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Abstract 

Background/Objectives: The relevance of the article is 

determined by the need to develop high-frequency wavelength 

bands which are possible to ensure when creating high-

precision reflecting surface of the reflector. Methods: The 

authors used the finite element method and its implementation 

in the software package Siemens PLM NX for mathematical 

modeling of the binder polymerization process. Findings: In 

this article the thermal analysis of ‘device–reflector’ system is 

conducted, following the results of which molding conditions 

and shapes of reflector tooling are determined. These studies 

are carried out to provide minimal deviations of the reflecting 

surface from the theoretical shape in the curing process. A 

device model, its materials and their properties are described. 

The article provides insight into the features of structural 

modelling, such as assumptions of the geometrical model and 

boundary conditions of the problem. Computational results 

are presented which show temperature distribution in the 

reflector blank and device. Improvements/Novelty: 

Comparative analysis of the results shows that the use of 

thinner devices enables to significantly reduce the reflector 

thermal deformation level making only about 0.01 mm at the 

final stage of the process in the best model. 
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INTRODUCTION 

With the extensive development of the decimeter and 

centimeter waves, creation of relay stations and mobile radar 

stations it has become necessary to design mirror antenna 

reflectors (MAR). This need has grown more acute in 

connection with orbital deployment of radio engineering 

systems for various purposes.1-2 

Currently space communication systems are being developed 

actively in our country and abroad. Continuous growth of 

volumes and increasing importance of information transmitted 

via satellites are accompanied by rising performance 

requirements and increased communication system capacities, 

which leads to an increase in their number. Overloading of the 

geostationary orbit with satellite communication systems and 

broadcasting in bands C (4 to 6 GHz) and Ku (11 to 14 GHz) 

has become a fact, and the amount satellite networks applied 

for in the ITU reached almost 2,000 networks in the C-band, 

and 2,000 networks in the Ku-band. In this connection the 

interest in satellite communications systems operating in high 

frequency range from 20 to 30 GHz, generally referred to as 

Ka-band, has increased. Together with increase in frequency 

the accuracy requirements for reflecting surface (reflector) 

profile of the antennas are rising.3-5  

Permissible deviations of the antenna reflector surface from 

the theoretical profile should not exceed the value of Λ/16, 

and in some cases, even Λ/50 where Λ – radio emission 

wavelength. For modern antennas, these deviations amount to 

fractions of a millimeter. The value of reflecting surface 

deviation consists of errors arising during manufacture of the 

antenna reflector, and components caused by the impact of 

mechanical and thermal loads.6  

The mechanical loads acting on the reflector in space are 

small enough and have short time frame, as they occur while 

changing the spacecraft (SC) orientation and carrying out its 

maneuvers. The largest contribution to the change in reflector 

shape is made by temperature deformations. At the 

illuminated section of the orbit the antenna reflector can be 

heated up to plus 150°C and cooled down to minus 150°C and 

lower temperatures when the SC comes in the shadow of the 

Earth.7-8 

To provide the required precision of the reflecting surface 

deformations accompanying the process of reflector 

manufacturing should be minimized. Therefore it is necessary 

to determine temperature state of the device, reflector blank 

and then of the reflector itself (after binder is cured), calculate 

strains and stresses in the reflector during the binder curing 

process. 

Studies into thermal loading aimed at ensuring minimal 

deviations of the reflecting surface from the theoretical shape 

in the binder curing process are almost not performed 

worldwide, since these studies are sector-specific. Mainly, 

various investigations are conducted in this area which are 

aimed at studying the resin behavior when cured under 

different conditions. These studies include development in the 

field of light-curing influence on the mechanical 
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characteristics of the polymer solution.9 The simulation of 

crosslinked epoxy resins is carried out, in order to determine 

their mechanical properties.10 A number of works study the 

isothermal kinetics during the epoxy resin curing and the 

behavior of composite materials during interphase transition 

under the thermal loads.11 

 

CONCEPT HEADINGS 

To simulate the process of reflector blank binder 

polymerization a geometrical model of the reflector located on 

the tooling was created. The model was made in the Siemens 

PLM NX system. Figures 1 and 2 show the models of tooling 

and reflector in the tooling, respectively. 

