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Heat Transfer in the Non-reacting 
Zone of a Cement Rotary Kiln 

Greek Letters 
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V. K. Anandan Unni2 

This paper presents a steady-state heat transfer model for a 
rotary kiln used for drying and preheating of wet solids with 
application to the non-reacting zone of a cement rotary kiln. A 
detailed parametric study indicates that the influence of the 
controlling parameters such as percent water content (with 
respect to dry solids), solids flow rate, gas flow rate, kiln incli­
nation angle and the rotational speed of the kiln on the axial 
solids and gas temperature profiles and the total predicted kiln 
length is appreciable. 

Nomenclature 
A = area 

Eb = black body emission per unit area 
Fij or Fsj = shape factor between surfaces i and j 

(including; = (') or between gas and surface 
j 

q = heat transfer 
m = mass flow rate 
N = number of surface elements on the wall and 

the solid 
T = temperature 

Az = size of each axial segment of the kiln 
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a 
e 
a 

fill-angle 
emissivity 
Stefan-Boltzmann constant, 5.67 X 10 
W/m2 - K 4 

as defined in Fig. 1(a) 
transmissivity of the gas 

Subscripts 
= Gas 

i 

j 
s 
V 

z + Az or 
g, z + Az 

element number of the wall or the solid 
element number of the wall or the solid 
solid 
vapor 

first subscript: solid or gas, second subscript: 
at a distance z + Az from the kiln inlet 

1 Introduction 

A rotary kiln employed for drying and preheating of wet 
solids consists of a refractory lined cylindrical shell mounted 
at a slight incline from the horizontal plane. The kiln is very 
slowly rotated about its longitudinal axis. The wet solids are 
fed into the upper end of the cylinder and during the process 
are dried and heated by the countercurrent flow of the hot gas. 
Finally, the solid is transferred to the lower end where it reaches 
the desired temperature and is discharged. 

In the present study, the kiln can be divided into three sec­
tions. In the first section, the wet solids are heated to the boiling 
point of the entrained liquid. In the second section, the liquid 
evaporates at constant temperature until the feed is completely 
dry. In the third section, the solids are heated to some specified 
temperature and then are discharged from the kiln. 

Figure 1(a) shows the nomenclature of the kiln. The angle, 
a, is called the fill-angle which shows the region of volume 
containing the solid. Figure 1(b) shows the heat transfer pro­
cesses occurring in the kiln. 

0\\on 

Origin 

Fig. 1 (a) Nomenclature of the kiln 

Hot gas to wall 
heat transfer 

Outer wall to surroundings 
heat transfer 

Hot gas to solid 
heat transfer 

Wall to solid heat 
transfer 

Fig. 1(b) Schematic diagram showing heat transfer processes in a 
rotary kiln 
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Fig. 2 Section of the kiln showing surface elements of the wall and the 
solid 

Sass (1967) and Manitius et al. (1974) developed heat trans­
fer models for a rotary kiln dryer and an aluminium oxide 
rotary kiln, respectively, using empirical relations for radiation 
exchange calculations. Manson and Unger (1979) described the 
heat transfer processes in a rotary kiln incinerator but did not 
perform a detailed analysis. Ghoshdastidar et al. (1985) devel­
oped a detailed steady-state heat transfer model for the rotary 
kiln waste incinerator burning plexiglas. 

The present work differs from Sass (1967) by mainly two 
factors. First, the heat transfer modeling of the kiln is more 
rigorous and secondly, a detailed parametric study has been 
performed using this model. 

2 Problem Formulation 

2.1 Thermal Radiation Among Hot Gas, Refractory 
Wall and Solid Surface. Heat is exchanged among the hot 
gas, the inner wall of the kiln and the solid surface by radiation 
as the gas temperature is very high. The wall is divided into 
surface elements as shown in Fig. 2. Each axial segment (of 
size equal to 1 m) of the refractory surface is divided into fifteen 
surface elements of equal size. The solid surface is divided 
into five surface elements. The temperature of the solid surface 
element and the gas element are assumed to be uniform in each 
axial segment. 

The surfaces are assumed diffuse and gray. It is assumed that 
the surface elements exchange radiation only with surfaces of 
the same axial segment. 

The shape factors between two refractory surface elements 
and between one refractory surface element and one solid sur­
face element are determined assuming the surfaces are infinite 
parallel strips (Jacob, 1957) as the axial temperature gradients 
are expected to be small. The net energy transfer, qs, for a 
particular surface can be expressed as (Hottel, 1954): 

+ 1 N 

qj = ~ ~ [AgFgjeg(Tg)E„s + l A , F , T , ( r ( ) ^ - EbjAj] (1) 

where e is the emissivity of the enclosure walls. Equation (1) 
is valid for e > 0.8. eg(Tg) and rg{Ti) indicate that the emissiv­
ity and the transmissivity of the gas are evaluated at Ts and Tt, 
respectively. Since the gas composition for this kiln is not given 
in Sass (1967), the composition (by volume) of hot gas mixture 
for a typical cement kiln is taken from Weber (1963) and is as 
follows: C0 2 - 15.89 percent, 0 2 - 1.418 percent, N2 - 41.784 
percent, H20 (vapor) - 40.9 percent. The pressure inside the 
kiln is assumed to be of one atmosphere. As C0 2 , H20 show 
band absorptance characteristics, the Mean Beam length theory 
of Hottel (Holman, 1981) is used to calculate gas emissivity 
and other characteristics. 

