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Abstract This paper describes the basic operation of Joule-Thomson liquefiers and
Joule-Thomson coolers. The discussion is based on the first law of thermodynamics
mainly using hT-diagrams. It is limited to single-component fluids. A nitrogen liquefier
and a helium cooler are discussed as important examples.
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X Liquid mass fraction
P Density (kg/m3)
& Coefficient of performance

List of lower indices

a,b,c,d, e, f, g Positions

h,1 High- and low-pressure side
co Compressor

ci Compressor irreversible

L Low temperature

Lim Limiting

min, max Minimum, Maximum

1 Introduction

This paper discusses the basic operation principles of Joule-Thomson (JT) liquefiers
and JT coolers, schematically represented in Fig. 1. It should be considered as an
extension of Ref. [1] which treats the basic operation principle of other types of
coolers. The important JT coolers got only marginal attention in Ref. [1].
Joule-Thomson (JT) coolers are invented by Carl von Linde and William Hamp-
son so these coolers are also called Linde-Hampson coolers [2]. Basically cooling,
obtained by the JT process, is very simple and is widely applied in household refrig-
erators, air conditioners, cryocoolers, and as the final stage of liquefiers. They can be

liquefier cooler
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Fig. 1 JT liquefier (left) and JT cooler (right). In the liquefier, the mass flows in the CHEX at the two sides
differ while in the cooler they are equal (Color figure online)
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miniaturized [3-5], but they are also used on a very large scale in the liquefaction
of natural gas [6,7]. Even though this way of cooling is more than 160 years old
published measurements of the cooling power of JT cryocoolers are rare. A critical
comparison between theory and experiment is missing. For example, Ref. [5] does not
contain one single plot of the measured cooling performance of a JT cooler. As a con-
sequence, system properties discussed in this paper, such as in Fig. 16, are theoretical
predictions.

The JT systems are often discussed using temperature—entropy (Ts) diagrams. How-
ever, entropies are needed mainly in loss analyses which will not be part of this paper.
The basic principles can be understood much better with enthalpy—temperature (hT)-
diagrams. Therefore, we will mainly deal with hT-diagrams. Irreversible processes
and high pressures in JT coolers can be reduced by using gas mixtures instead of pure
fluids [7,8]. However, we will discuss pure fluids only. For the liquefier, we discuss
nitrogen, and for the cooler we will treat helium four as the working fluid as important
examples.

As shown in Fig. 1, JT systems contain a Counterflow Heat EXchanger (CHEX).
Inside the CHEX, the temperature T of the fluid, the density p, the velocity v, and

specific enthalpy A vary over the cross section. The mass flow rate m is given by

;= / pudA. )

The integral is taken over the cross section A of a channel perpendicular to the flow.
What we call “the” temperature 7; of the gas in the low-pressure channel is defined
by the relation

i (Ti, p) = / puhdAL. %)

A similar relation holds for the high-pressure channel defining the temperature Tj,.
In this paper, the following approximations and/or assumptions will be made:

Just like in Ref. [1], kinetic and potential energies of the fluid are neglected.

. The CHEX has no flow resistance. This condition is easier satisfied at the high-
pressure side than at the low-pressure side. At the low-pressure side, the flow
resistance immediately affects the value of the low temperature.

We consider only the steady state.

4. Heat conduction in the flow direction is neglected. This is justified since the heat
flows in the flow direction usually are much smaller than the heat flows between
the two sides of the CHEX.

N =

[O8]

These assumptions are justified in many situations, so we consider realistic systems.
No assumptions are made about the heat flow resistance between the hot and the cold
sides. Our discussion is based on energy conservation so the relations are very powerful
and have general validity. For example, they are independent of the detailed design of
the CHEX.
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2 JT Liquefier
2.1 System Description

