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SUMMARY 

Doping of hydrogen with CO or C02 was developed to reduce hydrogen 
permeat10n in St1rling engines by forming low permeability oxide coatings in 
the heater tubes. An end product of this process 1s water - wh1ch can condense 
1n the cold parts of the eng1ne system. If the water vapor is reduced to a low 
enough level, the hydrogen can reduce the ox1de coating result1ng 1n 1ncreased 
permeab1l1ty. This work was done to define the equ111brium level of water 
(oxygen-bearing gas) required to avoid reduction of the oxide coating. Results 
at 720°C and 13.8 MPa have shown that, (a) pure hydrogen w111 reduce the coat
ing, (b) 500 ppm CO (500 ppm water equ1valent) does not prevent the reduction, 
and (c) 500 ppm C02 (1000 ppm water) appears to be close to the equilibrium 
level. Further tests will be made to define the equilibrium level more pre
c1sely and to extend the data to 820°C and 3.4, 6.9, and 13.8 MPa. 

INTRODUCTION 

Work has been done on h1gh temperature alloys by NASA and its Contractors 
as part of the u.S. Department of Energy Stirling engine development program. 
One aspect of this work has been to 1nvestigate the phenomenon of hydrogen 
permeab11ity and to develop techniques for reduc1ng it to an acceptable level 
for Stirling engine operation. 

Hydrogen permeation in a Stirling engine occurs in the heater head which 
may range 1n temperature from 700 to 900 °C. Hydrogen permeation is the phe
nomenon of the hydrogen working flu1d diffusing through the heater head mate
r1al. This loss of hydrogen by permeation through the heater head is only one 
of the major leak paths, the others being leakage at static and dynam1c seals. 
All these must be m1n1m1zed if the Stirling eng1ne is to contain its hydrogen 
working fluid. Fa11ure to contain the hydrogen will mean that the eng1ne will 
suffer from loss of power and will need to be "recharged" frequently. 

A method called dop1ng was developed at NASA Lew1s Research Center that 
can reduce permeab111ty of the metal heater head tubes by an order of magn1tude 
or more. This method consists of adding oxygen bearing gases to the hydrogen 
wh1ch form an impermeable oxide layer on the ins1de of the heater head tubes 
(ref. 1). 

Dur1ng later eng1ne testing it was noticed that water had condensed in the 
area of the engine cooler. Th1s condensation showed that the Stirling eng1ne 
was capable of remov1ng oxygen from the working fluid in the form of water. 
Th1s removal of oxygen 1mplies the possibility of remov1ng the oxide from the 



1ns1de of the heater head tubes the ox1de wh1ch 1s necessary to keep permeat10n 
at acceptable low levels. 

METHOD OF DOPING 

The St1r11ng mater1a1 development program showed that metals were very 
permeable to hydrogen 1n the operat10na1 temperature range, w1th permeab111t1es 
of 7x10-6 to 19x10-6 cm2/sec MPa1/ 2. Th1s showed the need to develop a method 
to reduce permeab111ty. 

Test1ng showed that dop1ng the hydrogen w1th small amounts of CO or C02 
would reduce hydrogen permeab111ty by an order of magn1tude or more. Concen
trat10n of one-half to 1 percent proved effect1ve. Other dopants such as 
amrnon1a, var10us hydrocarbons, and water (less than 100 ppm) were s1gn1f1cant1y 
less effect1ve (ref. 1). 

The CO and C02 reduced permeab1l1ty of metals by form1ng an ox1de on the 
1ns1de of the sample heater head mater1a1. The overall react10n for form1ng 
th1s ox1de 1s g1ven below. 

CO + H2 + Metal ~ Ox1de + H20 + CH4 + H2 

or 

C02 + H2 + Metal ~ Ox1de + H20 + CH4 + H2 

It 1s be11eved that the water that 1s formed from the CO or CO2 plays an 
1mportant role 1n form1ng and ma1nta1n1ng the ox1de because 1t, 11ke the CO and 
C02' 1s an oxygen bear1ng gas. Th1s react10n 1s shown below. 

H2 + Metal Metal Ox1de + H2 

The ox1de that was formed was a th1n sp1ne1 and had th1ckness of one to 
three m1crons. Even though th1s ox1de 1s very th1n 1t can greatly reduce 
permeab111ty because 1ts permeab111ty 1s four to f1ve orders of magn1tude lower 
than the base metal. 

