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Abstract

The Hampson-type miniature Joule–Thomson (J–T) cryocooler is widely used in electronic cooling. We develop the geometry model
of the Hampson-type cryocooler to better understand the double helical tube-and-fin heat exchanger. The steady-state governing equa-
tions of the cryogen, helical tube and fins, and shield are solved numerically and yield good agreements with experiment data. The con-
ventional way of simulating a Hampson-type J–T cryocooler, which is accompanied by a host of empirical correction factors, especially
vis-à-vis the heat exchanger geometry could now be superseded. The effort and time spent in designing a Hampson-type J–T crycooler
could be greatly reduced.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Recently the Hampson-type miniature J–T cryocooler
has been gaining more and more attentions. It is commonly
used for thermal management of power intensive electronic
devices due to its compactness, simple configuration and
having no moving parts. Such a J–T cryocooler can trans-
port the refrigeration over a fairly large distance for spot
cooling at several locations. Its performance can be sub-
stantially improved by the recuperative heat exchanger
which incorporates the double helical tube-and-fin configu-
ration. Fig. 1 shows a schematic of a typical Hampson-type
J–T cryocooler. Its typical dimensions are listed in Table 1.

Limited experimental and theoretical works were re-
ported in the literature due to the complexity of its geom-
etry and variable physical properties of the compressible
working fluid. Maytal [1] performed an experimental anal-
ysis on the relationship between the pressure and operation
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time by using an ideal, flow regulated Hampson-type
Joule–Thomson (J–T) cryocooler. However heat-and-mass
transfer among the cryogen, tube wall, Dewar and mandrel
were not considered in the study. A one-dimensional tran-
sient model of a J–T cryocooler was presented by Chou
et al. [2,3]. The momentum and energy transport equations
were incorporated in the model, but the prediction was lim-
ited because the choking of flow and the curvature effect of
the helical capillary tube and fins were not considered. In
addition the model adopted ideal heat transfer coefficients
for the tube wall, Dewar and mandrel, which was not real-
istic as they were highly temperature sensitive. Chien et al.
[4] further adopted this simulation onto a self-regulating
J–T cryocooler. The work concentrated mainly on the
investigation of a bellow control mechanism on the self-
regulating Joule–Thomson (J–T) cryocooler. Recently the
effectiveness, flow characteristics, heat conduction and liq-
uefied yield fraction of a Hampson-type Joule–Thomson
(J–T) cryocooler were reported [5,6]. However the affiliated
formulation exhibited significant thermodynamic incon-
sistency and the double helical tube geometry was not con-
sidered. Instead of using the real surface area for the
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Nomenclature

A contact area, m2

a primary helical radius, m
b pitch of helical tube, m
COP coefficient of performance
cp specific heat capacity, J/kg K
D diameter, m
f fanning friction coefficient
FOM figure of merit
G mass flux, kg/m2 s
h convective heat transfer coefficient, W/m2 K
k thermal conductivity, W/m K
L heat exchanger length, m
_m mass flow rate, kg/s
M standard volume flow rate SLPM
n number of helical tubes or fins
Pitch helical fin pitch, m
p pressure, Pa
Pr Prandtl number
q heat flux, W/cm2

R, r radius, m
Rcurve radius of curvature of capillary tube, m
Re Reynolds number
Sgen entropy generation, J/K
s J–T primary helical direction (capillary tube), m
T temperature, K
u bulk mean velocity of cryogen, m/s
W effective fin width, m
H effective fin height, m
z J–T primary axial direction, m
a fin surface angle, rad
b angle for helical fins, rad
e emissivity, effectiveness
l viscosity, N s/m2

lJ–T Joule–Thomson coefficient, K/Pa

h angle for helical tube, rad
q density, kg/m3

r Stefan–Boltzmann constant, W/(m2 K4)

