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Abstract

A gas-gap type thermal switch is developed to reduce the initial cool-down time of cryogen free magnets. The switch is a closed
cylinder that contains several pairs of axial fins in staggered array and is filled with a gas. The switch connects the first and the
second stages of a two-stage cryocooler (ON state) to take advantage of the large refrigeration capacity at the first stage. At
cryogenic temperatures, however, the thermal isolation (OFF state) can be achieved without any external actuation, because the gas
is frosted and the corresponding vapor pressure is significantly decreased. A detailed heat transfer analysis that takes into account
the phase change, the gas convection in continuum or molecular state, and the axial conduction in the fins is presented. Based upon
the analysis, a new configuration for the switch is proposed the transfers more heat during ON state and less heat during OFF state
compared to the conventional structure. The two switches are fabricated and tested with a two-stage Gifford—-McMahon cooler. The
experiment shows that the newly developed gas-gap switch achieves a superior thermal performance. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Conduction—cooling method by cryogenic refrigera-
tors can serve as an excellent option for relatively small
superconducting systems [1-4]. Since no liquid cryogens
are necessary, the systems are easier to operate and more
compact in structure than the conventional liquid-
cooling systems. In addition, the conduction-cooled
systems are more efficient with respect to the energy
consumption, mainly because the thermal loss associ-
ated with the storage and the transfer of cryogenic lig-
uids is obviated. On the other hand, some difficulties
have come out in recently developed liquid-free systems,
one of which is a very long cool-down time required for
initial operation.

For many practical systems cooled by a two-stage
Gifford-McMahon cryocooler, the cool-down takes 10 h
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or even several days because of the limited refrigeration
capacity at the second stage of the cryocooler. To
achieve a faster cool-down rate, a simple device has been
proposed, connecting thermally the first and the second
stages during the beginning period in order to take ad-
vantage of the larger refrigeration capacity at the first
stage as shown schematically in Fig. 1. After the cryo-
genic temperature is reached, however, the two stages
should be thermally isolated in order to reduce the heat
leak to the cold end in the final steady-state. The device
has been called a thermal (or heat) switch, since the two
required functions can be termed the thermally ON and
OFF states, respectively.

Various types of cryogenic thermal switches have been
introduced to date for different applications [4-11]. One
of the candidates for the current application is the so-
called gas-gap switch, since the ON/OFF operation is
carried out only by the temperature without any me-
chanical or electrical actuation. The switch is a closed
container, which has many pairs of thin extended sur-
faces or fins in staggered array, as shown in Fig. 2. The
gap-space between the fins in the switch is filled with a
gas to be condensed or frosted at cryogenic tempera-
tures. When the switch is at temperatures higher than
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Nomenclature

A cross-sectional area

B constants in solution of differential equations
Bi Biot number

C specific heat

i specific enthalpy

k thermal conductivity

Kn  Knudsen number

L axial length of thermal switch
m mass

p pressure

q heat transfer rate

R gas constant

T temperature

t time

u specific internal energy

V volume

v specific heat

W sum of fin width

X mass fraction of vapor

f liquid phase

z axial distance from cold end in thermal switch

Greek letters

o accommodation coefficient of surface

o ratio of specific heats of gas

0 gap clearance between fins, fin thickness
A mean free path of gas molecule
Subscripts

Cu  copper block at cold end

fin fin

g vapor phase

i solid phase

LM log mean

sat  saturated state

wall wall of thermal switch

1 fin extended from the first stage end

2 fin extended from the second stage end
I first stage of cryocooler
11 second stage of cryocooler

the saturation temperature of the gas, the gas serves as a
fairly good heat transfer medium between the metal fins.
At temperatures lower than the saturation temperature,
liquid or solid begins to be deposited on the cold wall
and the heat transfer between the fins diminishes due to
low vapor pressure. In several previous studies, some
qualitative design considerations have been presented
for the purpose of constructing and testing selected
prototypes of the switch. It can be stated, however, that
any systematic and quantitative consideration for a
comprehensive thermal design has not yet been taken.

This proposed study aims to investigate detailed heat
transfer phenomena in the gas-gap thermal switch. The
first part of this paper presents a straightforward heat
transfer analysis for the staggered fins, to evaluate the
effective heat transfer of the switch as a function of
temperature. The second part describes two specific
prototypes of the switch, which are fabricated and tested
in a cool-down experiment by a miniature cryocooler.
By examining the results from the analysis and the ex-
periment, a few useful design issues are discussed for
achieving faster cool-down by a two-stage cryocooler in
practice.

