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ZUSAMMENFASSUNG

Der Wirmelibergang eines Drehrohrofens ist einmalig im Vergleich zu anderen
geometrischen Formen, weil er Warme sowohl unter der Lagerung als auch dartiber tibertragt.
Die Wirme wird an das Feststoffbett auf zwei Wegen iibertragen: tliber die freie Oberfliche
des Bettes (direkter Warmestrom) und iiber die bedeckte untere Oberfliche des Bettes
(regenerativer Waéarmestrom). Einige Studien iber letzteren Mechanismus der
Wirmeiibertragung wurden in der Literatur zitiert. Jedoch wurden diese Arbeiten numerisch
gelost, wegen des zweidimensionalen Problems, das die Wirmeleitung in radialer und
Umfang Richtung betrachtet. Deshalb basiert diese Studie auf einer einfachen analytischen
Herangehensweise, um die Aufgabe in einem direkten und indirekt beheizten Drehrohrofen zu
l6sen. In direkt beheizten Drehrohréfen gibt das heile Gas, das in den Ofen eingeleitet wird,
Wirme direkt zur freien Ofenwandoberfliche und zur freien Bettoberfldche ab. Bei Rotation
des Ofens wird die in der Ofenwand gespeicherte Wérme wieder zum Feststoffbett
libertragen. Bei indirekt beheizten Ofen ist die Warmequelle ein heiBes Gas oder Dampf. Die
Wirme wird an die duBlere Schicht der Ofenwand abgegeben und diese Wiarme wird iiber den
Umfang des Ofens verteilt. Der Wirmelibergangsmechanismus zum Feststoffbett ist
zweigeteilt: in Warmestrahlung von der freien Wandoberflache zu der freien Oberfldche des

Stoffbettes und in Warmeleitung von der bedeckten Wand zum Feststoffbett.

Um den gesamten Wiarmeiibertragungsmechanismus im direkt beheizten Drehrohrofen
zu analysieren, wurde ein analytisches eindimensionales Model entwickelt, mit dem der
Einfluss der verschiedenen Parameter auf die regenerative Wérmeiibertragung durch die
Wand festgestellt werden kann. Grundlage dieses Modells ist die Einfithrung einer thermisch

aktiven Schicht charakterisiert durch eine unendliche Wérmeleitfahigkeit in radialer Richtung.

Die Dicke der Schicht wird durch die Eindringtiefe in den halbunendlicher Korper bestimmt.
Die betrachteten Parameter sind: Ofendurchmesser, Drehzahl, Fiillungsgrad, Stoffwerte der
Wand und der Warmeaustausch zwischen Gas-Wand sowie Wand-Feststoffbett. Spéter wird
das Modell mit den zweidimensionalen numerischen Ergebnissen mit einer Fehlerquote von

weniger als 5% verifiziert. Ein neuer Parameter konnte vom analytischen Modell abgeleitet
werden. Er heillt Wirmetransportkoeffizient (ap =7-4/A:-p-c-n) und kann den Einfluss
der Wand auf einfache Weise beschreiben. Mit diesem neuen Koeffizienten kann der

regenerative Wéarmeiibergangskoeffizient als Serie von drei Widerstinden beschrieben

il



werden (apyg.,agw.or). Es wurden Experimente mit einem Versuchsdrehrohrofen

durchgefiihrt. Die Temperaturschwankung der inneren Wand stimmt mit dem in dieser Arbeit
verwendeten Modell {iiberein. Das Temperaturniveau hédngt vom Verhiltnis der
Wirmeiibergangskoeffizienten ab, so dass Temperaturmessungen der Wand behilflich sind

bei der Analyse des Warmelibergangsmechanismus.

Zum Schluss wurde ein analytisches Modell fiir einen indirekt beheizten Drehrohrofen
entwickelt um den Beitrag der Ofenwand zum gesamten Warmeiibergang zum Feststoffbett
zuanalysieren. Das Modell wurde fiir einen elektrischen Heizer und Gas oder Dampf als
Wirmequelle entwickelt. Es wurden die gleichen Parameter wie die der Simulation des direkt
beheizten Drehrohrofens benutzt. Das Modell zeigt die Verteilung des Warmeiibergangs von
der offenen Wandoberfldche und der bedeckten Wandoberflaiche zum Feststoffbett. In diesem
Modell kann der Einfluss der Wand wieder beschrieben werden mit Hilfe des

Wirmetransportkoeffizient, jedoch in einer anderen Definition (¢, = p-c-n-s).
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ABSTRACT

The heat transfer in a rotary kiln is unique compared to other geometries because it
transfers the heat under the load as well as on the top. The heat is transferred to the solid bed
in two paths: across the exposed surface of the solid bed (direct heat flow) and the covered
surface of the bed (regenerative heat flow). Some studies about the latter heat transfer
mechanism have been cited in the literature. However, the works have to be solved
numerically because of the 2-dimensional problem which considers the thermal conduction in
radial and circumference direction. Therefore, this study has established an analytical solution
in a simple manner to accomplish the task in directly and indirectly heated rotary kilns. In
directly heated rotary kilns the hot gas introduced into the kiln is transferred directly to the
exposed kiln wall surface and to the exposed bed surface. As the kiln rotates the heat, which
is stored in the kiln wall, is transferred again to the solid bed. In indirectly heated rotary kilns
the heat source is from the hot gas or the steam. The heat is given to the outer shell of the kiln
wall and that this heat is distributed over the circumference of the kiln. The heat transfer
mechanism to the solid bed is divided into two parts: the radiation heat flow from the exposed
wall surface to the exposed bed surface and the conduction heat flow from the covered wall to

the solid bed.

To examine the overall heat transfer mechanism in directly heated rotary kiln an
analytical one-dimensional model has been developed to determine the impact of the different
kiln variables on the regenerative heat transfer by the wall. The basis of this model is to
introduce a lumped capacity layer with infinite conductivity in radial direction. The thickness
of this layer is determined from the heat penetration in a semi-infinite body. The parameters
considered are: kiln diameter, rotational speed, filling degree, material properties of the wall,
and gas-to-wall as well as wall-to-solid heat transfer. Latter on the model is verified with the
two-dimensional numerical results with an error of less than £5%. A new parameter could

be derivated from the analytical model which is named as heat transportation coefficient
(ayp =7x-;\JA-p-c-n) which can describe the influence of the wall in a simple manner. With

this new coefficient the regenerative heat transfer coefficient can be described as a series of

three resistances: the heat transfer coefficient gas-to-wall (a¢gy ), the heat transportation
coefficient (a7 ), and the heat transfer coefficient wall-to-solid (g ). Experiments were

carried out in a pilot plant kiln. The fluctuation of the inner wall temperature is in accordance

with the model in this work. The temperature level depends on the ratio of the heat transfer



coefficients, thus the measurements of the wall temperature help to analyze the heat transfer

mechanism.

Finally, in indirectly heated rotary kiln an analytical model has been developed to
estimate the contribution of the kiln wall to the overall heat transfer to the solid bed. The
model was developed for electrical heater and gas or steam as heat sources, respectively. The
same parameters as the simulation for the directly heated rotary kiln are used. The model
shows the distribution of the heat transfer from the exposed wall surface and from the covered
wall surface to the solid bed. In this model, the influence of the wall could be described again

using a heat transportation coefficient but using other definition (&, = p-c-n-s).
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Nomenclature

Latin symbols

A - Heat resistance ratio
A m Area per unit length
a m*/s Thermal Diffusivity
Bi - Biot number
b mm Effective depth of penetration in the solid bed
c J/kgK Thermal heat capacity
D m Diameter
De m Equivalent diameter
d m Wall layer thickness
F - Surface area
- Filling degree
G kg/m®s Gas mass flux
Gr - Grashoff number
H W/m Enthalpy flow
h mm Mean thickness of gas film
L m Kiln length
Nu - Nusselt number
n rpm Rotational speed
Pe - Peclet number
Pr - Prandlt number
0 W/m Heat transfer per unit length of kiln
q W/m?* Heat flux

R m Radius



R -
Re -

r m
St -

s m

s m
T K

t S

u m/s
w m/s
X rad
7 -
Greek Symbols
a WmK
S rad

y ~mm

O m

O m

g rad

s -

s -

¢  degree
A W/mK
T -

Resistance

Reynold number
Radial coordinate
Stanton number
Lumped capacity layer
Wall thickness
Absolute temperature
Time

Velocity

Tangential velocity
Circumferential coordinate

Axial coordinate along kiln length

Heat transfer coefficient

Central angle of solid bed

Gas film thickness

Particle roughness

Thickness at the contact point

Half central angle of sectional solid bed
Emmisivity

Surface porosity between particles
Circumferential coordinate

Thermal heat conductivity

Constant (3.14)
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p kgm’

o W/ m’K*
T S
o /s

Superscript
ad

cd

Subscript
B

eff

el

G,0
GO
GS

Gw

lam

Density
Stefan’s Boltzman Constant (5.67¢-8)
Contact time between solid and covered wall

Rotary frequency

Advection

Conduction

Solid bed

Critical

Diameter

Direct

Effective

Electric

Gas

Initial wall temperature in contact with gas
Convective outer wall
Gas to solid

Gas to wall

Gas

Inner

Bulk

Loss

Laminar
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lc

0G

0S

rad

sb

S,0

w.G
wP

ws

Lumped capacity layer
Material
Transportation

Outer

Shell wall in contact with gas at covered wall

region

Shell wall in contact with gas at uncovered

wall region

Particle

Regenerative

Radiation

Bed surface

Solid bed

Initial wall temperature in contact with solid
Circumference coordinate
Transportation

Turbulent

Gas layer

Velocity

Wall

Exposed wall

Wall to particle

Wall to solid

Surface 1

Surface 2
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1 Introduction

1.1 Background

Rotary kilns are widely fixtures of the chemical, metallurgical and pharmaceutical
process industries. They are capable of operating at high burning zone temperature, for
example: burning of cement clinker (2000°C) [Peray and Waddell 1972], calcinations of
aluminium oxide, coke (1300°C) [Manitius, A., et al. 1974, Bui, R.T., et al. 1995], lime
burning (1200°C) [Georgallis 2004], calcinations of petroleum coke (1100°C) [Martins et al.
2001]. Other application of the rotary kilns are the thermal treatment of waste material
[Rovaglio et al. 1998, Silcox and Persing 1990, Ikuo 2001], the gasification of waste tires or
wood to obtain activated carbon [San Miguel et al. 2001, Ortiz et al. 2005], and the thermal
desorption of contaminated soils [Cundy and Cook 1995, Wilbrand 1997, Wocaldo 1994,
Rensch 2001].

Figure 1-1. A direct heated rotary kiln [Baukal 2000]

As shown in Figure 1-1, rotary kilns are typically cylindrical, refractory-lined vessels.
The raw materials are often granular in composition so that they can easily flow through the
kiln. They are fed in at the higher end and exit at the lower end of the kiln. This geometry is
normally characterized by a single burner located in or near the center of one end of the kiln
and firing parallel to the axis of the kiln. In counter-current kilns, the material is fed in on the
opposite end of the burner and in co-current kilns, the material inlet and the burner are at the
same end. However, industrial kilns are normally operated counter current. Large kilns can be

up to 6 m in diameter and 160 m in length [Baukal 2000].



The heat transfer in a rotary kiln is unique compared to other furnaces because it
involves not only the gas and the moving bed of solids, but also the rotating kiln wall. The

heat transfer steps are shown in Figure 1-2.
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Figure 1-2. Heat flow paths in a rotary kiln

The heat is transferred to the solid burden in two paths: across the exposed surface of
the solid bed (direct heat flow) and the covered lower surface of the bed (regenerative heat
flow). The mechanisms of the heat transfer to the two surfaces of the bed are very different.

The exposed solid bed surface receives heat directly by radiation and convection from the
freeboard gas (QGS ), whereas on the covered solid surface heat flows by conduction from the
wall to the solid (QWS ). This latter heat transfer path is part of the regenerative heat transfer of
the kiln wall. During the rotation, the wall receives thermal energy via radiation and
convection from the hot combustion gas ( QGW ). A part of this energy is stored in the kiln wall
and transported back as enthalpy flow (H,, ) to the covered solid surface. However, owing to

the high temperatures attained in the freeboard gas, radiation is the dominant heat transfer

mechanism [Gorog 1989]. The other part of the heat which is radiated to the wall is reflected

exclusively back to the solid bed (Q'WS’G ). For high temperature processes and high emissivity

of the gas, the radiation heat transfer from wall to solid is neglected [Siegel and Howell



2002]. In addition, the solids typically tumble inside the kiln, which constantly exposes new
material to the heat source. Tumbling of the solid and heating from below help to increase the

efficiency of this process.

In the design or modeling of rotary kilns, four important aspects should be considered
from the process engineering point of view: heat transfer, flow of material through the kiln,
gas-solid mass transfer, and reaction kinetics. Heat transfer is the most important out of these
aspects because in many practical cases heat transfer limits the performance of the rotary kiln

[Barr et al. 1989].

Numerous heat transfer models for rotary kilns are available in the literature [Sass
1967, Pearce 1973, Gardeike 1978, Goshdastidar et al. 1996, Bui and Perron 1993]. The heat
transfer model from these previous works has to be solved numerically because of the 2-
dimensional problem which considers the thermal heat conduction in radial and
circumferential direction. Therefore, it is difficult to see the effect of the influencing
parameters and to transfer the result to different kiln geometry. The study from Queck 2002 in
the same research group had tried to solve the problem by introducing the fictitious layer in
the wall. However, the study has some deficiencies in terms of the investigated parametric
zones of the pilot kiln, the interpretation of the results and to many influencing parameters
which has to be considered. Therefore, in this study a new model is introduced for the
regenerative heat transfer that has a one-dimensional analytical solution. This can provide a
very clear description not only of the regenerative heat transfer but also of its ratio to the

direct heat transfer.

Rotary kilns can also be heated externally either with electric heat flux or the outer
wall that is indirectly heated by the high temperature flow as its heat source see Figure 1-3.
The externally heated kiln is often adopted as a pyrolyzer or gasifier of a special kind of waste
[Schulz et al. 1993, Li, et al. 1999, Androutsopoulos et al. 2003]. Used also as an indirect
rotary dryer for organic material [Wang et al. 1993, Canales, et al. 2001, Vega et al. 2000].
However, most of these studies are not focused on the heat transfer in the kiln. No study has
yet been made available to predict the temperature distribution on the kiln wall and the impact

of the parameters to the overall heat transfer.



1.2 Scope of the work

1.

A sophisticated heat transfer model was developed to contribute a better understanding of
the regenerative heat transfer of the kiln wall, which enabled the simple calculation of the
temperature distribution on the kiln wall, the net rate of energy input to the bed material
and unique to this study is introducing the heat transportation coefficient which described

the influence of the wall in a simple manner.

A series of heat transfer trials were carried out using the laboratory pilot kiln facility,

which enabled the comparison with those of the recent study.

To investigate the heat transfer phenomenon in the externally heated rotary kiln and the

impact of the parameters to the overall heat transfer.



2 Literature review

It is pointed out in the opening discussion that in rotary kilns energy from the
freeboard gas is transferred to the kiln wall and the solid bed by both radiative and convective
heat transfer. The wall received the heat and transferred it back to the solid bed as the kiln
rotate. The subsequent distribution of this energy is of vital importance to the satisfactory
operation of the kiln. Therefore the radiative and convective exchange among the exposed
wall and bed surfaces as well as the conductive exchange between the covered wall and the
solid bed must be characterized. This in turn depends on many parameters those are different
for each kiln and bed material. Before moving on to a brief examination of the fairly
extensive studies pertaining to the regenerative action of the wall, it is appropriate to first
review the literature relating to the heat transfer mechanism which influences the regenerative

heat transfer and to investigate a range of values based on the previous studies.

2.1 Covered wall-bed heat transfer

2.1.1 Conduction heat tranfer coefficient

Heat transfer coefficient by conduction is employed to calculate the covered wall and
solid bed exchange. This heat transfer includes both the heat transfer coefficient of the bed
surface to the bulk solids and that of the wall surface to the bed surface. Estimation of this
coefficient has generally been studied either by pure guess work or by adopting some type of
surface renewal or penetration model. Typical guess-estimated values for wall-solid heat
transfer coefficient were made by Gorog et al. (1982) in the range of 50-100 W/m?K and by
Agustini et al. (2005) in the range of 50-500 W/mK.

The earlier investigation on this heat transfer was by Watchers and Kramers (1964) using
heating sand of unspecified size in a rotating copper drum of 0.152 m ID x 0.475 m A heat

balance for a circumferential element consisting of particles adjacent to the wall yields

—=qp — (2_1)



where a, is the heat diffusivity of particles, m’/s.
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Figure 2-1. Penetration model for Bed-to-Wall heat transfer (after Watchers and Kramers, 1964)

The initial boundary condition is illustrated in Figure 2-1, assuming the average temperature
of the wall layer was constant during the time of contact. Their experiments indicate that at
higher speed (n > [ Ome) the heat transfer coefficients reduces by a factor of 3 with respect

to that obtained from a simple penetration model

2 g

a = -
ws = P (2-2)

At relatively lower speed (n <1 Orpm), it is gradually changed according to

(2-3)

—1
NTap -te +d’\/;]

The wall layer thickness, d’, was obtained by extrapolating the experimental data from the

above equation

d'=1.12x107 /8 (2-4)



The values of d” were 1.8 mm and 1.5 mm with =253 and S = 1.83 radians, respectively

in their experiments. However, the dependence of d” in equation above on b, the central angle

of the solids bed, can not be physically explained.

Other simplified model was applied by Wes et al. (1976) in a drum of industrial scale drum of
9.0 m ID x 0.6 m. The initial boundary condition is illustrated in Figure 2-2.

