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This paper describes the thermal vacuum testing of the Mercury Transfer Module 

(MTM) in ESA's BepiColombo mission to the planet Mercury.  The tests, carried out in 

February and March of 2013, faced many unique challenges, both because of the demanding 

thermal design of the MTM and because of the challenges of reproducing the flight 

environment on ground.   The MTM is the work-horse of the BepiColombo mission.  During 

a 6 year cruise, it uses solar electric propulsion, gravity-assist manoeuvres and a chemical 

propulsion system to bring a composite stack of three spacecraft to Mercury.  A three 

dimensional heat pipe network spanning 3 large radiators helps distribute in excess of 2kW 

of waste heat from the solar electric propulsion system and nearly a further kilowatt of 

environmental fluxes.  Not only does proximity to the sun challenge the thermal designer 

(the MTM flies between 1.16 and 0.298AU), but a wide range of solar aspect angles must be 

also accommodated, along with large temperature excursions driven by the many on/off 

phases of the 13kW solar electric propulsion system.  Remarkably, some quite cold 

conditions can also occur during the cruise phase and some special thermal measures are 

required on the launch pad.  These aspects all require verification by test, as far as is 

practicably possible.  The constraints of a solar simulator beam which cannot fully 

illuminate the MTM, a finite beam collimation angle and the complex heat pipe network 

made the design and conduct of the test uniquely challenging.  Nevertheless, the testing and 

thermal design proved very successful.  

I. Introduction 

SA’s BepiColombo mission to the planet Mercury is unique in that it essentially comprises 3 complete 

spacecraft flying together as a mechanically and electrically coupled stack, all the way from launch up until the 

Mercury orbit insertions of the two orbiters, the European Mercury Planetary Orbiter (MPO) and the Japanese 

Mercury Magnetospheric Orbiter (MMO).  These two orbiters are brought to Mercury by the Mercury Transfer 

Module (MTM), a large propulsion module and the primary source of electric power for the approximately 6 year 

cruise to Mercury. The thermal impact of flying the three spacecraft together as one physical stack is that there are 
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quite a number of interactions which must be accounted for in the design, and as far as possible, verified in test.  

Figure 1 shows the stack configuration of the modules in the BepiColombo mission in the launch configuration. 

In practice, the size of the available thermal vacuum chambers in Europe means that the 3 modules of the 

BepiColombo stack have to be tested separately.  In addition, considerable investment was made into upgrading 

ESA’s main thermal vacuum chamber, the Large Space Simulator (LSS) at ESTEC in the Netherlands, to enable it 

to provide solar intensities approaching those which will be experienced during the mission.  The upgrading of the 

LSS for the BepiColombo mission was a major technological undertaking in itself.  The upshot was that this facility 

was baselined for all of the main thermal vacuum testing activities of the programme and therefore, from the outset, 

the thermal verification of the MTM had to be planned around the capabilities of the LSS. 

The two most significant impacts of this choice of facility were the size restriction of the chamber – limiting the 

testing to one module at a time – and the diameter of the solar simulator beam at maximum intensity – which could 

not fully illuminate the front of the MTM.  These two aspects bring with them a number of smaller implications.  

For example, the limited beam diameter meant that some of the thermally critical items, such as the 10N hydrazine 

thrusters (see Ref. 1 for a detailed discussion of these thrusters) -  could not be tested under their extreme thermal 

conditions.  The restriction of testing one module at a time meant that careful attention had to be given to correctly 

simulating the influence of the modules and components missing from the test.  In the case of the MTM, reflections 

off its own solar arrays as well as off the hot multilayer insulation (MLI) around the MPO onto its two main side 

radiators had to be incorporated in the test by other means. 

How all of these constraints were handled and how a suitable test was designed and carried out to achieve the 

verification goals for the thermal design of the MTM is now discussed in the paper.   

 
Figure 1 - The BepiColombo stack (in launch configuration) 

 

II. Background to the Mission 

The BepiColombo programme represents Europe's first mission to the planet Mercury.  The two orbiters plus the 

propulsion module (MTM) and sun shield or MOSIF (Magnetospheric Orbiter Sunshade & Interface Structure) are 

to be launched on an Ariane 5 launch vehicle from the Kourou spaceport in 2016.  The project is well into "Phase 

C/D", with the Critical Design Review having been successfully passed.  The first system-level tests (mechanical 

and thermal) were performed on Structure Thermal Models (STMs) of the different modules from the middle of 
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2010 onwards (MMO, MOSIF, MPO and finally MTM).  At the time of writing, the manufacture and integration of 

the flight spacecraft are well advanced. 

The MTM is essentially the propulsion and power module for the cruise to Mercury and is the bottom of the 

three modules in the launch configuration.   

