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The next generation of extravehicular mobility unit (EMU) will require lightweight, high 

performance components in order to minimize the mass, volume and power of its portable 

life support system (PLSS). One component under development for this application is a gas / 

liquid heat exchanger that will cool the breathing gas delivered to the crewmember’s helmet. 

This heat exchanger technology has been gradually matured over the past several years. It 

started with a vacuum brazed compact heat exchanger used in NASA’s PLSS 2.0 and 

continued with two selective laser sintered heat exchangers, which were built using Inconel® 

and titanium, respectively. This paper describes how the use of additive manufacturing has 

reduced weight, volume, cost, and manufacturing lead time of this line of heat exchangers. It 

also shows how performance test results have good agreement with the computational 

models. 

Nomenclature 

cm = centimeters 

DMLS = direct metal laser sintering 

EMU = extravehicular mobility unit 

HIP = hot isostatic pressing 

in = inches 

inH2O = inches of water 

kg = kilogram 

kPa = kilopascals 

lb = pound 

PLSS = portable life support system 

psia = pounds per square inch, absolute 

psid = pounds per square inch, differential 

T = temperature 

UTAS = UTC Aerospace Systems 

I. Introduction 

HE next generation of space suit is being designed to allow humans to explore beyond low Earth orbit; in deep 

space, on the moon, and on Mars. These space suits, called the xEMU, will need to be lighter and more compact 

than today’s extravehicular mobility unit (EMU) or the Apollo suit. In order to meet the mass targets for xEMU, 

every component must be designed to minimize weight within the design constraints of performance and safety. 

This paper focuses on the evolution of an oxygen / water heat exchanger designed to remove excess heat from the 

portable life support system’s (PLSS) breathing gas ventilation loop. 

 The xEMU’s ventilation loop heat exchanger needs to remove 15 Watts of heat from the breathing gas while also 

imparting a gas side pressure drop in the range of 0.17 ± 0.0174 kPa (0.68 ±0.07 inH2O), all for less than 0.68 kg 

(1.5 lb) of mass. The pressure drop requirement stems from its secondary use as a pressure drop element for flow 

measurement within the PLSS. The thermal challenge was originally addressed using a vacuum brazed stainless 
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steel heat exchanger with machined and welded fluid headers
1
. At the time, the heat exchanger was not part of the 

flow measurement system, so its breathing gas pressure drop was simply minimized. The brazed heat exchanger 

successfully validated the analysis model and met its performance criteria. The program also proved out that vacuum 

brazing could produce a compact heat exchanger core small enough to meet the overall requirements. However, the 

heat exchanger assembly used machined SAE flared fittings for use in NASA’s second prototype PLSS, PLSS 2.0. 

The machined headers added mass to the heat exchanger and were a significant portion of the overall mass and 

volume. 

 When NASA began designing PLSS 2.5, its next PLSS prototype, and one of the ground development units for 

the xEMU, Hamilton Sundstrand Space Systems International, a UTC Aerospace Systems company (UTAS), was 

contracted to update the heat exchanger design to a new set of interfaces, slightly smaller heat loads, and a specific 

gas-side pressure drop. This provided an opportunity to minimize the mass of the overall unit, including the fluid 

headers, instrumentation interfaces, and mounting brackets. The chosen solution path was to integrate all of the 

features of the heat exchanger using a design that could take advantage of additive manufacturing. Two prototype 

heat exchangers were then manufactured using selective laser sintering, and tested to compare their performance 

with the original brazed heat exchanger and with the computational models. 

II. Heat Exchanger Test Articles 

Three heat exchanger units were manufactured and tested at UTAS’s Engineering Laboratory. Table 1 shows a 

summary of them, including their performance at ambient conditions. Results are shown at ambient conditions 

because the two DMLS heat exchangers were not tested at the nominal PLSS ventilation loop pressures. The first 

unit is a vacuum brazed stainless steel compact heat exchanger with machined and welded headers. It has SAE 

flared interfaces that were selected for compatibility with PLSS 2.0. The second heat exchanger is the first one 

designed and manufactured using direct metal laser sintering (DMLS). It is made out of Inconel and was grown in 

three parts: core, vent loop inlet header, and vent loop outlet header. The headers were welded onto the core after the 

core underwent powder removal and hot isostatic pressing (HIP). Fluid interfaces were machined as gasket surfaces 

to reduce cost and machining time. The final heat exchanger was grown out of titanium as a single piece. It was also 

HIP’d and the final o-ring grooves and interface surfaces were machined to increase the fidelity of the item. 

