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Abstract - Aiming at simulating air-heating systems, two algorithms were developed for the calculation of
finned elliptical-tube heat exchangers, whose basic difference lies in the kind of hot fluid employed: saturated
steam or hot liquid. In both cases, a crossflow unit, in which the cold fluid is mixed and always flows on the
shell side, is considered. The hot fluid may exhibit multiple passes in the tubes and is assumed unmixed,
except for the region between the passes. A comparison between calculated results and operating data on
industrial exchangers indicated the adequacy of the algorithms developed. The codes were then introduced
into the ASPEN Plus shell, enabling simulation of the steady-state operation of the whole drying-air heating
system of a powdered milk plant. Moreover, a sensitivity analysis of this system was conducted for one of its
operating parameters and the existence of an optimal value for this variable was clearly shown.
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INTRODUCTION

Drying is the last step in the process of powdered
milk production, and since the Second World War,
the spray drying technique has been used in the vast
majority of the dairy industries. This technique
consists in transforming the liquid feed stream into a
large number of small droplets, which are exposed to
a heavy flow of hot gas in a drying chamber.

In the dairy industries, atmospheric air is used as
the drying gas. It is filtered and then heated prior to
being fed into the dryer at a temperature which
ranges from 150 to 220°C (Varnam and Sutherland,
1994; Schuck, 2002). Indirect heating systems,
comprising high-efficiency finned-tube exchangers
and saturated steam, are normally employed, though
units with hot oil as the heating fluid can also be
found. As an alternative, air can be heated by direct
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contact with combustion gases from a burner (Jansen
and Elgersma, 1985; Kelly et al., 1989). Despite the
substantially lower capital investment and the high
thermal efficiency associated with direct heating, it is
not recommended due to the likely contamination of
powdered milk brought about by the nitrogen oxides
from the combustion gases, which can result in the
formation of cancerous chemicals, such as nitrosamines
(Caric, 1994). A more detailed description of the air-
heating systems in the dairy industry is given by
Knipschildt and Andersen (1994).

Considering both the required outlet temperature
and the amount of air to be treated, it is easy to see
that these heating systems are characterised by high
energy consumption. Therefore, any improvement in
their operating conditions that leads to energy
savings would be of considerable interest (O’Donnell
et al., 1996; Schuck, 2002; Velic et al., 2003). In this
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work, a study was conducted on the industrial air-
heating system installed at Embaré Industrias
Alimenticias S. A., a Brazilian dairy company
located in Lagoa da Prata, Minas Gerais. This
system, illustrated in Figure 1, provides two drying
systems with hot air and is composed of six heat
exchangers and a flash tank. All the exchangers have
a rectangular shell and elliptical tubes, inside which
the hot fluid flows.

Units EX-201 and EX-202 work in series and are
fed with saturated steam at 13.2 kgf/cm’, supplying
hot air to the smaller drying system, which is
responsible for one-third of the total amount of
powdered milk produced in the plant. The other
exchangers are related to the main drying system.
Only the last two units, EX-103 and EX-104, use
steam at 21.5 kgflem® as heating fluid. The
condensate from these exchangers, together with that

formed in both EX-201 and EX-202, feeds the flash
tank, TQ-101, in which part of the feed (high-
pressure liquid) vaporises on account of the low
operating pressure of the tank (2.5 kgf/cm®). The
steam produced in TQ-101 is the heat source for EX-
102, whereas the liquid fraction from this tank is the
hot fluid for the first exchanger in the arrangement,
EX-101.

The ASPEN Plus environment (Evans et al.,
1979), which has already been employed to simulate
other industrial plants (Douglas and Young, 1991;
Ong’iro et al., 1996; Rachid and Cafio Andrade,
2001; Ribeiro and Cafio Andrade, 2003), was chosen
for analysis of the system described above. Since a
built-in model block for simulating rectangular shell
exchangers with finned elliptical tubes is not
available in ASPEN, one was developed in this work
and subsequently introduced into the simulator.

High-
pressure

@ steam

Air

®_

condensate
/ / S

hot air

hot air

Medium-
pressure

) 4

team
@ S

Figure 1: Industrial drying-air heating system studied in this work.
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Figure 2: Finned elliptical tube.

