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A heat exchanger for continuously subcooling liquid nitrogen in contact with a regenerative cryocooler is
analytically investigated as a next step of our recent experimental works. Since the coldhead of regener-
ative cryocooler has a limited surface area, a cylindrical copper cup is attached as extended surface, and a
tube for liquid flow is spirally wound and brazed on the exterior surface of cylinder. Different sizes of heat
exchangers are fabricated and tested with a single-stage GM cooler to cool liquid nitrogen from 78 K to
66 K. Analytical model is developed for the heat exchanger effectiveness and thermal resistance, and the
results are compared with the experimental data. It is concluded that there exists an optimum for the
height and diameter of cylindrical heat exchanger to maximize the cooling rate with a given unit of
cryocooler.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Subcooled liquid nitrogen is a common coolant in HTS (high
temperature superconductor) power systems [10], including
superconducting transmission cable [8], superconducting fault cur-
rent limiter [5,6,12], or superconducting power transformer
[3,13,14]. The main reason for using subcooled liquid in high-
voltage systems is to suppress bubbles [11] that may be generated
from external or internal heat source, because bubbles play a crit-
ical role in deteriorating the electrical insulation of liquid. In addi-
tion, it was reported that the temperature of HTS elements are
spatially more uniform [9] and can be recovered more promptly
from quench in subcooled liquid than in boiling liquid [4]. Fig. 1
shows the typical region of subcooled liquid for HTS power appli-
cations on phase diagram of nitrogen. For safe operation, the de-
gree of subcooling (below its boiling temperature) is 10 K or
greater, and liquid is pressurized to 300–500 kPa.

One of simple and convenient methods to maintain the sub-
cooled state is to employ a cryocooler in so-called natural convec-
tion system [5–7,9,12]. With an extended cold surface thermally
anchored to the coldhead of cryocooler, liquid nitrogen is actively
circulated by natural convection, achieving a uniform cooling over
the entire liquid-filled space. In some cases, however, the pumped
circulation of liquid nitrogen is indispensible, because the internal
thermal load (e.g. ac loss) is excessive as in HTS power transformer,
or the cooling load is widely distributed as in HTS transmission
ll rights reserved.
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cable. A heat exchanger is necessary to continuously absorb heat
from the liquid stream and transfer it to the cryocooler, since any
regenerative type (Stirling, GM, pulse tube) of cryocooler has a lim-
ited area of cold surface.

A prototype of pump-circulated system with subcooled liquid
nitrogen was previously constructed and demonstrated for HTS
power transformer by Yoshida et al. [14]. The system consisted
of two cryostats; one for HTS windings and the other for pump
unit. The pump unit had a cryogenic liquid pump and two GM cool-
ers connected in parallel to produce subcooled liquid at 64 K and
supply it to the HTS windings through a transfer tube. On the cold-
head of each GM cooler, a heat exchanger made of copper cylinder
was attached so that liquid nitrogen could be cooled through cop-
per tube spirally wound on the cylinder. Recently, the present
authors published an experimental work to investigate the effect
of heat exchanger size. Several different sizes of heat exchangers
were fabricated and tested with a commercial GM cooler to sub-
cool liquid nitrogen from 78 K to 65–70 K [7]. It was demonstrated
that the size of cylindrical heat exchanger could be optimized to
achieve the maximum cooling of liquid nitrogen.