A schematic diagram of a JT liquefier is shown in Fig. 2. It consists of a compressor,
a CHEX, a JT valve, and a reservoir. The parts below room temperature are contained
in a vacuum chamber. The gas enters the compressor at point a which is at room
temperature and (atmospheric) pressure pj. The compressor can be multistage and
contains one or more heat exchangers that cool the gas to room temperature. The gas
leaves the compressor with pressure py, and ambient temperature entering the vacuum
chamber at point b. Next it passes the high-pressure side of the CHEX leaving it at
point c. In going from c to d, it passes a JT valve which is an adiabatic flow resistance
which can be a needle valve, a porous plug, a narrow slit, etc. In the case of a liquefier,
the fluid at d consists of a mixture of gas and liquid with liquid mass fraction x, which
enters a reservoir. The reservoir can be used to collect liquid for some time with the
exit valve at e closed. This valve can be opened to drain liquid from the reservoir
when needed. Here we will discuss the steady state where all liquid, formed after the
expansion in the JT valve, is removed from the reservoir instantaneously at e. The
remaining gas flows into the low-pressure side of the CHEX at point f, leaving it at
point g. In general, T # T,, so there will be some heat exchange with ambient in the
line from g to a.

In Fig. 2, the pressures refer to typical values for a nitrogen liquefier. At the inlet
of the compressor, the gas is at room temperature (taken here at 300 K) and a pressure

Fig. 2 Schematic diagram of a compressor
. . 1 bar 200 bar
JT liquefier. A mdss.fractlon x of X_ 300K a /Q‘ 300 K
the compressed gas is removed 2
as liquid. At room temperature, \4 b 1
it is supplied as gas at 1 bar, so X vacuum
that the system is in the steady 9 chamber
state (Color figure online)
CHEX
C
1-x }67 JT valve
f d
reservoir
el
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Fig.3 hT-diagram of nitrogen with several isobars obtained with Ref. [8]. The indicated points correspond
with Fig. 2 for the case that py, = 200 bar. The JT expansion is represented by a red dotted horizontal line
(Color figure online)

of 1 bar (point a).! After compression, it is at 300 K and 200 bar (point b). In point d,
it has a temperature 7g = 77.244 K and a pressure of 1 bar.

2.2 The Maximum Liquefaction Rate

First we assume that the gas at the low-pressure side leaves the CHEX at point g
with a temperature equal to room temperature so T, = T,. Later on, we will see that
this means that we calculate the maximum liquid fraction xpyax. The thermodynamic
properties of nitrogen are obtained from Ref. [9] from which the hT-diagram (Fig. 3)
is derived.

The calculation of x,x becomes surprisingly simple if we consider the content of
the vacuum chamber as indicated in Fig. 2 as the thermodynamic system. This is an
adiabatic system (no heat exchange with its surroundings) with rigid walls, and it is
in the steady state. For such a system, the first law (Ref. [1]) reduces to a conservation
law for the enthalpy

hp = Xmaxhe + (1 — Xmax) ha. 3)
So 5 5
a — /lp
Xmax = ﬁ~ 4

Clearly there can only be liquefaction if xpax > 0. As hy > he this means

ha > hy. (&)

' For convenience, we take the pressure at the inlet of the compressor equal to 1 bar while, in reality, it
will be around 1 atm which is 1.01325 bar. The boiling point of a substance is defined as the saturated
temperature at 1 atm. For nitrogen, it is 77.355 K. This differs slightly from the saturation temperature at 1
bar which is 77.244 K.
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Table1 Thermodynamic values

of the JT nitrogen liquefier [9] Tkl p [bar] I IkVke]
a 300 1 311.20
b 300 200 279.11
c 165 200 62.316
d 77.244 1 62.316
e 77.244 1 —122.25
The points a, b, e, f, and g are f 77.244 1 77.073
input data. The values of ¢ and d g 300 1 311.20

are calculated in the main text

For nitrogen with the low pressure p; = 1 bar and 7, = T, = 300 K, this is true if the
high pressure 1 < pp < 1130 bar.
With the enthalpy values, obtained from Table 1, and Eq. (4), we get

Xmax = 0.074. (6)
Now hq and k. can be calculated with
hd = Xmaxhe + (1 — Xmax) ht @)

or
he = hq = 62.3 KJ/kg. ®)

The temperature 7t can be found by following a horizontal line in the hT-diagram
from point d to the 200 bar isobar and turns out to be 7. = 165 K. This temperature
is much higher than the temperature after the expansion (in this case Tqg = 77.244 K).
In this respect, the JT expansion in the liquefier differs from the JT expansion in the
ideal JT cooler which is isothermal as will be discussed later on.

