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The performance of a miniature Joule-Thomson cryocooler depends on the effectiveness of the heat
exchanger. The heat exchanger used in such cryocooler is Hampson-type recuperative heat exchanger.
The design of the efficient heat exchanger is crucial for the optimum performance of the cryocooler.

In the present work, the heat exchanger is numerically simulated for the steady state conditions and
the results are validated against the experimental data available from the literature. The area correction
factor is identified for the calculation of effective heat transfer area which takes into account the effect of
helical geometry. In order to get an optimum performance of the cryocoolers, operating parameters like
mass flow rate, pressure and design parameters like heat exchanger length, helical diameter of coil, fin
dimensions, fin density have to be identified. The present work systematically addresses this aspect of
design for miniature J-T cryocooler.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Joule-Thomson (J-T) cryocoolers have been widely used for
many applications such as cooling of infrared detectors, cryosurgery
probes, thermal cameras, and missile guidance systems, due to their
special features such as simple configuration, compact structure and
rapid cooldown characteristics. It consists of a recuperative heat
exchanger, an expansion device, and an evaporator. Fig. 1 shows
the schematic of a J-T cryocooler. The thermodynamic performance
of these cryocoolers is mainly governed by the effectiveness of the
heat exchanger. Usually, the heat exchanger is Hampson-type
finned tube heat exchanger. The finned tubes are helically wound
on mandrel and shield is provided on the outside of the coil. The
working fluid such as nitrogen, argon at high pressure flows inside
the helically coiled finned tube, and returns over the fins after
expansion through an orifice at the end of heat exchanger. The
low-pressure stream circulates over the finned tube surface in oppo-
site direction to the high-pressure stream. The process 1-2 repre-
sents the heat rejection by the hot fluid at high pressure, whereas
the process 4-5 is the heat gain by the cold fluid at low pressure.

Several researchers have worked to compute steady state perfor-
mance of the J-T cryocooler [ 1-4]. Few studies on transient analysis
of J-T cryocooler have also been reported in the literature [5-7]. The
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design of Hampson-type heat exchanger is crucial due to its com-
plex geometry, variation in thermo-physical properties of fluid
and thermal losses. Ng et al. [1] and Xue et al. [2] reported experi-
mental and numerical study of the J-T cryocooler for steady-state
characteristics with argon as a working fluid. Chua et al. [4] have
argued that, Ng et al. [1] and Xue et al. [2], in their numerical work,
have not used the actual heat transfer area for the low pressure
return stream in the helical heat exchanger, but have used some cor-
rection factors to compute effective area of heat transfer in the
return line. Additionally, there is very little information available
in the literature related to the effect of various operating and design
parameters on the performance of the J-T cryocooler.

The design of recuperative heat exchanger for its optimum per-
formance depends on many parameters such as type of fluid, mass
flow rate, supply pressure, and various design parameters such as
heat exchanger length, fin tube diameter, helical diameter of coil,
fin dimensions, and fin density. In the present work, numerical
simulation of the heat exchanger is performed to carry out the
parametric study for the optimum performance of the cryocooler.

2. Numerical model of heat exchanger
2.1. Heat exchanger geometry
2.1.1. Calculation of flow area for low pressure stream in shell side

In the present study, the specifications of the heat exchanger
are taken from the literature [1], which are given in Table 1. The
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Nomenclature

A area, m?

As surface area, m?

Cp specific heat capacity, J/kg K

d diameter, m

dr fin tube diameter, m

Dy, hydraulic diameter, m

Dhel mean diameter of helical coil, m
f friction factor

G mass flux, kg/m? s

h heat transfer coefficient, w/m? K
k thermal conductivity, w/m K

L length of heat exchanger, m

m mass flow rate, kg/s

n fin density, number of fins per meter
Nfinsjcoit nUmber of fins per coil turn

P pressure, Pa

p perimeter of heat transfer, m

Pr Prandtl number

Re Reynolds number

t mean fin thickness, m

T temperature, K

u mean velocity, m/s

Greek symbol

AP pressure drop, Pa
P density, kg/m>
Subscripts

a ambient

c cold fluid

ci capillary inside
co capillary outside
h hot fluid

i inside

in inlet

m mandrel

mi mandrel inside
mo mandrel outside
0 outside

out outlet

r radiation

s shield

si shield inside

S0 shield outside
w wall

accurate calculation of the flow area for the low-pressure stream is
essential for modeling the finned tube heat exchanger. Fig. 2 shows
the cross-section of the finned tube heat exchanger. In order to cal-
culate flow area for low pressure stream, A, cross-sectional area of
tube without fins and area of fins in one coil turn is subtracted
from the total annular area between shield and mandrel. It is
expressed in Eq. (1)

T Y
A= i (dszl - diw) 2 [(Dher + dco)z — (Dhet — dco)z]
— f(df —de) X Nﬂns per coil (1)

where dg; is inside diameter of shield, d,;, is outside diameter of
mandrel, Dy is diameter of the helical coil, dfis finned tube diam-
eter, d., is the fin root diameter, and t is mean thickness of the fin.
Nfins per coit T€presents the number of fins per turn of the coil, which
is given in Eq. (2).

TDpel
Nfins per coil = m (2)
Pressure To exhaust
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1] T
Heat
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Fig. 1. J-T cryocooler.

Alternatively, the projected area method [8] can be used to cal-
culate flow area and outside perimeter of the finned tube. Accord-
ing to this method, the total available free flow area on shell side,
A, neglecting diametrical clearance is given in Eq. (3).

Ac = TDh[(d; — deo)(1 — 1 x 1)] 3)

where n is number of fins per m.

2.1.2. Calculations of surface area & Perimeter of finned tube

In order to calculate outside perimeter of the finned tube, calcu-
lations are done for one turn of the coil neglecting the surface area
of tips of the fins. The outside surface area of finned tube is calcu-
lated by subtracting surface area occupied by base of all fins on
tube in one coil turn from the surface area of bare capillary tube
and the surface area of two sides of all fins in one coil turn. There-
fore, surface area offered by the outer finned surface in one coil
turn, A, is calculated as given in Eq. (4).

A =2 [0(d] — d2y) + deo(1 = )| Dy (4)

Hence, perimeter of outer finned surface (surface area per unit
axial length), pc,, is obtained as

Table 1

Specifications of the heat exchanger [1].
Parameters Dimension
Inside diameter tube, d.; (mm) 0.3
Outside diameter tube, d., (mm) 0.5
Inside diameter of mandrel, d,,; (mm) 23
Outside diameter of mandrel, d;,,, (mm) 2.5
Inside diameter of shield, dy; (mm) 45
Outside diameter of shield, ds, (mm) 4.8
Length of heat exchanger, L (mm) 50
Straight length of tube (mm) 549.5
Diameter of helical coil, Dpe; (mm) 3.5
Pitch of tube (mm) 1.0
Number of turn of tube 50
Height of fin (mm) 0.25
Pitch of fin (mm) 0.3
Thickness of fin, t (mm) 0.1
Fin density (fins/mm) 33
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