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The steady-state operation of a continuous industrial fluidized-bed granulator for urea production with multiple
growth and cooling beds in series is modeled. The model is based on mass and energy balances, which
account for the behavior of all the phases that coexist within the unit, as well as the bed hydrodynamics
patterns. The granules growth that occurs through the deposition of droplets on urea seeds, followed by water
evaporation and solidification of the urea present in the solution, is taken into account by considering the
concentrated nature of the inlet urea solution. The proposed mathematical model successfully predicts industrial
data for different plant capacities. The total urea dissolution heat is the most important thermal effect involved
in the growth chambers. The granulator operation provides significant heat and mass transfer within the unit,
with the water evaporation being almost complete and the outlet gas and particle temperatures being very
similar.

1. Introduction

Particle size enlargement techniques are used in every
industrial process that handles particulate feeds, intermediates
or products.1 Granulation converts fine powders and/or sprayed
liquids (e.g., suspensions, solutions or melts) to granular solids.
A wide variety of industries utilize granulation to produce
particles with defined properties to meet specific end-use
requirements (among others, mining, food processing, pharma-
ceuticals, and fertilizer manufacture).2 The advantages of a
fluidized bed, with respect to other granulation systems, include
the coupling of spraying, granulation, drying, and cooling stages
in one single unit and control, within certain limits, of the
granules physical properties by manipulation of some operating
variables.3

Fertilizers have an essential role in securing food supplies
around the world. Their importance to the survival of the human
race should not be underestimated. There is no way the entire
world can be properly fed without the extensive use of
fertilizers.4 The world population has doubled over the period
from 1960 to 2000, and it is currently increasing at a rate of 90
million people per year.5 Fertilizers are produced in either liquid
or granular form. The bulk production of fertilizers is mainly
in granular form, which has the advantage of possessing
excellent storage, handling, and transport properties.4 Within
commercial fertilizers, those based on nitrogen are used most
often; more than 40% of the world dietary protein is currently
derived from nitrogen fertilizers.5 Among all nitrogen-based
fertilizers, urea is the most widely produced. Urea consumption
is increasing significantly, because of its nitrogen content and
flexibility to be combined with other types of fertilizers.6

Fluidized-bed granulation for urea production was success-
fully implemented on an industrial scale at Sluiskil in 1979 by
NSM Sluiskil (then Hydro Agri, later Yara, and, today, Uhde).
This process became the leading technology, with more than

50 reference plants possessing single-stream capacities with a
range of 500-3600 mt/d. Currently, there are urea plants based
on fluidized-bed granulation on all five continents, and new
capacities are constantly being added.7

Despite the widespread use and large-scale application of this
process in the fertilizers industry and the significant advances
in understanding the fundamentals of granulation during the last
two decades, to the best of our knowledge, there is a lack of
work that involved the modeling and simulation of continuous
urea industrial fluidized-bed granulators. A thorough under-
standing and detailed representation of the fluidized-bed hy-
drodynamics and the mechanisms prevailing in the process are
important and essential to estimate a priori granule character-
istics, such as size and moisture, from a knowledge of the
operating conditions and the physical and chemical properties
of the seeds and fertilizer solution.8,9 Currently, considerable
trial and error is required to obtain the fluidized-bed granulator
operating parameters that would allow stable operations and
granules production with the desired attributes. Such tuning is
highly dependent on the operator’s experience.10,11

The urea fluidized-bed granulator is basically a bed of solids
fluidized by air, fed continuously with small urea particles
(seeds) and a urea concentrated liquid solution (∼96%12,13) that
is sprayed from the bottom of the unit. The bubbling nature of
the fluidized bed, which is responsible for the strong solids
mixing, promotes the repeatedly circulation of the granules
through the spraying zone. The granules grow through the
deposition of tiny liquid droplets on the seed material, followed
by cooling and evaporation of the water content of the droplets,
which cause the solidification of the urea present in the solution.
The energy for the evaporation is provided by the urea solution
itself, which is atomized into the granulator at a relatively high
temperature (∼413 K12,13). To increase the residence time of
the granules, some industrial units possess three growth
chambers (where the urea concentrated solution is sprayed)
connected by regulating flaps. Subsequently, fluidized bed
dedusting/cooling compartments are arranged to meet specific
requirements for further processing of the granules.

