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Abstract

A set-up based on transitiometric principles has been designed for direct measurements of high pressure cubic expansion coefficient of
gases. A new method of calibration was presented for pressure-controlled calorimeters working with open mass calorimetric vessels. The
new method is based on heat capacity standards and thus is a complementary to the previous methods based on thermal expansion standarc
The calibrations performed with the new method using a nhumber of heat capacity standards demonstrated that the calibration constant of
correctly designed calorimetric vessels does not depend on pressure. The results of test measurements with nitrogen performed accordingly
to the thermodynamic foundations of the method are in satisfactory agreement with the literature data.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction orate an experimental set-up for direct measurements of the
cubic expansion coefficient of gases performed over wide
Cubic expansion coefficient () is the second mix deriva- pressure and temperature ranges. The new instrument was
tive of the Gibbs potential against pressure and temperature designed on the basis of transitiometric principles previously
Its knowledge is of great importance for both scientific and described4], but its structure and calibration are original
industrial purposes. For example, availabilitynodver large and are adapted to the specific properties of gases, such as an
ranges of pressure and temperature is an extremely usefubxtremely high compressibility.
means in adjustment of parameters in new equations of state
[1]. Moreover, thermodynamic relationships show that the
cubic expansion coefficient represents an alternative route to2. Experimental set-up
the estimation of the inversion Joule—Thomsenrt curve
whose determination is of greatimportance in oiland gas in- A general view of the experimental set-up is presented
dustries. An important progress has been made with respecschematically irFig. 1. Calorimetric vessels and a Setaram
to the direct determination ef for liquids at high pressures  C80 calorimeter 1 were previously adapted to measure the
and temperaturef®,3]. However, for gases the most of the  isobaric heat capacitg, of liquids and gases at pressures
existing data were derived fropVT measurements or from  up to 100 MPa with the temperature-scanning mfeln
empirical equations of state based on them, especially at highorder to incorporate the pressure-scanning variable a Cal-
pressure conditions. The aim of the present study is to elab-presdat automated high pressure pump (259aytinder) 2
was implemented. The pressure is measured with Viatran 245
* Corresponding author. Tel.: +33 612656373; fax: +33 559407695, transducers 3 (precision0.1% FSO). Volume variations are
E-mail addressdavid.bessieres@univ-pau.fr (D. Begsis). recorded by counting the stepping motor controlling impulses
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; 2

Fig. 1. Schematic diagram of the experimental set-up: (1) C80 calorimeter, (2) Calpresdat automated high pressure pump, (3) Viatran 245 pressure transduce
(4) pump controller, (5) calorimeter controller, (5) vacuum pump, (6) gas tank.

(1 step=1.55¢ 10~3cm?). In order to enable a simultaneous  variables or their variations as well as the calorimetric sig-
control of independent thermodynamic variables, the con- nal can be simultaneously observed by the experimenter as
trollers of both the pump 4 and of the calorimeter 5 have shown inFig. 2. The specificity of this apparatus remains
been coupled and the whole set of thermodynamic variablesespecially in the very fine control of pressure variations and
(p,V,T) is now controlled with a software written in the Lab- in the large volume of the pump cylinder (2508mwhat is
View graphical programming languad@]. The three state  extremely important in studies of compressible fluids such as

EPuop 3
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Fig. 2. A window with a typical general view of the LabView software output (pressure decrease under isothermal conditions).
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gases up to 100 MPa. The temperature range from 303.15 tacalorimetric detector. Taking this into consideration Ex).

523.15K is imposed by the C80 properties. can be rewritten in the following final form:
kK 1
= - 6
A Ve TAp + ass ( )

3. Recall of thermodynamic basis
where indexmis for mean values of the respective expansion

The thermodynamic basis for direct determinatiow af coefficients over the pressure step applied. On can see from
the following Maxwell relation: Eq.(6) that the fundamental problem of this direct technique
98 of measurements of the cubic expansion coefficient is the de-
(5) =aV, andthus 38Q = —aV,Tdp 1) termination of the two calibration constaktandVe. At low
T

pressures the ratk/Ve can be taken as one calibration con-
wheredQ is the quantity of heat liberated or absorbed as stant and determined in calibration experiments performed
a consequence of a pressure variatiorudger isothermal  at various temperatures with the use of a calibrating gas, for
conditions. Eq(1)is valid for 1 mol of a substance. Inamass- example nitrogen, for which the cubic expansion coefficient
open type calorimetric vessel with an active internal volume at low pressures is rather exactly known. In case of liquids a
VE (volume covered by the heat flux detector) the number of standard substance can be taken, for examiiexang7],
moles of a fluid substance under investigation contained in in order to check the pressure dependence of the calibration
the vessel i&/g/Vm. Thus, for such a calorimetric vessel Eq. constant determined with expansion of a low pressure gas or
(1) takes the following form: make high pressure calibration. However, in case of gases
such a verification or calibration in open mass vessels could
80 = —aVET dp @) be doubtful, because of possible differences in heat transfer

