
4 RESULTS AND DISCUSSION

4.1 Characterization of Ore

4,11 Thermal analysis & x-ray diffraction:

The size analysis and chemical composition of the ore is indicated in 

table 4.1 and table 4.2. The analysis indicates that lime, silica and alumina are the 

other constituents of the ore along with iron bearing minerals. The results of x-ray 

diffraction of raw ore^with search match analysis^from standard charts^5 is tabulated 

in table 4.3. The result indicates that hematite is the main constituent of the ore 

along with goethite (FeO.OH) and iron oxalate hydrate (FeC204.2H20) as 

associated minerals. Kaolinite (A^S^OsPH),*) and eudialyte having composition 

{Na4(Ca,Fe")2ZrSi60i7(0H,CI)2} are the best match for other peaks, indicating their 

presence. Many investigators have reported the association of goethite, kaolinite 

and other clay minerals with iron ores14,18,19,23.

Figure 4.1 indicates the results of simultaneous thermal analysis of iron 

ore powder for one set of experiment with heating rate of 10°C/min. Similar plots 

were observed for other sets of experiment. The result of TG analysis of the ore in 

air for heating rates of 10°C/min to 30°C/min is indicated in figure 4.2 as multiple 

plots. The figure indicates four stages of weight losses followed by a weight gain at 

later stages in all the cases reported. The first loss of about 0.6% (10°C/min) is due
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Table No.4.1
Size analysis of ore powder

Mesh Microns % Weight 
Retained

-100+170 
-170+200
- 200+300
— 300+pan

-152+86 
- 88+76 
~ 76+54 

-54

1.90
6.00
56.0
36.1

Total 100%

Table No.4.2
Chemical analyis of iron ore

Element Percentage 
(mass %)

Total iron (Fe) 
S1O2

CaO
Al203

Loss on igition

63.0
3.30
1.00 \ 

2.02
4.00
100%
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Sample : Iron ore ( 9058 Mg), Heating rate: 10°C/min

-10 8735
295 580

Temperature (C°)

865 1150

Fig. 4.1 Simultaneous analysis curve for one set (Sample iron ore 
heating rate 10°C/min)
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Fig. 4.2 Multiple plot of TGfor heating rate 10°C/min to30°C/min
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-X

to the absorbed moisture. The second stage of weight loss, in the temperature range 

of 244°C to 357°C and amounting to 1.6% is due to the decomposition of goethite 

and iron oxalate hydrate. The third and fourth stages in temperature range of 357°C 

to 676°C and amounting to 0.9% and 0.1% respectively is attributed to the 

decomposition of gangue materials. At final stages after around 676 C the samples 

gradually gained weight by about 0.2%, indicating the probable oxidation of the 

products of gangue decomposition. The gangue decomposition is better resolved by 

TG analysis in nitrogen atmosphere and is discussed at'later stages of this text.

Figure 4.3 indicates the DTG plot of the same data. The result shows a 

major peak of weight loss corresponding to goethite and iron oxalate hydrate 

decomposition and a small hump attributed to gangue decomposition. As expected 

the peaks shift to higher temperature with increase in the rate of heating. The 

maximum rate of decomposition (peak value) also increases with heating rate from 

0.3260 %/min for 10°C/min to 0.935%/min for 30°C/min for goethite decomposition. 

Similar trend is observed for gangue decomposition also.

The multiple DTA plots of the sample are represented in Figure 4.4. The 

endothermic peak in temperature range of 318°C to 335.8°C for heating rates of 

10°C/min to 30°C/min corresponds to decomposition of goethite20,21. The results 

indicate the right shift of the peak temperature from 318°C to 336°C. The AT value 

increases from 3.6 pV to 11.90 pV with heating rate. However the area of the curve, 

which is proportional to the amount of heat absorbed and quantity of goethite 

present, remains almost same around 10 pYs/mg.

l
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Fig. 4.3 Multiple plot of DTG for heating rate 10 °C/min to 30 °C/min
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Fig. 4.4 Multiple plot of DTA for heating rate 10 °C/min to 30 °C/min 
(Reference oc-Alumina)
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The literature20,21 on DTA of hydrated iron oxide indicate that goethite

decomposes around this temperature and a well-crystallized goethite decomposes 

around 380°C. There are, however fine grain goethites, with disordered structure, 

which dehydrate much below this temperature. The decomposition of Australian iron

associated goethite occurs around 300°C and was indicated by an endothermic 

peak in DSC plot (figure 2.1). This supports our observation confirming the presence 

of goethite in present ore as indicated by x-ray analysis.

of 270°C. This peak is attributed to the decomposition of iron oxalate hydrate phase 

indicated in x-ray analysis. The oxalates on heating in air decompses20 to CO, CO2,

metal oxide and water molecule. It is reported that. nposition yields two

endothermic peaks in the range of 270°C - 280°C coinciding with present 

observation and confirming the presence of iron oxalate hydrate.

ray analysis of iron ore heated to 355°C and cooled was carried out. The results 

(figure 4.5) indicate that peak representing goethite at'd* values 4.16A0. 2.475A0 and 

2.442A0 in ore analysis were absent. Similarly peaks corresponding to the iron 

oxalate hydrate phase at'd’ values of 4.8Q8A0, 4.724A°and 2.298A0 were also not 

observed.

4.1.2 Quantitative phase analysis of minerals:

20As indicated in chapter 2, the decomposition of goethite can be written as :

ore was studied by Akiyam et al and reported that the decomposition of

The DTA plot also indicates shallow endothermic peaks at temperatures

To confirm the presence of these phases and their decomposition an x-

61



C
P

S

Fig. 4.5 X-ray diffraction pattern of partially decomposed iron ore 
with original sample
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2(FeO.OH) = Fe203 + H20t

with stoichiometric weight loss of 10.11%. 

Similarly the oxalate decomposes in air as20:

2(FeC204 2H20) = 2FeO +2CO+ 2C02+4H20 

2FeO + 1/2 02 = Fe203

2{FeC204.2H20) +1/202 = Fe203+2C0 t+2C021+ 4H20f 

with net stoichiometric loss of 55.56%.

This aspect could be used to estimate the amount of these phases 

present in ore. Weight losses corresponding to each of these individual reactions 

could be ascertained by TG analysis.

One of the methods is to consider the onset point of DTA endothermic 

peak of goethite decomposition as the cut off point of the two reactions mentioned 

above. Figure 4jojndicates the 2nd stage weight loss region of TG along with 

corresponding DTA and DTG plots for one of the experiments with 30°C/min 

heating-rate. For this case, the second stage weight loss commences at 250.3°C 

and completes at 371.1°C with net weight loss of 152.8pg. The onset point of/ 

goethite decomposition is at 311.6°C. The weight of the sample at this temperature 

is 9484.3pg. Thus the sample lost 58.3 pg out of total 152.8pg due to oxalatej 

decomposition. It could be noticed that the slope of DTG curve also changes at this

ft

point of 311.6°C.The results of other sets of experiments is shown in figure 4.7 to

_____|Q M 

u

figure 4.9.
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Sample Weight :9796ug Heating Rate: 15°C/min. Air

Fig. 4.7 Simultaneous plot (TG/DTA/DTG) for decomposition. 
(Heating rate: 15°C/ min)
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Fig. 4.8 Simultaneous plot (TG/DTA/DTG) for decomposition. 
(Heating rate: 20°C / min)
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Fig. 4.9 Simultaneous plot (TG/DTA/DTG) for decomposition. 
(Heating rate: 25°C / min)
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SampleWeight:9596ug, Heating Rate:30°C/min, Air

Fig. 4.10 Simultaneous plot (TG/DTA/DTG) for decomposition. 
(Heating rate : 30°C/min)
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The selection of this cut off points is crucial in quantitative phase 

analysis hence it was also checked by evaluating the activation energy of the 

decomposition reaction at various stages. One of the method to do so is by Broido's 

method56,57 which is represented by equation:

ln(ln(mo/m) = - E/R (l/T) + constant ________ (4.1)

'm0' is the original weight of the sample, 'm' is the weight of sample at an instant 

when temperature is' T'E' is the activation energy and 'R' the gas constant. In this 

method, plot between in ln(ln(m0/m)) Vs (t/T) yields a straight line and the slope 

gives the value of activation energy. The point of change in slope of the line 

indicates change in activation energy and hence the change in reaction.

Figure 4.11 indicates the multiple plot of second stage weight loss of TG 

analysis for different heating rates of 10°C/min to 30°C/min. The points on curves 

indicate the temperature values at 0%, 20%, 30%, 40%, 60%, 80% and 100% 

change of second stage weight loss. The fraction of reaction (x) is given by:

x=(m0-m)/(mo) (4.2)

x — (1 -ml mo) (4.3)

mo/m = (1-x)’1 (4.4)

Substituting in equation (4.1) we get:

(n{ln(1 -x)‘1}= -E/R(1/T) + constant. ___________ (4.5)
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Fig. 4.11 Multiple pIot-TG second stage weight loss for different 
heating rates(with off-set)
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This equation is identical to the equation (2.19) as discussed in 

chapter 2.The LHS of the above equation was calculated for 'x' values of 0.2, 0.3, 

0.4, 0.6 and 0.8 for three sets of heating rates, and plotted in figure 4.12. The 

change in slope of this plot is observed at 'x* value of 0.38 indicating that the cut off 

point for above two reactions is at 38% weight change point of TG curve. This point 

coincides with onset of DTA curve for goethite decomposition as discussed earlier. ,

Once this point is identified, the weight loss contributed by each of the 

individual reaction is evaluated and tabulated in table 4.4, along with the quantity 

and percentage of phases for all sets. The table shows that average amount of iron 

oxalate hydrate present in the ore is 1.09% and that of goethite is 9.74%.

4.1.3 Activation energy and order of reaction:

The activation energy value for goethite decomposition is calculated by 

Kissinger 41 method. The equation is discussed in chapter 2. In this method 

ln(B/Tm2) Vs 1/Tm for different heating rates ‘B’ to get a straight line with slope

(-E/R). Here ' Tm' is the minimum temperature at DTA endothermic peak. The peak 

temperatures and heating rates are noted from figure 4.4 and plotted in figure 4.13. 

The activation energy value is 175 kJ/mole. Table 4.5 indicates the calculation of 

activation energy. ™ t

An attempt has been made to determine the mechanism of goethite 

decomposition by evaluating the parameter 'n' in function equation 37,41

F(x) = (1-x)n __________ (4.6)
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Table No. 4.4
Quantitative Analysis of Mineral Matter in Iron Ore

Sr.No. Rate of 
Heating 
(C/min)

Sample
weight

(49)

Weight loss in second stage of 
TG analysis

Amount of minerals

Oxalate
Decomp.

Goethite
Decomp.

