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Abstract

A thermodynamic cycle analysis is performed for refrigerator-precooled Linde-Hamp-
son hydrogen liquefiers, including catalysts for the ortho-to-para conversion. Three di-
fferent configurations of the liquefying system, depending upon the method of the o-p
conversion, are selected for the analysis. After some simplifying and justifiable assump-
tions are made, a general analysis program fo predict the liquid yield and the figure of
merit (FOM) is developed with incorporating the commercial computer code for the
thermodynamic properties of hydrogen. The discussion is focused on the effect of the
two primary design parameters - the precooling temperature and the high pressure of
the cycle. When the precooling temperature is in a range between 45 and 60 K, the
optimal high pressure for the maximal liquid yield is found to be about 100 to 140 bar,
regardless of the ortho-to-para conversion. However, the FOM can be maximized at
slightly lower high pressures, 75 to 130 bar. It is concluded that the good performance of
the precooling refrigerator is significant in the liquefiers, because at‘low precooling tem-
peratures, high values of the liquid yield and the FOM can be achieved without com-
pression of gas to a very high pressure. .

Nomenclature —————— & : Specific enthalpy [J/gl
m  :Mass flow rate [g/s]
COP : Coefficient of performance of refri- P : Pressure [bar]
gerator Q@  : Heat transfer rate [W]
FOM : Figure of merit of liquefier or refri- s : Specific entropy [J/g-K]

gerator
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T : Temperature [K]
W :Power input {W]
X : Fraction of para-hydrogen
Xe : Fraction of para-hydrogen at equili-
brium
y : Liquid yield

Greek letters

5 : Heat exchanger effectiveness

7 : Adiabatic efficiency of compressor

Subscripts

0 : Room temperature, Atmospheric pre-
ssure

1,2,--- : State in liquefier

comp . Compressor

f : Liquid

g : Vapor

in : Input

Jolo : Precooling

ref : Refrigerator

rev : Reversible

out : Output
1. Introduction

As an effort to reduce the air pollution and
the global warming due to the excessive usage
of fossil fuels, a number of research works
have been performed to utilize the hydrogen
energy. Hydrogen is called an environment-
friendly fuel, since it does not generate car-
bon dioxide when it is combusted. The en-
thalpy of combustion per unit volume of hy-
drogen gas at standard condition is only 1/5
of that of diesel, but the enthalpy of com-
bustion per unit mass of liquid hydrogen is 3
times greater than that of diesel.'”

Hydrogen has been used as a fuel for the
propulsion of rockets or spaceships since 1950,
but has recently drawn attention as a fuel for

automobiles mainly because the hydrogen en-
gines emit no or little air-pollutants. A recent
state-of-an-art report(Z) predicted that in the
next century a significant part of the liquid
fuel would be replaced by gas fuels such as
methane (natural gas) or hydrogen and that
hydrogen could cover almost 90% of the en-
tire fuel consumption at the end of 21st cen-
tury.

Hydrogen can be stored as a fuel in three
different forms : the cryogenic liquid at atmo-
spheric pressure, the compressed gas at room
temperature, and the metal hydride. While each
of these storage methods has both advanta-
ges and disadvantages, the cryogenic liquid
has been evaluated best by the German car
manufacturer BMW® from the point of the
energy storage density per unit volume or unit
mass. The Los Alamos National Laboratory
in US.A“® also reported the favors of the
liquid storage of hydrogen fuel in overall
energy-efficiency at least for 20 years from
now on.