 

Figure 1. Geometrical model of the device 

 

 

Figure 2. Geometrical model of the reflector in the device 

 

It is planned to manufacture the reflector of carbon fiber 

reinforced plastic on the basis of carbon fabric and epoxy 

binder. The curing process is carried out in the electric 

resistance furnace. This electric furnace has the required 

dimensions of the working space to accommodate the device 

with the reflector blank. Device for molding is also made of 

carbon fiber and represents a reciprocal negative parabolic 

surface with an annular groove along the circumferential rib 

stiffener of the reflector.12 

Twill 2/2 3К-1500-240 (T240) and Twill 2/2 12К-1200-450 

(T450) carbon fibers with density of 240 and 450 g/m2, 

respectively, will be used as a reinforcing agent for 

manufacturing the device for the reflector. High-temperature 

epoxy system produced by Huntsman (Н), consisting of 

Araldite LY 8615 (epoxy resin) and Hardener XB 5173 

(amine hardener) will be used as a binder.  

Nominal thickness of the device makes 7.66 mm, design 

thickness being 8 mm. The lay-up sequence is shown in 

Figure 3. Twill 2/2 3К-1500-240 was used to lay up layers 1 

and 2 (facing layers) and Twill 2/2 12К-1200-450 was used 

for layers 3-18.  

 

Figure 3. Lay-up sequence in the device 

 

The simulation should result in the defined temperature state 

of the device, reflector blank and then the reflector itself (after 

binder curing), calculated strains and stresses in the reflector 

during binder curing. Initial data relating to physico-

mechanical and thermophysical properties of the materials and 

their emissivity in the operating temperature range are given 

in Table 1. 
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Table 1. Physico-mechanical, thermophysical and optical properties of the reflector and device material in the operating 

temperature 

Property  Structural member 

Device Reflector 

Density, kg/m3 1570 1550 

Modulus of elasticity (for the device in the direction of anisotropy axes), GPa 136/136/9.4 125 

Coefficient of linear thermal expansion (for the device in the direction of anisotropy axes), K-1 (0.519/0.519/362)∙10-6 5.27∙10-6 

Thermal conductivity coefficient (for the device in the direction of anisotropy axes), W/(m∙K) (0.5/10/10) 31 

Specific heat capacity, J/(kg∙K) 1000 1000 

Emissivity coefficient 0.85 0.85 

 

The curing process in the electric resistance was considered. It 

is assumed that heating is carried out smoothly and a uniform 

temperature is provided in the chamber by means of fans. 

Cooling to a temperature of 20°C after the curing process is 

necessary to minimize temperature gradients and reflector 

deformation. Physico-mechanical, thermophysical and optical 

properties of carbon fiber plastic depend on the temperature. 

Carbon fiber characteristics strongly depend on the stage of 

the binder polymerization process. In this connection, the 

mathematical modeling of the binder polymerization process 

in the reflector blanks is quite a challenge because of the 

variety of features and physico-chemical processes. 

To build physical models a number of assumptions are made, 

the most important of which are:  

1)  chemical interaction and volatile component outgassing 

in the reflector blank volume during the binder curing 

process is neglected; 

2)  changes of physico-mechanical and optical properties 

of the reflector blank during the binder curing process 

is neglected;  

3)  changes of the reflector geometric dimensions during 

the binder curing process is neglected; 

4)  during the binder curing process the device and 

reflector are heated and cooled by forced convection 

with thermal conductivity coefficient of 20 W/(m2∙K); 

5)  heat is withdrawn from the reflector blank and device 

surface to the external environment by radiation with a 

variable thermogram as to the ambient temperature; 

6)  heat release or absorption in the reflector material 

during the polymerization is neglected; 

7)  reflector material is assumed to be orthotropic and the 

strain-stress state is considered only at the macro level, 

excluding stresses at the micro-level (the ‘fiber – 

matrix’ level);  

8)  the medium in the chamber is considered optically 

transparent; 

9)  surfaces of the finite element zones involved in the heat 

exchange by radiation are gray (their emissivity does 

not depend on the wavelength); zone surfaces are 

diffusely radiating and diffusely absorbing. 