— X
T _
o bt t-=0 T}{IU=T5 xz0
N\.\ te>0  Tot, = Tw
" Top =Ts
- T5 C

Figure 2-2. Boundary condition assumed for covered wall-bed heat transfer (after \Wes et al. 1976)

The wall temperature was measured at 4.57 m from the entrance by thermocouple placed flush
with the wall. Since the drum was heated by steam, the wall temperature was taken to be
constant along the drum length. Potato starch or yellow dextrin with particle size of 15-100
um and filling degree between 11 and 23% were used. The rotation speed was predetermined
at 1.6-6.5 rpm. The experiment results were in accordance with the following equation, which

is derived from the equation

2-AB

a B 2-5
s NTap -t @9)

Values of about 250 W/m?K were found for a rotational speed of 6 rpm.

In the work of Lemberg et al. (1977), a laboratory rotary kiln was used in his work in
the size of 60 cm length, 25 cm diameter and wall thickness of 3 mm. They introduced two

regions at the contact between the bulk and the wall (see Figure 2-3 ).

In region 1, the heat transfer occurs between the plane surface of the wall and the bulk

perpendicular to this surface along x. And in region 2, he introduced a thin gas layer between

7



the bulk and the wall which causes a temperature jump at x = 0. They used the following set

of initial and boundary conditions illustrated in Figure 2-4

— -‘

Figure 2-3. Two-region penetration model for wall-bed heat transfer (after Lehmberg et al. 1977)

T —
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“T tc=0 TU.T.; = Tyw-ATs
To =T
~ TE .tc 5

Figure 2-4. Boundary condition assumed for covered wall-bed heat transfer (after Lehmberg et al. 1977)

T =Ty = constant, for x =0 for every t forregion 1

T =T; =constant, for t =0 and everyx for region 1 and 2

(G_Tj =-a,, -(TW -T x=0) for region 2
ax x=0



The overall wall-bed heat transfer coefficient across the two regions

P T 29

where the heat transfer coefficient between the wall and bulk

_ b | 2 1 1 Wl agorg . .
s \/; N3 h-,/aB-rk+h- aB.rke erfc( ] Tk) (2-7)

and the heat transfer coefficient between the bulk and the thin gas layer

r, —O
ag :h'(]—g)'% (2-8)
m
r r )
h=2dp —2 . |\In| 22 |-]+H%L 2-9
¢ (rm_§u)2 { [5”j Vm:l &9

where bg = m is the effective depth of penetration in the solid bed, 7; is the
contact time between solid and covered wall, ag = Az /(c - pp) is the effective thermal
diffusivities, r,, is the mean particle size, J, is the thin gas layer and ¢ is the surface porosity
between particles.

By adjusting the values of 4 and ¢,, Equation (2-7) was reported in good agreement
with their own experimental data using Quartz sand (mean particle sizes 157, 323, 794 and

1038 pm) and sodium carbonate (soda), with mean particle size 137 pum. He reported the

value of heat transfer coefficient between wall and solid around 40-400 W/m?K for a short
contact time (]/ T, :2s_1). The mean thickness of the gas film (//h) increases with

increasing particle size. The parameters, # and 0, were determined experimentally, therefore

Equations (2-7) and (2-9) are not readily used for design purpose.

Recently Li et al. (2005) used the data from Lemberg 1975 to verify the validity of the
heat transfer model in their paper. The principle mechanism of heat transfer of covered wall

and solid bed model is described in Figure 2-5.
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Figure 2-5. Mechanism of heat transfer between wall-solid (after Li et al.)

The total heat transfer coefficient is controlled by three heat resistance:

, contact resistance caused by gas film between the covered wall and bed surface
aWB

— 7 thermal resistance due to unsteady state heat conduction from the bed surface to the
C
a
B

solid bed, the temperature reduces from 7, (0) to T, ().

1 . ) e ) .

— thermal resistance due to advection heat transfer within bulk solid, which can be
a

a
B

approximated to zero.

Regression analysis of extended penetration theory led to the following equation

1
aws = = + (2-10)
1 N ]d+ ]d Ao 2/,1.{/3.,1.0}3
a c a
WB ap’  ap £
A dimensionless terms of Eq. (2-10)
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1

N4 Nz |1 (2-11)
2 Pey

Nug =

2
d d Q-
where Nuy = ayg -l—p, Pey =[/1p] (o C)B , te =—% . Gas film thickness:
g

N =0.085, filling angle is ¢.

Figure 2-6 shows the comparison between extended penetration theory and the

experiment results of Lemberg 1977. In the study a range for ap¢ between 40 to 400 W/m?K

was employed.

400 I T I T [ T [ T | T
350 | -
300 §
O 250 | -
.
£ 00l .
B o0 o O
p—
., 150 | §
= = d=157.5um 1=0.198
6 2]
100 - o d=323.5um y=0.144 |
[ e d=794.0um y=0.098 |
50 |- p 4
_ o d=1038um y=0.09
0 1 1 " | " | " | "
0.0 0.4 0.8 1.2 16 2.0
/7. (s

Figure 2-6. Comparison between extended model from Li et al. and experimental results from Lemberg
et al. (after Li 2005)

The simple penetration model was proposed by Tscheng, S.H. (1979). It leads to the

following dimensionless equation.

I 2 0.3
ows " Ltws _ 11.6 - M (2-12)
Ap ag

11



Where n is the rotational speed of the kiln, R is the inner radius, Lys is the length of the
contact part wall-solid, ¢ is the filling angle of the solid, and ap is the thermal diffusivity of
the bed.

A
CZB_ B

- 2-13
pPs - Cs (2-13)

The thermal properties of the wall have a significant influence to the heat transfer coefficient

between wall and solid. However, the influence of the wall material is not considered. The

effective thermal conductivity (4p) for sand is predicted from Figure 2-7
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Figure 2-7. Effective thermal conductivity for Sand (VDI 1997)

Equation 2-12 is accordance with the investigations of 3 different authors (Wachters &

Kramers, Wes et al., and Lemberg et al.) as shown in Figure 2.8.

12
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Figure 2-8. Correlation of simplified model from Tscheng S.H. and experiment results (after Tscheng
1979)
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Figure 2-9. Effective thermal conductivity for sand
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The influence of the effective heat conductivity on the heat transfer coefficient wall to
solid after Eq. 2-12 is represented in Figure 2-9. The material Quartz Sand (SiO;) (see chapter

5, experimental investigation) is used with filling degree 20% and rotational speed n = 3min™.

The effective thermal conductivity is increasing as the kiln diameter decreases. This
phenomenon influences the heat transfer coefficient wall-solid. The range of this coefficient

according to Figure 2.9 leads to ajyg between 50 to 500 W/m’K.

Patison et al. (2000) used also this correlation to calculate the heat transfer in a rotary
coal pyrolisis kiln. To calculate the effective conductivity of the charge, a correlation of

Zehner and Schliinder (1972) is used. The value taken for the study was «,,; =350 W/m’K.

This value had been used also by Barr (1986) in his calculation using pilot kiln trial with 0.4

m ID and prototype kiln model with 4 m ID.

Silcox et al.(1990) used this expression to calculate the heat transfer in rotary kiln for
solid hazardous waste. He reported the heat transfer between wall and solid lies between 60-
400 W/m’K, which is shown in Table 2-1. The material was sand with filling degree 10% and

rotation speed 3 rpm.

& Texit aGs Texit aws Texit
[W/m?K] [K] [W/mK] [K] [W/mK] [K]
0.1 696 27 783 61 751
0.2 748 54 760 123 783
0.3 783 216 711 246 818
0.4 807 392 843

Table 2-1. Heat transfer coefficient between wall-solid for contaminated soil (after Silcox et al. 1990)

Schliinder and Tsotsas (1988) introduce a penetration model of the heat transfer
between bulk materials and heating surfaces. This model considers the mechanism of the
contact heat transfer between wall and the first particle layer as shown in Figure 2-10 with

shading as well as the drop of temperature within the solid bed material.
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For a given heat flux ¢, exists a temperature drop between the wall temperature Ty

and the middle temperature 7). The temperature jump at the wall arises due to the contact
resistance between wall and the first particle layer. Between this temperatures difference a

contact resistance //ag is defined. A further temperature gradient takes place within the solid

material and is computed by a penetration coefficient. A contact resistance in this range is

defined as I/ap .

Figure 2-10. Temperature profile in a packed bed heated from the surface of an immersed body (after

VDI 1997)

Thus, the total penetration model for a heat transfer coefficient wall to solid bed is given as

I 1 1
— == (2-14)

Qs Qs ap

where a5 and ap are the heat transfer coefficient between the wall to the first particle layer
and the heat penetration coefficient in the solid bed, respectively. The first heat transfer

coefficient represented as shadings in Figure 2-10 is applied from the correlation

2-A~/d
as=¢-ayp+(1-9) 72 G Ayad (2-15)

_l_
2+(2-1+2-6)/d
with surface ratio of the heating surface ¢ = 0.8
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For a small temperature difference between two surfaces

1 1
L

Sy &R

The heat transfer coefficient between wall and a single particle

awp = 42(; Kl 2 - §)jln(1 +5 (lli 5)j - 1}

(2-16)

(2-17)

The heat transfer coefficient for a single particle in dependence of the pressure is

presented in Figure 2-11 for smooth & =0 and rough particles (5 =2and 10 ,um). This case

was measured for a particle diameter 2 mm, thermal conductivity 0.0275 W/mK and thermal

capacity 1008 J/kgK.

400

WP

m2K

300

200

100

0 1 1 i

107" 10° 10' 10°

10°
p. mbar

Figure 2-11. Heat transfer coefficient for single particle from kiln wall for different particle surface

roughness (after Schliinder and Tsotsas 1988)
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For a low pressure /+ 6 ~ /. Where ¢ is the roughness of particle and / is the modified free

path length of the gas and y are the accommodation coefficient of the gas

2 _
[=2.0.2"7 (2-18)
Ve
1%w+1
0.6- (2-19)

=10 2.8 41

R |~

The free path length is defined as

=00 —— (2-20)

where T is the absolute Temperature, Py and Ty for air are 1 bar and 373 K, respectively. The

initial accommodation coefficient Qo= 0.0654.10° m.

The heat penetration coefficient o g is defined as follows

2 lb-2)p _
ap = (2-21)
N Ji

The fictitious contact time ¢ can be calculated from this correlation

t =tmix - Nmix (2-22)
1

e = (2-23)
n

where n is the rotational speed of the kiln and N, is the Dimensionless mixing quality
number. For typical rotary kiln according to (Wocaldo 1994) N, is equal to 2. The influence
of the effective heat conductivity on the heat transfer coefficient wall to solid after Eq. 2-14

for material Quartz Sand (Si0.) is represented in Figure 2-12.
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Figure 2-12. Heat transfer coefficient for single particle from kiln wall for different particle surface

roughness (after Schliinder and Tsotsas 1988)

The calculation of the contact heat transfer requires knowledge of numerous
parameters, and the approach is difficult to apply in practice. Therefore, it is appropriate to
have a range of values of this heat transfer coefficient in order to determine the impact
parameter influencing the heat transfer in the rotary kiln. Thus, based on the above studies,

the suitable values for typical rotary kiln are in the range of 50 to 500 W/m*K.

2.1.2 Regenerative heat transfer

Previous studies to predict the regenerative heat flow of the kiln wall were relatively
crude. The earlier attempt was reported by Brimacombe and Watkinson (1978). They reported
that only small fluctuations of the temperature exist on the inner wall and are negligible in the
middle of the refractory wall as shown in Figure 2-13. There was no analytical solution to

predict the fluctuations of the wall temperature.
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Figure 2-13. Typical wall and bed thermocouple traces (after Brimacombe and Watkinson 1978)

Barr et al. (1989) extended the experiment by inserting thermocouples at several depths in the
kiln wall Figure 2-14.

Gas 'hermocoupis (type S)

/— sliding, suction

*\-mudn (type K)

Solids thermocougle (type SorK)

\wcul probe

& thermocouple (typaK)

Figure 2-14. Thermocouple installations at a cross-section of the pilot kiln (after Barr et al. 1989)
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The result indicates that the kiln wall is divided into two regions, a thin active layer at
the inner surface which undergoes a regular cyclic temperature change as the wall rotates, and

a steady state layer which is not involved in the heat exchange Figure 2-15.

The results of their study indicate that during the kiln rotation, the region of the active
layer rarely exceeds a depth of 15 mm and the cyclic temperature on the inner surface of the
kiln wall lies in the range of 30 to 90 K. Unfortunately, the calculations for the wall active
layer and the heat flux in the wall active layer had to be solved numerically. Thus, it is

difficult to see the impact of the influencing parameters and to scale up results.

AL  Wall active layer
SSL  Wall steady state layer

Figure 2-15. The active and steady-state layer in the refractory wall (after Barr et al. 1989)

Gardeik and Jeschar (1979) studied a one-dimensional heat flow model which was
developed by applying an infinite large thermal conductivity coefficient of the kiln wall. A set
of dimensionless equations to predict the fluctuation of the wall temperatures depending on
the Stanton number and filling degree were investigated. These equations could only be
solved numerically. Therefore parameters influencing the regenerative heat flow are not much
discussed. The whole thickness of the kiln wall was used to solve the problem and no
prediction of wall active layer was found. Substantially, the impact of the regenerative heat

flow relative to the other heat transfer steps were not described clearly.
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Gorog et al. (1982) developed a two dimensional, finite difference method to predict
the variation of the inside kiln wall temperature. The heat transfer between the covered wall
and the bed was calculated using the analogy of an electrical circuit. The results of his study
indicate that during the kiln rotation, the region of the active layer rarely exceeds a depth of
15 mm and the cyclic temperature on the inner surface of the kiln wall lies in the range of 30
to 90 K. However, the thickness of the active layer and the heat transfer model has to be

solved numerically.

Since none of the models proposed in the literature could satisfactorily represent a
simplified approach to predict the regenerative heat transfer in the rotary kiln, an attempt was

made in this work to accomplish this task. This correlation is discussed in Chapter 3.

2.2 Convection in the freeboard gas

2.2.1 Convection between the gas and wall

The convective heat transfer includes two paths in the rotary kiln: heat transfer

between the freeboard gas and the wall (@ ) and heat transfer between the freeboard gas
and the solid bed (agg). At low temperature, convection is the dominant energy transport

process but at moderate or high temperature its importance is certainly less.

Several equations have been studied to predict the correlation of convective heat
transfer coefficient to the kiln wall in rotary kilns. Earlier studies, Sass (1967), Riffaud et al.
(1972), Wingfield et al. (1974), applied pipe flow correlations for gas to wall convection

.67
agy =0.0981\G
v (0. (2-24)
where Gg is the gas mass flux kg/hr m2 (cross section kiln). The value of 10 W/m’K is

reported. For development of turbulent flow in a pipe Kreith and Black suggested the

following equation

2 D055
ayys = 0. 036%Re0'8 pr03 (f) (2-25)
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for a cylinder with /0 < L/ D < 400 . This correlation was chosen by Gorog et al.(1982) to

calculate the convection in a 3.5 m ID x 135 m long rotary kiln with Re=2.5-1 07. The
results of Eq. (2-19) yield a heat transfer coefficient of about 12 W/m?K. In their theoretical
study a range of 10 to 30 W/m’K was employed.

Watkinson and Brimacombe (1978) carried out a series of experiments using a 0.406m

ID pilot kiln firing natural gas. The calculated analysis of the experiment data lead to
0.43
Nugwy = ].26(ReD PFZJ (2-26)

It is found that for the range of temperature higher than 700 K the convection heat

transfer accounts for around 10%. At Rep =2-1 0’ , representative of the pilot kiln, the
values lie around 2-3 W/m?K. The gas radiation was increased with the kiln size, due to the
increase of beam lengths.

Wes et al. (1976) reported that a value of 4-5 W/mK exist at Rep = 2.5x1 0° in his
experiment using air in an empty metal drum with flights. By doubling the air flow and Re

enhanced the heat transfer coefficient by only 4%.

Tscheng and Watkinson (1979) carried out an extensive series of experiments in a
0.191 m x 2.44 m kiln using heated air to eliminate gas radiation. The parameter of the
experiments was the rotational speed, gas flow rate, and filling degree. The correlation used to

verify the analysis was

Nugy =1.54-Re’” Re 0292 (2-27)
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Figure 2-16. Effect of rotational speed on convective heat transfer coefficient (after Tscheng and
Watkinson 1979)

The rotational speed has a slightly positive effect on ogg, as shown in Fig. 2-16. This
expression is valid in the range of 71600 < Rep, <7800 and 20 < Re,, < 800 . They reported a
value of 2-9 W/m’K for the pilot kiln type.

Barr PV (1986) conducted a series of experiments using pilot rotary kiln 0.406 m x 5.5

m. He reported the range of convective coefficient around 1.5 — 15 W/m?K with the same

range of Rep as Tscheng (1979). The correlation over a flat plate was used
Nugy =0.029-Res® pr0-33 (2-28)

The scatters results are shown in Figure 2-17, which can be attributed to the fact that
the kiln wall boundary layer is fully turbulent. The experiment were carried out using various
material (Fine sand, coarse sand, petroleum coke, and limestone). The rotation speed was
maintained at 1.5 rpm and the filling degree was held approximately constant (~ 12%), as was

the kiln slope.
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Figure 2-17. Convection to the exposed wall surface (after Barr 1989)

According to (VDI 1997), the convective heat transfer from gas to wall/gas to solid is

calculated from the correlation below

2
Nugw = j;j .. \(/% .0(01?:2. /};r_ N I [%T (2-29)
The friciton factor, ¢, is determined from the correlation
¢ =(1.82-log;y(Re)—1.64)7° (2-30)
Within the range of 0.5 < Pr<1.5, the correlation can be simplified as follows
2/3
Nugy =0.0214-(Re*5-100)- Pr®* -!1+(%} ] (2-31)
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2.2.2 Convection between gas and solid bed

The convective heat transfer coefficient between gas and exposed bed surface is
considerably less important than to the exposed wall. Some investigators (Riffaud 1972, Sass
1967) have used Equation 2-24 for gas to wall convection to calculate heat flow from gas to
solid bed. This coefficient is independent of the rotation speed, particle size, and inclination

of the kiln. Other empirical equations for turbulent convection in a non-rotating tube
ﬁ’g 0.8 p 0.4
aGgs =agw 2002331{6 < Pr (2-32)

were used for gas-wall and gas-solid convection in modeling iron ore reduction (Wingfield,
1974), alumina kiln (Manitius, 1974), and the non-reacting zone of a cement kiln

(Ghoshdastidar, 1996).