Since the maximum inversion temperature
of hydrogen is lower than the room tempera-
ture(e), hydrogen can not be liquefied with the
simple method of Joule-Thomson expansion.
At the beginning of this century, hydrogen
was liquefied by a classical method called the
cascade system.(e) In the system, a standard
vapor-compression refrigeration cycle with
ammonia precools a nitrogen refrigeration cy -
cle, which again precools the compressed hy -
drogen before its Joule-Thomson expansion.
This system is not relevant in commercial
liquefaction because of low liquefaction effici -
ency. Most of large scale liquefaction of hy -
drogen has been achieved by Claude cy-
® The Claude system should employ an
expander or an expansion engine that ex-

cles.

tracts work from the compressed hydrogen.
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Contemporary Claude systems have attained
reasonably high liquefaction efficiency especi-
ally in large-scale plants. In order to use the
liquid hydrogen effectively as a fuel for au-
tomobiles, the liquid should be liquefied lo-
cally at the fueling station in a relatively
small scale so that the thermal loss through
the transfer might be minimized.”

One of the simple methods for small-scale
hydrogen liquefaction is to use a closed-cycle
cryogenic refrigerator. Hydrogen can be li-
quefied by a contact with a cryogenic refri-
gerator whose cold head temperature is lower
than the liquid bemperature.(s'g) This system
has, however, a very low liquefaction effici-
ency, because the room-temperature hydro-
gen should be cooled by the cryogenic refri-
gerator and the large temperature difference
between hydrogen and the cold head of the
refrigerator results in a great thermodynamic
irreversibility.

A refrigerator-precooled Linde-Hampson sy -
stem has been proposed to meet both the
simplicity and the efficiency for the small
scale liquefaction of hydrogen. This systemr
has the same configuration as the conven-
tional precooled Linde-Hampson systems ex-
cept the precooling cycle is the compact re-
generative gas cycle in stead of the large
Joule-Thomson cycle. While any type of small
or medium-sized cryocoolers including GM
(Gifford-McMahon) refrigerators, Stirling re-
frigerators or pulse tube refrigerators can be
good candidates for the precoolers, single-stage
or two-stage GM refrigerators are readily
available from more than 20 manufactures
worldwide.

The present authors see that the techno-
logy for the small-scale liquefaction of hy-
drogen has not been developed as much as
the large-scale liquefaction'**? but is worth

while to investigate for the potential appli-
cation in near future. As a beginning step of
the investigation, this study aims at the de-
termination of the basic design parameters in
the small refrigerator-precooled Linde-Hampson
liquefaction systems through a thermodyna-
mic cycle analysis. In this paper, the ther-
modynamic properties of hydrogen, the per-
formance parameters of the liquefaction cycle,
and the possible configurations of the sys-
tems are briefly introduced from existing li-
teratures. After some reasonable analysis mo-
dels are made, the cycle analysis program is
written and incorporated with the commercial
codes for the thermodynamic properties of hy -
drogen. The optimal values for the precooling.
temperature and the high pressure are sought
for various ortho-to-para conversion schemes.

2. Liquefaction Systems
2.1 Thermodynamic properties of hydrogen

The critical temperature, the triple point
temperature and the normal boiling tempera-
ture of hydrogen are 33K, 13K, and 20K, res-
pectively. A unique feature of hydrogen as a
biatomic molecule is that it has two mole-
cular forms, ortho~hydrogen and para-hydro -
gen, depending upon the angular momentum.
Figure 1 shows schematically the directions
of the angular momentum of two molecules
for ortho-hydrogen and para—hydrogen.

At room temperature, the equilibrium hy -
drogen is a mixture of 75% of ortho-hy-
drogen and 25% of para-hydrogen., which is
called normal-hydrogen. As temperature de-
creases, the equilibrium concentration of para-
hydrogen increases and at the liquid tempera-
ture, 20K, it is 99.9% of para—hydrogen.(s)
Since the ortho-hydrogen has a greater energy
than the para-hydrogen at the same tempe-
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Fig.1 Schematic representation of angular
momentums in ortho-hydrogen and
para-hydrogen

rature, the ortho-to-para conversion is an
exothermic reaction. In general, the rate of
the ortho-to-para conversion is very slow, so
the liquid obtained from the liquefier has al-
most the same para-concentration as the nor-
mal hydrogen. However the most of the li-
quid will evaporate in a storage vessel be-
cause of the heat of conversion as it reaches
an equilibrium, even though the vessel may
be well-insulated.” In order to reduce the
loss of liquid due to the ortho-to-para con-
version, the proper catalyst is needed to au-
gment the para-concentration during the liqu-

. 6.13)
efaction process.