2. Heat transfer analysis

The gas-gap thermal switch is a closed container that
is filled with a gas. As the switch is cooled, the gas
pressure decreases, since the volume occupied by the gas
remains nearly constant. When the gas reaches the sat-
urated state, it is either condensed into liquid or frosted

into solid, depending on the size of its specific volume.
Fig. 3 illustrates this cool-down process on a phase di-
agram of nitrogen. As the constant-volume process is
indicated by a straight line on the diagram, it may be
called a dew condition if the initial specific volume of gas
is smaller than its value at triple point, and a frost
condition otherwise.

It is assumed in this analysis that the gas in the switch
behaves as an ideal gas. This assumption is valid in the
rarefied (or molecular) state as well as in the continuum
(or viscous) state, since the gas pressure is much lower
than the critical pressure. When the gas temperature is
higher than the saturation temperature, the gas pressure
can be directly calculated as a function of temperature.

R
P:P(T>:m7T for T > Tsatv (1)

where m is the constant mass of the gas enclosed by the
switch. If the gas temperature is distributed linearly in
space, the temperature in Eq. (1) can be used as a log-
mean.

In—T
Tom = =1 2
b = T/ T @)

where 77 and 7j; are the two end temperatures.

When the liquid or solid is formed at lower temper-
atures, it may well be assumed that the gas has the
saturation pressure because of the phase equilibrium on
the surface of the liquid or solid.

The mass fraction of the vapor (subscript ‘g’) in the
saturated state is defined as
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Fig. 1. Schematic representation of a superconducting magnet con-
duction-cooled by a two-stage cryocooler and refrigeration capacity at
each stage as a function temperature.
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(4)

for the vapor-liquid (subscript ‘) or the vapor—solid
(subscript 1) equilibrium, respectively. It is also true
that

0,(T) = > vp > v and V> mop > mo;. (5)

Pu(T)

The mass fraction of vapor is simply calculated as a

function of temperature.
V—mv V Pa 7)

m(vg—v) mR T

_ V—mu _V Pu(T) ©)
m(y—ve) mR T

or

It is now needed to estimate the convection heat transfer
coeflicient between the fins in the switch, before the
temperature distributions can be determined along the
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Fig. 2. Staggered array of fins in gas-gap thermal switch.
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Fig. 3. Phase diagram of nitrogen with constant-volume lines.

fins. As the switch is cooled down to cryogenic tem-
peratures, the vapor pressure decreases and the gas
molecules get so far apart that the gas cannot be treated
as a continuous medium. The dimensionless parameter
for deciding the validity of the continuum is the
Knudsen number, defined by

A
57 (7>

where 4 and J are the mean free-path of the gas mole-
cules and the clearance between the fins, respectively.
The mean free-path is related to the viscosity of the gas,
as given approximately by [13]. In general, the gas is
treated as a continuum in the viscous state for Kn < 0.01
and as a rarefied gas in the molecular state or Kn > 0.3
[5,12,13]. The state for 0.01 < Kn < 0.3 is called a mixed

Kn
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or transition regime. In the continuum regime, the
thermal conductivity of the gas is dependent mostly
upon temperature. And the gas flow does not much af-
fect the heat transfer, because the axial length of the fins
is much greater than the gap clearance [8]. Therefore,
the heat transfer coefficient between the fins can be
simply expressed as

A ®)

In the rarefied gas regime, the heat transfer is more
complicated, since the individual molecules carry the
energy from one surface to another. A reasonable ex-
pression for the heat transfer between two parallel sur-
faces [5] is

9+l [R P(D)
h(T)Nocy_I\/gnM\/T7 ©)

where y and M are the ratio of specific heats and the
molecular weight of the gas, respectively, and « is the so-
called accomodation coefficient determined by the sur-
face conditions. The pressure, P, in Eq. (9) is a function
of temperature, as given by Eq. (1) or Eq. (3), depending
on whether it is saturated or not. In most practical sit-
uations, of course, the rarefied gas will be in the frost
condition so that the pressure can be taken as the sat-
uration pressure.

