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Abstract. Heat loss from rotating kilns may represent a significant percentage of the total energy
input especially in highly energy-intensive industrial sectors such as cement production. As an
alternative to traditional energy recovery methods, the possibility of recovering radiant heat lost
through the kiln surface has been proposed in the literature. This may be accomplished by
surrounding the kiln with a secondary external shell acting as a heat exchanger for a transfer fluid.
In this work a mathematical model for sizing and performance estimation of a heat exchanger
recovering waste heat from the external surface of rotating kilns is developed. The equipment has
been configured as an array of pressurized water carrying tubes arranged in a longitudinal pattern
on the surface of a cylindrical outer shell coaxial with the rotary kiln. An example of model
application is utilized to discuss the involved heat transfer process and its impact on equipment
design. An economic model has also been developed to determine the optimal size of the

equipment.
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N

3 Surface emissivity of kiln walls -

& Surface emissivity of HRE tubes -

A’ Area per unit length of the cylindrical heat transfer surface m“/m

As Surface area of the kiln shell m’

At Surface area of the tubes bank m’

Co,a Air specific heat at constant pressure kJ/kg K
CoH20 | Water specific heat at constant pressure kJ/kg K
C Equivalent annual HRE cost €lyear
Cs tubes support plates cost €

Ce Recovered heat value €/KWh
Cenrel | Equivalent annual HRE cost per unit length €/m year
Chre HRE capital investment €

Curel Cost per unit length of the heat exchanger €/m

Cins Insulation cost €

Co Tubes bundle cost €

Cul Outer cylindrical protective shell cost €

Cus Specific cost of the support plates material €/kg
Clins Specific insulation cost £/m’

Cup Specific cost of the adopted construction material €/kg

Cupi Specific cost of the adopted construction material €/kg

dA Differential surface area of the kiln shell m*

dA; Differential surface area of the tubes bank m’

de Equivalent diameter of the annulus m

di Internal tubes diameter m

do External tubes diameter m

dgs’ Differential convective heat flow between kiln surface and surrounding air kW
dg” Differential convective heat flow between air and HRE tubes kW
dq'n2o | Differential radiant heat flow between kiln shell and HRE tubes kwW

Dg Tubes support plate average diameter m

Dint Internal diameter of tubes bundle m

Dy Kiln shell diameter m

ha Air convective heat exchange coefficient W/m*K
hy20 Water convective heat exchange coefficient W/m°K

H Overall air - water heat transfer coefficient W/m°K
Hic Forced convective transfer coefficient between kiln and ambient air kcab@ n
Hnc Free convective transfer coefficient between kiln and ambient air kcal/h nf °C
Hrad Radiant transfer coefficient between kiln and ambient air kcal/h nf °C
Hiot Overall heat transfer coefficient between kiln and ambient air kcal/h nf °C
Hy Yearly operating hours h/year
HRE Heat Recovery Exchanger -

i Annual interest rate %lyear

L Reference length m

Lure HRE length m

Mg Air mass flow rate kg/s
Mu20 Water mass flow rate kg/s

M Mass flow of clinker in the kiln kg/h
MUS Maximum unsupported tube span m

n Equipment operating life years

Ng Number of support plates required to hold the tubes bundle -




Nt Tubes number -

Prmax Thermal power dissipated by a bare kiln in ambient air (no HRE) kw

Prec Recoverable thermal power kw

Q Heat dissipated in ambient air by the j-th kiln section kKW/m

Q% Heat exchanged by the j-th kiln section with air and water streams kKW/m

i Heat uptake by the water stream from the j-th kiln section kW/m

Qs Heat loss per unit mass of processed clinker kcal/kg

R Annual heat recovery revenues €lyear

ReL Annual revenue from recovered heat per unit length €/m year

Ss Tubes support plate width m

ts Tubes support plate thickness m

tins Insulating layer thickness mm

tol Shell plate thickness m

Ta Air temperature K

Tina Air inlet temperature K

Tinmzo | Water inlet temperature K

Tk Temperature of kiln shell wall K

Tkavg Average temperature of kiln shell wall on the dx length K

Th20 Water temperature K

Tm Absolute mean temperature between radiating surface and environmerk
temperature

Touta Air outlet temperature K

ToutHzo | Water outlet temperature K

Va Air flow velocity m/s

V Ambient air velocity m/s

Wp Tube weight per unit length kg/m

Z Empirical constant kcal/h °C' m?
Greek symbols

A Fluid thermal conductivity W/m K

u Fluid viscosity at bulk conditions N/m’ s

P Fluid viscosity at wall conditions N/m° s

D Fluid density kg/m®

Pwm Construction material density kg/m®

o Stefan Boltzmann constant W/m? K*

T Capital recovery factor %l/year
Subscripts

S Kiln shell

HRE tubes




1. INTRODUCTION

Portland cement is produced by means of one of the most energy intensive industrial processes
(thermal energy consumption is 3100 to 7300 MJ/t, while electric energy consumption is about 147
kWh/t). As a consequence, a number of energy saving measures, like recovering sensible heat from
fumes and from product cooling, have been proposed in the literature and widely applied [1].
However, a most interesting opportunity, although rarely practiced, is the recovery of thermal

energy wasted from the rotary kiln external surface by heat transfer to the surrounding environment.
In fact, the external surface of the kiln easily reaches temperatures of the order of 400 °C and owing
to the large size of these kilns (the length may exceed 250 m, and diameter 4-6 m), heat losses from
the surface are very high (about 8-15% of the total heat input). One manner to reduce this heat loss
is to add a secondary insulating shell to the original kiln surface as examined by Engin and Ari [2].
However, more interesting is the adoption of external heat recovery exchangers which can be
applied around the kiln and arranged in order to form a secondary shell. In this work, the recovery

