
the nth distance of the Fourier image from the 
grating 
time 
time between successive arrivals of the dispersed 
phase at the laser 
resultant velocity of the particle 
velocity components in the y and z directions 
velocity of Taylor bubbles 
superficial velocity of the dispersed phase 
superficial velocity of the gas phase 
dimensionless distance from the center of the par- 
ticle to the center of the laser beam 
dimensionless distance from the grating to the image 
plane 

Greek Symbols 

a = angle between light ray and the normal to particle 
interface 

a = maximum possible error in detecting particle chord 
as diameter 

17 = dimensionless slit distance 
A = wavelength 
4 = distribution function for the light field 
7 = transit time of the particle passing through slot beam 
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Hydrogen Permeation through Nickel in Gas 
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Hydrogen has great importance today in the energy conver- 
sion and utilization field. The behavior of hydrogen with some 

metals is indeed unique showing structural decomposition of 
hydrogen molecule. This unique property of hydrogen can be  
utilized in developing a device for measuring hydrogen partial 

1981 tool (Gala, 1979). Many workers have studied the motion of 
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hydrogen in various metals and measured transport coef- 
ficients-permeability and diffusivity in the system (Cotterill, 
1961; Smith, 1948). Substantial data are available for these 
transport coefficients of hydrogen through nickel in literature 
(Robertson, 1973; Ebisuzaki, e t  al., 1967; Louthan, e t  al., 1976, 
Smithells and Ransley, 1935, 1936; Shcherbakova, 1956; Cer- 
mek, 1956; and Yamahawa, 1977). Most of these data are for 
low-pressure gas-phase conditions. At present, there exist very 
little data in which permeability of hydrogen in metals is mea- 
sured at high pressure or in the liquid phase (Louthan et  d . ,  
1976; Smithells and Ransley, 1935, 1936; and Shcherbakova, 
1956). 

A nickel probe, which can measure hydrogen partial 
pressure/concentration in situ, was developed. This probe was 
used to measure hydrogen permeability through nickel at high 
pressures, both in gas as well as liquid phase. 

The pressure range of 1 to 12 MPa was investigated and the 
temperature range of 575 to 770 K was studied. 

THEORY 

The permeation of hydrogen through nickel can be assumed 
to take place in the following sequence of steps (Robertson, 
1973): 

(a) Adsorption of the hydrogen on the nickel entrance surface. 
(b) Dissolution of the absorbed hydrogen in atomic form in the 

nickel: 

H,-+H + H or  H2-+2H’ 

(c) Diffusion of the atomic hydrogen through the bulk of nickel 
membrane. 

(d) Movement (and/or combination) of the atomic hydrogen to 
the absorbed state on the exit surface of nickel. 

(e) Desorption of the hydrogen molecule from the nickel 
surface. 

Any of the above processes could be  the controlling step in the 
total permeation process. Experiments suggest that generally 
the surface processes are very fast and the diffusion process is 
slow (Fischer, 1967). As a result, the transport of hydrogen 
through t h e  nickel membrane can be  treated as one of 
diffusion-controlled process (step c). Assuming that the Sieverts 
law (Sievert, 1929) for solubility of hydrogen in metals is valid 
and applying Ficks law for the case of steady state with small 
rate of diffusion; the flow rate Q, at which hydrogen will per- 
meate through a membrane of surface areaA and thickness x will 
be  given by: 

where P I  is hydrogen partial pressure on high-pressure side and 
P 2  is that on low-pressure side and @ is the permeability. Per- 
meability can be  expressed as the product of diffusivity and 
solubility constant as: 

@ = D . K  (2) 

The method commonly used for determining permeability 
and diffusivity is the “time lag” method (Barrer, 1959). In this 
present work permeability was determined by measuring the 
hydrogen flow rate Q directly. 

The flow rate of hydrogen through nickel membrane is very 
small. So, to measure this flow rate a micro-flowmeter was 
designed. The operation of this meter is described later. For a 
given membrane of known surface a rea  a n d  thickness, if t h e  
hydrogen  pressure  o n  both sides of t h e  m e m b r a n e  is maintained 
constant ,  permeabi l i ty  can be d e t e r m i n e d  f rom Ecl.  1 b y  
measuring the flow ra te  Q. 