2.3 More Detailed Analysis

So far we assumed that 7, = T, but this is not generally true, e.g., due to the finite
length of the CHEX. In this subsection, we will drop this assumption and also derive
relations for the temperatures inside the CHEX.

Energy conservation, applied to the dotted rectangle in Fig. 4, reads

h(pn, Th) = xhe + (1 — x) h (p1, T1) &)

where Ty, and 7j are the temperatures at the high-pressure and low-pressure sides at
opposing sides of the CHEX, respectively, as defined in Eq. (2). We can write Eq. (9)
as

h (pn, Tn) = he = (1 = x) (h (p1, 1) — he) . (10)
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Fig. 4 Diagram showing the p p
system which determines the | h
Ti—T, relationship inside the b
CHEX of a liquefier (Color 1 - g 1
figure online)
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Introducing
h' =h— he (11)

this becomes
B (pn, To) = (1 —x)h' (p1, Th) . (12)

This is a relation between the high- and low-pressure enthalpies with %, set to zero and
connects the temperatures 77 and 7}, as a function of the liquid fraction x. An example
is given for x = 0.04 in Fig. 5. In this case, the temperature at the exit 7y ~ 286 K.
Improving the CHEX will increase x and “lower” the low-pressure curve through the
factor 1 — x in Eq. (12) until it touches the high-pressure curve at room temperature
if x = xmax . This is the maximum production rate of the liquefier as given in Eq. (6).

3 JT Coolers

Now we turn our attention to JT coolers. In this case, there is no liquid production,
but the JT cooling effect is used in a cryocooler to cool a particular application.

3.1 System Description

The right-hand side in Figs. 1 and 6 represents a JT cooler. In some applications,
there is no compressor, but the gas is supplied by a high-pressure container and the
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Fig.5 Demonstration of the operation of Eq. (10) for x = 0.04 and x = xmax. The circle at 300 K indicates
the pinch point (Color figure online)

Fig. 6 JT cooler. The solid and
dotted rectangles define T g b \L
thermodynamic systems
discussed in the text (Color
figure online)

. cold
hex

gas leaves the system at 1 atm (open cycle), but for the thermodynamics this makes
no difference. A heating power Qy is applied at the low temperature 7;, = T at the
coldest point which usually is called the evaporator.” As mentioned before, we will
take helium as an important example of a cooling medium. It is necessary to precool
the helium with a cryocooler or a (pumped) liquid hydrogen bath. Figure 7 shows the
hT-diagram of helium with several isobars.

2 In practice, the evaporator is a reservoir which may contain some liquid that is just sitting there. The
position of the liquid level is determined by the position of the entrance of the exit tube. Evaporation of the
liquid can take place in the evaporator but also in the counterflow CHEX, and in other situations, superheated
gas can leave the evaporator. So, what is called the evaporator could better be called the cold heat exchanger.
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Fig.7 hT-diagram for 4He with isobars in red. The 1 bar isobar usually plays a special role and is in black.
Data obtained from Ref. [8] (Color figure online)

3.2 Exit Temperature

We consider the system, indicated in Fig. 6 by the solid rectangle, in the steady state.
The first law demands ] . .
QL +mhy = mhy. (13)

Introducing the specific cooling power (strictly speaking it is the specific cooling
energy as it is expressed in J/kg and not in W/kg)

oL
qL = —— (14)
m
Eq. (13) gives
qL + hy = hg. (15)

In case g1. = 0, the system inside the vacuum chamber is, thermodynamically, nothing
more than a complicated JT valve for which holds

hy = hyg. (16)
Once p1, pn, and Ty, are fixed this relation determines 7. Figure 8 shows T as function
of pnh with T, = 15 K and p; = 1 bar. Perhaps one might expect that one can force

Ty, = T, by making the CHEX long enough (like in the case of a liquefier), but in a
cooler with zero heating power, in general, Ty, # T, even with a perfect CHEX.