This thermodynamic relation is applied to both the calorimet- in dense liquids and gases and there is no credible gaseous
ric vessel itself and the gas contained therein. The action of Substance which could be used as a standard for cubic ex-
pressure on the Vesse' has an effect Opposite to that on the gaBanSion coefficient at h|gh pressures. For this reason in the
contained insid€2]. The contribution from the calorimetric ~ Present study an alternative method of calibration was elabo-
vessel itself is obtained from the increase of the volume of rated based on the heat capacity measurements performed in
the wall of the cylindeMsswhen an increase of pressure is the same experimental vessel at various pressures. The use of

applied heat capacity as a calibration standard can also help to avoid
systematic errors which are possible to appear when using
dVss = Vekr,ssdp (3) thermal expansion standards.

where kT ss is the isothermal coefficient of compressibil-
ity of the material from which the vessel was made. When
introducing Eq.(3) into the Maxwell relation (3S/dVY; = 4. Calibration constantk/Ve from C, measurements
(dp/aT)y = ap/kr EQ.(4)is obtained
Heat capacity measurements can be performed with the

8Qss= Veassl dp (4) same open-mass calorimetric vessels on the basis of the fol-
The calorimetric output signal is thus a sum of two opposite lowing relation[S]:

effects: one from the gas and one from the vessel: c Pyt (x) — Paift (b1) )

dQtot = 80ss+ 30 = VeassT dp — VeaT dp (5) g pVe(dT/d1)

In case of a step-wise techniq{®], where a pressure step wherePygist (X) is a differential calorimetric power signal (W)
Ap is applied, the respective quantity of hes (J) is ob- obtained with the calorimetric measuring vessel filled with

tained from the integrdl (V s) of the calorimetric response the fluid under investigation and the reference vessel remain-
AQ=kxI wherek (W/V) is the calibration constant of the ing empty,Pqir (bl) (W) is a similar signal, but obtained with

Table 1
Results of calibrations, for details see the text

T(K) Calibration constark/Ve (MPaV-1s1)

From N, expansion  Fron€, at various pressures with various substances

0.1MPa(C10) 0.1MPa(Cl2) 0.1MPa(Cl7) 10MPa(C10) 10MPa(C6) 40MPa(C6) 100MPa (C6)

3029 4.02£0.04 4.04+0.03 4.03+ 0.03 4.04+ 0.03 4.02+ 0.09 4.05+ 0.05 4.07+ 0.05 4.04+ 0.05
3229 4.09+0.04 4.04+ 0.03 4.07+ 0.03 4.07+ 0.03 4.06+ 0.09 4.06+ 0.05 4.07+ 0.05 4.06£ 0.05
3526 4.17+0.03 4.12+0.03 4.12+0.03 4.124+0.03 4.124+0.09 4.124+0.05 4.13+ 0.05 4.13+ 0.05
3725 4.24:0.04 4.19+ 0.03 4.18+ 0.03 4.18+ 0.03 4.18+ 0.09 4.18+ 0.05 4.20£ 0.05 4.20+£ 0.05

422.2 447 0.04 4.43+0.03 4.42+0.10 4.45+ 0.05 4.47+ 0.05 4.44+ 0.05
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both reference and measuring vessels remaining erppty, Thus,takingafluid for which the heat capacity and the density
(g/cnP) is the density of the fluid under investigation. The are precisely known as a function of temperature at several
differential calorimetric power signal is proportional to the pressures, calibration experiments can be performed and the
differential calorimetric detector thermopile sigi&a{V) via calibration ratiok/Ve can be determined.

the static calibration constak{W/V), as mentioned above.

Thus, Eq.(7) can be rewritten in the following form: 5 Results

k Cpo(dT/di)

— =" (8) The determination of calibration constate by the ex-
VE  E(x)— E(bl)

pansion method was performed at low pressures upto 15 MPa

Table 2

Results of measurements of the high pressure cubic expansion coefticiehnjtrogen

P AP oss Aass k/Ve A(k/VE) | Al o Aa Series

(MPa) (MPa) (K1 (Kb (MPaV-1s1) (MPaV-1s1) (wV's) (wVs) (K=1) (K=1)