Total Iron o] 
Hyd

icalate
rate

Goethite

Mg) Mg) Mg) {MS) % Mg) %

1 10 9058 54.4 88.8 143.1 97.91 1.081 873.34 9.697
2 15 9796 59 95.5 154.5 106.19 1.084 944.61 9.643
3 20 9935 61.6 101.4 163 110.87 1.115 1002.96 10.10
4 25 9856 60 94.6 154.6 107.99 1.096 935.7 9.49
5 30 9596 58.3 94.5 152.8 104.93 1.093 934.72 9.74

Average 1.094 Average 9.74
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Fig. 4.13 Kissinger method - Calculation of activation energy

74



Table: 4.5 Calculation of Activation Energy (Kissinger Method)

S.N Rate of 
Heating
0 C/m in

Peak
Temp.
°C

Peak
Temp.
(K)

1/T
x 103 (K'1)
( X)

In (B/ Tm2 )
( Y )

XY

1 10 318.4 591.4 1.6909 -10.4624 -.01769087
2 15 324.7 597.7 1.6731 -10.078127 -.01686171
3 20 331.0 604.0 1.6556 -9.81142 -.01624378

4 25 332.8 605.8 1.6507 -9.59422 -.01583717

5 30 335.8 608.8 1.6426 -9.42178 -.01547621
I - - - 8.3129 -49.367947 -.08210974

/ 2XY- (EX2Y)/n
Slope = -------------------------

/ PV2 /PV s2,EX -(EX)7n

\
Activation Energy

-.08210974-(-.08207816) 

13.82236303- 13.82086128 

-0.00003158

0.00150175

,-i

10°

-21028.8 K 

21028.8 x 8.314 Joules/mol/K 

174833.441 Joules./mol 

175 k. J/mol
/
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used in non-isothermal kinetic analysis. As discussed in chapter 2, at inflexion point 

of TG curve, when the second derivative is zero.

E.B n (dx/dt)max

R r max
(1'Xmax)

.(4-7)

B

T 2
max

here:

~nR (dx/dt)max 

E (1-Xmax)

Tmax = Temperature of TG influx

.(4.8)

The plot between function of RHS in brackets with B/Tmax2 will give a straight 

line with positive slope of nR/E. The value of parameter 'n' could be evaluated for 

above calculated value of activation energy (175kJ/mole). Figure 4.10 indicates that 

goethite decomposition commences at 311.6°C and completes at 371.1°C with 

weight change of 94.5j.ig. The maximum rate of this decomposition is at 330.4°C and 

is 91.3 pg/min. The corresponding weight at TG curve is 9441.9 pg i.e. the sample 

loses 42.4 pg up to this point. The fraction of goethite decomposed at this point of 

time is 0.4487 (42.4/94.5)corresponding to dm/dt of 91.3 pg/min and dx/dt of 0.966. 

These values are similarly calculated for other sets of experiments and the plot 

between the function {(dx/dt)max/(1 -xmax)} and B/Tmax2 is shown in figure 4.14.The 

slope of the curve (nR/E) is evaluated and the value of 'n' calculated for an
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Fig. 4.14 Plot between B/Tmax2 Vs (dx/dt)max/ (1-Xmax) for 
evaluation of order of reaction.
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activation energy value of 175 kJ/mole, which is equal to 0.98 as indicated in table 

4.6.

The value of 'n' for different kinetic processes is indicated in

literature41,51. For nucleation controlled reaction mechanism which is represented by

j Jr
the equation: ^Jr o*~ >

ln(1-x) = kt ___________ (4.9)

and in differential form

dx/dt = k(1-x) __________ (4.10)

the value of W is I.The value of W obtained in present investigation is 0.98 and is 

comparable to T indicating that the goethite decomposition has a nucleation 

controlled mechanism and is a first order reaction.

4.1.4 Gangue material decomposition.

The x-ray analysis of the ore indicated the presence of two gangue 

minerals, one ‘Kaolinite’ and other ’Eudiaiyte'. Presence of kaolinite as gangue 

mineral in iron ores is reported in many investigations.10 n' As discussed earlier this 

mineral decomposes around 600°C losing water. The x-ray analysis of ore powder 

heated to 650°C is indicated in figure 4.5 which shows that peaks of kaolinite and 

eudiaiyte, present in ore, disappear indicating their decomposition.

The decomposition of these gangues, in present work, is indicated by 

the third and fourth stage of weight loss in TG curve (figure 4.2). The figure indicates

l
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TABLE: 6 Calculations for order of reaction ‘ n’

Rate of 
Heating 
°C/min

DTG
(Tmax)

°c

dW/dt dx/dt Goethite 
Weight 
loss (jag)

xm« (dx/dt)BSS

pg/min 1/min C ^“?0max 103

10 314.6 31.13 .3505631 88.8 .4211712 .605642 2.896253

!5 321.8 46.51 .4870157 95.5 .4712042 .9209901 4.239839

20 327.5 63.2 .6232742 101.4 .4802761 1.199241 5.546308

25 328.2 75.3 .7959831 94.6 .4693446 1.499999 6.916749

30 330.4 91.3 .9661376 94.5 .4486772 1.752399 8.239686

Calculation of slope by Least Square Method.

S.N X Y X 10'3 XY

1 0.605642 2.896253 1.754092459

2 .9209901 4.239839 3.904849745

3 1.199241 5.546308 6.651359952

4 1.499999 6.916749 10.37511658

5 1.752399 8,239686 14.43921751

Z 5.9782711 27.838835 37.12463625

EXY - (EX EY)/n
Slope = ---------------------

EX2 - (EX )2/n

37.12463625 - 33.28562055
----------------------------------- = 4.647 x 10'5

7.974103228 - 7.147945069

Value of V = 4.647 x 1 O'5 x 175000 = 0.98
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that for all the cases of heating rates, the samples gain weight. This gain in weight 

was not observed when the experiment were conducted in nitrogen atmosphere 

(figure 4.15), which indicates that the weight gain is caused by the oxidation of some 

of the elements present in the decomposition products.

As reported in chapter 2, the decomposition of kaolinite occurs as:20 

Al2Si205(0H)4 = Ai203 + 2Si02+2H20t

This reaction yields 13.95% of stoichiometric weight loss due to loss of 

water molecule and yields terminal oxides of aluminium and silica, probably as 

silicate, with no further oxidation possible. The other gangue,* Eudialyte* containing 

elements as Fe+2 and zirconium may yield products of decomposition liable to 

oxidise.

Figure 4.l5.depicts that the fourth stage of weight loss is better resolved 

in nitrogen atmosphere by a sharper weight loss with prominent DTG peak (figure 

4.16).This also indicates that the oxidation of the decomposed product of eudialyte 

and the decomposition of the other gangue, kaolinite are overlapping processes. 

Any attempts to decrease the oxidation rate or its elimination resolve the 

decomposition of kaolinite better. This adds to the proof that one of the gangue 

yields decomposition product which are liable to oxidies/

To analyse the process better x-ray analysis of the ore after heating it to 

900°C in air, nitrogen, argon and in oxygen atmosphere were carried out. The results
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Fig. 4.16 Differential themnogravimetry (DTG) of iron ore in different 
media.



for range of 20° to 40° and 40° to 70° are indicated separately in figures 4.17 and 

4.18 for better presentation. The analysis indicates that pCaO.SiC>2 (triclinic) and

quartz along with hematite are the main phases present. A few peaks of calcium 

ferrite are seen in case of air. On the other hand, the sample fired in inert 

atmosphere indicates more probability of presence of phases as CaaSiO^ Fe2Si04 

etc than pCa0.Si02. The peaks at 2.499A0, 2.822A0 indicate fayalite and those at 

2.714A0, 2.82A0, 2.74A0 are of Ca2Si04.The split peak at 2.532A0 with other peaks 

2.969A0, 2.099A0 and 1.616A0 indicate magnetite formed due to incomplete 

oxidation of FeO formed as intermediate phase of goethite and oxalate 

decomposition. The x-ray diffraction pattern of sample fired in oxygen indicates 

primarily hematite peaks. The intensity of all other peaks decreases substantially, 

however, the phases pCaO$iC>2, SiC>2 and Ca0.Fe203 could be seen.

Thermodynamically 58 zirconium chloride and oxide are more stable 

than other possible chlorides of this system as SiCU or FeCh. The reaction is 

dependent on oxygen potential of atmosphere as indicated in figure 4.15 where 

weight loss in case of oxygen is much higher. The oxidation of zirconium chlorides to 

its oxide and chlorine gas is also a known reaction in zirconium extraction process.59

To check the evolution of any chloride fumes in the reaction, the evolved 

gas was tested for its chloride content by passing it through a distilled water bubbler. 

Oxygen, argon nitrogen and air were used as carrying gas. The silver nitrate test 

indicated a distinct milky colour in case of oxygen but very little change in colour of
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Fig. 4.17 X-ray analysis of iron ore decomposed in different media.
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water in case of argon, nitrogen and air. This indicates the presence of chlorine 

fumes in exit gases specifically in oxygen.

Many investigations are reported on mineral formation on heating iron 

ores containing CaO, SiC>2, AI2O3. As discussed in chapter 2 minerals reported 30 

are fayalite, calcium silicate, calcium olivine, mono-calcium ferrite and di-calcium 

ferrite. Matsuno29 reported that when the mixture of Fe2C>3 - CaO - Si02 is heated, 

melts are formed locally which was indicated by two endothermic peak in the 

temperature range of 1200°C to 1240°C. Kasai31 also observed the melt formation 

and their interaction. The shape and intensity of endothermic peaks depends on 

composition of ore mixture. In some cases peak broadening was observed due to 

prolonged melting. Wynnyckyj4 reports that trivalent iron oxide does not form silicate 

and the melt formed depends on the oxygen potential of system, in case of higher 

oxygen potential, calcium ferrite melt is formed but at lower oxygen potential and in 

the presence of Fe+2 ion, it forms silicate melt. These observations discussed in 

chapter 2 are consistent with present observations.

Figure 4.19 indicate the results of DTA of ore sample in air, conducted 

with slow heating rate, in the range of 1100°C-1260°C. The endothermic peak at 

1209°C and a prolonged melting in temperature range 1213.8°C to 1259.9°C 

indicate the presence of fayalite, calcium-ferrite respectively60. The x-ray pattern of 

ore powder heated to 1250°C is indicated in table 4.7. The results indicate the 

presence of phases discussed above. The prolonged melting of calcium ferrite is 

expected as per Ca0-Fe203 equilibrium diagram60 reproduced in figure 4.20.
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Sample: Iron ore(8053Pg) Heating rate: 5°C/min.

Fig. 4.19 TG, DTA upto 1260°C shows melting of calcium ferrite
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Fig. 4.20 Equilibrium diagram of Ca0-Fe203 System (Ref No.59)

89



Figure 4.15 indicates a decrease in sample weight at 880°C to 

1150°C in case of nitrogen atmosphere. The decrease was also observed in runs 

with lower flow rate of nitrogen (150mi/min). This decrease in weight is likely to be 

due to the localized melting of sodium silicates and its fluxing with ’FeO' available as 

decomposition product to yield iron silicate and evolve alkali oxides as:

Na2SiC>3+2FeO = Na20 f + Fe2Si04
and

Na20.2Si02+ 4FeO = Na201+ 2Fe2SiC>4

Figure 4.21 and 4.22 indicates this region of TG and DTA peak. The two 

endothermic peaks in temperature ranges of 880-920°C and at 1048-1087°C match

with melting region of Na20.2SiC>3 (874°C).and Na2Si03 (1087°C) as indicated in

equilibrium diagram of Na20-Si02 system 61 in figure 4.23. The two stages of this

weight loss is also notable by slope change in TG curve at about 1087°C and more 

evidently in DTG curve. These observations indicate the presence of alkali silicates 

in decomposition product.

