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In 2022, NASA is planning to send a spacecraft to Jupiter’s icy moon Europa. The baseline thermal 

architecture for the spacecraft is the Mars heritage CFC-11 Mechanically Pumped Fluid Loop (MPFL). CFC-

11 based MPFLs have been used for thermal control of spacecraft and rovers on three NASA missions to 

Mars. The latest NASA Mars mission using the MPFL based thermal architecture is the Mars Science 

Laboratory rover ’Curiosity,’ which has been successfully operating on the Martian surface since August 

2012.  Because of the proven reliability and flexibility of the Mars heritage MPFL, it was decided to use it as 

the baseline for the thermal control architecture of the Europa Mission spacecraft. However, unlike previous 

Martian missions, the spacecraft for the Europa Mission would be exposed to high levels of ionizing radiation 

and need to operate for long durations (~ 10 years). The Mars heritage fluid loop has not previously operated 

in this type of radiation environment or for this duration.  In order to evaluate the effects of ionizing 

radiation on a Mars heritage MPFL, a test campaign was undertaken at the NASA Jet Propulsion 

Laboratory. A fluid loop similar to the anticipated Europa Mission fluid loop was designed and built. CFC-11 

was used as the working fluid and the wetted materials were stainless steel and aluminum. The fluid in the 

system was exposed to approximately 5 Mrad of ionizing radiation during four irradiation sessions over the 

course of four months. Hydraulic performance of the system was monitored during and after each irradiation 

session. Flowrate, pressure drop and pump power consumption were continually measured. The degradation 

of the working fluid and containment tubing were evaluated via chemical and metallographic analyses 

carried out on testbed samples after each irradiation session. It was found that the hydraulic performance, 

fluid composition and mechanical integrity of the system were minimally affected by the radiation. This 

paper describes the various aspects of testing of the simulated fluid loop and the results. In addition, life test 

data from an MPFL test that has been operating for over ten years was used to confirm the capability of this 

system to operate for the time scales required by the Europa Mission (~10 years). 

Nomenclature 

DAQ =   Data Acqusition System 

LPM =   Liters per minute 
MAWP = Maximum Allowable Working Pressure 

MPFL = Mechanically Pumped Fluid Loop 

MSL =    Mars Science Laboratory 

RDF = Radiation Design Safety Factor 

TID = Total Ionizing Dose 

                                                           
1 Thermal Technologist, Propulsion, Thermal, and Materials Engineering Section, 4800 Oak Grove Dr., Pasadena, 

CA 91109, Mail Stop 125-123. 
2 Principal Engineer, Propulsion, Thermal, and Materials Engineering Section, 4800 Oak Grove Dr., Pasadena, CA 

91109, Mail Stop 125-123. 
3 Senior Thermal Engineer, Propulsion, Thermal, and Materials Engineering Section, 4800 Oak Grove Dr., 

Pasadena, CA 91109, Mail Stop 125-123. 
4 Senior Chemist, Propulsion, Thermal, and Materials Engineering Section, 4800 Oak Grove Dr., 

Pasadena, CA 91109, Mail Stop 125-123. 
5 Chemist, Propulsion, Thermal, and Materials Engineering Section, 4800 Oak Grove Dr., 

Pasadena, CA 91109, Mail Stop 125-109. 
6 Senior Materials and Processes Engineer, Propulsion, Thermal, and Materials Engineering Section, 4800 Oak 

Grove Dr., Pasadena, CA 91109, Mail Stop 158-103. 



 

International Conference on Environmental Systems 
 

 

2 

I. Introduction 

ECHANICALLY pumped fluid loops (MPFLs) have been successfully used for spacecraft thermal control for 

several of NASA’s robotic space missions during the last 20 years.  The three Mars lander and rover missions 

used these active fluid loops to control temperatures by managing waste heat generated by various heat sources on 

the spacecraft.1-5 These fluid loops have consisted of a mechanical pump with a motor controller, an accumulator, 

thermally actuated control valves, and tubing for circulating the fluid and transferring waste heat from a source or to 

a sink (hardware needing heat to maintain its safe operating temperatures or radiator).  In all cases CFC-11 

(trichlorofluoromethane, CFCl3) was used as the working fluid.  Over the years, JPL has developed extensive 

heritage with this fluid through life tests in the laboratory and use on actual flight missions.  NASA’s latest Mars 

rover, ‘Curiosity,’ which has currently been operating on Mars for over four years, has an MPFL using CFC-11 to 

keep the rover, its sensitive science instruments and electronics at safe operating and survival temperatures.  The 

latest design for NASA’s planned Europa Mission has based its thermal control design on the Mars heritage MPFL 

using CFC-11, on the basis of the extensive flight heritage developed with this system. Heat is transported 

throughout the 4.5 m tall spacecraft using 

this MPFL. Figure 1 shows the current 

configuration of the spacecraft.6 Details of 

the thermal design can be found in Ochoa 

et al.6 

There are a couple of challenges in 

employing the Mars rover heritage fluid 

loop for the environment at Europa.  The 

first major challenge is the survival and 

successful operation of the loop in the high 

ionizing radiation environment around 

Jupiter, the planet around which the moon 

Europa orbits.  The total ionizing dose 

(TID) during the Europa Mission is 

expected to be several orders of magnitude 

higher than the levels seen during the Mars 

missions, where the fluid loops have previously operated.  The second challenge is the planned mission duration of 

