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The developed models of ultra-pure hydrogen generators had been designed, produced and tested. The influence
of membrane temperature and form, position in the flame, installation of additional screens etc. were investigated.
The special device, so called hydrogen compremator (accumulator-compressor), was designed, produced and inves-
tigated. Its function is to accumulate low pressure pure hydrogen flow (pressure is less than 1 Torr) from generator
and to convert it to high hydrogen pressure of about 15 atm in the compremator volume. The combined work of hy-
drogen generator and compremators was investigated. Hydrogen generator and compremator were tested in the re-
gime of pure hydrogen puffing in plasma device DSM-1, providing the required parameters during experiment on
the examine of metal erosion. The examines had shown capacity for work of both hydrogen generator and
compremator in the conditions of real plasma physical experiments.

PACS: 52.40.Hf

INTRODUCTION

Earlier the method and laboratory model of the ul-
tra-pure hydrogen generator were suggested for hy-
drogen production, when ultra-pure hydrogen (purity
is better than 99.999 vol. %) is generated in only one
technological process [1, 2]. On the realization of this
technology the process of pure hydrogen production
could be carried out at the same time with hydrocar-
bon materials utilization (combustion), e.g., during
heating of water. The process of hydrogen generation
is realized with help of diffusion-catalytic membrane
which is placed in the flame of combustion and sepa-
rates the volume of hydrocarbon combustion from the
volume for pure hydrogen accumulation. Only hydro-
gen can pass through the diffusion-catalytic palladium
(its alloys) and nickel membranes due to its high hy-
drogen diffusivity in these metals, providing ultra
high purity of more than 99.999 vol. % [3].

The proposed method could be used in hydrogen
energy, chemical, electronics and fuel cells industries,
electro-chemical generators, gas chromatography, in
proton accelerators, under control thermonuclear fu-
sion problem solution in many plasma devices, etc.
But to realize this it was needed to investigate in de-
tail the influence of some factors, such as membrane
form and position in the flame, installation of addi-
tional screens, to develop construction of diffusion-
catalytic membrane module and hydrogen generator,
to solve the problem of accumulation and compres-
sion of low pressure pure hydrogen flow from genera-
tor, etc.

1. EXPERIMENTAL AND RESULTS

The developed construction of membrane module is
presented in Fig.1. It includes Pd-membrane of
6x0.25x190 mm dimensions. Ni-tubes with the same
dimensions were also used. Unlike the earlier used
membrane module the side of the membrane tube
plunged into the flame of hydrocarbon combustion is
hermetically argon welded and valve has been installed
between the other side of membrane tube and the vol-
ume of hydrogen flow measurement.
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Fig. 1. Developed diffusion-catalytic membrane
module

This membrane module had shown high reliability
and maintainability. Then on its base two models of
ultra-pure hydrogen generators HG-1 (hydrogen
productivity is about 3...10 I/hour with the use of Pd-
membrane) and HG-2 (hydrogen productivity is about
7...15 I/hour using two Pd membranes) had been de-
signed, produced and investigated.

The ultra-pure hydrogen generator HG-1 is pre-
sented in Fig. 2.

Fig. 2. General view of hydrogen generator HG-1

The generator diffusion module was made on the
base of WhisperLite Universal Stove model #06630
(USA) and includes one cylindrical or semi-tore Pd dif-
fusion membrane (we will get productivity about
1 I/hour, if Ni membrane to use instead of Pd). The gen-
erator is connected to butane/propane balloon. The gen-
erator construction allows gasoline using, too. Dimen-
sions of generator are 400x400x250 mm. Thermal pow-
er — 3...3.6 kW, in dependence on fuel consumption
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(0.2...0.25 I/h). In parallel with hydrogen generation
water heating could be performed. The measurements of
hydrogen flow through Pd and Ni membranes were
carried out with the method of constant pressure, similar
as described earlier [4]. Productivity in our case means
hydrogen amount generated per time unit. We used such
units of productivity — normal cm® of hydrogen per se-
cond (Ncm®/s) or normal liters of hydrogen per hour
(I/hour). This value is equal to hydrogen flow rate
Q Ncm®s from diffusion-catalytic membrane. If to
divide Q on the area of membrane surface it will be the
specific hydrogen flow Ncm?®/s.cm? or specific produc-
tivity g. The scheme of the hydrogen productivity

measurement is shown in Fig. 3.
3

Fig. 3. Scheme of productivity measurements:
1 —flame; 2 —diffusion-catalytic membrane;
3 —vacuum chamber; 4 —pump; 5 —vacuum-sensing
device; 6 —mass-spectrometer; 7 —valves;
8 —gas/gasoline stove

