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ABSTRACT

In this research, the Joule-Thomson (JT) coefficient, 5y for COyq and Ny distributed by Air Liquide was
measured at high pressures (psig): 90,75, 65, 50 and 40 using the Joule-Thomson cell. The gauge pressures above
were converted to atmosphere (atm) after taking readings of the voltage (1) and converting to temperature (K).
Plots of temperature (T) against pr%sure (P,) obtained over time for the two gases were made with slopes ()
evaluated to be -107.14 and -125Katm™ for CO, and N, respectively. However, from literature, the JT coefficient for
CO, and N, were 10.9 and 2.15k.MPa™ respectively. This disparity is expected since £ is a function of Py, and 4Py,
for a small pressure decrease originating at latm pressure. There is also a concordance in JT coeffici ent variation
for the two gases as CO, (-107.14Katm™) has a higher value than N, (-125katm™) as contained in literature: CO,
(10.9kMPa™) and N,(2.15kPa™).The research confirms the behaviour of a real gas at high pressure with respect to
the values of Joule- Thomson coefficient obtained.

Keywords: Joule-Thomson coefficient, Carbon dioxide, NigogReal gases

INTRODUCTION

The enthalpy of an ideal gas depends only on timpéeature and not on the pressure because of Hemed of
intermolecular forces. In real gases, howeverwfbich such forces cannot be neglected, the enthalpyessure-
dependent, and this property has many practicalemurences.

One famous direct experimental study of intermdkecattractions was reported by Joule and Thomkdar(Lord
Kelvin) in 1853. Phenomenologically, it is the chann temperature accompanying the expansion afsatlat is
measured in this experiment. This effect is of gpractical importance and has many industrial igppbns. It is
relevant not only in the liquefaction of gases @#timate consequence of intermolecular attractidmg)also in the
operation of the refrigerator and the heat pump [1]

Fig. 1 examines the theoretical background of thisk. The gas, initially at the temperature;)(Tenters an
insulated cylinder at a constant pressurg. (Bnder these conditions, the gas has a molamweIl(Vh), V,;. The
gas is driven through a porous plug (which acta #srottle) and then emerges at a lower (constmesure,
The outflowing gas therefore has a larger molaumd, V. The equilibrium temperature of the exiting ga3is
for a real gas, J# T;. The dashed lines in Fig. 1 indicate the imagir®yndary ofbne mole of flowing gas. It is
thus represented that ¥ V4. This expansion is carried out at constant enth@genthalpically). Fig. 1 also shows
the pressure profile assumed in the system.

Because the entire system is insulated, g = 0 ¢éab ib exchanged with the surroundings
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Figure 1: Gas flowing through an insulated tube cotaining a porous obstruction. The entering gas istdéemperature and pressure | and
P, and has molar volume \,; the exiting gas is characterized by 7, P,, and Vi, P, >P;.

The work, w, involved in pushing an arbitrary volume of gag(ev) through the plug is given by [2,3].
o
W1=_f PldV=P1V1 (1)
V1

where it is assumed that the driving pressuggjsPconstant throughout the entire left-hand péthe tube. In eq.
(1) wy > 0, because work is done on the g&g<0, and work is absorbed). The work done by thaesguantity of
gas as it emerges in the right-hand side of the istb

V2
W2=_‘I< Pde=P2V2 (2)
0

where it is again assumed that the low pressuseisRonstant throughout the low-pressure regiooteNhat in
equation (2) w<0 (Av >0) and hence work flows from the system. In tiverall expansion, the net work, w,
accompanying the flow of 1 mole of gas is

W=W1+W2=P1V1_P2V2 (3)
Using equation (3) and the fact that q = 0, thengleds the internal energy (per mole) of flowing g@comes
AU=q+W=U2_U1:P1V1_P2V2 (4)

Equation (4) can be rearranged to give
U2+P2V2 = U1+P1V1, (5)

Since enthalpy, H, is defined as U +PV, it follothet H, = H; and AH =0; therefore, we see that the process is
carried out atonstant enthalpy. The gas can be said to undergo an irreversisethal pic, adiabatic expansion [4].

As mentioned above, in this experiment one meastlrestemperature change (¥ T;) accompanying an
isenthalpic expansion between known initial andlfipressures. Thus, the Joule-Thomson (JT) (sorasttalled
Joule-Kelvin) coefficientp,r, which is defined as

_ i (BTY (e .
we=tim (), = (7),  ©

whereAT = T, — T, andAP = B — P, can be evaluated. If a gasols in a JT expansion,,I< T, and the JT
coefficient ispositive (since B < P,). Alternatively, if the gas warmgyr is negative. As will be mentioned below,
the JT coefficient is a function of bothandP, and therefore a gas that heats in a JT expansider certain
conditions can be made to cool if the temperatntda pressure of the expansion are appropriateiynged.
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It is desirable to relatp;r to thermodynamically useful expression. To thid,ame express the enthalpy change in
terms of differentials of andP:

cH

dH—( ) dT+(ﬁH) dpP = CdT+(ﬁH) dP, (7
“\ar/y )y P Py » (D

where G, the constant pressure heat capacity, is intratiu€er an isenthalpic procedsl = 0, and(JT/P)y is
expressed from (7) as