Friedman and Marshall (1949) carried out several experiment trials in a rotary kiln
heat exchanger using air and sand with and without internal flights. Values of
19<ags <35 W/ m’K were reported for kiln without flights independent on Rep. There

were no significant influence of particle size and rotation speed ( 3-20 rpm) on the coefficient.
This condition might be expected if the bed surface played a limiting role in the heat transfer

process.

In VDI 1997, the same correlation is used for heat transfer coefficient between gas and

wall as well as gas and solid according to Eq. 2-29.

Wes et al. (1976) was the first who corrected this assumption. The results are given in
Figure 2-18. They claimed that there should be a kind of penetration mechanism for the heat
transfer to the flowing particles because of the rotational speed. This work showed that

aGs z(5 ~ 1 0)'0‘GW for a rotary kiln with low flights. Thus, the assumption that

ags = agy 1s still questioned.
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Figure 2-18. Convective heat transfer coefficient from freeboard gas to solid bed (after Wes et al. 1976)

The experimental study reported by Tscheng and Watkinson (1979) is the most

thorough to date relating to the subject. The correlation

D _
Nugs = ags = 0.46 - Re%737. Re%,104. ¢=0.341

. (2-33)
where
Uy D
Reg, =~ (2-34)
1%
2
Re,, = @-De (2-35)
1%

where D, is the equivalent diameter as a function of filling degree f . This correlation was

obtained by regression analysis and the results are plotted in Figure 2-19. As it was the case of
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the exposed wall, Eq. (2-33) implies a declining role for convection to the solid bed with

increase in kiln diameter.
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Figure 2-19. Predicted vs experimental values of freeboard gas to solid bed (after Tscheng 1979)

The results indicated that agg =10-agy as shown in Figure 2-20 for various gas

flow rate. As shown previously in Fig. 2-18, this coefficient has a weak function of rotation
speed. This condition might be expected because of the assumption that there was no

temperature gradient in the solid bed.

Gorog et al. (1982) reported values in the range of 50 to 100 W/m’K and recommended

following equation for the kiln gas in contact with the solid bed

ags = 0.4-(Gy ' (2-36)
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Figure 2-21. Convection to the solid bed surface (after Barr et al. 1989)
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Barr et al. (1989) performed an extensive experimental study in a pilot kiln as used by
Brimacombe and Watkinson (1978). The rotational speed of all the experimental studies was
maintained at 1.5 rpm except for the last trials which were at a rotational speed of 1 rpm.
Unfortunately, these rotational speeds were too low for the industrial rotary kiln. They

concluded that the a;g was slightly higher than gy . The mean value of Nu, ~ 480
(Figure 2-21) is only about two times higher than the mean value for Nu, ~ 200 (Figure 2-
17), 1.e. agg ~2-agy - However, in view of the large amount of scatter exhibited by the

current data, the results must be viewed with caution.

Although exact values of convective coefficients remain elusive, appropriate values
are sufficient to examine the relative importance of gas-convection versus gas-radiation. Barr
(1986) emphasized that in the pilot kiln, convection to the exposed wall will be comparable to
gas radiation only at low emitting gas concentrations or relatively low gas temperature.
However, the convection to the solid bed is significant and accounted for about 20% of the
total gas to bed surface heat transfer even at stoichiometric gas mixture and temperatures of
1000 K. For industrial rotary kiln, the role of convection is reduced to a very minor one due to
the combined effects of longer emitting gas path lengths (high beam length). Thus, base on
the above studies suitable ratios for heat transfer coefficient gas-solid, which incorporates

radiation and convection, is in the range of agg ~ (2—10)-agy .

2.2.3 Convection to the outer shell

Another convective heat transfer occurs at the outer kiln wall, which can be by natural
convection or by forced convection when there is a wind. The empirical equations is given in
VDI wirmeatlas (1997), in the case of natural convection in laminar flow the heat transfer

coefficient is evaluated as

Nugy =0.4- (Gr . Pr)0'25 (2-37)

and in the case of forced convection, condition between laminar and turbulent flow
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Nug = 0.3+ Nuf,, + Nu?,, (2-38)

where
Nuyy,y, = 0.664 -~ Re -3/ Pr (2-39)
0.037 - Re"S. pr
Nugyp = (2-40)

1+2.443-Re " (pr2l3— 1)

These equations gave a value of oy =0.26 W/ m?K for natural convection and

3<ap<40 W/ m?K for forced convection. Gardeik and Ludwig (1980) proposed a mean

value of the heat transfer coefficient due to free and force convection and radiation on the
external kiln wall. The mean value for convection is 8 W/m?K and for radiation 15 W/m?K for

an external kiln wall temperature of 300°C with no air velocity.

2.3 Radiation in the freeboard gas

2.3.1 Radiative heat transfer

The radiative heat transfer is significant since most of the furnaces operate in high gas
temperatures. Thus, a model for the radiative heat transfer among the gas, exposed wall, and
bed surface is important for any kiln model. It is difficult to directly simulate the radiation in a
rotary kiln. In general, radiative is negligible at gas temperature less than 300-400°C, but it is
comparable to the convective heat transfer at temperature 700-900°C, and dominant at
temperature greater than 1000°C (Gorog 1981, 1982). An accurate knowledge of the gas
emissivity is difficult since it depends on various parameters e.g. kiln diameter (mean beam
length), concentration of combustion gas, dust, and soot (emissivity of the gas), emissivity of
the wall, etc., and it is different for each kiln. The emissivity of the gas in the rotary kiln
depends on the absorbent concentration such as H,O, CO,, CO, and CH,4, and the present of
dust. In the case of a H,O+CO, mixture, the emissivity of the gas can be calculated from

(VDI, 1997)
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Eg =EC02 TEH20 +AE (2-41)

where the emissivities of each component are calculated from their partial pressure, corrected
by the coefficients Ag . The contribution of gases other than CO, and H,O in the rotary kiln is
small, due to their low concentrations. The contribution of dust is also important due to the
ash from the fuel such as coal, the ash from the materials that break due to the kiln rotation or

the breakage of the larger particles with increasing temperature.

Among the models for radiation in rotary kilns proposed in the literature, Gorog et al.
(1981) and Barr et al. (1986) gave a detailed description of the heat transfer between the gas,
solid and wall by employing the n-zone method. Most of the equations proposed are from

VDI wérmeatlas (1997)

- . &

Ocw =¢cw 4w G '0'(T<4;( —vaf,c) with Ay G :Di(”_Ej (2-42)
: . .| €
QGS:{;‘GS'AS'O"(Tg—T;)WIth AS=DZ~sm(EJ (2-43)
Ows = éws - As '0'(T;,G—T;) (2-44)

where O is the radiative flux per unit length of the kiln, o is the Stefan’s Boltzman constant,

A is the area per unit length, 7,75, Ty ¢ are the temperatures of the gas, solid, and the

uncovered inner wall, respectively; and the coefficients &gy, 655, g are the emissivities of

gas-to-wall, gas-to-solid, and wall-to-solid, respectively. The last coefficients are the radiation
heat transfer coefficients which are depend on the view factor of the kiln, emissivities of gas,
solid, and wall. The last coefficients depend on the view factors of the kiln, which is rather
complicated. Recent investigators have attempted to solved this problem; Guruz and Bac
(1981) using the Monte-Carlo method, Jenkins and Moles (1981) using the Zone method from
a large enclosed flame, Jeschar et al. (1990) using exchange of two infinite parallel plate. The
assumption that kiln enclosure is an infinite parallel plate, is not quite suitable for rotary kiln

because the circumferential wall of the rotary kiln is approximately a concave shape. Thus, a
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part of the radiant energy leaving the kiln wall will strike itself directly(F,-l- # 0). Of all

radiation models available, the Zone method is the accurate for calculating radiative heat
transfer in fired heaters. Originally, it had been proposed by Hottel and Cohen (1958) for
cuboids systems and was later extended to axisymmetrical cylindrical systems by Hottel and
Sarofim (1965). Gorog et al. (1981) estimated the radiant heat transfer using exchange
integral in multiple zone models. The prediction of total radiative exchange amongst the
freeboard gas, kiln wall, and solids based on a real-gas radiative model, and comparison to
simpler gray-gas models. The results proposed radiative heat transfer and modified view
factor amongst the zone; however, the equations were so complicated and had to be evaluated
using multiple integration. Recently, Murty (1993) proposed a non-stochastic type of Monte-
Carlo method for calculation of direct exchange factor (view factor) of a rotary kiln.
However, these calculations had to be evaluated in multiple integration using numerical

techniques of Monte-Carlo method.

2.3.2 Linearization of radiation

The high freeboard gas temperatures of most rotary kilns ensure that radiative heat
transfer is significant. The temperature of the combustion gas in the kiln is reduced in radial
direction, thus the effect of convection should also be considered. Therefore, it is necessary to
take into consideration both radiation and convection to the total heat transferred from the gas
to the wall or to the solid bed. When the surface of body 1 is completely surrounded by a gray
body 2 with a much larger surface area (the case in the rotary kiln), the rate of radiation heat

transfer is given by (F.A. Schmidt et al. 1995)

4 4
o-_© (T1 Tz) =a-81-A1-(T14—Tj')
]—81 " 1 (2-45)
Ay Ap-Fpo

Surface 1 represents freeboard gas and surface to represents solid bed or kiln wall. A

radiation heat transfer coefficient,, ,, can be introduced and the equation can be linearized

rad >

(F.A. Schmidt et al. 1995, K.F. Wong 2002)
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0= ey 4y-[Tg 413 | Tg-+Ty)-(Tg ~Ti)

(2-46)
= Qpgq * Aj '(TG _TW)
where
2 3
_ 3 Tw (Tw Ty _
arad—geﬂ~G~TG 1+E+(E] +[EJ (2 47)
The total heat flux is
q = (aconv +arad).(TG _TW) (2-48)
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3 Regenerative action of the kiln wall in a directly heated rotary
kiln

3.1 Introduction

The purpose of the work described in this chapter is to develop a fundamental
understanding of the regenerative action of the wall relative to the overall heat transfer to the
solid bed. Regenerative heat transfer has generally received inadequate attention. A detailed
mathematical model has been developed which takes into account all of the heat-transfer steps
which is previously described and shown schematically in Figure 1-2. However, these studies
have neglected the influence of the regenerative heat by the wall. In additions, some previous
attempts to predict the regenerative heat transfer is solved only numerically [Sass, A., 1967,
Manitius, A.1974, Watkinson, A.P.and Brimacombe, J.K., 1978,]. Therefore, it is difficult to
see the impact of the influencing parameters and to transfer the results to different kilns.
Toward this goal, the model developed in this chapter, is used to explore the regenerative
action of the kiln wall by introducing a simplified analytical model which has a small
deviation with the numerical model. In the recent work of Queck 2002, the idea to predict the
regenerative heat transfer by use of a fictitious layer thickness of the wall was introduced. The
measurement of temperatures within the solid bed was investigated by inserting
thermocouples into the bed at different depths. However, the measurements were performed
only at two axial positions of the pilot kiln and the analytical model to solve this problem has
some deficiencies. Therefore, an additional research is necessary to interpret the results. In
addition, a simplified model also developed in this chapter to predict the inside wall
temperature by introducing a thin lumped capacity layer, and also introducing a new
parameter of heat transportation coefficient due to the rotating kiln wall. An advantage of this
analytical solution is the implementation in complex simulation models of processes without
the necessity to solve numerically the two-dimensional Fourier equation for the regenerative

heat flow.
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3.2 Numerical method

3.2.1 Description of the Model

For the computation of the stationary temperature distribution in the rotary kiln wall

the Fourier-Kirchhoff differential equation is used in polar coordinates

+ == (3-1)

where ¢ is the angle of the circumference and r the radial coordinate according to Figure 3-1
for a cross-section of the rotary kiln. The length of the rotary kiln is long enough in
comparison to its diameter; therefore the axial thermal conduction along the kiln can be
neglected (3" dimension: Z). Thus, it reduces to a 2-Dimensional problems depending on

radial direction (») and circumferential direction (¢ ).

Lumped capacity layer

Wall thickness

Figure 3-1. Symbols used for modeling heat transfer
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The tangential velocity w, is replaced by the rotational frequency @

p =T (3-2)

This rotational frequency which is proportional to the rotational speed is used later as a
parameter. The material properties are assumed to be constant because the temperature

differences are relatively small across the kiln wall. Two boundary conditions in 7 and ¢

directions are needed. On the inner surface of the kiln wall the boundary condition in 7-

direction differs between the gas and the solid side.

The heat transfer on the internal kiln wall in contact with the solid is provided by

_9n

o :aWS'(TrzR,- —TS)()S(”SZS (3-3)

r=R;

where T,_pg. is the inner surface temperature of the kiln wall. The mean temperature of the

solid bed (7 ) 1s assumed to be constant during the rotation. In reality, the temperature within

the solid bed is distributed due to the mixing of the bed resulting from rotations but the
temperature gradient is relatively small [Dhanjal, S.K. et al. 2004]. The bed movement
depends on different forms of transport motion as explained by Mellman and Specht, 2001.
For the description of the transverse solid motion, please refer to Liu et al., 2004. For the
purpose of this study, it is not important to know the exact movement and the temperature
distribution in the solid bed. A constant mean solid temperature is an appropriate

simplification to provide a good approximation.

The heat transfer coefficient wall-to-solid (g ) , as explained in Chapter 2, depends

on many parameters such as kiln operating conditions (filling degree f and rotational speed n),
material properties, the contact time and the length of the covered wall in circumference

(Lws ). Therefore, this coefficient is taken as a parameter of the calculation. For example, the

following expression is presented to compute this coefficient [Tscheng, S.H. and Watkinson,

A.P., 1979]
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(3-4)

where A,p,pp andcp are the effective thermal conductivity, the density and the heat

capacity of the solid bed, respectively. From this equation the range of the values of the heat

transfer coefficient can be clearly estimated. As mentioned previously in chapter 2, apyg
values is approximately in the range of 50- 500 W/ m’K .

The heat transfer in the contact region of gas-wall is mainly transferred by radiation
[Gorog, J.P., 1981]. But later for comparison with the analytical model, a linearization of this
heat transfer is required. Therefore, in this region the heat transfer is described by the law of

convection

r=R; (3-5)

where T is the gas temperature which is assumed as constant throughout the cross section.

The heat transfer coefficient &, is given as

2 3
30, w [ Tw Ty
agw = gef'G'TG ]+E+(Ej +(Ej (3-6)

The fluctuation of the wall temperature 7 is less than 15% of the temperature
difference between gas and wall, e.g. less than 70 K if the 7; —Tg is about 500 K. An

example will be shown later. Therefore, this temperature is assumed as constant with a mean

value of 7,._ R; in circumferential direction.
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The effective emissivity £, depends on many parameters, e.g. kiln diameter (mean

beam length), concentration of combustion gas, dust, and soot (emissivity of the gas),
emissivity of the wall, etc., and it is different for each kiln. Therefore, this heat transfer
coefficient is again taken as a parameter. The range of its value is estimated as follows. For a

high value of the combustion gas temperature of 2000°C and &, = 0.5, the maximum value
of a ), is approximately 1000 W/m’K. For a low value of combustion gas temperature of
1000°C and ¢,4 = 0.35, the value is approximately 200 #W/m’K. The values are varied within
this range.

The boundary condition on the external kiln wall is given as

oT )
- /18_ =4qL
"lr=Ry (3-7)

0<p<2r

The heat loss is approximated by the stationary heat conduction through the wall (Gorog, J.P.,
1982)

G =2-7-Ry-ay-(Tyo-Tp) (3-8)

where «; is the mean value of the heat transfer coefficient due to free and force convection

and radiation on the external kiln wall. This coefficient is determined in the study of Gardeik
and Ludwig 1980, the mean value for convection is 8 W/m?K and for radiation 15 W/m?K for
an external kiln wall temperature of 300°C and no air velocity. Typical values of the heat loss
lie between 2700 W/m? and 4000 W/m?. The amount of the heat loss does not affect the

regenerative heat transport by the wall which can be seen later.

Due to the closed ring, the following boundary conditions for the angular direction are

valid

T(p=0°)~T(p=360°) (3-9)

38



and

_or

oT
(p=0°) %(40 = 360°) (3-10)

a0

The differential equation (Eq. 3-1) was solved by the means of an implicit Finite
Element Method (FEM) under ANSYS version 6.1. The segmental geometric configuration
with cylindrical faces and the structure grid with four nodes were chosen. Five thousand cells
were used for the meshing of the segmental geometry of the cylindrical kiln. The faces were
divided into 360 grids along the circumferential direction and 15 grids along the radial
direction. Using more cells will not lead to any remarkable changes in temperature and will
give less than 0.5% deviation in heat flow. The standard element type plane 55 for two
dimensional thermal solids is used for the ANSYS calculations. This element type can be
used as a plane element or as an axisymmetric ring element with a two-dimensional thermal

conduction capability.

3.2.2 Temperature distribution

The fluctuation on the internal surface temperature of the kiln wall is presented in
Figure 3-2 as a dimensionless form along the circumference. For this example, a typical

refractory material with values of p = 2100 kg/m’, ¢ = 1040 J/kgK, A = 2 W/mK is used. The

rotational speed varies within a range of 0.5 -10 rpm. A lab-scale kiln for the experimental
work with 0.4 m ID and the filling degree 10% is used. Wall-to-solid and gas-to-wall heat
transfer coefficients have the same value of 100 W/m’K. This figure shows that the rotational
speed has low influence, for example for kiln speed 1 rpm the fluctuation of the temperature
only 2%. The fluctuation of the kiln wall temperature decreases as the kiln speed increases.
The kiln wall is alternately cooled and heated during each revolution by the hot gas and the

cold solid respectively. In addition, for a very low kiln speed the fluctuation is increased.