of waste heat from the external surface of rotating kilns is analysed by developing a detailed
mathematical model for sizing and performance modelling of the required heat exchange equipment
assumed as a longitudinal array of tubes arranged on the surface of a cylindrical outer shell coaxial
with the rotary kiln. The model enables the solution of the coupled differential equations describing
tube side and shell side convective and radiant exchange, in order to compute temperature profiles
for an assigned mass flow rate of the transfer fluid, also evaluating the amount of recoverable heat.
The model allows to change all the main geometrical parameters of the system in order to explore
the performances of different configurations of the heat recovery apparatus. In so doing the model
also acts as a design tool. In the paper, after developing the mathematical model, a discussion of the
underlying heat exchange mechanism is carried out to develop insights in this heat recovery process
as well as to point out some useful design criteria for the heat recovery exchanger. Finally, the
economic feasibility of this heat recovery mode is discussed by developing a cost model for the heat
exchanger and by analysing its economic performances as a function of the equipment length, in

order to define conditions for a maximization of the net worth of the heat recovery.

2. ARCHITECTURE OF HEAT RECOVERY SYSTEM

The idea of recovering waste heat from the external surface of rotating kilns has been proposed
from some time. Weinert [3] was one of the first authors to suggest such a practice also discussing a
prototype application. Weinert also reported that the addition of the outer shell determined an
increase of kiln shell outer temperature from 290 °C to 340 °C. This circumstance might also imply

that such an energy recovery measure can even contribute to a saving in kiln fuel consumption. A



number of different embodiments of this concept, some being schematized in Figure 1, have been
instead presented by Vorebechikove [4]. However, until recently, the literature discussed no
specific design criteria nor any mathematical model to analyse the performance of heat recovery
systems for rotary kilns adopting external heat exchangers. To fill this gap, Caputo et al. [5]
presented a preliminary mathematical model of a recovery equipment configured as an array of
water carrying tubes arranged in a longitudinal pattern on the surface of a cylindrical outer shell
coaxial with the rotary kiln, and performed a parametric analysis to explore the performance of
different equipment configurations. Subsequently, Caputo et al. [6] examined the economic
feasibility of utilizing the above type of exchanger to recover waste heat from a cement kiln and
feed a district heating network. Later,gBbet al. [7] presented a mathematical model forcladly

the same configuration of heat recovery exchanger. However, they discussed energy and exergy
balances of the equipment within the framework of the entire plant, but did not develop a detailed
model for design purposes.

Although different configurations for the kiln heat recovery exchanger (HRE) may be conceived,

we assume that a tubular exchanger is utilized. In this work, the HRE is thus configured as an array
of pressurized water carrying tubes arranged in a longitudinal pattern on the surface of a cylindrical
outer shell coaxial with the rotary kiln (Figure 2a). This kind of arrangement allows to handle a
higher flow rate of the transfer fluid, although with moderate increases of its temperature.
Conversely, architectures such as those described by Vorebechikove [4], based on plate heat
exchangers or single tubes loops, allow higher transfer fluid temperatures but with a much lower
flow rate. An alternative embodiment would be that of bent tubes according to a semicircular profile
to match the kiln geometry as shown in Figure 2b, which more closely can resemble other literature
solutions [4].

This is basically the same configuration of earlier works on this kind of equipment [5-7]. The
resulting model has a general applicability and with minor changes can be easily modified to
represent alternative configurations such as that pictured in Figure 2b. Accordingly, the heat
transfer surfaces arrangement is schematised as that of two coaxial cylinders having infinite length.
This allows to consider unitary view factors between the two surfaces. Heat transfer from tubes to
the external environment is assumed to be zero. An annulus filled with ambient air exists between
the two concentric heat exchange surfaces. These simplifying assumptions are valid if the tubes
array circumference has a diameter close to that of the kiln shell and if the external tubes surface is
insulated. Furthermore, the kiln wall temperature is assumed, at first, to be constant, but this
constraint can be easily removed from the model. In this work water is assumed to be the transfer

fluid flowing into the tubes array. Water was chosen owing to its low cost, flexibility of applications



and simplicity of utilization. According to the equipment configuration, multiple heat exchange
mechanisms interact. Kiln external surface radiates heat towards the recovery exchanger tubes
array, thus heating the transfer fluid, while it also heats the air stream surrounding the kiln surface
through a convective exchange. Air, in turn, exchanges heat by convection with the heat exchanger
tubes and the kiln surface. When air temperature is lower than water temperature, this convective
exchange will absorb heat from the transfer fluid reducing the amount of recovered heat, while the
opposite occurs when air temperature rises above the water temperature.

It is very difficult to analyze the air flow regime within the annulus, as this is the combined result of
kiln shell rotation, buoyant movement of hot air along and perpendicular to the inclined kiln axis, as
well as the presence of forced air streams generated from external blowers. In fact, kiln operators
often install blowers along the kiln length forcing ambient air flows to impinge perpendicularly over
the kiln skin in order to prevent local overheating of the kiln outer shell caused by degradation of
the internal insulating layer. This is a standard practice in the cement industry, unrelated to the HRE
operation, but such external streams would distribute within the annulus interacting with the

existing flow field. However, additional blowers could also be installed to purposely establish a
forced air stream within the annulus. From the heat transfer perspective, there is experimental
evidence that free convection occurs in case of horizontal rotating cylinders in air [8], but forced
convection can occur as well when the system includes air blowers. However, it is not within the
scope of this model to decide whether natural or forced convection takes place, as both regimes are
possible according to the specific operating conditions. In fact any air velocity could be practically
achieved by installing suitable additional blowers if required by the HRE designer. Therefore, the
model can work with either free or forced convection and is built to accept as an input the air flow
velocity value imposed by the user instead of computing it. This means that whether free or forced
convection occurs is a designer’s choice. If the user is certain that only free convection occurs
within the annulus he just can set a null air velocity and the model assumes a standard value for the
heat transfer coefficient typical of a free convection regime. Otherwise a forced convective heat
transfer coefficient is computed based on the prescribed air velocity, resorting to established
correlations.