DESCRIPTION OF ALGORITHMS

The two codes developed for simulating finned
elliptical-tube exchangers consider a crossflow unit
with a rectangular shell, where the cold fluid flows
and is assumed to be completely mixed. In the tubes,
the fluid is assumed to be unmixed and may have
more than one pass. All fins are rectangular in shape.
The main difference between the two codes is the
kind of heating fluid: hot liquid or saturated steam.

Regardless of the nature of the hot fluid, the heat-
transfer rate in the unit, Q, is given by the classic
equation (Incropera and DeWitt, 1996):

Q=UA; fLMTD (1)

where U is the overall heat-transfer coefficient, At is
the total area of the finned tubes, LMTD is the
logarithmic mean temperature difference and f its
correction factor for the actual flow pattern in the
exchanger.

In order to calculate the overall heat-transfer
coefficient one must take into account the mean fin
efficiency, m. Considering the total area of the

finned tubes and neglecting the heat-transfer
resistances owing to conduction through the tube
wall, fouling and contact resistance between the tube
and fins, U is estimated by the following equation
(Hashizume, 1986):

l:i(#}rL[ A j ()
U hsl T]Aﬁn + Aext htb Aint

in which hy and hy are the average heat-transfer
coefficients on the shell and tube sides, respectively,
Ag, s the area of the fins, A, and Ay, are respectively
the outer and inner surface area of the tubes.

From Figure 2, the different areas in eq. (2) can
be quantified as follows:
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where ng, is the number of fins per tube length, ny, is
the number of tubes in the exchanger, L is the tube
length and ¢ is the eccentricity of an ellipse.

The mean fin efficiency was estimated by means
of the expression developed by Suyi and Shizhou
(1995) for the efficiency of rectangular fins in an
elliptical tube as a function of the polar coordinate, 0:

I (mr, )K, [mrO (6)] -
_ 2r (6) I [mro (9)]K1 (mr, )
n(6) rn[nf-—nf(e)] Io[nnb(e)]Pil(nn%)4- )
I (mr, )K, [mro (9)]

where

m= |20 (10)
\/ Kt

In eq. (9) and (10), I, and I, are respectively the
modified Bessel functions of the first kind of order
zero and one; K, and K refer to the modified Bessel
functions of the second kind of order zero and one,
respectively (Boyce and Di Prima, 1994) and kg, is
the thermal conductivity of the fins. Parameter ry is
the curvature radius of an ellipse:

0(0)=\[x(0)-a(O)T +[y(0)-p(©) (1)

where x(0) and y(0) are the parametric equations of
the ellipse

D

x(e):%cose (12)
D

y(e)z%sene (13)

and o(0) and B(0) are the parametric equations of the
ellipse’s evolute (Simmons, 1987)
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Parameter r. is given by the following equation:

r. =min{f; (6),f, (0)} (16)
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in which k, is the slope of the ellipse’s curvature
radius

D
k, =-——L cotgd (19)

2,ext

According to the concept of mean value of a
function over a given interval of its domain, it
follows that

8 /2
n=— [ "n(0)do (20)

For the average heat-transfer coefficients, the value
related to the shell side was estimated using the
empirical correlation presented by Ilgarubis et al.
(1988) for a bundle of finned elliptical tubes:

SIDZ,ext

Nu = 0.06Re” % pr?-3 1

SZDl,ext

In eq. (21), Nu, Re and Pr are respectively the
Nusselt, Reynolds and Prandtl numbers and S; and
S, are the transverse and longitudinal bundle pitches.
All physical properties should be evaluated at the
fluid inlet temperature, and the reference velocity is
calculated in relation to the minimum bundle cross
section (Ap,). The characteristic dimension for
evaluating the dimensionless groups, D, is given by

_ 4Amin I:ntransz + (ntransv + 1)(82 - B):|

D¢q A

(22
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where Nyangy 1S the number of tubes in the transverse
direction of the bundle.