The fluctuation of the kiln wall temperature can be clearly seen in Figure 3-3. In this
case the parameter is the ratio of heat transfer coefficient wall-solid to heat transfer coefficient
gas-wall. The kiln wall stores heat as it rotates on the gas side and gives the heat back to the
solid bed as the kiln wall touches the solid. As the contact heat transfer wall-solid increases,
the temperature of the kiln wall decreases toward the temperature of the solid bed. Vice versa,

for a higher radiation on the gas side, the kiln wall temperature increases.
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Figure 3-2. Surface temperature on the kiln wall for various rotational speeds

Typical radial wall temperature profiles are plotted in Figure 3-4 and Figure 3-5. The
temperatures are set to be constant for the gas at 1000°C and the solid at 500°C. Four different

circumferential positions are presented in a small figure above the curve. T is the initial
point of the inner surface wall temperature in contact with the solid, and 7 ¢ is the point in

contact with the gas. These two points are the maximum fluctuation temperatures of the
internal surface kiln wall. The range where the curves of the solid side and gas side overlap is
known as the penetration depth. This penetration depth is much smaller than the wall
thickness which is typical in the range of 300 mm. After this range, the temperature gradient is
determined by the heat loss. Back to Figure 3-4, for example a typical rotary kiln is
considered with a filling degree of 10% and a rotation speed of 3 rpm. The circumferential
inner wall temperature fluctuation is around 70 K and the penetration depth in the wall is
around 10 mm. A similar penetration depth and fluctuation temperature is also reported by
Gorog et al., 1982. The penetration depth depends on the contact time between the solid and
the rotating wall. Thus, for a lower rotation speed and higher filling degree, the range of the
predicted penetration depth is increased as shown in Figure 3-5 for a rotary kiln with a filling
degree of 20% and a rotation speed of 1.5 rpm. On the other hand, the penetration depth is

independent of the kiln diameter, which will be explained later in the analytical model.
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Therefore, the kiln diameter will not affect the range of the penetration depth. Experimental

work conducted by Barr et al. 1989 and Queck 2002 supports this behavior.

0.75
S
=L %)
Zl® 0.5
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 fetw= 100 Wim?iK
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0 a0 180 270 360
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Figure 3-3. Dimensionless temperature in the circumferential direction
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Figure 3-4. Temperature distribution on the kiln wall for a relatively short contact time and low filling
degree
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Figure 3-5. Temperature distribution on the kiln wall for a relatively short contact time and high filling

degree

3.2.3 Heat flow

The heat flow from the wall to the solid is determined by the temperature gradients on

the internal surface of the wall

- TG0
Ows 4T

=]
L
Ts0 or r=R;

R;-do

The amount of heat received by the wall from the gas

; Ts.0
Oew _ 5" ;0T

[
L TG,O or =R

R

]

i

(3-11)

(3-12)
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Figure 3-6. Comparison of numerical gas and solid regenerative heat flows

These two regenerative heat flows by the wall are shown in Figure 3-6 for some
examples. It can be observed that the heat flows are more strongly influenced by the heat

transfer coefficient wall-to-solid ( g ) than the heat transfer coefficient gas-to-wall (g ).

The heat flow QGW from the gas to the wall is higher than the heat flow QWS from the

wall to the solid. The difference is caused by the heat loss of the kiln to the environment, as
described before with Eq. (3-8). The heat flows will be compared later with the analytically

calculated heat flows which are explained in the following section.

3.3 Analytical solution

3.3.1 Temperature distribution

As shown previously with the numerical results, the penetration depth is much smaller
than the thickness of the refractory wall. The wall thickness has no influence to the heat flow
in the kiln. It is assumed that only a layer near to the surface of the kiln wall which is named

as a thin lumped capacity layer (s) participates in the heat exchange. The thermal conductivity
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of this layer is infinite in the radial direction and assumes to save the same amount of heat as
the whole wall, as it is represented schematically in Figure 3-1. Thus, the temperature is
constant in radial direction and depends only on the angular direction. Therefore, the model
reduces to a 1-Dimensional problem. Since the thickness of this layer is very much smaller
than the kiln diameter, its velocity (#) can be assumed to be constant and set equal to the

surface velocity

u=2-w-R;-n (3-13)

Remarkably, for the values of rotation speed greater than 0.3 rpm, the heat conduction
in the angular direction can be neglected. With these simplifications, the temperature only

depends on the circumference (one-dimensional).

For the further calculations, the coordinate x in circumferential direction is introduced
according to Figure 3-1. Thus, the wall temperature in the solid region and in the gas region

can be calculated using lumped capacity model

Solid region
T(xg)-T a X
s) S_exp(_ WS S] (3-14)
TS,O_TS p-c-u-s
Gas region
T(xg)-T acw - X
¢/)—1g =exp[_ GW Gj (3-15)
TG,O_TG p-c-u-s

where xgand x; are the angular coordinates of solid and gas region, respectively; and s is
still the unknown thickness of the lumped capacity layer. The initial temperatures 7 o and
Tg o are obtained from the condition that the temperatures at the end of each region have to

be equal to the inlet temperature of the other region

Tgo =T(xs =Lys) (3-16)

Tso =T(xg =Low) (3-17)
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where Lygand Lgy are the angular lengths of solid and gas region, respectively.

Finally, we get for the solid temperature distribution

o Step A (e—StG B ]j

Tlxs)-Ts _

and for the gas temperature distribution

—SIG'(D'( _ —StG'A)
_Tlg)-Ts _°© e

+1
TG —Tg e—StG A .e—SfG _

with the Stanton number

_%Gw Low
p-c-u-s

StG

and the heat resistance ratio

4= ows Lws
agw - Low

(3-18)

(3-19)

(3-20)

(3-21)

The lengths of the solid and the gas in contact with the rotating wall can be replaced by the

internal kiln diameter and the filling degree

LWS =&-D

Low =D-(7r—5)

(3-22)

(3-23)
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Inserting Eqgs. (3-22) and (3-13) into Eq. (3-20), the Stanton number yields to

StG:M (3-24)
pCcTTn-s

For infinite rotational speed ( St; = 0), both regions have the same value

ays - Lws

Ie=Is 4
acw Lew

0.7

(3-25)
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Figure 3-7. Dimensionless kiln wall temperature distribution for different Stanton number
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Figure 3-7 shows the dimensionless temperature distribution for various Stanton
number at heat transfer coefficient ratio = 4. As the Stanton number decreases, the inner wall
temperature difference decreases. At a low rotational speed (n = 0.5 rpm, St = 0.5) the
fluctuation of the inner wall is high. However, at infinite rotational speed (St = 0) there are no
more temperature difference of the inner wall according to Eq. 3-25. This fact indicates that
the heat transportation coefficient which involved the rotational speed indeed influences the
temperature fluctuation of the inner wall. The fluctuation of the inner wall influences the
thermal stresses of the refractory wall. This result is important since the life time of the

refractory wall depends on the change of temperatures.

09 shesesnauapans ______________________ ______________ Matelrial : fire-clay __
; aew=100 Wim’K
R e S Femsss n=3rpm
’ : f=10%
D 1 I I
0 90 180 270 360
Angle,p (°)

Figure 3-8. Influences of wall-solid heat transfer coefficient to the dimensionless temperature

Figure 3-8 illustrates the influence of wall-solid heat transfer coefficient to the
dimensionless temperature distribution of the inner kiln wall at typical rotational speed (n =3
rpm). The level of the inner wall temperature increases towards the gas temperature at low
wall-solid heat transfer coefficient and the level decreases towards the solid temperature at
higher values of this coefficient. This fact is due to at high value of heat transfer coefficient
wall-solid the heat is perfectly transferred from wall to solid. As a consequence, the

temperature of the wall tends to decrease towards the solid bed temperature (7s). In the case
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of constant rotational speed, the fluctuation of the inner wall decreases at higher value of the

wall-solid heat transfer coefficient which can be seen clearly in Figure 3-9 with the same

parameters. At the same magnitude of both heat transfer coefficients, the fluctuation of the

inner wall is around 15% at rotational speed 1 rpm. The temperature difference becomes

smaller at higher rotational speed, and no more temperature difference at infinite rotational

speed.
0-2 ; ' A ! ! ;
| s ¥ G 4) el Sg)- ) +emi-S) loml-S G 4)-1)
| epl-Stg - A)empl-Stg)-
0.15
<1 0.1 1
0.05 |- |
3 GWS _, i j : . [Material: fire-clay
G | i i ' |oow=100 (Wim?K)
WS _ 4 L |f=10%
4_ QGW - i i i i A = @)(max}' @)(min)

0 1 2 3 4 5 6 7 8 9 10
Rotational speed, n (rpm)

Figure 3-9. The maximum and minimum dimensionless inner wall temperature differences

3.3.2 Heat flow

The calculation of the regenerative heat flow is as follows

) Lew Lys
Op = é agw (T(x)-Tg )dxg = {J;OCWS (T(x)-Tg )dxg

48

(3-26)



The amount of the heat which is transported from the freeboard gas to the wall is
transferred again to the solid Qg = Og. Thus, the heat loss is neglected in this model.

After inserting Eq. (3-18) or (3-19) into Eq. (3-26), the regenerative heat flow related to the
kiln length L is as follows

(e—StG _1)_ (e—Stg-A _1)
A-Stg -(]—e_StG -e_StG'A)

Or =ays - Lys - (Tg - Ts)- (3-27)

In the numerical model the radiation has to be linearized; therefore in order to verify
the validation of the linearization, the heat flow using actual temperature from the numerical

model and mean wall temperature from the analytical model is compared.

: 4 4
QTr:Rl- :‘9‘0‘(TG‘TW) (3-28)

For the analytical model, linearization of Eq. 3-6 is used

Or1,_, =agw (TG —Tw) (3-29)
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Figure 3-10. Comparison between heat flow with mean wall temperature and actual temperature

The error between the heat flow with mean temperature and linearization of radiation

(QTr: R; ) and with the actual temperature QT: Tr—g, is less than 2% (see Figure 3-10)

3.3.3 Thin lumped capacity layer

The calculation of the Stanton number requires the thickness s of the thin lumped
capacity layer. The wall can be regarded as a semi-infinite body as could be seen in Figure
3-4 and Figure 3-5 for the numerical calculation. The distribution of the temperature in a
semi-infinite body is given in Carslaw 1959. For the region of the contact solid-wall this

equation can be written as

T(x)-Ts

—erf(2)+eP 2B (1 erf (7 + Bi)] (3-30)
Tsp—Ts

with the dimensionless coordinate

(3-31)
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and the Biot number

Bi - aws “tws
JA-p-c

(3-32)
where ty¢ is the contact time between the rotating wall and the solid bed, and a is the

thermal diffusivity of the wall. The symbols A, pand care the thermo-physical properties of

the kiln wall. The contact time between the rotating wall and the solid depends on the rotation

speed n and the filling angle & along the solid bed

tws = (3-33)

S |~
3|

The filling degree f is more commonly used than the filling angle &. However, for

the calculation, it is easier to use the filling angle. The relationship is as follows

I > .
LR . (2. e—sinl2.
r= Asolid _ 2 (2~ sin(2-£)) (3-34)

Acycle 7-R?

It can be written as follows

f=1n-(e-sing-cose) (3-35)

The distribution of the temperature according to Eq. (3-30) is presented in Figure 3-11

for Bi — c. The thickness of the lumped capacity layer Z;. is assumed to store the same

amount of heat as the total wall.
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This results in

o  T(x)-T
7, = J{I—T()C)—TS(Z)} dzZ (3-36)
0 S0~ 1§

It means that the above area of the temperature penetration in the wall is equal to the

area of the lumped capacity layer with its constant temperature because of the infinite

conductivity.
1
0.8F temperature of penetration
depth
0.6F .
T(x)-Tg temperature of lumped capacity layer
Tso-Ts #
04+F
thickness of lumped capacity layer
0.2 v
R
0 == ', } ',
0 0.6 <" 0.8 1.2 1.6 2

Figure 3-11. Definition of the lumped capacity layer

The integration depends only on the Biot number. A typical Biot number for rotary kilns is 1.

Its value can be approximated by the correlation as shown in Figure 3-12.

Zj. =0.81-In(1+4- Bi)
(3-37)
for Bi<lI

52



Finally using Egs. (3-31) and (3-33) the lumped capacity layer can be written as follows

1 ¢
s=Zp -2 Ja-—-= (3-38)
n o
0.3 ;
E _2
|t
< ad
| | P
o — ST o —
: ; g : :
P
Lo
Zic ~
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-~ '
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I R Psementmatmay
! | | | y=081-In(I+4-B)
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Figure 3-12. Determination of the lumped capacity layer

By replacing Z;. with the Biot number according to Eq. (3-36) and the contact time
by Eq. (3-33) we can see that this layer depends on the material properties of the kiln wall, the

wall-to-solid heat transfer coefficient (g ), the rotation speed (7 ) and the filling angle (&),

and that it is independent of the kiln diameter.

Some examples for the thickness of this layer are shown in Figure 3-13. This thickness
is much smaller than the penetration depth. A similar calculation is valid also for the lumped
capacity layer in the contact region of gas-to-wall. This layer is a little bit larger than the wall-
to-solid one because it also has to transport the heat loss. However, the wall-to-solid lumped

capacity layer provides a better match to the numerical calculations.
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Figure 3-13. Thickness of the lumped capacity layer

3.3.4 Comparison of analytical and numerical results

In order to validate the assumptions that are made in the analytical model, we will
compare this model with the numerical one. Therefore, the influencing parameters will be

analyzed. It makes sense to introduce an overall regenerative heat transfer coefficient

Op=ap L&D (Tg~Ts)

The above equation, the regenerative heat flow is defined using the temperature

500

(3-39)

difference between gas and solid and the area L-¢&- D of the contact solid-to-wall. From Eq.

(3-27) we get for the overall heat transfer coefficient with respect to the heat transfer

coefficient wall-to-solid

aR _

(e‘S’G —1)~ (e‘S’G'A —1)

aws  A-Sig .(]_e—StG -e‘S’G'A)

(3-40)
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This ratio depends only on two dimensionless parameters, Stanton number (St ) and

the heat resistance ratio (A4 ). The effect of the influencing dimensional parameters can be

shown as follows.

By replacing the two contact lengths according to Egs. (3-26) and (3-26), the heat

resistance ratio is replaced by

(3-41)

According to Egs. (3-20), (3-23), and (3-38), the Stanton number can be written as follows

1
St = —2GW 7z__.7z g

3-42
m/xlpcn ¢ 2 Z.(Bi) o

The wall-to-solid heat transfer coefficient is not included directly in the Stanton

number, but it influences the lumped capacity layer (s) as it is utilized in Z;.. From

Egs.(2-39) and (2-40) we get for the Biot number

_Nerz
TA-p-c-n

Bi = OCWS (3-43)

These three dimensionless parameters show that the regenerative heat transfer is
influenced by four dimensional parameters: the filling angle (¢ ), the heat transfer coefficient

wall-to-solid (g ), the heat transfer coefficient gas-to-wall (agy ), and the heat transfer

coefficient

ar =x-\JA-p-c-n (3-44)
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This introduced new coefficient (unit of W/m?K) is named here as the heat
transportation coefficient. It should be emphasized here that the kiln diameter exerts no
influence.

As a consequence, the overall heat transfer coefficient can be described as a series of

three heat transfer resistances

ap-L ~

+ +
aws Lws  acw Lew ot (Lew +Lys)

By inserting Egs. (3-22) and (3-23) into (3-45), we get for the overall heat transfer coefficient

~

ap =

1+1_5+L.£ (3-46)
OCWS OCGW wT—& ar 7w

This simple correlation is important at an industrial level since the effort to solve the
2-dimensional problem can be omitted. The approximation matches with the analytical model
with an error of only+ 1.7 % as shown in Figure 3-14 for two different gas-wall heat transfer

coefficients.
The heat transportation coefficient (a7 ) depends on the material properties of the

wall. For typical refractory and rotational speeds around »n = / ~ 3rpm , the heat transportation
coefficient is in the range of 500 ~ 3000 W/m?K. as shown in Figure 3-15. These values are
much higher than the other heat transfer coefficients. Thus, the overall heat transfer
coefficient is mainly influence by oajpg and agp. On the basis of their numerical
calculations, Gorog et al. 1982, reported that the operating parameters have only a slight

influence on the regenerative heat transfer, which is in agreement with the analytical results.

56



500

—Original model
4 Approximation A
400 - ,
A gy = 1000 Wim?K
B: ooy = 200 Wim?K
if 300 - B
B
~
B
w 200
=1
100 -
0 | 1 | 1
0 100 200 300 400 500

D @V/’mzﬂf)

Figure 3-14. Approximation of the overall heat transfer coefficient
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Figure 3-15. Heat transportation coefficient
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Figure 3-16 shows the regenerative heat transfer coefficient as a function of the heat
transfer coefficient wall-to-solid for four heat transfer coefficients gas-to-wall as parameters.
The solid lines refer to the analytical calculations and the symbols represent numerically
calculated values. These values are nearly the same for the lab-scale kiln 0.4 m ID and
technical kiln 4 m ID. This confirms the results of the analytical model, namely that the
diameter has no influence on the heat transfer. It can be observed that the deviations between

numerically and analytically calculated heat transfer coefficients are less than 5% .
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Figure 3-16. Comparison of numerical and analytical regenerative heat transfer coefficient
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Figure 3-17. Influence of the gas-to-wall heat transfer coefficient on the regenerative heat transfer

coefficient at various filling degrees

Numerically and analytically calculated values are also compared in Figure 3-17. Here
the regenerative heat transfer coefficient is depicted as a function of the gas-to-wall heat
transfer coefficient for two values of the wall-to-solid heat transfer coefficient and the filling
degree. The deviations are again less than + 5% . From the results obtained above we can
conclude that the regenerative heat transfer model developed in this study is a proper

approximation for the overall heat transfer by the wall.
This figure also shows that for higher values of the gas-to-wall heat transfer
coefficient and the filling degree, ap is about 80% of ajyg. In this case, the regenerative

overall heat transfer is again mainly influenced by the wall-to-solid heat transfer. However,

for low values of oy the coefficient arg 1s much smaller than oy . In this case the overall

heat transfer is mainly determined by the gas-to-wall heat transfer.