Following a direct launch into an escape trajectory, the MTM must provide solar electric propulsion for an 

approximately 6 year cruise to Mercury, all of the electric power for the 3 modules and it must perform most of the 

attitude and orbit control for the stack.  The cruise phase includes one Earth, two Venus and four Mercury gravity 

assists.  Finally, the MTM brings the two Mercury orbiting modules into a position from which they can reach their 

orbits around Mercury.  These functions bring a range of thermal control challenges, not least because the mission 

cannot simply be flown with the spacecraft stack in a single, sun-pointing orientation.  For example, prior to each 

planetary fly-by, it is necessary to have a good degree of freedom in the range of sun angles permitted on the stack, 

in order that the AOCS can perform any trajectory correction manoeuvres.  In addition, at these critical times, an 

extra degree of flexibility in the spacecraft attitude is helpful for increasing the communication opportunities back to 

Earth.  Smaller deviations to the purely sun oriented attitude originate from the need of wheel off-loading, which is 

performed using the MTM’s solar electric thrusters. 

The MTM has to survive all conditions up to the Mercury orbit insertion point, at which time it is ejected from 

the stack.  In addition, it must survive a specified period following its ejection in order to avoid debris damaging the 

other two modules, should any catastrophic failure of any of its components occur.  

 

 
 

Figure 2 – The BepiColombo mission profile 

 

III. MTM Thermal Design 

To accomplish the mission described in the preceding section, the MTM thermal design incorporates a novel sun 

shield using a special high temperature MLI and in excess of 9m² radiator area.  When exposed to the 15.4kW/m² 

solar flux at 0.298AU, it must allow any two of its four ~5kW electric thrusters to run simultaneously, while 

maintaining internal temperatures suitable for the operation of 24 bi-propellant reaction control thrusters, internal 

electronic equipment with standard temperature ranges, thruster pointing mechanisms and a Xenon propulsion 

system, while still allowing significant flexibility in its orientation to the sun and the ability to survive short-term 

losses of attitude.  The thermal design of the MTM is discussed in greater depth in Ref. 2.  However, it is instructive 
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to summarise here some of the key areas whose thermal design is important on the MTM, in order to understand 

how the testing requirements evolved. 

 

A. MTM Spacecraft: 

Radiators: important for their overall function is that the high intensity heat loads of the power processing units 

(over 1600W dissipated by just 3 units) is adequately distributed around the radiators. 

Heat Pipe Network: for successful performance, the radiators rely on a good thermal contact being achieved 

between the horizontally-running surface heat pipes and the radiator panels on one side and the dissipating units on 

the other side.  Vertically oriented heat pipes embedded in the radiators further spread the heat and these require a 

good contact to the surface heat pipes at the crossing points and a good coupling through the radiator panel.  Most 

surface heat pipes are extended to the anti-sun radiator, linking the side and rear radiator surfaces for increased area 

for heat rejection.  See Figures 3 and 4. 

Solar Electric Propulsion System (SEPS): the MTM has 4 gridded ion electric thrusters.  These consume 

approximately 11kW of power and dissipate around 800W in their two processing units and lead to a further 825W 

of waste heat in the MTM’s Power Conditioning and Distribution Unit (PCDU). 

Reaction Control Thrusters (RCTs): the MTM has 12 pairs of 10N thrusters.  Four pairs are permanently sun-

illuminated and some substantial and novel measures were needed to avoid the onset of vapour lock at 0.3AU.  See 

also Ref. 1. 

Thruster Pointing Mechanisms (TPMs): four of these mechanisms carry and point the four electric thrusters.  

They are “buried” deep within the MTM, making it difficult to get the waste heat from their motors to an external 

heat sink.  When the MTM is at certain attitudes, the solar load on the MLI above these mechanisms can be 

significant.  See Figure 5 for the engine bay. 

 

 
Figure 3.  The main external features of the MTM’s thermal design 

 

Sun shield and Skirt: the main sun shield consists of a double blanket arrangement of high temperature MLI (see 

Figure 3), along with a rear cavity which enhances cooling of its inner region.  More details of the MLI are reported 

in Ref. 3.  Along its lower edge it carries a skirt made of a specially white-coated titanium sheet.  This improves the 

shading of the electric thrusters (in what is known as the “Engine Bay”) and reduces the temperatures behind the sun 

shield cavity. 

Tank Cut-Outs: the two side radiators have large cut-outs to aid the radiation of heat behind the sun shield to 

deep space, thereby keeping the tanks on the sun-side of the MTM within their temperature limits. 

SEPS Equipment: a number of high pressure regulators and flow control valves are located in the compartment 

immediately behind the main sun shield and the thermal analysis had always predicted their temperatures to be close 

to their limits. 