Superscripts and subscripts

1 inlet of heat exchanger
3 nozzle outlet
amb ambient
abs absolute
f refrigerant inside the tube
fin helical fins
fini fins interior
finm fin and metal tube
fino fins exterior
fm gas and tube
Hx hydraulic diameter
i ideal
l return refrigerant along the fins
m capillary tube
man Mandrel
max maximum
mi capillary tube interior
min minimum
mo capillary tube exterior
out outlet
sat saturation situation
sh shield
si shield interior
spc1 inner spacer
spc2 outer spacer
surf fin surface
Tot total
v volume
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calculation of the double helical tube geometry, correction
factors for the heat exchange areas were used to adjust the
simulation result. The curvature effect of the helical tube
and the choking of flow were also missing from the
simulation.

In this paper, the sophisticated geometry model of the
Hampson-type heat exchanger is presented and incorpo-
rated into the simulation model. The choking of flow in
the capillary tube is also considered in the simulation. This
eliminates the primary limitations embodied in those ear-
lier works [2–6]. The performance of the Hampson-type
Joule–Thomson (J–T) cryocooler in the steady state condi-
tion is predicted and compared favorably with the experi-
mental data. The conventional way of simulating the
Hampson-type Joule–Thomson (J–T) cryocooler, which is
accompanied by a host of empirical correction factors,
especially vis-à-vis the heat exchanger geometry could
now be superseded.
2. Geometry models

2.1. Capillary tube

The geometry models of the helical tube and fins are de-
rived and presented below. The notations are shown in
Figs. 2 and 3. The locus of the helical tube could be ex-
pressed as follows:

r ¼ a cos h îþ a sin h ĵþ bh k̂ ð1Þ
r̂ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ ðbhÞ2
q ða cos h îþ a sin h ĵþ bh k̂Þ ð2Þ

bT ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p ð�a sin h îþ a cos h ĵþ b k̂Þ ð3Þ

n̂ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1þ bÞ2 þ a2ð1þ 1=bÞ2

q ½cos h� ð1þ bÞ sin h�̂i
n

þ½sin hþ ð1þ bÞ cos h�̂j� ½að1þ 1=b2Þ�k̂
o

ð4Þ



Fig. 1. Schematic of a typical Hampson type J–T cryocooler.
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where r̂; bT; n̂ form an orthogonal system which traces the
helical tube.

2.2. Fins

ê
r
^ ¼ cos b r̂þ sin b n̂ ð5Þ

êb ¼ � sin b r̂þ cos b n̂ ð6Þ

ê
T
^ ¼ bT ð7Þ
where ê
r
^; êb; ê

T
^ form an orthogonal system which traces the

helical fin.
Therefore at any bT, the locus of the helical fin is defined
as
rfin ¼ r cos b r̂þ r sin b n̂ ð8Þ
and its absolute location is described by
r2nd ¼ rþ rfin ð9Þ
Alternatively it can be described as

r2nd ¼ fx̂iþ fy ĵþ fzk̂ ð10Þ



Table 1
The dimensions of Hampson-type J–T cryocooler

Items Specifications

Internal
diameter
(mm)

Outer
diameter
(mm)

Capillary tube, dm 0.3 0.5
Mandrel, dmandrel 2.3 2.5
Shield, dsh 4.6 5.0
Diameter of spacer 1, dspc1 0.2 mm
Diameter of spacer 2, dspc2 0.2 mm
Helical pitch, b (or Pitchm),
of capillary tube

1.0 mm

Fin height, H 0.25 mm
Fin thickness, Wfin 0.1 mm
Fin pitch, Pitchfin 0.3 mm
Length of heat exchanger, L 50.0 mm
Number of complete
helical turns, nm

50

Number of fin turns in the
control volume, nfin

37

Fin surface angle, a 0.38 rad
Primary helical tube radius, am 2.0 mm
Primary helical fin radius, afin 2.0 mm
Primary helical spacer 1 radius, aspc1 1.35 mm
Primary helical spacer 2 radius, aspc2 2.65 mm