In view of the above observation, one can make an attempt to write the ' 

probable reaction of 'Eudialyte* decomposition in different atmosphere as:

In air:

Na4(Ca,Fe+2)2Zr Sie Oi7(OH,CI)2 = Na2Si03+ Fe2Si04+ Si02+Ca2SiC>4+ZrCl2t

+H2O f +Na20.2SiC>2
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Sample Weight:8730M9 , Heating Rate:20°C/min f Nitrogen:300ml/min

Fig. 4.21 Sodium silicate melting and fluxing 

(Nitrogen flow rate 300 ml / min)
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Fig. 4.22 Sodium silicate melting and* fluxing 

( Nitrogen flow rate 150 mi / min)
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Fig. 4.23 Equilibrium diagram of Na20 - Si02 System (Ref No.59)

Trid=Tridymite, Crist=Cristobalite, Qtz=Quartz, L=liquid 
NS= Na2Si03, N2S=2Na2SiOit NSa= Na2Si05
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Subsequently:

Fe2Si04+Ca2Si04+ 1/2 02= Ca0Si02+Ca0.Fe203+ Si02

In nitrogen:

Na4(Ca,Fe+2)2ZrSi60i7(0H,CI)2=Na2Si03+ZrCl2 t+Ca2Si04+Fe2Si04

+ Na20.2Si02 + Si02 + H2Ot

In Oxygen:

Na4(Ca,Fe+2)2ZrSi6Oi7(OH,CI)2+3/2 02 = CaO.Fe203 +CaSi03

Zr02+2Na20f+5Si02+H20f+CI2f

In present investigation, the weight losses observed in above reaction are of interest 

to warrant a quantitative analysis.

The decomposition reaction in nitrogen is selected for quantitative 

analysis of gangue present. The stoichiometric weight loss in a reaction is 19.67% of 

eudialyte. Figure 4.24 and Figure 2.25 indicates the thermo-gravimetry curve along 

with DTG. The onset and completion of a process could be marked on TG curve with 

the help of DTG peak terminal points. Figure 4.24 indicates that the onset of 

eudialyte decomposition for this case starts at 359.8 °C and continues to 569.2°C. 

The weight lost by sample in this region is 95.5pg. (8483.2pg - 8390.7pg) 

Stoichiometrically this loss corresponds to 470.26 pg of eudialyte phase. This 

amounts to 5.43% of eudialyte in the ore. Similarly in case of nitrogen flow rate of 

300 mi/min, the weight loss in this region (figure 4.25) is 85.7pg corresponding to
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Sample weight: 8660 ug, Heating rate •• 20 C/min (150 mt/min) 
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Fig. 4.24 TG/DTG of ore in nitrogen (Flow rate 150ml/min)
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435.69pg of eudialyte i.e. 4.995%. Thus the average amount of this clay in ore is 

5.21%. The decomposition of kaolinite commences at the 569.2°C and 574.5°C 

respectively and complete at 671.2 °C in both cases. The weight lost is 54.3pg and 

53.5pg yielding 389.25pg and 383.52pg of kaolinite. The average percentage of 

kaolinite is thus 4.44%.

Thus the over all phase analysis of ore is Goethite 9.74% , Iron oxalate 

hydrate 1.09% Kaolinite 4.44%, Eudialyte 5.21% and rest Hematite 79.52%.

4.1.5 Change in true density of iron ore:

On heating, ore under goes a few physical and chemical changes as 

discussed in previous section. These transformations change the true density of 

powder. The following table indicates the value of true density of powder after 

heating it to given temperature. The trend of change is indicated in figure 4.26.

Temperature( °C)

950

1030

1050

1100

1120

1200
1215

1250

1275

Density(Kg/m3)

4350 

4370 

' 4380 

4420 

4450 

4600 

4650 

4750 

4820

•€
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' Fig. 4.26 Change in true density of iron ore powder on heating.
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4.2 Thermal Diffusivity and Conductivity Measurement.

The thermal diffusivity and conductivity studies were made with three 

types of pellets.

1 Pelletized pellets.

2 Hand rolled iron oxide pellets.

3 Pressed and carved pellets.

The first two categories of pellets are discussed here together and the third at later 

stage.

Figures 4.27 to 4.38 indicate the rise in surface and centre temperature 

of a pelletized pellet with time and figures 4.39 to 4.43 for hand rolled iron oxide 

pellets. The relationship between surface tempearture (Ts) and centre tempearture 

(Tc) for one set of reading for pelletized pellet with porosity 32.17% is indicated in 

figure 4.44. An attempts were made to correlate 'Ts' and Tc' with time 't'. Out of the 

expressions attempted the expression of the type.

Tc=Ts (1-e Kt)+ To e'Kt ____________ (4.11)

or
(Ts-Tc) / (Ts-To) = e‘Kt. _________ (4.12)

was found to suit best, 'To' is the initial temperature of pellet and 'k' is a parameter. 

Ray62 et al derived such an equation assuming exponential rate of heating of volume 

elements of sample. Watts and Wright also used similar equation to correlate the 

temperatures in their studies.
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Fig.4.27 Rise in surface, centre and average temperature in 
pelletized pellet with time.(Size=0.6146cm&Porosity=B24.27%)

C
O cn

oooIOcooIOIOto©<NIOo

co oIOf~-cr
> otoito> oIO

Te
m

pe
ra

tu
re

 (C
)

too



Time (Sec)

Fig. 4.28 Rise in surface, centre and average temperature in 
pelletized pellet with time. (Size=0.5854cm&Porositys=25.87%)
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Fig. 4.29 Rise in surface, centre and average temperature in 
pelletized pellet with time.(Size= 0.6283cm8tPorosityss28.08%)
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Fig. 4.30 Rise in surface, centre and average temperature in 
pelletized pellet with time.(Size~0.6294cm&Porosity=32.17%)
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Fig. 4.31 Rise in surface, centre and average temperature in 
pelletized pellet with time.(Size= 0.6294cm& Porosity=32.17%)

104



Time (Sec)
Fig. 4.32 Rise in surface, centre and average temperature in 
pelletized pellet with time. (Size=:0.6360cm&Porosity:333.54%)
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Fig.4.33 Rise in surface, centre and average temperature in 
pelletized pellet with time.(Size=0.6154&Porosity=34.13%)
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Fig. 4.34 Rise in surface, centre and average temperature in 
pelletized pelle with time.(Size=0.6154cm&Porosity==34.13%)
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Fig, 4.35 Rise in surface, centre and average temperature In 
pelletized pellet with time. (Size- 0.6839cm&Porosity=34.51%)
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Fig. 4.36 Rise in surface, centre and average temperature in 
pelletized pellet with time. (Size=0.6921cm&Porosity=35.36%)
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Fig. 4.37 Rise in surface, centre and average temperature in 
pelletized pellet with time.(Size=0.6921 cm&Porosity= 35.65%)
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Fig. 4.38 Rise in surface, centre and average temperature in 
pelletized pellet with time.(Size=0.7863cm&Porosity=38.76%)
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Fig. 4.39 Rise in surface, centre and average temperature in 
iand rolled pellet with time. {Size= 0.5672cm& Porosity=28.36%)
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Fig.4.40 Rise in surface, centre and average temperature in hand 

rolled pellet with time. (Size=0.6490cm& Porosity =29.51%)
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Fig.4.41 Rise in surface, centre and average temperature in 

hand rolled pellet with time.{Size=0.5756cm& Porosity=30.44%)



Fig. 4.42 Rise in surface, centre and average temperature in hand 
roiled pellet with time. (Size= 0.5756cm& Porosity=30.44%)
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Fig4.43 Rise in surface, centre and average temperature in 
hand rolled pellet with time. (Size=0.6690cm&Porosity=34.96%)
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Fig. 4.44 Relationship between surface temperature(Ts) and 

centre temperature (Tc). (Pelletized pellet) 
(Size=0.6294cm&Porosity=32.17%)
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Validity of the equation (4.11) in the present work was tested by plotting a 

curve between -In ((Ts -Tc)/(Ts -To)) with time (t) for one case and is represented 

in figure 4.45. The linear plot confirms the suitability of the expression for most of the 

region of heating, except at final stages when Tc' approaches 'Ts' and the curve 

tends to be asymptotic. The system takes about 30 to 45 seconds to stabilize \ 

depending on pellet size. A similar type of expression correlating temperature of a 

volume element at a radial distance 'r* can be envisaged as:

Tr=Ts(1-e'K't)+Toe‘K't \(4.13)

ufWhere k' is another parameter. Relation between^ and :kj is necessary for further 

analysis of the results and needs to be evaluated.

Taking
K=rk|W-r))n

here ’R’ is the radius of the pellet, Eq,(4.13) modifies to 

T r=T s( 1 -e’k * + joe

(4.14)

.(4.15)

The above equation satisfies our boundary conditions for any value of 'n\ The 

value of 'n' in the present case was determined experimentally. The temperature at 

surface and at half-radial distance r=R/2 were measured during heating of a pellet 

when exposed to furnace. Subsequently for the same pellet, a hole up to half radius 

was extended to centre and ' Ts' and ' Tc ' were recorded. Two runs were taken to 

check reproducibility in each case. Pure iron oxide pellet was preferred for this run. 

Figure 4.46 represents the variation of temperature at surface, half radius and at
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Fig. 4.4S Validity of equation (4.12) in case of pelletized pellet 
(Values of parameter k.)

(Pellet size=0.6839cm&Porosity=34.51%)
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Fig.4.46 Rise in surface, half radial and centre temperature with
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Fig.4.47 Calculation of parameter k and k*. 
(Pellet size=0.6550cm.&Too =735 °C)
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centre of the iron oxide pellet with time. The parameter k' and k were evaluated by 

plotting -ln((Ts-Tr/2)/(Ts-To)) and In ((Ts-Tc)/(Ts-To)) Vs time (t) for this pellet. 

The results are indicated in figure 4.47. The ratio between the slopes of these two 

linear plot k'/k was found to be 1,238 and the value of 'n' in Equation (4.15) as 0.3 

Thus the expression modifies to

T T .. _kt(R/(R-r))n _ -kt(R/(R-r))n
Tr=Ts(1-e v v +Toe v v " _____________ (4.16)

On simplification .

_ _ _ _ , - kt(R/(R-r) )03
Tr=Ts-(Ts-To)e _____________ (4.17)

Ray 62 reported that the parameter 'k* is not a constant but may vary with 

process conditions. In view of the above the temperature ’Tr ' is calculated with 

instantaneous 'k' value at any time (t). The temperature of elements of 1mm 

thickness and with radial distance V equal to (R-0.05), (R-0.15), (R-0.25)....are 

calculated using equation (4.17) for various time intervals. The results of various 

sets are indicated in figure 4.48 to 4.59 which in fact, indicate the temperature 

profile within pellet at various intervals. The average temperature of pellet at an 

instant was further calculated by using an equation.63

rR 2 Jq 4 nr Trdr
Tav= _______________ _______________(4.18)

J0R 4 % rTrdr

m



Fig. 4.48 Change in temperature profile and movement of heat 
front with time (Pelletized pellet).

(Pellet size=0.6146cm&Porosity=24.27%)
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Fig.4.49 Change in temperature profile and movement of heat 
front with time (Pelletized pellet).

(Pellet size=0.5854cm&Porosity=25.87%)
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Fig. 4.50 Change in temperature profile and movement of heat 
front with time (Pelletized pellet).