SEPS Power Units: there are two of these Power Processing Units (PPUs) which provide power to the four 

electric thrusters.  Each of them requires numerous heat pipes to distribute its waste heat.  Thus, thermal contacts 

between those units and the heat pipes in these regions are important and must, therefore, be well instrumented in 

the thermal test. 

Power Conditioning & Distribution Unit (PCDU): this unit handles all of the power coming off the solar arrays 

(up to 20kW) and must distribute it to the MTM for electric propulsion and heating, to the MPO for all of its power 
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needs and to the MMO for its heating.  Its dissipation has a power density of around 5kW/m².  Thus, the coupling to 

the heat pipes is critical in this area and must be confirmed by the testing. 

Solar Array Drive Mechanisms (SADMs): these must contend with significant dissipation, a result of the high 

powers being passed over their slip rings from the solar arrays. 

 

B. Environmental Aspects: 

 Pointing requirements versus sun distance: the range of allowed sun angles on the lower side of the MTM 

must be controlled quite strictly as the distance to the sun reduces.  Simultaneously, as much pointing range as 

possible is required, so the thermal test needs to explore and confirm the analysis.  As mentioned previously, this is 

especially important prior to each fly-by, and since four of these occur at Mercury, as much information is required 

as possible. 

 Eclipse pre-heating: an important design strategy adopted to reduce the size of the MTM’S battery is to 

preheat the spacecraft as much as possible, prior to commencing the Venus fly-bys, each of which incurs a 

significant period of eclipse.  Confirmation of the heater sizing and the cool-down rates is needed in the test. 

 Pre-launch heating of the Xenon tanks: this, too, is needed in order to minimize the load on the battery 

during the launch and early operations phase (LEOP).  The Xenon tanks have to be kept quite warm in comparison 

to the other units in order to avoid condensation of the Xenon and the subsequent possibility of sloshing. Because 

some of the heaters on the large units, such as the PCDU and PPUs, are very powerful and their switch-on should 

therefore be avoided, keeping the Xenon tanks warm also helps to achieve this by keeping the interior of the MTM 

warmer.  This strategy requires confirmation by test. 

 

 
Figure 4.  The internal view onto the –X-Y radiator combination 
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Figure 5.  View on the engine bay side of the MTM 

 

IV. Thermal Test Requirements 

Adequate ground testing of the MTM under its extreme thermal conditions represents another large challenge 

and there are certain aspects which simply cannot be tested.  The Large Space Simulator at ESTEC in the 

Netherlands was upgraded to enable testing with 10 solar constant sun simulation. However, this required some 

collimation of the beam, with the result that some of the extremities of the MTM are outside the main calibrated area 

of the beam and most significantly, the BepiColombo stack cannot be tested with the modules together.  The 

Mercury Planetary Orbiter (MPO), which sits on top of the MTM, is represented by a special simulator structure in 

the test.  This enables some of the important interactions to be verified, (such as infra-red heating of the MTM 

radiators by the illuminated MPO MLI and sun-trapping at the interfaces) but not all, such as those between the 

MPO solar array and the upper 10N thrusters on the MTM.  The analysis suggests that the MPO solar array 

contributes up to 5°C to the thruster valve temperature under some conditions at 0.3AU.  Note that for the thermal 

analysis, it has been necessary to include the external surfaces of the MPO in the MTM thermal model.  

Investigation by analysis also showed that the influence of the MOSIF on the MTM is minimal due to the larger 

distance and may be neglected both from the thermal modelling and from the thermal balance test without 

significant loss of representativity. 

Another critical thermal driver which cannot be fully simulated is the firing of the electric thrusters.  Also, the 3-

dimensional nature of the heat pipe network means that the non-horizontal (and most extreme) flight angles of attack 

(which give rise to a range of solar aspect angles) cannot be tested properly on ground, since the horizontal heat 

pipes would need to be tilted at +12° and +30° and the vertical heat pipes would then end up at 78° or 60°.  A heat 

pipe-level characterization test was undertaken to investigate whether the vertical heat pipes would operate reliably 

in reflux mode with the given distribution of heat input and the extent to which the horizontal heat pipes would 

function.  This was mainly to establish whether it could be stated with certainty that the pipes would either function 

or not function, since a state of clearly not functioning would be far preferable to a state of partial function in the 

MTM-level test, where thermal equilibrium is required.  Unfortunately, as explained in the next section, the results 

were not of direct use to this test campaign.  Thus, these regions were heavily instrumented during test and for 

correlation of the thermal model, a set of “clean” conditions is required under which there is no uncertainty over the 

heat pipe performance.  

