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The EarthCARE satellite is designed to provide accurate measurements of clouds, 
aerosols, and infrared radiation emitted from Earth’s surface. As part of phase C of the 
design process of the EarthCARE solar array, the effect of the reaction control subsystem 
plume impingement needed to be verified by thermal analysis. Preliminary analysis had 
shown a plume shield was required to protect the solar array edge from reaching 
temperatures for which the structural integrety of panel substrate could not be guaranteed. 
A shield design without the use of thermal coatings was favored, as the use of coatings would 
require additional qualification tests to ensure chemical and thermal stability in the plume 
environment. However, due to the high plume fluxes, it proved difficult to define a design 
without coatings that lead to acceptable temperatures in the panel substrate. As the 
maximum plume flux and the plume flux distribution change over time, a detailed thermal 
analysis was performed taking into account these time-dependent and location-dependent 
plume fluxes. The contact zone calculation tool of ESATAN-TMS was used to map the flux 
data from the plume model onto the nodal distribution used for the thermal mathematical 
model. This led to a less conservative analysis, which allowed a design without thermal 
coatings to be defined that does not lead to critical panel substrate temperature 
temperatures. By performing the detailed plume analysis, additional qualification tests could 
be avoided. The applied method is generally applicable to the transfer of nodal properties 
from one nodal discretization to another.  

Nomenclature α    = absorptivity ��, ��   = generic nodal property of node Gi and Hi δ    = solar array rotation angle around the length axis of the S/A Δ��	
��  = time delay of the 20s thrusting period required to guarantee all Sun stay-out zones are respected  ε    = emissivity �	��	   = plume induced heat flux on the edge of the panel ��	��   = plume induced heat flux on the rear of the panel ����   = plume induced heat flux on the top of the panel �contact,x-y  = contact area between node x and node y ��    = total area of node m ��,�   = overlapping area between node Hm and node Gp  
f  = generic function 
G, H  = generic nodal representations 
Gi, Hi  = generic nodes belonging to node representation G and H GL!",#$  = linear coupling between node x and node y 
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hcontact, x-y  = contact conductance between node x and node y %rays,contact	x-y = number of rays fired during ray-tracing that show a surface contact between node x and node y  %rays,	fired	x  = number of rays fired during ray-tracing 
Qi  = Heat input due to i 
RCS  = Reaction Control System 
S/A  = Solar Array 
S/C  = Spacecraft 
SADM  =  Solar Array Drive Mechanism 
Ti  = temperature of component i 
 

I.  Introduction 
arthCARE is the sixth satellite of the European Space Agency’s ‘Living Planet Program’. It is designed to 
provide accurate measurements of clouds, aerosols, and infrared radiation emitted from Earth’s surface1. For the 

EarthCARE spacecraft (S/C), Airbus Defence and Space (Astrium Friedrichshafen) is prime. Dutch Space B.V. is 
responsible for the design and manufacturing of the solar array (S/A) of EarthCARE. As part of phase C of the S/A 
design process, the effect of the reaction control subsystem (RCS) plume impingement needed to be verified by 
thermal analysis. The final plume fluxes were higher than anticipated, which led to exceedances of the panel 
substrate temperature limit. A new plume shield baseline was therefore required. A design without the use of 
thermal coatings was favored, as the use of coatings would require additional qualification tests to ensure chemical 
and thermal stability in the plume environment.  

Due to the high plume fluxes, it proved difficult to define a design without coatings that lead to acceptable 
temperatures in the panel substrate. As the maximum plume flux and the plume flux distribution changes over time, 
a detailed thermal analysis was performed that takes into account these time-dependent and location-dependent 
fluxes. The contact zone calculation tool of ESATAN-TMS was used to map the flux data from the plume model 
onto the nodal distribution used for the thermal mathematical model. This led to a less conservative analysis, which 
allowed a design without thermal coatings to be defined that does not lead to temperature exceedances. By 
performing the detailed plume analysis, additional qualification tests could be avoided and the effect on the schedule 
and project costs could be reduced. The applied method is generally applicable to the transfer of nodal properties 
from one nodal discretization to another. This allows for relaxation of the thermal environment in situations where 
the design flexibility is limited. 