Under generator work, first, the membrane 2 inter-
nal volume, the measurement vacuum chamber 3, hy-
drogen conductors and valves were pumped to a pres-
sure of about 5x10° Torr. This pressure is measured by
vacuum-sensing device 5 and it is the initial pressure
Po. Then the gas/gasoline stove 8 is ignited and the pal-
ladium tube 2 is heated to 700...800°C. The tempera-
ture to which the palladium tube 2 is heated depends on
the location of the palladium tube 2 within the influ-
ence of the flame or on the flame intensity (Fig. 4,
green rhomb points). The temperature was controlled
by a chromel-Copel thermocouple. Hydrogen, formed
on the Pd-membrane surface faced to the flame, diffus-
es according to Fick’s law through membrane and de-
sorbs to the internal volume of membrane. As soon as
hydrogen desorbs, the pressure P in the vacuum cham-
ber 3 increases. When the temperature of the palladium
tube 2 is 800°C, the measured pressure in vacuum
chamber 3 is 0.15 Torr. The hydrogen flow rate to vac-
uum chamber Q = 1.3 (P-Py)-S, where Py (Torr) is an
initial pressure, P(Torr) — measured a final pressure, S
(I/s) is the pumping speed. In our case S= 5 I/s so hy-
drogen flow Q = 1 N-cm%s (or ~3.6 I/hour) passes from
the membrane to the vacuum volume 3.

Then the hot (uncooled) screen made of flat stainless
steel (Fig. 5, and dotted line in Fig. 3) was installed
over the membrane. At the palladium tube 2 tempera-
ture of 800 degrees C, the measured hydrogen flow to
vacuum chamber 3 was =5 I/h instead of about 3.5 I/h
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without screen (see Fig. 4). So, the result of additional
screen installation is the essential enhance of device
productivity. If cold screen (volume with water) was
installed the hydrogen productivity was the same as for
hot screen. So, the thermal energy generated by flame
can be used not only for membrane heating but for par-
allel technological process, i.e., for water heating or
boiling. Note, that the presence of the diffusion-
catalytic membrane in the flame did not noticeably in-
fluence on the water heating (boiling) parameters. Time
required for heating up to 100°C increased on less than
10 %.
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Fig. 4. Specific hydrogen productivity vs membrane
position in the flame

Fig. 5. Working hydrogen generator HG-1 with hot
screen

Two forms (shape) of screens were investigated: flat
(plane) 20x3 cm dimensions and semi-cylindrical with
radius R = 1.2 cm and length 1=20 cm. For both the ef-
fect of productivity increasing was observed (Fig. 6)
and it is the same for both screens.

The influence of form of the diffusion-catalytic
membranes on hydrogen productivity (hydrogen flow)
was investigated for semi-tore and cylindrical mem-
branes with the same dimensions. Note, in first case the
circular disk type stainless steel screen was used, in-
cluding the variant when screen was the bottom of vol-
ume for water heating/boiling. The large tore radius R
has to be less than flame dimension. And the screen
diameter has to be rather more than large tore radius. In
the second case the flat right-angled stainless steel
screen was used as in Fig. 5 is shown.
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Fig. 7. Hydrogen flow dependence on the distance of Pd
diffusion-catalytic membrane from the stove nozzle

The tests have shown that hydrogen productivity
of semi-tore type membrane is in about half as much
again more than that for usual cylindrical membrane. It
is seen in Fig. 7 this effect is observed on the optimal
distance 18...23 mm between membrane and flame
source. For longer distances productivity is the same for
both membrane forms. Note, that for long length mem-
branes it is possible to make membrane in form of spiral
of Archimedes or part of such spiral.

Fig. 8. General view of hydrogen generator HG-2

The pure hydrogen generator HG-2 with produc-
tivity 7...15 I/hour had been created (Fig. 8). The gen-
erator was made on the base of WhisperLite Universal
Stove, too, and includes two semi-tore Pd diffusion
membranes (Ni membranes were used, t00.). The gener-
ator was connected to butane/propane balloon or to gas-
oline source. Dimensions of generator are
550x550%x300 mm. Thermal power is 3...3.6 KW, simi-
lar as for HG-1 generator. The generator is completed
with two hydrogen compremators (compressor-

106

accumulator). This special device has been created and
investigated to convert the resulting low pressure (less
than 1 Torr) hydrogen flow from generator to high pres-
sure (up to 15 atm.) This allows to use this system for
hydrogen feeding through the autonomic system inlet.