As a concluding remark, a legitimate concern may arise about whether the use of an external heat
exchanger as a 'shroud’' under any circumstances can interfere with the kiln operation, for instance
by causing the temperature of the kiln wall to get too hot when there is no water flow. This is not a
relevant problem, as any external HRE of this kind proposed in the literature is conceived with
movable parts to be “opened” or removed during maintenance, during inspection of kiln walls or

when there is no water flow. In our design this issue could easily dealt with by mounting the



exchanger on a pair of rails running parallel to the kiln axis and allowing the exchanger to be moved
along the kiln from the entrance section towards the colder exit section when there is no air flow.
Otherwise the array of tubes could be divided into two separate arrays which are moved normal to
the kiln axis to increase or reduce the annulus spacing as shown in the schemes of Figures 1b and
1c. However, a fixed heat exchanger could also be conceived. In fact, in this case the exchanger
would behave similarly to a fixed shroud of insulating material which has already been suggested in
the literature [2] as an energy conserving measure. When there is no water flow the fuel input to the
kiln burner could be, in fact, correspondingly reduced to avoid overheating of kiln walls also
contributing to a saving of primary energy.

The proposed exchanger can be applied to kilns of any length. However, the HRE will only be
applied to the higher temperature section of a kiln and not to its entire length given that the
temperature of kiln walls rapidly decreases passing from the inlet to the outlet section. Generally
speaking, the section useful for heat recovery is in correspondence of the kiln entrance section, and

it is only a few tens of meters long.

3. MATHEMATICAL MODEL OF HEAT TRANSFER

With reference to Figure 3 let x be the coordinate along kiln axis, with increasing values passing
from the hot to the cold end of the kiln. Here we assume that air flows in the direction of increasing
x abscissa, i.e. from the kiln inlet to outlet sections, and that water can flow in the same direction
(cocurrent case) or opposite direction (countercurrent case) of air flow. The model is written for the

countercurrent case.
Considering a differential kiln element of length dx, we defing diae convective heat flow
exchanged between kiln surface and surrounding ajf, e convective heat flow exchanged

between air and tubes, and'dsp the radiation transfer between kiln and tubes surface.

Energy balances for air and water across the differential element may be written respectively as
mOG,, 0T = dg° —da,” (1)

- mizoDCp,Hzo DCﬂ;zo = dOaC“ + quZOi (2)



where m is the air mass flow rate, gthe air specific heat at constant pressugeh@ air
temperature, @po the water stream mass flow ratg, £ the water specific heat at constant
pressure, andgbo the water temperature. The corresponding heat flows are

dgf = hHAdT, ., - T.(%) 3)

dg” = HOAAT,(X — Ty ,0(X) 4)

being h the air convective heat exchange coefficienthéloverall air - water heat transfer

coefficient, dA and dA the differential surface areas of the kiln shell and tubes bank respectively,

and Tk avgis the average kiln shell wall temperature.
Convective heat transfer coefficients and H are computed according to established literature

correlations, assuming forced convection.

033 014
h, = 186[—!— [ﬁpﬂl 4, /]Eu B‘?_—EJ [EﬁJ Re < 2200, Sieder and Tate (5)
Hy,

2/3 033 2/3
h, = 01160 [E(p Wy meJ -125} [E#J EE“(OH j 2200<Re < 10000, Hausen  (6)
U

D/ m EU 033 014
h, = 00231 [ﬁp J [E S J [EiJ Re > 10000, Sieder and Tate (7)
Hh,
_ 1 8
Heg— 1 (8)
-~ 4+ -0
ha dl hH20

In the above Equationsia the fluid thermal conductivity, fhe fluid density, ythe fluid velocity,

M andp,, respectively the fluid viscosity at bulk and wall conditions, L the reference length, and d

and @ the inner and outer tubes diameter respectively. The equivalent diageiténa annulus is
computed as Kern [9]



d, =—n 9)

where 0y is the internal diameter of tubes bundle, ardH2 kiln shell diameter. Neglecting
fouling resistances and tube walls conductive resistance, it may be assumed thasHhe

convective coefficient is much lower for air than for water. This allows to rewrite Eq. (4) as follows

dff = HOIALT(X) Ty (X)) (10)

The radiant heat flow transferred to water is instead

d% (o [ﬁTkavg4 - TH 204(X)) (11)
1,18 [E&J
a & A

whereo is the Stefan Boltzmann constant, whil@ad aare the surface emissivity of kiln walls

dg'no =

and tubes respectively. If dA = A’ dx is the elementary heat transfer surface area (A’ being the area
per unit length of the cylindrical heat transfer surface, and subscripts s and t refer to kiln shell and

tubes respectively) the mass balance equations become

MTy, B2 = §0Af Ty = T(3)- 0 OAIT(9 =Tz () (12)

ASD- |:6-|—|<,avg4 - TH 204 (X)) (13)
1,1-a [ﬁ&J
a, a (A

In case cocurrent flow is assumed, Eq. (13) is written without the minus sign at left hand side. In

- mHzOmp,HZO E% =h DA\[(TI;(X) _THZO(X))+

case, instead, water flows towards the kiln outlet section the model should be changed accordingly.
After some algebraic manipulations the resulting system of differential equations may be finally

written as



dT, (x)

S = (K )T+ K Mo (9 + K, Ty (14)
dTH O(X) 4 4
C;X == K‘,DI( ))+ K3DTHzo()9+ K4DrH20(X)_K4|:rk,avg

with the following meaning for the constants K

A L . _hIA 1 o Al
] 2 3 Ag' 4
y

This system has been solved resorting to the Runge-Kutta solver of the Matlab ODE Toolbox

ﬁhﬁl)p,a mal€,, thzo (€, 120 mHzo@;pszo i_'_l—at Eﬁ
a4

enabling to compute the air and water temperature profiles along the kiln axial length.
In case of countercurrent flow the following boundary conditions are applied

THZO ( )%) = THZO (0) = Tout,Hzo

Where T, aand Tu He2oare respectively the air inlet temperature and the water outlet temperature,

while in the cocurrent case the boundary conditions become

being Tn 20 the water inlet temperature.