From the two figures above, the rate determining steps on the overall heat transfer can
be discussed. The regenerative heat transfer coefficient is similar to the wall-to-solid heat

transfer coefficient for low values of the wall-to-solid heat transfer coefficient (see Figure
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3-16). This means that the wall-to-solid heat transfer is the rate determining step and the gas-

to-wall heat transfer has a negligible influence.

3.3.5 Comparison of regenerative and direct heat flows

In order to consider the importance of the regenerative heat flow by the wall in a

rotary kiln, the regenerative heat flow is compared with the direct heat flow from the gas to

the solid. This heat is mainly transferred to the solid bed (QGS) by radiation in industrial

kilns. The heat flow depends on many parameters such as temperature and composition of the
gas, etc. Thus, it is different for each kiln and process. Therefore, the heat flow is again

linearized and approximated applying the law of convection as follows

Op =0gs =ags Lgs - (Tg ~Ts) (3-47)
where Lgg is the length of the bed surface

Lgs =D -sine (3-48)

The heat transfer coefficient between gas and solid o ;g should be considered as a parameter

as well as the other heat transfer coefficients. From Egs. (3-27), (3-41), and (3-47), the ratio

between the regenerative and the direct heat flow is as follows

by _con n-e % i) ser )

: (3-49)
Op ags sine StG-(I—e‘StG eSta A )

From the above equations, we can see that the heat flow ratio is influenced only by

two ratios of heat transfer coefficients and the filling angle
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Q—R: (“WS/O!GW, ags /agw ’5) (3-50)

Op

The regenerative heat transportation coefficient (a7 ) and the kiln diameter once again
have no influence.

Figure 3-18 presents the ratio of the regenerative heat flow and the direct heat flow
from the gas depending on the ratio of the heat transfer coefficients ayg /gy with the ratio
aGs |agy as the parameter. The influence of Qp increases with ajyg and decreases with
;s - The solid line refers to low filling degree and the dashed line refers to high filling

degree. Increasing the filling degree from 0.01 to 0.03 increases the heat transfer contact area

by a factor of 2 (see Figure 3-19).
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Figure 3-18. Comparison of regenerative heat transfer by the wall and direct heat transfer from the gas

Therefore, the heat transfers to the bed are higher at high filling degree. However, this effect
is overcome with a high radiation effect at the freeboard gas. Thus, the filling angle ¢ has a
relatively low influence at high radiative heat transfer coefficient. As the heat transfer

coefficient from the gas-solid increases, the wall temperature decreases toward the solid
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temperature. Thus, the regenerative heat flow decreases with radiative heat transfer
coefficient. The exact values of the heat transfer coefficients are not very well known, as
previously explained, and depend on a lot of operation and process parameters. Despite of

this, we have attempted to give an application to the technical cases.
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Figure 3-19. Area contact ratio versus filling degree in directly heated rotary kiln

Tscheng and Watkinson, 1979 and Barr et al., 1989 concluded from their experiments
that the value of a g is 5 to 10 times higher than a gy, for the rolling motion. This type of
motion is characterized by a high velocity and a high turbulence of the particle in the
cascading layer. The heat transfer into the bed is mainly determined from this layer [Dhanjal,
S.K., et al., 2004]. The heat transfer from the wall into the plug flow region has a relatively

low influence because of the low conductivity of this region.

In industrial rotary kilns with large diameter, and thus high beam length and high gas
temperature, the heat transfer coefficient gas-to-wall is higher than the heat transfer
coefficient wall-to-solid or of the same magnitude ayyg/agy < 1. In this type of kiln, when

the rolling motion occurs the ratio of the regenerative heat flow is only around 5-20%. Thus,

the effect of the wall is relatively low with respect to the direct heat flow from the gas.
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Moreover, in laboratory kilns with small kiln diameters and not such high temperatures, for
example, the heat is mainly transferred by convection. The gas-to-wall heat transfer
coefficient is much lower than the wall-to-solid heat transfer coefficient, therefore, the ratio of
the heat transfer coefficients can be extended to 10 as reported by Tscheng and Watkinson,
1979. In this type of kiln with the rolling motion, the ratio of the regenerative heat flow can be
in the range of 20-40%. In this case the effect of the wall cannot be neglected. In a slumping
motion, the solid bed is continuously elevated and leveled off again and again by successive
avalanches on the surface. Under this condition, the heat transfer to the bed surface is not so
high and is expected to be in the range of 2 to 5 times higher than the heat transfer to the
exposed wall. Under this type of motion, the influence of the wall is more dominant than in

the rolling motion.
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Figure 3-20. Influence of the gas temperature on the gas-to-wall heat transfer coefficients

The heat transfer from the gas to the wall is determined by radiation, therewith,
depends strongly on the gas temperature as explained in Eq.( 3-6). This profile is shown in
Figure 3-20 for two gas emissivities. The dotted line refers to a low gas emissivity (clear kiln
atmosphere) and the solid line presents a high gas emissivity (high concentration of dust, soot,

ash, etc.). In the hot region of technical rotary kilns, the agy can reach the value of
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1000 W/ m’K especially for higher gas emissivity. In the flue gas region of technical rotary

kilns or in laboratory kilns with small kiln diameters the value of agy is around
50w/ mK .
In Figure 3-21 shows an example where the heat transfer ratio QR / 0 p 1s depicted as

a function of the combustion gas temperature for ayg =100 W/ m? K . From the figure it is

clear that the Q r decreases with an increase in the gas temperature. In the combustion region

of technical rotary kilns, the temperature is estimated around 1500-2000°C. In this region, the
ratio of regenerative heat flow is approximately less than 10%. The contribution of heat flow
by the wall in this region is very small even in the slumping motion. In the flue gas region of
technical rotary kilns or in laboratory kilns the maximum gas temperature is around 1000°C.
Furthermore, by comparing the magnitudes of both the regenerative and direct heat transfer
rates, the relative importance of regenerative heating may be established over a wide range of

operating conditions.
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Figure 3-21. Influence of the gas temperature on the heat flow ratio
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4 Regenerative action of the wall in an indirectly heated rotary
Kiln

4.1 Electrical heating

The studies to predict the heat transfer in the indirect rotary kiln with electrical heaters
are relatively rare. Most of the previous studies are either focused on the experimental plants
or to improve the final quality of the products. Marias et al., 2005 investigated a mathematical
model for the pyrolysis of aluminium waste, but it has to be solved numerically with Matlab
and Fluent. The goal of this study is to investigate a simplified analytical model with a simple
kiln construction, therefore the impact of the parameters influencing the process are easy to
understand. The previous model is extended to examine the relationship existing among the
heat transfer processes at any kiln cross-section. The definition and approximate derivation of
the thickness of a fictitious layer in the kiln wall is not necessary, the real wall thickness can

be used instead.

4.1.1 Description of the model

The kiln wall plays a major role in the total amount of the heat transferred within the
furnace. Indeed, it receives the thermal power released by the heating furnaces, stores the heat
in the kiln wall and releases it towards the solid bed particles due to the rotation. The kiln is
supposed to be a cylinder with inner diameter /D, of length L and of thickness s. There are 4
typical materials for the indirect heated kiln wall, the thermophysical properties are

summarized in Table 4-1

Wall Material AW/ ) | plig/m?) | cU/kek) | Emisivity (¢
Stainless Steel (Fe-304) 29 7530 640 0.2
SiC 40 2700 1650 0.8-0.9
Sapphire (41,0;) 6 3600 1260 0.1
Graphite 20 1730 1920 0.7-0.85

Table 4-1. Thermophysical properties of indirectly heated rotary kiln wall at 1000°C (Mills, K.C, 2002,
Touloukian et al. 1970)
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As can be seen, the thermal conductivity of each material is low; therefore the wall

temperature in any axial kiln position is essentially small. Thus, a cross-section model can be

established over the length of the kiln as the basis for an overall heat transfer simulation.

The specific heat transfer paths occurring along the axial kiln and at a cross-section of

a kiln are shown in Figure 4-1 and Figure 4.2, respectively; and described as follows:

. Qel the heat given from the heating furnace (electrical power dissipated into heat).

This value is assumed to be constant,

= Qg the heat transfer between the kiln wall and the solid bed within the gas side,

= Oy the heat transfer between the covered kiln wall and the solid bed.

The thermal conduction in the radial direction is assumed to be infinite; thus, the

temperature in radial direction can be assumed to be constant (one dimensional problem). The

gas in the rotary kiln is assumed to be inert; therefore, only heat transfer radiation considered

is between uncovered kiln wall and solid bed (QGS )

Figure 4-1. Schematic diagram of heat transfer path in an indirect rotary kiln

—1 Solid bed
— Kiln wall

Electrical furnace
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Figure 4-2. Cross sectional heat transfer of indirect rotary kiln

It is supposed that the total amount of electrical power received by the heaters is
completely released as heat power and this heat is perfectly distributed over the circumference

of the kiln.

Qe / Electrical heater

Figure 4-3. Heat flow through an extended kiln wall
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The Fourier’s law for an energy balance on an element thickness Ax of the kiln wall is

described as follows (Figure 4-3)

O + Qu +H= Quuy + (H+all) + 0
The rotational speed of a rotary kiln is high, the heat conduction is negligible.

H+dH = Qel - Q

M-c-dT = §u-L-R-dp — a-L-R-dp-(T-Ts)

Its velocity is assumed to be constant and can be set equal to the surface velocity
u=2-7-R-n

Therefore the mass flow of the kiln wall because of the rotation is equal to
M=u-L-s- o

From Equations (4-3), (4-4) and (4-5) the heat balance is described as follows

p-cu-s-dl = Gu-L-R-dp — a-L-R-dp-(T-Tg)
For further calculation a circumferential coordinate is introduced
dx=R-do

Therefore Equation (4-6) is reduced to

ar .
preus—-=qg—a-(T-Ts)

68

(4-1)

(4-2)

(4-3)

(4-4)

(4-5)

(4-6)
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The temperature distributions in the two regions are described with a lumped capacity model

as follows:

wall-solid contact region

dar .
p'c'“'s'a—Qel_aWS'(T_TS) (4-9)

gas-wall contact region

dr .
p'C'u'S'—de = Go —ags (T -Ts) (4-10)

where apg and agg are the heat transfer coefficients on the wall-solid and gas-solid

regions, respectively. The heat from the wall to the solid bed is transferred mainly by
radiation. However, as mentioned previously in Chapter 3 the radiation has to be linearized.
As shown in Figure 3-9, the error because of the linearization is much smaller as the
uncertainty of the heat transfer coefficient. The density and specific thermal capacity of the
kiln wall are assumed to be constant because the temperature differences along the kiln wall

are relatively small. This model is valid at any point along the kiln axis.

4.1.2 Temperature distribution

The kiln wall temperature can be calculated with lumped capacity model (integration

of Equations (4-9) and (4-10)

q - -a
T(xs)-Tg == (1 —exp(—WS 'XSJ]+(TS,0_TS)'BXP(—WS ‘XSJ (4-11)
aws p-c-u-s pc-u-s

T(XG)_TS — ﬁ[[ —exp(&'xc ])+ (TG,O —TS)-eXP(_O{i-xG] (4_12)

ags pcu-s p-cu-s
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The boundary condition for the initial temperatures 75, and 75 are obtained from

the condition that the temperatures at the end of each region have to be equal to the inlet

temperature of the other region

Solid region (0 < x < Lyg):

TS,():T] andT(xG):TZ (4-13)

Gas side (0<x<Lgy):

TG’OZTZ and T(XG):T] (4'14)

wall-solid contact region

(a5 4] - ) e[ 52 (eml25)-1)

TU.&'F%' (7-exp [~ St )+ exp - Sty )- = + 1y
LS exp[—ﬁﬂg-;]-exp(—ﬁgj—f
(4-15)
gas-wall contact region
aﬂ-exp[—.&i‘g}-[@xp{—.&?g-%]—IJ+[QI;?(—S&3)—I)
Tlrg)= L [}—exp[—ﬁg-ijj+exp[—5‘r j] il +Te
Yas 4 < exp[—ﬁg-%]-exp[—ﬁgj—f
(4-16)
where the Stanton number
a L
StS __Yws WS (4-17)

p-cu s
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and the heat resistance ratio

4= Qws-Lws
ags - Lgs

and
u=2-7-R-n

The length can be replaced by the radius and the filling angle

LWS =2¢-R

Lgs = 2-sin(g)-R

The heat resistance ratio is reduce to

A= aws.€
agGs -sin(e)

A heat transportation coefficient is introduced here as

a,=p-c-n-s

the Stanton number can be described by inserting Egs. (4-23), and (4-20) into Eq.(4-17)

Stg=-W5 .2
T

(4-18)

(4-19)

(4-20)

(4-21)

(4-22)

(4-23)

(4-24)

Therefore the physical meaning of the Stanton number is the ratio of heat which is transferred

from the wall to the heat which is transported by the wall.
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If the heat transfer coefficients are the same (a5 = @y ), the kiln wall temperature
has a constant value

q.el
awys

At low kiln wall temperature and low emissivity of kiln wall material (steel), the
radiation heat transfer between wall and solid is relatively low. Sometimes there exists an

opaque gas effect i.e. no radiation heat transfer. For the limiting case (agg =0) the long

equations (4-15) and (4-16) are reduced to

el szs)-[—"‘”“”(g)-%exp(— szs>—zj

Gel Dn i d
T(xg)=—5—"| (I—exp(-St T;
(xs) s (1 —exp(- St )+ exp(=Sts)—1 Tis
(4-26)
awys sin(g) £
. _ - - exp(= St )+ exp(= St )~ 1
T(xg )= de_ | _aps .szn(a).i_’_ a, & W T
G ays a, & T exp(_ StS)_] g
(4-27)

The dimensionless temperature is defined as the difference of kiln wall temperature to

solid temperature related to the heat flux given and wall-solid heat transfer coefficient

T-Tg
Gel (4-28)
aws

@:

The dimensionless temperature distribution at the solid region is defined by

aWS(exp[— St ij - 1] + exp(— St ij (exp(- Stg)-1)

Og = (1-exp(— Stg -xS))+ exp(— Stg 'XS)‘ aGs 7
exp(— StS)'expL— Stg .Aj_]

(4-29)
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and at the gas region

DS g s15) (exp(— St ij _ zj +exd—St5)-1)

1
O = 2ws -(l—exp{—StS A -xGDJrexp{—StS XG ) %Gs
aGs 4 4 exp—Stg)- exp(— St -:J—]

(4-30)
For a high rotational speed (Stg = 0), both regions have the same result
I+—F— g( )
Og=05=0=— 2" (4-31)
agGs + &
aws sin(g)

Figure 4-4 (a) shows that the difference of the kiln wall temperature to the solid bed
temperature is compared for different heat transfer coefficients (kiln wall material is steel).
The parameter estimation is for the same value of wall-solid and convective outer wall heat
transfer coefficients. The level of the kiln inner wall temperature increases toward the outer

wall temperature as the radiation heat transfer coefficient (crgg ) decreases.

The maximum inner wall temperature is reached when there is no radiation heat

transfer from the wall (o /ags =), corresponding to Eqs. (4-26) and (4-27). In the

circumferential direction, the wall temperature is cyclic due to the kiln rotation (see Figure 4-
4 (b)). This figure is depicted at the ratio of heat transfer coefficient = 4 for various Stanton
number. The kiln wall decreases as it immersed to the solid bed (0° ~ 90°) and increases
again as it touches the gas region (90° ~ 360°). For a typical rotational speed n = 1-3 rpm i.e.
Stanton number 0.03-0.01; the temperature differs only less than 1 °K. At infinite rotational
speed i.e. Stanton number is zero; the inner wall temperature is unchanged. Eqs. (4-18), (4-
20), (4-24), and (4-30) show that the dimensionless kiln wall temperature distribution is
influenced by the wall-to-solid heat transfer coefficient, gas-solid heat transfer coefficient,
heat transportation coefficient, and filling angle. The kiln diameter has no influence to the

temperature distribution.
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Figure 4-4. (a) Temperature distribution of kiln wall for different heat transfer coefficient
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Figure 4-5. Heat transportation coefficient in indirectly heated rotary kiln with electrical heater

For the typical rotational speeds around n =1~ 3rpm, the heat transportation

coefficient is in the range of 300 ~ 5000 W/ m’K ( Figure 4-5). The solid line refers to the

wall thickness of 1 cm and the spotted line refers to the wall thickness of 2 cm. The heat
transportation coefficient increases with rotational speed and wall thickness. This value is
mostly higher than the other heat transfer coefficient therefore the kiln speed has no
significant influence to the kiln wall temperature distribution. The dimensionless
temperature for various Stanton number are plotted in Figure 4-6 and Figure 4-7 under similar
conditions as for the previous cases. These figures show that, for high wall-solid heat transfer
coefficient in comparison with the radiation heat transfer coefficient the kiln wall decreases at
the solid region and than increases at the gas region. Vice versa, the kiln wall temperature
increases at the solid region and decreases at the gas region. For higher rotational speeds i.e.
lower Stanton number, both the inner wall temperature and the difference between the

maximum and minimum temperatures decreased.
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Figure 4-8 (a-b) illustrates the dimensionless maximum temperature difference of the
kiln wall temperatures for steel for two different filling degrees. The solid line represents the
kiln wall thickness of 1 ¢m and the dotted line for 2 ¢m. The maximum and minimum inner
wall temperature differences decrease with an increase of the wall thickness and the filling
degree. At higher values of rotational speed, both the figures show that the temperature
differences are low and can be neglected. At higher ratio of heat transfer coefficients (infinite)
the temperature difference reaches to the higher value (no radiation heat transfer). However,
as the radiation heat transfer coefficient increases both the inner wall temperature and its
differences decrease. At the same magnitude of heat transfer coefficient the inner wall
temperature remains constant according to Eq. (4-25). Furthermore, under some
circumstances the radiative heat transfer coefficient can be higher than the wall-solid heat
transfer coefficient. In this case, the temperature difference increases with the radiative

coefficient in reverse direction.
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Figure 4-8. The maximum and minimum dimensionless temperature difference of the kiln wall for steel
at various rotational speeds (a) filling degree 10% (b) filling degree 50%
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Figure 4-9 (a-c) illustrates the dimensionless temperature difference of the inner wall
other kiln wall materials at filling degree 10%. Increasing the kiln wall thickness from 1 to 2
cm decreases the wall temperature differences to 5%. At no radiation heat transfer
coefficient, the inner wall temperature difference reaches to the larger value. The heat transfer
coefficient ratios 2 and 0.5 have the same values but in reverse direction (according to Figure
4-6 and Figure 4-7). At typical rotational speed, Silicon Carbide (SiC) and Aluminium Oxide
(A1;03) have almost the same temperature profiles. However, graphite has the highest inner
wall temperature difference in comparison to the other kiln wall materials. Nevertheless, at

high rotational speeds all materials have the low temperature differences.

