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In the analysis of disperse materials, the thermophysical characteristics (rate, thermal 
conductivity, thermal capacity) of the gas flowing through the pores of the sample are of great 
importance in determinations of the heats of phase transformations. We have found that the 
peak areas corresponding to the phase transformations may either d~rease or increase with 
increasing flow rate of the gas. The largest errors (as high as 15%) caused by gas flow in the pores 
of the disperse material oc~:ur when the thermal conductivities of both the solid material and the 
gas in which the analysis is performed are low. The experimentally derived relationship between 
the peak area, the flow rate and thermal conductivity of the gas, and the dispersity and thermal 
conductivity of the solid phase permits calculation of the possible error, and hence application of 
measures for its reduction. 

Gas flow through a layer of disperse material occurs when the disperse material 
undergoes thermal dissociation or decomposition and the gas evolved leaves the 
sample. Gas fow through a layer of disperse material also takes place in thermal 
analysis in a flowing gas atmosphere, utilized as an independent technique in the 
study of many chemical reactions. 

According to existing concepts [1-4], the gas evolved in the course of the reaction 
has a substantial effect on the peak area of the DTA curve. The gas flow changes the 
heat transfer coefficient in the mass of the sample, and consequently changes the 
areas of the peaks in the differential curve utilized in calculations of phase 
transformation heats. There is reason to assume [4, 5] that with increasing flow rate 
of the gas the thermal conductivity of the gas phase will increase, due to the 
increased heat transfer by convection. The rate of gas evolution in thermal 
dissociation (and hence the flow rate of the gas in the pores of the disperse material) 
will depend on the rate of heat transfer to the transformation front, i.e. on the 
heating rate. 

If, with increasing flow rate of the gas, the overall thermal conductivity of the 
sample also increases, then (for one and the same sample of the investigated 
substance) the peak area should decrease with increasing heating rate. 
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The objective of this work was to investigate the effects of the thermophysical 
characteristics of the lowing gas (rate, thermal conductivity, thermal capacity) on 
the peak area corresponding to the phase transformation. The substance chosen 
was sodium sulphate powder, the samples differing in degree of dispersity (particle 
size: 100 to 500 lain). We chose a substance subject to polymorphic transformation 
for the reason that in such transformation the essential conditions of heat transfer 
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Fig. 1 A p p a r a t u s  used  in the expe r imen t s  

remain unchanged, similarly to processes with gas evolution [6], with the exception 
of the gas flow, which in our experiments was generated artificially and controlled 
within the required limits. Another advantage was that sodium sulphate particles 
do not adhere to one another in repeated heating-cooling cycles, and hence the peak 
area decrease caused by the the change of contact thermal conductivity is negligible. 

The effect of the rate of gas flow through the sample was studied with the 
traditional arrangement of thermal analysis, i.e. with the junction of the 
thermocouple located at the centre of the sample. The experimental apparatus is 
shown in Fig. 1. The sample holders were quartz tubes 1 (internal diam. 7 mm) 
located in the metal block 2. To ensure stable heat exchange conditions, the tubes 
were centred in the block by means of the sleeves 3, made of thermally insulating 
material. To lead off heat from the external side of the heater 4, water was cycled 
through the heat exchanger shell 5. In the central part of the quartz tube containing 
the sample 6, a thin porous diaphragm 7 was inserted, on which the substance to be 
investigated was charged. A thin (0.2 mm) butt-welded chromel-alumel ther- 
mocouple 8 extended along the axis of the tube. The height of the sample was ten 
times its diameter. The cell with the reference material (air) was identical in design. 
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This cell arrangement provided heat transfer conditions close to those in an 
infinitely long cylinder [7]. To measure the flow rate of the gas, a previously 
calibrated liquid differential manometer was used, installed at the outlet of the gas 
from the quartz tube containing the sample. 

The gas used for the experiment was previously heated to the temperature of the 
phase transformation with a metal tube-and-shell heat exchanger, although some 
researchers [8] state that the gas passing through the disperse material layer will 
already attain the temperature of this material at a distance of four times the 
particle diameter. 

Experiments were performed with carbon dioxide, air and helium, in order to 
cover a thermal conductivity interval as wide as possible. The flow rates of the gases 
were varied from zero to the rate at which the substance began to be entrained by 
the gas flow. 