II.  EarthCARE Solar Array 
The EarthCARE satellite will be launched in a Sun synchronous orbit (mean altitude is 393km). The local time 

of descending node is between 13:40 and 14:05. During its orbit, the S/A is dragged behind the S/C, as shown in 
Figure 2a. A solar array drive mechanism (SADM) is implemented to rotate the solar array around its length axis 
and therefore maximize the absorbed solar flux 
over one orbit.   

The S/A is designed using structural units 
developed and qualified in other Dutch Space 
S/A programmes. It consists of a white yoke 
panel and 5 solar panels containing GaAs 
cells, as shown in Figure 1. All 6 panels 
consist of two M55J facesheets and an 
aluminium honeycomb. For EarthCARE, the 
panel design limit (both cells and substrate) 
was set at 136°C. The part driving this 
maximum qualification temperature is the 
adhesive that has been used between the 
honeycomb core and the facesheets. As it 
softens around this temperature, there is a risk 
of a change in mechanical behavior.  

During phase B of the design process, a 
thermal analysis was performed to determine 
the required qualification limits of the S/A 

E

 
Figure 1. The EarthCARE S/A consists of a yoke panel 

and five solar panels (Credits: ESA–P. Carril, 2013). 
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panel substrate. The driving hot case considered heat fluxes induced by the reaction control system (RCS) thrusters 
during operation. These fluxes are caused by the RCS thruster exhaust that impinges on the S/A. Based on 
preliminary flux data, it was shown that this design limit was respected during all operational phases of the S/C. In 
order to reduce the schedule impact, panel substrate qualification was started before the S/C RCS thrusters were 
selected.  

 
 

III.  Reaction Control System Plume Impingement on Solar Array 
The RCS is used in the attitude control system to control the S/C orientation. By expelling mass with high 

velocity through the nozzle, the thrusters create a force in the opposite  direction. The high velocity flow is created 
by expanding a high pressure gas (often also with high temperature due to combustion of fuel inside the thruster) 
through a nozzle. The expelled mass exits the nozzle at high velocity to maximize the impuls. When this expelled 
gas impinges on another surface, some of the kinetic energy of the flow is converted to heat on the surface†. Among 
other dependencies, the amount of heat generated is proportional to: 

1. the angle of the surface with the flow 
2. the density of the flow 
3. the flow velocity 

It should be noted that the first parameter relates to the orientation of the surface with respect to the plume 
direction. The second and third parameters depend on the plume shape (i.e. the thruster), but also on the position of 
the surface within the plume.   

The plume analysis to determine these parameters is performed on a system level. To simplify the exchange of 
data, the system provides a value for the maximum heat flux that will be induced during plume impingement to 
certain S/A surfaces. This value covers all possible S/A orientations and all positions on the S/A. However, as there 
is significant spatial variation in the plume flux and the worst-case orientation for plume impingement does not 
necessarily correspond to the worst-case orientation for the absorbed solar heat, this is very conservative. 

                                                           
† It should be noted that the nozzle heats up due to the hot gasses that are expanded inside it. The hot nozzle also 
radiates heat to the surroundings. For components close to the nozzle, this heat input can be significant. For the 
EarthCARE S/A, plume impingement is only foreseen in the deployed configuration. In this configuration, the 
distance between the nozzle and the S/A is sufficiently large for the heat input from the hot nozzle to be negligible. 
Therefore, this type of heat input will be neglected throughout this paper.  

 
Figure 2. a)Worst-case hot nominal orbit for the  EarthCARE S/A. The 
Sun is located in X/Z plane. b) Overall  worst-case hot orbit for the 
EarthCARE S/A. The Sun is located in X/Z plane. NB: The Earth radius 
and orbit are not to scale 
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A. Preliminary Plume Definition 
During design phase B, preliminary plume fluxes that could be expected on the S/A were specified. The fluxes 

were speciefied for all faces exposed to the plume as shown in Figure 3. This figure indicates that the plume effect 
are very local. Therefore, the yoke panel shape was adapted such that the yoke was located outside of the plume in 
all S/A configurations. This means that only the plume effect on the first panel needed to be investigated. As the 
maximum thrust duration is 80s, the following fluxes were specified for this panel:  

 -./0 = 2343	5 678 9: ≤ . ≤ <9:
95 678 =>?@ABC:@ 	 (1) 