The reflux characterization tests investigated the 3 pipe diameters used on BepiColombo (8mm, 10mm and 

12.5mm).  These tests showed that there was negligible difference between their performance vertical or 12° off the 

vertical, once the heat pipe was operating (i.e. the flow had steadied).  However, they showed that the time to reach 

steady operation was strongly dependent on the power applied, the fill level and the location of the applied powers.  

This was as expected.  The original motivation for the tests was largely to investigate these aspects with the addition 

of distributed heat inputs.  They also confirmed that the heat pipes selected for the embedded, vertical orientation 
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were the worst case, in that they all had a small heat input near their condenser ends in addition to the main heat 

sources near the bottom (evaporator) end of the pipes.  Once stabilized and operating nominally, all the pipes 

exhibited less than 2°C difference along their lengths – regardless of whether the pipe was at 90° or 78° to the 

horizontal - but the time taken for normal operation to establish was significantly longer than for the embedded heat 

pipes than for the other two types, both of which had a more favourable distribution of heat inputs. 

However, it is still possible to perform sufficient simulation of the mission with good representativity and 

knowledge of the tested conditions, thereby enabling a good correlation of the thermal model which can then be 

used for flight predictions.  Thus, the approach which has been taken to the testing is that knowledge of what is 

being tested is more important than exact representation of the flight conditions.  

To summarise, the main objectives of the test are to show or verify the following: 

a. Performance of the main sun shield – primarily in terms of the temperature difference from exterior to 

interior. 

b. Performance of the three-dimensional heat pipe network as a whole – primarily in terms of the average 

radiator panel temperature and average internal temperature of the MTM 

c. Local heat pipe performance at key interfaces – primarily under the three big dissipators, from the –X to 

the –Y panel and at the surface and embedded heat pipe crossing points. 

d. Sun shield MLI  10N thruster nozzle interactions and the suntrapping which may occur 

e. The sun side 10N thrusters – the thermal path from valves to heat pipes to radiator 

f. Tank temperatures and temperature gradients (among the three Xenon tanks and between the oxidant and 

fuel tanks) 

g. The level of pre-heating needed for the eclipses around Venus and confirmation of the cool down time 

constants 

h. The maximum heater power needed for the MTM 

i. The Xenon tank pre-launch pre-heating strategy – to check that the flight heaters could raise the tank 

temperature sufficiently above ambient and to monitor the rate of cool-down in ambient pressure 

j. The engine bay average temperature and peaks during maximum power transients which occur with 

major thruster manoeuvres. 

k. The launch vehicle interface ring temperatures under solar illumination 

l. Survival of temporary loss of attitude by the MTM 

m. The heat flows between the electric thrusters and their pointing mechanisms 

The measures at (d) and (e) were for completion of the verification of the design modifications implemented on 

the 10N thrusters on the sun side of the MTM.  This is the subject of Ref. 1.  A special solar simulation test was 

performed on a thruster pair prior to the MTM TB test to verify that the modified nozzle properties and the new 

thermal strap on the injector worked.  As described in Ref. 1, it was not possible to represent the sun shield MLI or 

the heat pipe interfaces in that test, so the MTM-level test had to complete the missing aspects for the overall 

verification of the thermal design in this region. 

Implicit in the above is also the objective that the test provide adequate data in order to correlate the thermal 

model. 

V. Overall Test Approach 

Owing to the complexity of the design and constraints of the facilities, the overall verification of the thermal 

control subsystem had to be accomplished in a number of tests. 

The main and culminating test is the thermal balance (TB) test of the complete STM MTM as flight 

representative as possible and it is this test which is the subject of this paper.  However, it is worth mentioning some 

of the other tests carried out in the lead up to the MTM STM TB test. 

The performance of the heat pipes (individually) under various conditions of reflux and significant tilt was 

characterized.  Unfortunately, after these tests were completed, a programme-level decision meant that the 

orientation of the MTM in the TB test had to be reversed and so the reflux characterization tests ended up being of 

limited direct value, because the heat input distributions now longer accurately reflected the tested scenario. 

As already mentioned, Ref. 1 describes a set of TB tests with high intensity solar illumination which were used 

to confirm thermal design modifications made to the sun-facing 10N thrusters.  These tests could not include flight 

representative MLI and heat pipe interfaces to the thruster module, nor the maximum sun intensity.  Therefore, the 

MTM-level test had to complete this verification step.  The thruster-level test could achieve the flight representative 

solar aspect angles, which the MTM-level could not.  Consequently, the combination of these two tests was needed 

for full verification of the thermal design of the sun-facing 10N thrusters. 
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A test to validate the pre-launch heat-up strategy was performed.  This was to see if the flight heaters were 

adequately powerful to achieve the necessary tank temperature increase in ambient and also, as a secondary goal, to 

characterize the time-constant of the Xenon tanks once installed in the MTM.  This test was conducted immediately 

prior to the MTM STM TB test, once the MTM was installed in the LSS and all heaters and instrumentation were 

connected.  The test was conducted in ambient, because the warm-up takes place on the launch pad and a significant 

period of the cool-down of the tanks could occur in ambient, while waiting for lift-off and in the first minutes of 

ascent.  The only difference between the test and actual conditions was that in the test, the Xenon tanks were empty.  