Fig. 2. Helical co
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where

fx ¼ a cos hþ r cos bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ a2=b2

q ðcos h� sin hÞ

þ
r sin b � bþa2=b

2þa2=b2
cos h� b� bþa2=b

2þa2=b2

� �
sin h

h i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bþa2=b
2þa2=b2

� �2

þ b� bþa2=b
2þa2=b2

� �2

þ a2 1� 1
b

bþa2=b
2þa2=b2

� �h i2r
ð11Þ

fy ¼ a sin hþ r cos bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ a2=b2

q ðcos hþ sin hÞ

þ
r sin b � bþa2=b

2þa2=b2
sin hþ b� bþa2=b

2þa2=b2

� �
cos h

h i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bþa2=b
2þa2=b2

� �2

þ b� bþa2=b
2þa2=b2

� �2

þ a2 1� 1
b

bþa2=b
2þa2=b2

� �h i2r
ð12Þ

fz ¼ bh� a
b

r cos bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ a2=b2

q
�

r sin b a� a
b

bþa2=b
2þa2=b2

� �h i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bþa2=b
2þa2=b2

� �2

þ b� bþa2=b
2þa2=b2

� �2

þ a2 1� 1
b

bþa2=b
2þa2=b2

� �h i2r
ð13Þ
il notations.



Fig. 3. Elevation view of the helical coil capillary tube and fins.
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The related Jacobian is

Jm ¼ oðfxÞ
ob

� oðfyÞ
or

� oðfyÞ
ob

� oðfxÞ
or

� ����� ���� ð14Þ

where fz = constant and the relationship between h and b is
defined as

b� b0 ¼
h� h0
Dh

� 2p ¼ 2p � ðh� h0Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
Pitchfin

ð15Þ

where

Dh ¼ Pitchfin=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
and b0 ¼ 0 when h0 ¼ 0 ð16Þ

The surface of the helical fin is described as

rsurf ¼ rfin cos b r̂þ rfin sin b n̂þ ðrfin � rmoÞ tan a bT ð17Þ
where

rmo 6 rfin 6 W fin cos aþ rmo ð18Þ
Hence its absolute description is given by,

rabssurf ¼ a cos h îþ a sin h ĵþ bh k̂þ rsurf ð19Þ
Fig. 3 demonstrates the elevation view of the helical coil
tube and fins calculated from the above model. The corre-
sponding heat transfer surface areas for the thermody-
namic model could be computed according to this model
as tabulated in Table 2.

3. Thermodynamic model

To analyze the performance of a Hampson-type Joule–
Thomson (J–T) cryocooler, the mathematical model which
incorporates the geometry model of the recuperated heat
exchanger is proposed. The governing equations consist
of the energy balance, conservation of mass, thermal con-
duction and radiation between different components. They
are listed in the following sections.

3.1. High pressure refrigerant in the helical capillary tube

Since the capillary tube diameter is much smaller than
the capillary tube length, �1–1840, one-dimension steady
state flow is assumed. The conservation of mass of the high
pressure refrigerant inside the helical capillary tube could
be expressed as

d _mf

ds
¼ 0 ð20Þ

Since the cryogen is compressible, the continuity equation
is defined as

qf

ouf
os

þ uf
oqf

os
¼ 0 ð21Þ

The refrigerant pressure inside the capillary tube drops rap-
idly due to the high velocity and viscosity of the refrigerant.
The pressure drop along the natural helical direction (or
the s-direction) of the capillary tube is given by

dpf
ds

¼ � 2f fqfu
2
f

Dmi

� dðqfu
2
f Þ

ds
ð22Þ

where for a compressible fluid,

dqfðT f ; pfÞ
ds

¼ oqf

oT f

dT f

ds
þ oqf

opf

dpf
ds

ð23Þ

The fanning friction factor for the flow inside a helical
coil is suggested by Timmerhaus [7] and Flynn [8] as
follows:

ffðpf ; T fÞ ¼ 0:184 1:0þ 3:5
Dmi

DHx

� �
Reðpf ; T fÞ�0:2 ð24Þ

The cryogen temperature varies along the capillary tube
due to the pressure drop, frictional loss and heat transfer
between the gas and the tube wall. It is expressed as

hfðTm � T fÞpDmi

¼ GfAf cpf
dT f

ds
þ mf � T f

omf
oT f

� �
dpf
ds

þ dðu2f =2Þ
ds

� �
ð25Þ

where the heat transfer coefficient between the tube and gas
is proposed by Timmerhaus [7] and Flynn [8] as