2.2 Conduction Heat Transfer in the Refractory Wall. 
Since wall elements of the kiln are alternately heated and cooled 
during each revolution by the hot gas and the solid, respectively, 
quasi-steady heat conduction is present. Only heat conduction 
in the radial direction of the wall is taken into account, assuming 
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negligible conduction in the circumferential and axial direction. 
A non-rotating coordinate system is used to model the wall heat 
conduction. Because the refractory thickness is small compared 
to the diameter, Cartesian coordinates are used. 

Surface elements not covered by the solids are exposed to 
the radiation heat input, q/s while those covered by the solids 
exchange heat with the solids primarily by surface contact. The 
contact heat transfer coefficient shown in Table 1 is an estimate 
obtained from Helmrich and Schiigerl (1980). The boundary 
condition for the outer surface of the refractory wall is the heat 
loss by convection and radiation (Suryanarayana et al., 1986). 

2.3 Energy Transport in the Solid. Mass and energy 
balances on an element of solid contained in an axial segment 
either in the first or in the third section of the kiln gives the 
expression for Ts,z+Az while the same performed on an element 
of the wet solids contained in an axial segment in the second 
section of the kiln gives the expression for the rate of evapora­
tion, mv. It may be noted that the temperature of the solids in the 
second section remains constant at the saturation temperature of 
water. It is assumed that water is always available on the solid 
surface. The end of the second section is indicated where the 
cumulative m„ is equal to the total predetermined amount of 
water to be evaporated per second. 

2.4 Energy Balance in the Gas. Mass and energy bal­
ances on an element of the hot gas contained in an axial segment 
in the first or third section of the kiln gives the expression for 
Tg,z+AZ while the same performed on an element of the hot gas 
contained in an axial segment of the second section of the kiln 
gives another expression for TgtZ+&z. In the second section, the 
superheating of the vapor is taken into account. 

3 Method of Solution 
A computer program is developed to obtain numerical results 

for the present problem. Input data are shown in Table 1. Finite 

Table 1 Input data to the program 

*VII Inlet fill-angle 90° 

* Used only for comparison of the present results with those correspond­
ing to the actual kiln. 

Transactions of the ASME 

I Rotary kiln 
A Diameter 1.95 m 
B Refractory 

1 Thickness 0.3 m 
2 Thermal conductivity 1.3274 W/m-K 
3 Specific heat 692.556 J/kg-K 
4 Density 3000 kg/m3 

5 Emissivity 0.9 
*C Rotational speed 1.87 rpm 
*D Angle of inclination 2.53° 
Solid 

A Inlet temperature 366.66 K 
B Outlet temperature 977.4 K 

*C Mass flow rate (dry) 2.996 kg/sec 
D Specific heat (average) 1122.54 J/kg-K 

*E Water in solid feed 18% (by weight) 
F Density 1500 kg/m3 

G Emissivity 0.95 
Gas 
*A Inlet temperature 1616.34 K 

B Outlet temperaturre 935.77 K 
C Specific heat (average) 1214.7 J/kg-K 

*D Mass flow rate 5.9075 kg/sec. 
Water 

A Latent heat of vaporization 2.26 x 106 J/kg 
B Specific heat (vapor) 2083.2 J/kg K 
C Specific heat (liquid) 4211.2 J/kg K 

Heat transfer coefficients 
A Contact heat transfer coefficient 64 W/m2 K 
B Convection heat transfer coefficient 10 W/m2 K 

from the outer wall of the kiln to 
the surrounding 

VI Ambient temperature outside the kiln 300 K 
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Fig. 3 Numerical and experimental axial temperature distributions of Fig. 4 Axial temperature distribution of the solids and the gas for various 
the solids and the gas based on the input data of Sass (1967) proportions of water in the solid feed 

difference techniques are used and steady-state thermal condi­
tions are assumed. A grid independence test has been done. 
False Transient approach is used to solve the wall conduction 
equation. The solution is initiated at the inlet of the kiln and 
proceeds to the exit. In the second section of the kiln, the change 
in shape factors due to removal of water from the solids is 
accounted for. The output data consists of refractory wall tem­
perature, solids temperature, gas temperature, the individual 
lengths of the first, second and third section of the kiln and the 
total kiln length. 