Physically based mathematical models, with different degrees
of complexity, have been presented in the open literature for
the heat- and mass-transfer processes in liquid-sprayed fluidized
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beds used for granulation.14-16 These models not only describe
the temperature and concentration distributions in fluidized-bed
spray granulators, but also the wetting and deposition of the
sprayed-in droplets onto the fluidized-bed particles. While the
governing equations of the process and the numerical solution
have been thoroughly documented, the models have been
evaluated with experimental data from pilot-scale units using
ideal materials such as glass beads sprayed with pure water.14-16

In this work, the steady-state operation of a continuous
industrial fluidized-bed granulator for urea production is
simulated as growth and cooling chambers in series by means
of a detailed mathematical model. The mass and heat exchanges
between the different compartments are considered. The model
for each granulation chamber is based on the mass and energy
balances for the three phases (urea solid particles, urea
concentrated liquid solution, and atomization and fluidization
humid air) that coexist within the unit. The hydrodynamics and
mass exchange between the different regions (bubbles and
emulsion phases) of the fluidized gas are taken into account.
Particular emphasis is put on the definition of the driving force
that governs the evaporation of the water content of the liquid
droplets. Special attention is given to the concentrated nature
of the urea solution (i.e., urea solubility and heat of dissolution),
which affect the water composition of the sprayed droplets in
the granulator as well as the overall heat balance. The simulation
results are compared with data from an industrial urea plant.

2. Mathematical Model

Figure 1 shows a schematic representation of an industrial
continuous fluidized bed for urea granulation.6 The unit has
multiple internal chambers divided by weirs; the first three
chambers are used for urea granulation, while the others are
reserved for dedusting and, to some extent, product cooling. A
concentrated urea solution (usually called urea melt) is bottom-
sprayed, using atomization air, in the granulation chambers. The
fluidization air inlet casing is the lower part of the unit. This
processing gas enters to the granulator through a gas distributor.
Each chamber can handle different fluidization air flow rates
and temperatures.17 Solid particles are continuously fed to the
first chamber of the granulator. The seeds are constituted by
recycled crushed oversized particles and undersized granules.
The fluidized particles undercurrent flows through the unit in a
horizontal direction, toward the granulator outlet. The mass and
energy balances for the industrial granulator are formulated,

including the mass and heat exchanges between chambers.
However, to introduce the mathematical model clearly, the
modeling of an isolated granulation chamber is first presented
and discussed.

2.1. Mathematical Model of an Isolated Granulation
Chamber. The fluidized-bed urea granulator is represented by
a heterogeneous model, where three phases are considered: solid
(urea particles), liquid (urea melt), and gas (humid air). Figure
2 shows the main streams and the nomenclature used to denote
flow rates, water compositions, and temperatures of the granula-
tion chamber. The two-phase theory, which was first introduced
by Toomey and Johnstone,18 is used to describe the structure
of the bubbling fluidized bed as schematized in Figure 3. The
emulsion (dense phase) is constituted by solid particles, urea
solution droplets, and air under minimum fluidization conditions,
whereas the excess gas circulates through the bed as bubbles.
According to the Geldart classification of particles,19 urea
granules belong to Group D. Therefore, the superficial gas
velocity in the dense phase (ue) will reach higher values than
the bubble superficial velocity (ub). Under this condition,
according to Davidson’s theory, the gas uses the bubble as a
convenient shortcut on its way through the bed and no cloud is
expected.20 In the model formulation, bubbles then rise slowly
and no clouds need to be considered.

