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10.14: The Joule-Thomson Effect

In practice, the Joule-Thomson experiment is done by allowing gas from a pressure vessel to pass through an insulated tube. The
tube contains a throttling valve or a porous plug through which gas flows slowly enough so that the gas upstream from the plug is
at a uniform pressure P;, and the gas downstream is at a uniform pressure P». In general, the temperature of the downstream gas is
different from that of the upstream gas. Depending on the initial temperature and pressure, the pressure drop, and the gas, the
temperature of the gas can either decrease or increase as it passes through the plug. (We see below that it must be constant if the gas
is ideal.)

The temperature change is called the Joule-Thomson effect. The enthalpy of the gas remains constant. If the measured temperature
and pressure changes are AT and A P, their ratio is called the Joule-Thomson coefficient, 1 ;7. We define
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Figure 3. The idealized Joule-Thomson experiment

To see that the enthalpy of the gas is the same on both sides of the plug, we consider an idealized version of the experiment, in
which the flow of gas through the plug is controlled by the coordinated movement of two pistons. (See Figure 3.) We suppose that
the gas is pushed through the plug in such a way that the upstream pressure remains constant at P; and the downstream pressure
remains constant at P». Let us consider the changes that result when one mole of gas passes through the plug under these
conditions. Initially, there are n; +1 moles of gas on the upstream side at a pressure Py, occupying a volume (n; + 1) 171 ,ata
temperature 77, and having an energy per mole of El. On the downstream side, there are n, moles of gas at a pressure P,
occupying a volume nyV 5, but having a temperature 75 and an energy per mole of Es.

When the process is complete, there are n; moles of gas on the upstream side, still at a pressure P; and temperature 77, but
occupying a volume n; Y71. On the downstream side, there are ng +1 moles of gas at pressure P, occupying volume (ns + 1) 172

at a temperature 7T and with an energy per mole of FEj. On the upstream side, AFE; =—E; and
w; =—P; |:7’Ll‘71 —(n1 +1)‘71:| :P1171

On the downstream side, AE> = E5 , and
wy = —P, (nz + ].) ‘71 —TL2V1] = —P2‘72

Since the process is adiabatic, any heat taken up by the upstream gas must be surrendered by the downstream gas, so that
q1 + g2 = 0 . For the process of moving the mole of gas across the plug,

AE=AE +AE;=-E +Ey=q +@ +w +wy =PV, BV,
from which
E1+PV,=Ey+PV,

or

so that we have AH = 0 for the expansion.
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In practice, it is convenient to measure downstream pressures and temperatures, P, and 75, in a series of experiments in which the
upstream pressure and temperature, P; and 77, are constant. The enthalpy of the gas is the same at each of these pressure-
temperature points. A graph of these points is an isenthalpic (constant enthalpy) curve. At any given pressure and temperature, the
Joule-Thomson coefficient, y ;7, is the slope of this curve.

We can also express g, as a function of the heat capacity, Cp, and the coefficient of thermal expansion, «, where

a =V 18V /8T)p. We begin by expressing dH as a function of temperature and pressure:

— (o6H 0H
dH = ( 8T>PdT+ ( aP)TdP

If we divide through by dP and hold H constant, we obtain

() (),
e (B (8),(3), - (3),

If we substitute the coefficient of thermal expansion into the expression for (zﬁ / 6P)T that we develop in Section 10.5, we have

OH - v T
(a—P>T:V—T<ﬁ>P:V—C¥VT:V (1—C¥T)

For an ideal gas, (817/ 8T)P =V /T, so that both (Bﬁ / 8P)T and pjp are zero. For real gases, we substitute into the

_(oZy L (eE) V.
#ir=\op )z~ Cp\ 0P T_*op( ~oT)

Given V and any two of p;p, Cp, or o, we can find the third from this relationship.

so that

expression for ;7 to find

Making the same substitutions using the partial derivatives we found above for a van der Waals gas, we find

1 | = RT

Given that the van der Waals equation oversimplifies the effects of intermolecular forces, we can anticipate that calculation of the
Joule-Thomson coefficient from the van der Waals parameters is likely to be qualitatively correct, but in poor quantitative
agreement with experimental results. Figure 4 compares calculated and experimental curves for the Joule-Thomson coefficient of
nitrogen gas at 0 C from 1 to 200 bar. (Calculated values take a = 0.137 Pa m® mol 2 and b =3.81 x 1075 m® mol ! . The
experimental data are from reference 1.)
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3.0 4 Calculated from van der Waals
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Figure 4. The Joule-Thomson coefficient for N2 at 0 C

We anticipate that the Joule-Thomson coefficient becomes zero at pressures and temperatures where the effects of intermolecular
attractions and repulsions exactly offset one another. For interactions between molecules, attractive forces have the dominant effect
at long distances, while repulsive forces dominate at short distances. The lower the pressure, the greater the average distance
between gas molecules. Therefore, at any given temperature and a sufficiently low pressure, the effects of intermolecular attractive
forces are more important than those of intermolecular repulsive forces. At low pressures, the Joule-Thomson coefficient should be
positive. As the pressure increases, the effects of both attractive and repulsive forces must both increase, but at a sufficiently high
pressure, the average intermolecular distance becomes so small that the effects of intermolecular repulsive forces become
dominant. Therefore, we anticipate that the Joule-Thomson coefficient decreases as the pressure increases, eventually becoming
negative.

Experiments confirm these expectations. A temperature and pressure at which the Joule-Thomson coefficient becomes zero is
called a Joule-Thomson inversion point. The experimentally determined curve for nitrogen gas! is graphed in Figure 5. The van
der Waals model also exhibits this effect. The inversion curve can be found from the expression for u ;» developed above for a van
der Waals gas. The inversion curve for nitrogen that is found in this way is also graphed in Figure 5. Qualitatively, the agreement is
a satisfying confirmation of the basic interpretation that we have given for the role of intermolecular forces. Quantitatively, the
agreement is poor, as we expect given the overly simple character of the van der Waals model.
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Figure 5. The Joule-Thomson inversion temperature for Ny (see reference 1)
The Joule-Thomson coefficient for an ideal gas is zero, and we normally expect the properties of real gases to approach those of an
ideal gas as the pressure falls to zero. However, both experiment and the van der Waals model indicate that the Joule-Thomson
coefficient converges to a finite value as the pressure decreases to zero at a fixed temperature. A statistical thermodynamic model?
also predicts this outcome. This model calculates the coefficients in the virial equation of state. In it, the second virial coefficient
reflects the net effect of attractive and repulsive forces between a pair of molecules, and it is the second virial coefficient and its

temperature derivative determine that the value of (8E / (9P) . (Higher-order virial coefficients reflect interactions among larger
T
numbers of molecules.)
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