  al. [15] simulated three different air 
flues of straight-shape, cross-shape, and T-shape with the 

help of FLUENT software, and the results showed that the 
T-shaped air flue is the optimal choice compared with other 
two shapes. Yue et  al. [16] studied the effect of mold on 
deformation of composite components. The results indi-
cated that composite components can generate residual 
stress imposed by the mold limitations, which further lead 
to the deformation of composite components. The signifi-
cance of mold temperature distribution was also demon-
strated. Zhang investigated the influence of technological 
and environmental parameters on temperature distribution 
in mold, and further simplified the simulation model [17].

Among many attempts, the most common method used 
in simulation has been the K-e turbulence model. Some 
researchers have studied the rules of simulation under cer-
tain parameters, but do not indicate on how to enhance the 
accuracy of simulation. Some studies have just verified 
the precision of simulation by specific parameter settings. 
However, the actual situations in the autoclave process is 
rather complex, and the K-e turbulence model cannot simu-
late the temperature distribution accurately. In this study, 
the simulation model has been established on the basis of 
Ref. [14]. As a more appropriate model for the mold frame, 
the SST model is employed to study the temperature distri-
bution further. In addition, the study of boundary layer at 
the interface between the fluid and solid is rather few, but 
it is undeniable that the boundary layer is a key point to 
conjugate heat transfer in simulation process, and cannot be 
ignored. As a result, the boundary layer analysis has been 
added in this study to ensure higher accuracy. Therefore, 
the two aspects discussed above are considered to perform 
a specific simulation. The results of simulation and experi-
mental data from the 14th literature citation are compared 
carefully, and the simulation results are verified at the end.

Experimental

The autoclave model

As shown in Fig. 1, an autoclave mainly includes the fol-
lowing parts: fan, heating equipment, pressure vessel, gas 
pressure device, corresponding control system, and vac-
uum system. There is a slide passage and object stage in 
the pressure vessel. The object stage is set up to support 
the mold. As the main part of the autoclave, pressure vessel 
can be realized by means of modeling. Other parts of the 
autoclave can be achieved through setting the correspond-
ing boundary conditions in the simulation.

The working principles of autoclave

To establish the valid autoclave model, the structure and 
working principles of autoclave should be introduced in 
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detail. The autoclave structure is shown in Fig.  2. Dur-
ing the autoclave process, the electric hot wire is the heat 
source, the fluid is chosen to be the heat-transfer medium 
(it is usually air), and the fan is used as the motive power to 
force gas cycle [18]. After the specific settings, the electric 
hot wire is employed to heat the mold component.

Heat‑transfer pattern

Heat conduction, heat convection, and thermal radiation 
are three ways of heat transfer. Among them, the way of 
thermal radiation may be taken in consideration only at a 
higher temperature. As the temperature of autoclave is less 
than 180 °C during the formation process, the thermal radi-
ation passage can be ignored. Temperature changes of mold 
frame structure in autoclave are mainly due to the forced 
heat convection between the mold and high-temperature 
gas, and the occurrence of heat conduction in the mold, 

as shown in Fig. 3. Therefore, the simulation of tempera-
ture distribution for mold component by autoclave process 
only considers two passages of heat convection and heat 
conduction.

In addition to the above elaborations, other contents are 
needed to be added as follows: the fluid by its nature is usu-
ally a kind of viscous fluid. When the viscous fluid flows 
through the solid walls, due to the stickiness of fluid, the 
flow velocity will gradually decelerate as the fluid becomes 
closer to the walls, and the fluid will be stopped and kept 
in non-slipping state and adherence position to walls, as 
shown in Fig. 4. In the adherence position to walls, the thin 
layer of fluid is relatively static compared with the walls. 
The heat transfer between the thin layer of fluid and walls 
is in terms of passage of heat conduction. Therefore, the 
thin layer of fluid directly decides the accuracy of the simu-
lation. In hydromechanics, this thin layer of fluid is named 
the “boundary layer”.

Fig. 1   Autoclave model

Fig. 2   The diagram of auto-
clave structure
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The mold model and material

The study in this paper is based on large frame-type molds, 
widely used in the manufacturing industry of aerial com-
posite materials. As Fig. 5 shows, the mold is made up of 
four parts: equalizing hole, aspirail, panel, and some sup-
port grids [19]. The thickness of molds’ top surface is 
7 mm. All the grids’ thicknesses are 4 mm. Radius of every 
equalizing hole is 25 mm, and the approximate dimension 
of aspirail is 130  mm ×  220  mm. The mold material is 
steel and its whole size is 1700 mm × 1500 mm × 400 mm 
(length × width × height). The support grids play the role 
of supporting and maintaining the stiffness. The equalizing 
hole and aspirail are designed to make the airflow and the 
solid perform heat convection better.