Figure 1. Simplified schematic representation of an industrial fluidized-
bed granulator for urea production.

Figure 2. Scheme of a granulation chamber showing the main streams,
water compositions, and temperatures.

Figure 3. Two-phase bubbling bed theory.
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The following hypothesis are assumed for the model formula-
tion:

(1) The granulation chamber operates at steady-state condi-
tions.

(2) The solid and liquid phases are perfectly mixed.
(3) Plug flow is assumed for the gas that circulates in the

emulsion phase.
(4) The gas in the bubbles is assumed to be perfectly mixed;

the bubbles rise as plug flow.
(5) The presence of solids inside the bubbles is neglected,

according to Fitzgerald’s considerations for the coarse particle
fluidization regime.21

(6) The urea granules have constant density and are spherical.
The urea granules are supposed to be free of additives such as
formaldehyde.

(7) The elutriation of fines, and the formation of nuclei by
attrition, breakage, and/or overspray are neglected. In fact, all
the urea melt droplets are assumed to reach the surface of the
seeds. Based on industrial experimental evidence, the ag-
glomeration of particles is also disregarded.

(8) The seeds and product particles are characterized by the
corresponding median diameter.

(9) The water evaporation occurs at the droplet/emulsion gas
interface; when the water vapor reaches the emulsion phase, it
may be transported to the bubbles.

(10) The mass-transfer area for water evaporation is the total
surface area of the particles. Because liquid loading allows the
formation of many layers onto the particles within the bed,
complete wetting is considered.

(11) The moisture gradients inside the granules and droplets
are neglected.

2.1.1. Mass Balances: Solid and Liquid Phases. 2.1.1.1.
Urea. The solid mass growth can be expressed as

2.1.1.2. Water.The water content of the granular product is
mainly a function of the water loading and the water that is
evaporated in the fluidized bed:

2.1.2. Mass Balances: Gas Phases. 2.1.2.1. Water (Emul-
sion).The water that is evaporated from the droplets deposited
onto the particles surface is first transported to the interstitial

gas (emulsion phase), and from there to the bubbles. The mass
balance for the water in the air at the emulsion phase becomes

where

The first term on the right-hand side of eq 3 is related to the
evaporation of water from the droplets to the emulsion gas,
whereas the second term represents the mass transport between
the emulsion phase and the bubbles. The mass-transfer coef-
ficients kPE andkEB are calculated according to the guidelines
given by Kunii and Levenspiel.22

2.1.2.2. Water (Bubbles).

The moisture content of the total air along the axial coordinate
can be computed as follows:

The boundary conditions to solve eqs 3 and 6 are

The total evaporated water flow rate can be calculated as a
function of the inlet and outlet air humidities through eq 9:

2.1.3. Outlet Diameter.Assuming a constant number particle
flow, the median diameter of the granules at the exit of the
granulation chamber is computed using the following equation:

Usually, the moisture content of the granules is not considered
to contribute to the granule volume. In fact, the water contents
of the seeds and granular product in industrial urea granulators
are very low; therefore, it is commonly assumed thatXs

o ) Xs
i

≈ 0.23

2.1.4. Hydrodynamics. Several properties related to the
hydrodynamics of the fluidized bed must be evaluated to define
the system completely. Table 1 presents the correlations and
expressions used in the present work. The variables and
correlations associated to the minimum fluidization conditions
were computed based on the Chitester et al. work.24 The
expressions to evaluate the bubbles diameter correspond to those
reported by Mori and Wen.25 The air velocities and porosities
were calculated following the guidelines given by Kunii and
Levenspiel.22