The simulation takes into account heat transfer by direct 

conduction between unevenly heated bodies, radiation from 

heated surfaces into the environment with temperature varying 

according to the thermogram of the process and forced 

convection with variable thermogram as to the ambient 

temperature. 

Process factors causing strains and stresses can be divided into 

two groups. The first group characterizes the influence of 

physical and chemical processes. The second group 

characterizes thermomechanical processes: temperature 

deformations, reflector interaction with the engineering 

device, conditions of consolidation in the curing process. The 

impact of the first group factors is simulated by correlating the 

mechanics of composite media. To describe strain-stress state 

(SSS) of the reflector blank, associated with the second group 

factors, the theories of multilayer shells with spatially 

reinforced structure should be used. Carbon plastic matrix 

becomes porous after impregnation, and during the 

subsequent curing technological stresses appear in the 

material at the micro level (fiber-matrix) and at the level of 

elementary reinforcing layers. Changes in the structure lead to 

the change in the strength and rigidity of the material. 

Determination of technological stresses and strains, 

consideration of changes in the mechanical characteristics due 

to the above factors based on the description of the 

mechanical behavior of CFRP components is a quite difficult 

task, since the properties of the material components and the 

nature of their interactions change significantly during 

production process.13-14 

The mathematical modeling task was solved in two steps: 

 temperature fields were determined in the reflector blank 

and device during the binder curing process;  

 stresses and strains were calculated that occur in the 

reflector blank and the reflector itself after the binder and 

device are cured in the course of polymerization 

according to the preset thermogram. 

For the above tasks the finite element method and its 

implementation in the software package Siemens PLM NX 

were used.  

The geometric model of the reflector blank and device was 

divided into hexagonal and prismatic finite elements. 
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Geometric elements of the model were bound by the condition 

of finite elements contacting along the mating surfaces. 

Boundary conditions when solving the heat transfer task 

during the reflector blank curing process include:  

- Forced convection with an ambient temperature 

changing according to the thermogram (Table 2) and 

the thermal conductivity coefficient of 20 W/(m2∙K). 

The selected heat transfer coefficient simulates the blowing 

mode with a fan installed in the electric resistance furnace 

chamber. 

- Radiation into the external environment from the 

surface of reflector blank and device with the 

changing ambient temperature according to the 

thermogram. 

Two options of curing mode were considered cured differing 

in the heating rate, the duration of the phases and the total 

duration. This thermogram was selected on the basis of the 

preliminary parametric calculations and with regard to the 

results of the epoxy binder curing modes providing uniform 

release of volatiles. The mode parameters are given in Tables 

2 and 3. 

 

Table 2 ModeNo.1 (slow) epoxy binder curing binder 

Temperature, С Time, h 

Rise to (60  1.5) 2 

Holding at (60  1) 1 

Rise to (120  1.5) 2 

Holding at (120  1) 1 

Rise to (180  1.5) 1.5 

Holding at (180  1) 4 

Cooling to  (20  5)  10 

 

Table 3. Mode No.2 (fast) epoxy binder curing 

Temperature, С Time, sec 

Rise to (60  1.5) 200 

Rise to (90  1) 100 

Holding at (90  1) 60 

Rise to (120  1) 100 

Holding at (120  1) 60 

Rise to (150  1.5) 100 

Holding at (150  1) 480 

Cooling to  (20  5)  420 

 

 

To determine the device thickness a comparative analysis 

temperature and strain-stress state of ‘device – reflector’ 

system was carried out with tooling thickness making 8 and 4 

mm, respectively. It was assumed that in both cases similar 

materials were used, device thickness variation was achieved 

by increasing (decreasing) the number of carbon fiber 

reinforced plastic layers. 