The above model represents the general case when forced air convection occurs in the annulus
between kiln surface and the tubes circumference, with heat transfer coefficient computed
according to a user defined air flow velocity. However, if a null air velocity in the annulus is
specified, the convective heat transfer coefficient assumes the free convection value (i.e. about 5
W/m? K). The same free convection value is also assumed when the forced convective heat transfer

coefficient value results lower than 5 W/ with a non-zero air velocity specified by the user.



4. CASE STUDY

4.1 Reference plant data

The above described model has been applied to a hypothetical kiln, having a constant shell
temperature, in order to show its capabilities in evaluating the performances of the examined HRE,
as well as to gain some practical insights into the related heat exchange mechanism. The reference
rotating kiln and HRE are characterized by the values shown in Table 1. Simulations have been
carried out for HRE lengths ranging from 0 to 20 m. Overall kiln length (which is >> 20 m) has not
been specified. In fact, the kiln portion exceeding the heat exchanger length is not relevant for heat
recovery purposes. Table 1 values are representative of actual kilns. In fact, for comparison purpose
we inspected a cement kiln in Central Italy, operated by Sacci company, which was 48 m long, had
a diameter of 3.35 m, a clinker throughput of 800 t/day. We measured a shell temperature passing
from 389 °C to 346 °C over the first 15 m of kiln length. Temperature was roughly constant over

the first 9 m of kiln length with a peak of 397 °C measured at 6 m.

4.2 Numerical results

Figures 4 and 5 compare the air and water temperature variation along the kiln axial length when a
cocurrent or a countercurrent architecture is adopted, for a constant kiln walls temperatGGOT

°C and a water inlet temperature of 20 = 90 °C. Figure 4 refers to an air velocity in the annulus
Va =1 m/s while Figure 5 to,\= 2.5 m/s. This fairly low velocity is plausible to arise, even without
resorting to additional external blowers, when the previously mentioned factors are taken into
account. If higher velocities were required then auxiliary blowers could be installed.

In the calculations it is assumed that the HRE lengthd)Ls variable and assumes the values of

the plots abscissa. Therefore, in Figures 4 and 5 the value of the current abscissa represents each
time the overall length of the HRE, for a kiln of length >> 20m, and the plotted values represent the
values assumed by the heat recovery parameters at the HRE exit when the HRE is long as the
current abscissa. For abscissa values lower than the current one the plotted values show the stream
parameters within the HRE. In both cases air enters the HRE from the same side of the material
entering the kiln (the initial section from which the kiln abscissa starts), while water may enter the
HRE from the same side (cocurrent arrangement) or from the opposite side (countercurrent
arrangement). However, in order to compare the cocurrent and countercurrent arrangements, the

same inlet water temperature is assumed. Table 2. shows the performances of both cases.



Both streams monotonically increase their temperature as they progress from the entrance to the exit
of the HRE. However, while the behaviour in the two cases is similar, one observes that in the
countercurrent solution the temperature break-even condition (i.e. when air and water temperature
profiles cross and both fluids attain the same temperature) is achieved at a lower kiln abscissa. In
particular, the break even abscissa is 19 m for the cocurrent arrangement while it is 15 m for the
countercurrent case, when air stream velocity is 1 m/s. When air flow velocity increases to 2.5 m/s
no break even occurs within the assumed maximum HRE length of 20 m. This means that in a
countercurrent solution air heats up more readily and is discharged at a higher temperature.
However, for sake of heat recovery, the HRE arrangement is not relevant in practice because the
contribution of convective air-water heat transfer is small respect the water heating by radiant heat
transfer with kiln walls, and passing from a cocurrent to a countercurrent arrangement the water
outlet temperature is only marginally affected while the discharged hot air does not constitute a heat
recovery even if it subtracts heat to the kiln. Of greater impact, instead, is the air velocity. In fact
when the air flow velocity increases, the overall heat uptake from the air stream increases as well
owing to the higher heat transfer coefficient values, but this only produces a loss of sensible heat
when the air stream is discharged at the outlet of the HRE. On the contrary, the overall heat uptake
and outlet temperature of the water stream reduces due to the increasing heat flow subtracted from
the air stream. In fact, while the air stream is always heated by the kiln, it only contributes to
heating the water stream after the water-air break-even temperature point is reached and until air
temperature remains below water temperature the air stream draws heat from both the kiln and
water tubes surface. Given that increasing air velocity reduces the air temperature growth rate and
increases the subtraction of heat from water to air stream, forced convection is detrimental to heat
recovery. Free convection should be thus preferred for this kind of heat recovery equipment.
Nevertheless free convection conditions, as already pointed out, are hardly found in practice owing

to the frequent presence of auxiliary blowers for kiln cooling.

5. COMMENTSON HEAT RECOVERY PERFORMANCES

As air and water temperature increase, both the convective and radiant power exchanged by the kiln
shell decrease owing to a reduction of the driving force.

