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First six years of flight operations give a good chance for reviewing performances and 

major events faced by the Thermal Control System (TCS) of the European ISS Laboratory. 

This paper gives a glance to the 2008-2013 timeframe, considering both passive and active 

thermal control system performances, from the system down to the equipment levels, 

presenting the main lessons learnt, from the use of mathematical models for operational 

purposes to the impact of ISS lifetime extension, the development of new equipment and the 

TCS perspectives for the forthcoming years of on orbit activities. 

Nomenclature 

ACLS = Advanced Closed Loop System 

ATCS = Active Thermal Control System 

BOL = Beginning Of Life 

BSM = Berthed Survival Mode 

CDR = Critical Design Review 

CHX = Condensing Heat eXchanger 

CMS = Chip Measurement System 

EATCS = External Active Thermal Control System 

ECTMM = External Complement Thermal Mathematical Model 

ESA = European Space Agency 

FCT = Flight Control Team 

FSS = Fluid System Servicer 

HCU = Heater Control Units 

HRF = Human Research Facility 

IFHX  = Interface Heat eXchanger 

IOTMM  = Integrated Overall Thermal Mathematical Model 

ISS = International Space Station 

LT = Low Temperature  

MDP = Maximum Design Pressure 

MLI = Multi Layer Insulation 

MPLM = Multi Purpose Logistic Module 
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MT = Mean Temperature 

OPA = Ortho-PhthalAldehyde 

PCTMM = Pressurized Complement Thermal Mathematical Model  

P/L = PayLoad 

PTCS = Passive Thermal Control System 

R&R = Removal and Replacement  

TCS = Thermal Control System 

TCV = Thermal Control Valve 

THMM = Thermal-Hydraulic Mathematical Model 

UFM = Ultrasonic Flow Meter 

VFM = Venturi Flow Meter 

WPA = Water Pump Assembly 

WTSB = Wet Temperature Sensor Blocks 

 

I. Introduction 

N February 11
th

  2014, Columbus completed six years of operations in orbit. Along these years engineers 

involved in the development, qualification and acceptance of the European laboratory of the International 

Space Station (ISS) had the chance to follow 

the flight operations as support team of the 

Columbus Control Centre (Col-CC) Flight 

Control Team (FCT). The richness of events 

occurred gave, and still gives, a valuable 

occasion to better understand strength and 

weakness of the design implemented, to 

measure margins effectiveness applied at 

design phases and collect lessons learnt for 

system improvements . The unique typology of 

this system further underlines the significance 

of this data and of its analysis. 

This paper collects and comments major 

events and experience gained in flight for the 

Thermal Control System (TCS), composed by 

the Active Thermal Control System (ATCS), 

the pumped fluid bus for waste heat collection 

and transfer to the ISS heat exchangers that 

controls the thermal environment of the habitable volume, and the Passive Thermal Control System (PTCS), based 

on classical Multi-Layer Insulation (MLI), heaters and thermistors elements, that controls the module shell 

temperature. 

II. Active Thermal Control System 

The ATCS pumped fluid system is the backbone of the Columbus thermal control system. This is a single phase 

water loop, designed to collect waste heat from system elements, i.e., avionic units mounted on coldplates and the 

Condensing Heat eXchanger (CHX), a double core air/water exchanger for cabin termperature and humidity control 

and from 10 Payload racks, carrying the scientific experiments of the laboratory. 

In Figure 1 is shown the system layout, detailing the major control elements and sensors and redundancies 

available. Payloads and system coldplates are connected in a parallel configuration also known as plenum. Core of 

this system is the Water Pump Assembly (WPA), unique block collecting the centrifugal pump, with the water 

accumulator, filter and degassing elements. WPA is equipped with a Venturi Flow Meter (VFM) for flow rate 

monitoring, pressure sensors at accumulator and impeller outlet, Quantity Level (QL) sensors for accumulator check 

and water and avionic temperature sensors. Flow rate is controlled actively at plenum level by the WPA and Delta 

Pressure Sensor Block (DPSB), while temperature at plenum and CHX inlets is assured by Water Modulating 

Valves (WMV) that properly mix hot and cold water inlets to keep 17⁰C and 5⁰C or 7⁰C respectively. Wet 

Temperature Sensor Blocks (WTSB) monitor temperatures for control puposes and check. Water On Off Valves 

O 

 
 

Figure 1.  Columbus ATCS functional scheme. 
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(WOOV) and Water Flow Selection Valves (WFSV), used for hydraulic isolation and regulation respectively, 

complete the list of the major components working inside the ATCS. 