 -DEFD = 2G7H99	5 678 9: ≤ . ≤ <9:
95 678 =>?@ABC:@  (2) 

Where -./0 and -DEFD are the plume induced heat flux on the top and edge of the panel respectively, as shown 
in Figure 4. These fluxes needed to be applied in the hottest thermal case that was identified on S/A level. In this 
case, the Sun is perpendicular to the panel throughout the orbit, as shown in Figure 2b. Initial analysis had shown 
that these plume fluxes could lead to high temperatures in the panel when it was left unprotected. Close to the edge, 
temperature excursions up to ±400°C could be found. At this temperature, failure propagation could not be 
excluded.  In order to reduce the temperatures in the region close to the edge, edge protection in the form of a plume 
shield was introduced. This plume shield design and effect will be treated in more detail in the following sections. 

 

B. Final Plume Definition 
During the design phase C thermal plume analysis, the available design space was limited for the S/A plume 

shield(the overall  S/A electrical, mechanical, and thermal behavior should not be affected). First, a conservative 
analysis was performed with the phase C plume fluxes. As this did not lead to acceptable temperatures, a more 
detailed analysis was required.  
1. Conservative plume Definition 

The maximum plume duration during the hottest thermal case at S/A level was determined to be 80 seconds. 
Before and after plume firing, no heat fluxes would be induced in the panel, similar to during design phase B. The 
values of the final plume fluxes can be seen from Table 1. With respect to the fluxes provided during phase B, the 
plume flux decreased on the edge of the panel, but increased with a factor 3 on the top of the panel. In addition, a 
flux on the rear of the panel could also be expected. The high fluxes on the front and the rear side of the panel posed 
a problem, as the plume shield only reduces the temperatures close to the edge, as shown in Figure 5. With these 

Figure 3. Schematic showing the thruster locations 
heating up the S/A. The location where the largest 
fluxes can be expected are also shown for a S/A 
rotation angle (around the S/A length axis) of 0°.  
Note: a v-shaped yoke has been shown instead of 
the yoke panel implemented for the EarthCARE 
S/A (courtesy of Airbus Defence and Space 
(Astrium Friedrichshafen)). 

 
Figure 4. During phase B, plume impingement 
was only expected for panel 1. The yoke panel 
shape was adapted such that it would fall 
outside the plume.  
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specified fluxes, the panel temperature far from the edge could become as high as 170°C which exceeds the design 
limit of 136°C.  

 
These high fluxes on the front and rear side of the panel only occur for S/A rotation angles of close to 0°, as 

shown in Figure 3. As the S/A is rotated further around its length axis, the S/A is rotated outside of the plume and 
the plume fluxes decrease. It was found that the 80s duration could only be tolerated for S/A rotation angles, δ, in 
the range of −50° ≤ δ ≤ 50°. As no operational constraint could be included to allow firing within this region, a 
constraint was imposed on the system to not operate the thrusters when the S/A rotation angle is within this range. 
Even with this constraint, a plume shield was still required, as the flux on the edge locally increases the temperature 
beyond the temperature in the center of the panel, as shown in Figure 5a-b. The analysis with respect to the plume 
shield is treated in more detail in section VI. 

 
 

 
2. Detailed plume definition 

During phase C, a more detailed definition of the plume flux was provided by the system to limit the effect of 
additional qualification tests on schedule and project cost. For a range of S/A rotation angles from 0° to 350° in 

Table 1. Overview of the specified maximum plume fluxes during design phase B and design phase C. 
These fluxes needed to be applied to the panel for 80s during the hottest S/A orbit. During phase C, a 
constaint was proposed to the system not to fire the thrusters within a S/A rotation angle of -50°≤δ≤50°. 
Heat flux location Symbol Specification during 

design phase B 
Specification during design phase C 
Without constraint Including constraint 

Plume flux on the top of the panel -./0  464 W/m2 1 402 W/m2 399 W/m2 

Plume flux on the edge of the  panel -DEFD  12 500 W/m2 4 494 W/m2 2 166 W/m2 

Plume flux on the rear of the panel  -MDNM  Not specified 847 W/m2 274 W/m2 

 