For the tubes side, when the heating fluid is a hot
liquid, the heat-transfer coefficient is calculated by
the equation below, related to turbulent forced
convection in cylindrical tubes (Incropera and
DeWitt, 1996):

Nu = 0.023Re}"*Pr* (23)

Here the liquid properties are evaluated at the
mean film temperature and the characteristic
dimension employed is the hydraulic or equivalent
diameter of the elliptical tubes:

D = Dy it
eq /2 5
4_[ \1— (& sen6)”d0
0

On the other hand, the heat-transfer coefficient
associated with saturated steam condensation inside
vertical tubes is calculated using the Nusselt theory
on a vertical surface (Marto, 1991):

24)
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where k;, p; and W, are the condensate thermal
conductivity, density and viscosity, respectively; py
is the steam density; g is the gravitational acceleration;
v is the latent heat of vaporisation and T, and T,, are
respectively the saturation and wall temperatures.

However, if condensation takes place in either
horizontal or slanted tubes, the equation presented by
Fieg and Roetzel (1994) for laminar condensation in
slanted elliptical tubes is utilised:
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In eqs. (26) to (28), & is the condensate film
thickness, y is the angle of the tube and Z is the
dimensionless film thickness.

Both algorithms calculate the cold fluid outlet
temperature by means of a heat balance, according to
which the variation in fluid enthalpy is equal to the
amount of energy transferred within the unit.
Assuming ideal-gas behaviour for the cold fluid and
adiabatic operation, we have

Tc,out

Q—FCI Cp, (T)dT =0 (29)

Tc,in

For the exchanger operating with saturated steam,
it is assumed that there is no pressure drop on the
tube side, so the steam temperature remains constant
throughout the equipment, which leads to a unitary
correct factor for the LMTD (Incropera and DeWitt,
1996). Assuming total condensation, an initial value
for the cold fluid outlet temperature is generated.
This initial value is used for evaluating the mean fin
efficiency, and thus the overall heat-transfer
coefficient can be determined by eq. (2). Upon
substituting eq. (1) into eq. (29) and solving the
resulting expression iteratively by Newton’s method
(Mathews, 1992), a new estimate for the cold fluid
outlet temperature is obtained. With this new
estimate, the value of 77 is recalculated by egs. (9) to

(20) and the iteration circuit is completed. Once the
outlet temperature for the cold fluid converges, the
amount of steam that actually condenses is
determined by a heat balance.

When a hot liquid constitutes the heat source, the
temperature of adiabatic mixture is used as the initial
value for the stream outlet temperatures. Assuming
once again adiabatic operation, all energy supplied
by the hot fluid has to be transferred to the cold one,
hence, neglecting the effect of pressure on the liquid
enthalpy:

T Ooul
Q+FhJ' " Cpy (T) dT=0 (30)
Th,in

By sustituting eq. (1) into egs. (29) and (30) and
solving the resulting system of non-linear equations
using the Newton-Raphson method (Mathews,
1992), the outlet temperature of each fluid is
calculated. In this case, the correction factor for the
LMTD is evaluated with the aid of the equations
presented by Bowman et al. (1940). All necessary
integrals are evaluated numerically by the Gaussian
quadrature method (Mathews, 1992). As a
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convergence criterion, the residue of all equations is
required to be less than 10°.

RESULTS AND DISCUSSION
Validation of the Algorithms

In order to validate the codes developed, an
individual simulation of the units related to the
heating system (Figure 1) was carried out. All
exchangers have 36 x 14 mm (external dimensions)
elliptical tubes, arranged in a triangular layout. Their
walls are 2.0 mm thick. All fins are rectangular, with
dimensions of 55 x 26 mm and a thickness of 0.23
mm. The hot fluid flows vertically in units EX-103
and EX-104 and horizontally in the others. In EX-
102, the tubes have a 5° slope in relation to the
horizontal axis. Additional design parameters of the
simulated exchangers are listed in Table 1.

In the industrial plant, units EX-103 and EX-104
are, in fact, identical exchangers installed one
immediately after the other. This is also the case for
units EX-201 and EX-202. As a result, during the
simulation each of these pairs was represented as a
single unit, twice as wide as the original exchanger
with twice as many tubes. The operating conditions
of the units, which correspond to the input data for
the individual simulation, are presented in Table 2.

The calculated air outlet temperatures are
compared with averaged operating data from the
industrial plant (Ribeiro, 2001) in Table 3. The
biggest deviation, 6.7%, is associated with EX-101,
which may be a consequence of the fact that, for this
unit alone, one of the heat-transfer coefficients is
estimated with an equation related to cylindrical
tubes, inasmuch as no correlation for calculating the
h value due to forced convection in elliptical tubes
was found in the literature. Nevertheless, the
agreement verified between calculated and operating

values for the other exchangers attests to the validity
of the algorithms developed.