Analysis of gas flow condition

The heat-transfer route of autoclave process is shown in 
Fig.  6. Generally, there are two heat sources in the auto-
clave, heating devices (electric heat source) and the 
released heat generated from the curing reaction of com-
posite components (internal heat source). Due to the lim-
ited influence of the released heat on mold component, the 
released heat is not needed to be considered. In addition, 
the heat generated from curing reaction may be transferred 
from mold to air through the heating devices.

In general, the heating process of mold in autoclave is 
realized through forced convective heat transfer of fluid. 
Therefore, the flow state of fluid must be considered in 
simulation. The flow of fluid can be divided into laminar 
flow and turbulent flow. In autoclave, the flow belongs to 
internal flow. For further evaluation, it belongs to laminar 
flow or turbulent flow, and the Reynolds number (Re) is 
always used to produce results. The Re is defined as:

Fig. 3   Heat-transfer pattern in 
autoclave

Fig. 4   The velocity variation closed to the wall

Fig. 5   Typical frame type mold for autoclave
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where L is characteristic length (it represents diameter of 
autoclaves), u is fluid velocity, ρ is fluid density, and μ is 
fluid viscosity.

The parameters of air are as follows: room temperature: 
298 K, ρ = 1.24 kg/m3, μ = 17.9e−6 kg/m s, u = 2.5 m/s.

By substituting the above data into the formula (1), the 
following results are obtained:

As Re >12,000, the flow state of gas must be a turbulent 
flow.

Grid generation

When the fluid flows through the mold, the flow velocity 
will increase rapidly at the micro-space in the normal direc-
tion of the molds’ surface, until it increases to the same as 
the inflow velocity. This micro-space is called “boundary 
layer”. Its area is further divided into buffer layer and vis-
cous sublayer. Viscous sublayer is near the solid surface, 
and the solution of boundary layer mainly focuses on this 
area. As Re =  432960, the turbulence model which has a 
low value of Re cannot be chosen. However, the turbulence 
model of high Reynolds number is also not suitable for 
viscous sublayer. To solve the problem, two methods can 

(1)Re =
ρ × u× L

µ
,

Re =
ρ × u× L

µ
=

1.24× 2.5× 2.5

17.9e−6
= 432, 960 > 12, 000.

be considered. They are the wall function method and the 
wall model method, respectively. In this study, the grids of 
boundary layer (as shown in Fig. 7) can directly decide the 
accuracy of simulation. Therefore, the wall model method 
is chosen, because it can densify the grids. Considering that 
the SST turbulence model possesses both the advantages of 
K-model and K-e model [20], and that the SST model can 
provide more precise solution of viscous sublayer under the 
dense grids, therefore, SST model is a suitable choice in this 
paper. In the grids of boundary layer, the location of grid 
nodes in the first layer can directly determine the distribu-
tion of the entire boundary layer grids, so the distance from 
the grid nodes of first layer to the wall must be ensured. The 
distance is defined as “y” in the following contents.

Another value y+ directly affects the value of y, so the 
selection of y+ is very important, and the accuracy of y+ 
must be ensured as well. To accurately solve the viscous 
sublayer, it is necessary to make sure that y+ ≤ 5. The fol-
lowing conditions should also be guaranteed: the number of 
layer is set between 10 and 15, and the height ratio ranges 
from 1.0 to 1.2. In the computing process of computational 
fluid dynamics (CFD), the role of y+ reflects the calculating 
height of the first boundary layer grid during the process of 
grid generation [21]. The calculation process is as follows:

(1)	 Calculating the Reynolds number: Re.
(2)	 Estimating the wall friction coefficient.
	 The calculating formula is defined as:

(2)Cf = 0.058Re−0.2.

Fig. 6   Heat-transfer route of 
formation technology
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(3)	 Computing the wall shear stress.
	 The calculating formula is defined as:

where u is fluid velocity.
(4)	 Using the wall shear stress to estimate the speed: uτ
	 The calculating formula is defined as:

(5)	 Calculating the grid height of the first layer.

