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Abstract

A localized-constant model involving two capacities reliably describes two injection calo-
rimeters: a mass-variation calorimeter and a constant-volume calerimeter (TAM 2277 by
Thermometric). The model distinguishcs the place and the types of dissipation, and its pa-
rameters depend on the rates and on the heal capacities of the liquids, Is the case of the
TAM 2277 calorimeter, the dependence between the detected heat of mixing and the injection
rate is revealed. The proposed mode] permits the inclusion of perturbations on the baseline
originating from the temperature variation of the thermostat.

Keywords: conduction calorimetry, flow calorimetry, liquid mixtures, low concentration, model-
ling, signal processing, time-dependent systems

Introduction

Continuous-injection heat conduction calorimeters are used for the thermo-
dynamic study of liquid mixtures. Identification of the calorimetric model and
appropriate signal processing of the experimental measurements permit the de-
termination of thermodynamic properties of mixtures and solutions. Starting
from a localized-constant model, we try to explain some perturbations in two in-
jection calorimeters: a mass-variation calorimeter [1] and a constant-volume
calorimeter [2] (TAM 2277 by Thermometric). The former provides good results
for the overall mole fraction domain (0.001=5x,<0.999), the low concentration
zone being especially interesting; the latter is suitable for intermediate concen-
trations (0.15<x;<0.85).

The principle of performance of injection and mass-variation calorimeters
consists in the continuous injection of a liquid into another one situated in the
laboratery cell. The heat of mixing is in relation to the dissipation W{f}, suppos-
ing that, at each instant, equilibrium is reached and the mixture is perfectly ho-
mogeneous. The thermodynamic property under consideration is obtained as a
continuous function of the concentration [3] and its accuracy will depend on the
precision of a3, n; and the model chosen to determine W(t) from the experimental
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curve. Models with three and six heat capacities with variable parameters have
been proposed [4-6], the injection effect has been demonstrated [7, 8] and there
are even works that consider the variation in the sensitivity with the level of lig-
uid in the cell [8]; recently, due to improvements in temperature control, non-dif-
ferential calorimeters have been proposed [9]. Here we will prove that a two-ca-
pacity model is sufficient to describe the typical phenomena of the variability of
the system and the micro-effects detected in the calibration;

a) The injection causes an increase in the heat capacity of the contents of the
laboratory cell, and as a consequence an increase in the main time constant, The
thermal coupling and the detection surface grow larger with the volume, causing
a4 variation in the sensitivity.

b) An additional energetic term appears, due to the temperature difference be-
tween the injected liquid and the mixture.

¢) If volatile liquids arc used, then the vaporization heat included in the power
W(r) will produce a certain imprecision in the determination of n; and n,.

d) In this calorimeter, the calibration resistance is situated in the liquid, and
the difference between the electric and the chemical calibrations is not appreci-
ated (it is presumed that the dissipated power does not perceptibly modity the
temperature of the thermostat).

In the injection and constant-volume calorimeter (TAM 2277 by Thermomet-
ric), the reaction zone has three orifices: two for injecting the liquid in continu-
ous form, and one as exit. The heat of mixing is calculated when the experimental
output reaches the permanent state. Now we do not obtain a continuous function,
but distinct values for each molar fraction x; that match up to the programmed
rates of each injector. The detection surface of these instruments is constant and
no vapour space is present. Nowadays, this device provides reliable thermody-
namic results of excess enthalpies of liquid mixtures [10, 11]; the calibrations are
based on determination of the sensitivity as function of the injection rates and the
heat capacities of the liquids used [12—14]; instruments are now being con-
structed in which the reaction zones are ol Ligher volume and in which the influ-
ence of the rate is less [15}. This calorimeter (TAM 2277) has also been used for
the determination of heat capacities C; in this case, a second-order model was
chosen [16]. Here, we consider that a two-capacity model adequately describes
the performance of the device; three micro-effects are taken into account:

a) energetic terms due to friction and to the temperature difference between
the injected liquid and the mixture;

b) the difference between the chemical and the electric calibration (this is be-
causc the Joule dissipation is not produced in the same place as the mixing);

c) the mixing could continue out of the detection zone, due to the increasing
injection rate,
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In this work, an experimental analysis of the described micro-effects is per-
formed, and an acceptable explanation is given via a very simple modellization
of these instruments.