(Pellet size=0.6283cm&Porosity=28.08%)
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Fig.4.5| Change in temperature profile and movement of heat 

front with time (Pelletized pellet).
(Pellet size=0.6294cm&Porosity=32.17%)

Te
m

pe
ra

tu
re

 (C
)

126

Ti
m

e 
{S

ec
}



„ i i i i i r
0 0.1 0.2 0.3 0.4 s 0.5 0.6

Distance from surface (Cm)
Fig.4.52 Change in temperature profile and movement of heat 

front with time (Pelletized pellet).
(Pellet size=0.6294cm&Porosity=32.17%)
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Fig. 4.53 Change in temperature profile and movement of heat 

front with time (Pelletized pellet).
(Pellet size=0.6360cm&Porosity=33.54%)
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Fig. 4.54 Change in temperature profile and movement of heat 
front with time (Pelletized pellet).

(Pellet size-0.6154cm&Porosity=34.13%)
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Fig. 4.55 Change in temperature profile and movement of heat 
front with time (Pelletized pellet).

(Pellet size=0.6154cm&Porosity=34.13%)
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Fig. 4.56 Change in temperature profile and movement of heat 
front with time (Pelletized pellet).

(Pellet size=0.6839cm&Porosity=34.51 %)
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Fig.4.57 Change in temperature profile and movement of heat 
front with time (Pelletized pellet).

( Pellet size* 0.6921 cm&Porosity=35.65%)
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Fig. 4.58 Change in temperature profile and movement of heat 

front with time (Pelletized pellet).
(Pellet sizes 0.6921 cm&Porosity=35.36%)
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Fig. 4.59 Change in temperature profile and movement of heat 

front with time (Pelletized pellet).
(Pellet size=0.7863cm&Porosity=38.76%)
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and substiting the value of Tr1 from eq. (4.17) further integration. The calculated 

value of ’ Tav' with time is plotted in figures 4.27 to 4.38 and 4.39 to 4.43 along with 

Ts & Tc. One sample calculation for 'Tav' for pellet of size 0.5759cm and porosity 

14.29 % is presented in table No. 4.8 t A,B).

4.2.1 Calculation of thermal diffusivity by heat balance.

The heat balance at the surface of pellet dictate that amount of heat 

passing through the pellet surface inside is utilised in heating the pellet.

Thus. /

K A (dT/dr) = V p C (Tav/dt) (4.19)
__  _ _ _ _ f

Where, K= thermal conductivity of peIIet(Wm'1K1)
V= volume(m3) 
p= density.(Kg/m3}
C=heat capacity, (J.Kg'V1)
A= surface area of pellet.(m2)

Rearranging Eq. (4.19)

dTav/dt = [(K.A)/(V.p.C)].(dT/dr) _____________ (4.20)

Substituting for K/pCas 'a* and AW as 3/R for spherical geometry.

dTav/dt=( 3o/R ).(dT/dr) ____________ (4.21)

and

a = (R^ dTav/dt )/(3klT/dr) ,(4-22)
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Table No.4.8(A)

Average temperature calculation of pellet (Tav)
Pressed pelllet. Pellet size=Q.5759cm Porosity=14.29%

Time i 
(Sec)’ Element Temperature (Tr) (°C)

(R-r)Cm-» 0.05 0.15 0.25 0.35 0.45
15 49.72 43.67 41.3 39’. 89 38.9
30 141.91 117.35 107.06 100.72 96.22
45 249.89 208.13 189.81 178.25 169.91
60 361.89 310.77 286.22 270.18 258.38
75 449.59 397.64 370.59 352.28 338.51
90 518.66 469.9 442.52 423.38 408.67
105 575.47 534.2 508.84 490.37 475.81
120 617.11 584.95 563.12 546.49 533.01
135 647.56 622.48 603.92 589.2 576.97
150 675.82 655.96 640.09 627.05 615.96
165 642.65 677.19 663.9 652.6 642.78
180 702.61 693.34 684.22 675.94 668.47
195 715.35 708.02 700.36 693.19 686.59
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Table No.4.8(B)

Average temperature calculation of pellet (Tav)
Pressed pelllet. Pellet $ize=0.5759cm Porosrty=14.29% r?/J=0.06296782(Denominator)

Tav= 4/tj0VTr dr
irtjPr^dr *

Time. 
(Sec)i 
r?dr^(

r* dr Tr
Xr.2drTr

Numerator
Tav
<°C)

1 2 3 4 5
0.027657 0.018139 0.010621 0.005103 0.001585

15 1.3752 0.79203 0.4387 0.2036 0.06166 2.87119 45.09641
30 3.9248 2.1287 1.1371 0.5139 0.1525 7.85704 123.4068
45 6.8955 3.7752 2.016 0.9096 0.2693 13.86559 217.7802
60 10.0088 5.6372 3.0399 1.3786 0.4095 20.47404 321.5759
75 12.3468 7.2131 3.9362 1.7977 0.5366 25.8304 405.7051
90 14.3446 8.5236 4.7001 2.1605 0.6477 30.3766 477.1104
105 15.9157 9 6899 4.54045 2.5023 0.7542 34.2667 538.2098
120 17.0674 10.6103 5.9809 2.7887 0.8448 37.2921 585.7292
135 17.9096 11.2911 6.4142 3 0067 0.9145 39.5361 620.9743
150 18.6912 11.8985 6.7984 3.1998 0.9763 41.5642 652.829
165 19.083 12.1568 6.4492 3.2718 0.9985 42.4593 666.8877
180 19.4322 12.5763 7.267 3.4494 1.0595 43.7844 687.7009
195 19.7845 12.8428 7.4385 3.5374 1.0883 44.6915 701.9472
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The thermal diffusivity (a) can be evaluated for known values of

(dTav/dt) and (dT/dr). The value of (dTav/dt) for various time interval, can be

evaluated from 'Tav' values indicated in figures 4.27 to 4.38 and 4.39 to 4.43. The

slope (dTav/dt) at an instant was calculated by taking reading of'Tav'for points one

stage ahead and one stage behind and dividing the difference by 30 (Sec).

Evaluation of dT/dr is difficult and requires certain assumptions. Many expressions

relating dT/dr with heat transfer parameter *a‘ for different boundary conditions are
'Un

available in literature 44 These expression are not useful in/present case as the

basic aim is to evaluate ’a' through dT/dr. From figures 4.48 to 4.64 it is evident that

the depth of major temperature fall from Ts to Tc, changes with time of exposure.

Initially the heat front is concentrated at narrow depth near surface and with time it

penetrates inside. In present study 90% of temperature fall from Ts' to Tc' is

assumed major change and the depth at which it occur is calculated by equation

(4.17) to calculate dT/dr. Subsequently the values of 'a' were calculated. The

calculations are shown in table 4.9 to 4.20 for pelletized pellets and 4.21 to 4.25 for

hand rolled pellets. The average of best (middle) 7 to 8 readings is considered to

calculate average thermal diffusivity. The thermal conductivities are calculated by

taking the true heat capacity values 52 of iron oxide at 700°C as 1.047kJ/kg.K as

indicated in chapter 2. The average value of ’a' for pelletized pellet with their other

physical properties is indicated in table 4.26 and same for hand rolled pellet in

table 4.27.
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Fig. 4.60 Change in temperature profile and movement of heat 

front with time (Hand rolled pellet).
(Pellet size=0.5672cm&Porosity=28.36%)
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Fig. 4.61 Change in temperature profile and movement of heat 

front with time (Hand rolled pellet).
(Pellet size=0.6490cm&Porosity=29.51%)
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Distance from surface (Cm)
Fig. 4.62 Change in temperature profile and movement of heat 

front with time (Pelletized pellet).
(Pellet size=0.5756cm&Porosity=30.44%)
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Fig. 4.63 Change in temperature profile and movement of heat 

front with time (Hand rolled pellet).
(Pellet size=0.5756cm&Porosity=30.44%)
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Fig. 4.64 Change in temperature profile and movement of heat 

front with time (Hand rolled pellet).
(Pellet size=0.6690cm&Porosity=34.96%)
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4.2.2 Model fitting:

A simple expression for effective thermal conductivity of iron ore pellet 

to its porosity is useful in solving the heat transfer problems. Many expression used 

for an agglomerates are listed by Akiyama and co-workers. They explained their 

results by applying unit cell model originally proposed by Luikov.49 In the present 

investigation attempts were made to correlate the effective thermal conductivity 

observed and voids fraction 'e', by different model equations indicated in chapter 2 of 

this text. The radiative heat transfer within pore is neglected in these equations as 

mentioned earlier. The equations tried are,

(a)

(b)

(c)

(d)

. .. ... , 2/3 . 2/3,.,. 2/3 «... «« .(e) Ke/Ks = (e +P(1-e ))/(e -e+P(1-e +e)

MrKe= e.Ka + (1-e) Ks (4.22) 1

Ke= (e/ko + (1-e) / Ksf1 (4.23)

Ke= Ks1 ’ e.Ka 6 (4.24) !

Ke/Ks=( (1 -2e(P-1 )/(2P+1)) / ((1+e(P-1)/(2P+1)) (4.25)
i

J4.26)

Where,
Ks= thermal conductivity of pellet with zero porosity. 
Kg= thermal conductivity of gas in pore.
P=Ks/kg

Figure 4.65 indicates the experimental points of thermal conductivities 

with porosity of the pellets, along with calculated values of effective thermal 

conductivity by equation (4.25) and (4.26). The variation of 'Ke* wfth porosity 

computed by equation (4.22) and (4.23) is too low and that by equation (4.24) is too

l
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high to explain present experimental values. However it could be noticed from the 

figure that values computed by equation (4.25) and (4.26) fit in satisfactorily for 'Ks' 

values of 1.55 to 1.60 Wm'V1 for equation (4.25) and (4.26), respectively. The 

thermal conductivity of air for these calculations was taken as 64 0.068 Wm'1K‘1. 

Equation (4.25) is a better fit out of the two equations. It could also be observed that 

the present experimental values of effective thermal conductivites increase more 

sharply with the decrease in porosity than those predicted by these models. This 

aspect motivated us to analyse the results further by using basic sintering equation 

available in literature.

The process of sintering of fine powders was widely investigated in 

powder metallurgy and discussed in chapter 2. Various mechanisms were proposed 

and activation energies calculated. The sintering behaviour of iron oxide was in 

specific reported by Misra^Seshadri and Wynnyckj The representation of 

densification of pellet with parameters which approach '1' on sintering to theoretical

vV
density were used to interpret sintering kinetics. Use of volume ratio by Tikkanen to

explain sintering of metal powders and by Wynnyckyj for sintering of iron ore pellets

is reported in literature. With the same logic, an attempt has been made in present

investigation to correlate the thermal conductivity to ratio of volume of pellet to its

volume at zero porosity, The results for iron ore pellets and pure oxide pellets are

indicated in Figure 4.66. The extrapolation of the plot to ratio of T will lead to the

value of 'Ks1. The log/log plot for same results is indicated in figure 4.67.and the

r .1 1
intercept value are calculated by least square method for iron ore is 1.75 Wm K‘ at 

700°C. The results are compared with pure iron oxide pellets.
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An attempts were made to prepare pellets with low porosity to assess

the validity range of the model equation and are discussed below.