10 years, during which the fluid loop needs to continuously operate.  A technology evaluation and development 

effort was undertaken at JPL in 2014 to assess the capability of the heritage Mars rover fluid loop to survive and 

successfully operate for the Europa Mission. 

A literature survey of previous work addressing the effects of ionizing radiation on the working fluid CFC-11 

showed little conclusive data.  The only data found in the open literature on this topic was from the nuclear power 

generation industry in the 1950’s.7,8 The results were not applicable to what was needed for the Europa Mission 

environment.  The Europa project initiated an effort to experimentally evaluate the effects of Europa level ionizing 

radiation on the fluid loop.  The primary component of the MPFL that is affected by the ionizing radiation is the 

working fluid (CFC-11).  The rest of the loop consists of metallic parts and is not susceptible to any damage at the 

radiation levels expected during the Europa mission. The electronics in the MPFL is also affected but would be 

housed in a radiation shielded vault and will be investigated along with the rest of the Europa electronics for the 

expected radiation levels in the vault during the mission.  

The first task in this investigation involved estimating the expected Total Ionizing Dose (TID) in CFC-11 during 

the course of the Europa Mission. For the estimated 10-year mission, the duration the spacecraft is around the planet 

Jupiter and its moon Europa is about 3.4 years. During this period the spacecraft is expected to fly close by the 

planet in the high radiation zone about 50 times for about 10 hours each time.  The TID absorbed prior to Jupiter 

orbit insertion is negligible compared to that received subsequently.  Once the TID for the CFC-11 fluid in the loop 

was calculated, preliminary testing was carried out to investigate the effects of ionizing radiation on CFC-11. The 

next step was to build an MPFL testbed simulating the Europa MPFL and expose the fluid to the expected TID. The 

effects of ionizing radiation on the system would be evaluated by monitoring the fluid, wetted materials, and the 

performance of the entire system. 

 The second task was to demonstrate that the Mars heritage MPFL could meet the lifetime requirements of the 

Europa Mission. This was done by taking data from an un-irradiated Mars heritage MPFL that has been on-going for 

the past ten years. Lifetime testing on the irradiated Mars heritage MFPL was also conducted.  

M 

 
Figure 1: Isometric view of the Europa Mission Spacecraft.6 
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II. Methods 

The methods used in evaluating the suitability of the Mars rover MPFL for the Europa Mission consisted of both 

analytical and experimental studies.  The requirements of the Europa Mission exceeded the flight heritage of the 

Curiosity rover’s fluid loop, which has currently been operating on Mars for the last four years and has completed 

over five years of continuous operation since the launch of the spacecraft.  To satisfy the Europa Mission 

requirements, the Mars heritage MPFL needed to demonstrate two additional capabilities: an operating life of over 

ten years, and no degradation in performance after being exposed to the total ionizing dose the fluid loop is expected 

to receive during its two-year orbit around Europa and its mother planet Jupiter.  The technology development plan 

followed to demonstrate these capabilities was to test the fluid for any degradation after exposure to the TID 

expected for the Europa Mission, and to use existing life test data from an ongoing Mars heritage MFPL life test. 

The only parts of the fluid loop that sees the maximum ionizing radiation dose level are the CFC-11 fluid and the 

tubing that is outside of the radiation protected vault.  The actual pump assembly consisting of the pumps, valves, 

and the motor controller is located in the vault and is exposed to a much reduced level of radiation.   

 

A. Estimating the Total Ionizing Dose from Radiation on CFC-11 during the Mission 

The first step in assessing the effect of ionizing radiation on the CFC-11 fluid was to estimate the TID absorbed 

by the CFC-11 in the fluid loop during the Europa Mission.  A radiation analysis model using the radiation transport 

code NOVICE and the anticipated worst case Europa Mission radiation environment was used for this purpose.9,10 

The analysis modelled the TID received by a static column of CFC-11 held in a 0.375 in (9.53 mm) OD aluminum 

tube exposed to isotropic irradiation. Several cases were analyzed with different tube lengths (60 in and 6 in) (152.4 

cm and 15.24 cm), wall thicknesses (0.028 in and 0.035 in) (0.711 mm and 0.889 mm) and materials. The analysis 

calculated the TID received at discrete points in the CFC-11 at different depths from the tube surface. Since the 

radiation was isotropic, these values could be used to estimate the TID received by concentric nested shells of CFC-

11 within the containing tube. In the static fluid case analyzed, the outer shells of fluid receive a larger TID than the 

inner shells, however in the actual flow system the fluid will be well mixed since the flow is turbulent. Because of 

this, a volume weighted average of the TID received by the fluid was used to estimate the total TID expected in the 

CFC-11. 

