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The Orion Multi-Purpose Crew Vehicle (Orion MPCV) is a spacecraft intended to carry 
a crew of up to four astronauts to destinations at or beyond low Earth orbit (LEO). Under 
an agreement between NASA and ESA, ratified in December 2012, the new American Orion 
MPCV will be powered by a European Service Module (ESM), this latest based on the 
design and experience of the ATV (Automated Transfer Vehicle), the supply spacecraft for 
the International Space Station (ISS). The MPCV ESM will provide the Orion vehicle with 
propulsion, electrical power and storage of consumables (water, oxygen and nitrogen) for 
the mission, it will also ensure the thermal control of the whole vehicle by collecting and 
rejecting heat generated by the Crew Module (CM) toward space. The Thermal Control 
System (TCS) of the MPCV ESM is composed of two parts: the Active TCS (ATCS) based 
on fluid loops that collect heat from the CM (Crew Module) and from the ESM dissipative 
items and reject it toward space via body mounted radiators and the Passive TCS (PTCS) 
composed of a set of heater lines, Multi-Layer Insulations (MLI) and Hot Thermal 
Protection to perform the thermal control of the ESM and protect it against external 
environment. This paper provides an overview of the Thermal Control System (TCS) 
configuration of the MPCV European Service Module (ESM) at Critical Design Review 
(CDR) stage. 

Nomenclature 
 
ATCS  = Active Thermal Control System 
ATV  = Automated Transfer Vehicle 
CDR = Critical Design Review 
CM = Crew Module 
CMA = Crew Module Adaptor 
CSS = Consumable Storage System 
ESA = European Space Agency 
ESM = European Service Module 
ESTEC = European Space Research and Technology Centre 
FCA = Fluid Control Assembly 
FDIR = Failure Detection, Isolation and Recovery 

1 MPCV-ESM Thermal Achitecture Technical Authority. 
2 MPCV-ESM TCS Sub System Manager. 
3 MPCV-ESM Thermal Engineer. 
4 Thermal Engineer, Mechanical Department. 

                                                           



FEI = Flexible External Insulation 
IFHX = Interface Heat Exchanger 
HFE  = HydroFluoroEther 
ISS  = International Space Station 
LAS  = Launch Abort System 
LEO  = Low Earth Orbit 
MDPS  = Micrometeoroid and Debris Protection System 
MLI  = Multi Layer Insulation 
MMOD  = Micro Meteoroid an Orbital Debris 
MPCV  = Multi Purpose Crew Vehicle 
NASA  = National Aeronautics and Space Administration 
ODN  = Onboard Data Network 
PDI  = Proportional, Derivative and Integral 
PTCS  = Passive Thermal Control System 
RCS  = Reaction Control System 
SA  = Spacecraft Adaptor 
SAJ  = Spacecraft Adapter Jettisoned 
SLS  = Space Launch System 
SM  = Service Module 
SNIC  = Standard Integrity Network Interface Card 
SW  = Software 
TCS  = Thermal Control System 
TCU  = Thermal Control Unit 
TSB  = Temperature Sensors Block 
TWMV  = Three Way Mixing Valve 
VMC = Vehicle Management Computer 

I. Introduction 
The NASA Multi-Purpose Crew Vehicle (MPCV) will support human exploration beyond low earth orbit (LEO), 

as well as provide a backup capability to the commercial crew transportation service options to LEO. The MPCV 
includes development of a spacecraft that will provide for crew launch, ascent and in-space aborts, entry, landing, 
and operations in deep space. The MPCV spacecraft will be capable of launching on the heavy lift launch vehicle 
developed by the NASA Space Launch Systems (SLS) Program, and will utilize ground processing facilities and 
equipment developed by the Ground Operations Program to support vehicle integration, checkout, launch, and 
recovery operations.  

The MPCV is a pressurized, crewed element that transports up to four crew members from the Earth’s surface to 
a nearby destination or staging point and brings the crew members safely back to the Earth’s surface at the end of a 
mission. The MPCV provides all services necessary to support the crew members while onboard for shorter duration 
(1-21 days) missions or until they are transferred to another element.  