 

P/N: SVSK1003176 P/N: SVSK1004493-22 Rev A P/N: SVSK1004493-22 

Stainless Steel Brazed, with 

machined headers welded on 

Inconel DMLS, with DMLS 

headers welded on  

Titanium DMLS, with 

integral DMLS headers 

 

  

Mass: 1.17 kg (2.57 lb) Mass: 0.92 kg (2.02 lb) Mass: 0.39 kg (0.87 lb) 

Core LxWxH: 

13.7 x 4.6 x 4.5 cm 

(5.4  x 1.8 x 1.78 inches) 

Core LxWxH: 

6.9  x 3.2   x 3.2 cm 

(2.7 x 1.25 x 1.26 inches) 

Core LxWxH: 

6.9  x 3.2   x 3.2 cm 

(2.7 x 1.25 x 1.26 inches) 

Heat Load: 58 W @ 101 kPa Heat Load: 55 W @ 101 kPa Heat Load: 61 W @ 101 kPa 

Effectiveness: 89.6% Effectiveness: 86.8% Effectiveness: 90.3% 

A. Vacuum Brazed Stainless Steel Heat Exchanger 

Details of the design, manufacturing, and performance of the vacuum brazed heat exchanger were previously 

reported by Quinn, Strange, and Jennings in AIAA-2013-3338. Some of those details are repeated here to compare 

them with the DMLS heat exchangers. The brazed heat exchanger was designed to transfer a minimum of 16.2 watts 

Table 1. Compact Heat Exchanger Summary 
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of heat with an effectiveness of 85% or higher at the nominal PLSS ventilation loop pressure of 30 kPa (4.3 psia). 

This was a slightly higher heat load than the 15 watts required for the latter two heat exchangers. It’s a counter-flow, 

compact heat exchanger design, with flat fluid paths alternating between water and oxygen, and heat transfer fins 

placed in all of the layers. The gas side headers are relatively short, given the velocity, which affects the flow 

distribution within the core of the heat exchanger. As a result, heat transfer area in the core had to be increased to 

compensate for possible channeling in the gas side. The total mass of the unit is 1.17 kg (2.57 lb), with overall 

dimensions shown in Figure 1. The core, without fluid headers, is 13.7 cm long, 4.6 cm wide, and 4.5 cm high (5.4 

in. x 1.8 in. x 1.8 in). 

 

 
 

 

 

B. Inconel DMLS Heat Exchanger 

The first of the two additive manufactured heat exchangers was designed to meet the lower heat load 

requirement of 15 watts for PLSS 2.5. It also had new interfaces which included mounting ports for two pressure 

transducers and one temperature sensor. The interfaces were designed with custom flanges rather than SAE flared 

fittings. Figure 2 shows the sensor ports and how the gas side inlet and outlet headers both required 90° bends.  

The core of the heat exchanger was resized by starting with the compact heat exchanger arrangement of the 

stainless steel unit from PLSS 2.0. Its size was reduced to meet the new heat load, which provided a baseline target 

for the new core’s mass, volume, and effectiveness. The core design was then adjusted to allow for additive 

manufacturing by thickening the water side and gas side fins. Minor adjustments were made to the aspect ratio of the 

core to accommodate the thicker fins, trading pressure drop margin from the baseline design to regain effectiveness. 

The result was a core design that could be made using additive manufacturing techniques, with the same overall 

volume as the baseline configuration and which met the pressure drop and effectiveness requirements. Headers, 

sensor ports, and mounting feet were added to the core’s design next. Figure 2 shows the heat exchanger complete 

with the smoothed headers and sensor ports. A preliminary structural analysis of the four mounting feet was 

conducted last, and resulted in a more rounded and organic shape than the original concept shown in Figure 3. The 

overall heat exchanger and core dimensions are shown in Figure 4. The additive core is 6.9 cm long, 3.18 cm wide, 

and 3.2 cm high. (2.7 in x 1.25 in x 1.26 in). 