Figure 4. Water contents of saturated urea solutions, as a function of
temperature.
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2.1.5. Water Evaporation. 2.1.5.1. Equilibrium Moisture.
The equilibrium moisture involved in eq 3 can be calculated
using the modified Raoult’s law:

wherexL represents the water content of the melt droplets within
the granulation chamber. To derive the right representation of
this composition, urea solubility concepts are introduced. The
solubility of a solid solute can be calculated as a function of
temperature, according to26

whereS, which is expressed in units of kmolurea/kmolsolution,
represents the maximum urea content that the solution is
permitted to have. Therefore, the water content of a saturated
solution is given by

Figure 4 shows thex*L values (calculated by means of eqs 12
and 13), as a function of temperature. The predicted values are
in good agreement with experimental solubilities.6 The selected
temperature range covers the industrial operating temperatures
(an inlet urea melt temperature of∼413 K and fluidized-bed
temperatures in the range of 363-383 K12,13). Typically, the

urea melt is sprayed into the system at∼413 K and has
preferably∼0.4 wt % water;12,13 this inlet operating point is
referenced in Figure 4 with a solid circle. Because the urea
droplets are very small (20-120 µm),27 a very rapid decrease
of the droplet temperature down to the fluidized-bed temperature
is assumed. If the heat transfer is much faster than the water
mass transport, the water content of the droplets should suffer
a rapid increase to its saturation value (see the solid square
symbol in Figure 4). Although evaporation occurs within the
granulator chamber, the water concentration of the droplets
should remain constant and equal to the equilibriumx*L value
until complete drying is achieved. Thex*L value can be
calculated after the fluidized-bed temperature is defined, and
this is the variable that should be used to compute the water
equilibrium concentration (y*) in the emulsion gas at the droplet/
emulsion interface (see eq 11). The activity coefficient (γ) was
determined to be close to 0.9 for the studied operating
conditions. Thus, for modeling purposes, the nonideality of the
solution is neglected and Raoult’s law is used to evaluatey*.

2.1.5.2. Evaporation Rate Modeling.The water evaporation
in urea granulators is not commonly limited by the mass
transport at the droplet/emulsion-gas interface, mainly because
(a) the amount of water in the urea melt is very low to saturate
the air stream that circulates through the bed, (b) the temperature
level is high enough to reinforce the trend toward water
evaporation, and (c) the relatively high value of the particle-
gas mass-transfer rate in urea bubbling fluidized beds (obtained
through multiplication of the mass-transfer coefficient by the
exposed specific area).28 Even though they* value defined by
eq 11 withxL ) x*L is used in the driving force of eq 3 (instead
of the air saturation humidity that corresponds toxL ) 1), the
evaporation flow (the first term on the right-hand side of eq 3)

Table 1. Fluidynamics Properties

property notation correlation/value

superficial gas velocity under minimum fluidizing conditions umf Remf µ
FaDp

particle Reynolds number under minimum fluidizing conditions Remf x28.72 + 0.0494Ar - 28.7

porosity under minimum fluidizing conditions εmf 0.41
superficial total velocity u m̆a(1 + Y)

ATFa

terminal velocity ut (µ(FS - Fa)g

Fa
2 )1/3

18

Ar1/3
+ 2.335- 1.744

Ar1/3

bubbles
diameter above the distributor Db0 1.30

g0.2 [u - umf

Nor
]0.4

equilibrium size D*b 2.59g-0.2[AT(u - umf)]0.4

size Db D*b - (D*b - Db0) exp[- 0.3z

x4AT/π]
relative velocity ubr 0.711xgDb

velocity ub u - umf + ubr

emulsion gas velocity ue umf/εmf

bubble fraction in the fluidized bed δ u - umf

ub - qumf

ub < ue q ) 2
ue < ub < 2.5ue q ) 1
2.5ue < ub < 5ue q ) 0
ub > 5ue q ) -1

total bed porosity ε δ + εmf(1 - δ)

y* ) γ
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Mw[ 1
Mu

(1 - xL) + 1
Mw

xL](
PV

P ) (11)

ln S) -
∆HFUS

R (TFUS - T

T TFUS
) (12)

x*L ) 1 - S

1 + S(Mu

Mw
- 1)