As a next step of the experimental study, this paper intends to
develop an analytical method, with which the experimental results
can be clearly explained and an optimal size of heat exchange can
be determined for use in other systems. Towards this objective, the
experiment is briefly summarized with some additional results,
and then the heat exchanger equations are formulated and analyt-
ically solved. The expressions to calculate the heat exchanger effec-
tiveness and subcooling rate are derived by taking into account the
thermal resistance between heat exchanger and coldhead, and the
cooling capacity of cryocooler.
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Nomenclature

B dimensionless convection-conduction number (–)
C specific heat of liquid nitrogen (J/kg K)
c constants in general solutions of differential equations

(–)
D diameter of cylinder (m)
d diameter of tube (m)
H height of cylinder (m)
h convective heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
_m mass flow rate (kg/s)

N dimensionless number of transfer unit (–)
p pitch of spiral tube winding (m)
Pr Prandtl number (–)
Q dimensionless heat leak number (–)
q heat transfer or cooling rate (W)
q00 heat leak from surrounding per unit area (W/m2)
R thermal resistance (K/W)
Re Reynolds number (–)
T temperature (K)
t thickness of tube wall (m)
x spiral distance along winding tube (m)

z axial distance from bottom of cylinder (m)

Greek letters
d thickness of cylinder or top plate (m)
e heat exchanger effectiveness (–)
h dimensionless temperature (–)
f dimensionless axial distance of cylinder (–)

Subscripts
0 top edge of cylinder
1 contact position of top plate and coldhead
c contact resistance
CH coldhead of cryocooler
Cu copper cylinder
cyl cylinder
e exit of liquid nitrogen
i inlet of liquid nitrogen or inner surface
LN liquid nitrogen
min minimum cooling temperature of cryocooler
o outer surface
top top plate
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Fig. 1. Subcooled liquid region for HTS power applications and experimental
subcooling process on phase diagram of nitrogen.

Fig. 2. Schematic diagram and photograph of h
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2. Experiment

Fig. 2 shows schematic diagram and photograph of heat exchan-
ger system under investigation. A copper cylinder (diameter D,
height H, thickness dcyl) is welded with a top plate (thickness dtop),
forming a ‘‘cup’’ shape (upside down) of extended surface. On
external surface of the cylinder, a copper tube (diameter d, wall
thickness t) is spirally wound and brazed with an axial pitch p.
The top plate is bolt-jointed concentrically to the coldhead (diam-
eter DCH) of cryocooler. Liquid nitrogen enters the tube at bottom
(temperature Ti) and exits at top (temperature Te).

Fig. 3 is the simplified schematic of experimental apparatus. A
single-stage GM cooler (Cryomech Model AL300) assembled with
test heat exchanger is mounted on the top of cryostat. Liquid nitro-
gen supplied from a pressurized container is pre-cooled through a
long tube submerged in liquid nitrogen pool at 78 K. Liquid at the
inlet of heat exchanger is maintained nearly at 300 kPa and 78 K,
and subcooled to 65–70 K through the heat exchanger, as indicated
by an arrow in Fig. 1. The surface of coldhead and heat exchanger is
wrapped with foam or fiber insulator in order to avoid the
eat exchanger system under investigation.
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condensation of nitrogen vapor. The flow rate of liquid nitrogen is
measured at room temperature after passing through a heated
water bath. Temperature is measured with platinum resistors at
the coldhead, the inlet and exit of heat exchanger. More tempera-
ture sensors are added lately at several axial locations of cylinder.
Details of experimental set-up and procedure can be found in
Chang et al. [7].

Five different sizes of heat exchanger are fabricated and tested.
Each heat exchanger is identified with its diameter and height of
cylinder in unit of mm. For example, D100-H50 indicated the heat
exchanger with D = 100 mm and H = 50 mm. The experimental re-
sults for D100-H50, D100-H100, D100-H200, D50-H50, and D150-
H50 are plotted in Fig. 4. Several new data from late experiment
are added to the previous results. The cooling rate of liquid nitro-
gen is shortly calculated in terms of inlet and exit temperatures as

qLN ¼ _mLNCLNðTi � TeÞ ð1Þ

where _mLN and CLN are the mass flow rate and specific heat of liquid
nitrogen, respectively. Since Ti is 78 K in all tests, the cooling is more
effective when _mLN is larger or Te is smaller. It is clearly observed
Fig. 3. Simplified schematic of experimental apparatus.
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Fig. 4. Experimental results on mass flow rate of liquid nitrogen as a function of
exit temperature for various sizes of heat exchanger.
that D100-H100 achieved the best cooling performance, and there
exists an optimal size of heat exchanger with the specific cryocooler
[7]. A systematic and analytical method to determine the optimal
size is sought for the efficient cryogenic design of pumped circula-
tion system.