3.3 Temperature Profiles

The first law, applied to the system indicated by the dotted rectangle in Fig. 6, demands
that
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Fig. 8 Tg versus py for helium 16
with Ty, = 15K and p; = 1 bar K]
for Q1, = 0 (Color figure online) 15 /
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Fig. 9 Two isobars in the 4 T-diagram of 4He. The little circles indicate the relationship between 7Ty, = 15
K and the corresponding 7j for zero applied heating power (Color figure online)

gL +h (Th, pn) = h (T1, p1) . (17

For given py and pj, Eq. (17) relates Tj to Tj, for a given cooling power. As we will
see below, this is a very powerful relationship for analyzing the system properties.

3.4 Zero Heat Load
We start with ¢g;, = 0. In that case, Eq. (17) reduces to

h (Th, pn) = h (T1, p1) . (18)
So we can derive the 7} — Tj, relationship directly from the isobars at p; and py,. Figure
9 shows an example for helium with py = 40 bar and p; = 1 bar. At 15 K and 40

bar, i = 67.66 J/g. The same value of & (horizontal line in the diagram) can be found
on the 1 bar isobar at about 7] = 12.3 K. A T}, of 14 K gives a 7j of about 11 K, etc.
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Fig. 10 Red curve Ty — Ty, 15.0
dependence for pp = 40 bar, IK] p. =40 bar
p1 = 1 bar, and Qp, = 0. The i5.5 "
blue line, representing Ty, is ’
drawn for reference (Color
figure online) 100 T
I
7.5
5.0
25
25 5.0 7.5 10.0 125 15.0
T, K]
Fig. 11 T — T}, dependences 15.0
for p; = 1 bar and various K YT
values of pp (indicated in bar) [12] 5 2\ PR 6( 7~c\
for Q1, = 0 (Color figure online) T ’ |
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In this way, the 7] — Ty, dependence can be constructed and is shown in Fig. 10. It is
important to note that we know the 77 — T;, relationship, but we do not know at which
position in the CHEX we have these particular values of 7} and T;,. This is determined
by the design of the CHEX (shape and size of the channels, wall material, . . .) and the
mass flow rate.

Other 71 — Tj, dependences are given in Fig. 11 for various py all with p; = 1 bar
and T, = 15 K. The points where the high-pressure isobars cross the 1 bar isobar are
pinch points and determine the minimum temperature 71 iy, the ideal system can reach
with a given inlet temperature (in this case 15 K)

h (pn, TLim) = h (p1, TLim) - (19)

Figure 12 shows these points for 10, . . ., 90, 100 bar by little circles. The maximum py,
with which a temperature of 4.2 K can be reached is 42 bar. The maximum pressure
that results in a temperature reduction at all is about 91 bar. It is interesting to note that
Kamerlingh Onnes, based on the law of corresponding states, started the liquefaction
of helium at 95 atm and obtained liquefaction only after he, more or less accidently,
reduced the inlet pressure to 40 atm [10].
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Fig. 12 hT-diagram of 4He with isobars. The circles mark the points where the high-pressure isobars
cross the 1 bar isobar. These are pinch points which determine the minimum temperatures 71 j, that can be

reached at the corresponding py, and Q1. = 0 (Color figure online)

Fig. 13 h(p,T) = 8
h (40 bar, T' = 11 iy, ) isenthalp h=19.5J/g
in the pT-diagram, showing T as
function of p for an isenthalpic

expansion from pp = 40 bar to 1 d

bar for the ideal case that T [K]

Te = Tq = Tiim (in this case \
4.2 K). The black line is the 6

saturated vapor line. The dotted
horizontal line is T1 i, (Color
figure online)

5 \

10 p[bar] 40

So, at TLim, the expansion is both isenthalpic and isothermal.® For example, for
ph =40barand T = Trim = 4.2 K, h = 19.5 J/g. In the pT-diagram in Fig. 13,
the T — p relationship for this isenthalp is given. Usually only the beginning and the
end of the curve are relevant since, inside the flow constriction, the velocities usually
are very high (speed of sound). If the diameters of the supply and drain lines are large
enough (which is usually the case), the velocities at the ends are small and the kinetic
energy can be neglected. If the flow resistance would consist of, e.g., a long porous
plug, where the gas velocity would remain far below the speed of sound, one would
actually see that the temperature goes up to 7.5 K in the middle of the plug. In Fig. 13,
it can be seen that the expansion follows the saturated vapor line in the pT-diagram

3 During the expansion, the fluid temperature changes (see, e.g., Fig. 13) With an isothermal expansion,
we mean that the end points of the expansion are at the same temperature.
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Fig. 14 Temperature profiles as 15.0
functions of the CHEX length in
arbitrary units (Color figure T,
online) 12.5
K]
10.0 T \
7.5 \ exgogential region
5.0
- __42K ____ B
evaporating liquid
25 . .
0 I [arbitrary units]

after it “hits” this line at 1.6 bar. At the low-pressure side, the curve ends just inside
the two-phase region as shown in Fig. 12.