2.2 Performance parameters of liquefier

Liquefier is an open cycle from the ther-
modynamic point of view and may have two
different performance parameters. The first is
the liquid yield and the second is the FOM
(figure of merit). The liquid yield is defined
as the ratio of the liquefied mass to the total
compressed mass.

mass liguefied _ My
mass compressed m

y= (1)

The FOM is defined as the ratio of the
minimum work required to liquefy gas to the
actual work.

I}Vreu :

Fom= Ve L 7
W/ my
— (hf"‘ hg) - TQ(S/_ Sg)
W/ m,

(2)

The liquid yield is associated only with the
amount of liquid fraction that can be obtained
through compression and cooldown of gas,
while the FOM can be considered as a kind
of efficiency involving the thermodynamic
availability of the gas and the liquid. The
minimum work required to liquefy unit mass
of gas in Equation (2) is the difference in
flow availability of the gas at standard con-
dition and the saturated liquid at atmospheric
pressure. The minimum work per unit mass
is 11.62MJ/kg for normal~hydrogen and 18.83M]J
/kg for equilibrium-hydrogen.”” It should be
noted that the enthalpy and the entropy of
hydrogen are functions of the fraction of para
-hydrogen as well as temperature and pre-
ssure.

2.3 Refrigerator-precooled L-H(Linde-
Hampson) system

The basic refrigerator-precooled L-H liqu-
efaction system consists of precooling refri-
gerator, compressor, counterflow heat excha-
ngers, JT(Joule-Thomson) valve, and flash
chamber, as shown in Fig.2(a).®™ The gas at
atmospheric pressure and room temperature
is compressed to a high pressure and then
cooled to room temperature. The high pre-
ssure gas is cooled further by a heat ex-
change with the cold and low pressure gas in
counterflow heat exchangers and with the
precooling refrigerator. The cold high pre-
ssure gas expands through JT valve to a
saturated fluid at atmospheric pressure and
the liquid is extracted from the bottom of the
flash chamber. In this system without cata-
lysts, the ortho-to-para conversion process is
very slow and the liquid would have the
same fraction of para-hydrogen as normal
hydrogen.

Among various methods to install the ca-
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Fig.2 Schematic diagram of L-H liquefier precooled by cryogenic refrigerator
(a) without catalyst,(b) with one adiabatic catalyst, (c) with adiabatic
and isothermal catalysts(HX : heat exchanger, JT : Joule-Thomson valve,
Comp : compressor, Ref. : refrigerator, C : catalyst, FC : flash chamber)

talysts to accelerate the ortho-to-para con-
version in refrigerator-precooled L-H system,
two efficient configurations are considered in
this study as shown in Fig.2 (b) and (c). As
the high pressure gas (state 5) passes through
an adiabatic catalyst, some of ortho-hydrogen
is converted to para-hydrogen and the tem-
perature of gas increases because of the heat
of conversion. The warmer gas (state 6) should
be cooled again in the cold heat exchanger
before it expands at JT valve. In case of (b),
the fraction of p-hydrogen in liquid will be
the same as the equilibrium concentration at
the temperature of state 6, which is about 60
or 70 % for the most of typical operating con-
ditions as discussed later. In case of (c), an
isothermal catalyst is added in flash chamber
so that the extracted liquid may have the
equilibrium concentration at the liquid tem-
perature, 99.9 %.