The permeabi l i ty  has a n  Arrhenius  type  of d e p e n d e n c y  o n  
t e m p e r a t u r e  given as: 

@ = a0 exp ( - E / R T )  (3) 
From a set of permeability data at several experimental temper- 
atures, Q0 and E can be determined. 

EXPERIMENTAL APPARATUS 

The experimental setup for measuring hydrogen permeability 
through the nickel membrane is sketched schematically in Figure 1. It 
essentially contains a 10-3m3 (1 L) capacity autoclave designed to work 
up to 35 MPa pressure at 750 K .  The nickel probe was installed in the 
autoclave. The autoclave was equipped with a variable speed magneti- 
cally driven agitator, an electrical heater with temperature controller, a 
thermowell, a cooling coil, and inlet and outlet for gas. The autoclave 
and the probe were connected to feed section which contained high- 
pressure hydrogen, nitrogen, and helium gas tanks. Helium and nitro- 
gen were used for purging and leak testing the system. The probe and 
autoclave were also connected to vent and vacuum pump. All the lines 
and fittings were rated 75 MPa at room temperature. 

The-pressure in the probe and the vessel was measured with high- 
pressure Heise gauges. The autoclave was heated by two heaters and the 
temperature inside the vessel was measured by a chromel-alumel 
thermocouple and was controlled within t0.5W by a proportional con- 
troller over a long period of time. 

The nickel probe developed for measuring in-situ hydrogen concen- 
tration is shown in Figure 2. It consists of a thin nickel bellows of 
thickness 0.06 to 0.13 mm and an average surface area of 2 x 10-3m2, 
welded to a 3.2-mm diameter stainless-steel tube at both ends. The steel 
tube has holes drilled in it so that hydrogen gas permeating through the 
nickel surface passes through the holes. These probes were subjected to 
severe mechanical and thermal testing to determine safe operating 
temperature and pressure range. Thicker probes were able to withstand 
a pressure difference of 1.5 MPa at  800 K. 

The micro-flowmeter designed for the measurement of very small 
flow rates (of the order of lo-’’ in3/s) at high pressure consists of preci- 
sion glass capillary of 0.5- to 1.0-inm diameter enclosed in a cast-iron 
housing. The flowmeter was rated 40 MPa. The thick glass capillary 
contains a very small mercury drop. The hydrogen flow through the 
system is determined by measuring the time taken for the mercury to 
travel a known volume. The direction of flow in the flowmeter is con- 
trolled by a mnltiport valve. It can (a) bypass the flowmeter, (b) allow the 
mercury to travel backward from B to A. The working of flowmeter is 
explained in Figure 3. One end of the flowmeter was connected to 
high-pressure tank and the other end to the probe. 

Procedure 

Before a test run, the system was leak-tested at a pressure higher than 
the experimental pressure with helium. A very sensitive helinm leak 
detector was used to check all the connections in the system. After 
making certain that the system was leak-proof, it was vented and 
evacuated to at least 

Direct :Measwentent ofF10w Rate. In this set of experiments, the 
antoclave was pressurized with a known hydrogen pressure P, (for runs 
below 3 MPa, P2 was kept at zero and the autoclave was pressurized with 
helium or nitrogen), and heated up todesired temperaturelevel. After a 
steady temperature was attained, the inside of the probe was opened to a 
hydrogen storage tank so that a constant pressure PI was maintained in 
the probe. The hydrogen was allowed to permeate through the prohe for 
afew minutes (to ensure a steady state) and then the permeation rate was 
measnred using the flowmeter. Several flowmeter readings were taken 
for each set by allowing the mercury to flow forward and backward. An 
average flow rate was computed and was corrected for temperature and 
pressure to obtain permeation rate Q at normal temperature and 
pressure conditions. Eq, 1 was then used to calculate the permeability 
Q, Data were collected over a range of temperature and an Arrhenius 
type of equation was fitted to the data. 