Simulation of the Air-Heating System

In view of the results of the individual
simulations, the codes developed were introduced
into ASPEN to enable simulation of Embaré’s air-
heating system. The tank, TQ-101, was represented
by the ASPEN built-in model block FLASH2, which
performs rigorous multicomponent liquid-vapour
equilibrium calculations. All physical property
evaluations in the developed codes were carried out
using only ASPEN models, so as to main the
consistency of the calculations.

The input data for the simulation in this case are
the operating pressure in tank TQ-101 and the
conditions (temperature, pressure and flow rate) of
the air streams fed into EX-101 and EX-201/2, apart
from the data related to the steam streams in EX-
201/2 and EX-103/4. Since the modular approach is
adopted in ASPEN for the calculations (Motard et
al., 1975), an initial value for the system tear stream,
namely the cold fluid in EX-103/4, had to be
provided in order to avoid convergence problems.

The results for the global simulation of the air-
heating system are shown in Table 4. For the
exchangers arranged in series, any deviation in the
calculation for one piece of equipment will directly
affect the results obtained for the next, so the
absolute difference between calculated and operating
outlet temperatures increases in the direction of the
air flow. As a consequence, the deviations from the
operating data are larger than those observed in the
individual simulation of the units, but, nonetheless,
quite acceptable as far as simulation of the industrial
process is concerned, since the temperatures of the
air streams which will actually be fed into the drying
systems are predicted with an error less than 2.5%.

Table 1: Design parameters of the heat exchangers.

Unit n n Si S, Shell size
i
o fin (mm) (mm) (mm)

EX-101 74 730 37 61 1,700 x 869
EX-102 94 886 40 60 2,860 x 1253
EX-103

1 1,22 2 12
EX-104 88 ,228 39 68 ,860 x 1253
EX-201

148 730 39 63 1,700 x 990
EX-202 R
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Table 2: Operating conditions of the simulated units.

Unit Flow rate (kg/h) Inlet temperature (°C)
ni

Hot fluid Cold fluid Hot Fluid Cold Fluid
EX-101 2,470 34,697 129.2 31.0
EX-102 584 34,697 129.2 52.0
EX-103/4 1,752 34,697 215.1 88.6
EX-201/2 1,302 17,549 191.4 31.0

Table 3: Results of the individual simulations of the exchangers.
Unit Air outlet temperature ("C) Deviation
ni
Calculated Measured (%)
EX-101 48.5 52.0 6.7
EX-102 88.3 88.6 0.3
EX-103/4 181.1 181.7 0.3
EX-201/2 174.8 175.0 0.1
Table 4: Results of the global simulation of the air-heating system.
Unit Air outlet temperature (°C) Deviation
ni

Calculated Measured (o) (%)
EX-101 48.5 52.0 35 6.7
EX-102 84.9 88.6 3.7 4.2
EX-103/4 177.5 181.7 4.2 23
EX-201/2 174.8 175.0 0.2 0.1

Sensitivity Analysis

Once developed, the module for simulating the
air-heating system was employed to assess the effect
of the pressure in tank TQ-101, Pyq;, on the system’s
operation. Keeping all other parameters constant,
simulations were conducted varying this pressure
from 1.0 to 9.0 kgf/cm®. The results for air outlet
temperature are presented in Figure 3.

In EX-101, the air temperature increases
continuously as the pressure in tank TQ-101
increases. For the other two units, a steep initial rise
in temperature is verified up to a pressure of about
2.0 kgf/lecm®, where a maximum point is reached.
From then on, any further increase in pressure leads
to a decline in air outlet temperature. This behaviour
points to the existence of an optimal operating value
for the pressure in the tank, with which a minimum
steam consumption for a given outlet temperature
would be associated. In the simulations conducted,
the highest temperature for the drying air was

obtained for P;y; = 2.33 kgf/cmz, a value similar to
the plant’s normal operating condition (Pyo; = 2.53
kgf/cm?), indicating, thereby, that the air heating
system is actually working quite close to the region
of minimum steam consumption.