4.2.3 Thermal diffusivity and conductivity of pressed pellet with low porosity

Method used to measure the thermal diffusivity and conductivity of 

pressed pellet was similar to one mentioned for pelletized pellet, Figure 4.68 to 4.83 

indicate the values of 'Ts\ Tc' and ’Tav' with time. Figure 4.84 indicate the 

relationship between surface temperature Ts' and centre temperature Tc' for a 

specific time t\ Figure 4.85 indicates the validity of equation (4.12). The thermal 

profile within pellet in this case is indicated in figure 4.86 to 4.101. The tables from 

4.28 to 4.43 indicate the calculation of thermal diffusivity. The average value of ’a' 

and corresponding thermal conductivity for these pellets with their other physical 

properties is indicated in table 4.44. The variation of thermal conductivity and 

diffusivity of pellet with porosity is plotted in figure 4.102 and 4.103 respectively. The 

results indicate that the effective thermal conductivity of the pellet increase with 

decreasing porosity in the range of 34 to 20% as in case of pelletized pellet. Figures 

4.102 and 4.103 indicate that, both thermal diffusivity and conductivity have a 

maximum value around 20-22% porosity which then decreases with decrease in 

porosity indicating a deviation from proposed model.

The porosity of pellets control thermal conductivity due to two aspects.

1. Decrease in porosity increases solid/solid contact area and increasing solid state 

conduction.
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Time (Sec)
Fig. 4.68 Rise in surface, centre and average temperature in 

pressed pellet with time.(Size=0.5759cm&Porosity=14.29%)
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700

Time (Sec)

Fig. 4.69 Rise in surface, centre and average temperatufe in 
pressed pellet with time. (Size=0. 5319cm&Porosity=14.5Q%)
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Fig.4.70 Rise in surface, centre and average temperature in 
pressed pellet with time. (Size=0.5880cm&Porosity=r17.95%)
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Time (Sec)
Fig. 4.71 Rise in surface, centre and average temperature^in 
pressed pellet with time.(Size=0.6424cm&Porosity=18.49%)
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Fig. 4.72 Rise in surface, centre and average temperature in 

pressed pellet with time.(Size=0.7413cm&Porosity=19.67%)
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Time (Sec)
Fig. 4.73 Rise in surface, centre and average temperature in 

pressed pellet with time.(Size= 0.7155cm&Porosity=19.^0%)
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Time (Sec)

Fig. 4.74 Rise in surface, centre and average temperature in 
pressed pellet with time.( Size=Q.6501cm&Porosity=19?93%)

to 01

oC
OO

l
O

l

O
l oincofO otoooo>

*N
|

O
lototooC

OO
l

Te
m

pe
ra

tu
re

 (C
)

175



Time (Sec)
Fig. 4.75 Rise in surface, centre and average temperature in 
pressed pellet with time.(Size= 0.7219cm&Porosity=26.02%)
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Time (Sec)
Fig. 4.76 Rise in surface, centre and average temperature in 
pressed pellet with time. (Size= 0.7122cm&Porosity=sfl .24%)
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Time (Sec)
Fig. 4.77 Rise in surface, centre and average temperature in 
pressed pellet with time.(Size= Q.7543cm& Porosity=22^0%)
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Fig. 4.78 Rise in surface, centre and average temperature in 
pressed pellet with time. (Size=0.6758cm&Porosity=22.67%)
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Fig. 4.79 Rise in surface, centre and average temperature in 
pressed pellet with time.(Size=0.7719cm&Porosity=23.15%)
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Time (Sec)
Fig. 4.80 Rise in surface, centre and average temperature in 
pressed pellet with time.(Size=0.7790cm& Porosity=23.51%)
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Fig. 4.81 Rise in surface, centre and average temperature in 
pressed pellet with time. (Size=0,7157cm&Porosity=28.28%)
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Time (Sec)
Fig. 4.82 Rise in surface, centre and average temperature in 
pressed pellet with time. (Size=0.7185cm&Porosity=29.73%)
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700

Time (Sec)

Fig. 4.83 Rise in surface.eentre and average temperature in 
pressed pellet with time.(Size=0.6762cm&Porosity=33.89%)
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Fig. 4.84 Relationship between surface temperaure(Ts) and 
centre temperature(Tc) for pressed pellet.
(pellet size=0.5759cm&Porosity=14.28%)
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Fig. 4.85 Validity of equation (4.12) in case of pressed pellet 
(Values of parameter k).

(Pellet size= 0.5759cm8iPorosity=14.28%)
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Distance from surface(Cm)
Fig.4.86 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(pellet size=0.5759cm&Porosity=14.29%)
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Fig. 4.87 Change in temperature profile and movement of heat 
front with time (Pressed pellet).

(Pellet size=0.5319cm&Porositys=14.50%)
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Distance from surface (Cm)
Fig. 4.88 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(Pellet size=0.5880cm&Porosity=17.95%)
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Fig.4.89 Change in temperature profile and movement of heat 
front with time (Pressed pellet).

(Pellet size=0.6424cm&Porosity=18.49%)
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Distance from surface (Cm)
Fig.4.90 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(pellet size=0.7413cm& Porosity=19.67%)
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Distance from surface (Cm)
Fig. 4.91 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(Pellet size=0.7155Cm&Porosity=19.70%)
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Fig.4.92 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(pellet size=0.65Q1cm&Porosity=19.93%)
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Fig. 4.93 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(Pellet size=0.7219Cm&Porosity=20.02%)
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Fig.4.94 Change in temperature profile and movement of heat 

front with time (Pressed peilet).
(Pellet size=0.7122cm &Porosity=21.24%)
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Fig. 4.95 Change in temperature profile and movement of heat 
front with time (Pressed pellet).

(Pellet size=0.7543cm&Porosity=22.30%)
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Fig.4.96 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(Pellet size=0,6758cm&Porosity=22.67%)
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Fig.4.97 Change in temperature profile and movement of heat 
front with time (Pressed pellet).

(Pellet size=0.7719cm& Porosity=23.15% P) ;
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Fig.4.98 Change in temperature profile and movement of heat 
front with time (Pressed pellet).

(Pellet size=0.7790 Cm & Porosity=23.51%)
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Fig. 4. Change in temperature profile and movement of heat 
front with time (Pressed pellet).

(Pellet size=0.7157cm&Porosity=28.28%)
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Fig. 4.100 Change in temperature profile and movement of heat 

front with time (Pressed pellet).
(Pellet size~0.7185cm& Porosity=29.73%)
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Fig. 4.101 Change in temperature profile and movement of heat 
front with time (pressed pellet).

(Pellet size=0.6762cm&Porosity=33.89%)

T
em

pe
ra

tu
re

 (C
)

202

Ti
m

e (
Se

c)



Ta
bl

e N
o.

 4.2
8

20
3

dT
av

/d
t oCDm

Oj 5.
75

62
3 8S099

6.
30

97
3

5.
18

43
3

4.
37

12
3

3.
62

56
6

2.
75

89
2.

23
17

8
1.

72
99

6 00■sfCMCD
■.— 0.

96
91

3

Ta
v o

o 45
.0

96
12

3.
40

6
21

7.
78

3
32

1.
58

40
7.

07
5

47
7.

11
01

53
8.

21
2

58
5.

88
62

0.
97

9
65

2.
83

34
67

2.
87

8
68

7.
70

8
I 701

.9
52

dT
/d

r *****

E
o
p

moh~■tr
T—

57
0.

86
03

60
2.

08
49

52
9.

89
24

44
1.

07
77

37
2.

65
77

29
5.

96
05

22
6.

77
77

17
9.

75
92

14
7.

08
41

11
9.

59
41

79
.8

34
4

66
.8

80
74

 |

D
is

ta
nc

e 
fr

om
su

rf
ac

e 
fo

r 0
.9

(T
s-

Tc
)

| temp.
dr

op
 (C

m
)

| 
0.

11
96

55
0.

24
43

68 COO)t^.oCO
O 0.

36
34

7

O)
o
o 0.

42
74

7
0.

45
00

6
0.

46
83

0.
48

06
43

0.
48

95
16

0.
49

66
8

0.
50

73
0.

51
13

58

- 0.
01

16
63

i 0.011
97

5
0.

01
13

3
0.

01
18

61
0.

01
23

38
0.

01
25

16
0.

01
30

73
0.

01
37

17
0.

01
39

95 COtoo■M-
T“o
o 0.

01
40

73
0.

01
50

86
0.

01
48

82
1

$
£
3»
o

P

61
.2 V)

o>COv- 18
5.

4 CO
04o>T—

COK
l>»X—

CO
<2toT“

04
COCOT-

04
CDOT" 86

.4 04 59
.4 ind

•M- 34
.2

O*r
£

oQ

89 If)
Wv-

I 206 21
4 N-05

T— 17
7 CO•M"*r- 11
8 96 80 66 45 38

Ts
-T

o

P 00 22
2

34
3

43
6

49
7

54
6

58
4 04

CO 63
5

65
9

67
3 oCOCD 69
2 i

Ti
m

e
(S

ec
)

lO 30 45
09 75

06

10
5 o04T“

mCOT-* 15
0

16
5 i OCOx— 19
5

1.
93

6
2.

10
6

2.
28

6
2.

25
6

2.
25

2
2.

35
2

2.
33

5
2.

38
3

2.
25

8
1.

86
5

2.
33

:2.
21

4x
1(

?
A

vg
=D
jff

us
iv

ity
 

x1
0 (m

^/
se

c)

Th
er

m
al

C
al

cu
la

tio
n o

f T
he

rm
al

 D
iff

us
iv

ity
oc

 = 
((

dT
av

/d
t )

xR
) /

 (3
x(

dT
/d

r)
)

R
ad

iu
s(

R
):=

0.
57

59
 cm

 Density
=3

75
4K

g/
m

3 Poro
si

ty
:-1

4.
29

%
 To:=25

 cC
Sa

m
pl

e:
 Ir

on
 o

re
 p

re
ss

ed
 p

el
le

t

Z03



Ta
bl

e N
o.

 4.2
9

20
4

Th
er

m
al 2? © 

> «
l^fe

Q ? 
X

To
h \ ^ *(DCMf'-COCVIt-' S

ilOINCJOTOin^NNOl WO(Dt-10NO)CMION Tj
CN CM -r^ C4 CN CNJ CN Cvi CN Y

O
’ ><

dT
av

/d
t tr

©42
P 4.

33
82

67
4.

76
88

4.
31

36
4.

88
95

3
5.

11
57

3.
55

67
2.

61
14

2.
33

4
2.

01
03

1.
52

57

Ta
v OQ

11
9.

78
9

19
3.

00
8

26
2.

85
3

32
2.

41
5

40
9.

53
9

47
5.

88
7

51
6.

24
2

55
4.

22
9

58
6.

26
61

4.
53

7
63

2.
03

2

dT
/d

r ¥
o
P 15

6.
87

25
31

2.
70

39
41

6.
99

29
47

1.
85

48
41

2.
55

78
35

0.
69

51
27

9.
38

91
23

7.
78

63
18

5.
73

73
14

1.
35

32
99

.1
95

74
.7

68

D
ist

an
ce

 fr
om

su
rfa

ce
 fo

r 0
.9

(T
s-

Tc
) 

te
m

p.
dr

op
 (C

m
)

0.
25

24
34

4
0.

28
20

55
9

0.
31

07
96

7
0.

33
18

81
71

0.
36

21
31

0.
39

26
48

8
0.

41
55

49
57

0.
42

76
94

8
0.

44
09

45
4

0.
45

20
59

0.
46

27
24

6
0.

46
94

52
3

i

0.
02

80
33

5
0.

01
67

54
3

0.
01

33
85

4
0.