The necessary fraction of para-hydrogen in

liquid is dependent upon the period of sto-
rage. For example, if the liquid is to be
stored for only several hours, the liquid of
normal hydrogen could be enough and the best
liquefaction system should be Fig.2(a). If it is
to be stored for about a week, the optimal
fraction of para-hydrogen would be approxi-
mately 60 or 70 % and the system should be
Fig2(b). If it is to be stored more than a
month, the liquid should be almost para and
the system should be Fig.2(c). A more gquan-
titative relationship between the fraction of
para-hydrogen and the storage period is des-
cribed in the published literature,”

3. Cycle Analysis

3.1 Analysis model

Some simplifying and justifiable assump-
tions are made for the cycle analysis. For the
precooling refrigerator, the FOMe (figure of



Basic Design of Hydrogen Liquefier Precooled by Cryogenic Refrigerator 129

merit) is assumed to be given as a function
of the precooling temperature. The FOM.,« of
a refrigerator is the ratio of the actual COP
(coefficient of performance) to the COP of a
reversible refrigerator operating between the
same temperatures. In general, the FOM,'s
of commercial refrigerators are dependent on
the type of thermodynamic cycle, the size and
the refrigeration capacity or the operating
temperature range. A simple and reasonable
function for the FOM/e can be derived from
the refrigeration characteristics provided by
the manufacturer of the actual refrigerators.
For a given function, the required work to
operate the precooling refrigerator can be
calculated as

__— Q T,
Wet = “FOM,. (T X( Ty 1) )

For the compressor in the L-H liquefier,
the adiabatic efficiency is assumed to be gi-
ven and the gas is compressed in multi-stage
with intercoolings to room temperature such
that the pressure ratio of each stage does not
exceed 5. For the heat exchangers, the heat
leak from the surroundings and the pressure
drop in the passage are neglected, and the
effectiveness is assumed to be given. Since
the specific heat of the high pressure gas va-
ries very much in the heat exchangers, the
effectiveness of heat exchanger should be ba-
sed on the amount of heat transfer via en-
thalpy of gas instead of the temperature. For
example, in case of the cold heat exchanger
HX1 in Fig.2(a), the effectiveness can be ex-
pressed as

h(T7,PL,x7)—h(T6,PL,x5) (4)
h(T3,PL,x3)—h( TG.PL,xG)

& =

The cold heat exchanger HX1 in Fig.2 (b)
and (c) is a triple-passage counterflow heat

exchanger, where the cold and low pressure
gas exchanges heat simultaneously with two
high pressure gases. The published effecti-
veness~NTU method for triple-passage coun-
4 s included in this
analysis. The expansion process through JT
valve is assumed to be isenthalpic and the
saturated hydrogen in flash chamber is assu-
med to be completely separated into saturated
liquid and saturated vapor.

terflow heat exchangers

3.2 Ortho-to-para conversion

As mentioned above, the equilibrium con-
centration of para-hydrogen increases as the
hydrogen gas is cooled, but the ortho-to-para
conversion is a very slow process. A con-
servative assumption is made that the con-
centration of para hydrogen does not vary at
all unless the gas passes through catalyst. It
is further assumed that the surface area of
the catalyst is enough and the hydrogen gas
reaches its equilibrium concentration of para-
hydrogen at the exit. For an adiabatic ca-
talyst as in Fig.3(a), the enthalpy should re-
main constant.

hin (Tin’Pin-xin )=hout (Toutspouhxe( Tout))
6)]

For a given inlet state of the adiabatic
catalyst, the exit state can be determined by
the same method as so-called adiabatic sa-
turation process in air-water vapor mixture,
On the other hand, for an isothermal catalyst
as in Fig.3(b), the heat should be removed by
the amount equal to the difference in enthalpy
between at inlet and at exit.