For modelling of a process accompanied by gas evolution, the direction of the gas 
flow was upwards, as in real conditions. On the basis of preliminary considerations 
regarding the change in thermal conductivity of the sample when gas flows through 
it (in agreement with the opinion of other authors [4, 5]), it may be noted that with 
increasing flow rate of the gas, the heat exchange between the individual layers of 
the sample will increase, and thus the thermal conductivity will increase, which 
should be reflected in a decrease in peak area for one and the same sample. 
However, when the gas was introduced from below, the peak areas increased 
successively with increasing flow rate of the gas through the sample. When the 
arrangement was changed insofar as the gas was introduced from above, the peak 
areas in fact decreased with increasing flow rate. 

Experimental data relating to the effect of the flow rate w (ml/s) on the peak area 
S (K.s) are summarized in Table 1 (experimental conditions: sodium sulphate 
particle size 0.250 < d< 0.300 mm; gas introduction from above and from below). 
The flow rate was calculated as the ratio of the volumetric gas consumption to the 
internal cross-sectional area of the tube. All values for peak areas are means from 9 
measurements. Mean errors are indicated at the bottom of the Table. 

The results in Table 1 clearly indicate that gas introduction from above or from 
below acts in different ways on the peak area: introduction from below results in a 
peak area increase, while introduction from above leads to a peak area decrease, 
corresponding to increasing thermal conductivity. 

In the described experiment, the thermal conductivity of the sample consists not 
only of the conductive, but also of the convective thermal conductivity of the 
flowing gas phase, and the latter cannot be neglected as was done in our earlier 
paper [9]. 
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Table 1 Experimental peak areas corresponding to the polyrnorphic transformation of sodium sulfate 
(particle size 0.25 < d< 0.30) at.different gas flow rates 

S, K. at w, ml/s 
Gas 

0 1.8 3.6 5.0 7.5 

Gas introduction 
from above 

CO 2 793.2 771.4 739.2 691.2 652.6 
air 784.2 770.6 745.2 708.1 676.3 
He 641.2 640.1 629.6 609.4 596.1 

Mean error 0.32 0.46 0.54 0.73 1.05 

Gas introduction 
from below 

CO z 791.9 797.4 815.3 821.4 829.4 
air 785.6 787.0 808.9 817.8 823.3 
He 641.0 648.7 677.5 686.7 706.5 

Mean error 0.37 0.62 0.81 1.33 1.87 

The heat transfer by the gas flow can be expressed by the following equation [8]: 

d 
'~conv. = G" Cp~ (1) 

where G is the gas consumption by mass, Cp is the specific thermal capacity of the 
gas, and d is the diameter of the test tube with the sample. 

Assuming that the share of heat transferred by the gas flow in the radial direction 
is proportional to the total amount of heat transferred by the gas flow, Eq. (1) can 
be written in the following form: 

d 
2c . . . .  = I ( 1 . G . C p ~  = K I . w . o . C  p (2) 

where /C1_ and K1 are coefficients characterizing the share of the heat flow 
transferred by the gas in the radial direction; w is the flow rate of the gas, and ~ is the 
density of the gas. 

The effective thermal conductivity of the sample in the radial direction may be 
written in the form 

2ef f = 2"~ KlwoC p (3) 

where (from [9]) 

J (2M+JM--JAgas) 
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Equation (3) shows that the gas flow should increase the effective thermal 
conductivity and hence reduce the peak areas recorded in the DTA curves. 
However, the experimental data in Table I demonstrate that, when the direction of 
gas flow is upwards (which is the case in real processes), the peak areas increase, and 
the experimental data accord with the theoretical concept only when the gas is 
introduced from above. 