However, this still enabled a useful correlation of the thermal model.  An analogous test was conducted to check the 

temperature rise possible on the big dissipators – who also have high power heaters – in case it becomes necessary 

to preheat some of these units prior to launch. 

In addition to the reflux characterization of the heat pipes, additional tests were performed at “bench-level” to 

quantify the temperature differences at their panel interfaces and along their lengths.  These were aimed at both the 

MTM and the MPO modules. 

Once the MTM was installed in the LSS, the heat pipe networks were surveyed using test heaters and an infra-

red camera. 

Lastly, a conductivity test was performed on the thruster, its thermal strap, mounting bracket and heat pipe 

connection. 

VI. The Test Facility 

The facility used to conduct these tests is the LSS at ESA’S ESTEC in the Netherlands.  Figure 6 shows the 

layout of the facility, in which can be seen the bank of 19 Xenon arc lamps of the solar simulator located underneath 

the chamber.  The light beam is directed onto the test article by an array of collimating mirrors (far left in the 

figure).  The main chamber in which the MTM was installed has the dimensions 9.5m diameter and 10m height.  

Following the upgrade to the sun simulator to high intensity for the BepiColombo mission tests, a converging, 

conical beam resulted and this can be seen in Figure 7, where the MTM would be mounted at the centre of the axes, 

as shown in the figure.  In this configuration, the MTM can be tilted towards and away from the sun by 30° and 17°, 

respectively, and it can rotate more than 90° about the vertical axis at speeds sufficient to simulate some of the worst 

loss of attitude scenarios for the mission.  In addition – and not shown in Figure 7 – is a BepiColombo-specific 

levelling table which enables the levelness of the spacecraft to be adjusted to ±0.1° accuracy. 

The maximum solar flux which can be produced is equivalent to ~9 solar constants at the centre plane of the 

MTM.  At the sun shield location, it is lower, while towards the anti-sun end of the MTM, it is higher. 

 
Figure 6. The Large Space Simulator at ESA’s ESTEC facility 
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Figure 7. A section view showing the converging beam of the sun simulator 

VII. Special Measures 

In this section, the practical measures taken to cope with the many challenges of performing the MTM TB test 

are discussed. 

One of the main issues already mentioned was the fact that the beam could not illuminate the full frontage of the 

MTM, this being a result of collimating the normally 6 metre diameter beam down to a reduced diameter with 

higher intensity.  Figure 8a shows approximately how much of the sun shield fitted inside the uniform, calibrated 

part of the beam, while Figure 8b shows the level of beam uniformity, measured in December 2012, at the centre 

plane.   

 

  
Figure 8.  (a) The size of the solar simulator beam at the front of the MTM and (b) its uniformity, as 

measured at the centre plane of the chamber (image on right) 

 

As can be seen, the majority of the sun shield and, specifically, the section of it whose performance will most 

strongly influence the bulk (or average) temperature of the compartment behind it, is uniformly illuminated by the 

solar beam.  It is mainly the corners, where the 10N thrusters of critical interest are located, and portions of the 

titanium sun shield skirt which fall outside the beam.  In the case of the skirt, the majority of this structure will reach 

the correct temperature (factoring in its beginning of life optical properties, an aspect relevant to all the hardware 

tested) and therefore its influence on the engine bay environment and sun shield rear cavity will be representative.  
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Equally important is the fact that the joint between the flexible MLI of the sun shield (lower half in Figure 8a) and 

the titanium skirt (upper half of Figure 8a) is fully illuminated and can, therefore, be properly verified in terms of 

both design and workmanship. 

The 10N thrusters are clearly the exception.  In the nominal, sun-pointing flight configuration, as shown in 

Figure 8a, they are simply outside of the beam at best, or at worst, in the region where its intensity profile drops to 

nil.  For the TB test, it was decided to test at the flight orientation for the MTM and all of its equipment and then at 

the end of the hottest balance phase, rotate the MTM by approximately 30° until two pairs of thrusters lay fully 

within the solar beam.  Equilibrium is then allowed to be re-established and the data for these thrusters plus the 

surrounding structure and radiators can be used for model correlation. 