The hydrogen compremator includes high pressure
box with two connections for pumping and getter input-
ting, electric heater and shield (Fig. 9). The installed
special filter prevents hit of powder into pumping sys-
tem. Hydrogen compressor dimensions are: diameter
80 mm, length 350 mm. The internal volume of
compremator chamber allows to place there about
1000 g of Zr-Ni getter.

Fig. 9. Compremator chamber with heater and shield

Batch of Zr-Ni powder was produced in the
IPTTMT NSC KIPT. It was previously tested in the
special stand GAS [5] to determine the main character-
istics: hydrogen sorption rate at low pressures, capacity,
optimal sorption/desorption temperatures, etc. The aver-
age size of powder particles was 0.2...0.8 mm. About
500 g of Zr-Ni getter had been placed into compremator
to provide hydrogen sorption. After getter activation
procedure and saturation with hydrogen flow from gen-
erator during 25 hours at the room temperature, such
compremator provided about 5 atm pressure after hy-
drogen desorption at the temperature of 500°C. This
allows use pure hydrogen generator for hydrogen puff-
ing in numerous vacuum devices with autonomic sys-
tems for hydrogen inlet, high hydrogen pressure is re-
quired in which.

The heater capacity is 1.5 kW. The heater provides
the compremator heating to temperature of 700...750°C
during 7...10 min (with shield). Power consumption in
the regime of hydrogen accumulation is 0 W, and it is
about 1...1.5 KW in the regime of hydrogen desorption.

The joint operation of hydrogen generator with
compremator (hydrogen compressor-accumulator) was
investigated. The combined system (hydrogen generator
and compressor) works in the following way. At first,
valves V-V (Fig. 10) are opened and system is
pumped to pressure of about 5-10° Torr. Then valves
V-V, are shut off and the flame of gas/gasoline com-
bustion is ignited. Hydrogen diffuses through mem-
branes and is puffed into vacuum system to measure
hydrogen generation productivity (rate of hydrogen flow
through membrane). Then valves V,-V are shut off and
valve V; is opened. Hydrogen is trapped by getter in
compremator 4. This process is carried out at the room
temperature of compremator. After full getter saturation
valve V, is shut off. The gas/gasoline stove is switched
off to cut off the hydrogen flow through membranes.
Then the compremator heater switched on to heat getter
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to the temperature of 450...500°C. Due to hydrogen
desorption process the pressure in compressor increases
up to 5...15atm. (in dependence of saturation time,
temperature, getter properties, etc.). In our experiment
the times of saturation were 25/250 hours and maximum
pressures were 5/15 atm.
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Fig. 10. The scheme of the hydrogen generator HG-2:
1, 2 — Pd membranes; 3 —gas/gasoline stove;
4,5 — compremators; 6 —manometer; V; and
V, —valves for compremators; V; — change over valve;
V, and Vs — valves for diffusion membranes; Vg — valve
for pumping

Various work regimes of the generator are possible:
the direct generated hydrogen puffing into vacuum sys-
tems (one or two working membranes), regimes of hy-
drogen accumulation in compremators (one or two
compremator is working) and high pressure hydrogen
using, demounting of one compremators and its using
without of generator, etc.

It is known, that pure hydrogen is widely used for
research experiments in the frame of the program of
thermonuclear fusion devices creation: erosion behavior
of materials, hydrogen trapping and desorption phe-
nomena, etc. In the Institute of Plasma Physics of the
NSC KIPT (Kharkov, Ukraine) the investigations of the
erosion behavior of various materials used in thermonu-
clear plasma devices were carried out early and are car-
ried out now on the DSM-1 device [5]. Two regimes are
usually used: plasmas of mirror Penning discharges and
magnetron type discharges regime.

To test the work of hydrogen generator and
compremator in the real experimental conditions they
were installed in the DSM-1 device instead of hydrogen
balloon. In this work the regime of mirror Penning dis-
charges was used. Steady state mirror discharges were
ignited in magnetic field of 0.05 T under work gas (it
was hydrogen from compremator or generator) pressure
about 0.2 Pa. The discharge voltage was 1 keV, dis-
charge current change in the range of 2 mA. Hydrogen
flow in the DSM’s vacuum chamber was provided by
puffing of desorbed hydrogen from compremator during
its heating up to 500°C at the working forevacuum
pump (5 I/s) and turbo molecular pump (500 I/s). Such
regime was supported during 20 minutes that was
enough to measure the erosion rate of material.