As all other operating parameters are fixed, the
total flow rate of condensate that is fed into TQ-101
is approximately constant, so the higher the pressure
in the tank, the higher the flow rate of liquid water
pumped as heating fluid into EX-101. This increment
in the feed flow rate results in a higher heat-transfer
coefficient on the tube side, and, since the resistance
associated with convection on the tube side is
significant, an increase in the U value is observed.

Moreover, a higher pressure in TQ-101 implies a
higher saturation temperature for the liquid which
leaves the tank and therefore a higher driving force
for heat transfer in EX-101. The association of these
two factors is responsible for the continuous increase
in the air outlet temperature in EX-101 shown in
Figure 3(a).
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The flow rate of heating steam fed into EX-102,
and consequently the available latent heat, decreases
when Py, is raised (Figure 4). On the other hand, the
amount of heat that can actually be transferred within
this unit increases with Py, due to the increment in
the LMTD value caused by the higher steam
temperature, which is high enough to compensate for
the rise in air inlet temperature. Initially, when Py <
2.33 kgf/cm®, the amount of available latent heat
remains greater than the amount of transferable
energy, so the reduction in the former does not
prevent the latter from increasing and the quality of
the water stream that leaves EX-102 falls
accordingly, as shown in Figure 4. For higher
operating pressures in TQ-101, the opposite situation
is verified and the amount of available latent heat
becomes smaller than the amount of transferable
heat, or in other words, the steam is totally

condensed without using all of the available heat-
transfer area. Due to the declining steam feed flow
rate, the amount of energy actually transferred, and
consequently the air outlet temperature, falls
progressively.

The results obtained for EX-103/4 are directly
related to what happens in EX-102. In EX-103/4, in
view of the fact that the steam flow rate is a specified
parameter, the available latent heat is fixed. For the
Py, range studied, the amount of energy that can be
transferred within the equipment is slightly larger
than that available. Therefore, no change is verified
for the amount of heat actually transferred in the
equipment and the outlet temperature varies with the
inlet temperature, an outcome which supports the
strong resemblance between the temperature curves
in Figures 3(b) and 3(c).
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NOMENCLATURE
A area, m’
Anin minimum bundle cross section, m>
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B fin width, m

C fin length, m

(O heat capacity, J kg

D, minor axis of the elliptical tube, m

D, major axis of the elliptical tube, m

Deq equivalent diameter, m

f LMTD correction factor, -

F mass flow rate, kg s™

fi function defined by equation 17, m

f, function defined by equation 18, m

g gravitational acceleration, m s

h heat-transfer coefficient, W m™ K!

I modified Bessel function of the first kind
of order one, -

I, modified Bessel function of the first kind
of order zero, -

k thermal conductivity, W m™ K!

kn slope of an ellipse’s curvature radius, -

K, modified Bessel function of the second
kind of order one, -

K, modified Bessel function of the second
kind of order zero, -

L tube length, m

LMTD logarithmic mean temperature difference,
K

m parameter given by equation 9, m™

Ngin number of fins per tube length, m’

Ny, total number of tubes in the exchanger, -

Niransy number of tubes in the bundle transverse
direction, -

Nu Nusselt number, h Deq k! -

Pyo operating pressure in tank TQ-101, Pa

Pr Prandtl number, C, p k' -

Q heat transfer rate, W

I. parameter given by equation 16, m

Re Reynolds number, p v Deq TR

To curvature radius, m

Sy transverse bundle pitch, m

S, longitudinal bundle pitch, m

t fin thickness, m

T temperature, K

U overall heat-transfer coefficient, W m?> K!

v fluid velocity, m s™

X,y parametric coordinates, m

4 dimensionless condensate film thickness, -

Subscripts

c cold fluid

ext external side of the tube

fin fins

h hot fluid

in inlet condition

int internal side of the tube

1 liquid

out outlet condition

s saturation

sl shell

T total surface of finned tubes

tb tubes

v vapour
wall

Greek Symbols

a, B parametric coordinates of an ellipse’s
evolute, m

o condensate film thickness, m

€ eccentricity of an ellipse, -

Y latent heat of vaporisation, J kg

n fin efficiency, -

n mean fin efficiency, -

vl viscosity, Pa s

p density, kg m™

\V tube inclination, rad
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