Model and experimental measures

Injection and mass-variation calorimeter

For a correct reconstruction of the power W(¢) from the curves y(z), amodel is
needed that faithfully represents the experimental device. A model of six heat ca-
pacities is adequate [6], although it is possible to design simpler equivalent mod-
els with three heat capacities [17]. The signal-noisc relation will determine the
size of the model. In order to explain the typical variability phenomena of the
system, a model of two heat capacitics has been chosen. Figure 2A represents the
experimental transfer function (TF), and the TF of two simplc models (one with
three bodies and another with two bodies).

r T e T,

P12

Fig. 1 Scheme and model for an injection and mass-variation calorimeter. 7, is the thermostat
temperature, T, is the outside temperature and T is the temperature reached by the
liquid before entering the cell. 7 is the resistance for the electric calibration

Figure 1 shows a scheme of the device and of the associated model where the
dissipation takes place in the first body: W=Wqix+Wioue+ Weaporization, and the cal-
orimetric output is proportional to the temperature difference (7,-15), and to the
detection surface A: yi(1)=KA(T1—Ty). The equations of the model ure as [oliows:

a7 i 1C .
Wi = O\ -+ Pra(Ty=T2) + Pr(T1=To) +* (T=T")

dr:
0=Cy* + PiTo=T)) + Po(To=To)
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where C and C; are the heat capacities of the 1st and 2nd elements, P) and P> are
the inverscs of the thermal resistances between the 1st and 2nd elements and the
thermostat, and P, is the inverse of the thermal resistance between the 1st and
2nd elements. 73 and T are the temperatures of the st and 2nd elements.

The temperature of the injected liquid, 7, depends on the injection rate v:

To-T"= (To~Tex)(1—-e ") = ATctr(1— *).

The variable parameters undergo linear change [20]:

C=C,+oV for V,<V<V,,
P =P,+0o,V for V<VaV,,
A= AO +o, v for V,<V<V, (thermopile zone)
A=A+, V., for V<Vl

O, O and 0ia depend on the injection rate; V'is the volume, and V, and Vi are the
minimum and maximum volumes in the cell.
The power W(#) and the thermogram y(¢) are connected as follows:

d‘:l/ O a0 = oo 4y (0™ poircn
t dr’ di

al

WH(t) = W()~CATcrr( 11—}

Experimental results

[) Our model of two heat capacities has a TF with two poles in the invariant
situation. Although it does not exactly represent the experimental TF, it is suffi-
cient to obtain an acceptable approximation to the heat of mixing as a function of
time [17]. Figure 2B shows the variation of T, with the volume.

2) The variation in sensitivity with the liquid level (Fig. 2C) is justified hy the
vartability of A and Py;

_ KA(P]Q+P2)
T (P12 + PP+ PaPs

{ohserve that, if there is only one body, P»=0 and then §=KA/P)).

3) The model considers the injection effect; to evaluate it, the same liquid is
injected when the response to electric dissipation reaches the permanent state. At
arate of 3 cm’ h™' for cyclohexanc, the diminution of the calorimetric output is
0.7%, at9 cm’ h™"itis 2.3% and at 15 cm’® h ™' it is 4.6%. This demonstrates that,
when the rate is increased, the contribution of the term CATcgrr(1—¢ ") is more
important (Fig. 3).
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) [W-CATcrr(1—¢ ") (P12 + P2)
(Piz+ P)(P1+ C) + PaPrz

)ﬂ] jumd

(if Po=0, then yi—:KAW*/(p]+C)_
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Fig. 2 Injection and mass-variation calorimeter. A) Curve 1 is the frequential reprosentation
of the experimental transfer funcuon obtained from the response to an clectric puise
of 10 min duration {for 20 ¢cm® of benzene) [19]. Curve 2 matches up to a three-pole
and a zero TF (1,=540. 1,=210. 1,=140, 7,=55) and curve 3 (0 a two-pole TF (1,=540,
1,=210}; these values were obtained by inverse filtering [21]. Experimental values of
the first time constant {B) and of the sensitivity (C), both as functions of the volume
{cell contents; water)
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Fig. 3 Injection and mass-variation calorimeter. Experimental evaluation of the 11’1_]6(,[1011 ef-
fect, B™) Signal correspond]ng to electric dlsszpan()n durmg which 24 cm” of cyclohex-
ane was injected into 20 cm of cyclohexanc (9ecm’h™). Fnlargcmcnt of the injcction
area for the tates: 3 an’ I (A), 9 con® ! (B) and 15 cm’ h” {C)
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Fig. 4 Scheme and model corresponding to the TAM 2277 calorimeter. 7}, is the thermostat
temperature, # is the calibration resistance, T, is the outside temperature and T is the
temperaturc at which the mjected liquid reaches domain 2

Further, the output for a ‘pseudo- pcrmanent injection follows the variation in
sensitivity for volumes between 20 and 44 cm’; the same form is observed in the
curves reported by Rey et al. [7].

fnjection and constant-volume calorimeter (TAM 2277)

In this case, the Joule dissipation does not occur at the same place as the mix-
ing. Additionally, experimental measurements show that the injected liquid
passes near the calibration resistance before reaching the reaction zone (Fig. 4
and curve b3 of Fig. 5B).

dC
W1(I}—C1 +P12(/1—T9)+P1(3’1~To)+ ( 1—T5)