The first additive heat exchanger was produced by UTAS using its DMLS machine. Manufacturing the first 

DMLS heat exchanger in-house allowed the team to quickly address manufacturing-driven design changes. The 

solid model was separated into three parts to minimize the risks of successfully growing each part and to allow the 

parts to quickly be grown with other jobs that were in the machine’s queue. Inconel was used because the machine 

was set up for that material and was not going to be switched over to steel or titanium during the timeframe of the 

Figure 1. Stainless steel brazed heat exchanger. 
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project. The parts were cleaned, HIP’d, and then welded together. Final machining was done last, and only with 

enough fidelity to allow for laboratory testing with gaskets at the fluid interfaces. 

 

 
 

 

 

  
 

 

 

Figure 2. Inconel DMLS heat exchanger. 

Figure 3. Comparison of original and optimized mounting feet 
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C. Titanium DMLS Heat Exchanger 

The final heat exchanger in the series was manufactured using titanium. It used the same design as the Inconel 

heat exchanger, but advanced the use of DMLS one step further by growing the headers and core together. It was 

also machined to the original interfaces with captured o-ring grooves and honed surfaces for the fluid ports. The 

UTAS DMLS machine was not available to run titanium during this project, so the team worked with an outside 

vendor to successfully grow, HIP, and machine the titanium heat exchanger. Manufacturing lead time of the titanium 

heat exchanger was 33% faster than the stainless steel heat exchanger, at only 10% of the manufacturing cost. 

Growing the headers and core together in the titanium heat exchanger eliminated the need for precision fit-up and 

welding to meet tight interface dimensions, which eliminated nearly 50% of the cost compared to the Inconel heat 

exchanger. 

The two SLS heat exchangers are shown in Figures 5a and 5b, with the Inconel unit at the top of the figures and 

the titanium unit at the bottom. The figure reveals how the titanium unit had fewer supporting struts from the DMLS 

process than the Inconel unit had. The mass of the titanium unit is 0.39 kg (0.87 lb) compared with 0.92 kg (2.02 lb) 

for the Inconel unit. 

 

 
 

 

Figure 4. DMLS heat exchanger size 

Figure 5. Inconel and Titanium heat exchangers. 
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III. Additive-enabled Design Features 

Designing for the use of additive manufacturing enabled the team to implement several design features that 

reduced mass, improved performance, and reduced lead times and cost. The first, and most significant, of these 

design features was already mentioned: integrating the headers with the heat transfer core. Accomplishing that with 

brazed heat exchangers is difficult, and introduces risks due to the possibility of interpath leaks that cannot easily be 

fixed. Integral headers in a brazed heat exchanger are also a limited option with regard to large headers or ones with 

anything but prismatic geometries. Headers such as the ones used on the latter two heat exchangers might be cast, 

and then welded to the core, in a similar manner as was done with the Inconel heat exchanger. However, the added 

step of welding the headers introduces the need for special tooling to align the parts correctly, along with extra cost 

and some extra mass to create a good weld joint. Manufacturing the titanium heat exchanger as one piece eliminated 

the lead time and costs involved with welding. 

Using additive manufacturing allowed the headers to have the sensor ports built into them with minimal mass. 

Only the bare minimum of material was added to the header in order to provide the flat mating surfaces and threads 

for fasteners. The inside portions of the sensor mounts are hollow. 

Figure 4 shows a flow distribution vane inside of the gas inlet header. The vane was added to the design after a 

computational fluid dynamics (CFD) analysis revealed that there was a risk of poor flow distribution going into the 

core. Figure 6 shows the predicted mass flow distribution from the top, middle and bottom layers of the gas side 

core before and after adding the vane. The baffle redirected about 10% of the flow from the bottom layers to the 

middle and top layers, which helped the heat exchanger to achieve the intended effectiveness. Such a vane would 

have been very difficult to make with conventional manufacturing techniques. 