01
15

52
5

0.
01

14
91

0.
01

22
79

2
0.

01
30

54
0.

01
29

88
4

0.
01

34
86

2
0.

01
40

48
1

0.
01

49
60

2
0.

01
53

31
6

?
£ST
o

P COCO^!“5$2^;OOOCD'^CO

Ts
-T

c

P

Ts
-T

o

P KOJ«Oa3«NOONN'<fN(D
S HMD t O) (D O (O (D (O O r

I Tim
e

(S
ec

)

ioo«ioifloS2|8SSS

C
al

cu
la

tio
n 

of
 T

he
rm

al
 D

iff
us

iv
ity

 
=s
 ((

dT
av

/d
t )

xR
) /

 (3
x(

dT
/d

r)
)

Sa
m

pl
e:

 Ir
on

 o
re

 p
re

ss
ed

 p
el

le
t Radius(

R
):=

0.
53

19
C

m
 Density

=3
74

4.
6K

g/
m

 Porosi
ty

:=
14

.5
0%

 To=30
 °C

XOii



Ta
bl

e 
N

o.
 4

.3
0

20
5

A
vg

=2
.Q

35
x1

0

2.
01

9 
1,

97
2^

 
1.

95
8*

' 
1.

91
2^

 
'l M

B
'S

 
1.

99
2^

 
2.

46
5'

' 
2,

06
2^

 
2.

46
9 

2.
54

1

3.
88

21
4.

80
77

4.
77

39
4.

31
06

3.
69

26
3.

70
57

3.
19

09
2.

19
23

1.
98

94
1.

58
38

10
7.

22
33

17
3.

35
5

25
1.

45
4

31
6.

57
2

38
0.

77
1

42
7.

34
9

49
1.

94
2

52
3.

07
8

55
7.

71
3

58
3.

39
5

60
5.

22
3

22
6.

27
57

37
6.

80
08

47
7.

75
04

47
7.

99
25

44
1.

83
19

38
3.

42
21

36
4.

70
94

25
3.

76
35

20
8.

43
98

15
7.

91
17

12
2.

14
86

5
86

.0
94

2

0.
21

08
04

79
0.

26
57

26
8

0.
30

51
80

3
0.

35
02

14
7

0.
38

29
51

0.
41

31
21

7
0.

42
69

15
3

0.
46

10
59

25
0.

47
49

57
1

0.
49

01
47

33
0.

50
10

28
87

0.
51

22
22

96

0.
01

94
92

53
0.

01
30

11
21

0.
01

07
67

95
0.

01
04

40
9

0.
01

02
32

6
0.

01
04

79
98

0.
00

99
54

16
0.

01
16

00
39

0.
01

17
99

5
0.

01
25

14
4

0.
01

29
80

6
0.

01
38

52
1

47
.7

 
99

.9
 

14
5.

8
16

7.
4

16
9.

2
15

8.
4

15
5.

7  
11

7 
99 77

.4
61

.2
 

44
.1

53 11
1

16
2

18
6

18
8

17
6

17
3

13
0

11
0

86 68 49

71 16
4

26
3

34
8

40
5

45
2

49
2

52
3

54
1

56
2

57
9

59
3

15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

Th
er

m
al

 
D

iff
us

iv
ity

 
x1

07
( n

?/
Se

c)

dT
av

/d
t 

(°C
ls

ec
)

Ta
v

<°
C

}
dT

/d
r

(°
C

/C
m

)
D

is
ta

nc
e 

fr
om

 
su

rf
ac

e 
fo

r Q
„9

(T
s-

Tc
) 

te
m

p-
dr

op
 (C

m
)

(-)

(00
)

(oi-sx)60
(0, )
ox-sj.

Ts
-T

o
( °C

)
Ti

m
e

(S
ec

)

To
=3

0 
°C

C
al

cu
la

tio
n 

of
 T

he
rm

al
 D

iff
us

iv
ity

O
C

 =
 ((

dT
av

/d
t )

xR
) /

 (3
x(

dT
/d

r)
)

R
ad

iu
s(

R
):=

0.
58

80
C

m
 Density

=3
59

4K
g/

m
3 Por

os
lty

:=
17

.9
5%

Sa
m

pl
e:

 Ir
on

 o
re

 p
re

ss
ed

 p
el

le
t

205



Ta
bl

e 
N

o.
 4

.3
1

20
6

1.
68

3
1.

93
9“

"
1.

88
^

2.
03

7“
''

2,
33

5“
"

2.
35

4'
-'

2.
14

8“
'

2.
31

5“
'

2.
25

8"
'

2.
03

8 “
'

A
vg

=2
.1

29
x1

0

2.
84

65
4

3.
38

59
9

3.
34

04
3.

23
89

3.
01

01
3.

00
39

2.
56

25
2.

13
25

1.
98

45
1.

67
44

1.
37

71

44
.9

81
5

77
.6

06
6

13
0.

37
77

17
9.

18
63

23
0.

58
84

27
6.

35
55

32
0.

89
36

6.
47

15
39

7.
76

4
43

0.
44

51
45

7.
29

94
48

0.
67

81
49

8.
61

25

25
4.

58
5

36
2.

26
56

37
3.

79
67

38
0.

45
91

35
0.

21
1

31
6.

46
99

27
5.

43
63

23
3.

13
64

21
2.

56
91

18
3.

53
64

15
8.

75
67

14
4.

67
81

13
1.

23
34

0.
18

02
93

4
0.

24
09

83
4

0.
31

54
12

0.
35

72
0.

39
83

31
24

0.
42

94
24

65
0.

45
74

56
0.

48
25

50
1

0.
49

53
68

3
0.

50
99

80
7

0.
52

15
52

9
0.

52
87

59
9

0.
53

49
25

0.
01

51
37

2
0.

01
02

69
7

0.
00

98
42

7
0.

00
91

20
7

0.
00

91
12

3
0.

00
91

16
0.

00
93

58
2

0.
00

97
96

4
0.

00
96

24
3

0.
00

97
95

3
0.

00
98

97
4

0.
00

97
32

0.
00

95
68

6

45
.9

87
.3

11
7.

9
13

5.
9

13
9.

5
13

5.
9  

12
6

11
2.

5
10

5.
3 

93
.6

 
82

.8
76

.5
 

70
.2

51 97 13
1

15
1

15
5

15
1

14
0

12
5

11
7

10
4

92 85 78

64 13
2

20
4

26
1

30
7

34
3

37
4

40
5

42
9

45
2

47
1

49
0

50
4

15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

Th
er

m
al

 
D

iff
us

lv
ity

 
x1

0 7
( n

?/
Se

c)

dT
av

/d
t 

(eC
/s

ec
)

Ta
v

<°
C

)
dT

/d
r 

; °
C

/C
m

)
D

is
ta

nc
e 

fr
om

 
su

rf
ac

e 
fo

r Q
.9

(T
s-

Tc
) 

te
m

p.
dr

op
 (C

m
)

0.
9(

Ts
-T

c)
( °C

)
Ts

-T
c

( °C
)

Ts
-T

o
( °C

)
Ti

m
e

(S
ec

)

To
=2

5 C
C

al
cu

la
tio

n 
of

 T
he

rm
al

 D
iff

us
lv

ity
oC

 = (
(d

Ta
v/

dt
 )x

R
) /

 (3
x(

dT
/d

r)
)

Sa
m

pl
e:

 Iro
n 

or
e 

pr
es

se
d 

Pe
lle

t Radiu
s (R

):=
0.

64
24

 C
m

 Densit
y=

35
70

K
g/

m
^ Po

ro
si

ty
-1

8.
49

%

206



Ta
bl

e 
N

o.
 4.3

2

20
7

3.
94

4'
3.

66
8*

''
3.

86
3*

"
4.

14
7^

S.
48

4^

A
vg

=3
.8

44
x1

0 7
1

3.
95

^
3.

67
6*

" y

3.
61

6

5.
24

3
5.

27
6

4.
24

7*
"

5.
48

20
66

5.
68

25
33

4.
75

06
6

4.
25

69
6

3.
92

01
3.

19
26

2.
90

59
3

2.
30

97
2.

02
1.

79
59

1.
31

33

52
.3

72
 

13
0.

61
5 

21
6.

83
4 

30
1.

09
1 

35
9.

35
4 

42
8.

8 
47

6.
95

7 
52

4 
.5

78
 

56
4.

13
5 

59
3.

86
9 

62
4.

73
6 

64
7.

74
8 

66
4.

13
4

17
9.

48
31

25
8.

39
17

26
6.

12
36

27
6.

39
49

29
0.

89
94

24
5.

15
67

21
4.

61
1

18
2.

04
91

15
5.

58
05

12
9.

21
42

10
7.

02
93

.1
53

9
76

.7
06

8

0.
26

57
63

2
0.

39
35

88
5

0.
46

67
00

4
0.

50
47

12
7

0.
51

97
67

4
0.

55
43

39
3

0.
57

45
27

8
0.

59
32

46
7

0.
60

74
02

7
0.

61
99

01
0.

63
07

23
4

0.
63

76
54

5
0.

64
53

14
1

0.
01

94
92

5
0.

01
67

90
69

0.
01

57
23

02
0.

01
43

65
6

0.
01

24
94

9
0.

01
28

50
07

0.
01

26
29

7
0.

01
27

02
03

0.
01

26
72

52
0.

01
27

44
1

0.
01

28
59

77
0.

01
26

64
42

0.
01

27
19

75

47
.7

10
1.

7
12

4.
2

13
9.

5
15

1.
2  

13
5.

9
12

3.
3 

10
8,

1
94

.5
 

80
.1

67
.5

59
.4

49
.5

53 11
3

13
8

15
5

16
8

15
1

13
7

12
0

10
5

89 75 66 55

71 18
7

28
0

36
7

42
9

48
0

51
6

55
1

58
1

60
2

62
6

64
5

65
7

15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

Th
er

m
al

 
D

iff
us

lv
ity

 
x1

07(
 n

?/
Se

c)

dT
av

/d
t 

(°C
/s

ec
)

£o0
)

ABl

dT
/d

r 
[ fl

C
/C

m
)

D
is

ta
nc

e 
fr

om
 

su
rf

ac
e 

fo
r 0

.9
(T

s-
Tc

) 
te

m
p.

dr
op

 (C
m

}

0.
9{

Ts
-T

c)
( ‘f

c)
Ts

-T
c 

( °C
)

Ts
-T

o
(X

)
Ti

m
e

(S
ec

)

To
=2

5°
C

C
al

cu
la

tio
n 

of
 T

he
rm

al
 D

iff
us

iv
ity

°0
 * 

((d
Ta

v/
dt

 )x
R

) /
 (3

x(
dT

/d
r)

)
Sa

m
pl

e:
 Iro

n 
or

e 
pr

es
se

d 
pe

lle
t Radius(

R
):=

0.
74

13
 C

m
 Densi

ty
=3

69
5.

2K
g/

m
3 Po

ro
si

ty
 1

9.
67

%

207



Ta
bl

e N
o.

 4
.3

3

20
8

Th
er

m
al

"S’
& a 
> 2 
(0 c
a'°

X

rs12^ W \ \ M ^ i
CMOOfor-lONCMCDOOlfl

.T-r-CDTfOOIflMOfflO)« u> xt ^ <d cd cd ed «d «d i|
0>><

dT
av

/d
t o'

<uto
p 6.

10
90

3
6.

55
44

5
5.