Wz(I) = C-) + PI’)(T’} T ) + Pz(To Tn) + _(?2 *)

where Wi{(8)=Wincnont Wnix 57[}(VA.}.VB) and Wy(1)=Wieye.
The calorimetric output and temperature difference between the thermostat
and the injected liquid are given by the expressions

yi(t) = KA(T\-Ty)
TyT" = (To-Tex)(1-e ") = ATcrr(1=¢"Y)
Only the curve in the permanent state is of interest (d7;/dt=d T»/d¢=0:

Wi(Pi2+ Pst+ C) + (Wa-CATcrr(1—e ") I(Pra + €)
(P1a+ P+ O)Py+ O+ PLPa

y1=KA
Experimental results
a) Injection effect. Figure 5 shows the curve corresponding to injections of

cyclohexane + cyclohexane during constant electric dissipation. For different in-
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Fig. 5§ TAM 2277 calorimeter. A) Experimental curve corresponding to injections ol cyclo-
hexane into cyclohexane during electric dissipation, for different injection rates
v, +vp=60 (b1), 48 (b2), 36 (b3), 24 (b4) and 12 em’ b (BS) {(v,=vy). B) Entargement

of injection zones

jection rates va+vy=60, 48, 36, 24 and 12 em’ h'', the calorimetric output is
modificd by 4.8, =3.1,-1.6,- 0.4 and 1 0.3%. This result is coherent with the
model: for the smallest rate, the effect of CATerr(1—277") is insignificant and the
output y, (with injection) is then greater than yi (without injection). In this com-
parative study, Wiicion has been considered exiguous.

Wa(P12+ C) e
v = KA {with injcction)
P+ P+ CHPy+ C)+ PiP12
Wil . L
y(f = KA il {without injection)

(Pt P P2+ P12

b) Figure 6 shows the friction effect; on injection of cyclohexane + cyclohex-
ane at the rates vo+vs=60, 48, 36, 24 and 12 cm’ h_i, the dissipated powers are
4.9,3.8,2.2, 1.6 and 0.3 uW (vo=vg).

¢) There is a slight difference between the sensitivity obtained with the elec-
tric calibration (5;) and that obtained with the chemical calibration (8g) because
the dissipation by the Joule effect does not take place in the same zone as that
where the mixture is produced. The model foresees this and, considering the term
CATcrr(1—e ™) 0 be insignilicant, we have Se<Sy:

, r : .
S.= A KA 12 (without injection }
W (Plo+ PP+ P P12
LN (Pi2+Py+ C)
== KA
Wi (P1a+ P14+ CHP,+C)+ P1P2
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pV H T T

Fig. 6 TAM 2277 calorimeter. Response to the injection of cyclohexane + cyclohexane for
Vv, =60, 48, 36, 24 and 12 cm® b (v, =vy)

The I’ollowing experimental values are deduced from the calibrations:
S5:=313.0mV W and $,;=313.6 mV W {for hexane(1) + cyclohexane(2) with
V;-H)g:lz cm3 h_l).

Tahle 1 Detected power on increase of the injection rate (v,=v,)

Hexane (1) + cyclohexane (2)
HE{xl) ref.=220.3 J mol ™' [18] x,=0.4525

(vcl(j-/\;lz) (JI;:;’]?S) mW exp. erro(r*x)n T
11.96 0.0282 6.2117 -0.01
23.94 0.0564 12.3629 —0.50
35.90 (.0846 18.3450 -1.57
47.8¢ 0.1128 240976 -3.03
59.84 (.1409 206110 -4.60

(*) in relation to the theoretical power that should be detected to obtain HE ref,

d) Finally, it is very important to emphasize that, when the injection rate is in-
ereascd, the detected heat of mixing diminishes, increasing the error (Table 1).
This is principally due to the injection effect.

Conclusions

Modellization of these instruments is essential for a correct identification of
the system and, as a consequence, for a reliable calculation of the heat of mixing
to be determined. The analysis reveals that the injection effect must be included
in the calibration of the calorimeter. It is also concluded that the maximum injec-
tion rates are determined by two aspects:

J. Thermal Anal., 52, 1998



SOCORROQ, RODRIGUEZ DE RIVERA: CONDUCTION CALORIMETRY 737

a) The term CATcrr(1—¢"") must be minimized in both calorimeters. An
adequate cooling coil is therefore used to homogenize the temperatures of the
liquids before they reach the reaction zone,

b) In the TAM 2277 calorimeter, it must be ensured that the mixture is pro-
duced in the reaction zone, which limits the injection rates. A volume increase in
the reaction zone elevates the probability of the mixing taking place in the men-
tioned domain, so that the rates can increase.

In the mass-variation calorimeter, the rate limit is imposed by aspect a). In
our device, it is recommended to inject at rates less than 9 cm’ h™'. In the
TAM 2277 calorimeter, the rate limit is imposed by the second aspect; in our
case, rates vi<18 cm® h™' are recommended. In both cases, however, even at
these rates, the injection effect must be corrected.
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