 

 

 

Figure 6. CFD analysis of inlet header with turning vane showed improved gas-side flow distribution. 
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Optimization of the mounting feet was made simpler by using additive manufacturing. The organic-like reaction 

stresses within the mounting feet created a meandering profile that would ordinarily be more difficult to machine 

than the straight feet shown in Figure 3. Although computer controlled machines can create them, it adds a level of 

complexity and cost that is often avoided, particularly for development hardware such as this. By selecting additive 

manufacturing for the item, the team was able to incorporate an optimized mounting profile for no additional 

manufacturing cost. 

The third heat exchanger is made of titanium in order to reduce the heat exchanger’s mass while maintaining 

corrosion resistance with water. Creating a titanium heat exchanger with brazing or other manufacturing techniques 

would have been very difficult, and significantly more costly than the stainless steel brazed heat exchanger. Additive 

manufacturing allowed the team to select titanium and prototype the heat exchanger for no more cost or time than if 

stainless steel or Inconel had been used. 

IV. Testing and Results 

The stainless steel heat exchanger was tested at sub-ambient, ambient, and elevated air pressures with several 

variations of air and water flow rates and temperatures
1
. The two additive manufactured heat exchangers were also 

tested with air and water in a range of flow rates and temperatures, but not at sub-ambient pressures. Sub-ambient 

pressures were not applied to the additive manufactured heat exchangers, as it was not necessary for validating the 

model nor for comparing the heat exchanger performance between the three test pieces. Air was run on the gas side 

of each additive manufactured heat exchanger at atmospheric pressure 101.3 kPa (14.7 psia)  and at the elevated 

pressure of 156.5 kPa (22.7 psia). Figure 7 shows the schematic of the test setup that was used for the two additive 

manufactured heat exchangers, and Table 2 shows the range of conditions that were tested. Steady state conditions 

were assessed by running one of the points for five minutes, ten minutes, and twenty minutes. The study showed that 

steady state was reached within ten minutes. As a result, subsequent test points were held for ten minutes prior to 

recording data. Predictions and test data from the three heat exchangers at select conditions are plotted in Figure 8. 

The computational predictions assumed perfect flow distribution into the heat exchanger cores, with smooth fins and 

parting sheets for all three heat exchangers. Ordinarily, correction factors are added to the models to account for 

imperfect flow distribution and for surface roughness, but here they were purposely left off to provide additional 

insight into the differences between the three heat exchangers. 
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Figure 7. Heat exchanger test schematic. 
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Testing of the Inconel heat sink showed that it met or exceeded the predicted effectiveness in all 21 test points. 

Effectiveness was calculated using Equation 1 for a counter-flow heat exchanger, and is the ratio of actual heat 

transfer to maximum heat transfer from the gas side to the water side. 

 

Equation 1: Effectivess = (Tin, gas – Tout, gas)/(Tin, gas – Tin, water) 

 

Effectiveness results at test points 5 and 11 are plotted in Figure 8. The air side pressure drop of the Inconel heat 

exchanger also met the model predictions, with data plotted against predictions in Figure 9. Extrapolation of the 

ambient pressure and elevated pressure test results indicate that the heat exchanger should meet the required 

pressure drop at the nominal space suit operating pressure of 30 kPa (4.3 psia). The water side pressure drop was 2.7 

kPa (0.39 psid) at 1.5 lpm (200 lb/hr), which met the requirement of 5.5 kPa (0.8 psid). 

 

 

 

 
 

 

° C ° F kPa psia SLPM ACFM °C ° F L/min lbm/hr
1 32.2 90 157 22.7 264 6.0 10.0 50.0 1.29 170

2 32.2 90 157 22.7 264 6.0 12.8 55.0 1.29 170

3 32.2 90 157 22.7 264 6.0 15.6 60.0 1.29 170
4 32.2 90 157 22.7 264 6.0 10.0 50.0 1.51 200

5 32.2 90 157 22.7 264 6.0 12.8 55.0 1.51 200

6 32.2 90 157 22.7 264 6.0 15.6 60.0 1.51 200
7 32.2 90 157 22.7 264 6.0 10.0 50.0 1.66 220

8 32.2 90 157 22.7 264 6.0 12.8 55.0 1.66 220

9 32.2 90 157 22.7 264 6.0 15.6 60.0 1.66 220
10 32.2 90 101 14.7 170 6.0 10.0 50.0 1.51 200