Cold sink of the system are two ISS Interface Heat eXchangers
1
 (IFHX), namely the Low Temperature (LT) and 

Mean Tempetaure (MT) busses, connected in series and placed outside the Columbus envelope, on the neighbour 

US Node2. These are two ammonia/water exchangers that transfer heat to the radiators placed on the ISS truss. 

In the following a glance is given on system performance and exploitation, with recalls on major events occurred 

in flight. 

A. Thermal Bus Utilization: 

The ATCS system was developed and qualified
2
 to reach a target flow rate of 950 Kg/h and then recertified

3
 to 

extend the system capability up to 1050 Kg/h, in line with the heat transport capability of the system, fixed at CDR 

to a maximum design case of 22 kW, and  a nominal load on P/Ls of 14.5 kW. Mass flow budget splits into a fixed, 

minimum flow of 300 Kg/h for avionic branches and to a variable part, from 0 to 750 Kg/h for the Payloads units.  

In  Figure 2 is reported WPA1 flow rate measured on 2012; excluding high peaks, corresponding to system 

activities like WPA filter check, and low peaks, corresponding to redundant WPA2 activity, is clear that ATCS bus 

was underutilized, with a P/L mean flow less than 30% the maximum. Similar consideration apply looking at WPA 

outlet temperature (Figure 3) 

that, together with mass flow 

information, measure indirectly 

the P/Ls heat load: also in this 

case the maximum power 

considered in C/D phase for 

P/Ls cooling is low, in this case 

less than 20% of the maximum 

design budget.  

From system standpoint this 

means that recertification was 

not strictly necessary or, in 

other words, that the ATCS 

system is currently oversized 

since P/Ls utilization, on the 

past six years, was well below 

the expectations. New  

Advanced Closed Loop 

System
4
 (ACLS) system rack 

together with new P/Ls like the 

European Drawer Rack (EDR) 

Mark II and other   experiments 

like the Electro Magnetic 

Levitator
5
 (EML) for the flying 

EDR facility, should increase 

the system exploitation leading 

to higher flow rates and 

temperatures. 

Heat load from CHX cannot 

be derived directly from 

measurements, since flow rate 

and outlet temperature are not 

monitored. A rough estimation 

perfomed on Temperature 

Control Valve
5
 (TCV) 

positions, around 2% and cabin 

air temperature, stable at 23 ⁰C, 

gives a reference load of about 400 W and also in this case the load obtained is well below the maximum heat load 

considered at C/D phase of 3650 W.  

 
 

Figure 2.  WPA1 Flow Rate (Kg/h) in 2012 

 

 
 

Figure 3.  WPA1 Outlet Temperature (ºC) in 2012 
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B. Water Leakage:  

ATCS was designed to operate for 10 years without coolant spillage or refurbishment, with all water loaded 

inside the two WPAs accumulators at launch, to cover physiological (nominal) leak, spillage due to Quick 

Disconnects (QD) operations and themal expansion/contraction. Once on orbit, the need to perform periodic water 

sampling and OPA treatment
6
 brought to the need of performing on-orbit accumulator refills via NASA Fluid 

System Servicer (FSS). Further, cross leak from active WPA1 to redundant WPA2 accumulator forced to introduce 

a flight activity never tested on ground, for which water is transferred back with main pump running, acting on 

upstream WOOVs and accumulator pressure setting
7
. 

Anyhow, water lost through physiological leak from ATCS activation has been derived from QL measurements, 

cleaning up all transfer, refill and spillage contributions as shown on next  

Figure 4. If compared with the C/D design figure of 1.46 liter/year and results coming from characterization test 

performed before launch
8
 a good trend was kept for the first 3 years and half. The situation get worst at mid 2012, 

with a leak acceleration, recovered in April 2013, after the WOOV7 replacement with the new WOOV Mark II
9
. QL 

sensor is able to detect leak at system level, but cannot show where the leak is and can be used only to check the 

situation a posteriori, as in this case.  

Lesson learnt in this 

case is simple: nominal 

leak budget analysis 

and leak rates applied 

in C/D phase is 

conservative and useful 

for accumulator sizing, 

but reference leak rates 

for system leak check 

must be derived from 

flight telemetries, with 

particular attention to 

beginning phases, 

where all components 

are at their Beginning 

Of Life (BOL). 