Table 1 shows the results computed by 

NOVICE for the TID received at different 

depths in a tube of static CFC-11. Varying 

wall thickness (0.028 in to 0.035 in) (0.711 

mm and 0.889 mm) and tube length (60 in 

and 6 in) (152.4 cm and 15.24 cm) had a 

minimal effect on the results. For the 

anticipated design case of a 0.375 in (9.53 

mm) OD tube with a 0.028 in (0.711 mm) 

wall thickness fully exposed to the expected 

ionizing radiation environment, the volume 

averaged TID received by the CFC-11 was 

3.6 Mrad. It was assumed that in the final 

flight design 70% of the system tubing 

would be exposed to the full radiation 

environment, and 30% would be well 

shielded. Since the circulation time of the 

fluid in the loop is much less than the 

mission duration, the average TID received 

by the fluid over the course of the mission is 

approximately 0.7*3.6 Mrad = 2.5 Mrad. 

Using a Radiation Design Factor (RDF) of 2 

(dictated by the project) the fluid must 

therefore be able to withstand a TID of 5 

Mrad. 

 

 

 

Table 1. TID levels in CFC-11 contained in a 5 ft (152.4 cm) 

long 0.375 in (0.711 mm) OD tube with both ends open.9 
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B. Preliminary Testing 

As discussed above, the existing literature regarding the effects of ionizing radiation on CFC-11 is inconclusive.   

In order to assess the impact of ionizing radiation on CFC-11, a simple test was put together where bi-metallic 

steel/aluminum tubes were filled with CFC-11.11 Stainless steel and aluminum are the primary wetted materials in 

the Mars heritage MPFL. These tubes were instrumented to read pressure and gradually irradiated to about 6 Mrad 

using a radioactive 60Co source. This test was carried out to see whether CFC-11 in contact with steel and aluminum 

would significantly decompose when exposed to ionizing radiation. Any additional tests were to be performed only 

when it was shown that there was no significant degradation of CFC-11 when irradiated and there is no buildup of 

pressures due to release of any reactant gases. 

 

C. Irradiation of a Mechanically Pumped Fluid Loop 

 The relatively small changes in pressure observed in these early static tests gave the confidence required for 

proceeding with an irradiated MPFL test to simulate the anticipated Europa flight system. A fully operational MPFL 

was designed, built, and irradiated. The system was designed to simulate the most relevant aspects of the anticipated 

Europa MPFL. The performance and integrity of the fluid loop were monitored both during and after radiation 

exposure.  

 

D. Life Testing of an Irradiated MPFL 

After the conclusion of the irradiation test campaign with the MPFL, a life test was started in ambient conditions. 

The irradiated fluid loop was setup up to run in an un-irradiated environment, while the performance was being 

monitored. As of this publication, the system has been running for about 22 months. 

 

E. Long-Life Testing of an un-irradiated MPFL 
The Europa Mission spacecraft would travel for 6.7 years before its primary mission at Jupiter’s moon starts. 

Ionizing radiation levels during this journey would be relatively negligible. A long life test of an un-irradiated Mars 

heritage MPFL was used to assess the ability of the Europa MPFL to survive such a journey. This life test has been 

operating continuously for approximately 10 years. 

III. Preliminary Testing: Irradiation of CFC-11 and Wetted Materials 

A.  Test Setup 

Six 0.375 in (9.53 mm) OD aluminum tubes with bi-metallic stainless steel/aluminum couplings welded on 

either end were evacuated and backfilled with a two-phase (liquid-vapor) mixture of CFC-11 at room temperature. A 

pellet of silver impregnated graphite (the bearing material used in the pump) was place inside each tube. Safety 

features including a burst disc and gas scrubbers were incorporated in case a severe reaction took place during 

irradiation. The tubes were instrumented to read pressure. In addition to the six metallic test tubes, a glass vial was 

filled with Dow Corning DC 200 was exposed to 60Co radiation source.  The DC 200 fluid is the actuation fluid in 

the temperature actuated flow control valve used on the Mars Curiosity rover.  These seven samples of fluid were 

irradiated using a 60Co source. 

Figure 2 shows an 

arrangement of three 

of the CFC-11 filled 

tubes mounted for 

radiation exposure.   

The test was 

conducted on nine 

different days while 

the pressure in each 

tube was monitored.  

The fluid in each of 

the tubes were 

subjected to varying 

radiation doses of up 

to approximately 6.1 

Mrad from a 60Co 

source.   