T=302.9K
15.0 2.0 5.1E-05 5E—-06 4.03 3E-02 5.8E+05 1E+04 4.0E-03 1E-04 1
30.0 2.0 5.1E-05 5E-06 4.03 3E-02 5.4E+05 1E+04 3.6E-03 1E-04 1
39.9 1.9 5.1E-05 5E-06 4.03 3E-02 4.61E+05 9E+03 3.22E-03 9E-05
60.0 2.0 5.1E-05 5E-06 4.03 3E-02 3.87E+05 8E+03 2.62E-03 7E-05
70.0 2.0 5.1E-05 5E-06 4.03 3E-02 3.57E+05 7E+03 2.43E-3 HD5
80.0 2.0 5.1E-05 5E-06 4.03 3E-02 3.21E+05 6E+03 2.24E-03 6E—05
89.9 1.9 5.1E-05 5E-06 4.03 3E-02 2.95E+05 6E+03 2.09E-03 6E—05

T=322.9K
13.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.6E+05 1E+04 3.6E-03 1E-04 1
13.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.7E + 05 1E+04 3.6E-03 1E-04 2
14.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.6E+05 1E+04 3.6E-03 1E—-04 1
14.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.7E+05 1E+04 3.6E—-03 1E—-04 2
15.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.6E+05 1E+04 3.6E-03 1E-04 1
15.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.7E+05 1E+04 3.6E—03 1E-04 2
16.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.6E+05 1E+04 3.6E-03 1E-04 1
16.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.6E+05 1E+04 3.6E—-03 1E-04 2
18.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.6E+05 1E+04 3.6E-03 1E-04 1
20.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.5E+05 1E+04 3.6E—03 1E-04 1
30.0 2.0 5.1E-05 5E-06 4.06 3E-02 5.2E+05 1E+04 3.33E-03 9E-05 1
40.0 2.0 5.1E-05 5E-06 4.06 3E-02 4.72E+05 9E+03 3.03E-03 9E-05 1
60.0 2.0 5.1E-05 5E-06 4.06 3E-02 3.87E+05 8E+03 2.50E—-03 7TE-05 1
60.0 2.0 5.1E-05 5E-06 4.06 3E-02 3.87E+05 8E+03 2.50E-03 7E-05 2
60.0 2.0 5.1E-05 5E-06 4.06 3E-02 3.91E+05 8E+03 2.51E-03 7TE-05 3
80.0 2.0 5.1E-05 5E-06 4.06 3E-02 3.32E+05 7TE+03 2.12E-03 6E—05 1

T=352.6K
14.0 2.0 5.1E-05 5E-06 4.12 3E-02 5.2E+05 1E+04 3.09E-03 9E-05 1
30.0 2.0 5.1E-05 5E-06 4.12 3E-02 5.0E+05 1E+04 2.97E-03 8E-05 1
30 2.0 5.1E-05 5E-06 4.12 3E-02 5.0E+05 1E+04 2.99E-03 8E-05 2
40.0 2.0 5.1E-05 5E-06 4.12 3E-02 4.64E+05 9E+03 2.6E-03 8E—-05 1
50.0 2.0 5.1E-05 5E-06 4.12 3E-02 4.18E+05 8E+03 2.52E-03 7TE-05 1
60.0 1.9 5.1E-05 5E-06 4.12 3E-02 3.75E+05 8E+03 2.32E-03 7E-05 1
70.0 2.0 5.1E-05 5E-06 4.12 3E-02 3.61E+05 7E+03 2.169E-03 6E—-05 1
80.0 2.0 5.1E-05 5E-06 4.12 3E-02 3.33E+05 1E+03 2.00E-03 6E—05 1
90.0 2.0 5.1E-05 5E-06 412 3E-02 3.10E+05 6E+03 1.86E-03 5E—-05 1

T=422.2K
18.0 2.0 5.1E-05 5E-06 4.42 3E-02 4 55E+05 9E+03 2.44E-03 7TE-05 1
22.0 2.0 5.1E-05 5E-06 4.42 3E-02 4.66E+05 9E+03 2.49E-03 7E-05 1
24.0 2.0 5.1E-05 5E-06 4.42 3E-02 4.60E+05 9E+03 2.48E—-03 7TE-05 1
26.0 2.0 5.1E-05 5E-06 4.42 3E-02 4.53E+05 9E+03 2.38E-03 7E-05 1
28.0 1.9 5.1E-05 5E-06 4.42 3E-02 4.26E+05 9E+03 2.36E—-03 7TE-05 1
30.0 2.0 5.1E-05 5E-06 4.42 3E-02 4.49E+05 9E+03 2.36E-03 7E-05 1
40.0 2.0 5.1E-05 5E-06 4.42 3E-02 4.21E+05 8E+03 2.25E—-03 5E-05 1
50.0 2.0 5.1E-05 5E-06 4.42 3E-02 3.84E+05 8E+03 2.06E-03 5E-05 1
60.0 2.0 5.1E-05 5E-06 4.42 3E-02 3.60E+05 7E+03 1.94E-03 4E-05 1
70.0 2.0 5.1E-05 5E-06 4.42 3E-02 3.42E+05 7E+03 1.84E-03 5E-05 1
80.0 2.0 5.1E-05 5E-06 4.42 3E-02 3.28E+05 7E+03 1.77E-03 5E-05 1
90.0 2.0 5.1E-05 5E-06 4.42 3E-02 3.05E+05 6E+03 6.65E—03 5E-05 1
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Fig. 3. High pressure cubic expansion coefficientf nitrogen as a function of pressure.