3.3 Cycle analysis

Table 1 is the list of the input parameters,
the unknowns and the equations in the cycle
analysis for three different systems in Fig.2.
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(a) Adiabatic catalyst

To»r = Tin
xvut =X, (Tin)

Q = hin - hout
(b) Isothermal catalyst

Fig.3 Two different models of catalyst for ortho-to-para conversion

Table 1 Unknowns and equations for analysis of the three models(HX : heat exchanger, JT :
Joule-Thomson valve, Comp : compressor,Ref. : refrigerator, C : catalyst, FC : flash

chamber)
model (a) model (b) model (c)
given temperature To, T7 To, To Ty, Ty
values x (para %) X2 X2 X2
Ts, Ty, Ts, Te, T, T3, Ty, Ts, Te, T, Ts, Ty, Ts, Ts, Ty,
temperature
Ts, T Te, T, Tun Us, T, T
)@, i y x ’ 1] : i x r '’ y ‘ cd ?
unknowns x (para %) X4, X5, X6, X7, X3, X4, X5, Xp, X7, X3, X4, X5, X, X7,
X8, X9 Xs, X9, X10, X1i Xs, X9, X10, X11, Xf
work Weomp, Wres Weompy Wret Weomp, Wiei
total number 16 19 _ 20
energy balance HX;, HX3, JT, Comp.,| HX,, HX;, JT, Comp., | HX,, HX;, JT, Comp.,
Ref.(HXz), FC Ref.(HX»), FC, G Ref.(HX»), FC, Cy, C;
HX effectiveness €), &, & €, &2, & €1, &, &
equations X X9=X3=X4=X5=X6=X7= X2=X3=X4=X5, X2=X3=X4=Xs,
x relation
Xg=Xg X6=X7=Xg=Xe=X10=X11 X6=X7=X8=X9=X10=X11
catalyst, x=x.(T) X5 Xe, Xt
total number 16 19 20
. . (h7"‘ ha) (hg— h7) (hg_ h7)
liquid yield) —-T Iy T T
v (liquid yie (hi— hy) (hy= hy) (hy— hy)

The numbers of the knowns are 16, 19, and
20 for the cases of Fig.2 (a), (b) and (c), res-
pectively. The same numbers of equations are
provided by the energy balance, the effecti-
veness of heat exchangers and the models for
the concentration of pare-hydrogen.

A cycle analysis program has been written
by incorporating a commercial code for the
real properties of normal- and para—hydro-
gens, to determine the state of each location

in the cycles and calculate the liquid yield
and the FOM of liquefier. There are two si-
gnificant design parameters in the liquefaction
cycles; the precooling temperature and the high
pressure. The input parameters in the pro-
gram include the characteristics of the com-
ponents such as the effectiveness of heat ex-
changer, the adiabatic efficiency of compre-
ssor or FOML, in addition to the two design
parameters.
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The cycle analysis requires a numerical
method to solve the systems of eguations si-
multaneously. A step-by-step iterative method
has been adopted in this study, as can be
briefly described below. The temperature at
the exit of precooling heat exchanger (HX2)
is assumed to start an iteration. Then the
exit temperatures of the cold heat exchanger
(HX1) and the liquid yield are determined by
solving the energy balance equations for the
heat exchanger, the JT valve and the flash
chamber with the relation for the given heat
exchanger effectiveness. Next, the exit tem-
peratures of the warm heat exchanger (HX3)
are determined by the energy balance and the
given effectiveness. Finally, the exit tempe-
rature of precooling heat exchanger (HX2) is
calculated by the given precooling tempera-
ture and the effectiveness. The iteration is
repeated until the calculated exit temperature
of precooling heat exchanger is same as the
assumed value at the beginning.

The real properties of hydrogen are cal-
culated by the code developed by the U.S.
NIST“S), which provides the subprograms for
normal- and para-hydrogens. The liquid yield
can be calculated by the equations listed in
Table 1 and the FOM can be calculated as

Table 2 Input conditions for sample calculation

(hy—hg) — TO (sf— fg)
( Woomp+ Wmf) / my

FOM = 6

where h; and s, are dependent on the con-
centration of para-hydrogen at liquid, x; and
the required work is the sum of the com-
pressor work and the work for the precooling
refrigerator.