 
Figure 2. The bi-metallic aluminum/steel tubes filled with CFC-11 and mounted 

for irradiation (left). The DC 200 in a glass vial prepared for irradiation (right). 
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Chemical analysis was conducted on the CFC-11 sample tubes after 1, 2.8, and 6.1 Mrad of radiation exposure. 

Half of the tubes were analyzed within a couple of days of the acquired dose, while the other half were analyzed 

after being allowed to sit for 3 months after being irradiated. The fluid and any generated gases were chemically 

analyzed for their constituents. The tubes themselves were cut open and the wetted surface was inspected at high 

magnification to determine the level of corrosion. A visual inspection was made of the DC 200, and a 

metallographic analysis of the bearing material was carried out 

 

B. Results 
Only minor changes occurred after exposing the CFC-11 samples to 6.1 Mrad of ionizing radiation.11 Pressure 

increased slightly in the tubes due to some decomposition of CFC-11, and chemical analysis showed that small 

amounts of chlorides and fluorides were formed. These chlorides and flourides were deposited on the tube walls. 

The CFC-11 that did not decompose remained essentially unaltered by the radiation with a purity of 99.9% 

(measured via gas chromatography). A metallographic analysis of the wetted surface of irradiated tubes corroborated 

the chemical analysis, and revealed only a small degree of corrosion.  

 Table 2 shows the increase of pressure in three of the CFC-11 samples as a function of dose rate up to 4.7 Mrad. 

After the initial rise in pressure of 2 to 4 psi during the first dose of ionizing radiation, the change in pressure in the 

tubes is less than 1 psi. These pressure readings are within the tolerance of the instrumentation used. It was decided 

to analyze these small changes in pressure during the future simulated fluid loop tests where the loop would be 

irradiated for a similar dose of radiation. 

 A metallographic and gravimetric analysis of the bearing material pellets indicated that no change in the silver-

impregnated-graphite had occurred during testing. A visual inspection of the DC 200 also indicated no change had 

occurred. 

 

1.  Chemical and Metallographic Analysis 

Several chemical analysis techniques were used investigate how the tube and CFC-11 reacted to ionizing 

irradiation.11 The analysis began by allowing the Freon-11 to evaporate out of the tube. Following this, ionic species 

in the tube were extracted using DI water, followed by analysis for anions consistent with corrosion (i.e., fluoride 

and chloride) by Ion Chromatography (IC), and metals by Inductively Coupled Plasma – Optical Emission 

Spectroscopy (ICP-OES).  Purity of Freon-11 post-irradiation was measured by Gas Chromatography – Thermal 

Conductivity Detection (GC-TCD) and Direct Analysis in Real Time (DART) Mass Spectrometry. 

 The chemical analysis showed the formation of small amounts of chlorides and fluorides on the tube walls. After 

6.1 Mrad of irradiation, fluoride levels were less than 57 ppm, and chloride levels were less than 88 ppm. Trace 

amounts of elemental metals present in the aluminum and steel alloys were detected, with values less than 293 ppm. 

(Note: ppm is parts per million of CFC-11).  

 The metallographic analysis of the wetted surface was in agreement with the results from the chemical analysis, 

and only minor corrosion was seen, with some minor local pitting. A conservative observation placed the deepest pit 

at 59 um. 

 

Table 2. Results from the Ionizing Radiation test on static CFC-11 in bimetallic aluminum-steel tubes 

 
Tube Run 1 (Hrs) Run 2 (Hrs) Run 3 (Hrs) Run 4 (Hrs) Run 5 (Hrs) Run 6 (Hrs) Run 7 (Hrs) Run 8 (Hrs) Run 9 (Hrs) Total Hours Total Dose (Rads)

# 14-Oct 15-Oct 16-Oct 17-Oct 22-Oct 23-Oct 24-Oct 25-Oct 29-Oct

Tube 1 7 7 4 3 11 16 4 0 0 52 4,680,000

Tube 2 0 7 4 3 11 16 4 7 0 52 4,680,000

Tube 3 0 0 4 3 11 16 4 7 7 52 4,680,000

Tube Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure Pressure Total

# PSIG PSIG PSIG PSIG PSIG PSIG PSIG PSIG PSIG Range Change

Tube 1 2.6 - 4.9 4.5 - 5.3 4.9 - 5.3 4.7 - 5.0 5.6 - 5.9 5.8 - 6.2 6.2 - 6.6 2.6 - 6.6 4.0

Tube 2 7.0 - 8.0 8.2 - 9.0 8.3 - 8.5 8.0 - 8.7 8.4 - 8.9 8.9 - 9.5 9.1 - 9.7 7.0 - 9.7 2.7

Tube 3 1.3 - 5.2 6.3 - 6.2 NA 6.8 - 7.3 7.2 - 7.6 6.8 - 7.4 7.5 - 7.6 1.3 - 7.6 6.3