In the cocurrent case, this means that a progressive reduction of the overall heat transfer along the
kiln length occurs and that the maximum thermal power absorption takes place at the HRE inlet
section, while subsequent kiln sections exchange gradually lower heat flows. The overall power lost
by the kiln is the sum of power lost by radiant transfer to the water tubes bank and power lost by

convective transfer to the air stream, and both are of the same order of magnitude when the kiln



wall temperature is suitably high (i.e. in the order of 300-400 °C, with convective transfer becoming
more relevant the lower is the kiln wall temperature). However, the thermal power transferred to the
water stream, which is the useful recovered heat, is mainly constituted of the kiln radiated power
and, on a much lower percentage, if any, of the convective heat transferred from the air stream to
the water stream (in the HRE sections where air temperature is higher than water temperature).
Therefore, owing to the interplay between the air-water convection effects, and the diminishing
contribution of kiln radiation heat transfer, the thermal power dissipated by the kiln walls can not be
entirely recovered by the water stream and the net recovered heat varies non linearly along the HRE
length.

It should be pointed out that the amount of heat that the HRE can extract from the kiln surface
depends from its design and operational parameters and in particular from the water inlet
temperature and flow rate. Therefore, when high water flow rates and/or low inlet temperatures are
adopted, it could happen that the HRE subtracts from the kiln a thermal power greater than the one
dissipated by the bare kiln in ambient air. From a heat recovery perspective this is not acceptable as
it would imply that the additional heat input should be supplied by an increased fuel consumption if
the temperature regime within the kiln is to be maintained and the wall temperature is not to be
lowered. Therefore, the HRE designer is constrained by the requirement that the HRE subtracts
from the kiln at most the same poweffthat the kiln would dissipate in the ambient air when the
HRE is not applied. If, instead, the HRE subtracts less power than would be lost by a bare kiln, then
the kiln walls temperature would increase and a reduced fuel consumption will follow to bring back
the kiln walls temperature at usual operating values. Furthermore, while the above constraint is to
be satisfied in global terms, it should be satisfied locally in any kiln section if a perturbation of the
process temperature distribution is to be avoided. This imposes an even more restrictive upper
bound to the amount of recoverable thermal powgrwhich, in practice, is further reduced

respect Rax

In fact, always referring to a cocurrent arrangement, let us consider the kiln and the HRE as ideally
subdivided into a sequence of distinct sections which exchange heat (Figure 6). With reference to
the generic j-th section;@ the thermal power that that kiln section would dissipate into the
surrounding atmosphere in case no heat recovery exchanger is applied, wilth@&actual

thermal power exchanged by the kiln walls with air and water streams, pisdti@rmal power

which is recovered by the corresponding section of the heat exchanger. For a bare kiln without any

heat recovery exchanger



Pmax = Z Qj (15)

while the previously discusseg.£< Pnax constraint imposes that (¥ Q.. However, in practice,

for the first section, where the heat transfer is more intense, it is strigtky Qi*because the

required water temperature and flow rate necessary to make Q*would be unsuitable for

practical use. In fact, the lower the water temperature the higher is the radiant exchange temperature
difference (i.e. the exchanged power), and the higher the flow rate the lower is the water
temperature increase for a given absorbed power. Furthermore, the progressive reduction of thermal
power exchanged by consecutive kiln sections, owing to the gradual increase of air and water
temperature which reduces the heat transfer driving force, implies that@}:1.

This holds with constant kiln temperature, whejés@ilso constant, but in actual applications,

where kiln surface temperature gradually decreases, this effect is even more relevant. The above

circumstances results in the condition

YQ <23 (16)
j=1

1 j=1

As a consequence, the necessity of not increasing the fuel consumption and providing a suitable
temperature level of heated water, are the main factors limiting the potential heat recovery
capability of the examined equipment which is always lower than the power dissipated by a bare
kiln in open air. Please note that although the trend of heat floywsx@ianged by kiln walls is
monotonically decreasing, at least in a cocurrent arrangement, the trend of heat floptak@n

by the water stream may not be monotonically decreasing owing to the contribution of air-water
heat transfer. In practice, in a cocurrent arrangemepat@fst may increase, because the heat

uptake from the water stream to the air stream reduces more rapidly than the reduction of the
radiant heat uptake from kiln walls thanks to the simultaneous air heating, and then decreases when
the radiant transfer decreases more rapidly than the increase of heat uptake from air stream to water
stream. This behaviour will be clear in the example of Section 6.

To assess the value of, R heat losses to the environment from the kiln surface may be expressed,
per unit mass of clinker passing through, by means of the following empirical equation valid for
cement kilns [10-11]



— Htot AS (Tk-Ta) 17
Q= A a7)

where @ (kcal/kgiinker) IS the heat lost per unit mass of clinke, id the overall heat transfer
coefficient (kcal/h M°C), Asis the external surface area of kiln shelf)ry is the surface
temperature of the kiln (°C),sTs the absolute mean temperature of environment (°C), M is the
mass flow of clinker in the kiln (kghke/h). This equation is valid for a shell at uniform temperature.
In the actual conditions this temperature assumes decreasing values from kiln burner end to the
combustion gases exit end and a suitable average value should be computed. The overall heat
transfer coefficient may be evaluated as the sum of radiant transfer coeffigigntn@ural
convective transfer coefficient (k) and forced convective transfer coefficient:fHall expressed

as Kcal/h °C ).

Hi =Hpg +Hoe + He (18)
M =7 (T /10()%-_% f10g)* (19)
H,.=8033 T°™ (T,-T,)%%® (20)
H,=2803 T %V %% po (21)

where constant Z, depending on the physical properties of the radiating shell, here is assumed to be
Z = 4 kcal/h °C m? (surface not coloured, with dusty shell), i§ the absolute mean temperature
between radiating surface and environment temperature (°C), V is the mean velocity of air flow
(m/s), and IR is the outside diameter of kiln shell (m). Equations (17) to (21) are empirically

derived and are here reported adopting the formulation and measurement units of the original source
[10-11].