As noted before, we know the 7;—T;, relationship inside the CHEX, but we do not
know at which point in the CHEX we have a particular 7j—7} combination. Figure
14 shows the temperatures 7] and 7;, in a CHEX with pp = 40 bar and p; = 1 bar
as function of the position with the length [ in arbitrary units. With zero heat load, as
discussed in this section, the fluid leaves the evaporator with the same composition as
after the JT expansion. For py < 42 bar and if the heat exchanger is long enough, this
means that two-phase flow enters the low-pressure side of the CHEX at the cold end.
When this gas—liquid mixture flows further inside the CHEX, the liquid evaporates
until, at some point, only gas remains. In the region of two-phase flow, p; and Tj are
constant. In this part of the CHEX, 7j, approaches 7j exponentially. If the CHEX is
not as long as assumed in Fig. 14, the temperature profile is simply a part of the curves
shown. So the figure can also be regarded as giving the temperatures at the cold end
as functions of the CHEX length.

The maximum amount of heat that can be exchanged in the counterflow CHEX
is h (pn, Tv) — h (pn, TLim) While the actual amount is & (pn, Tp) — h (pn, T¢). The
efficiency of the CHEX is defined as

_ h (pn, To) — h (pn, Te)
h (pn, To) — h (ph. Tiim)

Nex (20)

Usually this efficiency is very close to one.

3.5 Finite Heat Load

If heat is supplied to the cold heat exchanger, Eq. (13) shows that we have to add g to
the high-pressure enthalpy in order to get the 7, — 7j relationship inside the CHEX. If
qL goes up, Ty goes up as one might expect. In particular, we can construct the g, — T,
(cooling power characteristic) for a long CHEX by following the intersection point
of the low-pressure isobar and the high-pressure isobar lifted by gr.. An example is
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Fig. 15 hT-diagram of *He wit h isobars of 1 and 20 bar and with various ¢ as indicated with the curves
in J/g. The curve with g1, = gmax (15 K) gives the situation with maximum heat load. The circle at 15 K
indicates the high-temperature pinch point (Color figure online)

shown in Fig. 15 for py = 20 bar. If ¢ is equal to

gmax (Tv) = h (Ty, p1) — h (Tv, pn) 2D

there are two intersection points, one at the low-temperature and one at the high-
temperature end. In this case also the temperatures at the high- and low-pressure
sides at the hot end of the CHEX are the same (T = Ty, pinch point) so there is
no temperature difference any more to drive the cooler to temperatures below the
entrance temperature. Hence, Eq. (21) is the relation for the maximum specific heat
load. If g1, is increased from below gmax to above gmax, the cooler “suddenly” stops
working in the sense that the temperature starts to drift away indefinitely. This is
unlike other cryocoolers, such as pulse tube or GM coolers, where the cooling power
smoothly increases with 71, until room temperature is reached. The strange behavior
of JT coolers can only be observed in its pure form in an infinitely long CHEX. For
a CHEX of finite length, T increases with g, especially if T, approaches Ty,. The
specific enthalpy of the saturated vapor at 1 bar is 20.648 J/g. The isenthalp in the
pT-diagram (compare Fig. 13) has a maximum at 7.674 K at a pressure of 13.8 bar.
So the highest temperature with which 4.2 K can be reached is 7.7 K and is realized
if pp = 13.8 bar. For all other py, the 7; with which 4.2 K can be reached is lower.
So, in any case, 71, > 4.2 Kif T, > 7.7 K (Fig. 15).