M —(H/P)r  —(M/P);
(5) =wr= = ®

a/y (cH/T)p Cp

As mentioned abovey,r = 0 for an ideal gas. Becausg#D, the JT coefficient is zero only #Kl/0P); = 0. We can
understand this derivative to imply something abitngt nature of intermolecular interactions. At higtessures
where the average intermolecular distance is smdfie presence of intermolecular forces will regula change in
energy (in this case, enthalpy). For example, térimolecularattractions dominate, the enthalpy is lower at high
pressure and heat &sorbed (AH>0) when the pressure is decreas&B<0), as weakly attracted molecules are
separated from each other (assuming T is kept @ot)stThus in this casedHl/oP); < 0, and from (8)pyr >0. On
the other hand, if intermolecular (or atomiepulsions are more significant, a decrease in pressure isnaganied
by aliberation of energy and\H <0 for AP<0. Under these circumstancesl/gP); < 0 andu;r >0 [1,5].

The relationship between attractive and repulsiwdenular forces and their effect on the sign (araynitude) of
the JT coefficient can be obtained from the equaibstate of the gas, e.g., the van der Waalsteaquda his will be
illustrated below (see equation 16).

Since bothu;r and G are measurable, the quantit§H(OP); can be determined quantitatively. Because therlatt
reflects the nature and magnitude of intermolecinli@ractions, it allows the correctness of an équaf state for a
real gas to be evaluated. Knowledge a@ifi/oP); is also important in correcting the enthalpiesgages at high
pressures to standard conditions. This is usddnmb calorimetry.

There are practical aspects to the JT expansiois. the basis of the Linde method of gas liqueéactiln this
process, a gas is compressed to a reasonably mégsupe and the heat liberated thereby is remoVéd.
temperature is then low enough thigt >0. The cooled, pressurized gas is then expandiadbatically through a
nozzle, and if the pressure drop is sufficientlygéafor the particular gas, it will cool so muchaththe final
temperature is below its boiling point, and the tgsefies. The liquid is drawn off and stored ieawy-walled
containers. When the liquid warms (i.e., to ambtentperature), the pressure in the container casigmificant. In
addition, the JT effect is the basis of operatibthe refrigerator and the device that operatethénreverse sense,
the heat pump, and also determines the efficiefieygas as a fire extinguisher.

It is desirable to obtaindH/0P); from any particular equation of state. To achigvs, twe write the fundamental
Gibbs equation for dH.

dH =TdS +V dP 9)
Constructing gH/0P); from (9)

(5”) - r(ﬁs) +V, (10

W H - W T 4 ( )

(0SIOP); can be expressed in terms of measurable by usinlaxwell relation implied in dG =-S dT +V Dp,

namely,
(%),=- &) u
Substituting this result into equation (10) prowdke relation
(%),=7- () 12
ﬂ‘) r - ﬁr p ( )
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which can be directly applied to an equation ofesta= f(T,P).

Since many equations of state relate P = f(T,V)s itiseful to recast equation (12) accordingly. ¥de use the
cyclic relation:

v\ =P/,
(7), =, (19
Express the JT coefficient as
_ L[, TP/, 4
TG T @rany

Eq. (14) can be used to estimatg from an equation of state that is of the form RFV). Alternatively, the
adequacy of an equation of state can be testediby its ability to predicti;r values using (14) [3,6].

Calculation of 1 from Equations of State:
THE VAN DER WAALS (vdW) EQUATION: The vdW equatioof state can be expressed as

p=tL__ ¢ 15
T Vp—b V2 1%

wherea andb are parameters that can be obtained from thearitonstants of a gas. If eq. (14) is appliecht® t
vdW equation, one obtains a result in whigh is a function of T and ¥ (or pressure). This is observed to be the
case, although the pressure dependenpgrd$ rather small (except at very high pressures)ow pressures (a few
tens of atmospheres, i.e., large molar volumes)eipression obtained from eq. (14) and (15) is

2a
Cplyr = T b (vdW gas), (16)

and the temperature dependencaugfin the low-pressure regime can be obtained from(&6). Generally, in
applying this eq. (16), the temperature dependeh@ should be taken into account [7, 8].

MATERIALS AND METHODS

The procedure followed in this experiment involted direct temperature change that accompaniesxb&nsion

of a gas under nearly isenthalpic conditions. TAtisand AP values were measured and used to compute the JT
coefficient. The inlet pressure of the gas was megsand connected to a Bourdon gauge. The tenuperatange

of the gas after expansion was determined dirdatiyn a pair of matched thermocouples connectectiies. One
thermocouple was placed in the high-pressure gaamst and the other, located in the emerging, loeggure, gas.
See Figs. 2.

Apparatus

A diagram of the experimental apparatus is showrign2. The JT cell was constructed from stainkgs®l fittings.
Stainless steel was used because of its relativelythermal conductivity; this helps to keep thegess adiabatic.
The whole system is made of metal so that it cahstand the pressure used in this experiment (Gpaton).