In the next experiment hydrogen generator was used
for hydrogen puffing in DSM-1 device. The initial pres-

ISSN 1562-6016. BAHT. 2017. Nel(107)

sure in the DSM vacuum chamber was 5x10°® Torr and
it is provided by working forevacuum and turbo mo-
lecular pumps. After switch on the hydrogen generator
the work pressure of 1...2x107 Torr was obtained in the
DSM chamber and it was supported during the experi-
ment (~20 min). The estimated hydrogen productivity of
the generator was 1...2 N- cm*s (3.5...7 N:l/hour) in
dependence on the flame intensity. The plasma parame-
ters in this experiment was the similar to above men-
tioned for experiment with hydrogen compremator.

So, the examines had shown capacity of both hy-
drogen generator and compremator for work in the con-
ditions of real physical experiments.

2. DISCUSSION

Note, that the effect of enhancing of pure hydrogen
generation productivity due to screen installation above
the diffusion-catalytic membrane was not known and
evidence before the beginning experiments with screen.
Its initial function was to protect membrane from me-
chanical impacts to prevent its damage because the
membrane material has no sufficient mechanical
strength. As the screen is made of higher mechanical
strength and heatproof material than membrane tube
material, the probability to fracture thin membrane is
essentially decreased and device reliability increases.
On the other hand such screen could, e.g., to decrease
the amount of generated hydrogen (productivity) due to
partial isolation of diffusion-catalytic membrane from
the flame flows. There are not exact information on the
real reasons of such increasing of productivity. The pro-
cess of pure hydrogen production from the flame is very
complete and dependents on many factors, such as tem-
perature, work gas concentration (pressure), physical-
chemical reaction rates, membrane placing in the flame,
form and structure of flame, etc. Such possible simple
mechanism can be suggested to explain this effect: The
flame intensity could be different below the membrane
and above the membrane. On the top of membrane tube
flame intensity could be lower and it could lead to de-
creasing of hydrogen flow through this part of mem-
brane. Note, that at the same time the membrane tem-
perature can be similar for both places due to high metal
thermal conductivity. In Fig. 4 you can see that the
membrane temperature with screen even some lower
than for membrane without screen. The screen installa-
tion above the membrane could increase of flame flows
to top of membrane. Moreover, due to screen the flame
intensity could be more uniform along the membrane. If
that's the case, the concentration of work gases near the
membrane surface increases and hydrogen flow
(productivity) through membrane also increases. Of
course, forming of flame flows to top of membrane and
along tube could be dependent on the screen form and
its distance from membrane.

Some words on the screen dimensions. The exact
radius of semi-cylindrical screen is not important, but it
have to be not rather small in order to prevent screening
of tube surface from the flame. In our case it is enough
screen radius about two tube diameters (about 12 mm).
But, e.g., if we will use the diffusion-catalytic mem-
brane which will be consisting of more than one tube,
the variant of large flat screen could be more preferable.
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So for numerous modifications of hydrogen generator
the screen shape or dimensions or distances from stove
could be different. The optimal configuration provides
from the one hand the protection of membrane and on
the other hand, as had shown our experiments the essen-
tial increase of hydrogen productivity.

CONCLUSIONS

Two models of pure hydrogen generators HG-1 (hy-
drogen productivity is about 5...10 I/hour with the use
of Pd-membrane) and HG-2 (hydrogen productivity is
about 7...15 I/hour with two Pd membranes) had been
designed, produced and were tested. The optimal forms
of diffusion catalytic membranes were choused. The
installation of the additional screen above the diffusion-
catalytic membrane leads to essential increasing of hy-
drogen productivity up to two times. It could be ex-
plained as the result of the flame intensity increase on
the membrane top part and membrane temperature sta-
bilization.

Hydrogen compremator (accumulator-compressor)
was designed, produced and tested. It is the device with
the function to accumulate low pressure pure hydrogen
flow (pressure is about 0.5 Torr and lower) generated in
generator and then to obtain in compremator volume
high hydrogen pressure of about 15 atm. Generator
HG-2 had been completed with two such compremators.
The combined work of hydrogen generator and

compremator was investigated. Both HG-1 and
compremator was tested in the regime of the work on
plasma device DSM-1, providing the required parame-
ters. The examine had shown capacity for work of both
hydrogen generator and compremator in the conditions
of real physical experiments.
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HNCCIEAOBAHUME BJIUAHUA PAJJA PAKTOPOB HA PABOTY 'EHEPATOPA OCOBO
YUCTOI'O BOAOPOJA

I'Il. I'nazynoe, A.JI. Konomonckuii, /[.M. Bunozpaooe, M.H. bouoapenxo, C. M. Mazuuuenko,
A.II. Ceunapenxo