The MPCV consists of (see Figure 1):  
• Crew Module (CM),  
• Service Module (SM) composed of: 

o Crew Module Adapter (CMA),  
o European Service Module (ESM),  
o Spacecraft Adapter (SA),  
o Spacecraft Adapter Jettisoned (SAJ) fairings,  
o Launch Abort System (LAS).  
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Figure 1: MPCV elements without LAS 
 

II. MPCV-ESM General description 
As a part of the overall Service Module (SM) the European Service Module (ESM) provides four major systems 

functionalities to the MPCV:  
• provides thrust after upper stage/launch vehicle separation;  
• generates electrical power;  
• regulates heat for the life support and avionics equipment; and  
• stores and delivers potable water, oxygen, and nitrogen.  

The solar arrays and their respective gimbal control assemblies are attached to the ESM. The ESM houses the 
main engine and engine thrust vector control, the Reaction Control System (RCS) and auxiliary thrusters, the fuel, 
oxidizer and pressurant tanks for the propulsion system and the water and gas tanks for the Consumable Storage 
System (CSS). Thermal radiators surround the propulsion tanks and are attached to the ESM structure. The ESM 
passive thermal control design incorporates heater lines, multi-layer insulation (MLI) blankets, thermal coatings, and 
micrometeoroid/orbital debris (MMOD) shielding.  

The ESM is composed of  the following subsystems: 
• Structures, including Meteoroid and Debris Protection (MDPS) 
• Thermal Control Subsystem 
• Consumable Storage Subsystem 
• Propulsion Subsystem 
• Electrical Power 
• Service Module Avionics Equipment 

The overall functional control of the MPCV vehicle is performed by the avionics and data management systems 
of the Crew Module. Electronic Controller Units in the ESM  interface to the CM located Vehicle Management 
Computer (VMC) via the Onboard Data Network (ODN). The controller units have been functionally allocated to 
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the subsystem they are in charge of. The ESM Avionics takes care of the overall coherence and the interfaces to the 
VMC/ODN. 

 
Figure 2 MPCV-ESM  

III. MPCV ESM Thermal Control System General Description 

A. Main functions 
The main functions of the TCS are the following:  

• Collect the thermal loads from the MPCV CM/CMA and from the MPCV ESM avionics through the 
Interface Loop Heat Exchanger and to reject them towards space  

• Perform the thermal control of the ESM external and internal surfaces in order to withstand the specified 
environments, to avoid hot and cold spot, high temperature gradients and minimize exchanges with 
external environment.  

• Provide dedicated thermal control means to the propulsion items (engines, lines and tanks) and to the CSS 
items. 

• Provide specific heater lines in support of the propulsion re-priming function. 
• Assure the correct thermal interfaces with CM/CMA and SA 

 
In addition the MPCV TCS is in charge of: 
• Provision of High Level S/W for the temperature, pressure, rotational speed and coolant flow data to support 

the ATCS Health Monitoring and the system level FDIR 
• Support the ESM Safety  
• Contribute to ESM Failure Tolerance capability by the implementation of a fully separated double single-

phase Fluid Loop operating in hot redundancy (the two loops are running in parallel), a redundant heater 
system working in cold redundancy (only one of the two heater lines of each heated zone is nominally 
operating) and a third independent safety heater system controlled by thermostats (with set points lower than 
nominal heater line control range) 

B. Main requirements and constraints 
 

The main temperature requirements are summarized in the Table 1. 
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 Min T Max T 
Avionics items -20°C 50°C 
Internal propulsion items  3°C 38°C 
Propellants inside tanks 10°C 35°C 
Water at delivery 13°C 28°C 
Gas storage 0°C  50°C 
ATCS fluid at IFHX inlet 4°C 21°C5 
Table 1: Design temperature requirements 

 
The total maximum allocated electrical power budget for TCS is 700W. 
 
Two sets of sizing cases enveloping all lunar missions scenarios are used for sizing of the TCS, one set of 

operational cold and hot cases and one set of heater sizing worst cold cases. 
The total heat load from CM (depending of mission cases) and  from internal ESM items is in the range [2000W; 

5500W] 
The thermal environment as well as the interface conditions with CM/CMA are also depending of the mission 

cases with several orbits (Low Earth Orbit, Low Lunar Orbit, High elliptical Lunar orbit, Earth-Moon transfer) and 
vehicle attitudes (Tail To Sun, Noze Nadir, Noze Forward) 

IV. Thermal control design description 
The TCS consists of two main subsystems, the Passive Thermal Control System (PTCS) and the Active Thermal 

Control System (ATCS). In addition, two Thermal Control Units (TCU) perform the monitoring, control and power 
supply of the ATCS and PTCS active items (sensors, heaters, pumps and valves). TCUs are commanded via an 
ODN /SNIC Network connection by a part of the CM SW in charge of the management of the ESM TCS controlled 
elements (the Fluid Control Assembly (FCA) and the heater lines). 