Tube Change Change Change Change Change Change Change Change Change 

# Per Run Per Run Per Run Per Run Per Run Per Run Per Run Per Run Per Run

Tube 1 2.3 0.8 0.4 0.3 0.3 0.4 0.4

Tube 2 1 0.8 0.2 0.7 0.5 0.6 0.6

Tube 3 3.9 -0.1 NA 0.5 0.4 0.6 0.1  
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2. Corrosion Estimates 

The results of the chemical analysis can be used to estimate the uniform corrosion of an aluminum tube filled 

with CFC-11 and exposed to 6.1 Mrad of ionizing radiation. The elemental aluminum detected in the analysis gives 

an estimate of the mass of tube material that was eroded during irradiation. The maximum level of aluminum 

detected was 293 µg. Assuming this mass to be uniformly distributed as a thin shell inside a 12 in (30.48 cm) long, 

0.375 in (9.53 mm) OD tube with 0.028 in (0.711 mm) wall thickness, this mass corresponds to a uniform corrosion 

of 1.5 µm, which corresponds to less than 0.2% of the 0.028 in (0.711 mm) wall thickness. 

 Similarly, the largest observed pit size can be used to do a fracture analysis. For a pressure of 30 psi, the stress 

intensity for a flaw that is 59 um deep is 0.19 ksi/in0.5, which is well below the critical stress intensity factor for 

both Aluminum 6061-T6 (42 ksi/in0.5) and annealed 304L CRES (220 ksi/in0.5). The max allowable working 

pressure for the Mars heritage MPFL is 200 psi. 

IV. Testing of an Irradiated Mechanically Pumped Fluid Loop 

The minor changes seen in the static irradiation testing of CFC-11 and the key wetted materials gave the project 

confidence to proceed with an integrated MPFL irradiation test. The test was designed to emulate key aspects of the 

anticipated Europa Mission fluid loop and its radiation environment.  Because the fluid loop for Europa is based on 

the fluid loop flown on the MSL Curiosity rover, the basic components of the loop, including the pump, filter, and 

accumulator were either identical to, or similar to, those used in the MSL fluid loop. The working fluid and wetted 

materials were identical to the MSL design; welds and fittings used in the MSL loop were also present. It was 

important to use an MSL heritage design, since it is the baseline architecture for the Europa Mission fluid loop. In 

the Europa Mission, a portion of the fluid loop would be exposed to high levels of irradiation, while the remainder 

of the loop (including all the functional components) would be substantially shielded. This was partially recreated in 

the test by subjecting a portion of the fluid loop to the full radiation dose, while shielding the remainder of the loop. 

To be compliant with the Europa Mission project, a RDF of 2 was used in testing, such that the TID received by the 

circulating fluid was at least 5 Mrad, which is twice the dose that is expected in the CFC-11 over the course of the 

Europa Mission. 

Four aspects of the loop were monitored to evaluate the effects of ionizing radiation:  

(1) Overall fluid loop performance (via measurements of flowrate and pressure drop across the loop) 

(2) Pump performance (via measurements of pump curve, power consumption) 

(3) Fluid integrity (via measurements of percent of fluid degradation) 

(4) Tubing integrity (via metallographic analysis) 

A. Test Setup 

The testbed consisted of a mechanically pumped fluid loop with a single circuit of tubing. The primary 

components were the pump (to circulate the working fluid), the filter (to protect the pump from particulates), and the 

accumulator (to accommodate fluid volume changes due to environmental temperature changes). The pump was an 

engineering model of the centrifugal pump used on MSL; the accumulator was a bellows type, similar in 

functionality to the MSL accumulator; the filter contained a sintered steel element with a 25 micron pore size—this 

is similar to what was used in the MSL system.  

MSL heritage was also maintained in the materials of the flow loop. CFC-11 was used as the working fluid and 

the primary wetted materials were 316 stainless steel and 6061 aluminum. All tubing was 0.375 in OD or 0.25 in OD 

with 0.028 in or 0.035 in wall thickness, and was either stainless steel or aluminum. The total length of tubing 

carrying circulating fluid was 149 ft (45.6 m). All tubing joints used were also consistent with MSL: VCR fittings 

were used along with aluminum socket welds, stainless steel orbital welds, and bi-metallic stainless steel-aluminum 

weld fittings. 

The layout of the flow loop was arranged such that there were two distinct sections of the loop: the irradiated 

section and the shielded section. The irradiated section consisted of 29.9 ft (9.1 m) of aluminum tubing tightly 

wound into two planar rectangular coils which were stacked. This section was directly exposed to the ionizing 

radiation source. The shielded section contained all of the functional components in the loop including the pump, 

accumulator, filter and transducers, as well as the remainder of the fluid loop tubing. It also contained tubing sample 

sections that were removed during testing to evaluate the integrity of the fluid and the tubing. Approximately 50% of 

the circulating fluid volume was contained in the irradiated test section, with the remainder of the fluid in the 

shielded section. A consequence of this arrangement was that at any given time during an irradiation session, only 
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50% of the circulating fluid was exposed to irradiation. Since the total irradiation time was much larger than the 

time it took for the fluid to complete one full circulation around the loop, this implies that, on average, for each unit 

of radiation incident on the test section, only 0.50 units of radiation were incident on the circulating fluid. Flowrates 

were high enough to assume a fully mixed turbulent flow that was uniformly irradiated. 