4 Results and Discussion 

4.1 Validation With Earlier Experimental and Numeri­
cal Results. It is apparent from Fig. 3 that the simulation has 
accurately predicted the gas and solid temperature profile in the 
kiln, the fraction of the kiln used for water evaporation and the 
fraction used for heating the solids. 

However, the kiln length predicted by the present model turns 
out to be 22 meters as compared to 25.5 meters predicted by 
Sass (1967), and 27.3 meters of the actual kiln. The deviation 
of the present predicted length from that of the actual kiln may 
be attributed to uncertainties in some of the input data such as 
the composition of the hot gas, contact heat transfer coefficient, 
the ambient temperature outside the kiln, the convective heat 
transfer coefficient from the kiln to the surrounding air, the 
speed of rotation of the kiln, the kiln inclination angle, the inlet 
fill-angle and the emissivity of the solid because the aforesaid 
data are not specified in Sass (1967) explicitly and therefore, 
are obtained in the present study either by using estimates or 
indirect calculations. Also, solid exit and gas-inlet temperature 
are based on estimates made by operating personnel as men­
tioned in Sass (1967). 

4.2 Circumferential Temperature Variations. The re­
sults (figures not shown) also reveal that circumferential tem­
perature variation in the kiln wall is very small. 

4.3 Parametric Study 

4.3.1 Axial Solid and Gas Temperature Distributions as 
Functions of Various Parameters. Figure 4 shows that with a 
higher percentage of water, in the third section of the kiln the 
axial gas temperature and dTJdz are higher while axial solid 
temperature with respect to percent kiln length is lower. This 
can be explained as follows. For a higher amount of water in 
the feed, the wet solid will have to traverse a greater distance 

to be completely dry. This means that although the same amount 
of dry solid will have to be heated to the same exit temperature 
and the fill angle remains the same in the third section no matter 
whether the solid contains more water or less, the total heat 
transfer to the solid in the last section of the kiln for the solid 
with a high water-content will be greater than that for a solid 
with a low water content, the reason being exposure of the dry 
solid to hotter gas in the former case as the heating starts closer 
to the outlet of the kiln which is the inlet for the hot gas. 
Therefore, to achieve the requisite exit temperature the dry solid 
will have to travel a smaller length of the kiln and hence 
dTJdz is higher while the axial solid temperature at the same 
percent kiln length is lower for the obvious reason. 

Figure 5 shows that for higher solid mass flow rate, in the 
third section of the kiln the axial gas temperature is higher while 
the axial solid temperature is less. This can be explained by the 
fact that for larger solid mass flow rate the fill angle increases 
which in turn reduces mean beam length as the gas volume 
decreases and hence the emissivity of the gas decreases. This 
gives rise to lower loss of heat by the gas by radiation and 
hence the gas temperature is high. The solid temperature is less 
as the heat transfer by radiation to the solid is less and also 

1= 

200, 30 40 50 60 70 

Percent kiln length 

80 90 100 

Fig. 5 Axial temperature distribution of the solids and the gas for differ­
ent mass flow rates of the dry solids 
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Fig. 6 Axial temperature distribution of the solids and the gas for differ­
ent mass flow rates of the hot gas 

because of the fact that for the case of higher solid mass flow 
rate, a greater amount of dry solids have to be heated. 

Figure 6 shows that with higher gas flow rate the axial gas 
temperature is lower while the reverse is true for the axial solid 
temperature. This is because the higher gas flow rate implies 
that the gas residence time is less and hence the kiln has to be 
longer. This means the solid has to stay for a greater period of 
time in the kiln and therefore, solid temperature is high. The 
gas, on the other hand, loses more heat to the solids and hence 
the gas temperature is low. It is interesting to note the very high 
inlet gas temperature that is required for the lowest gas flow 
rate (3 kg/s). Using such hot inlet gas would be uneconomic 
although it would drastically reduce the kiln length. 

It is also found (the graphs are not shown for the sake of 
brevity) that the axial gas temperature remains more or less 
independent of the angle of inclination (the present range, 2°-
5°) of the kiln or rotational speed (the present range, 1-10 

r.p.m.). This is expected as the gas flow is not a function of 
the aforesaid parameters. However, the axial solids temperature 
is greater for a higher angle of inclination of the kiln or for a 
higher rotational speed. Increase in the kiln inclination angle or 
the rotational speed increases the predicted kiln length and vice-
versa. 

5 Conclusions 
A steady-state heat transfer model for a rotary kiln dryer with 

application to the nonreacting zone of a cement rotary kiln has 
been developed. The computer results show that the present 
model can predict the length of the kiln with reasonable accu­
racy. The deviation is due to uncertainties in some of the input 
data. The paper also presents a detailed parametric study which 
reveals that a good design of a rotary kiln requires medium gas 
flow rate, smaller angle of inclination and low rotational speed 
of the kiln. 
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