 
Figure 5. Schematic showing the effect of a plume shield. a) During nominal operation, the S/A 
edge is slightly colder than the rest of the panel. b) When a flux is applied to the edge of the 
panel, the temperature of the edge is increased. This effect is local. c) When a flux is also 
applied to the front of the panel, all temperatures increase. d) A plume shield protects from the 
edge flux, but does not reduce the heat input on the panel. Therefore, the effect on panel 
temperature is only local.  
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steps of 10°, plume fluxes 
were provided for all nodal 
areas used in the system level 
plume impingement analysis, 
shown in Figure 6a. From this 
input, it could be seen that the 
actual plume flux showed 
significant spatial variation on 
the top and edge of the panel 
(in the order of 500% over a 
distance of 0.4m). This means 
that an analysis where the 
maximum flux is applied over 
the entire area as shown in 
Figure 4 is very conservative. 
This will be treated in more 
detail in section VI. 

 
Next to the more detailed plume flux definition, a detailed description of the plume firing profiles with the 

highest fluxes for the longest durations was also provided. Two firing profiles were identified as being the most 
driving. Both plume firing profiles needed to be applied to the hottest S/A thermal case, as shown in Figure 2b.  

Figure 7a shows the first driving plume firing profile. In this firing profile, the S/A starts at t=0s with a rotation 
angle with respect to the S/C of 85°. At this time, the S/C is at its hottest point in orbit and the RCS thruster is 
ignited. Now, the S/A is rotated with 0.5°/s until it reaches a rotation angle of -60°, where thruster firing is stopped. 
While the S/A is rotating, the thruster remains operational except for when the rotation angle is in the range −40° ≤δ ≤ 40° . However, when the S/A is within this range, a 20s thrust might be necessary to guarantee that the Sun 
stay-out zones of the S/C instruments are respected. 

Figure 7b  shows the second plume firing profile. Again, the S/A starts at a rotation angle with respect to the S/C 
of 85° when the thrusters are ignited. The S/A remains stationary in this position for the entire firing duration of 
2000s.  

These redefined plume firing profiles are less critical than the previously defined 80s thruster firing at any S/A 
angle. These have been implemented in the detailed analysis to further relax the thermal analysis. The results of this 
analysis will be treated in more detail in section VI. 

 

 
Figure 7. Schematic showing the 2 most driving plume profiles.  
 

 
Figure 6.  a) nodal system for which the plume induced heat fluxes were 
provided by the system (courtesy of Airbus Defence and Space (Astrium 
Friedrichshafen)). b) nodal system which was used in the thermal analysis. 
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IV.  Plume Shield Design  
The plume shield protects the edge from heat input, leading to a cooler panel. In order to provide sufficient 

protection, the plume shield must be decoupled from the panel (both conductively and radiatively). After evaluating 
several plume shield designs, the plume shield configuration as shown in Figure 8 was considered to be optimal. 
Some characteristics of this design are: 

1. The structural part of the plume shield is formed by a titanium U-profile. This profile is connected to 
the panel directly without the need of an interface bracket. 

2. Thermal washers are applied in the I/F to the panel to reduce the heat input to the panel. 
3. Due to the low thermal diffusivity of the shield, part of the heat is radiated to space before it reaches the 

conductive I/F. 
4. The inside coating or surface should minimize the radiative heat flow from the shield to the panel (i.e. 

the emissivity, ε, should be low).  
5. The outside coating or surface should maximize the radiative heat flow from the shield to space (i.e. ε 

should be high).  
The surface properties that have been investigated by analysis for the inner and outer side of the shield are shown 

in Table 2. This table also shows whether the surface finishings have been qualified for plume shield usage, as the 
both chemical and thermal stability in the plume environment must be shown.  

 

 
 

V. Preliminary Plume Analysis (Design Phase B) 
This section describes the performance of the plume shield with different coatings in the preliminary plume 

environment as it was defined during design phase B (see section III.A for more detail). The performance of the 
plume shield in the final plume as defined in section III.B will be treated in more detail in section VI. 

 

  
Figure 8. Schematic of the plume shield design.  

Table 2. Overview of the coatings that were taken into account for the plume shield 
Coating/Surface Absorptivity, α  

 
Emissivity, ε 
 

Additional 
qualification 
required? 