To study the effect of surface structure on the permeation characteris- 
tic of hydrogen, the surface of nickel was sulfided. The nickel probe was 
sulfided by treating it with benzothiophene dissolved in tetralin in the 
presence of hydrogen. Several gas-phase runs were conducted with the 
sulfided probe as oritlined above. The data collected were compared 
with those of the unsulfided probe. 

For the liquid-phase runs benzene and tetralin wer? used, and the  
same procedure outlined above was followed. The liquid was charged in 
the autoclave from the liqtlid feed tank by gravity or by applying vac- 
iiiim. The liquid was then heated up and the hydrogen was allowed to  
permeate through t h r ~  nickel probe. 

MPa pressure. 
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Figure 1. Schematic diagram of experimental setup. 
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Figure 3. Working of micro-flowmeter. 

RESULTS 

Values of permeability @ were calculated from the data col- 
lected using Eq. 1. This data were analyzed statistically by 
converting Eq. 2 into a linear form. Figure 4 shows a plot of 
these data with the statistical “best fit.” The “best fit” as ob- 
tained by the least square analysis of the data is: 

@ = 5.341 X exp (-52210/RT) m3 ( N T P ) / m / s / m  

Figure 4 also shows the region of 90% confidence level. 
The effect of pressure on permeability can be observed by the 

plot of permeability vs. hydrogen pressure in Figure 5. As the 
figure indicates, pressure does not have any substantial effect on 
the permeability. The validity of Sieverts law was checked by 

,L_i--L I 2  L.3 l.4 -Fi* 1.s 

I””.,” r.mp.r.tur., k=’ 

Figure 4. Arrhenius plot for data.. Gas-phase data; A Liquid-phase dota; 
Data with sulfided probe; ---- Region of 90% confidence. 

AlChE Journal (Val. 27, No. 1) 

-r E 

E 
x 

-i 

CI d sed 
end 

Figure 2. Nickel probe. 

making a plot (Figure 6) of flow rate Q vs. ts.e driving force. 

OlSCUSSlON 

Up to a pressure of about 12 MPa, no significant effect of 
pressure on permeability was observed. However, permeability 
is very strongly dependent on temperature, a 1% variation in 
temperature can introduce as much as 10% deviation in per- 
meability (Gala, 1979). When the probe was immersed in liquid 
phase, no significant difference was observed in the rate of 
permeation compared to the gas phase. The controlling step in 
the permeation of hydrogen is the diffusion through the metal 
membrane. Thus, the medium inside or outside the probe does 
not affect the rate of permeation. Comparison of the order of 
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4i . 
T= 644 K ~ 

A 
A 

Hydropen preuure, YCa 

Figure 5. Effect of pressure on permeability. 
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Figure 6. Sieverts law plot. T = 701 K; A T = 644 K. 
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magnitude values of gas dsusivity in gas, liquid, and solid also 
indicate that the hydrogen permeation through the metal is 
controlling. Fischer (1967) additionally found that the surface 
processes are much faster than the diffusion process which are 
also confirmed by our experiments with the sulfided probe. 

COMPARISON 

Robertson (1973) has compiled the literature data on hydro- 
gen permeability through nickel. The data collected in present 
work agrees very well with the “best fit” of Robertson and lies 
well within the envelope of reported data. The comparison of 
literature data with present work is shown in Figure 7. Rela- 
tively very few studies extend up to a pressure range of 10-15 
MPa. Shcherbakova (1956) and Smithells (1935,1936) measured 
permeability at 10-12 MPa pressure. The present data agree 
very well with this data. Recent experimental data are also in 
good agreement with present data (Robertson, 1973). 

CONCLUSION 

From the present study, it can be concluded that: 

A. The nickel probe can be used effectively in measuring 

B. The  micro-flowmeter could be used to measure very small 

C. Sieverts law for predicting hydrogen solubility is valid u p  

in-situ hydrogen partial pressure. 

gas flowrates. 

to 12-MPa pressure. 