3. Heat exchanger analysis

3.1. Formulation

For the heat exchanger in Fig. 2, the temperature of liquid nitro-
gen (TLN) and copper cylinder (TCu) can be determined by energy
balance equations with boundary conditions

_mLNCLN
dTLN

dx
þ Upd TLN � TCuð Þ ¼ 0; TLNð0Þ ¼ Ti ð2Þ

kCupDdcyl
d2TCu

dz2 þ UpdðTLN � TCuÞ
dx
dz
þ pD q00o þ q00i

� �
¼ 0

dTCuð0Þ
dz

¼ 0; TCuðHÞ ¼ T0 ð3Þ

where x and z are the spiral distance along the tube and the axial
distance along the cylinder, respectively, so the two coordinates
are related as

dx ¼ dz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pD
p

� �2

þ 1

s
ð4Þ

The overall heat transfer coefficient U between TLN and TCu is based
on the wetted area of liquid in tube. As the tube is silver-brazed on
cylinder wall, the temperature difference between the tube and cyl-
inder is negligibly small at the point of contact. On the other hand,
the tube wall may have a considerable temperature gradient in
peripheral direction. It is reasonable to consider the tube wall as a
plate fin with length pd/2 (by symmetry) and thickness t. Thus, U
is simply the convective heat transfer coefficient h multiplied by
the fin efficiency [1].

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hkCut

p
pd

tanh pd

ffiffiffiffiffiffiffiffiffiffiffiffi
h

2kCut

s0
@

1
A ð5Þ

where

h ¼ kLN

d
0:023Re0:8Pr1=3 ð6Þ

since the liquid flow is turbulent in all experimental conditions. In
Eq. (3), q00o and q00i are the heat leak per unit area from surrounding to
outer and inner surface of cylinder, respectively. It is assumed that
the wall thickness is much smaller than the diameter for cylinder
and tube.

The formulation is simplified by defining dimensionless
variables

f ¼ z
H

hðfÞ ¼ TðzÞ � T0

Ti � T0
ð7Þ

where Ti is the inlet temperature of liquid nitrogen (the highest
temperature) and T0 is the cylinder temperature at the top edge
(the lowest temperature in heat exchanger). In dimensionless form

dhLN

df
þ 2NðhLN � hCuÞ ¼ 0 hLNð0Þ ¼ 1 ð8Þ

d2hCu

df2 þ B2ðhLN � hCuÞ þ Q ¼ 0
dhCuð0Þ

df
¼ 0; hCuð1Þ ¼ 0 ð9Þ

where N, B, and Q are dimensionless parameters defined as
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N ¼ UHpd
2 _mLNCLN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pD
p

� �2

þ 1

s
B2 ¼ UH2d

kCudcylD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pD
p

� �2

þ 1

s

Q ¼
q00o þ q00i
� �

H2

kCudcylðTi � T0Þ
ð10Þ

It is noted that N is considered the number of transfer unit that is
widely used for heat exchanger analysis, and B and Q are the rela-
tive ratio of fluid convection and heat leak to cylinder conduction,
respectively. In case that D� p (as in experimental heat exchang-
ers), N and B can be further simplified.