With the aim of assessing the order of magnitude of the available recovered heat respect the power
dissipated by a bare kiln, Figure 7 shows the plots of lost and recovered heat as a function of HRE
length and kiln wall temperature (ranging from 200 °C to 400 °C). Computations were made

assuming data of Table 1, which are representative of cement plants conditions. From the figure it

can be observed, for instance, that at 400 °C wall temperature, a kiln fitted with a 20 m long



exchanger would dissipate over the same length a power of about 2500 kW, but only about 1750
kW would be actually recovered, while the kiln would transfer roughly 2250 kW to both the HRE
and the air stream. Nevertheless the recovered heat falls to 250 kW if the same size exchanger is
utilized with a kiln having a 200 °C wall temperature.

From the above described mathematical model it can be ascertained that the heat recovery
performances depend from some geometrical design parameters and some fluid related parameters
which can be acted upon by the designer of the HRE. Designer selected parameters are the length of
kiln equipped with the HRE, the internal diameter of the heat recovery tubes bupdlagell as

the internal and external diameter of the water tubes. Fluid related parameters are inlet temperature
and flow rate of air in the annulus between kiln surface and the bundle of heat recovery tubes, as
well as the inlet (or outlet) temperature of water flowing inside tubes and its flow rate. Inlet air
temperature in general may be assumed to be the atmospheric temperature unless some sort of
preheating is applied. Inlet (or outlet) water temperature, instead is dictated by the requirements of
the user of the recovered heat. As an example, in case hot water is used for district heating purposes
it will be utilized in a primary circuit to transfer heat to a hot water distribution network for

industrial or domestic heating purposes. Other relevant variables, usually not controlled by the HRE
designer, are the kiln diameterJand the kiln temperature surfacg)(TOwing to the role of

radiant heat transfer, in case of “cold” kilns (i.e. wall temperature lower than 250 °C), the

convective power transfer is greater than the radiant transfer. In practice this implies that this kind

of HRE is more suited to be applied to kiln zones were wall temperature is fairly high, while colder
kiln zones could be, for instance, utilized to preheat air. When changing the water flow rate the heat
transfer mechanism is not significantly affected, as the heat recovery consists mainly in radiant
exchange, but water temperature is greatly affected. An increase of water flow rate obviously causes

a reduction of outlet water temperature until its value might be no longer suitable for users needs.

6. ECONOMIC ANALYSIS

6.1 Estimation of HRE capital investment

The capital investmentge (€) of the described HRE can be expressed as the sum of the tubes
bundle cost (& €), the tubes support plates cosg,(€), insulation cost (s, €), and the outer

cylindrical protective shell costJ€)

Gire = G+ G+ G

Ins

+C, (22)

Referring to the constructive details of Figure 8, tubes bundle cost is



Cp= Wy Mee [N, [T, (23)

being Gp (€/kg) the specific cost of the adopted construction materahevtube weight per unit
length (kg/m), N the tubes number angite (M) the length of the HRE.

The tubes support plates cost is
G =(t G700, 05, 0oy ) Ng Cpp (24)

being G the specific cost (€/kg) of the support plates mategdhe plate thickness (m),sRhe
support plate average diameter (m) corresponding to the diameter of the circumference of the tubes
bank, g the plate width (m) (an annular shape is assumed)piatide material density (kgfn

The number of support plates required to hold the tubes bundle is
N, = int(ﬁj 1 (25)
MUS

where MUS (m) is the maximum unsupported tube span, i.e. the spacing between two consecutive

support plates. Insulation cost is

t'ns do + tins
Cis = {mm[ﬁ Dy + Wj ELHRE:| Ciins (26)

being Gins (E/nT) the specific insulation cost,st(mm) the insulating layer thickness, and the term
in square brackets the overall insulation volume, given that insulating material is placed between
the tubes bank circumference and the outer cylindrical shell. Finally, the protective shell ¢&st C

is

do + 2 |:ﬂins
Cpl = {t pl DT[@ Dint + Wj D-HRE @M }Cupl (27)

being Gpi (€/kg) the specific cost of the adopted construction material, the term in square brackets

the total shell weight, wherg {m) is the shell plate thickness.



The purchased equipment cost can be estimated adding a percentage of manufacturing cost to
account for overheads, and a further percentage to account for manufacturer’s mark-up.
Operating costs may include maintenance (as a percentage of capital investment) and energy
expenses for circulation pumps operation. However, in this paper operating costs are neglected.
Adopting this constructive arrangement the HRE structure is fully modular, so that no economy of

scale exist respect HRE length and the cost per unit length of the heat exchanger

(28)

is substantially constant.

6.2  Assessment of optimal HRE length

While the cost per unit length of the HRE is constant, the recovered heat per unit length of HRE
changes when passing from a generic j-th section to the (j+1)-th section along the kiln axis owing to
the reduction of the heat transfer driving force (cocurrent case) as well as to the gradual reduction of
the kiln wall temperature and the convective interplay between air and water streams as discussed
previously. Thus, when the HRE length is increased its capital cost increases in a linear manner, but
cumulative revenues from recovered heat increase at a decreasing rate. Therefore, an optimal HRE
length may exist and is reached in correspondence of the seati@mjthe equivalent annual HRE

cost per unit length

CEHREI =CHREI r (29)
equals the annual revenue from recovered heat per unit length
ReL = Qj Hy Ce (30)

In Equation (29X is the capital recovery factor

_ i(+i)"

! o



being ithe annual interest rate (%/year) and n (year) the operating life, while in Equation' (30) Q
(kw/m) is the net recovered power in the j-th HRE section of unit lengttheHyearly operating
hours (h/yr) and €the recovered heat value (€/KWh).

The optimal kiln length is also the one maximizing the net annual profit

R 'C:(HZREQIJ H, CE]_(TCHREI LHRE) (32)

=
where R are the annual heat recovery revenues and C is the equivalent annual HRE cost.