F1gure 1 shows the effect that dop1ng w1th 1 percent C02 has on C6-27. 
The f1rst permeab111ty measured after the f1rst 5 hr run w1th 1 percent C02 was 
2.1B cm2/sec MPa. Permeab111ty at the very beg1nn1ng was much h1gher, perhaps 
1n the range of Bxl0-6 to 12xl0-6 cm2/sec MPa. A s1gn1f1cant amount of ox1da
t10n d1d occur dur1ng the f1rst 5 hr test cycle. The permeab111ty was then 
lowered to 0.49xl0-6 cm2/sec MPa1/2 after 100 hr of runn1ng w1th 1 percent 
C02. 

F1gure 2 shows the test r1g that was used by NASA Lew1s Research Center 1n 
1ts 1nvest1gat10n of permeat10n. It 1s an 011 f1red furnace des1gned to pro
v1de the h1gh temperature and s1mulate the combust10n env1ronment of an eng1ne. 
Twelve modules as shown 1n f1gure 3 can be tested at one t1me. Each module 
cons1sts of four u-shaped tubes, a man1fo1d block, and a pressure transducer. 
A permeab111ty coeff1c1ent for the mater1a1 may be calculated from the pressure 
dec11ne and from the geometry of the test module. 
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It should be pointed out that this is a static rig, that simulates only 
the heater head region of an engine. It does not simulate any of the flows to 
or from the cold side of the engine. It is because of this lack of simulation 
of other areas of an engine that the effect of water on hydrogen permeability 
was not readily observed during the original permeability research (refs. 1 
to 4). 

Problem With Doping 

The problem with doping is that the CO or C02 dopant breaks down to form 
water and methane, and water is condensable. Figure 4 shows experimental and 
theoretical results for the breakdown of 1 percent C02 in high temperature 
hydrogen. The theoretical results are shown by the solid and dotted lines, the 
solid showing the formation of water and the separation of the last oxygen 
attached to a carbon. These theoretical results show that the breakdown of C02 
is a two step process. The first step is the reaction of C02 and hydrogen to 
form methane and water. This first step is very fast, being well under way in 
17 min. The second step is the breakdown of the CO into methane and water. 
Theoretical kinetics show that this final step should be very slow, starting 
to occur after five months. 

Breakdown of C02 in hydrogen 

step 1: 

step 2: 

Overall reaction: 

C02 + 99H2 ~ CH4 + 2H20 + 95H2 

Experimental results from the rig and engine tests indicate that step two, 
of the two step breakdown of C02' is very rapid. These points are also shown 
on figure 4. These test points show high levels of methane, which would not 
occur unless the breakdown of CO occurs much more rapidly than predicted. 

Figure 5 shows the water saturation that would be determined by the tem
perature of various parts of the engine. The saturation concentration in the 
engine as determined by the engine cooler would be between 1000 ppm and 10 000 
ppm, depending on operating conditions. The concentration, as determined by 
the hydrogen storage bottle temperature is generally below 300 ppm and could 
go as low as 10 ppm on a very cold day. A total oxygen content as determined 
by 10 ppm corresponds to a high purity hydrogen, which is known to cause high 
permeation. 

The breakdown of the CO or C02 dopant into water and the condensation 
of this water means the engine will remove the oxygen originally invested in 
the dopant as condensate. After this oxygen based dopant is removed, the 
resulting dry, oxygen free hydrogen can then strip the oxide from the heater 
head until the heater head is in an unoxidized high permeability state. 
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Th1s phenomenon of remov1ng an ox1de from heater head mater1al 1s shown 
1n f1gures 6 and 1. F1gure 6 (ref. 4) shows pressure loss curves for a test 
module made from Inco 800 tubes that were ox1d1zed 1n a1r. After ox1d1z1ng 
w1th a1r the module was f111ed and tested many t1mes w1th h1gh pur1ty hydrogen. 
The 11nes show pressure versus t1me for the f1rst, fourth, and seventh tests. 
It should be noted that th1s test1ng was done by ref1111ng w1th h1gh pur1ty 
hydrogen after vent1ng the res1dual hydrogen after each test. 

01fferent results would be expected 1f the test module were ref111ed w1th 
h1gh pur1ty hydrogen w1thout vent1ng. Th1s 1s because the water that would be 
formed by the react10n of the metal ox1de and hydrogen would be left 1n. Cal
culat10ns of the amount of oxygen 1nvested 1n th1s ox1de layer showed that 
several thousand ppm of water could be generated, wh1ch should be more than 
enough to ma1nta1n an equ111br1um between the ox1de and the water. F1gure 7 
shows the results of th1s test1ng. The top 11ne shows the pressure for fully 
ox1d1zed CG-21 and 1 percent C02. Two runs were then made w1th dry hydrogen, 
vent1ng, and ref1111ng each t1me. A greater rate of pressure decay was noted 
after these runs. Four runs were then made w1thout vent1ng. Although the 
hydrogen was or1g1nally dry, water was generated by the reduct10n of the ox1de 
surface. L1ttle or no change 1n rate of pressure decay was noted as a result 
of these four runs. Apparently enough water (oxygen-bear1ng gas) was generated 
by the 1n1t1al ox1de reduct10n to produce an equ111br1um between reduct10n and 
ox1dat10n of the metal ox1de. 