	 The calculating formula is defined as:

The value of y+ can only be obtained through estima-
tion before calculation, because the regional velocity is 
unknown. When the geometry of calculative area is rela-
tively complex and irregular, we cannot try to make that all 
the values of y+ in the wall region become more reasonable, 
and it will only waste a lot of time and energy. Therefore, 
the major focus should be taken on the important influential 
area of the boundary layer. Considering that the geometric 
structure of frame-type mold is more complicated in the 
autoclave process, and only the mold’s upper surface can 
contact with composite components, so the upper surface is 
the main point. To solve the viscous sublayer well, 1 is set 
as the default for the value of y+.

The relevant data are taken into the formulas (1–5), and 
the value of y is 0.2 mm after calculation. The number of 
boundary layer grids is selected as 12 in this paper, and the 
growth rate is regarded as 1.2. To limit the grid number of 
the whole model, the grid size increases gradually from 
boundary layer region to the fluid region. However, com-
plex geometric shapes need to be ensured to coincide with 
mesh model at the same time, and the mesh of solid should 
also increase grids’ density. The grids in solid areas can be 
seen in Fig. 8 [22].

(3)τw = 0.5Cfρu
2,

(4)uτ =

√

τw

ρ
.

(5)y =
y+µ

uτ ρ
.

Mathematical model

Governing equations for convective heat transfer

The processes of flow and heat transfer are distinct as they 
apply to different occasions, but these processes are domi-
nated by three basic physical laws: mass conservation, 
momentum conservation, and conservation of energy [23].

Heat transfer in a fluid domain is governed by the fol-
lowing equations [24]:

Mass conservation equation:

Momentum conservation equations:

(6)
∂ρ

∂t
+ div(ρU) = 0.

(7)
∂(ρu)

∂t
+ div(ρuU) = div(µ× grad(u))−

∂p

∂x
+ SMx,

(8)
∂(ρv)

∂t
+ div(ρvU) = div(µ× grad(v))−

∂p

∂y
+ SMy,

(9)

∂(ρw)

∂t
+ div(ρwU) = div(µ× grad(w))−

∂p

∂z
+ SMz.

Fig. 7   Grids in the boundary 
layer

Fig. 8   Grids in solid areas
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Energy conservation equation:

where ∂(ρh)
∂t

 is transient, div(ρhU) is convection, 
div(k × grad(T)) is conduction, p× div(U) is diffusion, Φ 
is viscous work, and Sh is sources.

The equation system that is formed by formulas men-
tioned above cannot be a closed system, so two gas state 
equations need to be added.

Gas state equations:

U = u× i + v× j + w× k: component of velocity in the x, 
y, and z directions.

Here, k is thermal conductivity, T is fluid temperature, 
p is fluid pressure, λ is the second coefficient of viscosity, 
SMx, SMy, and SMz are fluid sources, and Sh is heat source.

Compared with the actual fluid region, the governing 
equations of the solid zone are relatively simple. There is 
no flow state in the solid region, so convection and diffu-
sion terms do not exist. Heat conduction is the only way to 
transfer energy in the solid region.

The boundary conditions of model

Before numerical simulation, model should be simplified, 
and the corresponding boundary conditions should be set. 
In this paper, the mold and autoclave are strictly symmetri-
cal body, so the half physical model is used to simulate. The 
autoclave calculation model is shown in Fig. 9. According 
to the working principles and actual condition of autoclave, 
the boundary conditions are set as follows:

(10)

∂(ρh)

∂t
+ div(ρhU) = div(k × grad(T))− p× div(U)+Φ + Sh,

(11)p = p(ρ, T),

(12)h = h(ρ, T),

1.	 The surface of autoclave is no-slip and insulating wall.
2.	 The effective area of the autoclave is an inner cavity 

with a cylinder space. Its diameter and length are 2.5 
and 7  m, respectively. As the influence of fluid flow 
among inner and external cavity of autoclave on the 
temperature field is very small, it is no need to take it 
into consideration.

3.	 One end of the semi-cylinder is set as the entrance 
velocity boundary condition. Its speed is 2.5 m/s, and 
the gas temperature at the inlet is determined by the 
curing temperature curve. The expression of this curve 
is: T = 0.025 ×  t + 298 (K). The other end of semi-
cylinder is regarded as outlet and regulated the bound-
ary condition of pressure. Hydrostatic pressure is the 
default for the pressure.