The second aspect which Figure 8b makes clear is the non-negligible, in-plane spatial variation in the beam 

intensity.  This had been seen in earlier calibrations for the BepiColombo thermal tests (see Ref. 4, for example) and 

drove a repeat of the calibration immediately prior to the MTM thermal balance test.  In addition, the level on non-

uniformity was such that it was deemed worthwhile to incorporate the effect in the thermal model of the tested 

configuration.  This is achieved in the thermal model by placing geometric shells with varying degrees of 

transmissivity in the beam in order to scale the flux to match the measured distribution.  This helps to reduce the 

impact of the spatial non-uniformity of the beam and to improve the degree of correlation which can be achieved. 

The next issue was the collimation angle of the high intensity beam, which was on the order of 5°.  This meant 

that certain surfaces which would be parallel to the sun’s rays in flight could be illuminated in test.  The main areas 

affected by this are the top of the sun shield (bottom region of Figure 8).  All the other potential areas of concern, 

such as the more sensitive edges of the radiators, were outside of the beam.  Since the sun shield is highly insulating 

in the affected region, it was decided to accept the fact and account for it in the model correlation, but to take no 

specific physical measures in test. 

As mentioned previously, the presence of the MPO was accounted for to a limited extent, by having a 

geometrically and optically flight representative interface structure attached to the MTM.  This allowed some of the 

interactions with the MPO at the front, top part of the sun shield to be simulated in test, but as far as the radiators are 

concerned, the sides of the MPO simulator were also outside the beam, so the expected reflected fluxes had to be 

simulated by distributing Kapton heaters around the inside surfaces of the radiators. 

The next test-facility-imposed issue was that of the limited tilt range.  A flight condition of great importance is 

that which could occur in a temporary loss of attitude.  An analysis of the AOCS (attitude and orbit control 

subsystem) parameters showed that in the event of such an emergency, the engine bay side of the MTM could be 

fully illuminated (i.e. at approximately normal incidence), while the radiators could receive up to 20° incident sun.  

The radiator case – also predicted to be the worse of the two – could be properly simulated, both with the correct 

yaw rate, incident solar aspect angle and durations.  The engine bay, however, could only be illuminated at up to 30° 

solar aspect angle.  In addition, the facility could only move the MTM into this tilted orientation at a much slower 

rate than would occur in flight.  To deal with these limitations, the duration of the tilted illumination was extended 

and the shutter on the lamps was closed while the MTM was being re-oriented.  The duration was calculated by 

analysis.  In order to sense the maximum temperature rise on the radiator during the attitude loss simulation test as 

accurately as possible, some thermocouples were mounted on its external surface, at key locations, in addition to the 

numerous thermocouples distributed on its inner side (an extensive map of the heat pipe network and equipment 

interfaces were monitored throughout the test in this way).  Because of the very high solar flux used in the test, 

special measures were required to protect the leads of these external thermocouples, as well as to match the optical 

properties of the installed thermocouples and their leads to those of the radiator. 

In addition to the last point, the maximum steady-state, nominal flight angle of attack had to be tested.  This 

happened to be 30°, so it could be achieved by the facility, but the question was as to whether the heat pipes would 

continue to function reliably at 30° tilt, given that not all of the heat sources were conveniently located at their 

evaporator ends.  This was because a major function of the heat pipe network was heat spreading, rather than just 

point-to-point heat transport.  It was decided to attempt the test with the high power dissipation units of the SEPS 

turned on and to monitor the heat pipes closely.  If the heat pipes were to function unreliably and so make the 

attainment of thermal equilibrium inside the MTM difficult, the test phase would still be useful if the key 

temperatures in the engine bay stabilized. 

The earlier MPO TB test demonstrated the sensitivity of the very long heat pipes to good alignment in the test 

chamber and so a system of tilt sensors was employed in order to achieve a very high degree of horizontality of the 

MTM in the test chamber.  These devices were quite sensitive to temperature and had to be controlled carefully 

throughout the testing. 

A number of restrictions related to the testing of the SEPS elements.  The maximum dissipation of its high power 

units could be simulated correctly.  A single flight representative thruster and mechanism was installed for the test.  
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However, the electric thrusters themselves could not, of course, be fired in the chamber and so the radiant heat from 

these would be missing in the test, although since the engine bay is covered with highly insulating blankets, the 

effects on the items of interest underneath this blanket, such as the mechanisms and motors, was shown not to be 

important by analysis with the thermal model.  The important, conductive heat flows which would be present in the 

metal-to-metal interface between each thruster and its pointing mechanism was represented using electric heaters set 

to a value which a dedicated thruster-mechanism thermal vacuum test had established.  Similarly, the thruster 

pointing mechanisms could not be released during the test, so the thermal path was not flight representative, but at 

least it erred on the side of the conservative, in respect of possible heat leaking into the MTM via the thruster to 

mechanism interfaces.  