Fig. 4 shows the heat transfer coefficient as a function
of temperature, for the case in which the gap has a
clearance of 1 mm and is charged with nitrogen gas at
the atmospheric pressure and room temperature. The
thermodynamic and thermophysical properties of ni-
trogen are obtained from a standard source [14]. The
solid—vapor equilibrium data that is not provided by the
source is approximated by way of the Clapeyron equa-

frost (|1e‘w vapor
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Fig. 4. Heat transfer coefficient as a function of temperature, when the
gap clearance is | mm and the nitrogen gas is filled at the atmospheric
pressure.

tion [15]. The accomadation coefficient, «, is taken as
0.8, which is valid for nitrogen gas on copper surfaces
[5]. As indicated by the dotted curves, the heat transfer
at the transition regime between the continuum and the
rarefied gas is simply approximated by the two asymp-
totes. It should be noted that the heat transfer coefficient
of rarefied gas is much lower by an order of magnitude.

The next step of this analysis is to determine the
temperature distribution of the fins, by use of the heat
transfer coefficient described above. The temperature of
the fin is considered to be one-dimensional along the
axial (or z-) direction, since the Biot number is much
smaller than unity.

pi="0m o, (10)
kfin

In practice, Bi has an order of 10~* or less, when taking
the fin thickness, Jg,, to have an order of 1073 m, the
thermal conductivity of copper, kg,, to have an order of
10> W/m K, and the heat transfer coefficient, 4, to have
an order of 10 W/m’ K or less from Fig. 4. The heat
conduction equation can be written for a pair of fins as

0 - Pine - ne), (1)

fin

d’Ty(z)  2Bi
i 5T[Tz(2) - Ti(2)], (12)

fin

where Ti(z) and T»(z) are the temperatures of the fins
extended from the bottom and the top plates, respec-
tively, as shown in Fig. 2. The right-hand sides of Eqs.
(11) and (12) are multiplied by 2 because the exchange
of heat takes place on both surfaces of the fin by
symmetry.

Boundary conditions for the equations are given by
the two end temperatures and the convection heat
transfer at tips of the fins.

N(0) =T, D(L)=Tu,

d73(5.)  Bi

d7 (L — 6. Bi
e By - e -o)

The axial gap at the tips, J,, is usually much smaller than
the total axial length, L, so it will be set at zero in the
following analysis. In general, the Biot number is a
function of temperature. As will be shown below,
however, the axial temperature difference between the
two ends is not large in a good switch. Thus, Bi is as-
sumed to be a constant by taking the average. The so-
lution of Egs. (11) and (12) with the boundary
conditions, Eq. (13), can be written in dimensionless
forms as
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Ti(z) - T
————— =8B B,—+ B h
In—T L °L + 3608 ( 5ﬁn>
+B4sinh( \/_ig ) (14)
fin
I(z)— T .z
TH—TI —Bl+BQ B;COSh(2\/Eéﬁn>
— By sinh (2\/-5 ) (15)
fin

The four constants in the solution, B’s, are dimension-
less and should be determined by a set of equations

1 0 1 0 B,
1 1 —Ch —Sh B,
I -5 ()Lﬂ -1 % B
o in
1 141 \/%Sh—i—Ch \/—%Ch—FSh B,
0
1
_ ’ 16
. (16)
1
where
- L
Ch = cosh (2\/-3‘1 ) and
ﬁn
Sh = sinh (2\/_5 ) (17)
fin

The exactness of this solution can be simply verified by
substituting the temperature distributions into Egs.
(11)—(13). It is noted that the dimensionless tempera-
tures are functions of z/L, being determined by only two
parameters, Bi and L/dg,.

Fig. 5 illustrates typical axial temperature distribu-
tions of a pair of fins for various values of Bi, when
L/dg, = 100. As mentioned above, Bi has an order of

1.0

0.8} .

0.6

0.4

dimensionless temperature

0.2

0.0 0.2 0.4 0.6 0.8 1.0
dimensionless distance (z/L)

Fig. 5. Axial temperature distribution of fins for various Bi’s, when
L/ = 100.

10~* or less in the present problem. The temperature
difference between the two fins increases as Bi or the
heat transfer coefficient decreases. From the symmetry
of Egs. (11) and (12), the two curves are always convex
in the opposite direction. Hence, the temperature dif-
ference should be smallest at an intermediate axial lo-
cation of the switch.