A. Active Thermal Control System 
 
The ATCS  function is to collect the thermal loads from the CM/CMA and the ESM Avionics boxes and to reject 

them toward space. 
The ATCS architecture is based on two independent single-phase Fluid Loops working in hot redundancy. The 

ATCS uses HFE-7200 series fluid as coolant to collect and to transfer the heat load from both ESM avionics via 
cold plates and CM/CMA via the Interface Heat Exchanger (IFHX) to the dedicated body mounted radiators for a 
controlled heat rejection towards space. Figure 3 below synthesizes the ATCS design. 

5 For radiator sizing case only 
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Figure 3 ATCS schematic, Loop 1 in blue, Loop 2 in red 
 
The coolant flow of each fluid loop is driven by the Fluid Control Assembly (FCA). The main flow before the FCA 
collects the entire thermal load from the CM/CMA via the IFHX (inside the CMA) and from the ESM avionics 
Boxes via the Cold Plate branch. 
A Three-Way Mixing Valve (TWMV), placed downstream from the pump inside the FCA controls the temperature 
of the fluid at IFHX inlet by tuning the flow between by-pass branch and radiators branch. The TWMV is 
commanded by a PDI control law based on the monitoring of the Temperature Sensors Block (TSB) placed 
downstream the by-pass connexion. 
The outlet flow is routed to the Radiator Assembly comp rised of 8 radiators in series. This configuration is the 
result of a trade-off between series and parallel branches performed during Preliminary Design Review (PDR) 
phase.  
Two thirds of the fluid flow at low enthalpy is routed to the IFHX while 1/3 is routed to the Cold Plate branch 
composed of 8 cold plates in series. This coolant flow sharing is an outcome of the ATCS Optimization exercise. 
The 3-way Mixing Valve control law is established to maintain the exit temperature to different set-points as 
required.  
The loops are operating with a mass flow rate in the range of 600kg/h to 800 kg/h and at a maximum operating 
pressure of 11 bar. 
 
Along the ATCS, two dedicated restrictors are used: 

• One on the by-pass branch to balance the pressure drop between radiators branch and by-pass branch 
• One on the Cold Plates branch to ensure the correct coolant flow sharing between the cold plate branch and 

the IFHX branch. 
Each FCA is composed of two centrifugal pumps (working in cold redundancy), two electronic units, one TWMV, 
one venturi flowmeter and one metal bellow accumulator. 
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The choice of the HFE7200 as coolant fluid is the result of a trade-of between several fluids (HFE, ammonia, 
Galden) performed at the beginning of the development. The main advantages of the HFE that have driven the 
choice are its low toxicity and its very low freezing temperature. 
 
Another important trade -of has been performed during the PDR phase about the radiators between parallel and 
series configurations. The main criteria were the heat rejection performance, the mass and the power consumption. 
The result of this trade-of has shown that the two configurations have equivalent heat rejection performance but the 
series configuration presented a mass saving of about 30 kg due to the reduction of the quantity and the complexity 
of the piping connecting the radiators. The drawback is a pump power consumption increase of about 40W that has 
been considered acceptable. Moreover the  full serial radiator configuration implies the fadditionnal benefit in terms 
of ATCS design and performances, in particular: 

• No more flow restrictors needing on the Cluster parallel branches. 
• Residual flow rate unbalance driven by the temperature effect on the coolant viscosity is no longer expected 

due the absence of parallel branches. 
• Radiator less sensible to Stall onset because the higher mass flow range 

B. Passive Thermal Control System 
 

The PTCS design aims at performing the following tasks: 
• Provide dedicated thermal control of the Propulsion and CSS  items (valves, lines tanks, thrusters) 
• Provide thermal control of the ESM electronic units not mounted on cold plates 
• Avoid the hot and cold spots on the SM internal surface 
• Reduce the temperature gradients and minimize heat flows with the external environment 
• Provide thermal control of external items 