Inside of plume shield    
Uncoated titanium 0.5 0.2 NO 

Gold coated titanium 0.5 0.05 NO 

Outside of plume shield    

Uncoated titanium 0.5 0.2 NO 

Titanium with high emissivity surface 
finishing 

0.8 0.4 NO 

ItN-V14 (white coating) 0.4  0.8 YES 

DAG T-502 (black coating) 1.0 0.8 YES 
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The plume fluxes of eq. 1 and 2 were applied during the hottest deployed configuration in the hottest orbit for the 
S/A, as shown in Figure 2b and Figure 4. The resulting temperatures are shown in Table 3. From this table, it can be 
seen that a shield design with ItN V14 (rear uncoated/goldized) or with black coating (rear goldized) provide 
sufficient protection from the plume. Therefore, these three designs were seen as potential candidates for the final 
design. 

Qualification of these coatings in the plume environment was still an open issue and was postponed until the 
final plume fluxes became available. ItN-V14 leads to lower panel temperatures than DAG T-502, as can be seen 
from Table 3. In addition, the ItN-V14 coating has been qualified under the BepiColombo program for higher 
temperatures (up to 450°C) than the DAG T-502 coating (275°C continuous and 400°C for short durations). 
However, the ItN-V14 coating is sensitive to contamination. Therefore, the preliminary conclusion was to use the 
DAG T-502 coating, unless the shield temperatures would increase above 400°C. The final trade would be 
performed once the final plume data would become available. 

  

 

VI.  Phase C Thermal Plume Analysis 
 This section provides an insight in the detailed thermal analyses that were performed on the plume shield design 

when the final plume definition became available. Initially, a conservative thermal analysis was performed where 
the maximum fluxes over time were applied to the plume shield detail for 80sec. Once this analysis was finalized, it 
became apparent that a design without coatings was preferred. The use of coatings would require qualification tests 
in a plume environment, which should be avoided in order to minimize impact on schedule and project cost. As the 
designs without coatings did not provide sufficient protection, a more detailed analysis was performed in which the 
temporal and spatial variations of the plume flux were taken into account. This reduces the panel temperatures 
during plume impingement significantly. 

A. Conservative Thermal Analysis 
In the initial detailed thermal analysis that was performed on the plume shield, the maximum plume fluxes over 

time (see Table 1) were applied to a local area in the corner of the panel, as shown in Figure 4. As spatial and 
temporal variation in the plume flux were likely, this analysis is conservative.  
1. Analysis Results 

The resulting temperatures for the different plume shield designs are presented in Table 4.  
From these results, it can be seen that none of the coatings lead to acceptable temperatuers in the panel when no 

constraint is posed on the rotation angle of the S/A. The cause for this was already treated in section III.B. The 
application of a constraint (see section III.B.1) on the allowable S/A rotation angles reduces the fluxes on the S/A 
significantly and does lead to acceptable temperatures for all shield designs, as shown in Table 4. As the fluxes on 
the edge were reduced significantly, it was found that a plume shield was no longer necessary.  

Table 3. Performance of the plume shield with different coatings based on the plume 
defined during design phase B (see section III.A for more detail). The temperature limit 
of the panel substrate is 136°C. 
Coating outside Coating inside Max plume shield 

temperature 
Max substrate 
temperature 

Bare titanium Bare titanium 381°C 163°C 

Gold coated 394°C 152°C 
ItN-V14 (white coating) Bare titanium 277°C 128°C 

Gold coated 277°C 128°C 
DAG T-502 (black coating) Bare titanium 305°C 139°C 

Gold coated 308°C 135°C 
Titanium with high emissivity 
surface finishing 

Bare titanium 350°C 153°C 
Gold coated 356°C 146°C 
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2. Preliminary Conclusion 
Once this analysis was 

finalized, it became apparent that 
the constraint of the S/A on 
thruster operation was not 
considered feasible, as under 
certain conditions immediate 
thruster firing was required. In 
addition, a design without 
coatings was preferred to avoid 
the required additional 
qualification tests. As can be seen 
from Table 4, none of the shields 
are able to provide sufficient 
protection in the plume, without 
the constraint. In order to come to 
an acceptable design, two possible 
improvements were identified: 

1. Determine what constraint on S/A rotation angle and thuster duration would be acceptable on system 
level. 

2. Perform a more detailed S/A plume analysis where the spatial plume flux distribution (see section 
III.B.2) is correctly taken into account (i.e. remove worst-case assumptions regarding the flux). 