Table 2
Heat transfer specifications and areas

Descriptions Expression

Control volume length, ds ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPitchfin=2pÞ2 þ R2

curve

q 	
ðPitchfin=2pÞ

Fin length in control volume, dfin dfin ¼ 2pnfin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPitchfin=2pÞ2 þ ðDmo=2Þ2

q
Total length of capillary tube Ls ¼ nm � ds

Total length of fins Lfin ¼ nm � dfin

Total cross-sectional area of shield excluding mandrel core in dz direction ATot ¼ pðD2
si � D2

mandrelÞ=4

Cross-sectional area of capillary tube in dz directiona Am ¼
Z rmi

0

Z 2p

0

Jm dbdr

Cross-sectional area of spacer 1 in dz directiona Aspc1 ¼
Z rspc1

0

Z 2p

0

Jm dbdr

Cross-sectional area of spacer 2 in dz directiona Aspc2 ¼
Z rspc2

0

Z 2p

0

Jm dbdr

Cross-sectional area of fins in dz directiona Afin ¼
Z rfino

rfini

Jm dbdr

Cross-sectional area of return fluid flow in dz direction Al ¼ ATot � Am � Aspc1 � Aspc2 � Afin

Hydraulic diameter of return fluid,b DHx = 4Al/[p(Dsi + Dmandrel) + Lspc1 + Lspc2 + Lm + Lfin]

where Lspc1 ¼
Z 2p

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2
x þ f 2

y

q
db; f z ¼ constant and r ¼ rspc1

Lspc2 ¼
Z 2p

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2
x þ f 2

y

q
db; f z ¼ constant and r ¼ rspc2

Lm ¼
Z 2p

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2
x þ f 2

y

q
db; f z ¼ constant and r ¼ rm

Lfin ¼
Z b2

b1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2
x þ f 2

y

q
db; f z ¼ constant; r ¼ rfin; 0 6 b 6 2p and b1 > b2

Contact area between fluid and capillary tube per ds Afm ¼ pDmi � ds

Contact area between fins and capillary tube per ds Afinm ¼ dfin � W fin

Contact area between return fluid and capillary tube per ds Aml ¼ pDmo � ds� dfin � W fin

Contact area between fins and return fluid per ds Afinl ¼ 2pnfin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPitchfin=2pÞ2 þ ðDmo=2þ H finÞ2

q
þ dfin

� �
H fin þ 2pnfinW fin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPitchfin=2pÞ2 þ ðDmo=2Þ2

q
Area of fluid flow in capillary tube along ds direction Af ¼ pD2

mi=4

Cross-sectional area of capillary tube along ds direction Am ¼ pðD2
mo � D2

miÞ=4

Cross-sectional area of fins along ds direction Afin ¼ W fin � H fin

Total area of shield Asi ¼ pðD2
so � D2

siÞ=4
a Jm is obtained from Eq. (14).
b fx, fy, fz stem from Eqs. (11)–(13), respectively.
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hf ¼ 0:023cpGfRe�0:2Pr�2=3 1:0þ 3:5
Dmo