The final step of the present analysis is to estimate the
overall heat transfer rate though the gas-gap thermal
switch. Since heat may be transferred through the inte-
rior media (fins and gas) and the exterior wall, the
overall heat transfer is the sum of the two

q = Gwall + qfin- (18)

The wall conduction is calculated simply from the in-
tegration of thermal conductivity.

Ty
Gwall = 1% / kyandT. (19)
T

This heat should be minimized, of course, because it
represents the refrigeration load in the final steady-state.
The second term of Eq. (18) can be obtained from the
axial temperature distribution of the fins and rearranged
into a neat form by use of Eq. (16).

d7(0
gfin = 5ﬁnW{kﬁn%+ h(T»(9.) — TI]}
5ﬁn
= 2kinW (Tu — 1) — 7 By, (20)

where W is the total width of the fin at one plate, as
indicated in Fig. 2. The constant B, is so complicated
function of Bi or & as shown in Eq. (16). If (T;; — Tq) is
significant, the thermal conductivity can be evaluated at
the log mean defined by Eq. (2). The heat transfer rate
expressed in Eq. (20) represents the significant result, as
it predicts the thermal performance of the gas-gap
switch. A few quantitative examples of the expression
are presented in the following section.

3. Design and fabrication

Two different configurations of the gas-gap thermal
switch are designed and fabricated in our laboratory.
The first one (called Switch A) has basically the same
structure as previous reported switches [4,6-8,10,11].
The appearance of Switch A is a hollow cylinder shown
in Fig. 6. One major advantage of the hollow shape is
that it can be placed to surround the cold finger of the
cryocooler for a compact integration [4,8]. Four pairs of
concentric-tube fins are attached to the top and the
bottom plates to form a staggered array. The outer and
inner diameters of Switch A are 60 and 30 mm, respec-
tively, and the height is 100 mm, which is also the dis-
tance between the first and second stages of our
miniature GM cryocooler to be used in the experiment.
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Switch A

100

[

Switch B

100

Fig. 6. Two different configurations of gas-gap thermal switch (unit:
mm).

A different structure (called Switch B) which is a simple
cylinder is proposed in this study. For a full use of the
interior space near the axial center in Switch B, 14 pairs
of plate fins bent in right angles are arranged in a stag-
gered array, as shown in Fig. 6. To compare the thermal
performance, the two switches are designed to have the
same outer diameter and height. Switch B has the fin area
of about 3.2 times that of Switch A, but has only two-
thirds the cross-sectional area of the wall. The interior
fins are made of copper plates whose thickness is 1 mm
and all the exterior walls are made of the stainless steel.

The gas to fill the switches should be selected based on
the temperature at which the thermal ON/OFF opera-
tion is switched. Since the switching temperature is in
the range between 50 and 70 K for most two-stage
coolers, the nitrogen is a good choice as shown in Fig. 3.
When the two switches are charged with pure nitrogen
at room temperature and atmospheric pressure, the

overall heat transfer divided by the temperature differ-
ence, q/(Ty — Tq), is calculated as described in the pre-
vious section and plotted as a function of cold end
temperature in Fig. 7. In general, both switches function
satisfactorily, as the heat transfer drops sharply at
around 50-60 K. It is obvious, however, that Switch B
will be superior to Switch A, because it carries more heat
during ON state and less heat during OFF state.

The charging pressure or the mass of gas does affect
the switching temperature. As the charging pressure
increases, the saturation temperature also increases. In
practice, however, its effect on the saturation tempera-
ture is not substantial at moderate pressures, since the
slope of the vapor pressure curve is much greater than
that of the constant-volume lines as demonstrated in
Fig. 3. It is thus decided in the present design that the
gas is charged at the atmospheric pressure. Further-
more, it may be a smart choice to use “air’” instead of
pure nitrogen, considering its much greater convenience
during the assembly. The oxygen in air may result in a
slightly higher switching temperature.

The copper fins are fixed on the top or the bottom
plate by miniature bolts. Each sheet of the fin has an
extra length to be bent as flange for the bolt joints. The
tubular wall is welded with the top and the bottom
plates to form a tight enclosure.