81
59

4
5.

01
02

19
7

3.
69

95
3

2.
89

95
8

2.
47

11
81

1.
94

58
36

1.
81

97
06

1.
42

69
8

Ta
v O

O

61
.9

08
26

14
1,

30
28

9
24

5.
17

91
8

33
7,

93
65

3
41

9,
65

73
2

48
8.

24
31

2
53

0,
64

33
2

57
5,

23
05

1
60

4.
77

87
5

63
3.

60
56

65
9.

36
99

3
67

6.
41

50
7

dT
/d

r E
O
P 15

3.
4

27
8.

95
93

30
1.

91
05

29
7.

33
65

26
7.

23
91

23
0.

08
44

19
7.

16
97

5
15

7.
48

57
13

0.
40

63
4

11
0.

76
24

7
85

.6
13

19
73

.3
35

17

D
ist

an
ce

 fr
om

su
rf

ac
e 

fo
r 0

.9
(T

s-
Tc

) 
te

m
p.

dr
op

 (C
m

)
0.

31
67

56
79

0.
38

71
53

2
0.

45
60

95
4

0.
49

64
07

25
0.

52
87

39
9

0.
55

36
19

9
0.

57
05

74
34

0.
58

86
24

74
0.

60
04

30
94

0.
60

94
12

2
0.

62
02

31
5

0.
62

58
93

43

i

0.
02

53
64

3
0.

01
73

59
2

0.
01

61
88

1
0.

01
51

49
1

0.
01

47
88

9
0.

01
46

34
0.

01
42

82
1

0.
01

45
59

06
0.

01
44

50
55

0.
01

42
40

9
0.

01
45

79
21

0.
01

42
91

46

o'
hr
£
S»
o

o tO(o,'<£!^(0.ll?Nnin'-ro

Ts
-T

c

P (3 CO Nl' N- CnJ tO CO k- in

Ts
-T

o

P mWNN(OOOr-Wint®KOrOMOffloi^-ninfflNNP)xfx|-101010lO(0®©

I Tim
e

(S
ec

)

m f-N ia ia tO O tO CD to CD

C
al

cu
la

tio
n o

f T
he

rm
al

 D
iff

us
iv

ity
 

= 
((

dT
av

/d
t )

xR
) /

 (3
x(

dT
/d

r)
)

Sa
m

pl
e:

 Iro
n 

or
e p

re
ss

ed
 pe

lle
t Radius

 (R
):=

0.
71

55
 Cm

 Density
=3

57
3K

g/
m

^ Po
ro

si
ty

:-1
9.

70
%

 To:~
25

C

2og



Ta
bl

e 
N

o.
 4.3

4

20
9

Th
er

m
al

D
iff

us
iv

ity

o
©
to
1=

«>■*
O

*

i
o>

T—

CO
T~
N-
T-

CD
CD
D-
r*

V

G)

\
00
m

CM

\
to
CD
CM
CM

CD
CO
X*“
CM

\
CO
CD
CM
CM

\
CO
CD
CO
CM

%
CD
if
CD
CM

CD
CD
t--
CM

t

i A
vg

=2
.1

53
x1

0

Im
2
h
XJ

o
Q>
(0
O V

r-.
CD
CM
cd
ay00
T~
CO

CO
CO
00
in
m
o
o
"M*

CO
CD
f-
in
CD
in
CM
If

CO
oo
CM
£

CM
TJ2

CO
o
CD
in
f-
CM

■if

N-
CD
CO
h-
00
5

CO

e'
en
CM
CO
o
CD
00
CM

CO
CD
in
OO
o
in
CM

CD
CD
'f
■"f

CM

CO
CM
•*f
00
in
00
x—

f—
CO
f-.
in
05
r-
rf
T—

><Q o
o

05

r-
co
in
tn

CO
in
m
a>
CM
CD

N-
CM
e'
en
T“
m
X“

00
CM
CM
T™
CO
x—
CM

CD
CD
in
T—
CD
N.
CM

CO
T-
X—
If
5
CO

N
r-
00
CD
CM
O
X

*f
CO
r-
CD
CD
Mf
If

in
r-
CD
to
CD
CO
">f

CD
O
CO
CM
in
CM
m

CO
s

o
Mf
m
in

CD
CO
CO
05
o
00
•n

CD
CO
CO
■f
00
05
in

u.
"D
P
•o

s'

o
P

CM
CM
CO
00
CD
o
CM

in
f-

o
CM
O
O'

"f
CD
Mf
D~
in
o
in

c-
CD
h-
CD
CO
in

CM
O
CD

O
C-
Mf

CM
T“
f-
•'f

5

CM
O
CD
q
T““
CO

CD
CD
f-
co
CM
CD
CM

CM
CM

05
CD
CO
CM

CO
CO
T~
T—
CM
5

CO
CD
T—a
CM
in
r*

05
CD
in
f-
in

in
Mf
co
CM
f-
05
OO

D
is

ta
nc

e 
fro

m

o'
*7
£

<n
o

s

<D
O
£

3
to

E
O

CL
2
TJ
d
E
©

M"
CO
O
r-
CM
CD
CM
CM
O

CO
CO
ID
CO
r-
o
in
CM
o

f-
CM
CM
CD
CD
eo
CD
CM
d

£

CD
in
in
Mf
CO
o

CM
in
o
in
o
CD
CO
d

00
CD
CO
h-
f-
f-
CM
Mf
d

00
I'-
X“
X“

CM
CO
co
"f
o

in
CD
Mfr
CO
in
oo
Mf
o

CD

in
CO
Mf
00
o
in
o

8

8

CD
CO
CM
in
o

r-

r—
00
co
m
o

05
00

o
CM
in
in
o

00
o
CD
CM
r-
T“CD
to
o

K

CM
in
N-
in
00
oo
X—o
o

CM
v
D
■t—
§

o
o

CD
T—
CM
CD
OO
O
O
o

8

CD
CO
OO
O
o
o

CD
CM
o
in
00
8
o

3

m
f-
00
o
o
d

m
f-
co
CD
O
O
o

00 
CD 
\— ID 
CD 
O 
O
o

CD
T—
CO
o
o
T”
o
o

fC
N-
'f
o
T“
o
o

co
CM

o

T—
o
o

00
05
CO
CD

T“
o
o

CO
CO
oo
in
o
CM

o
o

o'
>7
£

of

o

O
o

00
CD
■M-

CO
o
o
T"

CM
T—
to
t-

CO

f-
r-

CD
cd
00

CO

c-
T"

00
to
T—

CM
CM
Mf

to
T~CM
r*

f-
x—O

ay
x—
00

CD
cd
CD

■f
o
in

I Ts
-T

c

o
©

CM
in

CM CO
CO

N-
CD

5

CM

---
CD

to
f"
T—

OO
in
x—

in
CO

CO

x—
05

T— co
in

Ts
-T

o

p a>
CD

s
in
CM

CD
CM
CO

CD
00
CO

CO
CO

T—
o
in

CO
CM
m

X
X
in

O
CD
m

f'-
r-
in

oo
8

<»
E
F

©
w

in
T— § $ O

CD
}2 o

CD
in
o
r*

o
CM
x—

to
<o
r-

o
m
T—

in
CD

o
00
x—

m
05

C
al

cu
la

tio
n 

of
 T

he
rm

al
 D

iff
us

iv
ity

cc
 = 

((d
Ta

v/
dt

 )x
R

) /
 (3

x(
dT

/d
r)

)
R

ad
iu

s:
=0

.6
50

1  C
m

. Densit
y=

35
07

K
g/

rr
r Porosi

ty
:=

19
.9

3%
 To:=30

°C
Sa

m
pl

e:
 Iro

n 
or

e p
re

ss
ed

 p
el

le
t

N
> O -£
>



Ta
bl

e N
o.

 4.35

21
0

4.
04

7
3.

64
3^

3.
35

4^
3.

17
8v

X

2.
85

9 ̂
2,

74
^

2.
98

9*
*

3.
32

3'
''"

A
vg

=3
.1

55
x1

07
1

4.
37

16
4.

58
16

4.
32

37
3.

85
9

3.
46

3
2.

89
3

2.
22

4
2.

03
42

1.
89

19
7

12
8.

31
5

19
8.

21
9

26
5.

76
3

32
7.

93
2

38
1.

51
9

43
1.

81
8

46
8.

30
7

49
8.

53
1

52
9.

33
2

55
5.

29

11
8.

35
33

20
1.

29
9

27
2.

45
28

5.
62

42
27

6.
84

1
26

2.
23

5
24

3.
53

43
19

5.
28

98
16

3.
74

87
14

0.
76

69
11

8.
90

21

0.
34

98
0.

41
58

0.
44

26
5

0.
47

58
0.

50
39

0.
52

51
0.

54
32

5
0.

56
68

5
0.

58
26

0.
59

46
0.

60
55

4

0.
02

89
35

8
0.

01
95

13
14

0.
01

48
15

0.
01

31
81

0.
01

23
37

0.
01

16
86

4
0.

01
12

70
03

0.
01

16
70

18
0.

01
17

52
11

0.
01

17
38

79
0.

01
17

93
39

41
.4

83
.7

 
12

0.
6 

13
5.

9 
13

9.
5

13
7.

7  
13

2.
3

11
0.

7
95

.4
83

.7
 

72

46 93 13
4

15
1

15
5

15
3

14
7

12
3

10
6

93 80

71 16
7

26
1

33
3

39
1

43
8

48
0

49
9

51
8

54
1

56
0

15 30 45 60 75 90 10
5

12
0

13
5

15
0

1,
65

Th
er

m
al

 
D

iff
us

iv
ity

 
x1

07
( t

iif
tS

ec
)

(oes/o,)
IP/ABip

bJABi

dT
/d

r
“C

lC
m

)
D

is
ta

nc
e 

fr
om

 
su

rf
ac

e 
fo

r 0
.9

(T
s-

Tc
) 

te
m

p.
dr

op
 (C

m
)

(-)
0.

9(
Ts

-T
c)

( °C
)

Ts
-T

c
( t)

Ts
-T

o
( °C

)
Ti

m
e

(S
ec

)

C
al

cu
la

tio
n 

of
 T

he
rm

al
 D

iff
us

iv
ity

oC
 = 

((d
Ta

v/
dt

 )x
R

) /
 (3

x(
dT

/d
r)

)
Sa

m
pl

e:
 iro

n 
or

e 
pr

es
se

d 
pe

lle
t Radiu

s(
R

):=
 0

.7
21

9C
m

 Density
=3

47
9K

g/
m

 Porosit
y:

-2
0.

02
%

 
To

=2
5 

C

2i 0



C
al

cu
la

tio
n 

of
 T

he
rm

al
 D

i

21
1

A
vg

=3
.3

06
x1

07

3.
29

^
3.

40
1^

3.
53

1^
3,

25
8*

"
3,

40
7^

2.
92

3”
"

3.
23

2”
-"

3,
48

5”
"

3,
22

7”
"

3,
26

4^
3.

34
6

4.
74

96
62

5.
57

48
85

5.
39

21
86

4.
78

55
63

4.
22

47
05

3.
24

39
38

2.
87

29
81

2.
45

13
2

1.
87

14
83

1.
53

21
3

1.
30

13
97

48
.1

04
86

11
6.