The system was charged with CFC-11 that had a water content of less than 20 ppm, as measured by Karl Fischer 

Coulometric Titration. System pressure was set to approximately 42 psig with the bellows accumulator. The loop 

was always operated at ambient temperatures which typically ranged between 18 °C and 25 °C. The pump was 

operated at approximately 11,500 rpm, which produced a flowrate of approximately 0.55 L/min. Figure 3 shows a 

schematic of the testbed; Figure 4 shows a photograph of the completed testbed. 

 

B. Data Collection 

Several transducers were incorporated into the test setup to monitor the fluid loop performance both during and 

after irradiation sessions. A flowmeter was installed in line with the pump near its outlet to monitor loop flowrate; 

    
Figure 3. Schematic of the irradiated Mars heritage MPFL. 

 

 

 
Figure 4. The irradiated Mars heritage MPFL testbed 
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two pressure transducers were installed at the inlet and outlet of the pump to monitor the pressure difference across 

the pump; and a few type-T thermocouples installed on the tubing exterior were used to monitor fluid loop 

temperatures. In addition, the voltage and current consumed by the pump controller were monitored. Data was 

collected using a data acquisition system controlled with a custom LabVIEW program. The sampling rate was varied 

between 5 s and 60 s.  Taken together, the measurement system allowed the overall fluid loop performance and 

pump performance to be tracked during testing. 

To enable the monitoring of the fluid and the tubing integrity during the radiation campaign, six removable 

tubing sections were incorporated into the fluid loop design (see Figure 3). Each of these removable sections was 

composed of a length of tubing in the primary flow path that could be isolated with valves and removed. The fluid 

flow was then redirected through a bypass tube to maintain continuity of the circuit after a sample was removed. 

These samples contained lengths of stainless steel and aluminum tubing, VCR fittings, welds, and the irradiated 

working fluid. These sections were identical to each other and removed periodically during testing to track the 

integrity of the fluid and the tubing. 

Within two weeks of a sample being removed from the testbed, a full chemical and metallographic analysis was 

completed on the working fluid and the wetted surface of the tubing. The composition of the working fluid was 

analyzed using Gas Chromatography – Thermal Conductivity Detection (GC-TCD) and Direct Analysis in Real 

Time (DART) Mass Spectrometry. The tube was then rinsed with deionized water to dissolve any deposits formed 

on the wetted surface. The composition of these deposits was analyzed using Ion Chromatography (IC) (for ions), 

and Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) (for metals). The tube was then 

sectioned and subjected to a metallographic inspection. All results were carefully recorded. 

C. Test Campaign 

The test campaign consisted of two phases. In the first phase, the testbed was periodically irradiated over the 

course of 10 weeks until the fluid in the testbed was exposed to an estimated TID of 6 Mrad. The second phase 

consisted of continuously running the irradiated testbed in ambient conditions for 22 months. This constituted the 

life testing of the irradiated MPFL. The testbed was monitored throughout both phases of testing. The entire test has 

currently logged about 24 months. 

During the first phase of testing, the fluid in the testbed was irradiated to a TID of 5.8 Mrad. This was done over 

the course of four irradiation sessions. Each session involved irradiating the testbed for between 4 and 30 hours. The 

dose rate at the test coil was 23 rad/s; the dose rate in the shielded section between 0.001 and .1 rad/s. The four 

irradiation sessions were spread out over the course of three months, with each session taking between 5 and 15 

days. After each irradiation session, a sample section of tubing and fluid was removed from the testbed and 

subjected to chemical and metallographic analysis. The testbed was always operated in ambient conditions between 

irradiation sessions. The period between irradiation 

sessions was about two weeks.  The total radiation 

exposure time for the loop was 144 hours.   

 A typical irradiation session involved moving the 

testbed into the radiation chamber, and positioning 

the test section at the appropriate distance from the 
60Co source to get 23 rad/s as measured with an ion 

chamber. The remainder of the fluid loop was 

shielded with lead bricks; special care was taken to 

shield the electronics particularly well. The pump 

and the DAQ system were switched on about 10 min 

prior to initializing the radiation source. The loop 

pressure, flowrate, temperature and pump power 

consumption were monitored continually during the 

irradiation session. Figure 5 shows the testbed with 

the lead brick shielding. 

 

D. Results 
 The fluid loop was minimally altered after exposing the working fluid to 6 Mrad of ionizing radiation. Overall 

fluid loop performance and pump performance were practically unchanged and the integrity of the fluid and tubing 

was not substantially degraded. 