(13)
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still can be very important. In consequence, the evaporated water
flow rate calculated by eq 9 may be higher than the available
inlet water flow rate. This problem, which has been recognized
by several authors,14,23,29occurs because the evaporation term
in eq 3 is independent of the water liquid loading. Several works
are focused on the evaluation of the degree of wetting, which
can be interpreted as a parameter that corrects the mass-transfer
area and, thus, the evaporation transfer rate (first term on the
right-hand side of eq 3). If axial measurements of the air
moisture are not accessible, the accuracy of the models is
difficult to be established.29 The aforementioned difficulty
becomes also important for the urea granulation modeling.
Another point of view to overcome this problem is presented
below.

If eq 3 is multiplied bym̆a e, which is defined asm̆a e )
(εmf(1 - δ))/(ε) m̆a, the following expression is obtained:

The first term on the right-hand side of eq 14 represents the
axial gradient of the evaporation rate; rearrangement of this term
gives

In addition, at every∆z, the water evaporation flow rate is
limited by a maximum water flow rate, which is given by the
inlet water flow rate per unit length.16 Therefore, the following
relationship should be satisfied:

Inequality 16 can be also expressed as the following equality:

whereê(z) represents the fraction of the available water flow
rate that evaporates in∆z; this parameter should verify the
following constraints:

From eq 17,ê(z) becomes

The minimum possible evaporated fractionê(z) would occur at
the granulator outlet, because, in that position, the driving force
would achieve its lowest value. As a maximum, the outlet
humidity in the emulsion air would be

By replacing eq 20 in eq 19, the following relationship is
obtained:

Equation 21 represents the minimum possible evaporation
fraction along the granulator height. Ifê(L) g 1, the mass
transfer between phases (at any axial position) would not control
the evaporation process (eq 15 cannot be used to represent the
evaporation rate). For the industrial urea granulator studied in
the present work,ê(L) . 1; therefore, the evaporation rate is
limited by the water availability as follows:

Using eq 22, the mass balance for the emulsion gas becomes

2.1.6. Heat Balances.The heat balances for the urea
granulator, which is represented by a heterogeneous model, must
take into consideration different thermal effects. In addition to
the sensible heats associated to the streams that enter and leave
the granulator, latent heats are also involved. When the water
evaporates from the urea solution, two important thermal
phenomena occur. The energy required to sustain the water
evaporation comes mainly from the urea melt; this thermal effect
contributes to a reduction of the fluidized-bed temperature.
However, while the water evaporation occurs, the urea that is
dissolved in the urea melt becomes solid. This process releases
the heat of dissolution of the urea (which takes into account
the fusion and mixing heats), balancing, to some extent, the
endothermic heat of evaporation. The heat of evaporation, per
mass unit, the urea is∼9 times higher than the heat of
dissolution for the urea. Nevertheless, because of the high urea
concentration of the solution (∼96%), the total heat of dissolu-
tion is much higher than the heat of evaporation and, of course,
cannot be neglected.

In addition to the model assumptions already described, the
following hypotheses are considered:

(1) The temperatures of the liquid and solid phases are equal.
(2) The temperatures of the emulsion gas and bubble phase

are the same.
(3) The chamber,as isolated, operates adiabatically.
Figure 5 shows the mass and heat flows involved in the heat

balances.
2.1.6.1. Solid and Liquid Phases.

whereQ̇APL represents the heat flow exchanged with the air.
2.1.6.2. Gas Phase.
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The first term on the right-hand side of eq 25 is related to the
enthalpy of the evaporated water flow that is incorporated to
the gas phase; the second term represents the heat flow
exchanged between the air-particle/liquid film interface. The
gas-particle heat-transfer coefficient (h) is calculated following
the guidelines given by Kunii and Levenspiel.22