4. Results and Discussion

The input conditions to the developed cycle
analysis program are summarized in Table 1.
FOM, of the precooling refrigerator is a li-
near function of the precooling temperature,
which is based on the characteristics of se-
veral commercial cryogenic refrigerators for a
temperature range between 40 K and 100 K,
manufactured by Cryogenic Technology Inc.,
Cryomech, Air Product Inc.,, CVI, Leybold or
Balzers. The adiabatic efficiency of compre-
ssor and the heat exchanger effectiveness are
also selected as typical values for the cryo-
genic liquefaction systems.

Figures 4 and 5 show the liquid yield and
the FOM as functions of the precooling tem-
perature and the high pressure for a simple
refrigerator-precooled L-H liquefier without

tempergturg where heat To 300 K
is rejected
L-H cycle
low pressure PL 1 bar
(liquid temperature) (To) (2039 K )

. , . cor 1 92 (Tpc—37)
refrigerator figure of merit FOM,, = —5— 444 NSPC 90/
g g = COP., | 5157 153

adiabatic efficiency 7 comp 0.8
compressor
number of stages - 6
heat exchangers effectiveness € 0.95
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Fig.4 Liquid yield vs high pressure for
various precooling temperatures for
Fig.2 (a)
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Fig.5 FOM vs high pressure for various
precooling temperatures for Fig.2 (a)

catalyst as shown in Fig.2(a). For a constant
precooling temperature, the liquid yield incre-
ases and then decreases as the high pressure
increases so that there exists an optimal high
pressure to maximize the liquid yield. This
phenomenon is closely related with the ther-
modynamic properties of hydrogen. In order
to produce a large fraction of liquid, the en-
thalpy of hydrogen should be small. The JT
(Joule-Thomson) coefficient has a positive
value at relatively low pressures but a ne-
gative value at higher pressures in the pre-

cooling temperature ranges. At a given tem-
perature, the enthalpy has its minimum when
the JT coefficient equals 0. As the precooling
temperature decreases from 65 K to 45 K, the
optimal high pressure to maximize the liquid
yield varies from 140 bar to 105 bar and the
corresponding maximum of the liquid yield
increases from 0.20 to 0.38. This result coin-
cides with the existing design data for large
liquefaction plant that the high pressure is
about 140 to 150 bar when the precooling
temperature is about 63. to 66 K4

. It is also observed that there exist an opti-
mal high pressure to maximize the FOM for
a given precooling temperature, which is gre-
ater by 20 or 30 bar than the opfimum to
maximize the liquid yield. The main reason
for this is that a more compressor work is
required for a greater high pressure, but the
liquid yield has nothing to do with the com-
pressor work. As the precooling temperature
decreases from 65 K to 50 K, the maximum
in liquid yield increases from 0.069 to 0.074.
However, if the precooling temperature decre-
ases further to lower temperatures than 45 K,
the maximum decreases to 0.073, because the
FOM,e of the precooling refrigerator has lo-
wer values. It could be stated that there exist
the unique optimal values for the precooling
temperature and the high pressure to maxi-
mize the FOM of simple L-H liquefier with-
out catalyst.

Figures 6 and 7 show the liquid yield and
the FOM as functions of the precooling tem-
perature and the high pressure for a refri-
gerator-precooled L-H liquefier with adiabatic
catalyst as shown in Fig.2(b). The effects of
the precooling temperature and the high pre-
ssure on the liquid yield are qualitatively the
same as the case without catalysts, even
though the amount of liquid yield is smaller.
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Fig.6 Liquid yield vs high pressure for
various precooling temperatures for
Fig.2 (b)
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Fig.7 FOM vs high pressure for various
precooling temperatures for Fig.2 (b)

The main reason for this is that the concen-
tration of para-hydrogen in obtained liquid is
higher. The para-concentration in liquid is
identical to its equilibrium concentration at
state 6 and thus it increase as the precooling
temperature decreases. In the calculased con-
ditions, the concentration has a value between
60 and 70 %. It is noted that if the precooling
temperature is higher than 60 K, the liquid
can not be obtained at any high pressures.
The optimal high pressure decreases from 130

to 103 and the maximum liquid yield in-
creases from 0.02 to 0.20, as the precooling
temperature decreases from 60 K to 45 K.