 

RESULTS 

Based on the reflector blank and device curing process 

simulation the impact of temperature field non-uniformity was 

studied (Figures 4–18).  

 

 

Figure 4. Temperature distribution in the reflector blank and 

device in 7,200 s after the technological process start (mode 

No.1), °С 

 

Figure 5. Temperature distribution in the reflector blank and 

device in 10,800 s after the technological process start (mode 

No.1), °С 
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Figure 6. Temperature distribution in the reflector blank and 

device in 18,000 s after the technological process start (mode 

No.1), °С 

 

Figure 7. Temperature distribution in the reflector blank and 

device in 21,600 s after the technological process start (mode 

No.1), °С 

 

Figure 8. Temperature distribution in the reflector blank and 

device in 27,000 s after the technological process start (mode 

No.1), °С 

 

Figure 9. Temperature distribution in the reflector blank and 

device in 41,400 s after the technological process start (mode 

No.1), °С 

 

Figure 10. Temperature distribution in the reflector blank and 

device in 74,400 s after the technological process start (mode 

No.1), °С 

 

Figure 11. Temperature distribution in the reflector blank and 

device in 200 s after the technological process start (mode 

No.2), °С 
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Figure 12. Temperature distribution in the reflector blank and 

device in 300 s after the technological process start (mode 

No.2), °С 

 

Figure 13. Temperature distribution in the reflector blank and 

device in 360 s after the technological process start (mode 

No.2), °С 

 

 

Figure 14. Temperature distribution in the reflector blank and 

device in 460 s after the technological process start (mode 

No.2), °С 

 

Figure 15. Temperature distribution in the reflector blank and 

device in 520 s after the technological process start (mode 

No.2), °С 

 

Figure 16. Temperature distribution in the reflector blank and 

device in 620 s after the technological process start (mode 

No.2), °С 

 

Figure 17. Temperature distribution in the reflector blank and 

device in 1,100 s after the technological process start (mode 

No.2), °С 
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Figure 18. Temperature distribution in the reflector blank and 

device in 1,520 s after the technological process start (mode 

No.2), °С 

 

Below the computation results of SSS caused by temperature 

gradient in the reflector and device blanks are given. Reflector 

blank shifts occurring in the course of binder curing are 

calculated (Figures 19 – 26).  

 

Figure 19. Cumulative shifts in the reflector blank and device 

in 2,700 s after the technological process start (mode No.1), 

mm 

Figures 27 – 30 show temperature distribution in the ‘device – 

reflector’ system at different time points for two molding 

conditions and tooling thickness of 4 mm. Then for these 

temperature distributions strain-stress state of the ‘device – 

reflector’ system was determined (Figures 31 – 38). 

 

Figure 20. Cumulative shifts in the reflector mirror in 2,700 s 

after the technological process start (mode No.1), mm 

 

 

Figure 21. Cumulative shifts in the reflector blank and device 

in 77,400 s after the technological process start (mode No.1), 

mm 
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Figure 22. Cumulative shifts in the reflector mirror in 77,400 

s after the technological process start (mode No.1), mm 

 

Figure 23. Cumulative shifts in the reflector blank and device 

in 620 s after the technological process start (mode No.2), mm 

 

 

Figure 24. Cumulative shifts in the reflector mirror in 620 s 

after the technological process start (mode No.2), mm 

 

 

Figure 25. Cumulative shifts in the reflector blank and device 

in 1,520 s after the technological process start (mode No.2), 

mm 
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Figure 26. Cumulative shifts in the reflector mirror in 1,520 s 

after the technological process start (mode No.2), mm 

 