D. Permeability of hydrogen in nickel is independent of 
pressure. 

E. Permeation of hydrogen in nickel is characterized by a slow 
rate governing dBusion step. 

F. The permeability coefficient of hydrogen in nickel over a 
wide range of temperature and pressure can be estimated by the 
equation. 

@ = 5.341 X exp (-52210/RT) m3 ( N T P ) / m / s / m  
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NOTATION 

A 
E = activation energy, kJ/mol 
K = solubility constant, k g . m o l / m 3 / m a  
p* = hydrogen pressure on high side, MPa 
p2 = hydrogen pressure on low side, MPa 
0 = flow rate of hydrogen through nickel, m3(NTP)/s 
R = universal gas constant, 8.312 kJ/kmol/K 
T = temperature of gas, K 
t = time, s 

= effective surface area of nickel membrane, m2 

X = thickness of probe, m 

Greek Letters 

@ = permeability, r n S ( N T P ) / m / s / m  
@o = constant, r n S ( N T P ) / m / s / m  

LITERATURE CITED 

Barrer, R. M., “Diffusion In and Through Solids,” Cambridge Press, 
London, England (1951). 

Cermek, J. ,  and A. Kufudakis, “Diffusion-Elastic Phenomenon and 
Dfiusivity of Hydrogen in Nickel,”]. of Less Common Metals, 49,309 
(1976). 

Cotterill, P. ,  Progress in Material Science, 9, 205 (1961). 
Ebisuzaki, Y., W. J. Kass, and M. O’Keeffe, “Diffusion and Solubility of 

Hydrogen in Single Crystals of Nickel and Nickel-Vanadium Alloy,”]. 
of Chern. Physics, 46 (4), 1378-1383 (1967). 

Fischer, U’. , “Uber Die Kirctik der Wasserstaff Permeation Durch 
Nickel,” Naturforschg, 22 A, 1581 (1967). 

Gala, H. B., “Hydrogen Permeation through Nickel at High Pressures,” 
M.  S. Thesis, Univ. of Pittsburgh (1979). 

Louthan, Jr., M. R . ,  J. R. Donovan, and J.  R. Gaskey, Jr., “Hydrogen 
Diffusion and Trapping in Nickel,” Senpta Metalbrgica, 23, 745-749 
(1975). 

Robertson, W. M . ,  “Hydrogen Permeation, Diffusion and Solution in 
Nickel,” Z.  Metallkde, 436-443 (1973). 

Shcherbakova, A. A . ,  “Diffusion of Hydrogen Through Iron and 
Through the Binary Alloys of Iron-Chromium and Iron-Nickel at High 
Pressures and Temperatures,” Zhur. Priklad. Khim., 29, 879-884 
(1956). 

Sidorenko, V. M., B. F. Kachrnar, and N. S. Borisova, “Effect of Stress 
and Strain on the Diffusion Characteristic of Hydrogen in Metals,” 
Fiziko-Khirn. Mekhan. Mat., g(5), 14 (1973). 

Sieverts, A,, (i) “Solution of Gases in Metals,” Z .  Elektrochern, 16, 
701-713 (1911); (ii) “Absorption of Gases by Metals,”Z. Mettalkde, 21, 
37-46 (1929). 

Smith, D. P., Hydrogen in Metals, Univ. of Chicago Press, Chicago 
(1948). 

Smithells, C. J. ,  and C. E. Ransley, “The Diffusion of Gases Through 
Metals,’’ Proceeding of the Royal Society (London), A 150, 172-197 
(1935); ibid, “The Diffusion of Gases through Metals: IV. The D8u-  
sion of Oxygen and Hydrogen through Nickel at Very High 
Pressures,”Proceeding ofthe Royal Society (London), A 157, 292-302 
(1936). 

Yamahawa, K . ,  and F. E. Fujita, “Diffusion of Hydrogen in Hydro- 
gen-Quenched Nicke1,”Japanesej. of Applied Physics, 16(10), 1742 
(1977). 

Manuscr ip t  receioed January 14, 1980, revision received M a r c h  18, and a c c e p t e d  
Apr i l  7, 1980. 

Page 162 January, 1981 AlChE Journal (Vol. 27, No. 1) 