A practical application is given in the following example, computed assuming the values of Table 1,
W, = 4 kg/m, G= 3 €/kg, hs = 80 mm, Gins= 500 €/, t;; =8 mm, Gy = 3 €/kg, MUS = 2 m,is

=90 mm, g =70 mm, Gg= 7 €/kg, G =7 €/GJ, K= 4500 h/yr, i = 10 %l/yr, n = 10 years, while
manufacturing overheads are factored in as 20% of manufacturing cost, and no mark-up is
accounted for. The above economic values derive from current market data for materials and
industrial energy supply with natural gas in Italy. In particular the exchanger material is carbon steel
given the fairly low temperature reached by water stream and exchanger tubes. Air velocity is kept
here at a value of 1.5 m/s to avoid an excessive heat recovery penalization, while a variable kiln
walls temperature has been assumed to increase realism. The adopted kiln temperature profile
(constant temperature of 300 °C along the first 10 m of kiln length, then gradually decreasing to 200
°C in correspondence of a section 25 m from kiln inlet), although referring to a hypothetical kiln is

consistent with experimental data as discussed in Section 4.1.

Figure 9 shows the temperature profiles of kiln walls, as well as water and air streams, adopting a
cocurrent arrangement. No crossing of air and water temperature profiles is observed in the first 25
m of kiln length. Overall, along the 25 m of kiln length, the power transferred to air would be 422
kW, the overall power transferred to water 748 kW, while the overall power lost by kiln 1170 kW.

Figure 10 shows, instead, the exchanged heat in each section of the kiln length adopting 1 meter
axial length increments. The figure portrays the overall heat lost by the kiln and the amounts
exchanged with air and water streams. It appears that heat lost by the kiln when the HRE is applied
is substantially lower than the power lost in open air form a bare kiln. Moreover, radiant exchange

is confirmed to be the major heat transfer process. In fact, kiln walls exchange with air only about



30% of the heat exchanged with the water stream, but this percentage increases as kiln wall
temperature lowers. However, the air stream subtracts heat from the water stream as well over the
entire 25 m of the considered kiln length as can be seen from Figure 11. This figure depicts the total
heat gain of the water stream and its constituents, i.e. the heat gained by radiant exchange with kiln
walls and the heat exchanged with the air stream, which is subtracted from water stream when air
temperature is lower than water temperature. Figure 11 also shows that within the first 10 meters of
kiln length the rate of radiant exchange decrement is lower that the rate at which the heat subtracted
by air stream reduces, so that an increasing net heat gain of the water stream is observed. The
opposite happens as the rate of radiant transfer decay becomes higher than the rate of convective

transfer variation.

More interesting is the economic value of the heat recovered in each kiln section. Figure 12
compares the annual revenues from recovered heat with the equivalent annual cost of each 1m —
long HRE section along the kiln length. It is clear that kiln cost per unit length is constant over all
sections, but the value of recovered heat changes in a non linear fashion as previously discussed. In
the first 15 m each HRE section shows revenues greater than its corresponding cost so that heat
recovery is economically profitable and cumulative revenues grow when the HRE length is
increased. Beyond that break even point revenues from recovered heat are lower than the
corresponding HRE section cost, and any further increase of HRE length determines a net economic
loss eroding the cumulated profit. Figure 13 depicts cumulative revenues and cumulative HRE cost
versus the HRE length, clearly showing that an optimal HRE length exist where a maximum
difference between the cumulative revenues and cumulative cost occurs, corresponding to the kiln
break even section. Increasing HRE length beyond the optimal one reduces the net revenues until
overall cost equals overall revenues (meaning zero net worth) for a kiln length of about 35 m, as
also shown in the cumulative net revenues plot of Figure 14. Further extending the HRE length
beyond this point leads to a net economic loss because capital investment is not offset by cumulated
heat recovery revenues. Comparing Figures 12 to 14 it is also clear that the HRE section giving the
maximum net revenue (i.e. section 9) does not correspond to the optimal kiln length which, instead,

correspond to the section having zero net revenue.

This kind of analysis demonstrates that this kind of HRE is only effective in the first portion of kiln
length, corresponding to the high temperature zone where combustion occurs. Extending HRE
length becomes readily unprofitable, and in most cases an economically optimal HRE length can be

easily determined resorting to this model.



In the cited example the estimated capital investment of the optimal HRE was 250 k€, the annual
revenue from energy recovery about 62.6 k€, the net present worth over a 10 years period 134 k€
and the pay back period of the HRE 4 years (discounted pay back period is 5.4 years).

6.3  Concluding remarkson heat recovery profitability

In the previous Section we showed that a HRE of the kind discussed in this paper can be
economically justified. However, in this work, costs and revenues refer to the sole HRE and not to
heat delivered to remote users nor include further energy conversion plants. Nevertheless, the
profitability of the entire heat recovery initiative depends from site specific conditions, such as the
kiln size, the value assigned to recovered energy and the kind of utilization envisaged for the
recovered heat. This latter issue, in fact, may determine additional capital investments and operating
cost, which can be significant especially when an off-site user is considered. However, the
requested information are strictly scenario-dependent and can not be generalized easily. Therefore
we focus this paper only on modelling, analysis and optimization of the heat exchanger equipment
and purposely neglect issues related to the utilization of recovered heat.