4. Experiment

The two gas-gap thermal switches described in the
previous section are tested in our laboratory. Fig. 8
shows schematically a simple experimental apparatus
constructed. A copper block of 9 kg mass is directly
attached as thermal load to the second stage of a small
two-stage GM cryocooler (Cryogenic Technology
Model M22). The refrigeration capacity of the GM

10 T T T T T
2
= - - - - Switch A
3 —— Switch B
; 0.1F i
o
0.01L ' Q wall conductuion
1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300

temperature (K)

Fig. 7. Overall heat transfer rate as a function of temperature for the
two switches.
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Fig. 8. Experimental apparatus and locations of temperature sensors.

cooler is as small as 1 W at 20 K for the second stage
and 7 W at 77 K for the first stage. The thermal switch is
located between the first and the second stages. As in-
dicated in Fig. 8, temperature is measured every minute
at four different locations; the first stage(I), the second
stage(II), the top(IIl) and the bottom(IV) of the cold
block. The temperature sensors are the silicon diodes
(Lakeshore Model DT-470-SD-13). The radiation shield
is conduction-cooled by the first stage of the cooler and
multi-layer insulation is wrapped on the shield and
around the cold parts. The cool-down experiment is
repeated first without and then with the thermal
switches employed.

5. Results and discussion

Fig. 9 shows the cool-down curves for three different
cases: without the switch, with Switch A and with

300

------ no switch
----SwitchA ]
——SwitchB ]

250
- second
200}
150}

100+

temperature (K)

50+

time (hour)

Fig. 9. Measured cool-down curves with and without a thermal
switch.

Switch B. For simplicity, only the temperatures at the
first and second stages of the cooler are plotted in the
graph. The temperature at the bottom of the copper
block is observed to be higher by about 2-3 K than at
the second stage, mainly because of thermal radiation to
the surface of the block.

In the case of no thermal switch, the second stage is
cooled very slowly, while the first stage is cooled quickly
at the initial stage because of its small load. It is noted
that the two stages have the same temperature at around
70 K. The cool-down of the block is relatively faster at
temperatures below 50 K because the specific heat of the
copper gets smaller. It has taken approximately 23 h to
cool down to 100 K, and 29 h to reach a steady state at
13 K.

By employing Switch A, the temperature difference
between the two stages is significantly reduced at tem-
peratures above 70 K, which means that the first stage
has contributed to the cooling at the second stage. As a
result, the cool-down time to 100 K is shortened by al-
most 5 h. At temperatures below 50 K, however, the
cool-down is relatively slow so that the final cool-down
time is shortened by only 4 h. The final steady-state
temperature at the cold end is increased to 25 K. The
reason is that the thermal switch in OFF state has added
the heat leak to the cold end by its own wall conduction.

The cool-down characteristics with Switch B are ba-
sically the same as those with Switch A. As predicted
from the analysis, the heat transfer is augmented at
higher temperatures so that the temperature difference
between the two stages can be slightly further reduced.
The cool-down time to 100 K is about 16.5 h, which is
shorter by 1.5 h than that with Switch A. It is also noted
in this case that the cool-down speed can be maintained
at temperatures lower than 50 K and that the final
temperature reached is lower than that with Switch A.
These improvements have been expected from the re-
duced wall conduction. The overall cool-down time is
less than 23 h and the steady-state temperature is ap-
proximately 22 K.

Another interesting aspect of the improvement is as-
sociated with the location of the liquid in the switch. As
shown in Fig. 3, the dew temperature of pure nitrogen is
around 66 K. The cool-down curve for Switch A indi-
cates that this temperature is reached by the second
stage so that the gas may have been liquefied at the
bottom of the switch. In the case of Switch B, the first
stage is cooled to this dew point sooner, so that the gas
may have been condensed at the top and have flowed
down along the fins. If this is true, the fin-to-fin heat
transfer would have been augmented for the short pe-
riod of time.