N � UHDp2d
2 _mLNCLNp

B2 � UH2pd
kCudcylp

ð11Þ
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Fig. 5. Calculated temperature distribution of liquid nitrogen and copper cylinder
in comparison with experimental data with D100-H100.
3.2. Analytical solution

The dimensionless temperatures can be obtained in closed
form, if three parameters are constant.

hLNðfÞ ¼ c1 þ e�Nf c2 cosh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

q
f

� �
þ c3 sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

q
f

� �� �

þ 2NQ

B2 f ð12Þ

hCuðfÞ ¼ c1 þ
e�Nf

2N

Nc2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
c3

	 

cosh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
f

	 

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
c2 þ Nc3

	 

sinh sqrtN2 þ B2f

	 

2
64

3
75

þ Q

B2 ð1þ 2NfÞ ð13Þ

where

c1 ¼ 1þ 4N2Q

B4 ð14Þ

c2 ¼ �
4N2Q

B4 ð15Þ
c3 ¼
N cosh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 

4N2Q

B4 � 2 1þ 4N2þð1þ2NÞB2

B4 Q
	 


NeNffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
cosh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
þ N sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p ð16Þ
The exactness of solutions can be confirmed in different ways.
Eqs. (8) and (9) are solved by numerical methods (4th-order Run-
ge–Kutta integration) for given values of three parameters (N, B,
and Q), and the temperature distributions are compared with
Eqs. (12) and (13), and also with the experimental data. Fig. 5 is
an example of calculated temperature distributions with the mea-
sured temperature data from D100-H100 experiment. In the calcu-
lation, the boundary conditions are Ti = 78.0 K and T0 = 66.4 K, and
N and B are given as 1.61 and 3.15, respectively, which are the cor-
responding values of experiment. Q is taken as 0.14, with which the
exit temperature Te matches the experimental value 66.4 K. This
means that the Q value is based on the averaged heat leak from
surrounding to satisfy the energy balance. The curves denoted by
analysis are plots of Eqs. (12) and (13), which exactly agree with
the results of numerical calculation. The temperature distribution
of cylinder is in a fairly good agreement with the experiment data.
A reason for the small discrepancy is that the heat leak from sur-
rounding (or the Q value) was not uniform over the axial length
of cylinder in the experiment.

In an ideal case that the heat leak from surroundings is negligi-
bly small or Q = 0, the three constants given by Eqs. (14)–(16) are
reduced to

c1 ¼ 1 c2 ¼ 0

c3 ¼ �
2NeNffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N2 þ B2
p

cosh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 

þ N sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 
 ð17Þ

so that Eqs. (12) and (13) may be simplified to

hLNðfÞ ¼ 1�
2NeNð1�nÞ sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
x

	 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
cosh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 

þ N sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 

ð18Þ
hCuðfÞ ¼ 1� eNð1�fÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
cosh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
f

	 

þ N sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
f

	 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
cosh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 

þ N sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 

ð19Þ
3.3. Effectiveness

The effectiveness, e, of heat exchanger shown in Fig. 2 is defined
as the ratio of actual heat transfer rate to the maximum possible
heat transfer rate [7].

e � Ti � Te

Ti � T0
ð20Þ

where T0 is the temperature of copper cylinder at the top edge.
Therefore, the effectiveness can be derived from Eq. (12) as
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e ¼ 1� c1 � e�N c2 cosh
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

q� �
þ c3 sinh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

q� �� �
� 2NQ

B2

ð21Þ

which is plotted in Fig. 6 as a function of N for selected values of B
and Q. The effectiveness increases with N in a similar pattern with
general counter-flow heat exchanger. The effectiveness is higher,
when B and Q are smaller. It can be also noted that the effect of Q
is not so great for large values of B, which means that the effect
of heat leak from surrounding is small when the wall conduction
is dominant.

In the ideal case of Q = 0, Eq. (21) can be simplified

e ¼ 2Nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p
coth

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ B2

p	 

þ N

ð22Þ

from Eq. (17), as lately derived by Barron [2] and the present
authors. Some asymptotic behaviors for small N’s or large N’s are
discussed by Barron [2].

4. Optimal size of heat exchanger

4.1. Thermal resistance model

The subcooling performance of liquid nitrogen is dependent on
the thermal resistance between heat exchanger and coldhead, and
the cooling capacity of cryocooler as well as the heat exchanger
effectiveness. An equivalent thermal resistance model shown in
Fig. 7 is taken for the system under investigation. Three thermal
resistances should be considered in series for the model.