 

           
Figure 5. The Mars heritage MPFL testbed prepared 

for an irradiation session. Lead bricks were used to 

shield certain portions of the testbed from the 60Co γ-

radiation. 
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1. Chemical Analysis 

 Table 2 shows a summary of the chemical analysis results for the irradiated MPFL.11 The purity of the working 

fluid changed 0.2% over the course of being exposed to 6 Mrad of ionizing radiation. Initially the CFC-11 was 

99.9% pure; after irradiation, the purity was reduced to 99.7%. Further analysis using Direct Analysis in Real Time 

(DART) Mass Spectrometry showed that this 0.2% of the CFC-11 was transformed into low molecular weight 

halocarbon polymeric species (i.e. oligomers). This was in a liquid phase. Small quantities of chlorides and fluorides 

were found deposited on the tube wall, indicating that some of the CFC-11 decomposed into its constituent 

elements, chlorine and fluorine. The largest concentration of chlorides and fluorides found was 129 ug/ g of CFC-

11. System pressure did not significantly change due to the minor decomposition of CFC-11. This suggestes that no 

significant amount of non-condensable gasses were produced.  However, further analysis for non-condensible gases 

will be conducted at the end of the life test. Note that the levels of fluorides and chlorides observed is significantly 

less than what was seen in the preliminary irradiated static CFC-11 testing. Those levels were already deemed to be 

insignificant.  

 

2. Metallographic Analysis 

The findings of the metallographic analysis were consistent with those of the chemical analysis: only minor 

degradation of the wetted surface was observed. Samples taken from the testbed exhibited localized areas of minor 

irregular corrosion. Figure 6 shows some sample images. For reference, this level of corrosion was comparable to 

what was observed in the tubing samples taken from a CFC-11 pumped fluid loop life test after 8.6 years of 

operation. The observed corrosion that was seen in the preliminary static test was significantly more than what was 

seen here, but was still found to be negligible. The testbed arrangement was such that the region of tubing that 

received the highest levels of irradiation (the test section) could not be removed for inspection. However, the 

preliminary static CFC-11 irradiation tests were seen to be a sufficient estimator of what the wetted surface of the 

coil looks like. The test section will be examined at the end of a few years of life testing.  

 

Table 2.  Summary of chemical analysis results for the irradiated CFC-11 MPFL.  

 

Radiation Dose 

(Mrad) 

Freon-11 

Purity (%) 

H2O  

[µg/g] 

Fluoride  

[µg/g] 

Chloride 

[µg/g] 

Al 

[µg/g] 

Mg 

[µg/g] 

Fe 

[µg/g] 

0 99.9 2.7 ND ND ND ND ND 

1 99.9 11.2 5.28 28.0 3.85 4.02 1.38 

2.5 99.9 1.7 6.38 26.5 4.52 6.09 1.50 

4.25 99.8 0.76 10.5 20.3 4.30 4.71 1.79 

5 99.7 0.05 13.0 15.7 4.10 4.83 2.09 

 

 
Figure 6. A cross-section of tubing before and after exposure to irradiated CFC-11. Samples are from the 

irradiated CFC-11 MPFL. 
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3. Fluid Loop Performance 

 The performance of the loop reflected the minimal changes found in the integrity of the tubing and fluid. Figure 

7 shows a plot of the pressure difference across the pump, and the flowrate. The pump dP is practically constant, 

while the flowrate undergoes small changes. These changes can be explained by either sections of tubing being 

removed (and thus changing the flow resistance) of the slight variation in pump operating speed. System flowrate 

and dP do not appear to be affected by the irradiation. Figure 8 shows pump curve data collected before and after 

irradiation. The data is consistent with flow data collected during testing, and no appreciable changes were detected 

in pump performance. The flowmeter that was used during the irradiation sessions had a bias error making it read 

about 0.5 LPM low. This flowmeter failed after about 580 hours and was replaced with a more reliable meter later 

on.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V. Long Term Life-Testing of the Irradiated Fluid Loop 
 

 
Figure 7. System flowrate and pressure drop across the pump during the irradiation sessions 

   

 
 

Figure 8. Pump performance in the CFC-11 MPFL before and after irradiation 
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  The simulated fluid loop was moved to the JPL Thermal Lab for a long-term life testing after the completion 

of the irradiation tests.  The main purpose of the life test was to observe the fluid loop performance after the 

exposure to the radiation levels expected during the Europa Mission.  Even though the fluid and the wetted 

materials were inspected and analyzed during and at the end of radiation testing, it was deemed important to see 

the loop performance over the course of several years.   

 

A. Results 
  The life test loop has been continuously operating for 22 months without any significant degradation in 

performance.  Figure 9 shows the life test data for the first 14 months. There are two sample tube sections left in 

the life test loop which can be removed and the fluid and the wetted surface can be analyzed. 