In this paper reference to district heating was made as this is an option already mentioned in the
literature [7]. Moreover, an unpublished study we previously carried out referred to the kiln of the
Sacci company in Central Italy cited in Section 4.1, where a district heating application was sought
given that the plant was located along the road connecting two villages, at a distance of 250 m and
600 m respectively. A generalized and fairly detailed parametric feasibility study of a district
heating application from cement kilns was instead presented in another paper from the same authors
[6] and included capital and operating costs of the entire heat distribution network. Results showed
that for a recovered heat of 1.5 MW a profitable service occurs when the users are concentrated
within a radius of about 100 — 200 m and the urban area is not farther than 0.5 — 1 km from the heat
recovery site. If greater recoverable heat is available, and the delivery distance is moderate, then a
profitable operation occurs even for a distribution radius of up to 300-400 m. On-site utilization
options, instead, could include for instance low grade heat recovery for electricity generation.
However, any profitability analysis of recovered energy end use is beyond the scope of this paper

and should be carried out in a specific manner according to the examined scenatrio.

7. CONCLUSIONS
In the paper a new mathematical model has been developed for estimating the performance of
radiant heat recovery exchangers applied to rotary kilns for energy saving purposes. The heat

recovery equipment has been configured as an array of pressurized water carrying tubes arranged in



a longitudinal pattern on the surface of a cylindrical outer shell coaxial with the rotary kiln. The
model enables the solution of the coupled differential equations describing tube side and shell side
convective and radiant exchange, in order to compute temperature profiles for an assigned water
mass flow rate and a given system geometry, also evaluating the amount of recoverable heat. The
model may act as a design tool by allowing to change all the relevant system parameters in order to
explore the performances of different configurations of the heat recovery apparatus. Utilization of
the model allowed to gain useful insights about the implied heat transfer process and determine
some design guidelines. In particular, cocurrent and countercurrent architectures were compared, an
upper bound to the recoverable heat was defined, the relative strengths of convective and radiant
heat exchange processes were assessed and the partially counterproductive role played by forced
convection was put into evidence. An economic model integrated in the heat transfer model allowed
to find conditions for cost effectiveness of the heat exchanger also determining the optimal
exchanger length. Analysis results confirmed the technical and economical feasibility of recovering

heat from kiln external surface resorting to the proposed type of heat exchanger.
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Figures captions
Figure 1. Sample configurations of hear recovery exchangers for rotating kilns (adapted from [4]).

Figure 2a - Heat exchanger with axial tubes arrangement (also shown are four tubes supporting
plates).

Figure 2b - Heat exchanger with bent tubes arrangement (also shown is the main header underneath
the kiln).

Figure 3- Scheme of heat exchange between kiln and water tubes (countercurrent arrangement).
Figure 4 - Comparison of cocurrent and countercurrent arrangement (air stream vekditynis).

Figure 5 - Comparison of cocurrent and countercurrent arrangement (air stream veldty v
m/s).

Figure 6 - Rotary kiln schematization.

Figure 7. Lost and recovered heat vs HRE length in comparison with power dissipated by a bare
kiln.

Figure 8 - Rotary kiln HRE constructive details.

Figure 9. Temperature profiles.

Figure 10. Trend of heat exchanged by kiln. Legend: Kiln loss (model) = overall heat lost by kiln
walls when the HRE is installed; Kiln loss (AITEC) = overall heat dissipated by kiln walls in open
air without HRE; dqgi = radiant heat transferred by kiln walls to water stream; dgacl = heat
exchanged by convective transfer between kiln wall and air stream.

Figure 11. Trend of heat exchanged by water. Legend: Net gain H20O = overall heat acquired by
water stream; dqi = radiant heat transferred by kiln walls to water stream; dgac2 = heat exchanged
by convective transfer between water and air stream.

Figure 12 Annual revenues compared with equivalent annual cost on a section by section basis.

Figure 13. Cumulative annual revenues and capital investment vs HRE length.

Figure 14. Cumulative net annual revenues vs HRE length.



Table 1. Characteristics of sample rotating kiln.

Dy 40m Tin,a 15 °C

Dint 45m |d, 20 mm

Tk 300 °C | d; 16 mm
Tinbzo 90 °C | Lyure 20m

Mo 10 kg/s | Tubes pitch  dp + 20 mm

Table 2. Heat recovery performances (20 m long HRE).

Counter Counter
Cocurrent Cocurrent

current current
Va (M/s) 1.0 1.0 2.5 2.5
Ta,0ut(°C) 115.8 114.9 62.9 62.8
T outH20(°C) 110.9 110.9 109.5 109.5
Air and water temperature profile No No

: . 19 15 : . . .

crossing abscissa (m) intersection intersection
Overall power transferred to air (kW) 353 350 454 453
Overall power transferred to water (kW) 879 879 822 822

Overall power lost by kiln (kW) 1233 1229 1276 1274




d)

Figure 1. Sample configurations of hear recovery exchangers for rotating kilns (adapted from [4]).



Figure 2a. Heat exchanger with axial tubes arrangement (also shown are four tubes supporting
plates).

Figure 2b. Heat exchanger with bent tubes arrangement (also shown is the main header underneath
the kiln).



Figure 3. Scheme of heat exchange between kiln and water tubes (countercurrent arrangement).
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Figure 6. Rotary kiln schematization.



——————— Power loss from bare Kiln (AITEC, [9-10])
------- - Power loss from kiln fitted with HRE (This work)
Recovered power (This work)

Ty 400 [°C]
Ty 350 [°C]
Ty 300 [°C]
Ty 250 [°C]
T, 200 [°C]

Figure 7. Lost and recovered heat vs HRE length in comparison with power dissipated by a bare
kiln.
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Figure 8. Rotary kiln HRE constructive detalils.
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Figure 10. Trend of heat exchanged by kiln. Legend: Kiln loss (model) = overall heat lost by kiln
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air without HRE; dqi = radiant heat transferred by kiln walls to water stream; dgacl = heat
exchanged by convective transfer between kiln wall and air stream.
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Figure 13. Cumulative annual revenues and capital investment vs HRE length.
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Figure 14. Cumulative net annual revenues vs HRE length.