To explain this phenomenon, we assumed that, in addition to the increase in 
thermal conductivity of the sample described by Eq. (3), there is also a change in the 
thermal conductivity of the sample connected with a change in contact between the 
particles of the solid phase. The contact thermal conductivity of the solid ph, ase is 
proportional to the contact area between the particles constituting the solid phase. 
Gas flow in the pores of the disperse material generates pressure in the particle layer 
by reason of the hydrodynamic pressure of the gas flow. A change in pressure leads 
to a change in contact area between the particles, and hence to a change in the 
contact conductivity of the solid phase. The pressure is expressed by the equation 
(from [81) 

A P -  G2qal (4) 
2gQF 3 

where G is the consumption of gas by mass, r/is the viscosity of the gas, a is the 
surface area of particles in the layer per unit volume,/is the length of the sample, g is 
gravitational acceleration, Q is the density of the gas, and Fis the share of free space 
in the layer. The value expressed betweenj andjM for the monolayer, has the form 

[8] 6j ' j~ 
(/M-j)~ 

According to the Fourier law, the heat transfer is proportional to the contact 
surface, and according to Hooke's law, the contact surface is proportional to the 
pressure between two solid particles. Hence, the change in contact thermal 
conductivity will be expressed by 

3GZnj .j2 w2Orl] "J22 (5) 
2eont = g'2 g o ( j M _ j ) 3  -- K2 g( j  _ j ) 3  

and the effective thermal conductivity of the sample may then be expressed in the 
following manner: 

•eff = 2+KlwoCp~zK'w2 o~'j~)~ (6) gqM _j)3 

The sign in Eq. (6) must be chosen in accordance with the flow direction of the 
gas. Equation (6) can be simplified for the actual case of the experimental data listed 
in Table 1 : 

2eff = 2+Aw+Bw 2 (7) 
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where A = KIOC p and B = Qr0"J22 Let us now substitute Eq. (7) into the K2 g(/'M _j)3" 

expression (from [9]) for the peak area S = SM j2M ; this will result in 
jM)~eff 

j;tM 
S 

SMjM(2 + Aw+ Bw 2) 
(8) 

The values SM, AM and 2 in Eq. (8) can be determined as described in our earlier 
paper [8]. For the actual case discussed, utilizing the peak area values when the 
pores of the disperse material are filled with air and helium, respectively, we find 

2M = 104.7~K-K; 2 = 45 .6~K;  SM = 803.7 K s  

Substituting the experimental peak area values for any two experimental points into 
Eq. (8), we can find the values of the coefficients A and B: 

A = 0.23.10 -2, B = 0.128" l0 -2 

Thus, Eq. (8) for the case discussed will assume the form 

Suj" 2M = 358 570 
S =jM(2 + Aw+Bw2 ) 456+0.023w+0.0128w 2 (9) 

The theoretical curves plotted on the basis of Eq. (9) are shown in Fig. 2.Curve I 
represents peak area vs. air flow rate for the case when air is introduced from below, 
and curve II that for air introduction from above. Experimental points denoted by o 
from the data in Table 1 are also presented in the Figure. Supplementary 
investigations relating to the relationship of peak area vs. gas flow rate at different 
degrees of dispersity for the polymorphic transformation of sodium sulphate also 
provided experimental results in satisfactory agreement with theory. 

Analysis of the data in Fig. 2 reveals that the peak areas calculated through Eq. 
(8) agree fairly well with the experimental results. Deviations in curve I at 
maximum flow rate, above which the gas flow will begin to entrain particles, may be 
explained by the sample becoming less compact at such high gas flow rates; the 
gravimetric density of the sample, appearing as a constant in Eq. (6), will then 
decrease, and hence the peak area will also decrease in Eq. (8). The height of the 
sample column measured under such conditions was noticeably higher than the 
height measured under immobile gas phase conditions. The phenomenon begins 
even at flow rates of the order of 4-6 ml/s. In real processes with heat absorption, 
such high rates of gas evolution occur very rarely. For instance, the mean rate of gas 
evolution in the thermal dissociation of calcium carbonate, CaCO 3 ~CaO + CO2 + 
All,  at a heating rate of 0.18 deg/s is 0.8 ml/s. 

J. Thermal Anal. 30, 1985 
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The flow rate of the gas was determined from the gas evolution curve recorded 
with the automated Berg gas burette system. 

In cases when the gas evolution rate is so high that the compactness of the sample 
begins to decrease and partial entrainment of the solid phase by the gas starts, it is 
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Fig. 2 Peak area vs. rate o f  gas in t roduc t ion  f rom below and above,  resp. 