The boundary condition necessary for eq 25 is given by

The Q̇APL heat flow, which is required to solve eq 24,
is calculated by averaging the axial heat flow profile as
follows:

2.1.6.3. Total Heat Balance.After the outlet temperatures
of the air and particles have been computed, the following global
heat balance must be verified:

2.2. Mathematical Model of an Industrial Granulator with
Multiple Chambers. To model multiple fluidized beds in series,
the mass and heat flows between chambers must be considered.
The mass balances described for an isolated chamber can be
directly applied to the growth cells. For the cooling chambers,
the urea solution is not fed, and, therefore,m̆L should to be set
equal to zero. The isolated chamber heat balances must be
corrected to account for the rate of heat flow exchanged with
the surroundings and contiguous fluidized beds (see Figure 6);
i.e., the hypothesis of adiabatic chambers is now removed. For
this general case, the gas energy balance becomes

For the first growth cell, the parameterAj(j-1) is zero, whereas,
for the last cooling chamber,Aj(j+1) becomes null. To calculate
the overall heat-transfer coefficient between fluidized beds, the
heat conduction through the weir is neglected and the following
general expression is applied:

The heat-transfer coefficientĥ between the fluidized bed and
the wall is evaluated from

whereδwall is the volumetric average bubble fraction near the
wall, and he and hb are the emulsion and bubble phase
contributions to the global heat-transfer coefficient, respectively.
The he component and volume fraction of bubbles in vicinity
of the wall (δwall) are evaluated with the expressions derived
by Mazza et al.30 The correlation proposed by Mazza et al.31 is
used to determine the value of the bubble phase component (hb).

To calculate the overall heat-transfer coefficient between the
fluidized-bed chamber and the surroundings, an expression
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Figure 5. Mass and heat flows involved in the heat balances, for an
adiabatic chamber.

Figure 6. Heat exchange between the chambers and the surroundings.

Figure 7. Ratio between the calculated and experimental bed temperatures
for all the granulation chambers and the last cooling compartment, for
different plant capacities.

ĥ ) he(1 - δwall) + hbδwall (33)
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similar to eq 32 is used:

A natural convection correlation is applied to evaluatehext.32

Regarding the particle/liquid-phase energy balance, eq 24 is
also used when multiple chambers are modeled. The particle
contribution to the heat-transfer coefficient between the emulsion
and chamber wall (he) is not dominant under the studied
operating conditions and particle diameters. Then, the convective
component of the interstitial gas in the emulsion is the effect
that controls the value of this coefficient. In consequence, it is
reasonable to establish that the heat is transferred from particles
to gas and that this gas phase is the responsible for the heat
that is transported toward the chamber walls.

2.3. Urea Physical Properties.Table 2 summarizes all the
urea physical properties used in the present work. The water
and air properties required for the granulation unit modeling
are available in many sources.26,32,31

3. Results and Discussion

The presented mathematical model has been validated with
experimental data from a continuous industrial fluidized-bed
granulator for urea production. The industrial data were obtained
for three different plant capacities (100%, 115%, and 120%).
The bed temperatures of the granulator chambers were moni-
tored every 15 min, over a period of 15 h under stable operating
conditions (i.e., without any change in the operating variables).
Samples of the seeds and granular product were collected and
analyzed granulometrically every 4 h. As an example of the
accuracy of the model predictions, Figure 7 shows, for all the
granulation chambers and the last cooling compartment, the ratio
between the calculated and experimental outlet bed temperatures,
corresponding to the three studied plant capacities. According
to the simulation results (see Figure 11), the solid particles and
gas phase leave the granulator chamber at almost the same
temperature. Therefore, a single temperature value can be used
to represent the thermal level of each fluidized bed. The
temperatures estimated by the proposed model, which does not
include any adjustable parameter, are in very good agreement
with the industrial data. In fact, the maximum deviations are
<3%.