The mold is set as solid area, and other areas are set as 
the fluid fields. The simulation lasts 4800  s. The thermo-
couple is set on the mold’s profile before experiment. Dur-
ing the experimental process, the temperature inductor of 
thermocouple is used to gather temperature data, the paper-
less recorder is to make temperature data transfer to cor-
responding value. When the experiment finishes, the tem-
perature change of mold’s profile during the entire heating 
process can be obtained.

Results and discussion

The temperature distribution of mold is shown in Fig. 10. 
It presents an uneven temperature distribution of mold sur-
face due to the influence of frame type mold’s structure. 
In the mold, the temperature of the windward side is obvi-
ously higher than that of the leeward side. This is mainly 
because the support grids of mold’s windward side hin-
der the move of high temperature airflow, change the flow 

Fig. 9   Autoclave calculation 
model
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direction, and further result in the temperature of mold’s 
leeward side being lower than the windward side. Further-
more, we can see the temperature of the front end, and the 
side of mold’s upper surface is both higher than the inside 
surface. The reason may be that the convective heat transfer 
between the molds’ periphery and high temperature airflow 
becomes stronger. The descriptions above are consistent 
with actual situation.

Some experiment monitoring points are placed to test 
and verify the data obtained from simulation. Owing to 
that some monitoring points which do not return data, in 
nine monitoring points, we choose point 1 to point 6 to val-
idate, as shown in Fig.  11. The results, after comparison, 
are shown in Fig. 12. As can be seen, at the beginning of 
heating, the slope of temperature-rising curve is relatively 
small, and the temperature-rising speed of each point is 

Fig. 10   Temperature distribu-
tion of the mold

Fig. 11   Monitoring points
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slow. With the increase in heating time, the temperature of 
point rises faster. Meanwhile, the slope of curve becomes 
larger. Then, heating rate gradually becomes stable. This 
is because at the start of heating, the temperature of whole 
mold is lower than the gas, and the steel as the mold’s mate-
rial is a good conductor for heat transfer. When the heat is 
conveyed from the high-temperature gas to the surface of 
mold, the surface will soon transfer the heat to the interior 

of mold, and thus, the temperature rises slowly from the 
start of heating. After heating up for a while, the tempera-
ture in the mold has started to rise, and heat-transfer situ-
ation of the whole mold tends to be stable. Therefore, the 
temperature rise curve and its slope tend to be stable.

Overall, the simulated data are in accordance with the 
experimental data to a great degree, except the data of point 
6. At this point, the error is slightly larger. This is because 

Fig. 12   Comparison between simulation curve and experiment curve
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the heat source is at the leeward side of autoclave. That will 
produce radiative heating on the mold at the leeward side, 
and it will lead to temperature rise. However, the influ-
ence of radiation is neglected before the process of simula-
tion. It further leads to the largest error for point 6. As the 
maximum error is within 5 % (in the simulation of similar 
research, accuracy is about 10 %), considering that it sat-
isfies the actual engineering requirement. Therefore, it can 
be concluded that the simulation data are reliable and the 
simulation model can be applied to simulate temperature 
distribution of large frame type mold.

To analyze the temperature rise condition for different 
positions in the mold surface, five points (1, 2, 6, 7, and 
9) are selected, as shown in Fig. 13. The temperature rise 
curves of the five points comparatively lag behind curing 
temperature curves. In the entire process of temperature-
rising, the temperature of points 1, 2, and 6 is relatively 
higher. The temperature-rising speeds of these three points 
are relatively faster and the slowest speed appears at point 
7. It indicates that the temperature rise curve of point 7 
has the maximum hysteresis. All the above phenomena are 
caused by the mold structure. As the inhibition of support 
grids can weaken the effect of heat convection on the mid-
dle and leeward sides of the mold, thus, the temperature of 
point 7 rises slowly.

Conclusion

According to the specific research findings mentioned 
above, the following conclusions can be drawn.

1.	 This paper abandons some factors that have little effect 
on simulation, and mainly focuses on the analysis of 
boundary layer. To better solve the boundary layer, we 

choose to use the SST turbulence model. At the end, 
the accuracy of simulation on the molds’ temperature 
distribution successfully reaches 5 %.

2.	 This paper has proved that the boundary layer is actu-
ally of great importance to the simulation of molds’ 
temperature distribution in autoclave process. There-
fore, the grids of boundary layer must be processed 
properly to obtain accurate simulation results.

3.	 This paper has conducted precise simulation on molds’ 
temperature distribution in autoclave process, and veri-
fied the simulation results through specific experiment. 
Research findings indicate that simulation results are in 
accordance with the actual situation.
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