 

Figure 27. Temperature distribution in the reflector blank and 

device in 27,000 s after the technological process start (mode 

No.1), °С 

 

Figure 28. Temperature distribution in the reflector blank and 

device in 77,400 s after the technological process start (mode 

No.1), °С 

 

 

Figure 29. Temperature distribution in the reflector blank and 

device in 620 s after the technological process start (mode 

No.2), °С 
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Figure 30. Temperature distribution in the reflector blank and 

device in 1,520 s after the technological process start (mode 

No.2), °С 

 

 

Figure 31. Cumulative shifts in the reflector blank and device 

in 27,000 s after the technological process start (mode No.1), 

mm 

 

 

 

 

Figure 32. Cumulative shifts in the reflector mirror in 2,700 s 

after the technological process start (mode No.1), mm 

 

 

Figure 33. Cumulative shifts in the reflector blank and device 

in 77,400 s after the technological process start (mode No.1), 

mm 
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Figure 34. Cumulative shifts in the reflector mirror in 77,400 

s after the technological process start (mode No.1), mm 

 

 

 

Figure 35. Cumulative shifts in the reflector blank and device 

in 620 s after the technological process start (mode No.2), mm 

 

 

Figure 36. Cumulative shifts in the reflector mirror in 620 s 

after the technological process start (mode No.2), mm 

 

 

Figure 37. Cumulative shifts in the reflector blank and device 

in 1,520 s after the technological process start (mode No.2), 

mm 
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Figure 38. Cumulative shifts in the reflector mirror in 1,520 s 

after the technological process start (mode No.2), mm  

  

DISCUSSION 

These studies are unique as they result in optimization of 

molding conditions and determination of tooling shape and 

minimal deviations of the reflecting surface of space reflector 

from the theoretical shape in the binder curing process by 

means of thermal analysis. 

 

CONCLUSION 

Based on the computations of temperature fields during the 

polymer binder curing in the reflector blank it was found that:  

–  temperature gradient by mode No.1 rib stiffener height 

may amount to 2°C at the initial stages of heating, but 

while holding the temperature fields become aligned 

and gradient does not exceed 0.1°С; 

–  temperature gradient by mode No.2 rib stiffener height 

may amount to 45°C at the initial stages of heating, but 

while holding the temperature fields become aligned 

and gradient does not exceed 6°С; 

–  at the beginning of the technological process reflector 

blank heating is more intense as compared to the 

device, due to its greater thermal inertia;  

–  temperature field inversion occurs at the cooling stage 

and reflector is cooled more intensively as compared to 

the device, and rib stiffener as compared to the mirror.  

As a whole, the obtained results indicate low temperature field 

non-uniformity in the reflector blank during the curing 

process. 

From the viewpoint of minimizing the reflector temperature 

stresses a conclusion can be drawn about the preferability to 

use No.1 mode associated with low rates of heating and 

cooling and large holding times. Therefore, the decision has 

been made to use this particular mode for manufacturing an 

experimental antenna reflector prototype.  

To ensure minimal thermal stress the device shape should 

comply with the shape of the mirror reflector as much as 

possible. Furthermore, to ensure the device rigidity an outer 

rim equipped with the additional edge is provided. As the 

analysis showed, the rim size impact is low. A rational choice 

of its thickness is a more important issue in determining the 

device shape. On the one hand, the increase in the device 

thickness increases its rigidity, and consequently reduces 

thermal stresses, and on the other hand, it increases the 

temperature difference in the device due to increased total 

heat capacity, and results in the increase in temperature 

stresses. 

Comparative analysis of the results shows that the use of a 

thinner device can significantly reduce the level of 

temperature stresses in the reflector. At the same time when 

using the ‘slow’ molding conditions (mode No.1) and device 

having thickness of 4 mm, the level of temperature stresses is 

only about 0.01 mm at the final stage of the process. 
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