 

VI. Long-Term Life-Testing of the Non Irradiated CFC-11 Fluid Loop 
 

When the Mars CFC-11 fluid loop was being 

developed, a life test was setup that simulated 

what is now the Mars flight heritage MPFL. This 

testbed incorporated an engineering model of the 

flight pump, as well as stainless steel and 

aluminum tubing, and the welds and fittings that 

are present in the flight system. It also 

incorporated removable sections of tubing in the 

flow path, similar to those used in the irradiated 

testbed. This life test has been operating 

continuously for over ten years. The testbed was 

initially built for Mars Science Laboratory 

Curiosity rover project but was inherited by the 

Europa Mission project in 2013. The test bed is 

shown in Figure 10. 

 

 

 

 

 
Figure 9. Pressure difference across the pump and flowrate for the irradiated Mars heritage MPFL. This 

data is from the first 14 months of operation. After 22 months operation remains stable. 

 
Figure 10. The long-life-test of the un-irradiated CFC-11 

Mars heritage MPFL. This testsbed has been operating 

continuously for over ten years. 
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A. Results 

Fluid loop performance has continued without significant degradation over the course of the test. It has 

completed over 92,000 hours of continued operation over ten years.  The overall performance of the pump in the 

loop has been steady without any degradation.  Out of six sample tubes in the loop, a total of four sample tubes have 

been removed and the fluid and the wetted surface have been thoroughly investigated.   

After over 75, 000 hours of operation (8.6 years of operation), the fourth sample tubing was removed from the 

testbed for chemical and metallographic analysis. Chloride ions were measured at a level of 54 ppm of CFC-11 and 

fluoride ions were measured at a level of 4.7 ppm. Small quantities (less than 12 ppm of CFC-11) of Mg, Al, Fe, Ni, 

Cr were also detected. These levels of detected elements correspond to very low levels of uniform corrosion as 

shown in a previous section (Preliminary Testing: Irradiation of CFC-11 and Wetted Materials). The metallographic 

analysis was in agreement with the chemical analysis, and no significant corrosion was seen. Figure 11 shows an 

image from a sectioned bi-metallic aluminum steel weld. The tube surface looks similar to a virgin sample. 

 

 

 

 

 

 

 

 

 

 

 

 

VII. Conclusion 
The Mars heritage CFC-11 MPFL appears to be capable of surviving the Europa Mission radiation environment 

and mission duration. Over the duration of the planned mission, the TID for the working fluid (CFC-11) was 

estimated to be 5 Mrad (RDF = 2). Testing showed that CFC-11 and the wetted materials are minimally affected by 

this level of ionizing radiation. Similarly, system performance of an operating MPFL was not significantly affected 

after exposing the working fluid to a TID of 5 Mrad. The total estimated mission duration is about 10.1 years, with 

the first 6.7 years requiring MPFL operation with minimal radiation, and the final 3.4 years exposing the working 

fluid to approximately 2.5 Mrad (RDF=1). Life test data from an un-irradiated Mars heritage MPFL that has been 

operating for the past 10 years suggests that the fluid loop could survive the journey to Europa. More recent life 

testing of an irradiated Mars heritage MPFL suggest that the fluid loop would also be able to survive the irradiated 

portion of the mission. This life test has logged about two years of stable operation with a RDF of 2.4. 

 Chemical and metallographic analysis were used to investigate the effects of ionizing radiation on CFC-11 

contained in stainless steel and aluminum tubing. Chemical analysis indicated that irradiating the CFC-11 results in 

small amounts of decomposition into highly reactive chlorine and fluorine species.  These intermediates react with 

the materials of construction to produce small amounts chlorides and fluorides (corrosion). After 6.1 Mrad of 

irradiation, the corroded metal measured through chemical analysis was used to estimate uniform corrosion of less 

of 1.5 µm in an aluminum tube, which is less than 0.2% of the 0.028 in (0.711 mm) wall thickness. The chemical 

purity of the CFC-11 remained at 99.7% after a TID of 6 Mrad. Metallographic inspection of the wetted surface of 

the irradiated tubes agreed with the chemical analysis and only minor corrosion was seen. A conservative estimate 

of the largest pit size was 59 um for a tube filled with CFC-11 and exposed to 6.1 Mrad. Fracture analysis indicated 

that a pit of this size was of no concern for the MAWP of the Mars heritage MPFL (200 psi).  

 
Figure  11: Section of a bi-metallic aluminum/stainless steel 

weld taken from the un-irradiated CFC-11 life test after 

75, 000 hours. The metal is the lighter color section (right 

side of image). The wetted surface is relatively smooth, 

and comparable to a virgin surface. 
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Chemical and metallographic analysis of a sample of aluminum and stainless steel tubing removed from the un-

irradiated Mars heritage MPFL life-test after 8.6 years showed minimal corrosion of the same order of what was 

seen in the samples that were irradiated to 6.1 Mrad.  
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