DHx

� �
ð26Þ
3.2. Helical capillary tube

The energy balance equation for the helical capillary
tube can be expressed as
d2Tm

ds2
¼ � hfðTm � T fÞðAfm=dsÞ

Amkm
� hlðTm � T lÞðAml=dsÞ

Amkm

� 2kT ðTm � T finÞðAfinm=dsÞ
Amkm

ð27Þ

where

kT ¼ km � kfin
kfin � W fin þ km � H fin

ð28Þ
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3.3. Helical fins

The energy balance equation for the helical fins around
the helical capillary tube can be expressed as

d2T fin

ds2
¼ � hlðT fin � T lÞðAfinl=dsÞ

Afinkfin
� 2kT ðT fin � TmÞðAfinm=dsÞ

Afinkfin
ð29Þ

where the heat transfer coefficient [8] for the external return
gas could be expressed as

hl ¼ 0:26cpGlRe�0:4Pr�2=3 ð30Þ
3.4. Shield

The energy balance equation for the shield could be
written as

d2T sh

dz2
¼ � hlðT sh � T lÞpDsi

Asiksh
� hrpDsiðT 4

sh � T 4
ambÞ

Asiksh
ð31Þ

The radiative heat transfer coefficient [8] between the ambi-
ent temperature external enclosure and the shield is given
as

hr ¼
r

1=esh þ ðAsh=AambÞð1=eencl � 1Þ ð32Þ

where esh and eamb are respectively 0.048 and 0.08. Ash/
Aamb � DshDz/Dencl Æ L, with Damb being 20 mm.

3.5. External return gas

The mass conservation of the external return gas along
the outside fins is expressed as

d _ml

dz
¼ 0 ð33Þ

It is a compressible fluid and the continuity equation is cast
as

ql

oul
oz

þ ul
oql

oz
¼ 0 ð34Þ

The momentum equation of the return gas along the
primary axial direction (or the z-direction) of the helical
capillary tube and fins could be written as

� dpl
dz

¼ 2f lqlu
2
l

DHl

þ dðqlu
2
l Þ

dz
ð35Þ

where

dqlðT l; plÞ
dz

¼ oql

oT l

dT l

dz
þ oql

opl

dpl
dz

ð36Þ

The energy balance equation of the return gas along the
primary axial direction (or the z-direction) of the heat
exchanger is represented by

hlðT l � TmÞ
Aml

dz
þ hlðT l � T finÞ

Afinl

dz
þ hlðT l � T shÞpDsi

¼ GlAl cpl
dT l

dz
þ ml � T l

dml
dT l

� �
dpl
dz

þ dðu2l =2Þ
dz

� �
ð37Þ
where the fanning friction factor for the return gas is given
as [8]

flðpl; T lÞ ¼ 0:184Reðpl; T lÞ�0:2 ð38Þ

The conversion factor between ds and dz is given by,

ds
dz

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPitchm=2pÞ2 þ R2

curve

q
Pitchm=2p

ð39Þ
3.6. Spacers

Nylon strings, which possess an extremely low thermal
conductivity, are wound round the helical capillary tube
and fins to ensure that the returning low pressure gas only
flows pass, and thereby enhancing its contact with, the fins
and the primary helical capillary tube. In our model the
cross-sectional area occupied by the spacers is consistently
calculated according to the geometry model. This provides
an accurate evaluation of the flow cross-sectional area and
the affiliated heat transfer surface area.

3.7. Entropy generation for the internal fluid

The entropy generation equation is used to assess the
choking position of the high pressure gas in the capillary
tube and is expressed as

d _Sgen

ds
¼ _mf

1

T f

cpf
dT f

ds
þ 1

qf

þ T f

q2
f

dqf

dT f

� �
dpf
ds

� �
� 1

qfT f

dpf
ds


 �
� hf

Tm � T f

Tm

� �
� Afm

ds
P 0. ð40Þ
3.8. Jet impingement boiling

The jet impingement boiling correlation on a heated sur-
face [9] is used to estimate the heat flux at the load

Q=A ¼ 181:146ðDT Þ1:218 ð41Þ

where DT is the temperature difference between the surface
and the measured bulk fluid.