PazpaboTaHbl, U3TOTOBJIECHBI M UCIBITAHBI YCOBEPIIEHCTBOBAHHBIC MOJIENIH T€HEPATOPOB 0COO0 YHUCTOTO BOJIOPO-
Ja. M3yueHo BiMsHHE HA MTPOM3BOAUTEIBHOCTh T€HEPATOPOB TaKuX (pakToOpoB, Kak Temneparypa u Gpopma auddy-
3HOHHO-KaTAJIUTHYECKUX MEMOpaH, UX TOJ0KEHHE B TUNIAMEHH, YCTAaHOBKA JOMOJTHUTEIBHBIX 3KpaHoB U 1p. Crernu-
QIPHOE YCTPOMCTBO, TaK Ha3bIBAEMBIH KOMIPEMaTOp (aKKyMYJISATOP-KOMIIPECCOP BOIOPOAA), OBUI M3TOTOBIECH U
ucneltad. Ero QyHKIuen sBisercs HakoIUIEHHE BOJOpojaa HHU3Koro pasieHus (Hmxe 1 Topp), mocrynaromero us
TeHepaTopa, ¥ KOHBEPTAlUs €ro B BOJOPO/] BBICOKOTO aBieHHs (okosio 15 atm) B 00béMe komnpemaTopa. Mccie-
JIOBaHa COBMECTHasi paboTa reHepaTropa BOJOpoJa M KoMnpemaropa. ['eHepaTop ¥ KOMIPEMAaTop HCIBITAHBI B pe-
JKMME HaIlyCKa YHCTOTO BOJIOPOJA B IUIa3MEeHHYIO ycTaHoBKY /ICM-1, obecnieunBasi HeOOXOJMMBIE TTApaMETPHI BO
BpeMsl SKCIIEPUMEHTOB 10 M3YYEHHUIO 3PO3MH METAJUIOB. VIcHBITaHHUA MOKa3ajld XOPOIIyI0 paboTOCIIOCOOHOCTH Te-
Heparopa U KOMIIPeMaTopa B YCJIOBUSIX PeabHOTO (hHU3HMYECKOr0 IKCIIEPUMEHTA.

JOCIIIKEHHA BIVIUBY PAALY UNHHHUKIB HA POBOTY 'EHEPATOPA OCOBJINBO
YUCTOI'O BOJHIO

I'.IL. I'nazynos, O.J1. Konomoncovxuii, /[.M. Bunozpaoos, M.M. bonoapenxo, C.M. Ma3niuenxo,
O.11. Céunapenko

Po3pobneHo, BUTOTOBJICHO i BUIIPOOYBAHO BIOCKOHAJIEHI MOJIEN TeHepaTopiB OCOOIMBO YUCTOTO BOJHIO. Bu-
BYCHO BIUIMB Ha MPOAYKTHUBHICTh T€HEPATOPIB TAKWX YHHHHMKIB, K TeMmepaTypa i popma audy3iiiHO-KaTaTiTHIHNX
MeMOpaH, X MOJIOKEHHS B MOMyM'], yCTAaHOBKA JTONATKOBUX eKpaHiB i iH. CriernianbHuii MPUCTPiH, TaKk 3BaHUN KOM-
npemMaTop (aKyMyJISTOP-KOMIIPECOp BOJHIO), OYB BUTOTOBICHHIT i BHIIPOOyBanHuii. Ioro (pyHKIEI0 € HAKOMMYCHHS
BOJHIO HM3BKOTO TUCKY (HMXk4e 1| Topp), o nmocTymae 3 reHepaTopa, i KOHBEpTAaIlis HOTO Y BOJACHb BUCOKOTO TUCKY
(6mu3pK0 15 at™) B 00'eMi KoMmpemaTopa. JlociipkeHa crijbHa po0oTa reHepaTropa BOJHIO 1 KoMrpeMaTopa. ['ene-
parop i koMIIpemarop BHIPOOYBaHi B PEXHMIi HAIyCKy YHCTOTO BOJIHIO B IUIa3MOBY ycTtaHoBKY JICM-1, 3abe3me-
YyI04n HEOOXiHI ITapaMeTpH MiJ Yac eKCIIEPUMEHTIB 3 BUBUCHHS epo3ii MeTastiB. BunpoOyBaHHs mokas3ainy Xopoury
nparne3 aTHICTh TeHepaTopa i KOMIPeMaTopa B yMOBaxX peaJbHOr0 (i3MYHOTO EKCIIEPUMEHTY.
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