Improvement 1 lead to the definition of the 2 worst-case firing profiles as shown in Figure 7. As is shown in 
Table 4, the relaxation in the thermal case did not lead to sufficient reduction in temperature. As it was expected that 
a sensitivity analysis would not lead to lead to acceptable temperatures and further discussion on this subject could 
potentially be avoided, it was chosen to also implement improvement 2. To this end, a more detailed plume 
definition was provided by the system.  

B. Mapping of Plume Fluxes on Thermal Mathematical Model Nodal Distribution 
When the more detailed plume definition was delivered, the amount of data was significant: almost 200 thousand 

plume flux values‡. In addition, the nodes for which these values were provided did not correspond to the node 
distribution used in the the thermal model, as shown in Figure 6. As no standard tool is available to convert this data, 
implementing these values in the thermal model could take more time than was available.  

                                                           
‡ A plume flux value was provided all 5289 S/A nodes used in the plume analysis for 36 different S/A rotation 
angles 

Table 4. Performance of the plume shield with different coatings based on the conservative plume 
definition provided during design phase C (see section III.B.1 for more detail). The temperature limit  of 
the panel substrate is 136°C. 
Coating outside Coating 

inside 
Max temperature  
(without constraint) 

Max temperature 
(with constraint) 

Max temperature 
(plume profile 1) 

  Plume 
shield 

Panel 
substrate 

Plume 
shield 

Panel 
substrate 

Plume 
shield 

Panel 
substrate 

Bare titanium Bare titanium 238°C 171°C 184°C 135°C 201°C 143°C 
Gold coated 245°C 171°C 190°C 133°C 207°C 141°C 

ItN-V14  
(white coating) 

Bare titanium 147°C 171°C 96°C 131°C - - 
Gold coated 145°C 171°C 93°C 131°C - - 

DAG T-502 
(black coating) 

Bare titanium 182°C 171°C 136°C 131°C - - 
Gold coated 182°C 171°C 136°C 131°C - - 

Titanium with 
high emissivity 
surface finishing 

Bare titanium 218°C 171°C 168°C 131°C 182°C 140°C 
Gold coated 220°C 171°C 171°C 131°C 184°C 139°C 

 
Figure 9. The mapping function converts nodal properties γi from nodal 
system G to nodal properties ηj in nodal system H.  
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It should be noted that difficulty in exchanging data is a common problem within the space engineering 
community. The reason for this is that most engineering problems involve multiple parties (i.e. different 
companies/organisations or different departments within the same company/organisation). In order for them to solve 
the engineering problems at hand, the different parties perform analyses using their own tools and models. As the 
analyses are often complex, a considerable amount of data is generated with which it is difficult to work. When 
results from one party are required as input by another party, this data needs to be exchanged. As the conversion of 
the data from one model and tool to another is usually time consuming, the data is often approximated by ‘worst-
case’ values. When an analysis is performed with these worst-case values, the results are inherently conservative. In 
the end, this leads to a conservative design. Design optimization is, therefore, possible if the data exchange can be 
simplified.  

This section describes a method to convert nodal data from any engineering tool to nodal data in an ESATAN-
TMS format (assuming both geometrical nodal representations are available in ESATAN-TMS). As will be shown 
at the end of this section, this method can have other applications besides the one presented in this paper.  
 
1. Mapping Function 

In order to convert nodal data from one node representation G (with nodes Gi where P ∈ 1…T) to another node 
representation H (with nodes Hj where U ∈ 1… V), the mapping function must be determined for every nodal 
property. The mapping function is the function which gives the value of a nodal property �� belonging to node Hm 
as a function of a set of the nodal properties γi belonging to nodes in discretization G, i.e.: 

 �� = WXY!�� 	$ (3) 

Where WXY is the mapping function belonging to nodal property �� in the conversion from nodal representation 
G to H. A schematic representation of this function has been given in Figure 9. WXY!�� 	$ can be defined in many 
different ways. A simplistic way would be to define the mapping function of ηm as the area average of the nodes by 
which Hm is represented in nodal representation G, i.e. as shown schematically in Figure 10: 

 �� = ∑ [Y,\]\[Y��^_  (4) 

Where �� is a nodal property belonging to node Gp, Am,p is the overlapping area between node Hm and node Gp, 
and Am is the total node area of node Hm. 

