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ABSTRACT

Miniature Joule-Thomson refrigerators have been widely used for rapid cooling of infrared
detectors, cryosurgery probes, thermal cameras, and missile guidance homing systems, due to their
special features of simple configuration, compact structure and rapid cooldown characteristics.
The thermodynamic performance of the J-T refrigerator depends upon the hydraulic and heat trans-
fer characteristics of the recuperative heat exchanger. The typical recuperative heat exchanger of
the J-T refrigerator has the double helical tube and fin configuration.

In this study, an effectiveness-NTU approach is adopted to predict the thermodynamic behav-
iors of the heat exchanger for the Joule-Thomson refrigerator. The thermodynamic properties from
the NIST REFPROP! database is used to account for the real gas effects. The results show the effect
of the operating conditions on the performance of the heat exchanger and refrigerator for the given
heat exchanger. The influences of mass flow rate and the supply pressure on the effectiveness of
heat exchanger and the ideal cooling capacity are discussed in details.

INTRODUCTION

Miniature Joule-Thomson (J-T) refrigerators have been widely used for rapid cooling of infrared
detectors, cryosurgery probes, thermal cameras, and missile guidance homing systems, due to their
special features of simple configuration, compact structure and rapid cooldown characteristics. Nitro-
gen (NBP 77.35 K) and argon gas (NBP 87.3 K) are typically used as the cryogen due to their avail-
ability, low cost and relatively low cryogenic temperature.

The cooldown time, the cold end temperature, the running time and the gas consumption are
the important indicators of the Joule-Thomson refrigerator performance.

The cooling power of the J-T refrigerator is generated by the isenthalpic expansion of the high
pressure gas through the throttling process. The J-T effect could be amplified by using an expanded
gas to cool incoming gas within a recuperative heat exchanger. The thermodynamic performance of
J-T refrigerator is highly dependent upon the hydraulic and heat transfer characteristics of the recu-
perative heat exchanger. The typical recuperative heat exchanger of the J-T refrigerator has the
double helical tube and fin configuration to increase heat transfer area as shown in Figure 1.

Limited experimental and theoretical studies on the performance of the refrigerator were per-
formed due to the complexity of the geometry of the recuperative heat exchanger of the
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Helical Tube

Figure 1. The typical recuperative heat exchanger of J-T refrigerator.

Joule-Thomson refrigerator. Ng et al.2 and Xue et al.3 reported the experimental and numerical
study of the J-T refrigerator for steady-state characteristics with the argon gas. Numerical studies of
J-T refrigerator with the nitrogen gas for transient characteristics with one dimensional transient
model were reported by Chien et al.4, Chou et al.’, and Chua et al.® developed the geometry model
of the Hampson-type cryocooler with argon gas as a cryogen. The steady state governing equations
were solved numerically.

In this study, an effectiveness-NTU approach is adopted to predict the thermodynamic behav-
iors of the heat exchanger for the J-T refrigerator with nitrogen and argon gas.

RECUPERATIVE HEAT EXCHANGER

A schematic diagram of a J-T cooling cycle is found in Figure 2. It consists of a counter flow
heat exchanger with helical fins, a pressure vessel, an evaporator (expansion space) and a J-T valve.
From point 1 to point 2, the high pressure gas is cooled in the counter flow heat exchanger by the
low pressure returning gas after J-T expansion (from point 2 to point 3).

An energy balance of the J-T valve requires that the specific enthalpy at the valve outlet must
equal the specific enthalpy at the valve inlet.

h; = h, (1)
The ideal cooling capacity at the evaporator is given by
Qigear = 1 (hy - hj3) )
where m is the mass flow rate.
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Figure 2. The schematic diagram of a J-T cooling cycle.
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The enthalpy of high pressure gas leaving each element and the enthalpy of low pressure gas
entering each element could be calculated according to

hhigh [i] = hhigh [i-1] _% ®)
hlow [i] = hlow [i-1] _% )

where Q, is the recuperative heat transfer of each element. The heat transfer between the fluids is
related to the temperature difference according to:

Qi = 8Cmin (rlingh[i - 1] - Tlnw [1]) (5)

where € is the effectiveness of each element and C_,  is smaller capacity rate between two recuper-
ating stream.
The effectiveness-NTU relationship associated with a counter-flow heat exchanger is follows.”