C. IFHXs Ammonia Leak 

Release of ammonia into ATCS system through a breach in the IFHXs was considered not credible during the 

C/D phase. For this reason the system design fixed the Maximum Design Pressure (MDP) at 8.4 bar, well below the 

minimum operative pressure of the ammonia loop, between 20 bar and 35 bar. Rupture or gross leak inside one 

IFHX would then lead to a catastrophic event, due to pressure release inside the system, with probable loss of the 

entire laboratory. The C/D scenario changed in flight: ammonia intrusion became credible and studies started to 

identify possible scenario identifying 

toxicity levels and crew 

safeguards
10,11

. 

This need became more evident 

during the recent freezing alert 

occurred on 11
th

 December 2013 on 

the MT bus. In next Figure 5 is shown 

the temperature monitored by 

WTSB5, during cooling loss 

capability due to IFHX internal 

bypass insertion. 

Early reaction, mainly the 

ammonia loop depressurization,  is the 

only way to prevent catastrophic 

conclusions in case of IFHXs leak. 

Prevention will look at short time 

check based on QL thresholds for 

Moderate NH3 Leakage, currently under definition, and medium time check based on water sampling analysis (strip 

 
 

Figure 4.  Overall System Leak (liter) 
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Figure 5.  MT-IFHX Outlet Temperature on 11 Dec 2013 (345) 
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and RTG samples) for Micro Leak detection as well as for cabin air analysis via Draeger Tubes and Chip 

Measurement System (CMS).  

D. Plenum Water Flow Management 

Many discussions came around the plenum water flow distribution with distinct issues for US and ESA P/Ls. 

US P/Ls flying inside Columbus, e.g., Express Rack 3 (ER3) and Human Research Facility 1 (HRF1) and HRF2, 

have common design approach: flow rate inside the rack is set by a closed loop control system, based on solenoid 

valves, flow meters and relevant control software. For these P/Ls partial strokes of upstream WFSV, one for each 

operational mode of the rack, were defined to minimize interactions of racks active flow control systems with the 

ATCS plenum control system
12

. With the original WFSV position, ER3 was not able to reach nominal flow rate with 

the European Modular Cultivation System (EMCS) experiment. Investigations performed
13

 underlined a mismatch 

between flight and ground simulators used to tune internal ER3 valves, forcing to work with WFSV in fully open 

position. On the HRFs side unexpected pressure spikes were observed during activation and deactivation phases. In 

this case spikes were due to instant movement of the internal solenoid valves during rack power up and down. This 

issue was fixed with P/Ls control software update
14

. Further simplification on US P/Ls management from the 

operational standpoint was obtained reducing the WFSVs positions to a single opening applicable for each P/L in all 

operational modes. 

European racks do not have active flow control system and operate without any flow sensors in the coolant line. 

For these racks low flow rate conditions were derived indirectly from WPA VFM flow rate variation across WFSV 

P/L closure or opening 
15

. This sensor, the only flow meter available at ATCS system level, was originally 

conceived to provide rough estimates of the flow system as health monitor sensor, posing doubts on the 

measurements precisions. Comparison with US P/Ls measurements underlined the VFM approach limits and 

countermeasures were identified to reduce anomalies rising from Col-CC side
15

. On-orbit test with the NASA 

Ultrasonic Flow Meter (UFM) was proposed to finally close the anomaly however, this test has not been performed 

due to cost and limited crew time reasons. 

 

By comparing the two flow control approaches, it is clear that US design, once solved the first issues, 

demonstrated to be more robust in terms of flow rate recovery, cutting out all uncertainties of the design phase and 

covering the flow measurement lack inside the ATCS plenum. On the ATCS side it is clear that more precise flow 

sensor is required, and this will be partially solved with the new WPA Mark II UFM
16

. This need can be extended 

beyond the plenum to other critical area like the IFHX and the CHX branches, where the flow rate information could 

give important indication on the system behavior, both for engineers and operation teams. 

E. Equipments Failure and Mark II developments  

Core of the ATCS system are two pump packages, the main WPA1, 

that worked almost six years and redundant WPA2, activated for short 

periods for system planned activities. For the first time, planned switch-

over (S/O) on WPA2 failed on January 13
th

, 2013, with WPA2 unable to 

start running, forcing automatical reconfiguration back on WPA1. On-orbit 

test excluded hydraulic and mechanical damages and restricted the failure 

options to either the pump impeller or the related electronic. WPA2 was 

declared failed and redundancy was lost. WPA spare (FM3) preparation 

started in parallel and pump package was launched aboard ATV4 on June 

6
th

. R&R activity was performed on July 5
th

 by the ESA Astronaut Luca 

Parmitano, specifically trained in Cologne EAC to execute the activity. 