Figure 16 shows calculated plots of g1, as functions of 71, for four values of py,.
The gmax values are indicated with the little circles. For py below about 19 bar, Tt
remains constant and equal to the boiling point value of 4.2 K until gngx is reached. If
ph > 19 bar, the g, curve contains a part of constant 71, and one where 71, increases
above 4.2 K (see also Fig. 15). It is often suggested that the fluid that leaves the cold
heat exchanger (at point f) is saturated vapor (see, e.g., Ref. [5] Fig.3.3, [11] Fig. 1,
[12] Fig. 1). This is correct for the liquefier (almost by definition) but incorrect for the
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Fig. 16 Specific cooling powers 15
q1, for various py, as functions of /U //O
30 4/0/ p, [bar]

Ti.. The little circles indicate [J/g]
gmax for the corresponding py,. 20
In the 4.2 K region, the curves 10
overlap so they are shifted a bit
(Color figure online) % /
10

5

0
Fig. 17 Schematic diagrams of i i
possible JT coolers; left the T T
serial double throttling; right the = = E

partly continuous JT expansion
(Color figure online)

flow
= restriction

~_final
expansion

cooler. In a cooler, the composition of the fluid that leaves the “evaporator” is either
a liquid-gas mixture or superheated gas. The case that saturated gas leaves the cold
CHEX is accidental.

Consider the case of py = 30 bar in Fig. 16 where gmax = 14.9 J/g. Atqr. = 6.5
J/g, the temperature starts to rise above 4.2 K. If g1, = gmax, then 71, is as high as
6.4 K. For cooling, it is desirable to keep 71, as low as possible. The region where
71, remains at 4.2 K can be extended by having an intermediate JT expansion from
30 bar to, e.g., 10 bar as shown in the left figure in Fig. 17 [13]. How this works can
be understood using Fig. 18 which gives the isobars of 1, 10, and 30 bar. At about
8.7 K, aJT expansion from 30 to 10 bar is both isothermal and isenthalpic. The high-
temperature part of the 30 bar isobar and the low-temperature part of the 10 bar isobar
replace the high pressure isenthalp in the previous discussion with no intermediate
expansion. In Fig. 18, the thick combined blue and red curves represent the situation
of a double expansion while gp,x is applied. The combined curve is below the 1 bar
isenthalp over the entire temperature range (except at the pinch points at 4.2 and 15
K). Therefore, with the double expansion, 71, remains at 4.2 K over the entire cooling
power range from zero up to gmax.-

Instead of a discrete expansion by a JT valve, one might consider a continuous
expansion by having a high flow resistance at the low-temperature side of the high-
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Fig. 18 Isenthalps with serial double throttling from 30 bar to 10 bar. Red 10 bar and the 10 bar curve plus
gmax at 30 bar. Blue 30 bar and the 30 bar curve plus gmax. The thick curves represent the situation with
maximum heat load (Color figure online)

pressure channel. The continuous JT expansion is shown in the right figure in Fig. 17.
In this case, there is heat exchange between the expanding fluid and its surroundings,
so, strictly speaking, this is not a JT expansion. The flow resistance inside the CHEX is
of the same order as the flow resistance of the final expansion. That means that one can
make the high-pressure channel very narrow, e.g., as a narrow gap between a capillary
and a wire which closely fits into the capillary. As a result, the thermal resistance in
the fluid at the high-pressure side will be practically zero which enhances the heat
exchange at this side of the CHEX. Also the tube diameters can be very small which
may decrease the thermal mass at the low-temperature side of the cooler and speed
up all processes. Care should be taken that the heat exchange at the low-pressure side
remains adequate. It may be interesting to analyze the case where the whole expansion
takes place inside the high-pressure channel so that there is no final expansion.