1 - -  i n t roduc t ion  f rom be low;  I I  - -  i n t roduc t ion  f rom above;  o - -  exper imenta l  data 

recommended that special techniques be applied in the determination of heats of 
reaction by thermal analysis. For instance, the use of a design in which the gas flow, 
during gas evolution, exercises a positive pressure on the sample instead of making 
it less compact. Dilution of the sample with a thermally inert substance will likewise 
reduce the error in heat of reaction determinations, since it reduces the amount of 
gas evolved and also heat and mass exchange with the surrounding medium. To 
correct the results at high rates of gas evolution, further terms would have to be 
introduced into Eq. (8), taking into account the decrease of density. The difficulty 
involved is that in real processes the rate of gas evolution is variable, and hence the 
density of the disperse material in the course of gas evolution varies too. 

When the data in Table 1 are considered, it should be noted that a flow of gas 
having a higher thermal conductivity leads to a lesser increase in the overall thermal 
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conductivity of the sample than does a flow of gas with a lower thermal 
conductivity. For instance, a helium flow from above at a rate of 5 ml/s causes a 
peak area decrease of 5%, while a carbon dioxide flow at the same rate give a 
decrease of 13%. 

The reasons for this difference in the effects of thermal conductivity by 
convection are the differing properties of the gases, and in particular, differences in 
density, viscosity and thermal capacity. Changes in contact thermal conductivity 
are more noticeable for the flow of a gas with a higher thermal conductivity. It was 
stated earlier [9] that, with increasing thermal conductivity of the solid phase, the 
effect of the thermal conductivity of the gas phase will be less expressed. In the case 
of the flowing gas phase, this conclusion is confirmed. In heat of reaction 
determinations through peak areas of DTA curves, the greatest errors due to the 
effect of the flowing gas phase will occur when substances with low thermal 
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Fig. 3 Possible errors in determinations of heat of reaction by peak area, due to the exchange of the 

atmosphere from helium to carbon dioxide and to gas flow. 

I - -  introduction from above; II - -  introduction from below; III - -  total error at the most 

unfavourable conditions 

conductivities are investigated and the thermal conductivity of the gas evolved in 
also low. 

Via Eq. (8), the error in heat of reaction determinations through peak areas can 
be quantitatively expressed if the role of gas flow is ignored. If thermal analysis is 
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carried out in an atmosphere of the gas evolved in the thermal dissociation of the 
sample, and the flow rate of the gas through the sample is w, the percentage error is 
expressed by the formula 

A S  = I Sflow - asiatic I '~ 
Ssta t i  r 100 = 2 + A w d : B w  2 1 �9 100 (10) 

where 2 is the thermal conductivity of the sample in the event of an immobile gas 
phase [9]. 

Figure 3 demonstrates the possible error in heat of reaction determinations via 
the DTA peak area. Curve I shows the error possible in the results when thermal 
analysis is performed in a carbon dioxide gas flow introduced from above, and 
curve II that for a gas flow introduced from below. Curve III illustrates the possible 
error when thermal analysis is performed in helium and, as a result of dissociation, 
carbon dioxide gas is evolved at different rates (e.g. thermal dissociation at different 
heating rates). 

Analysis of curves I and II demonstrates that, which increasing gas flow rate, 
the possible relative error increases, by reason of the thermal conductivity change of 
the sample due to gas flow. Curve III demonstrates the possible error under the 
most unfavourable conditions: the thermal conductivity of the sample changing 
due to the gas change in its pores from helium to carbon dioxide, and also 
decreasing by reason of the flow of a low-conductivity gas. 

The rate of gas evolution in real endothermic processes at relatively low heating 
rates does not usually exceed 3-4 ml/s. In this case, the possible error is small. 
However, as shown by curve III, the overall error, due to the exchange of helium by 
carbon dioxide (a case frequently occurring in practice) and to the carbon dioxide 
flow, may reach values as high as 35%. 

Conclusions 

1. According to theoretical concepts, the thermal conductivity of a gas increases 
with its flow rate, and hence the overall thermal conductivity of a disperse material 
should increase, resulting in a decrease of peak area. However, the experimental 
data have demonstrated that, with increasing flow rate of the gas through the 
sample, peak areas may either increase or decrease. 

2. The assumption was made that, besides the increase of thermal conductivity 
due to the gas flow, another phenomenon will also bring about a change in the 
thermal conductivity of the sample; this is the change in the contact between the 
particles of the solid phase, due to the gas flow. When gas is introduced from above, 
both effects will act in the direction of increasing overall thermal conductivity and 
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858 EGUNOV et al.: QUANTITATIVE THERMAL ANALYSIS 

hence decreasing peak area. However, when the gas is introduced from below, it will 
loosen the contact between the particles and thereby decrease the overall thermal 
conductivity. This occurs to a greater extent than its increase due to the gas flow, so 
that the the peak area will increase. 