Determining the ��,� factors of eq. 4 is straightforward from the geometry. However, it can become tedious 
when the number of nodes increases, especially when the node size is varying from node to node. Luckily, 
ESATAN-TMS has a function that can be used to determine these area factors automatically: The contact zone 
calculation tool. 

 
2. The ESATAN-TMS contact zone calculation tool 

The ESATAN-TMS contact zone calculation tool has been introduced in ESATAN-TMS R4. It can be used to 
automatically calculate contact couplings. ESATAN-TMS uses the information available in the geometrical model 
to determine the contact area between nodes by means of ray-tracing. This has been shown schematically in Figure 
11. Rays are emitted perpendicularly from the source reference. If they impinge on the destination reference before 
the defined maximum gap distance is exceeded, ESATAN-TMS considers the ray’s source and extinction node to be 
in contact with each other at this point. This allows ESATAN-TMS to calculate the contact area using an equation 
similar to: 

 �contact,x-y = �` arays,contact	x-yarays,	fired	x  (5) 

Where x is one of the source nodes, y is one of the destination nodes, Acontact, x-y is the contact area between node 
x and node y, Ax is the total area of node x, Nrays,contact x-y is the number of rays that were found to make contact 
between node x and y, and Nrays, fired x is the total number of nodes that were fired from node x. 

Now, ESATAN-TMS can calculate the contact conduction as follows: 

 GL!",#$ = �contact,x-yℎcontact,	x-y (6) 
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Where GL(x,y) is the linear coupling between node x and y, and hcontact, x-y is the contact conducatance between 
node x and y. When generating the analysis file, ESATAN-TMS automatically outputs these values to the .D file, as 
shown in Figure 12a. 

  
 

3. Performing Nodal Mapping Between Two Dissimilar Node Distributions 
Considering the fact that the area factors in eq. 4 are equal to the contact area of the two nodes, we can re-write 

eq. 4: 

 �� = ∑ [Y,\]\[Y��^_ = ∑ [cdefgcf,hYij\]\[Y��^_  (7) 

where Acontact,Hm-Gp is the contact area between node Hm and node Gp, as shown in Figure 9. The contact areas can 
be calculated automatically using the ESATAN-TMS contact zone calculation tool. They can be extracted from the 
.D file and be used in the nodal mapping equation, as shown in Figure 11.  This step can be performed manually, but 

 
Figure 10. The mapping function can be defined as an area 
average of the nodal properties. Nodal property ηm is then 
defined as the average of γn, γn+1, γn+2, and γn+3 where the 
properties are scaled to the relative overlapping area of node Gi 
with node Hm. 
 

 
Figure 11. ESATAN-TMS can use 
ray-tracing to determine contact 
areas. 

a) 
 

 
 

b) 
 

 
Figure 12. a) An example of the ESATAN-TMS output of 
the contact conductions to the .d file. b) The contact areas 
can be used to perform the area averaging. 
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can just as easily be performed using a script or program. All steps required to map the nodal properties from one 
node discretization to another have been summarized in Figure 12. 

 

 
 

4. Other applications 
The method described in this paper to map nodal properties from one node discretization to another is not just 

applicable to plume heat fluxes. It can be applied to a wide range of other situations. In general, it can be applied 
whenever nodal properties from one nodal discretization needs to be converted to another nodal discretization and 
both nodal geometries are available in ESATAN-TMS format (or can easily be converted to this format). Nodal 
properties that can be mapped using this method are: 

• ESATAN-TMS standard nodal properties: 
o Temperatures (T) 
o Heat capacies (C) 
o Albedo, planet  IR, solar, internal, and residual heat (QA, QE, QS, QI, QR) 
o Thermo-optical properties (ALP and EPS) 
o Incident albedo, Planet IR, and solar heat (QAI,QEI,QSI) 

• Any numerical user defined nodal property 

C. Detailed Thermal Analysis 
Using the method described in the previous subsection, the plume data was converted to the ESATAN-TMS 

format taking into account the temporal and spatial variations of the plume flux. For a S/A rotation angle of 0°, the 
comparison between the plumes in the models is shown in Figure 14. From this image, it is can be seen that the 
plume flux distribution is considerable and is correctly taken into account in the thermal model. It can also be seen 
that the yoke experiences significant heating due to the plume. Protection of the yoke edge was therefore also 
required. The design is similar to that on the first panel. However, despite the higher fluxes, the highest temperatures 
occur on the first panel, as the yoke panel is coated in white paint. Therefore, this paper focusses on the first panel 
only. 