4 COP

If T, = Ty and equal to ambient temperature the first law, applied to the compressor,
reads * * .
mhy + P = mhy + Qco (22)
where Q¢ is the heat removed from the compressor by air cooling or cooling water
and P the electrical power supplied to the compressor. The second law reads

* * Qco

0=msy, —msp —

+ Sei (23)

a

where S is the rate of entropy production in the compressor including the heat
exchanger. Eliminating Q. gives

P =m (T, (sa — sp) — hp + ha) + Tv Sei. (24)
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The P, where Sci = 0, satisfies

Priin
%
m

=T, (52 — Sp) — hp + ha. (25)

At room temperature 7, (So — Sp) > |hp — hal so, in good approximation,
*
Prin = mT, (55 — sp) . (26)

For working fluids like nitrogen, there is no precooler in the JT cooler. With Eqgs.
(14) and (21), the maximum cooling power is given by

Ot max = m (h (Tu, p1) — h (T, pn)) . 27)
The COP is defined by )
oL
= ==, 28
£= (28)

In the case of maximum cooling power and minimum applied power, £ is a maximum
and given by
o T ) — R (T )
e Ta (52 — sb) -

In the case of helium as the working fluid, precooling is required (not shown in Fig.
6), e.g., by a cryocooler or (pumped) liquid hydrogen. For the compressor power, Eq.
(25) can still be used and for the maximum cooling power a relation similar to Eq. (27)
holds where the points a and b in Eq. (25) are at room temperature and differ from the
points a and b in Eq. (27) which are at low temperatures. In the determination of the
COP of the entire system, the energy consumption by the precooler has to be taken
into account.

(29)

5 Measured Cooling Powers

As mentioned before, good cooling power measurements of JT coolers are rare.
The group in Hangzhou recently has measured the cooling power of a JT cooler
for the liquid-helium temperature range precooled by a GM cooler [14]. The mea-
sured temperatures before and after the JT valve were the same so the JT expansion
isothermal and the CHEX was close to ideal. The maximum heating power was
49 mW. At higher heat loads, the system drifted to higher temperatures indefi-
nitely in accordance with Sect. 3.5. When a heating power below the maximum
value was applied, the temperatures were equal to the saturated temperature at 1
atm so there was two-phase flow in the cold heat exchanger all the time. In this
experiment (zone E in Ref. [14]), pp = 11.37 bar and Ty, = 17.3 K resulting
in hy = 87.251 J/g. The low pressure was p; = 1.036 bar. At this pressure
and the measured T, of 17.1 K, we have hy, = 93.171 J/g [15]. With these val-
ues, Eq. (21) gives gmax = 93.171 — 87.251 = 5.920 J/g. The flow rate was
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Fig. 19 Cooling power of the 25
CryoTiger PT30[15] as function W] ( N
of Ty_. The dotted part indicates 20 / s
the unstable region as explained Q .
in the main text (Color figure L *
online) 15 =.~.< unstable -region
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9.1 mg/s so the theoretical Qmax is 9.1 x 5.920 = 53.872 mW. The difference
between the calculated 54 mW and the measured 49 mW is within the uncer-
tainty.

Another source of a measured JT cooling power is the CryoTiger manual (Ref.
[16]). Figure 19 shows its cooling power characteristic. The CryoTiger is a JT cooler
which operates not with a pure fluid but with a gas mixture. There is no part in the
T, — QL where 71, is constant as shown in Fig. 16. The QL — T plot has a maxi-
mum of 24.2 W at about 140 K. If the heating power would be increased above 24.2
W, the temperature would rise unlimited in accordance with the behavior described
above.

For temperatures above 140 K, the slope in the oL — T, plot is negative. This
region is unstable. This can be understood by considering the situation at 160 K as
an example. At 160 K, the cooling power is 19 W. If we would apply a bit smaller
heating power, e.g., O = 18.9 W at this temperature, then the cooling power Q.
is larger than the heating power Q and the temperature will go down. As a result
of the negative slope, the net cooling power O — O will be even higher, so the
system will cool down even faster. The process will stop at 133 K, where the cooling
power is 18.9 W in the region with the positive slope. If, initially, we would have
applied a heating power which is a bit higher than 19 W then the system would
have run away to high temperatures. So the region of negative slope is unstable and
can only be derived from the transient behavior such as during cool down using the

relation
o =-c 4t (30)
L= L T

where C is the heat capacity of the low-temperature end.

During cool down, one has to be aware of the fact that the flows in the CHEX may
differ from point to point due to the changing density distribution. If there is a reservoir
in the system there may be a phase in the cool down during which it is filling with
liquid. In that case, the flows at the warm and cold sides differ significantly. Also the
finite heat capacity of the CHEX comes into play. If there is a big thermal mass at the
cold end, the cool down is very slow and we are dealing with a quasi-steady situation.
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6 Conclusion

The first law of thermodynamics is a very powerful tool for analyzing JT liquefiers and
JT coolers. Important properties such as liquefaction rates, cooling powers, tempera-
ture distributions, and system limitations can be easily visualized using hT-diagrams.