4.1.3 Heat flow

The amount of electrical power which is received from the heaters is released as heat

power and distributed over the circumference of the kiln into two parts: covered wall-to-solid

heat transfer (QWS) and uncovered wall-to-solid heat flow (QGS)- A portion of this heat is

lost to the surroundings. Therefore, it should be pointed out that the given electric heat flow

(Qel )is the total electrical power supply received from the heaters minus the heat loss to the

surroundings
Qe1 = Qely — Qelogs (4-32)

The heat flows per meter kiln length are obtained by

) Lys
QLLSZ gaWS'(T(xS)_TS)'de (4-33)
Ogs Las
= - gaGS'(T(xG)_TS)'de (4-34)

The integration from Eqgs. (4-33) and (4-34)
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Lyys- s (I —exdos15). (s —acs)- (6 ﬁ(— ijj - IJ

s _ 4
ws § aGS-[exg(—StS)-ex;{—StS 'AJ—IJ
(4-35)
% _ el LGS.aWS-(ﬂ—E)—i-LW‘;‘ s -(]—ex;{—StS .]j ) (s —ans)-(extt=Sts ~1)
aws s aGS'(exA—StS)-ex[{—StS ij—]}
(4-36)
The total amount of heat flow to the solid is equal to the electric heat flow to the kiln
Qel QWS QGS
= + .
I I I (4-37)
Qo _ .
L=y 7-D; (4-38)
L
At infinite rotational speed (Stg = 0), Eqs. (4-35) and (4-34) are reduced to
Ows _ del Ays — OGS
T=L Lyys - ays (7 —&)+ Lys - ays - (4-39)
awys aws - &
( aGS 'Sll’l(é‘ )j
06s _ del aGs — s
T=—e Lgs - o - (m— &)+ Lys - ays - (4-40)
ays ays - &
( aGS 'Sl}’(é‘)j
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In Figure 4-10 the heat flow ratios are plotted against the heat transfer coefficient

ratios. The figure shows that the infinite rotational speed (Stg = 0) has the same value as the

other typical rotational speed (n = 3 rpm; St = 0.01) and n = 0.5 rpm ; St = 0.3 . Nevertheless,
the value changes if the rotational speed is very low (n = 0.05 rpm; St = 2.9) that never exists
in any indirect rotary kiln. Therefore, the analytical solution for the heat flow to the solid bed
can be further simplified with the equations of the infinite rotational speed Egs. (4-39) and (4-
40). Until this point it must be emphasized that changing the kiln speed does not alter the heat
transfer conditions significantly, but it does strongly affect the residence time of the solids
and hence overall kiln performance. This aspect of rotary kiln behaviour is beyond the scope

of this work.

2.5

1—38=0

2—5St=0.01
I—he=03
4 —Si=20

oyws = 100 Wim?K
f=10%
gel = 10* Wim?

Figure 4-10. The ratio of heat flow in dependence to the ratio of heat transfer coefficient
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Figure 4-11. The ratio of heat flow for various filling degree

Figure 4-11 illustrates the heat flow ratios in dependence to the heat transfer
coefficient ratios for different values of filling degree. The solid lines represent the thin wall
and the dotted lines for thick wall, but the difference in this example is very low. The heat
flow from wall to solid increases with ¢y and decreases with agg. At oy /ags =1 and a
lower value of filling degree, both types of the heat flow have almost the same value
Ows /Ogs =1.2. This effect is caused by the fact that the inner wall temperature is constant
and the area available for the heat transfer, at both the covered wall and exposed solid surface,
is also the same (refer to Figure 4-12). Nevertheless, at the same magnitude of heat transfer

coefficients the regenerative heat transfer (QWS) 1s 50-60% 1in comparison to the overall heat
transfer to the solid bed. At a value of ajyg is 10 times higher than ag¢ at high filling

degree, the heat flow from the wall to solid is almost 5 times higher than the direct heat flow

from gas to solid.
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Figure 4-12. Area contact ratio versus filling degree in indirectly heated rotary kiln

4.2 Gas heating

In the manufacturing process of food and meals, the indirect rotary kilns with gas
heating are widely used. The heating sources can be the combustion gas or steam jacket.
However, the combustion gases usually exist at higher temperature (800°C), whereas the
product induced a series of deterioration reactions that affects the final quality of the product.
Thus, some countries are restricting the use of indirect heating with combustion gases for
certain nutritional products (Wilkes et al., 1991). The advantage of this kiln is that it yields
better product quality, reduces atmospheric contamination and decreases energy costs, by

using water vapour from the drier itself as a steam source.

The objective of this work is to model the heat and energy balances for an indirect
pilot plant rotary kiln with combustion gas or steam jacket, in order to obtain a simplified

analytical model for the kiln.
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4.2.1 Model Description

As mentioned previously in the chapter 4.1, the kiln wall has a significant influence on
the heat transfer in the indirect heating rotary kiln. The typical materials for the kiln wall are
already shown previously in Table 4.1 except graphite, since it is used only for the electrical
furnaces. The steady state analytical model is based on the following assumptions: the thermal
conduction in the radial direction is assumed to be infinite whereas at circumference is zero.
Solid particles are of uniform size. There is no heat loss to the surroundings. There is only air
present in the interior of the kiln (inert gas), thus there is no heat transfer from the gas to the
kiln or to the solid bed. There is no evaporation of water from the solids. The heat transfer

steps are shown previously in Figure 4-13.
In this system we use the same heat flow as in chapter 4.1, the difference is that the
given heat flow comes from the hot combustion gas/steam jacket (Q()) instead of the

electrical heaters (Qel)' In order to simplify the modelling of the process, the heat transfer

coefficients are divided into two parts: an effective conduction parameter and a single

parameter.

Combustion

Figure 4-13. Indirectly heated rotary kiln with combustion gas or steam jacket
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The effective parameters are described as follows:

o the heat transfer coefficient from the gas through the kiln wall

S = 4 (4-41)

a¢ the heat transfer coefficient from the gas through the kiln wall to the solid bed

surface

I 1 s 1
= = 4-42
ag agyp A ags (4-42)

a g the heat transfer coefficient from the gas through the kiln wall to the covered solid
bed
1 1 s 1

—= +—+
4-43
as  agyg A ays (4-43)

Because B is very low the temperature differences in radial direction can be neglected again.

The single parameters are :

oo the convective heat transfer coefficient of the heating device. For the hot combustion

gas system the range is 50 < agy < 200 W/ m’K . For the steam jacket system the value

is very higher and assumed to be infinite gy = 0.

as the radiative heat transfer coefficient between kiln wall and solid bed surface. It is

supposed that the kiln wall has a lower value of the temperature, because of the properties
of the wall. Thus, the value of this coefficient is considered low. The value can be zero if
we have an opaque gas system (for low emisivities of the kiln wall material or very low

kiln wall temperature)
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* g the conduction heat transfer coefficient between covered kiln wall and solid bed.

This value depends on many parameters such as particles velocity, kiln diameter, etc.,

therefore this value will vary in the range 0 < ayg < 200 W/ m’K .

The energy balance, according to Fourier’s law for the description of conduction on an

element of thickness dx of the kiln wall, is described as follows Figure 4-14

Figure 4-14. Heat flow through a kiln wall extended surface

The heat balance yields to

Q;t + QO +H = Qﬂ+A/t + (H"'dH) + 0 (4-44)

Since the rotational speed of the kiln is high, the heat conduction along the kiln length is

negligible
i = 0y - 0O N
M-c-dT = ay-L-R-do-(Toy—-T) — a-L-R-dp-(T—Tg) (4-46)
u=2-7-R-n (4-47)
M=u-L-s-p (4-48)
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By inserting the surface velocity and mass flow from previous Equations (4-4) and (4-5),

respectively; into (4-46) the energy balance leads to
p-cu-s-L-dT = ap-L-R-dp-(Tgp-T) - a-L-R-dop-(T-T) (4-49)

Finally, using the lumped capacity model the model is reduced to
dT
P'Cp'”'S'EZQO(TG()_T)_a(T_TS)- (4-50)

The temperature distribution of the kiln wall in the solid and gas contact regions are

described with a lumped capacity model

The solid region :
dT
prepu-s——=ay(lgy—T)-as(T-Ts) (4-51)
xS
The gas region :
dT
p'CP'u'S'd—=ao(TGo—T)—aG(T—TS)- (4-52)
XG

The density and specific thermal capacity of the kiln wall are assumed to be constant because

the temperature differences along the kiln wall are relatively small.

4.2.2 Temperature distribution

The temperature distribution of the kiln wall for solid and gas contact regions lead to

(Integration of Egs. (4-51), (4-52))

{exp(—ao—asx},(% ~ T -ay —ag)+ap(Tg —TS)}%(TGO ~Ty)

p-c-u-s (4-53)

T(xg)-Ts = Ep—
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—0on—Q
[6}6]{/”?6}'(% ~Ts-ag—ag)+ay(Tgo —Ts)|—ayg(Tgo - Ts)

4-54
T(XG)— TS = ( )
~%)— G
The boundary conditions are
TS}():T] andT(xG)zTZ (4-55)
TG’OZTZ and T(XG):T]. (4-56)

Finally the temperature distribution can be described as :

wall-solid contact region

PN P T -exp[—ﬁ‘rg-x‘r.[‘?+I::E_;D.[gxp[—ﬁ‘rs-[%+;‘E:;D—I]

mo+ oy (ag+ag) @+ ag) B0t 1 A =
axp | =Sty | I+ axp | =St | =4 —— || =]
g -

T A oagew

(4-57)

gas-solid contact region

g + (a0+a6).(a0+a3) @£ I mpe +Ty
exp =Sty | T+ cerp =Sty | —+ -7

F(eg)= (Tap - Ty )| %040 (&5 ~ag) “‘”[‘“m'[i*SSD[“"{“S”{“zﬁ-ﬂ]‘f]

oy T

(4-58)

Dimensionless temperature distributions are introduced by normalization of the

difference of wall temperature to solid temperature in relation to the maximum temperature
difference of gas and solid

exp[—S:S-xI -[f+ aﬂ-ED- exp[—S:S-[i+ %o -ED—E
HS=T[XSJ—T3= By g (o -ag) o i
Fen =T &+ oo + ey ) leep + : :
Go-Ty ap+ay (ap+ag)lag+ag) w[_&g.[“ g E]]-é‘xp[—&?g-[£+ & E‘J]_f
Qg A4 ap-m

(4-59)
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exp[—ﬁg-xg -[%+I:;ﬂ _i}}[exp[—ﬁ‘;-[f+ zo:;]J—fJ
Tlrg-Ty) oy L 2y [og —ayg) ¥ il

Bz = = .
Fan — T &p + & &g+ e | e + . .
go-Ty aptag [ep+ag) o+ ag) QIp[—SA‘S-[f+ g EJ]-exp[—SA‘g-[i+ o E]]_I

g T A ag-rw
(4-60)
where the Stanton number is defined as
(04 S €&
Stg =—>-= (4-61)
a, «

[[Hﬂ.f}[% +&G)+(&_G.5?L[E)+ﬂ.£}(% +ﬂ3)]

L (8 Qe T

(4-62)

From Egs. (4-59), (4-60), and (4-62) one can see that the temperature distribution of

the kiln wall is influenced by two dimensionless parameters (Stg,4), the effective heat
transfer coefficients (a,c,ay ), and the filling angle (¢). It should be emphasized here that

the diameter once again has no influence on the temperature distribution and the rotational

speed appears only in the heat transportation coefficient (Eq. (4-23)).

If the heat transfer coefficients are in the same magnitude (ag = o), the kiln wall

temperature is constant for any given kiln speed

Q9
9S = GG = (4-63)
g +ag
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For no radiation heat transfer (agg =0), Egs. (4-15) and (4-16) are reduced to

exp[—StS X -£I+ %0 HD exp(—StS .(a() 'ﬂD—I

+ .
ag +a ag +a ) ) (4-64)
0 S ( 0 S) exp[—StS -(1+a0 ”JJ'exp[—StS (ao ”D—I
ag - & ag - &

exp(—StS X3 .(a() EJJ exp{—StS -{I-i- % ‘”B—I
ag g - & ag - &

' (4-65)
(0{0 +aS) exp(— Stg -(1+ %0 '”J]-exp(— Stg .(ao .ﬁD—]
Og - & ag - &

O =

0 =1-

Now the case is assumed that the wall temperature corresponds to the saturation

temperature of the heating surface. Thus, if the heating surface is the condensing steam the
heat transfer coefficient is very high/infinite typical values are 3000-10.000 W/ m’K
(ap = o) [Canales et al. 2001]. For this case, the inner wall temperature has the same value

as the temperature of the steam

Os =0g =1 (4-66)

A typical circumferential dimensionless temperature distribution is presented in Figure
4-15 for the same value of wall-solid and convective outer wall heat transfer coefficients. The
material of the wall is steel with high density and low heat capacity. The figure reveals that at
a low radiation heat transfer the inner wall temperature rises towards the outer wall

temperature (7;). As the radiation heat transfer coefficient increases the inner wall

temperature decreases towards the solid bed temperature. For the same heat transfer ratio, the
inner wall temperature remains constant according to Eq. (4-63). Furthermore, if the heat
transfer wall-solid is higher than the radiation of the wall, the inner wall temperature is
decreasing at the solid side and increasing at the gas side. Vice versa, when the heat transfer

wall-solid is lower the inner wall temperature increases at the solid side. This phenomenon is
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clearly illustrated for different Stanton number in Figure 4-16 (a) and (b) for the higher and
lower ratios, respectively. Typical rotational speed is n = 1-3 rpm with Stanton number 0.03 —
0.01. Therefore, it reveals that the circumferential temperature variations for typical kiln
speeds are less than 3 K, thus the inner wall temperature is expected to be constant.
Furthermore, the temperature cycling in the wall is expected to be the greatest at a high
radiation between wall-solid or in areas where there exists a large difference between outer

wall hot combustion gas temperature (7; ) and solid temperature (7T ).
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Figure 4-15. Inner wall temperature distribution along the circumference for steel
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Figure 4-16. (a) Heat transfer coefficient ratios =4 (b) Heat transfer coefficient ratios = 0.25
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Figure 4-17. Inner wall temperature distribution along the circumference for graphite
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The dimensionless inner wall temperature distribution along the circumference is
plotted again in Figure 4-17 for Graphite. This figure indicates that both the temperature level
and the temperature cyclic on the inner wall are slightly higher than that of steel. A decrease
in the heat transfer ratios by 50% reduces the inner wall by 3 to 5% towards the solid bed
temperature. Graphite has a higher value of emissivity therefore the radiation heat transfer is
high. In this example it is necessary to show all possibilities cases. Nevertheless, the
temperature difference between the gas and solid side is less than 5 K for typical rotational
speed with Stanton number 0.045 — 0.009 (see Figure 4-18). For lower kiln speed n = 0.5 rpm
(Stanton number = 0.09), the gas and solid inner wall temperature increases by 10%. Thus,
the inner wall temperature is expected to be constant for typical kiln speed.

Figure 4-19 shows a high filling degree for typical kiln wall material (steel). By
increasing the filling degree, the gas region becomes smaller and the region occupied by the
solid is larger; thus, the time that the wall spends beneath the solid increases and the time in
contact with the gas decreases; and therefore both the inner wall temperature and the

difference between the maximum and minimum temperature are reduced.
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Figure 4-19. Inner wall temperature distribution for different Stanton number at filling degree 50%
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Figure 4-20. Maximum and minimum dimensionless temperature difference for two different filling degree

Nevertheless, an increase in the filling degree to 50% decreases the level of the inner
wall temperature less than 2% which is not significant. This phenomenon is valid for all kiln
wall material. Moreover, the circumferential wall temperature varies less than 3% for typical
rotational speed with Stanton number 0.06-0.012. Therefore, the temperature cycling of the
inner wall at typical rotational speed is independent of the filling degree and thermophysical

material properties.