02
95

8
19

0.
59

47
28

3.
27

61
35

2.
36

03
42

6.
84

31
47

9.
10

15
52

4.
16

12
56

5.
29

09
59

7.
70

09
62

1.
43

54
64

3.
66

48
66

0.
47

73

22
4.

72
27

34
2.

70
94

38
9.

13
54

36
2.

53
68

34
8.

68
65

29
4.

40
21

26
3.

49
71

21
1.

02
42

16
7.

00
38

13
7.

69
08

11
1.

43
24

8
92

.3
25

29
9

81
.3

94
17

1

0.
21

62
66

5
0.

32
82

66
5

0.
38

85
53

7
0.

45
18

16
2

0.
48

26
68

6
0.

51
96

97
45

0.
53

96
64

56
0.

56
29

68
56

0.
58

20
22

54
0.

59
48

10
96

1*
0.

60
57

48
0.

61
41

32
86

0.
61

92
08

96
3

0.
01

63
41

49
0.

01
34

26
49

5
0.

01
17

45
00

4
0.

01
20

04
15

1
0.

01
13

48
13

7
0.

01
18

07
55

8
0.

01
15

62
36

6
0.

01
29

24
75

0.
01

25
01

99
8

0.
01

26
51

12
8

0.
01

28
30

66
0.

01
28

79
63

0.
01

26
03

88

48
.6

11
2.

5
15

1.
2

16
3.

8
16

8.
3  

15
3

14
2.

2
11

8.
8

97
.2

 
81

.9
67

.5
56

.7
 

50
.4

54 12
5

16
8

18
2

18
7

17
0

15
8

13
2

10
8

91 75 63 56

69 18
7

28
5

37
4

43
8

49
2

53
2

55
8

58
4

60
7

62
3

64
0

65
4

15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

Th
er

m
al

 
D

iff
us

iv
ity

 
xi

of
 m

/̂S
ec

)

dT
av

/d
t 

(°C
/s

ec
)

Ta
v

(°
C

)
dT

/d
r

cC
/C

m
)

D
is

ta
nc

e 
fr

om
 

su
rf

ac
e 

fo
r 0

.9
(T

s-
Tc

) 
te

m
p.

dr
op

 (C
m

)

0.
9(

Ts
-T

c)
 

( °
C

)
Ts

-T
c

rc
)

Ts
-T

o
(°

C
)

Ti
m

e
(S

ec
)

C
al

cu
la

tio
n 

of
 T

he
rm

al
 D

iff
us

iv
ity

oC
 = 

({
dT

av
/d

t )
xR

) /
 (3

x(
dT

/d
r)

)
Sa

m
pl

e:
 Ir

on
 o

re
 p

re
ss

ed
 p

el
le

t Radlus
(R

):=
 Q

.7
12

2C
m

 Densi
ty

=3
62

3 Kg
/m

 Porosity
:®

 2
1.

24
%

 
To

=2
5°

C

Ta
bl

e 
N

o.
 4.3

6

2.11



Ta
bl

e 
N

o.
 4.3

7

21
2

Th
er

m
al •a. o 

> C/3
1*5.
IP®

X

N.
» °

TflONCONNCMMSi-in OJcon«ioiflr-tf®NO<- cn|(OP!0)fflT-cOr-CMO)NO W
1 COT-niO©lONr-0)it^ ^

CNicOCOCOCOCOCO-^fOCOCO IIOI
3

dT
av

/d
t o'

®m
P

CM05i-CnN(MN(D05Nin 
, tDONCOr-ffi'tNNCOCn 
Nfflroroffiujoeor-com1 q co co q oj oo iq q co cvi

Ta
v P

52
.7

81
9

11
3.

46
72

19
3.

12
55

27
5.

19
28

35
5.

04
07

42
4.

71
18

48
3.

79
2

52
8.

48
65

56
9.

73
02

60
6.

11
31

63
0.

11
84

64
7.

77
44

66
7.

27
35

w5
xt

s'
o
oo 24

1.
48

46
41

4.
40

4
43

2.
55

87
9

39
9.

86
56

5
35

1.
42

74
5

29
8.

44
13

1
24

2.
86

49
2

19
3.

91
90

7
15

7.
55

84
6

12
6.

76
01

9
10

0.
62

24
9

91
.5

48
43

6
71

.0
47

87
6

D
is

ta
nc

e f
ro

m
su

rfa
ce

 fo
r 0

.9
(T

s-
Tc

) 
te

m
p.

dr
op

 (C
m

)
0.

23
47

97
5

0.
31

05
66

5
0.

39
11

60
7

0.
45

46
52

7
0.

50
45

13
8

0.
54

28
20

3
0.

57
43

93
37

0.
59

87
03

37
0.

61
69

13
87

0.
63

19
01

88
0.

64
39

91
18

0.
64

88
36

86
0.

65
87

10
75

i

0.
01

67
54

3
0.

01
15

14
1

0.
01

07
52

66
0.

01
07

06
25

0.
01

09
54

53
0.

01
12

84
81

0.
01

17
80

67
0.

01
22

34
37

0.
01

25
52

56
0.

01
28

75
72

0.
01

31
45

78
0.

01
26

64
42

0.
01

30
22

97

o'
*7

5T
©

P

Ts
-T

c

oo
m CO (O N N O WO) ffl m M m rj

Ts
-T

o

p ^WW'tCON'tOCO'COUXI)
looootroomcoT-ntm00rgco(0'i-^iniointi)(D®(D

1 Tim
e

(S
ec

)

innmniflnWOlOOlOOlfl

C
al

cu
la

tio
n o

f T
he

rm
al

 D
iff

us
iv

ity
oO

 ■
 ((

dT
av

/d
t }

xR
) /

 (3
x(

dT
/d

r))
Sa

m
pl

e:
 Iro

n 
or

e 
pr

es
se

d p
el

le
t Radius(

R
):=

 0
.7

54
3 

C
m

 Densi
ty

=3
57

4 Kg
/m

3 Po
ro

si
ty

 :=
22

.3
0%

 
To

=2
5 

°C



Ta
bl

e 
N

o.
 4.3

8

21
3

Th
er

m
al

£

§t

a

Ao
©
to
1e

•T1 r"
o
T”X

1
to
o
M-
to

CO
r-
O
to

\
h~
lO
N.
CO

\

to
00
CM

\
CM
CO
CM

\

O
CO
CM

\
•tt
CO
CM

00

CO
T"

MT
CM
O
CM

\
CD
m
CM

\
M-
00
CO
CM

Vo

to
CM
to
CM

11
«

dT
av

/d
t 'o' 

0) 
(0
p

1

CO
CO
CO
to

x—
s

to

to
CM
CO
CO
M"

CM
O
CO
CO
CO

T“*00
to
CM
CO

CO
O
00
CD
CM

CO

lO
CM
CM

CO
CM
CO
(O
**■

CM
CO
CO
CO

CD
CO
h-
cq
T—

to%

x—

>
rtH

£
CM
CO
CO
to
CO

CM
CO
CO
CO
CD
M-

CM

to"
CO
CM

to
CM
d
CM
CO

*C“O
o>
to
CO
h-
CO

CM
to
to

CD
CM
■O’

CD
CO
CO
M"
h-
rt

CO
h~
CD

T—to

CO
to
o
CM

to

CM
•Mr
CD
CO
CO
to

CO
to
CD
T“CD
to

Vto
CM

***co

w.
5
h
■o

1“

o
p

•M-
CM
CM
l->

to
CM
CD
to
CO
CM

CM
M"
N-"
to
CM

CD
f-
to
CD

CM

Mf
CM

-CM
CO
CO
CM

N-
O
o
co
CM

vt
00
o
to
to
CM

CO
CD
CM
r-^

CM

CO
h-
CM
CM
O
CM

CM
xr
T—
iri
€0
T—

y
00
CM
CD

CM
o>

CO
T~

D
is

ta
nc

e 
fr

om

•o
*r

i~
ST
o

a

0)
o
€
3
(0

¥
o

CL

s■o

dE
B

"M-
co
CM
o>
CM
o

CM
CM
CD
CM
CD
CO
d

h-

to
D-
•O'
O

CO
to
t— 
CM 
CO 
N- 
M-
o

T—CO
CO
r-
CO
•tr
o

CO
8

CO
v-o
to
o

CO
h«-
CM
CO
CO
to
o

h-
O
O
CO
tf
CO
to
o

CO
12
^1*
x—
xt
to
o

^1
CO
O
CO
CD
M-
CO
d

CDh-CO
CM00toto
O

CO00oCO00COto
o

»“■**1

2"tCOoCO•mtCMo
d

CMCOCDCDCOCD
T”o
o

toD-CD
h~COh-C-
T—o
o
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Fig. 4.103 Effect of porosity on thermal conductivity of pressed
iron ore pellets. !
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2 At same porosity level, decrease in average pore size increases the pore/solid 

inter-facial area, increasing resistance to heat transfer and decreasing 

conduction.

The net change in thermal conductivity with porosity wilt depend on 

contribution by above two factor. At high porosity level and with larger pores, 

decrease in porosity or pore volume will increase particle to particle contact area and 

decreases the pore/solid interfacial area. However, after certain pore volume/size 

the increase in contact area is likely to be less pre-dominant than change in particle 

pore surface area. The decrease in pore size due to closing of pores at constant 

porosity, will increase pore particle interfacial area with almost no change in particle 

to particle contact area. This adds resistance to heat flow, decreasing thermal
t

conductivity. The upward rise in thermal conductivity at very low porosity is 

expected, it will approach to zero porosity conductivity value. More experiments 

could not be conducted in this low porosity range, as it was difficult to make such 

pellets.

The effective thermal conductivity of pellets depends oh relative
|

proportion of heat transferred by various modes viz solid state conduction, 

conduction in pore, convection and radiation within pore, which in turn depends on 

temperature and pore size. The other aspect that could decrease the effective 

thermal conductivity is lesser pore radiation due to decrease in its average size. The 

pore radiation is shown to be proportional to its size as indicated in equation 2.47 of
i

chapter 2.

Kasai32 calculated the contribution of pore radiation towards effective 

thermal conductivity for coke samples and found it to be negligible. In view of this,
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the contribution towards effective thermal conductivity by factors other than 

conduction is calculated using following equation and taking following parameters:
t

Kunii's equation,

is ns a 2/3 2/3 r i a 1/3 , 1/3 t t is i is _ _ —1Ke/Ks = 1-e +e [(1-e ) + e /{Kg/Ks + (2/3) (hr.dp/Ks)}]

1. Zero porosity conductivity
2. Conductivity of air64

3. Emmisivity of pellet65

4. Temperature

1.8 Wrrf1K'1 

0.068 Wm‘1IC1 

0.76 

700 °C

It was observed that in porosity range of 5 to 30% and pore size range 

of 10ja.m to 50pm the values calculated are very small to justify the change observed 

in present work and thus eliminating any such possibility. The effect of radiation in 

the pores of material was estimated and reported by Luikov49. The relation 

suggested:

2 3Radiative thermal conductivity in pore = (2 s 8 T dp).

The calculation using this formula showed that the coefficient of 

radiative heat conduction in the pores over the whole temperature range is no more 

than 1.5% of the molecular heat conduction. This leads to the conclusion that the 

large drop in thermal conductivity values observed in present case is attributed to 

decrease in solid-state conduction due to more interfacia! resistance.

Figure 4.104 compares the thermal conductivity values of pressed 

pellet with those of pelletised pelletThe results indicate the value are satisfactorily 

comparable.
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