The resulting temperatures for the plume shield with high emissivity surface finishing on the outside are 
presented in Table 5. From these results, it can be seen that the shield with a high emissivity surface finishing on the 
outside and uncoated titanium on the inside provides sufficient protection to the panel edge. This table also shows 
how the temperature predictions changed throughout the analysis iterations. It is clear that every time the detail of 
the analysis is increased, the predicted panel temperature decreases. The conservatism of the first phase C analysis 
was considerable, as the detailed analysis leads to 36°C lower temperatures. The assumption that the plume fluxes 
are time-independent is the most conservative (i.e. it has a higher contribution to the decline in temperature than 
than the assumption of constant fluxes over the top and rear surfaces). This is no surprise, as the thrusters are 
activated only for a short period when the S/A is rotated through the plume. The plume fluxes at other times are 
significantly lower (±a factor ten).  
 

 
Figure 13. Overview of the required steps to convert nodal properties from one 
nodal discretization to another using ESATAN-TMS. 
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a) 
 

 
 

b) 
 

 
Figure 14. a) Flux distribution as derived by the system level plume impingement analysis for an S/A 
rotation angle of 0°(courtesy of Airbus Defence and Space (Astrium Friedrichshafen)). b) Flux 
distribution as implemented in the thermal mathematical model for a S/A rotation angle of 0°. 
 

Table 5. Development of performance of the plume shield with high emissivity surface finishing on the 
outside and uncoated titanium on the inside for all performed analyses (see section III for more detail) 

Thermal analysis Plume firing profile 
Constrains on S/A 
operation 

Max temperature 

Plume 
shield 

Panel 
substrate  

Phase B 
 

80s non-stop None 350°C 153°C 

Phase C conservative analysis 80s non-stop None 218°C 171°C 
S/A rotation angle 
exclusion 

168°C 131°C 

Plume firing profile 1 
(see Figure 7) 

<20s thruster firing 
within S/A rotation 
angle exlusion range 

182°C 140°C 

Phase C detailed analysis 
 

Plume firing profile 1 
(see Figure 7) 

<20s thruster firing 
within S/A rotation 
angle exlusion range 

221°C 135°C 

Plume firing profile 2 
(see Figure 7) 

None 186°C 136°C 
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VII.  Conclusion 
Independent of the plume shield design, a conservative thermal plume impingement analysis in phase C did not 

lead to acceptable temperatures in the panel substrate. In order to avoid additional panel/coating qualification tests, a 
detailed analysis was required and a plume shield design without coatings was prefered. A detailed plume analysis 
was performed taking into account temporal and spatial variations in plume flux. For a shield with high emissivity 
surface finishing on the outside and uncoated titanium on the inside this lead to a predicted panel temperature that is 
36°C lower than when analyzed with the standard analysis approach. This reduction was sufficient to lead to an 
acceptable design. Therefore, additional qualification tests could be avoided and the effect on the schedule and 
project costs could be reduced. The applied method is generally applicable to the transfer of nodal properties from 
one nodal discretization to another. This allows for relaxation of the thermal environment and a more optimized 
design. 

Detailed analysis can increase the available design space. Design options that are not possible with a standard 
analysis might be possible when the detail is increased. As more parties work on one single project, worst-case 
analysis are often performed to reduce the complexity of I/Fs between parties. This is not always beneficial as it can 
limit the available design space. Using the mapping of nodal properties the conservatism in the analysis can be 
greatly reduced at the cost of a more complex I/F with the party delivering the input. As different parties usually do 
not use the same models, the input needs to be converted from one nodal system to another. This can be time 
intensive. However, by making smart use of the ESATAN-TMS contact zone calculation tool, mapping of nodal 
properties between dissimilar nodal representations can be simplified, as long as: 

• Both node distributions are available in ESATAN-TMS format 
• Geometries are be sufficiently similar to allow contact zones to be calculated using ray-tracing. 
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