The influence of the rotational speed on the difference between the integrated exposed
and covered inner wall temperature is shown in Figure 4-20. It is evident that, for the higher
rotational speeds, the temperature difference decreases. Moreover, an increase in the filling
degree by 50% decreases the temperature difference by 3%. A higher temperature difference
is expected at infinite heat transfer coefficient ratios i.e. no radiative heat transfer. The
difference decreases as the radiative heat transfer coefficient increases (inner wall temperature
decrease at the solid side and increase at the gas side). On the other hand, when the radiative
heat transfer is higher than the wall-solid heat transfer coefficient the temperature difference
increases again but in a vice versa direction (inner wall temperature increase at the solid side

and decrease at the gas side). A similar operating condition as the previous case is used in

96



Figure 4-21 to calculate the inner wall temperature for two filling degrees. The solid line
refers to filling degree 10% and the dotted line to filling degree 50%. An increase in filling
degree by 50% decreases the temperature difference by only 1%. Therefore, the solids fill
ratio has no significant influence to the temperature difference. Furthermore, for low radiation
heat transfer coefficients the difference between the dimensionless maximum and minimum
inner wall temperature is higher. Increasing the radiation heat transfer coefficient by a factor
of 2 decreases the inner wall temperature and the temperature differences. The temperature
difference increases with the convective outer wall heat transfer coefficient, but in some
stages the temperature difference reduced. There is no temperature difference on the inner

wall temperature at infinite o i.e.40 =0.
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Figure 4-21. The influence of convective outer wall heat transfer coefficient to inner wall temperature
difference
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4.2.3 Heat flow

The heat flow to the solid bed is divided into two parts: covered wall-to-solid heat

transfer (QWS) and uncovered wall-to-solid heat flow (QGS ) The total heat flow is the sum
of both

QT = QWS + QGS

(4-67)

According to Egs. (4-33) and (4-34), the heat flow along the kiln length is defined as

LWS'QS N _ &p € _ ] QG € )
Ops /L= (Tgp =T Ly +

Gn+ag |QO+&S|2.I_&'0+&'G| exp—Sﬁ . i+ﬂi oxp . H_ﬂi -1
14 ay T 7 &5 i

(4-68)
L%'&S-& - an) | 1o - S L2 ep| - 4

| _— o ORIV S ay T A ar

Oog [L=Tgp-Ts Los+ 7 '
Cfo‘l‘&G |Cfo‘|'CfGl -I{]fo‘l‘{?fs' éxp—SfS' i_l_ﬂi e _st f+ﬂ£ -1
4 a7 dg

(4-69)

Later on it is easier to define the heat flow related to the kiln length and the maximum

temperature differences

% Ows

Og=— IS 4-70

> L-(Tgo-Ts) (4-70)

QEZQ¢ (4-71)
L-(Tgyp-Ts)

Q; = QS + QG (4-72)
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At infinite rotational speed (Stg = 0), the equations are simplified as

nlel £ I el g 2 5'2
. ez +oy o — [t —p- g -—+Et0-—2
Qﬂ=|TGﬂ_TS| Q:S.. 0 L%_'_L RS_RG. £ I EﬂS I il
L tdp + kg + ity ! lggﬂ-'-Q:G|.[}+2-ﬂ-£+a_&v-5m|£j
&y o§oooy £
(4-73)
snigi £ ! imlel g 2 .5'2
. CﬁG- +|St:|:|-— + — Q:U-CﬁG- -—+Cﬁ0-—2
BEP . oo N B O s B E 3 o WS i 7
—— =g f'—————| Lgp t Lgm ]
a + & |y + e ) o £ sinigl
U ok '.:ug+.:uf;'-[f+2-—ﬂ-—+—6- ]
Qe T oy £

For a steam heating system ( ¢ = o) the model is simplified as

Or =ag-Lys +ag - Lgs
where

LWS =2¢-R

Lgg = 2-sin(g)-R

(4-74)

(4-75)

(4-76)

Figure 4-22 shows the influence of the filling degree on the heat flow to the solid bed.

The heat flows are defined in comparison to the kiln length and maximum difference between

temperature of the hot combustion gas and the temperature of solid bed. The heat transfer

coefficient of the hot combustion gas and wall-solid are in the same magnitudes. The heat

flow increases with the filling degree and decreases with the exposed wall-solid heat transfer

coefficient. Increasing fill ratio by a factor of 2 increases the heat flow ratios less than 5%;

which is a relatively low effect. On this basis, changes in fill ratios are not expected to

strongly influence heat transfer within the kiln. At the same magnitude of the heat transfer

coefficients ratio, the regenerative heat flow from the covered wall-solid bed is 50%-60% to

the total heat flow received by the solid. At the condition that the covered wall-solid heat
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transfer coefficient is 10 times higher than the exposed wall-solid heat transfer coefficient, the
regenerative heat flow is 90% of the total heat flow. This fact explains that in externally

heated rotary kilns the regenerative heat flow has a significant influence to the process.
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Figure 4-22. Influence of the heat transfer coefficient on the heat flow

4.2.4 Overall heat transfer coefficient

An overall heat transfer coefficient (¢, ) is introduced as the total heat flow received by the

solid related to the kiln length, the covered wall length and the maximum temperature

difference between hot combustion gas and solid bed

Or _
L-Lys -(Tgo - Ts)

oy (4-77)

100



In order to determine the role of regenerative heating in the overall heat flow to the
solids, dimensionless quantities on the overall heat transferred to the solid related to the heat

transferred from the hot gas are used to calculate the total heat transferred to the solids.

Uy 1 1 _sin(5)+ Stg
@ X0

ag '(ZG ] (I—exp(—StS-X))-(exp(—Sl‘S'Y)—I)
v %0, ¢ (0‘0 Jz(ao ] exp(= Stg - X)-exp(=Stg -Y)-1
—+1| | —+1

ag ag
1 as %
Sts \ep oG (I —expl=Stg -Y))- (exp(= St - X)-1)
2 — - X)- — .Y)—
[%+1J (0[0+1J exp( Stg X) exp( Stg Y) 1
a

aG S
(4-78)
where
o) ¢ (4-79)
X=7+20.%
ag 7
ag sinlg) oy & (14-80)
Y:_G_L_F_O._
ag & g T
At infinite rotational speed, the model is reduced to
i sin(g) £ 1 sin(s) £ 2 (¢ 2]
agG tag — |+—|ap-ag - -f-i-ao-
dovirs _ 1 |, as-aq £ T) ag E T
(24 a apt+ta /
’ S (g +as) (ap +ag) 142.90.2,9G -Ln(s)
as as T ag &
(4-81)
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[ . . 2]
( szn(g) 8] 1 szn(s) g 2 [5)
aG-———tap-— [+—|p-aG - 7_,_0[0, —
AovGS 1 sin(8)+ as—ag ¢ r) as & 7 z
(04 a a & apt+a [
0 Z0.75 (ap +as) (g +ag): 1+2.a70.£+a7(;'&(g)
as ag ag T ag &
(4-82)
where
Aoy = OoyWS T AovGS (4-83)
For no radiation between wall-solid, the overall heat transfer is reduced to
ag +ap-—
a 1 a
ov _ - I+ +S . (4-84)
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Figure 4-24. Influence of the effective heat transfer coefficient ratios on the dimensionless overall heat
transfer coefficient to the solid

The influence of rotational speed on the dimensionless overall heat transfer coefficient
is shown in Figure 4-23. The solid line refers to a high radiative heat transfer between the wall
and solid, the dotted line refers to a low radiation. The outer wall convective heat transfer
coefficient is constant at 100 W/mK. With an increase in the kiln speed from 3 to infinite rpm,
the overall heat transfer remains unchanged. It is evident that, for typical rotational speeds,
the infinite rotational speed is an appropriate assumption to calculate the total heat flow
received by the solid. The heat flows remain constant with the kiln speed, the value changes

for a very low rotational speed (n<0.01rpm). Therefore, to evaluate the overall heat

transferred to solid, instead of using a long equation according to (4-80), one can use a
simplified model according to Eqs. (4-81) and (4-82). It must be noted although the kiln
speed does not strongly influence the total heat flow received by the solids; it is significantly
alter the thermal load and residence time of the solids. For these reasons, kiln speed has an

effect on kiln operation; however, it is beyond the scope of this work.

Figure 4-24 illustrates the influence of the effective heat transfer coefficient ratios on
the dimensionless overall heat transfer coefficient to the solid bed under the similar

conditions. An increase in the effective heat transfer coefficient ratios from 0 to 0.2, improves
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the overall heat transfer coefficient to the solid bed to the outer wall heat transfer coefficient
by 20% for no radiation heat transfer and 35% for high radiation heat transfer. For high
contact between wall-solid and no radiation heat transfer, o, isabout 60% of «( . Thus, the

overal heat transfer to the solid bed is mainly influenced by the wall-solid heat transfer
coefficient. However, if the radiative heat transfer is high the overall heat transfer coefficient
is higher at low filling degree. This fact is due to the condition that the «, is related to the

contact area of the covered wall, in which at a high filling degree the area of the covered wall
is higher than the area of the exposed bed surface (see Figure 4-12). However this effect is
overcome by the fact that the heat flow increases with the filling degree (see Figure 4-20). In
the case of no radiation heat transfer, increasing the filling degree by a factor of 2 increases
the overall heat transfer by only 1%. At this point on it is emphasized that the overall heat

transfer coefficient is influenced by three heat transfer coefficient (s ,ags ,agp) and the

filling angle ¢ hasarelatively low influence.

4.2.5 Simplified resistance network

As shown previoudly in the previous chapter, the model to predict the overall heat
transfer coefficient received by the solid is complex. It is necessary to develop a ssmple model
to investigate the impact of the parameters easily. While pursuing this goal, the network in
Figure 4-25 is formulated by the extension of the standard electricity resistance analogue
including both the rotational kiln wall and the convective heat flow from the outer wall. This
method is used to estimate a simplified exposed inner wall heat transfer coefficient and the
covered inner wall heat transfer coefficient. The results of these calculations are presented in

Figure 4-30 and Figure 4-31 and compared with the model formulated earlier in this chapter.

Ros Rs Rn

TGO TS

Rog R Rn

Figure 4-25. Resistance network
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In order to approximate the overall heat transfer coefficient, the following steps are

introduced.

To predict the resistance of the solid bed the following steps are used:

1. For no radiation heat transfer between the exposed wall and solid agg =0, the
effective heat transfer coefficient in this region is also zero ag =0 (according to Eq.

4-42). The previous model gives the overall heat transfer coefficient according to Eq.
4-81.

&
ag tag-—
on oA a

T
o tas ap tas as -~ +2-ag

(4-85)

1.1. For infinite contact heat transfer between covered wall and solid ayyg =, and

according to Eq. 4-43 the effective heat transfer coefficient in this region is equal to

the convective gas heat transfer coefficient ag = ag. This is the resistance of the
wall at the solid side coupled with the convective heat flow from outer wall at the

solid region Rpg .

« 0

Ros _}/
Too® P&/ " ®Ts

Figure 4-26. Resistance network at no radiation heat flow and infinite wall-solid heat flow

&
1+—
T

1
Ros =« - >t (4-86)

2+—
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1.2. For steam as heat source o =, the effective heat transfer coefficient is equal to

the wall-solid heat transfer coefficient ag = ayys . The result leads to the resistance

of the covered wall-solid Rg .

Rs =aws (4-87)

These approximations give the heat flow and the overall heat transfer coefficient
according to Figure 4-27 asfollows

R
Teo® Ros Rs n o,

Figure 4-27. Resistance network for no radiation heat transfer

(Ros + Rs)'Q—EV= (Teo - Ts)

(4-88)
Q 1
L-(Tgo - Ts) ! —1
€ aws - Lbws
11 1+ (4-89)
ag-e-D-| -+~ a
2 4 g( gj
J2+—=
T T
1
aOV: 1 1
+
1 £ aWws
1 1 +; (4-90)
a0'7+7.
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N
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The second step is to predict the resistance of the exposed wall-solid region without

influence of the regenerative heat flow from the wall:

2. For no conduction heat transfer between covered wall and solid ays =0, the
effective heat transfer coefficient in this region is aso zero ag =0 (according to Eq.

4-43). With this boundary condition the previous model gives the overall heat transfer
coefficient according to Eq. 4-82.

(a sin(e) " ej
) G Aray—
oy = oG - Qg Sln(é')_ aG ' & T (4-91)

g +ag & (0!0+0!G) [

2-qp+ag 22

2.1. For infinite heat transfer coefficient between exposed wall and solid surface

ags =, thus the effective heat transfer coefficient in this region is equal to the
convective gas heat transfer coefficient g = ag (according to Eq. 4-42). Thisisthe

resistance of the exposed wall surface which is coupled with the convective heat flow

from outer wall at the solid region Ryg -

R —
o {FHF

Figure 4-28. Resistance network for no conduction heat transfer and infinite radiation heat

transfer
sin(s)
ROG =ag 1 . sin(g) - l . g- i ; (4-92)
2 & 4 2+S|n(g).£
£ &

2.2. For steam as a heat source o = o, the effective heat transfer coefficient is equal to
the exposed wall-solid surface heat transfer coefficient ag = agg (according to Eq.

4-40). The result leads to the resistance of the exposed wall Rg
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sin(e

R = ags - (4-93)

;| =
~—

The results of these approximations give the heat flow and the overall heat transfer

coefficient according to Figure 4-29 asfollows

° Roc Re |— Rn — o7

Teo s

Figure 4-29. Resistance network for no conduction heat transfer

(RoG +Re )Q—IC_N =(Teo ~Ts) (4-94)
O 1
L-(Teo ~Ts) 1 ® L1
Sin\e & aGS'LGS
1sine) 1 o "4 (4-95)
w0 B T T sine) #
& 2+ -—
& &
1
Goy = 1
sin(e) ¢\ sin(e)
&
1sin(e) 1 5 5 | 768 (4-96)
ao- — . _—
2 ¢ 4 2+sm(g i
& &

In Figure 4-30 the original model of the overal heat transfer coefficient according to
Eq. (4-84) is plotted against the result of approximation model according to Eq. (4-89). It can
be seen that for each value of covered wall-solid heat transfer coefficient the modified
analogue of Figure 4-27 accurately predicts the overall heat transfer coefficient of the covered

wall-solid.

In Figure 4-31 the original model according to EQ.(4-90) is plotted against the
approximation model according to Eg. (4-95). In this case, it can be seen again that the
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simplified resistance network of Figure 4-29 accurately predicts the overall heat transfer
coefficient of the exposed wall-solid. For any of the cases in this investigation the error
introduced by the use of this approximation is less than 1%. Therefore, the modified
resistance network of Figure 4-25 may be used to predict accurately the overall heat flows and

the overall heat transfer coefficients to the solid at any point along the kiln axis.
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Figure 4-30. Approximation model predicted by resistance network versus the original model atagg =0
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Figure 4-31. Approximation model predicted by resistance network versus the original model at g =0
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5 Experimental investigation of the temperature distribution in
the Kiln

5.1 Experimental apparatus and measuring technique

A series of two heat transfer trials were performed in the pilot kiln with the run
conditions summarized in Table 5.1. The experimental facility employed for the flow
measurements comprised a rotary kiln of 400 mm O.D. (250 mm I.D.) and 6.735 m long
which was designed specifically to study the flow behaviour of granular material and the kiln
wall in the kiln cross section. It was operated with a fixed rotational speed of 3.25 rpm, and
was divided into 12 sections but only four sections were used for the experiment (Figure 5-1).
At each section, five thermocouples were inserted through the wall into the bed and the gas to
measure the temperature (Figure 5-2). The fuel used was natural gas (appendix) using a
burner with a maximal capacity of 70 kW. This was premixed with excess number of 2.16,
prior to the ignition for combustion. The material was dry quartz sand with specification
being summarized in Table 5-1. The filling degree of the bed was 27 % and the fill angle of
69°.

T =
mpatmatersll oy L ol - o - D -0
Ciians 3: 5 4 5 6, 7 8
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»
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Figure 5-2. Axial locations of kiln thermocouples

Figure 5-3. Measuring device with five thermocouples
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In addition, an infrared thermocamera was used to measure the outside wall
temperature, and the measurements were corroborated by measurements with a contact
thermocouple. A steel container was used for the collection of the outlet hot sand in regular
time intervals. As depicted in the temperature measuring system shown in Figure 5-4, the
temperature signals are routed to the sender and then transmitted to a receiver via radio. The
thermocouples which are attached in the sockets extend into the interior of the kiln with
different distances to the kiln wall, measuring the temperature of the gas, the wall, and the
temperatures of the solid bed at different depths (see Figure 5-4). The thermocouples rotate
together with the kiln continuously, so it is possible to measure the temperatures in
dependence on time. To measure the temperature along the circumference direction, a
pendulum is mounted on the kiln with which the rotational angle can be measured in
dependence on time. Thus, the allocation of the measured temperatures is possible. This new
measuring system can measure up to 32 temperatures simultaneously. The temperature signals
are converted and saved as excel data sheet in the computer. With a developed program the
temperature profiles can be monitored in real time. The time from the start up till the steady
state conditions was about 3 hours and the time required for the data collection around 2

hours.

\ I

Pendulum

Figure 5-4. The temperature measuring system
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Run | Inclination | Feed Filling Primary Natural Max. Material
angle [°] rate degree air gas temperature
[kg/h] | [%0] [N, m3/h] | [N, m3/h] | [°C]
1 1.9 50 10 27.68 291 500 Sand
2 1.9 85 10 27.68 2.91 1000 Sand

Table 5-1. Summary of experimental conditions

Properties Si02
Density [kg/m3] 1370
Heat Capacity [kJ/kg K] 0.76
Effective thermal Conductivity | 1.4
[W/mK]

Table 5-2. Physical properties of the experimental materials

5.2 Experimental work

Due to the inception of the experimental work, five thermocouples were installed at 4

axial positions along the kiln length. The thermocouples were inserted with different distance

to the inner kiln wall. The locations of the thermocouples are summarized in

Sections | Axial distance (z) Radial distance ( r ) from the axis of the kiln [mm]
Nr. from the kiln head [m] | r1 (wall) r2 r3 r4 r5 |r6
1 0.5 0 5 20 40 - 125
2 0.8 0 5 20 40 65 |-

3 1.39 0 5 20 40 65 |-

4 1.795 0 5 20 40 - 125

Table 5-3. Distribution of thermocouples at the four sections of the kiln
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The thermocouple rl is attached and measured the kiln wall which due to the rotation
touched the freeboard gas and immersed in the bed. Thermocouplesr2, r3, r4, and r5 served to
measure the temperatures within the solid bed. The thermo elements at the freeboard gas( r6 )
were shielded from the effect of radiation in the freeboard gas, so that the actual local
temperature was recorded. The temperature of the freeboard gas was relative constant

therefore at section 2 and 3 this part is abandoned.

The kiln was set at a rotation speed of 3.25 rpm, and the natural gas as fuel, was
introduced from the end near the test section. The temperature of the gas is set to be constant
at 1000°C for the first run and 500°C for the second run. The rotating kiln was then allowed
to be preheated for about forty minutes, without solids. Having preheated the system for about
forty minutes, the solid material —sand- was fed from the hopper, with the aid of a screw
feeder which ensured a fixed feed rate of the sand into the rotating kiln, concurrently to the
combustion gas. A cubic receiver was placed at the exit end of the kiln, and it became full at a
typical feed rate within determined time intervals. It took around 30 minutes for the sand to
be transported from the input section to the output section, after which the receiving sand was
weighed continuously with time. The measured mass flow rate was observed to increase with
time until after about two hours, when the flow remained steady at about 85 kg/hr, and the

mass flow was considered to be at a steady state.