To cope with the above functions the PTCS is composed of the following main components: 
• Heaters lines and thermistors 
• MLI Thermal Blankets 
• FEI blankets ( high temperature thermal protection against Thrusters plume impingment and Engine nozzles 

thermal radiation) 
• Specific thermo-optical coatings 
• Insulation washers 

 
MLI blankets are used to insulate to the maximum extent the internal parts of the ESM from the space 

environment and from the CM/CMA in order to minimize the heater power budget. Different MLI compositions 
have been identified for the different applications on the ESM. The MLI composition mainly depends on the 
exposure or not to the space sink, the combination with MMOD protections and the exposure to plume impingement 
and thruster nozzle radiations. 

On the rear side of the module, a high temperature thermal protection has been added on top of the MLI to 
protect against the heat loads generated by the OMS engine and the 8 auxiliary thrusters. This protection called 
Flexible External Insulation (FEI) is composed of silica felt embedded in Nextel fabric. Five area with different 
thickness have been defined depending of the level of temperature reached on the external surface. 

The figure 5 shows the general layout of MLI blankets. 
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Figure 5: MLI layout 

 
The heater line design shall guarantee the minimum temperature limit of the various equipment and shall be in 

line with the failure tolerance principle. The baseline is, therefore, to implement two heater lines per heated item 
commanded by two different TCU and working in cold redundancy. Each heater line is controlled by four 
thermistors (two for main and two for redundant) and all heaters lines are powered by 120 [Vdc] power bus. 

For safety purposes, a third heater line controlled by a thermostat and powered by the PCDUs is implemented on 
most of the heated items. The figure 6 shows the heater line principle. 

 

 
Figure 6: heater line principle 

 
In addition some heater lines are installed on propellant piping for specific propulsion purpose of performing the 

repriming of the piping after a period of isolation. Those heater lines are connected to the TCUs but are not part of 
the TCS. 
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Generally the heater lines are installed directly on the items to be heated, but in some cases, heater lines are 
installed on surrounding structures and a global compartment heating is performed. The heater lines installed on the 
propellant tanks and on the water tanks are also used as global compartment heating allowing to maintain the 
minimum temperature of the fluid equipments installed on the surrounding structure. 
 

The heater lines control is performed by the Flight Software using TON/TOFF thresholds and ,for reason of TCU 
performance limitation, a specific heater line prioritization algorithm has been implemented to limit the 
instantaneous maximum current at inlet of the TCU heater modules. The figure 7 shows the global logic of heater 
line control.  

In a first step, the 4 temperature measurements are processed  using a majority voting process and the average 
value is computed.  

In the second step, the processed temperature is compared to the heater line control set points and the heater line 
command is elaborated using a standard thermostat regulation logic. 

In the third step, after the elaboration of all the heater line command, the heater line prioritization logic is 
performed in order to limit the instantaneous maximum current of each TCU module, resulting to a set of final 
commands to be send to the TCUs. 

 
Figure 7 heater line control logic 

 

C. Thermal Control Unit 
The TCU is in charge of carrying out the following main functions for TCS: 

• To deliver electrical power to the ESM’s heaters. 
• To acquire the thermistors that are used to control the heaters. 
• To execute the ON/OFF commands for the heater lines elaborated by the CM software. 
• To receive and transfer command from ODN to the FCA 
• To receive and transfer telemetry from FCA to ODN 

 
In addition the TCU provide the following functionalities: 

• To elaborate the commands to drive the valves of the Consumable Storage System (CSS). 
• To acquire the sensors that are used to monitor the CSS 
• To acquire the thermistors that are used to monitor the propulsion items 

 

V. Development status and forward work 
Both ESM system and TCS subsystem have successfully passed their Critical Design Review in 2016 with some 

minor evolutions of the TCS design that is under implementation. A development test dedicated to the ATCS has 
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also been performed in 2016 allowing to correlate and refine the hydraulic model as well as to tune the parameters 
of the TWMV PDI law. 

The qualification of the TCS sub-system will be completed in 2017 in parallel with the integration and test of the 
FM1 MPCV-ESM. The last step of the development will be the qualification of the Thermal Control design at 
system level that will be achieved after the Thermal Balance/Thermal Vacuum Test that will be performed in 2018 
at integrated MPCV vehicle level in the Plumbrook station test facilities. 
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