3.9. Performance calculation

The coefficient of performance (COP) of the heat ex-
changer, for an ideal cryocooler, is defined as

COPi ¼
h5 � h1

T 5ðs5 � s1Þ � ðh5 � h1Þ
ð42Þ

whereas for a practical cryocooler, it could be represented
as

COP ¼ h5 � h1
T 5ðs5 � s1Þ � ðh5 � h1Þ þ cpðT 5 � T 50 Þ

ð43Þ



Table 3
Thermal conductivities of materials

Materials Correlation Relative errors [11]

Copper (fins) kfin ¼
0:2413T 2 � 47:775T þ 2848; ð60K 6 T 6 100KÞ
0:028T 2 � 1:525T þ 608; ð100K 6 T 6 300KÞ

(
<1.5%

Monel (shield) ksh ¼ 6:5169 ln T � 14:76; ð40K 6 T 6 400KÞ <1.0%

Stainless steel (capillary tube) km ¼ 5:0353 ln T � 13:797; ð40K 6 T 6 400KÞ <1.0%

Mandrel
Core

Shield

Spacer 2

Spacer 1 Capillary 

H.T. Chua et al. / International Journal of Heat and Mass Transfer 49 (2006) 582–593 589
The corresponding figure of merit (FOM) is given by

FOM ¼ COP

COPi
ð44Þ

The effectiveness of the heat exchanger is commonly de-
fined as [8]

e ¼ h50 � h4
h5 � h4

ð45Þ

The liquefied yield fraction of the heat exchanger is given
by [8]

y ¼ ðh5 � h1Þ � ð1� eÞðh5 � h4Þ
ðh5 � hfÞ � ð1� eÞðh5 � h4Þ

ð46Þ

Fins Tube

Fig. 4. Cross-sectional view of the J–T cryocooler.
3.10. Physical properties of the cryogen and materials

Argon is chosen as the cryogen due to its easy availabil-
ity, low cost and being able to achieve a relatively low cryo-
genic temperature. The thermophysical properties of argon
are obtained from NIST [10] which makes use of the Helm-
holtz energy equation, a modified Benedict–Webb–Rubin
equation (mBWR), and an extended corresponding states
model (ECS). The viscosity and thermal conductivity val-
ues are determined with a fluid specific model and a varia-
tion of the ECS method.

Temperature dependent thermal conductivities of cop-
per, monel, stainless steel and polycarbonate are used in
the simulation. Copper is used for the fins that are wound
round the stainless steel capillary tube. In the experiments
from which we obtain the performance data to validate our
model [5,6], the assembly is inserted into a monel shield
and insulated with polycarbonate. Dewar is favored in ac-
tual applications and can be readily analyzed by our simu-
lation. The exterior of the polycarbonate is assumed to be
perfectly insulated in our model. The relevant empirical
correlations are summarized in Table 3 [8,11].

4. Results and discussion

This simulation was applied to a Hampson-type Joule–
Thomson (J–T) cryocooler which is shown in Fig. 1 and
its dimensions are delineated in Table 1.

Figs. 3 and 4 feature the elevation view of the helical coil
capillary tube and fins and the cross-sectional view of the
J–T cryocooler respectively as obtained from the geometry
model. This provides the real locus of the helical coil tube
and fins and helps designers to better understand the
Hampson-type J–T heat exchanger. The heat and mass
transfer surface area and the cross-section area could there-
fore be accurately calculated. This eliminates the estima-
tion and adjustment for the surface area and flow
hydraulic diameter which has been used in some previous
works [5,6].

The simulation results are compared with the experi-
mental data [6] as shown in Table 4. In our simulation,
the heat exchanger inlet pressure, nozzle outlet pressure
and the corresponding saturated temperature are used as
input to the computation. Only the relative errors of the
outlet temperatures of the return gas are compared with
the simulated results. This is due to the unavailability of
tiny sensors to measure the pressures and temperatures
within the capillary tube. It is noted that the measured re-
turn gas outlet temperature is slightly higher than the sim-
ulated results. This could be due to: (i) the use of the
polycarbonate instead of a Dewar flask, which inevitably
increases the heat gain during the experiment; (ii) readings
of the temperature sensor at the return gas outlet are af-
fected by the ambient conditions on account of the minute-
ness of the exit port. However, it is observed that the
relative errors between the simulations and experiments
all fell within 3%.