Switch over from WPA1 to the new WPA2 was then performed and 

finally WPA2 (FM3) was nominally activated successfully, again. WPA2 

(FM3) was kept running for some days and on July 27
th

 it was finally 

commissioned. 

As part of the WPA commissioning a filter characterization was 

performed in order to check the pump performance at different speeds.  

The failed pump (FM2) has been specially prepared/packed and 

successfully downloaded with SpaceX 6. Further troubleshooting on 

ground is in preparation. WPA manufacturer produced 3 flight units and 

then retired from the space market: now no other spares are available on 

ground. Further, the logistic approach, based originally on Shuttle 

 
Figure 6.  ESA Crew member 

Luca Parmitano during WPA2 

R&R activity 
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availability, changed due to vehicle retirement and the ISS lifetime has been extended from 10 to 18 years. For these 

reasons other pump packages are needed and new WPA Mark II
16

, currently under qualification, should be available 

by the end of 2015. 

 

Other failures occurred on WOOV valves exposed to cold water flow, i.e., working at temperature below dew 

point: condensation and corrosion damaged the electric motor and blocked the gear mechanism. For those valves 

only one spare was available on-orbit and also in this case new Mark II substitutes were manufactured to replace the 

damaged ones
9
. 

 

III. Passive Thermal Control System 

The Columbus passive thermal control includes basically heaters to keep internally adequate temperature levels, 

MLI blankets and proper MDPS thermal coating to limit the module heat leaks and gains. 

Most of the MLI blankets are mounted between the pressurized shell and the MDPS panels; other blankets are 

directly exposed to space, i.e. MLI in the fittings areas and on the feedthrough plates. A network of heaters and 

temperature sensors is installed on the external shell in order to avoid condensation on shell surfaces and freezing of 

water lines during the Berthed Survival Mode (BSM), which is the Columbus safe mode in the event of a major 

failure, where the ATCS, all payloads and almost all system equipment are shut down. The total number of heaters 

is 156 subdivided into 12 circuits (6 primary and 6 redundant) of 13 heater foils. Each heater circuit is commanded 

by the 2 Heater Control Units (HCU). Three temperature sensors per each chain monitor the Columbus shell 

temperatures. The HCU’s work in ‘cold redundancy’ with on/off set temperatures respectively at 20°C and 23°C. 

Each heater outlet is switched ‘ON’ by the HCU whenever one of the three relevant sensors measures a temperature 

below 20°C; it is switched ‘OFF’ when all the three relevant sensors give a temperature above 23°C. The heaters 

foils (Kapton thermofoil type) are glued on the cylinder, starboard/port cones external shell. The nominal allocated 

heat power is 874W. 

On the basis of the external 

environment, orbital 

parameters and MDPS thermo 

optical properties, worst cold 

and hot cases were identified 

in the C/D phase analysis 

campaign. Results showed a 

duty cycle (i.e., the fraction of 

the total power effectively 

released by the heaters over 

the total heater power 

available) of 100% for the cold 

case and 0% for the hot case. 

Figure 7 shows the on orbit 

heater duty cycle and the beta 

angle: telemetry confirms that 

with high positive beta the 

maximum heater power is 

needed to keep the shell 

temperature up to 20°C, while 

with high negative beta (i.e. 

hot case) a heater power is needed too. 

 

Lesson learnt on passive thermal control is mainly on the discrepancy in the power consumption for the hot case, 

that can be explained with the following considerations: 

 analyses used worst values for yaw/pitch/roll while the nominal values are 0/0/0 

 analyses used End Of Life (EOL) values for MDPS thermo optical properties (so far no degradation of 

these properties can be derived based on the heater duty cycle trend) 

 analyses uses fixed values for the beta angle 

 
Figure 7.  Duty Cycle and Beta Angle on 2011 
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 heater power consumptions depends also on the internal Columbus environment and on the continuous 

variation of the external environment that cannot be exactly simulated 

In addition it has been noted that the power consumption in the hot case is due to the low temperatures in the 

portcone (around 20°C) side, while the starboard shell temperatures are around 30°C; therefore the heaters continue 

to be switched on although the shell at and near the starboard cone is in no need of heating (with high negative beta 

the heater control logic uses sensor too much conflicting). By the way, considering that the cabin air dew point is 

never higher than 12°C, the heater set point could be decreased in order to save power consumption if needed. 