11 32.2 90 101 14.7 170 6.0 12.8 55.0 1.51 200

12 32.2 90 101 14.7 170 6.0 15.6 60.0 1.51 200
13 40.6 105 101 14.7 170 6.0 10.0 50.0 1.51 200

14 40.6 105 101 14.7 170 6.0 12.8 55.0 1.51 200

15 40.6 105 101 14.7 170 6.0 15.6 60.0 1.51 200
16 23.9 75 101 14.7 170 6.0 10.0 50.0 1.51 200

17 23.9 75 101 14.7 170 6.0 12.8 55.0 1.51 200

18 23.9 75 101 14.7 170 6.0 15.6 60.0 1.51 200

19 32.2 90 101 14.7 127 4.5 10.0 50.0 1.51 200

20 32.2 90 101 14.7 127 4.5 12.8 55.0 1.51 200

21 32.2 90 101 14.7 127 4.5 15.6 60.0 1.51 200

Pressure, P1

Inlet 

Temperature

Inlet 

Temperature

Test 

Point

Gas side Water side

Flow Rate Flow Rate

Table 2. Test points for the additive manufactured heat exchangers 
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 The titanium heat exchanger also exceeded predictions of its effectiveness. Titanium’s thermal conductivity is 

about 33% higher than Inconel’s, and the average heat exchanger effectiveness was 4% higher than the Inconel’s 

effectiveness. Air side pressure drop in the titanium heat exchanger was double what was recorded on the Inconel 

heat exchanger, despite both having the same internal geometry. This large difference in pressure drop performance 

is likely to stem from differences in the surface roughness of the fluid passages. DMLS processes can result is vastly 

different surface roughnesses. The Inconel heat exchanger was manufactured under conditions meant to produce 

Figure 8. Heat exchanger performance and model predictions.  

Figure 9. Air side pressure drop of Inconel heat exchanger. 
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relatively smooth internal surfaces while no special efforts were made to obtain smooth internal surfaces in the 

titanium heat exchanger. Rougher internal passages in the titanium unit would also help to explain its superior heat 

transfer performance. 

 Figure 8 shows the predicted effectiveness of all three heat exchangers at the nominal flow rate and inlet 

temperature for the three air side pressure conditions. Predictions and test results show how the effectiveness is 

higher at lower gas side pressures. This is due to the reduced thermal load on the heat exchanger at lower pressures, 

which allows the ventilation loop gas to more closely approach the water inlet temperature. The titanium exchanger 

had the highest performance, which was unexpected because it was designed for a lower heat load than the stainless 

steel heat exchanger. The titanium heat exchanger’s effectiveness was 3.5 percentage points higher than the Inconel 

heat exchanger’s effectiveness and 0.7 percentage points higher than the stainless steel heat exchanger’s 

effectiveness. Part of the improved performance of the titanium heat exchanger likely stems from its higher internal 

surface roughness. Predictions also show that the stainless steel unit should have had a significantly higher 

performance than was measured. The gas side header geometry of the stainless steel heat exchanger is sub-optimal 

and is the likely reason the heat exchanger under-performed compared to the model predictions. The sharp diffusion 

angle and short lead-in distance of the stainless steel gas headers were necessary for packaging, but likely led to 

flow maldistribution within the gas side fins. Conversely, the additive manufactured heat exchangers had shallower 

diffusion angles in the headers and added a turning vane to distribute flow more evenly.   

 

V. Conclusions 

It is possible to use direct metal laser sintering to additively manufacture a compact heat exchanger. Further, it 

can be manufactured with complex, integral headers and mounting features that can be well-optimized using 

computational analysis. DMLS also opens up the use of titanium for complex parts that would otherwise be 

unmanufacturable. Limitations to DMLS must be designed around, mainly the size of features, relatively high 

surface roughness, and the post-processing of the piece, which requires different operations than a traditional brazed 

and machined heat exchanger. Overall, though, the design flexibility and one-piece manufacturing allowed for a 

lighter and more compact solution than traditional vacuum brazing and machining was able to accomplish. 
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