The last aspect to mention is the fact that the life of the lamps in the solar simulator is quite limited at the 

required high intensity and their performance can become unstable after a certain number of hours when operated 

above a certain current level.  In order to avoid any problems which might arise as a result (such as disturbance of 

thermal equilibrium in the final stages of a test phase), all of the maximum intensity testing was carried out first. 

 

VIII. Test Sequence and Conditions 

 

Figure 9 shows diagrammatically the sequence of the hot and cold phases in the test, where the vertical axis 

indicates the intensity of the solar flux used on the sun simulator. 

 

 
Figure 9.  The sequence of the main test phases conducted during the MTM STM thermal test campaign 

 

During the period of maximum solar flux, a number of tests was undertaken.  These include: 

 Hot thermal balance with the MTM horizontal 

 Investigation of cool-down and warm-up rates with a complete shut-down and power-up of the electrical 

propulsion system 

 Illumination of the sun-side 10N thrusters to achieve a”quasi-thermal-balance” 

 An attitude loss simulation where the sun illuminates the radiator with the highest internal heat load on it 

 Hot thermal balance with the MTM tilted 17° towards the sun 

 An attitude loss simulation where the sun illuminates the engine bay 

 A steady-state illumination of the engine bay 
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Finally, the cold thermal balance phase provided a third point for correlation of the thermal mathematical model, 

plus confirmation of the maximum heater power demand in the MTM (this corresponds to cruising at 1.16AU with 

the SEPS off). 

 

 
Figure 10.  The MTM under solar illumination in the LSS. 

 

Figure 10 above provides a view onto the engine bay side of the MTM during installation and check-out prior to 

test in the LSS.  Its sun shield is being illuminated by the solar simulator.  Also visible are the single, fully-

representative electric thruster and the solar array simulator. 

IX. Test Results versus Correlated Model Predictions 

In this section, the term “correlated prediction” refers to a “prediction” of the temperatures during test, but made 

after the test, using the thermal model which has been correlated against the test measurements.  Thus, they are the 

orginal predictions updated using the correlated thermal model and they provide a measure of the degree to which 

the model has been successfully correlated.  Table 1 shows the level of agreement achieved between the temperature 

measurements made during the test and the “predictions” of these temperatures, made using the thermal model after 

it had been correlated against the measurements made during the balance phases of the test. 
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Table 1. Correlated predictions and measured temperatures in hot and cold cases for the main dissipaters on 

the MTM 

 

Figure 11 shows graphically how the target of less than 5°C discrepancy between test measurement and 

correlated prediction has been met in all of the key areas of the MTM. 
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Figure 11. Difference between test measurements and correlated predictions for the MTM internal 

equipment. 

 

In Figure 11, the horizontal axis lists the thermocouple number. The vertical axis is the amount by which the 

correlated predicted temperature is above or below the measured temperature in each location.  Red indicates the hot 

case, blue the cold case. 

 

 
Figure 12.  An infra-red image of one of the MTM’s main radiators, showing the temperature gradients 

 

Figure 12 shows an infra-red image of the radiator carrying the PCDU.  The red region corresponds to the bank 

of heat pipes under this unit. The light blue vertical lines indicate the locations of the embedded heat pipes in the 
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radiator panel.  The light green zone in the central, lower part of the image corresponds to one of the electric 

propulsion power units, the PPUs.  The pink area at the left in the image is the edge of the sun shield MLI.  

Although the maximum gradients range between 20 and 30°C, the heat pipe network is still performing a significant 

role in distributing the 500W and 900W unit dissipations around the thin-skinned structure.  This is borne out by the 

average levels measured inside the MTM.  Temperature gradients local to the highly dissipating units are 

unavoidable, since the panel skins are very thin, the powers are high and the heat pipes are discretely spaced, but in 

the presence of these factors, the heat pipe network allows even acceptable peak temperatures to be achieved on the 

radiator. 

Lastly, it is worth reviewing the outcomes of the test in the light of its original objectives.  Continuing the 

numbering of the objectives used in Section IV, it can be stated that objective “a”, verification of the main sun 

shield’s performance, was very satisfactorily achieved.  This is borne out by the average internal temperatures that 

were measured within the MTM.  Objective “b”, that of verifying the performance of the 3-D heat pipe network, 

was partially achieved, in that the horizontally-oriented elements of the network performed as planned.  The 

vertically oriented embedded heat pipes exhibited “step-wise” functioning in some cases and full functioning in 

others.  However, the critical, main heat load bearing heat pipes performed well.  Objective “c”, that of verifying 

local heat pipe performance at key interfaces, was met, because all of the critical temperatures at equipment 

interfaces were at their correct levels. 