__I=exp[-NTU (1-Cr)]
EE TG exp [-NTU (1-Cr )] (6)
NTU= -2 o)
m
where Cr is capacity ratio of two streams and UA is the conductance of the each element. UA is
related to the convective heat transfer characteristics of two stream and conduction through the wall

of the tube according to

1

TA —
U Tn (Dyy/Dy)_ 1 ®)
hepighAnigh 2 TKtLt  Mhejoy Aoy
Ap
=1— {in 1— n (9)
n Apbe ( f)

where Ahigh is the inner surface of the finned tube, A, is the outer surface of the finned tube, 1 is
the efficiency of the fin and 1, is the adiabatic fin efficiency. The heat transfer characteristics of the
heat exchanger is highly dependent on the local distribution of the pressure and temperature. Heat
transfer coefficients of each element for high pressure gas and low pressure gas could be expressed
as’

he

PenghDi 0 0p3 RHPrB(1+3.5 28 (10)
k Du

hejow Diow = (0.26Rc 6 prl/3 (] ])
k .

low

where Dy, is the diameter of the helix and D, _ is the hydraulic diameter of the passage of the low
pressure returning gas as shown in Figure 3.

Figure 3. Cross-sectional view of a recuperative heat exchanger.
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The pressure drop of the each element along the longitudinal direction could be calculated
according to

dPhigh _ _ (fhigh Uz) _dpu?
dx 2 Dy dx (12)

dPiow _ {Tlow 2) dpu?
T = (o) + 5 (13)
where U is the gas velocity of each element and x is the longitudinal direction of the heat exchanger.

The friction factors of each element for high pressure gas and low pressure gas could be calculated
according to®

0.184 Dy
fhign = W(l + 3'51)_:) (14)
. 2
f]()W = (0.088+0.16 XL(XT_I) n) R&OT (15)
1.13
n= 043+ o (16)

where X is the non-dimensional transverse pitch and X is the longitudinal pitch of the finned tube.
Thermodynamic properties of the gas are varied along the high pressure and low pressure passages.
In the analysis, the thermodynamic properties from the REFPROP! were used to account the J-T
cooling effects of the gas.

The geometric dimensions of the recuperative heat exchanger are listed in Table 1. The analy-
sis was carried out for the nitrogen and argon gas with inlet pressures of 10, 20, 30, 40, 50 MPa and
at 300 K.

RESULTS AND DISCUSSION

The heat exchanger effectiveness has significant effects on the liquefied yield fraction of the
cryogen and the cooling capacity of the J-T refrigerator.

Figure 4 shows the variation of the effectiveness of the heat exchanger with different mass
flow rates for nitrogen gas. The effectiveness decreases as the mass flow rate increases. The de-
crease in the effectiveness comes from the decrease of the heat exchanger NTU.

The effectiveness at 10 MPa is significantly lower than the effectiveness when the pressure is
above 20 MPa. The effectiveness is almost the same when the inlet pressure is above 30 MPa.

The ideal cooling capacity of the J-T refrigerator is shown in Figure 5 as a function of the mass
flow rate for nitrogen gas. The ideal cooling capacity increases as the mass flow rate through the

Table 1. Dimensions of a recuperative heat exchanger

Parameters Value
Diameter of helix 4.070 mm
Inner diameter of tube 0.3 mm
Outer diameter of tube 0.5 mm
Pitch of tube 0.95 mm
Number of turn of tube 42
Height of fin 0.2 mm
Pitch of fin 0.132 mm
Thickness of fin 0.08 mm
Number of fin per revolution of tube 55




HEAT EXCHANGER FOR A MINIATURE J-T REFRIGERATOR 383

1.00 I I I
—o— Py = 10MPa
0.98 —— Pyt =20 MPa
- —&— Pyper =30 MPa
s —o— Py =40 MPa
5 096 —a— Py = 50 MPa [H
>
=
|5
O 094
a=
0.92
0.90

0.00 0.05 010 0.15 020 025 030 035 040 045
Mass flow rate (g/s)
Figure 4. Variation of the effectiveness with different mass flow rates of the nitrogen gas.

heat exchanger increases. At the higher inlet pressure, the ideal cooling capacity is more linearly
proportional to the mass flow rate.