The 21% reduction in the cool-down time may not be
regarded as sufficient. The reduction is limited primarily
due to the characteristics of the GM cryocooler, rather
than the switch itself. The cooler employed in the pre-
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sent experiment does not have enough refrigeration ca-
pacity at the first stage. To verify this quantitatively, the
refrigeration capacity can be calculated from the cool-
down data. In the case of no thermal switch, the
refrigeration capacity can be estimated by the rate of
energy decrease in the copper block.

dTn
= - uC uT g, 21
q mculc dr (21)

where the temperature-dependent specific heat and the
slope of the curve in Fig. 9 are included. When a thermal
switch is placed, the refrigeration capacity is the rate of
energy decrease in both the copper block and the switch.
While the air remains in the vapor phase, the capacity is
simply

dTy

q = _mCuCCu W - (mwallcwall + mﬁncﬁn + mCL)

dt
(22)
The third term in the parenthesis of Eq. (22) is the heat
capacity of the gas, which is of course negligibly small. If
the gas is saturated, however, the cooling load caused by
the phase change should be added for the saturated
state. Therefore,

dr;
q = _mCuCCu =

de

dzPsat dTLM
dr? dr
for the dew condition and

dT;
q = —mcyCeu —

dr
dzPsat ) ClTLM

(mwallcwall + min Crin + mpCy

+Vr

(23)

(mwall Cyatl + mgin Crin + m; G

T ) "

20 T T T

switch's own
thermal load

Ju—
(93]

refrigeration capacity (W)
)

W

32
time (hour)

Fig. 10. Estimated refrigeration capacity at the first and second stages
during cool-down.

for the frost condition. The third and fourth terms in the
parenthesis of Eqgs. (23) and (24) represent the derivative
of the internal energy with respect to temperature in the
saturated state, as derived in Appendix A. The refrig-
eration capacity is plotted in Fig. 10 as a function of
time during the cool-down, for the cases of no switch
and Switch B. By employing the switch, the overall re-
frigeration capacity has been increased by 60% for the
cool-down period. In fact, only 40% of the refrigeration
is effective in cooling the cold block, since the remaining
portion is spent by the switch’s own thermal load. The
cool-down could be accelerated considerably with the
same thermal switch by employing any cryocooler that
has a greater capacity at the first stage.

6. Conclusions

A heat transfer analysis for predicting the thermal
performance of the gas-gap switches is presented. The
analysis includes the phase change of the vapor to the
liquid or solid, the gas convection in the continuum or
molecular state, and the axial heat conduction through
the internal fins or the external walls. Based on the
analysis results, a new improved switch configuration is
proposed. A new switch structure is designed, fabricat-
ed, tested by an experiment, and compared with the
conventional switch having the same outer size. The
analytical prediction is experimentally verified, and both
the cool-down time and the heat leak in the steady state
are reduced. It is concluded that the presented analysis
can be a useful design tool for achieving better thermal
performance of the gas-gap switch.
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Appendix A

This appendix presents the derivation of a thermo-
dynamic expression for the change of the internal energy
in a constant-volume process with a phase change.
While the following relations hold for a vapor(g)-
solid(i) equilibrium, the same relations are also appli-
cable to the vapor(g)-liquid(f) equilibrium if the sub-
scripts 1 are replaced by f.

When a pure substance is in the saturated state, the
internal energy per unit mass can be expressed in terms
of the mass fraction of the vapor, defined by Eq. (4).

u = ui + x(uy — ;). (A.1)
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From the definition of the enthalpy and Eq. (5), the
second term of Eq. (A.1) can be written as
x(uy — u;) = x[ (i — ;) — Par(vg — v;)]

~x((iy —i;) — RT|. (A.2)
The so-called Clapeyron equation [15] for the vapor—
solid equilibrium is approximated by Eq. (5).
dpsat _ (ig — ii) ~ Psat(ig - ii)
dT T(vy—v) RT?

(A.3)

Eq. (A.3) is rearranged for the latent heat, (i, — i), and
x is given by Eq. (6). Therefore, Eq. (A.2) can be ex-
pressed in terms of the vapor pressure and its derivative.

V Py [ RT? dP,
x(ug —u;) = : ( L RT)

" mR T \ P, dT
V ([ dPgy
== E <TW _— Psm) . (A4)

Now the derivative of the internal energy with respect to
temperatrure is written as

du duy  dfr(ue — uwi)]

for a closed system in the saturated state. From the
definition of the specific heat of solid,

dui
7 =G (A.6)

Eq. (A.3) is differentiated and simplified.
d[x(ug — ul)} _r d*Py,
dr Com dT?

Once Egs. (A.6) and (A.7) are substituted into Eq. (A.5),

the change of the internal energy with temperature for a

constant volume is derived.
du d2Psa1

md—T:mCi+VT

(A7)

(A.8)
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