Objectives “d” and “e”, which relate to the sun side 10N thrusters, were met, because the temperatures matched 

those in the model with only minimal modification required to achieve correlation. 

Objective “f” was partially met, as the gradients between tanks were verified. The post test correlation did show 

a cold exceedance for the tank bosses in the correlated flight predictions, which was corrected by the addition of 

extra heaters on the tank bosses for the Proto Flight Model. 

Test of the total heater power and pre-eclipse heat-up and cool-down rates, objectives “g” and “h” of the test, 

were met, since the temperature targets were achieved and the time constants measured. 

Verification of the Xenon tank pre-launch heating strategy, objective “i” was achieved. 

Similarly, objectives “j” to “m” were all achieved, in that the measured temperature levels and temperature 

increases were acceptable, as were the derived heat flows. 

C. Lessons Learned 

Before concluding, it is worth considering a few of the lessons learned from this test campaign. 

While it is recognized that in an ideal scenario, the test would be set up differently in a number of ways for 

technical reasons, these are not always possible within the constraints of a real, large and dynamically moving 

project.  This applies to several of the significant challenges which faced the MTM thermal balance test and includes 

the test orientation, the beam diameter, intensity and quality. 

For example, in an ideal world, the test configuration would not be determined by the testing requirements of 

another spacecraft (in this case, the MPO).  As discussed previously, this led to the MTM being upside down with 

respect to what had been anticipated at the time of the heat pipe layout. While the embedded heat pipes would have 

been vertical in either tested configuration, the results of the reflux mode characterization tests performed early in 

the programme would have been more useful.  However, this was a real programmatic constraint, which allowed 

significant chamber reconfiguration time to be saved and a demanding schedule to be maintained.  Thus, it could be 

argued that one lesson learned is that even with all of these technically non-ideal aspects, a technically acceptable 

test outcome can still be achieved and, therefore, the typical programmatic and facility constraints and limitations 

which will always be present in projects of this nature are not insurmountable and should not prevent a successful 

test outcome. 

In addition, deficiencies in the test facility can be compensated to a certain degree by extra effort on the 

modelling side.  For example, the spatial non-uniformity of the beam was simulated in the thermal model and this 

improved the overall outcome of the test in terms of the degree of model correlation achieved. 

Similarly, additional equipment-level tests can be used to support the spacecraft-level test.  For example, the 

dedicated solar simulation test of the 10N thrusters enabled greater confidence to be obtained, since it was known 

that they would be outside the beam during the nominal balance phases of the MTM test. 

There are also several smaller lessons learned which can be mentioned.  The MTM has some high powers on 

board (both heaters and equipment dissipation simulators) and it would have been better had some of the harness 

bundles been split into more lines in order to reduce their temperatures (which were monitored during the test). 

It was also concluded after the test that the heaters used to simulate the missing external infrared fluxes on the 

radiators were too small (in area) and were not very effective.  However, with the internal equipment and large 
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number of heat pipes attached to the inner surfaces of the radiators, there was a limit to how large the heater mats 

could be. 

Finally, the thermal test adaptor was found to respond quite slowly to changes and would have benefited from 

more powerful heaters and a black-painted finish. 

X. Conclusion 

This paper has shown how the testing of the complex thermal design necessary for the MTM on its mission to 

Mercury had a wide variety of challenges, arising from the difficulty of reproducing the flight environment in a 

ground-based test facility and the differences between equipment performances in flight and under gravity.  The 

thermal design needed to be tested to the highest degree practicable and this has been achieved without too much 

compromise to the constraints of the test set-up and the test facility.  All of the key features of the MTM’s thermal 

design were shown to work by the fact that the test measurements were close to their predictions.  From the average 

internal environment temperature being at the correct level to the existence of expected temperature levels in all of 

the challenging corners of the MTM, it can be stated that the thermal control subsystem has been designed correctly 

to meet its requirements.  Similarly, the design of the STM TB test can be declared successful in that the measures 

taken to overcome the testing constraints allowed this conclusion to be drawn. 

It was found that during the testing, it was possible to achieve the necessary level of thermal stability in the 10N 

thruster illumination phase.  It was also possible to conduct the test phases with the MTM tilted with sufficiently 

stable functioning of the heat pipe network.  Similarly, some of the important operational aspects could be clearly 

confirmed, such as the maximum heater power requirement, the pre-eclipse heating, the final temperatures at the end 

of eclipse and the survival of the radiators in the case of a temporary loss of attitude at 0.3AU sun distance.  Finally, 

a good correlation of the thermal model has been achieved.  Thus, it can be stated that the MTM STM thermal 

balance test campaign has been highly successful and the flight spacecraft can be built with confidence.. 
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