The 1ncrease 1n pressure decay when exposed to h1gh pressure hydrogen 
1nd1cates removal of the ox1de. Th1s removal of the ox1de by h1gh pur1ty 
hydrogen 1s further supported by the detect10n of water after the f1rst and 
last run w1th h1gh pur1ty hydrogen. Th1s water was formed by the reduct10n of 
the metal ox1de by hydrogen. 

EQUILIBRIUM LEVEL TESTING 

Test1ng has been done w1th hydrogen w1th dopant levels other than 1 per
cent 1n order to def1ne the level of oxygen or water requ1red to ma1nta1n 
equ111br1um 1n the metal ox1de - hydrogen - oxygen system and ma1nta1n a con
stant ox1de and permeab1l1ty level. F1gure 8 shows permeab1l1ty versus t1me 
for CG-21 that was observed by J. M1sens1k (ref. 3). The left s1de of the f1g
ure shows the dec11ne 1n permeab1l1ty from ox1d1z1ng w1th 1 percent C02. The 
r1ght slde shows the effect on permeab1l1ty 1f cont1nu1ng th1s test w1th 500 
ppm C02 (1000 ppm water) and 500 ppm CO (500 ppm water). The CG-21 exposed to 
500 ppm CO shows a def1n1te 1ncrease 1n permeab1l1ty. The CG-21 exposed to 
500 ppm C02 showed 11ttle or no 1ncrease 1n permeab1l1ty. These results 1n
d1cate that the minimum water content to ma1nta1n minimum permeabi11ty is above 
500 ppm and perhaps above 1000 ppm. These results also show that low total 
oxygen contents 1n hydrogen are cons1stent with 1ncreases in permeability. 

More recent test1ng w1th 500 ppm C02 show s11ghtly d1fferent results as 
shown 1n f1gure 9. The left side of the chart shows permeab1l1ty of CG-21 w1th 
1 percent C02 and the r1ght s1de permeab1l1ty w1th 500 ppm C02. The so11d l1ne 
shows the average of the two modules tested and the dotted 11nes the two 1nd1-
v1dual modules. As may be seen one module malnta1ned low permeab1l1ty, while 
the other showed an 1ncrease. The reason for th1s 1s not fully understood, but 
1s cons1stent w1th 1000 ppm be1ng just below what 1s necessary to ma1nta1n 
m1n1mum permeab1l1ty. 
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Future Testing 

Because of th1s problem of low water contents caus1ng h1gh permeat1on, 
future testing will be done to define the minimum water content that is needed. 
This testing will look at pressures of 3.4, 6.9, and 13.8 MPa to simulate the 
engine operating region, and water contents between 200 and 2000 ppm where the 
critical range is expected to be. Further investigations will be done at 
820°C to include the new higher operating temperatures that are expected in 
the Mod I and future engines. 

CONCLUDING REMARKS 

Testing to date has shown that 1000 ppm water, as determined by 500 ppm 
C02 is very near the minimum that is needed to maintain low permeability. 
These conditions indicate a minimum dew point in the engine of 54°C. Lower 
temperatures may result in depletion of needed oxygen-bearing gas and reduction 
of the permeation-resistant oxide. 

Testing with 500 ppm water, as determined by 500 ppm CO has shown an ap
parent increase in permeability. 

Testing with high purity hydrogen has shown increases in permeability and 
water in the hydrogen at the end of the test. Both of these observations 
indicate that the oxide on the inside of the tubes can be removed by dry hydro
gen. This testing also showed that the water that was generated from stripping 
the oxide would stabilize permeability, indicating that an equilibrium between 
the oxide and the water in the hydrogen could be obtained. 

The removal of the inside oxide to form water, combined with the Stirling 
engine's ability to remove water by condensation in its low temperature areas, 
provides a mechanism that can remove all the oxide from the inside of the 
heater head which would result in high hydrogen permeation loss rates. 

Testing will continue to define precisely the required water level to 
maintain oxide equilibrium and the desired low permeability. 
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