The heart of the apparatus, the porous plug (tbjpis a 3/8-in.-diameter stainless-steel fritingva porosity of
about 2am. The entire apparatus is insulated by a layajads wool to keep it as adiabatic as possible.aBaggh
pressure is forced through the cell. It expandsuph the frit and is then released at ambient pres§nto the
atmosphere). The high-pressure side of the cellm@sitored by a pressure gauge. The thermocoupteséinse the
temperature of the flowing, high-pressure gas wamunted in the center of the stainless-steel crasds
thermocouple junction is rather small (ca. 0.5 mantter) and thus has a very small thermal massgntreact
very rapidly to any change and the temperaturehefaxiting low-pressure gas was monitored by amtical
thermocouple.
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The thermocouples are constructed of very fine gawuige in order to minimize heat transfer betwes $ystem
and the surroundings. The thermocouple pair usedpper-constantan, which produces a potentiaBp¥/Jer C
(at ambient temperature)

10 pressure gauge
o p 9avg glass wool

1 insulation

frnt

tygon insulation
/ 9 brass cup

from gas supply

-
’@ — - - o - .

Cu-Constantan thermocouple

Figure 2: Cutaway view of the Joule-Thomson cell.

The junctions were connected in series (the copirer of one thermocouple was connected to the eotsh wire

of the other), and thus the pair directly meastimesemperaturdifference between the high-and low-pressure sides
of the JT cell. The thermocouples were well matcaed produce a negligible voltage when the two jons are
equilibrated at a common temperature. The thernueopair was attached directly to a microvoltmdteaving a
bipolar meter) that indicates the voltage diffeebetween the two junctions. With this particulaparatus, a meter
deflection to the right (positive voltage) indicaitthat the high-pressure-sensing thermocouple i(ded is at a
higher temperature than the low-pressure-sensiagnthcouple (gas outlet). A negative deflection datiés the
opposite situation.

The pressure of the gas entering the JT apparadgsr@ad from a Bourdon-type pressure gauge, a miecha
device capable of adequate accuracy. The gaspfistes through a length of 1/4 —in. copper tubmghat it is
equilibrated to ambient temperature before it extiee JT cell.

RESULTS AND DISCUSSION

The micrometer readings at varying gauge pressarésO, and N are shown in Tables 1 and 2.

Table 1: Micrometer readings at varying pressuresdr CO,

p/psig | 90 | 75 65 50 40
Vipv | 3 18.5| 29.3| 45.1 55.7

Table 2: Micrometer readings at varying pressuresdr N,

p/psig| 90 | 75 65 50 40
Vigv | 3.6 | 22.7| 354 544 675

The voltage generated above were converted to t@tyse and presented in Tables 3 and 4 for, @ad N
respectively.

Table 3: Voltage — Temperature Conversion for CQ

Vipv | 3 18.5| 29.3| 45.1 557
T/K 21| 131 | 205| 316] 390
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Table 4: Voltage — Temperature Conversion for N
V/iuv | 3.6 | 22.7| 354 546 675
T/IK 25 | 159 | 248| 382| 472

A Plot of temperature (K) vs Pressure (atm) for,@@d N are contained in Figs 3 and 4 respectively.
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Fig 3: A plot of temperature against pressure for ©,
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Fig 4: A plot of temperature against pressure for N

It should be noted that the behavior of real gasgsends on the temperature and pressure upon éxpathsvas
observed from Table 3 and 4 that as pressure redtee temperature of the gas increases. Joule Tmoms
coefficients as evaluated from the slope of the pfdemperature against pressure gave values .(-40%atm’) for
CO, and (-125Katri) for N, gas. These values were found to be lower thamahes reported in the literature. The
variations observed in JT coefficient for both gasten compared with literature forms the basithisfresearch as
JT coefficients are pressure dependent, deviatiegsorably at higher pressures.

For all gases JT coefficient may be positive, niggaiand/or zero. For a positive JT coefficient, g in pressure
must be negative and change in temperature musegative suggesting a fall in temperature on expangor a
negative JT coefficient, the change in pressuretrhasnegative and change in temperature must bitivieos
suggesting that the gas warms on expansion; Fayoéfficient to be zero, change in temperature rbestzero,
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suggesting that neither cooling nor warming is olese [9]. This confirms the difference in behavaifrreal gases
from ideal gases, as ideal gases neither coole/aoms on expansion.

All real gases have an inversion point at whictcd&fficient changes sign. The temperature at thistpthe Joule-
Thomson inversion temperature depends on the preséihe gas before expansion [9]. This cleartlidates that
JT Coefficients are pressure dependent, deviatiegsorably at high pressure. This result of ourifigsl suggests
that both gases can function as fire extinguishexpanded at high pressure or cooled before eipans

CONCLUSION

JT coefficients for C@(-107.14 Katrit) and N (-125 Katm') gas by Air Liquide was successfully measured. The
variations observed in JT coefficient for both gasdnen compared with literature suggests that Effic@nts are
pressure dependent, deviating measurably at hjlessures. This confirms the difference in behavigeal gases
from ideal gas upon expansion at constant enthdlpg. result of this experiment suggests that batbeg can
function as fire extinguishers in expanded at higitessure.
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