with the step-wise techniqui] using nitrogen as a cali- pressures up to 100 MPa at selected temperatures (302.9,
brating gag8]. Nitrogen was 99.999% purity, obtained from 322.9, 352.6 and 422.2 K). Detailed results are presented in
Messer. The pressure steps of 2 MPa have been performed at dable 2and a comparison of the present results with the liter-
controlled rate of 0.016 MPa$, which was sufficientto en-  ature data is given iffig. 3. One can see that the agreement
sure equilibrated heat exchange between the gas, calorimetrigs satisfactory.

vessel and the calorimetric detector under quasi-isothermal

conditions required by the Maxwell relation ([B]. The re-

sults of calibration by the gas expansion method are presentedy  -onclusions

in Table 1, columns 1 and 2. The determination of calibration
constank/Ve by the isobaric heat capacity method was per-
formed at various pressures with four calibrating substances:

n-hexane (C)], n-decane (C1Q)0,11],n-dodecane (C12) 4 gases. A new method of calibration was presented for
[11] andn-heptadecane (C1T}1]. The temperatures scans  prassire-controlled calorimeters working with open mass

were performed at a rate of 0.016 K/min (2.5 mK/s). The ré- ¢|6rimetric vessels. The new method of calibration is based
sults obtained are givenTrable 1, columns 3-9. One cansee o, heqt capacity standards and thus is a complementary to the
that the calibration constakfV at respective temperatures  preyious methods based on thermal expansion standards. The
does not depend on pressure and within the experimentaly,jinrations performed with the new method using a num-
error is equal to the calibration constant obtained with the e of heat capacity standards demonstrated that the calibra-
gas expansion method. The lack of pressure dependence Ofj, constant of correctly designed calorimetric vessels does
the calibration constant of properly constructed calorimetric depend on pressure, what is an independent confirma-
vessels was previously observed by the liquid step-wise ex-on of previous observations collected on calibration with
pansion method at high pressures ([B§ble 2). The only  he high pressure expansion of liquids. The results of test
dependence of the calibration constant is that on tempera-measurements with nitrogen performed in agreement with

ture, caused mainly by the change of heat exchange betweemyg thermodynamic foundations of the method are in satis-
the calorimetric vessels, calorimetric detector and the envi- factory agreement with the literature data.

ronment. Thus, all the data froffable 1have been fitted to
obtain the following equation for the calibration constant as
a function of temperature:

A set-up based on transitiometric principles has been de-
signed for direct measurements of high pressure expansion

References
k
—(T/K) = 5.617— 1.133x 1072T/K . .
Ve [1] S.L. Randzio, U.K. Deiters, Ber. Bunsenges. Phys. Chem. 99 (1995)
1179.
+2.0118x 107 >(T/K)? ) [2] S.L. Randzio, J.-P.E. Grolier, J.R. Quint, Rev. Sci. Instrum. 65 (4)
) _ ) (1994) 960.
With that calibration constant test measurements have been (3] s . Randzio, Chem. Soc. Rev. 24 (1995) 359.

performed of thermal expansion coefficient for nitrogen at [4] S.L. Randzio, Chem. Soc. Rev. 25 (1996) 383.



30 D. Bessiéres et al. / Thermochimica Acta 428 (2005) 25-30

[5] D. Besseres, H. Saint-Guirons, J.-L. Daridon, J. Therm. Anal. Cal.  [9] S.L. Randzio, Thermochim. Acta 398 (2003) 75.

58 (1999) 39. [10] T.S. Banipal, S.K. Garg, J.C. Ahluwalia, J. Chem. Therm. 23 (1991)
[6] S.L. Randzio, Thermochim. Acta 355 (2000) 107. 923.
[7] S.L. Randzio, J.-P.E. Grolier, J.R. Quint, D.J. Eatough, E.A. Lewis, [11] M. Zabransky, V. Ruzicka Jr., V. Majer, E.S. Domalski, Heat
L.D. Hansen, Int. J. Thermophys. 3 (1994) 415. capacity of liquids, in: Critical Review and Recommended Val-

[8] R.T. Jacobsen, R.B. Stewart, M. Jahangiri, J. Phys. Chem. Ref. Data ues, Monograph No. 6, Vols. | and Il, ACS and AIP for NIST,
15 (2) (1986) 735. 1996.



	High pressure thermal expansion of gases: measurements and calibration
	Introduction
	Experimental set-up
	Recall of thermodynamic basis
	Calibration constant k/VE from Cp measurements
	Results
	Conclusions
	References