3. Processing of  the experimental data led to the mathematical relationship for 
the peak area vs .  the flow rate and thermal conductivity of the gas and the thermal 
conductivity and dispersity of the solid phase. With increasing dispersity, the gas 
flow will act to a greater extent on the peak area. A reduced thermal conductivity of  
the solid and gas phases will act in a similar manner. 

4. The largest errors due to the gas flow will occur when both the solid and the gas 
have low thermal conductivities; for most real endothermic processes, the error will 
not exceed 15%. 
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Zasmnmenf~ssung - -  Bei der Analyse disperser Materialien sind die thermophysikalischen Kenndaten 
(Geschwindigkeit, W/irmeleitf'~ihigkeit, W/irmekapazitS.t) des durch die Poren der Probe strrmenden 
Gases f'tir die Bestimmung der Phaseniibergangsw/irmen von groBer Wichtigkeit. Wir haben festgestellt, 
dab die den Phaseniiberg/ingen zuzuschreibenden Peakfl~chen mit steigender 
Strrmungsgeschwindigkeit des Gases entweder kleiner oder grrBer werden. Die grrBten dutch die 
Gasstrrmung in den Poren verursachten Fehler (bis zu 15%) treten dann auf, wenn sowohl die 
Wfirmeleitf':ihigkeit des Festkrrpers als auch die des Gases, in dem die Analyse ausgeffihrt wird, niedrig 
sind. Die experimentell abgeleitete Beziehung zwischen der Bergfl~che, der Strrmungsgeschwindigkeit 
und Wfirmeleitf'fihigkeit des Gases und der Dispersit/it und W/irmeleitf'fihigkeit der festen Phase erlaubt 
die Berechnung des mrglichen Fehlers und damit das Ergreifen von Mal3nahmen zu dessen 

Verringerung. 

PeamMe - -  Hpn ana_an3e ~t~cnepcnblx MaTepna.rlOn ]I.~a onpeaeaenna Ten~OT dpa3onblx npeapameHnfi 
6oabmoe 3naqenne HMelOT Tenylodprlantlecrne xaparTepncTrlrn (CI~OpOCTb, TennonpoBojanocTb, 
TenJIOeMI(OCTb) ra3a, ~IBnxyLueroca CKBO3b nopbI o6pa3ua. 
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Cor .aacno HpoBe~eHHblM HCCJlC~IOBaHH~Ild ll.qOlllalIH IIHKOB, COOTBeTCTBylOIII~IC qba3OBblM npeBpa- 

UleHH~M, C yac~HqeHHeM cKopOCTH ~tBHX~CrlHg ra3a ~epe3 o6paaett MOFyT KaK yMeHbtuaTbC~, TaK H 

yge.rlHtlltBaTbCg. Han6o:qee CytlleCTBeHHble OIIIH6KH, Bbl3BanHble ~BH~ettHeM ra3a  qepe3 llOpbI 

~ c H c p c n o r o  MaTepHa.~a ri jlOCTHralo~ric 15%, MOFyT npotl3OfiTrl B Tex c~yqagx,  ~or l la  TBep•oe 

BelUeCTIIO H ra3, B a T M O c ~ p e  KOTOpOFo I/pOH3BO~HTC~I aaa_qn3, 06~a~arOT n~oxo~ 

TelUIOIIpOBO2IHOgTblO. 

BuBe~enna~ Ha ocnoae  3KcnepHMeHTa~,Hb]X ~aaHHblX 3aBHCHMOCTb ILrlOILIa~H nnKa oT c~opocTlf 

21BH~KeHHg H TeI1JIoIlpOBOAHOCTH ra3a, a Tar;Ke OT ~HCI'IepCHOCTH ;t TelLrloHpoBo~IHOCTH TBepllo,q qbaal, l 

no3Boartna paccqHTaTb BO3MOX~Hy~o omH6~y H Ha 3TO~ OCHOBe npl~H~Tb Mepbl K ee yMeHr~tHeHHrO. 
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