 

Finally it can be stated that the environmental worst cases were correctly identified in the C/D analysis 

campaign, therefore the design of passive thermal control is able to support all the several on orbit operational 

scenarios so far experienced. 

IV. Mathematical Modelling 

Mathematical modelling was extensively applied during design phase
2,3,17

, flight mission STS-122 1E 

preparation
18

, anomaly resolution on-orbit
12,13,14,15,19

 , prediction for critical on-orbit test
7
, control system 

verification
20

 and are currently used to support P/Ls management/configuration changes
21

, with the following detail: 

1. IOTMM (Integrated Overall Thermal Mathematical Model): this model was used to support Columbus on 

orbit delivery and it is currently used to support the on orbit flight requests and anomaly organization and resolution 

management tools. 

2. ATCS THMM (Thermal-Hydraulic Mathematical Model): this model supports the on orbit flight operations 

for hydraulic specific points (e.g., definition of WFSV sequence for the WPA filter characterization test and 

degassing activity, definition of WFSV position for the NASA Payloads in order to avoid pressure spike at plenum 

ΔP) 

3. ECTMM (External Complement Thermal Mathematical Model): this model is a simplified version of the 

IOTMM integrated with the TMM’s of the External Payloads (e.g. SOLAR, EuTEF, MISSE6) and it is updated 

according to the ISS and External Payload configuration changing Stage by Stage. It supports the analyses relevant 

to the External Payload behavior (e.g. thermal clock definition in case of loss of power) and the analyses to respond 

NASA CRs and ISS Chits requests concerning ISS attitude variations (e.g. investigation for the attitude ±YVV). In 

addition the ECTMM was also used to perform the thermal analyses needed to validate the extension of the SOLAR 

operational mission up to 2013 and its further inoperative presence on Columbus up to 2020   

4. PCTMM (Pressurized Complement Thermal Mathematical Model): this model is the IOTMM integrated with 

the TMM’s of Internal Payloads EDR, FSL and EPM. It is updated according to the different experiments 

configuration inside each Payload changing Stage by Stage. The Stage Analyses, required by NASA and based on 

ICDs and Waivers documentation, demonstrates the compliance to the payload complement requirements (i.e. 

Columbus plus its payloads) and, when necessary, defines operational guidelines and constraints if element level 

conflicts are identified. 

This models 

architecture has been a 

successful approach since 

so far it has fully and 

efficiently supported the 

operational scenario and 

the needs encountered 

throughout the ISS and 

Columbus engineering 

experience. These models 

permitted to verify the 

feasibility of several on-

orbit operations and to 

assist their execution both 

in terms of procedures 

definition and real time 

support. 

Discrepancies between 

models results and flight 

 
Figure 8.  ECTMM Geometrical Mathematical Model 
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data can not be charged to the above models architecture or even to the accuracy or reliability of the models but 

rather to input parameters used for the analysis. These values mainly come from Columbus C/D phase 

documentation or Payload ICDs and were originally defined to envelope within a single value the multitude of the 

on orbit operational scenario. Therefore, for specific and circumstantial events, they are not suitable to provide 

analysis results in line with the flight data. From the engineering standpoint, there is a strong interest to perform 

correlation activity to cover all area that was not possible to test on ground, to clear out uncertainties and check the 

margins taken during the design phase as previously discussed. Some correlation activities were already performed 

for specific elements (e.g., HXs bypass, CHX dry-out sequence) but further correlations require additional effort 

with cost impact and are not in scope with the program proposal. 

 

It is worth to say that all correlation and troubleshooting activities rely on efficient flight telemetry database, able 

to provide rapid access to collected data with some basic statistic analysis capability (mean values, min and max 

etc.) and internal tools were developed by the industries involved during these years to cover this need. Considering 

the mission extension up to 2020, the amount of data that shall be handled is huge and databases shall be ready to 

provide an efficient support also for the years to come.  

V. Conclusion 

Columbus experience is the first of this kind in Europe, considering the mission typology, extension and 

complexity. This paper gives an overview on major points taken by the TCS engineers on first six years, without the 

claim to cover all lessosns learnt. As a general conclusion Columbus TCS design has proved to be robust and 

resilient to failure events. Despite the change in logistics for the ISS, with the retirement of the Space Shuttle in 

2011, it has been possible to conduct the maintenance that has been required. In general , the new equipment 

development activities which have been initiated in the period following the end of Phase C/D appear to cover 

adequately the items for which spare hardware has been required. 
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