The temperatures at the respective sections were simultaneously being analyzed
during the time when the kiln was rotating prior to the achievement of the steady state, and at
steady state, the fluctuation of the inner wall temperature was observed to be minimal. The
primary air feed rate was recorded to be 27.68 m*/hr, however, due to the influx of false air
through the ends and the junctions of the kiln, as well as within the pores in the feed material
from the hopper, the actual air utilized for the combustion reaction in the kiln was estimated
to about 62 m*/hr, at an excess air number, A, of about 2.16. The fuel -natural gas- feed rate,
which was accompanied by the total air feed rate, was 2.9 m*/hr. The recorded experimental
values are shown in appendix A. The recorded temperatures were plotted against the angles of

rotation by the computer for each section.
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5.3 Results and discussion

As mentioned previously, experiments were performed to measure the temperature
distribution within a rolling solid bed. The experiments were carried out with inert solids
(Sand) in order to exclude the influence of the chemical reaction. The kiln was heated up to
desirable gas temperature (Tg = 500°C for the first run and T = 1000°C for the second run),
the solids discharged at different intervals of time and the monitoring of several wall surface
thermocoupl es began and continued for about 2 hours to ensure the steady-state condition was
achieved.

Figure 3-4 and Figure 3-6 show the temperature distribution in dependence of the
rotational angle, measured at two axial positions of the pilot kiln (First trial), respectively. At
position 1 (Fig. 3-4), the wall temperature was constant with a value of 120°C. At position 2
(Fig. 3-5), the wall temperature increased to 150°C. Fluctuation of the wall temperatures were
shown by the two thermocouples as it immersed into the solid bed and touched the gas region.
Therefore, it was difficult to analyze the results since there was no thermocouple which

measured only the gas temperature.
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Figure 5-5. The temperature profile at section 1 trial 1 (z=0.5m)
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Figure 5-6. The temperature profile at section 2 trial 1 (z=0.8 m)

Figure 5-6 to Figure 5-9 show the temperatures of the thermocouples at different
length in dependence to the rotation angle, measured at four section of the pilot kiln,
respectively (Second trial). In this investigation, the gas temperature was measured with a
thermocouple installed at the middle of the kiln (r6). At section 1 (Figure 5-6) the axial
distance to the kiln head is z = 0.5 m, the gas temperature and wall temperature were recorded
to be constant at 970°C and 370°C, respectively. The gas thermocouple (125 mm) was
installed at the center of the kiln, thus it does not touch the solid cold bed. The other three
thermocouples varying with the kiln rotation, the temperature drops instantly as they
immersed in the cold solid bed. During the way passing through the solid bed, the
temperatures are approximately constant. Thermocouple rl was installed near the kiln wall (r
= 5 mm), therefore the recorded temperature was higher due to the contact with the hot kiln
wall than the other thermocouple (r1-r4). As the thermocouples came out of the solid bed into
the hot gas side, the temperatures instantly increased toward the gas temperature. The cyclic
of the temperature recorded (r1- r4) show a mixture of the hot gas and the cold solid bed due
to the influence of the radiation of the kiln wall and the solid bed. Similar profiles are shown
at the other measured section (Figures 5-6, 5-7, and 5-8). Within the profiles, in the solid bed
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at section 1, there exist a‘cold core’ due to the bad mixing of the solid. However, at a certain
distance from the input load, the temperature differences of the thermocouplesin the solid bed
are small (Figure 5-10). This figure indicates that the solid was well mixed; therefore, for
latter calculation the assumption of a uniformity of the solid bed temperature was acceptable.

The gas temperature detected by the thermocouples r6 in section 4 was lower than the
other gas temperature detected by thermocouples r4 and r3. This fact was because of the
measurement point was not in the center of the gas volume. As shown on the figures, the
fluctuation of the inner wall temperature (r1) was relatively low, aimost flat. However, this
temperature actually scattered but do to the high range of temperature difference the
fluctuation of the temperature can not be seen clearly. The level of the wall temperature
depends on the ratio of the heat transfer coefficients, thus the measurements of the kiln wall
temperature helps to analyze it. The gas and solid temperatures are required to determine the
heat transfer coefficient gas-wall from the experiment which later on capable for the

validation with the prediction model which are explained in the next section.
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Figure 5-7. The temperature profile at section 1 (z=0.5m)

117



1000

900 | — E—— —— e
G s e e 5 Gigeaacoy L abn
200 PEPOERR e E  RARGRCEEEELEEPEEEEPEP RS L -5 Sig \‘ T Y g
— i i i ‘0 y . "'!" el 3 A v . r4
© 700 fapgun iR el L S SR s T
o Tl R | Py ™ aadh A ] ¢ N, e
S 600 [eRng ' | 2
® .
& 500 =
= 1
O
F 400
300
200
100 = M-inner wall
-180 =135 -90 45 0 45 a0 135 180

Angle (®)

Figure 5-8. The temperature profile at section 2 (z=0.8 m)
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Figure 5-9. The temperature profile at section 3 (z=1.39 m)
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Figure 5-10. The temperature profile at section 4 (z = 1.795 m)

5.4 Comparison of extended model with experimental results

5.4.1 Temperature distribution

In this section, analyzes are made between the experimental results, the extended
model, and the literature study. The heat transfer coefficients ratio of the extended model
based on Egs. (3-18) and (3-19), and the heat transfer coefficients ratio based on the literature
study (Chapter 2) are com pared with the measurements data. It is difficult to predict the
gas temperature for trial one, since there are no thermocouples which measured the gas
temperature. As a consequence, the comparisons are made only for the second trial (gas
temperature 1000°C). The level of the wall temperature from the experiment helps to analyze
the ratio of heat transfer coeffients.

Figure 5-10 shows the temperature profile of the wall on position 1 is compared with
the heat transfer ratio from the literature study and the extended model. The solid lines refer
to the model prediction and the symbols represent the measurements data. The temperatures
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of the wall were scattered and it seemed to be fluctuated along the rotational angle. The
temperatures decreased at rotational angle 45°-120° and then they tend to increase. The results
improve the statements that the wall temperatures are fluctuated along the circumferential of
the kiln. The level of the wall temperature from the measurements gives the heat transfer
coefficient rations for the extended model of 30. The fluctuation of the inner wall at thisratio
is around 5%, which is relatively low. The heat transfer coefficients ratio from the literature
study gives the same temperature level; the different is only of the mean tempeature
difference. Figure 5-11 shows the comparison of the wall temperature on position 4. The wall
temperatures were scatered in the range of 409°C-412°C along the rotational angle. The
extended model agrees well with the experimental data which gives a heat transfer coefficient
ratio of 40. The fluctuations of the inner wall temperature are around 2%, which is also very

low.

Based on these results, it is clear that the regenerative action of the wall has a
significant influence to the heat transfer mechanism in the rotary kiln. The direct heat transfer
from the gas is lower that the indirect heat which is given from the wall. Thisis atypical fact
in laboratory kilns with low gas temperatureand low beam length. In industrial kilns, the
direct heat transfer from gas to solid bed is higher than the indirect heat from the wall.
Therefore, it is difficult to scale up the experiment result to the technical kilns. Thus, the
analytical equations derived in this study can be used to solve the problem and for describing

the regenerative heat transfer in complex process models.
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Figure 5-11. Measured and calculated inner wall temperature profiles for trial 1
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5.4.2 Gas and solid mass flow

In this section, analyzes are made for solid mass flow from the experimental data Eq.

5-1 and the solid mass flow from the extended model Eq. 5-2 considering the overall

regenerative heat transfer coefficient (R ) from Eq. 3-44.

Qs =Mg -Cg - AT (5-1)

Qs =(ar - Aws +ags - As)- ATy (5-2)

Since the pilot plan kiln was operated at co-current flow, the log mean temperature

difference can be used as shown in Figure 5-12.

'
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Figure 5-12. The temperature profiles in the pilot plan kiln

The temperature difference of gas and solid is summarized as follows

Sections TG (°C) TS (°C)
I (05m) 950 200
Il (0.8m) 850 320
I (1.4m) 710 400
IV (1.8m) 620 420

Table 5-5. Measurements of gas and solid temperatures
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The mean temperature difference between solid and gas is described here

AT'm =

(4Tin ) - (4Toyt )
In (4Tin)
(4Tout)

The results of every section is summarized in Table 5.6

(5-3)

Section | Experiment (kW) | Extended model (kW) Overall regenerative heat
transfer coefficient (aR)

1 5 5.2 43

2 2.7 2.8 27

3 3.7 3.8 39

4 2.7 2.8 26

Table 5-6. Comparison between experiments with extended model solid mass flow

Based on these results, the experimental results are in accordance with the extended

model in this study. The solid mass flow can be predict using a simple correlation of aR .

This simple correlation is important at an industrial level since the effort to solve the 2-

dimensional problem can be omitted.
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6 Conclusion

The following are conclusions concerning regenerative action of the kiln wall in directly and

indirectly heated rotary kiln from this study

1

The regenerative heat flow of the wall in a direct heated rotary kiln can be calculated
with a simplified one-dimensiona model which has an analytical solution. The
fundamental issue of this analytical model is the introduction of alumped capacity layer
characterized by an infinite conductivity in radia direction. Thus, the temperature
profiles in the angular direction can be calculated using Newton's lumped capacity
model. The thickness of the lumped capacity layer is determined from the heat
penetration model in a semi-infinite body. The deviations from the two-dimensional

numerical results are lessthan +5% .

From the analytical model a new heat transfer coefficient for the heat transportation of
the wall could be achieved a1 =7-4/4-p-Cc-n, wherenisthe rotational speed.

The overall regenerative heat transfer coefficient (ag) can be approximated by three
heat transportation resistances in series. This includes the heat transfer coefficient gas-

to-wal (agw ), the heat transportation coefficient (a7), and the heat transfer

- . . 1 1 1 1 .
coefficient wall-to-solid (ayys ) I.e. — = ——+ —+——. An advantageous of this
ar acw a1 aws
analytical solution is its implementation in complex simulation models of processes
without the necessity to solve numerically the two-dimensional Fourier equation for the

regenerative heat flow.

The heat transportation coefficient o1 has relatively high values than the other hesat

transfer coefficients. Therefore, it has a low influence on the overall regenerative heat
transfer. However, the heat transportation coefficient influences the fluctuation of the
inner wall temperature.

The kiln diameter exerts no influence either on the regenerative heat transfer or on the

ratio of the regenerative and the direct heat transfer.
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10.

11.

The ratio between the regenerative and the direct heat flow is determined only by three

parameters : heat transfer coefficient gas-to-wall (agyy ), heat transfer coefficient wall-

to-solid (s ), and filling angle (& ).

In technical rotary kilns, the gas temperature is estimated to be 1500°C-2000°C. This
high temperature results in a high gas-to-wall heat transfer coefficient and alow ratio of
aws /agw - In this case the regenerative heat flow is small in comparison to the direct
heat flow from the gas. In the flue gas region of technical rotary kilns or in laboratory
kilns the maximum combustion gas temperature is around 1200°C or lower. Moreover,
the diameter of the laboratory kilnsis small and therefore the beam length is also small.

Thus, the gas-to-wall heat transfer coefficient is small and the ratio ayys /agw is high.

In this case the regenerative heat flow by the wall can be in the range of 20%-40%.

The measurement of the pilot kiln shows that the fluctuation of the inner kiln wall
temperature at the circumferential direction islow. This result isin accordance with the
analytica model. The inner wall temperature level depends on the ratio of the heat
transfer coefficients, thus the measurements of the wall temperature helps to analyze the

heat transfer mechanism.

In indirectly heated rotary kilns, a one dimensional model is established again to predict
the temperature distribution of the kiln wall and the heat flows to the solid bed. A heat
transportation coefficient was derived again from the model but in other definition

(an = p-c-n-s) wheresisthe thickness of the kiln wall.

The model is determined only by three parameters : heat transfer coefficient gas-to-wall
(agw ), heat transfer coefficient wall-to-solid (s ), and convective outer wall heat
transfer coefficient (agg ). The kiln diameter has again no influence on the heat transfer

mechanisms.

The analytical model could be reduced by introducing the resistance network of Fig. 4-
28. The error associated with this approach is less than 1%.
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APPENDIX

DATA GRAPHS AND TABLES OF THE EXPERIMENTS

1. Data at Steady State for composition of combustion gas and, flow of sand,

primary air and natural gas.

eta at steaoy state

material: sand

primary air. 27.98 m3fh at 0°C
natural gas: 2.91 m"3hh at 0°C

fime | lengh fom ki head N20 NO N2 502 0 (0 C02 02 H20 CmHn
(] ol | bonl | fed | bl el | Dt | Mo | ey [Vofk) [
114955 2569 62 5 62 019 491 11,68 9,05
113707 2565 62 5 6 0,19 4,84 187 922
average value 2565 62 53,5 635 019 4815 11175 9435
fime primary air secondary air e (prmaryair | secondaryair |kinhead  [din discharge primary ai secondaryair  |natural gas |/
[C) i P4 P4 Pi P4 Mkl |3y min |
14317 U 2 11088 1409 49 R 2168 0 291
114921 U A 11108 -1400 49 4 2166 0 29
average value A /| SLOp TS| 1008 14045 49 65 27,68 0 2N
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2. Table of temperatures of sand, gas and wall at specific sections.

solid / Wand Temperature

Sold Temperature [°C) wall temperature ['C)
measuring position |distance from kiln head [mm] ~ |themoelement 20 mm 5 mm 0mm_ 160mm 1125mm | avesgevae | imnerwall | outerwal
81 500 170 218 161 952 193 339 86
$2 800 291 374 218 248 300 356 103
54 1390 390 420 383 39 397 409 86
S5 1795 408 418 420 607 416 #0 %9
gas-Temperature

gas Temperature ['C]
Sections Dist. of Sect.From kin end[mm] |thermoelement 20 mm {5 mm Omm 80mm [25mm faverage vake
1 500 672 573 652 952 710
§2 800 636 523 693 82 676
L 1390 668 504 619 M5flL 61
85 1795 618 537 620 607 569
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3. Programme for determination of properties of the gas and the fuel with the

aid of the excess air number.

erdgas97(1)

I_Verbrennungsrechnung fiir gasformige Brennstoffe

Brenngas: Erdgas 97 Stoffwerte
Bestandteil Vozn Vin Veozn Vizon Vsoza Vioza Vizn Pn Hu.n
Komponente |Vol.-Anteil
m¥m® m*m® | m¥m® m¥m® m*m® m/m? m¥m® m*m® kg/m® kJ/m®
CH, 08922  1,7834| 84971 0,8922| 1,7844 67003 _ 0.71740| 35824
C2H, of 00000 00000 00000 00000 0,0000]  1.17500| 56984
CoH, of 00000 000008 00000 0,0000 0,0000f  1,26110] 60001
CzHs 0,0544| 0,1904| 09067 o0,21088| 0,1632 07159  1,35660] 64400
CaHs of 00000 00000 00000 o0,0000 00000 191490 88283
C.Hs 0,012] 00600 02857 00360 0,0480 02256  2,00060| 93646
CiHs o o0000] 000000 00000 0,0000 00000  258200] 113926
CaHio 0,0028 0,0112| 0,0140 2,73200| 123647
CeHe 0,0003 3,49000| 140449
H,S 1,53620| 23715
co 1,25000] 12654
NH, 0,77140
H, 0,08990| 10768
co, 1,97690
N, 0,02500 55ttt 1,25050
o, ﬂoﬂ : 1,42895
[sommE= 0,9995| _ 2,0553] 97869 _ 1,0619] 2,0105]  0,0000 0,0000] 7,7536), __ 0,80259
[ Vimn = 9,7869 m°/m’ TVacsm= 8155 mIm’ Hai- 36978
' Viesrn= 10,8260 MM Peon = 0,80259
Stoffwerte Oxidizer Abgasbestandteile Literatur
0, Luft CO, H,0 S0, NO, N,
Mol. Masse | M [kg/kmol] 31,00000 28,95000| 44,00800 18,01500 64,06500  46,00500 28,01300 Blanke
Mol. Volumen |Va [m3(NYkmol] | 22,38000 22,40000 22,26000 22,40000 21,89000  22,40000 22,41000(  Meyer/Schiffner
Normdichte [ P. kg/m*(N)] 142895 129230 1,97690 0,80424  2,92630  2,05379 1,25050 Blanke
[Luftbedarf Luftzaht Spezifische Luftmenge
minimal (stdch.) A= 1,0 |Viw= 97869 m/m’
technisch A= o= 21,0418 mm’
Luftiberschut| A= 12 [V 11,0549 MM’
[Abgaszusammensetzung, trocken
minimal (stéch.) technisch
A= 1,0 A= 2,45
m¥m?® m°/m® Vol-% ppm mg/m?
CO; 1,0619 1,0619]  5,2909] 52009 104595
SO, 0,0000 0,0000]  0,0000 0 0
NO, 0,0000 i 0,0000] 00000 0 OllDrcsn = 1,3009  kg/m*(N)
N, 77536 8,8914| 16.6451] 82,9330| 829330 1037077(Vacurn= 88155 mm’
0, 23635 11,7762 117762|  168276|Vacrwa= 20,0705 m/m’
Summe: 20,0705 100,0000] 1000000] 1309947(Yoorne= 12,0458  Vol.-%
Abgaszusammensetzung, feucht
minimal (stéch.) technisch
A= 1,0 A= 2,15
m¥m® mim® [ mim® Vol-% ppm mg/m®
CO, 1,0619 1,0619|  4,8091| 48091 95071
H,0 2,0105 2,0105|  9,1051[ 91051 73227
S0, 0,0000 0,0000] 06,0000 0 0
NO, 0,0000 0,0000]  0,0000 0 0
N, 77536 88914 16,6451| 753818 753818|  9426501Drosn = 12639  kg/m3(N)
0, 2.3635| 10,7039 107039|  152954|Vicsmn = 10,8260  m/m’
Summe 10,8260 22,0810] 100,0000| 1000000 1263902fVacswn = 220810 m/m’

Otto-von-Guericke-Universitat Magdeburg
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