There also exists an optimal high pressure
for a given precooling temperature to maxi-
mize the FOM. The optimal high pressure to
maximize the FOM is lower by about 10 bar
than the optimum to maximize the liquid
yield. The maximum FOM increases from
001 to 0.06 as the precooling temperature
decreases from 60 K to 45 K. It should be
noted that as the precooling temperature de-
creases, the concentration of para-hydrogen
in liquid increases and therefore the minimum
liquefaction work increases as shown in the
numerator of Equation (6).

Figures 8 and 9 show the liquid yield and
the FOM as functions of the precooling tem-
perature and the high pressure for a refri-
gerator-precooled L-H liquefier with adiabatic
catalyst and isothermal catalyst as shown in
Fig.2(c). It should be reminded in this case
that the extracted liquid is an equilibrium-
hydrogen at the normal boiling temperature
or the fraction of para-hydrogen is 99.9 %.
Because of the high para concentration, the
liquid yield and FOM has much lower values
than the two previous cases.. As precooling
temperature decreases from 60 K to 45 K, the
maximum liquid yield increases from 0.008 to
0.105 and the corresponding optimum high
pressure decreases from 130 to 95 bar. The
effect of the precooling temperature and the
high pressure on FOM is basically the same
as in Fig.7, except that the maximum values
of FOM are much lower.

Finally, it should be mentioned that the
cycle analysis in the current study has been
performed with an assumption that the para-
hydrogen is converted back to ortho-hydro-
gen at room temperature so the state 2 in
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Fig.9 FOM vs high pressure for various
precooling temperatures for Fig.2 (c)

Fig.2 is a normal hydrogen. Practically, the
hydrogen gas remains at room temperature
for a long time before it is cooled down,
because of large surge volumes around the
compressor. If the para-to-ortho conversion
is not complete, the concentration of para-hy -
drogen at state 2 would be greater than nor-
mal hydrogen and a greater liquid yield and a
greater FOM could be obtained. This assum -
ption in the analysis is therefore a conser-

vative one in predicting the liquefaction per-
formance.

5. Conclusions

A cycle analysis program has been deve-
loped to estimate the liquefying performance
of three different configurations for the re-
frigerator-precooled Linde-Hampson liquefac -
tion system. The analysis includes the ortho-
to-para conversion, the characteristics of the
components such as the precooling refrige-
rator, the heat exchangers or the compre-
ssors, and the real thermodynamic properties
of hydrogen. The liquid yield and the FOM
(Figure of Merit) have been calculated for
various values of the input parameters and
the following significant conclusions have been
drawn.

1) The optimal high pressure to maximize
the liquid yield is in a range between 100 and
140bar, when the precooling temperature is in
a range between 45K and 60K. The optimal
ratio is not strongly dependent on the em-
ployment of catalyst for the ortho-to-para
conversion.

2) The optimal high pressure to maximize
the FOM is in a range between 75 and 105
bar when the precooling temperature is in a
range between 45K and 60K for a simple
refrigerator-precooled L-H system. For the
system with catalyst, the optimal ratio is as
high as 100 to 130 bar for the same pre-
cooling temperature.

3) In general, both the liquid vield and the
FOM increase and the optimal high pressure
decreases, as the precooling temperature de-
creases. This suggests that a precooling re-
frigerator with sufficient cooling capacity at
lower temperatures is very important to im-
prove the liquefaction performance without
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compressing hydrogen gas to a very high
pressure.

1)

(2)

3

4

(5)

(6)

(7

8
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