There exists an optimal mass flow rate for the maximum of the ideal cooling capacity wirh the
inlet pressure of 10 Mpa and 20 MPa. At the pressure of 20 MPa, the maximum of ideal cooling
capacity occurs when the mass flow rate is about 3 times larger than that of the pressure of 10 MPa.
At the pressure of 10 MPa and above mass flow rate of 0.2 g/s, the J-T refrigerator does not have the
cooling capacity due to the small effectiveness of the heat exchanger.

The ideal cooling capacity is higher for higher pressure up to 40 MPa. The results show that the
ideal cooling capacity of 50 MPa is below the 40 MPa. The thermodynamic characteristics (en-
thalpy) of the nitrogen gas results in the decrease of the cooling capacity.

Figure 6 shows the variation of the effectiveness of the heat exchanger with different mass
flow rates of the argon gas. It is clear that the heat exchanger with the argon gas has the high
effectiveness.

Figure 7 shows the variation of the ideal cooling capacity of the heat exchanger with different
mass flow rates of the argon gas. There exists an optimal mass flow rate for the maximum of ideal
cooling capacity at the inlet pressure of 10 MPa. At 10 MPa, the refrigerator with the argon gas has
the wide operating range of the mass flow rate up to 0.43 g/s.

The refrigerator with argon gas as a cryogen has a higher ideal cooling capacity than one with
nitrogen gas as a cryogen. At the higher inlet pressure, the ideal cooling capacity is more linearly
proportional to the mass flow rate than that of the nitrogen.
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Figure 5. Variation of the ideal cooling capacity with different mass flow rates of the nitrogen gas.
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Figure 6. Variation of the effectiveness with different mass flow rates of the argon gas.
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Figure 7. Variation of the ideal cooling capacity with different mass flow rates of the argon gas

Figure 8 shows the temperature and pressure profile along the longitudinal direction of the heat
exchanger with the nitrogen (for the mass flow rate 0.0198 g/s (1slpm) and 0.1975 g/s (10 slpm)) at
the inlet pressure of 40 MPa.

At the mass flow rate of 1 slpm, the pressure drop of the heat exchanger is negligibly small, and
the temperature differences between the high pressure and low pressure gas are small due to the
high effectiveness of the heat exchanger. The increases of the mass flow rate results in the increases
of the pressure drop of and the relaxation of the temperature gradient.

The temperature and pressure profile of the heat exchanger with the argon (for the mass flow
rate 0.0282 g/s (1slpm) and 0.2818 g/s (10 slpm)) are shown in Figure 9.

Comparison of the temperature profiles of the nitrogen and argon leads one to conclude that the
argon develops a more nonlinear temperature profile along the heat exchanger than the nitrogen. It
is obvious that the small pressure drop of the low pressure gas occur along the heat exchanger for
the nitrogen and argon gas.
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Figure 8. The temperature and pressure profile with the nitrogen at the pressure of 40 MPa.
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Figure 9. The temperature and pressure profile with the argon at the pressure of 40 MPa

SUMMARY

In the present study, effectiveness-NTU approach was adopted to predict the thermodynamic
behaviors of the heat exchanger for the J-T refrigerator with the nitrogen and argon gas.

The results show that the effectiveness of the heat exchanger decreases as the mass flow rate
increases, but the ideal cooling capacity at high pressure do not decrease. At low pressure, the
refrigerator has the limited operating range in the mass flow rate.

The argon develops a more nonlinear temperature profile along the heat exchanger than nitro-
gen, and the small pressure drop of the low pressure gas occur along the heat exchanger for the
nitrogen and argon gas.
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