Fig. 5 shows the simulated temperature–entropy dia-
gram of the cryogen in the cryocooler. The trend is similar
to a typical T–S chart [8]. However, we find that the pres-
sure drops much more rapidly in the high pressure gas
channel due to the higher frictional loss and expansion
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Table 4
A comparison between the experimental data [6] and simulation results

Case Pressure (bar) Temperature (K) Mv (SLPM) Temperature (Toutlet, K) Relative error (%)

p1 p3 Tinlet Tsat = f(p3) Experiment Simulation

1 179.12 1.7272 291.49 92.68 13.927 282.57 276.93 2.00
2 169.86 1.7460 291.40 92.80 13.102 283.73 277.12 2.33
3 160.10 1.6362 292.25 92.11 12.060 284.77 278.53 2.19
4 149.66 1.4713 292.14 90.99 10.948 284.90 279.20 2.00
5 140.47 1.3426 291.94 90.06 10.145 284.98 279.34 1.98
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process than in the low pressure channel. This in turn in-
creases the cooling capacity of the Hampson-type Joule–
Thomson (J–T) cryocooler and demonstrates the efficacy
of the recuperative method in substantially improving its
performance. The Joule–Thomson (J–T) inversion curve
has also been plotted into the chart. To the right of the
curve is where the cooling process occurs.
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The higher the heat exchanger inlet pressure, the higher
the cooling capacity that could be achieved. This is evident
from the simulation results as shown in Fig. 7. Within our
simulated range, the cooling capacity increases with the in-
let pressure. It is observed from the chart that the cooling
capacity increases gently at the lower pressure range while
it increases more rapidly at the higher range.

Fig. 8 shows the effect of the cryogen flow rate on the
cooling capacity. Within the valid range as considered in
our simulation, the higher the flow rate supplied to the heat
exchanger, the higher the achievable cooling capacity. The
choked point happens when the local entropy generation
equals zero and the entropy generation becomes negative
when liquid phase exists. This figure effectively demon-
strates the ability of our formalism in ascertaining the max-
imum cryogen flow rate based on a set of given heat
exchanger specifications.
The COPs and FOMs of the Hampson-type J–T cryoco-
oler at different inlet pressures and the corresponding max-
imum cryogen flow rates are plotted in Fig. 9. It is clear
that these two parameters improve with the inlet pressure.

Fig. 10 shows the variations of effectiveness and lique-
fied yield fractions under different inlet pressures. It is
shown from the chart that:

(i) the Hampson-type J–T cryocooler have relatively low
yields with only about 10% of the circulated gas
becoming liquid,

(ii) the liquefied yield fraction increases with the input
pressure,

(iii) the cryocooler effectiveness decreases as the input
pressure increases, and

(iv) the liquefied yield fraction is sensitive to the heat
exchanger effectiveness.
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5. Conclusions

A geometry model of the recuperative heat exchanger of
the Hampson-type J–T cryocooler has been formulated
and it accurately reproduces the actual locus of the double
helical tube and fins. Based on this, the simulation design
tool for a Hampson-type Joule–Thomson (J–T) cooler
has been developed to predict and analyze the performance
of such cryocoolers. The result shows that the numerical
simulation agrees well with the experimental data. The
performance characteristics of a Hampson-type Joule–
Thomson (J–T) cooler are analyzed and discussed. Our
formalism is therefore useful for the prediction, estimation
and evaluation of the Hampson-type J–T coolers. It
provides realistic design solutions for manufacturers and
avoid most of the ‘‘trial and error’’ procedures commonly
adopted.
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