The first is a conduction resistance of top plate (header disc) of
cylinder, if the cylinder diameter is greater than the coldhead
diameter.

Rtop ¼
0 D � DCH
lnðD=DCHÞ
2pkCudtop

D > DCH

(
ð23Þ
0T 1T

topR
topq

LN cylq q+

Fig. 7. Thermal resistance model for top pl
assuming that the temperature of top plate is uniform at T1 over the
area in contact with coldhead. The second is a contact resistance Rc

[1] of the bolt-joint between the top plate and coldhead, which is
generally dependent on the joint pressure and surface roughness
of the mating surfaces. The third factor is the refrigeration capacity
of cryocooler. As illustrated in Fig. 8 for the GM cryocooler (Cryo-
mech AL300) used in the experiment, the cooling capacity is pro-
vided by the manufacturer as a function of coldhead temperature.
For typical operating range between 40 K and 65 K, the capacity
curve may be approximated with a reasonable accuracy by a linear
function

qCH � qi
TCH � Tmin

Ti � Tmin
ð24Þ

as indicated by the dotted line. In Eq. (24), qi is the cooling capacity
at Ti (the inlet temperature of liquid nitrogen), and Tmin is the
‘‘extrapolated’’ minimum temperature with no load. According to
Eq. (24), a thermal resistance, RCH, is added in series between TCH

(coldhead temperature) and Tmin in Fig. 8, as defined by

RCH �
Ti � Tmin

qi
ð25Þ

Another factor to include in the thermal resistance model is the
heat leak to top plate from surrounding.

qtop ¼
R D=2

0 q00i 2pr
� �

dr D � DCHR D=2
DCH=2 q00o2pr

� �
dr þ

R D=2
0 q00i 2pr
� �

dr D > DCH

8<
: ð26Þ

where q00o and q00i are the heat leak per unit area to outer (upper) and
inner (lower) surface, respectively, similarly as before. For simplic-
ity, it is assumed that this thermal load is added at temperature T1

or

T0 � T1

Rtop
þ qtop ¼

T1 � TCH

Rc
¼ TCH � Tmin

RCH
¼ qCH ð27Þ

Now, the overall energy balance is written

_mLNCLNðTi � TeÞ ¼ qCH � qcyl � qtop ð28Þ

where

qcyl ¼ pD
Z H

0
q00o þ q00i
� �

dz ð29Þ

By combining Eqs. (20), (27), and (28), the final expression is de-
rived as

_mLN ¼
ðTi � TminÞ � ðTi � TeÞ=e� ðRtop þ Rc þ RCHÞqcyl � ðRc þRCHÞqtop

CLNðRtop þRc þRCHÞðTi � TeÞ
ð30Þ

for the mass flow rate of liquid nitrogen that can be continuously
subcooled from Ti to Te, for given cryocooler and heat exchanger.
It is noted in Eq. (30) that the dimensional factors of heat exchanger,
including the height (H) and diameter (D) of cylinder, affects the
effectiveness (e) as well as the thermal resistance (Rtop) and heat
leak from surrounding (qcyl and qtop). Recalling that e is a function
of N, B, and Q, and the definition of N is involved of _mLN , Eq. (30)
should be solved by a few times of iterative calculations.
CHT

cR

minT

CHR
CHq

ate, bolt-joint, and cryocooler capacity.
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Fig. 9. Mass flow rate of liquid nitrogen cooled from 78 K to 66 K. (a) Effect of
cylinder height. (b) Effect of cylinder diameter.

Table 1
Specifications and dimension of cryocooler, heat exchanger, and liquid nitrogen flow.