Acknowledgements I thank the members of the cryogenic group (Cryoboat) of the Zhejiang University
in Hangzhou, China, for their kind hospitality and their stimulating interest in my work.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.

References

1. A.T.A.M. de Waele, Basic operation of cryocoolers and related thermal machines (review article). J.
Low Temp. Phys. 164, 179-236 (2011). doi:10.1007/s10909-011-0373-x

2. T. Shachtman, Absolute Zero and the Conquest of Cold (First Mariner Books edition 2000, 1999).
ISBN 0-395-93888-0

3. W.A. Little, Microminiature refrigeration—small is better. Physica 109 & 110B, 2001-2009 (1982)

4. H.J. Holland, J.F. Burger, N. Boersma, H.J.M. ter Brake, H. Rogalla, Miniature 10-150 mW Linde—
Hampson cooler with glass-tube heat exchanger operating with nitrogen. Cryogenics 38, 407-410
(1998)

5. B.Z.Maytal, Miniature Joule—Thomson Cryocooling, Principles and Practice (Springer, Berlin, 2013).
ISBN 978-1-4419-8285-8 (e-book)

6. M.W.H. Peebles, Natural Gas Fundamentals (Shell International Gas Limited, London, 1992). ISBN
0-9519299-0-9

7. G. Venkatarathnam, Cryogenic Mixed Refrigerant Processes (Springer, New York, 2008). ISBN: 978-
0-387-78513-4

8. A.P. Kleemenko, One Flow Cascade Cycle (in Schemes of Natural Gas Liquefaction and Separation)
Proceedings Xth international congress of refrigeration 1, (Pergamon Press, London, 1959) pp. 34-39

9. E.W. Lemmon, M.L. Huber, M.O. McLinden, NIST Reference Fluid Thermodynamic and Transport
Properties—REFPROP (Version 9.1). https://www.nist.gov/srd/refprop

10. H.K. Onnes The liquefaction of helium Communication N°.108 from the Physical Laboratory at Leiden
(1908) pp. 168-185

11. J. Lester, Closed cycle hybrid cooler combining the Joule~Thomson cycle with thermoelectric coolers,
in Advances in Cryogenic Engineering, vol. 35B, ed. by R.W. Fast (Plenum Press, New York, 1990),
pp. 1335-1340

12. H.S. Cao, S. Vanapalli, H.J. Holland, C.H. Vermeer, H.J.M. ter Brake, Characterization of a
thermoelectric/Joule-Thomson hybrid microcooler. Cryogenics 77, 36-42 (2016)

13. D.B. Mann, W.R. Bjorklund, J. Macinko, M.J. Hiza Design, Construction and performance of a
laboratory size helium liquefier Advances in Cryogenic Engineering, Plenum Press, New York edited
by K.D. Timmerhaus Vol. 5 (1960) pp. 346-353. Note that this paper deals with a liquefier and not
with a cooler

14. D.L. Liu, X. Tao, Y.F. Yao, W.K. Pan, Z.H. Gan Experimental Study on a Precooled JT Cryocooler
Working at Liquid Helium Temperature-Open Cycle Proc. ICC19 (2016)

15. D.L. Liu Private communication

16. http://www.mandtsystems.com/documents/Cryotiger_Manual

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1007/s10909-011-0373-x
https://www.nist.gov/srd/refprop
http://www.mandtsystems.com/documents/Cryotiger_Manual

	Basics of Joule–Thomson Liquefaction and JT Cooling
	Abstract
	1 Introduction
	2 JT Liquefier
	2.1 System Description
	2.2 The Maximum Liquefaction Rate
	2.3 More Detailed Analysis

	3 JT Coolers
	3.1 System Description
	3.2 Exit Temperature
	3.3 Temperature Profiles
	3.4 Zero Heat Load
	3.5 Finite Heat Load

	4 COP
	5 Measured Cooling Powers
	6 Conclusion
	Acknowledgements
	References