Cryocooler Cooler type Single-stage GM (Gifford–McMahon)
Manufacturer Cryomech, Inc.
Model AL300 (60 Hz)
Cooling capacity qi = 310 W, Tmin = 10 K (Linear model)
Coldhead diameter DCH = 100 mm

Heat
exchanger

Top plate (copper) dtop = 2 mm, Rc = 0.159 K/W2 (Joint)
Cylinder (copper) dcyl = 2 mm
Tube (copper) d = 6.4 mm, t = 0.7 mm
Tube winding
(brazed)

p = 12.7 mm

Liquid
nitrogen

Inlet temperature Ti = 78.0 K
Exit temperature Te = 66.0 K (interpolated)
Properties CLN = 2024 J/kg K, kLN = 0.14 W/m K,

Pr = 2.23
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Fig. 8. Linear model for refrigeration capacity of GM cryocooler (Cryomech Model
AL300) in operating temperature range.
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4.2. Results and discussion

In order to examine the effect of height (H) and diameter (D) of
heat exchanger, the subcooling mass flow rate is calculated with
Eq. (30) and plotted in Fig. 9a and b, respectively, in comparison
with the experimental data. As listed in Table 1, the specifications
and dimension of cryocooler, heat exchanger, and liquid nitrogen
flow are taken from the experiment conditions. In all calculations,
the inlet (Ti) and exit (Te) temperatures of liquid nitrogen are fixed
at 78.0 K and 66.0 K, respectively, as indicated in Fig. 1. The exper-
imental points shown in Fig. 9a and b are estimated by interpolat-
ing the experimental data in Fig. 4. The only uncertain quantity in
experiment is the heat leak (q0 0) to cylinder and top plate from sur-
rounding. Thus, the analytical results are plotted with different val-
ues of q00 ¼ q00i ¼ q00o

� �
and compared with the experimental data

represented by the solid interpolating curves.
Fig. 9a clearly shows that there exists an optimal H (around

120 mm) that maximizes the subcooling flow rate in experiment
and analysis. If height is shorter than the optimum, the subcooling
performance is poor because of smaller cooling surface area. On the
contrary, if height is longer than the optimum, the subcooling is
also poor because of larger heat leak. Similarly, Fig. 9b also shows
that there exists an optimal D (around 80 mm) that maximizes the
subcooling flow rate in experiment and analysis The main reason
for the small discrepancy between experiment and analysis is the
amount of q0 0, which was assumed to be a constant (averaged) va-
lue in the analysis, but varied significantly in the experiment. An
interesting feature is to observe that q0 0 is larger when H is smaller
or D is larger. This appears to be reasonable, because the inner sur-
face of cylinder and top plate is more widely open to surrounding
when H is smaller or D is larger.

Fig. 10 is a two-dimensional plot that illustrates the effect
of H and D at the same time. The closed loops are contours of
subcooling mass flow rate, which are calculated for the same
experimental conditions and q00 ¼ 120 W=m2 rate. The vertical line



138 H.-M. Chang, S.H. Ryu / Cryogenics 51 (2011) 132–138
at D = 100 mm and the horizontal line at H = 50 mm represent
Fig. 9a and b, respectively. Even though the largest subcooling rate
was 5.0 g/s in the experiment, the maximum of 5.19 g/s is expected
if the size of heat exchanger is optimized at D = 118 mm and
H = 73 mm. The heat exchanger effectiveness and thermal resis-
tance model developed in this study are useful for determining
the optimal size of heat exchanger to take the best use of refriger-
ation capacity of any cryocooler.

5. Conclusions

An analytical method is successfully developed to predict the
cooling rate of liquid nitrogen with heat exchanger in thermal con-
tact with a regenerative cryocooler. The analysis includes an expli-
cit form of expression for the heat exchanger effectiveness in terms
of three dimensionless parameters (number of transfer unit N, con-
vection-conduction ratio B, and heat leak ratio Q), and a thermal
resistance model for the contact surfaces and refrigeration capacity
of cryocooler. The analytical results are in fairly good agreement
with experimental data. The developed method will be useful for
anyone designing a heat exchanger in connection with a regenera-
tive cryocooler.
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