For the studied operating conditions, Figure 8 presents the
ratio between the calculated and experimental outlet median

Figure 8. Ratio between the calculated and experimental outlet median
particle diameters for different plant capacities.

Figure 9. Relative heat flows involved in the global heat balance (eq 22,
including the exchange of heat with the surroundings and contiguous beds)
for the granulation and cooling chambers.

1
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Figure 10. Air humidity axial profiles for the emulsion gas and bubbles.
Plant capacity: 115%, first chamber.

Figure 11. Air temperature axial profile and outlet granules temperature.
Plant capacity: 115%, first chamber.
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particle diameters, as a function of the plant capacity. The
predicted granule diameter, which is computed from the
experimental median diameter of the seeds size distribution and
the particle growth rate that results from the solution of the
urea mass balance (eq 10), well-reproduces the size grade
number (i.e., median diameter) of the experimental product size
distribution.

The moisture measured in the product was extremely low,
indicating that the total evaporation flow rate was almost equal
to the water liquid loading. Regretfully, further details of the
industrial information must remain proprietary.

The proposed model allows not only the evaluation of
the temperatures, flow rates, and composition of all the outlet
streams, but also evaluation of some other interesting infor-
mation, as the importance of the thermal effects of the different
phenomena that take place within the granulator. Figure 9
illustrates, for the granulation and cooling chambers, the
magnitude of the various terms that constitute the global heat
balance (eq 22, considering the heat exchange with the sur-
roundings and contiguous beds), with respect to the total heat
dissolution term. As mentioned previously, the heat term related
to the urea dissolution cannot be neglected; actually, it
constitutes the highest energy source in the granulation compart-
ments. The total evaporation heat does not balance that released
by the urea dissolution. As expected, only the terms associated
with the sensible heat of the particles and air streams are
significant in the cooling chambers. According to the magnitude
of the term that represents the exchange of heat with the
surroundings and contiguous compartments, all the beds operate
almost adiabatically.

Figure 10 shows the humidity axial profiles of the emulsion
gas and bubble phase for the first growth chamber and a
115% plant capacity. For both gas phases, the air humidity
increases almost linearly in the axial direction. The mass-
transport resistance between the emulsion and bubbles
phases is not negligible; i.e., the moisture content of the
emulsion phase is much higher than that which corresponds to
the air in the bubbles. The humidity of the total fluidization air
(Y) that leaves the growth bed (z ) L) is very similar to the
maximum moisture level defined by the water liquid loading
(Ymax ) Yi + m̆LxL

i /m̆a). This result is in good agreement
with the almost-null water granule content found experimen-
tally. The exhaust air is far from the equilibrium humidity value
(Y*).

As illustrated in Figure 11, for the first growth chamber and
a plant capacity of 115%, the air temperature increases strongly,
up to its outlet value over a short distance from the gas
distributor. The temperature of the solid particles that leave the
bed is almost identical to the average air temperature. Therefore,
it is proved that, from a thermal point of view, the heterogeneous
nature of the urea granulation bed can be neglected without
losing accuracy in the representation of the system.

4. Conclusions

A detailed mathematical model for the steady-state operation
of a multibed fluidized urea granulator has been described
and validated against industrial data without using any adjustable
parameter. In this work, aspects related to the use of concen-
trated liquid solutions, as the urea melt, are introduced for
the purpose of providing modeling tools which are not limited
to applications where very diluted solutions are considered.
The heat of the urea dissolution is a key variable for the overall
heat balance. For those systems that use molten fertilizers
(i.e., without water) as atomizable liquids, other thermal
effects that are associated with fusion and/or phase changes
are important and cannot be neglected, for modeling pur-
poses.

The particulate streams are characterized by the median
diameter. The final median diameter, which is dependent on
the rate of urea deposition and the average residence time of
the solids, influences the hydrodynamics of the bed as well as
the mass transfer between phases. Even though the size grade
numbers are satisfactorily predicted, the use of average diameters
is an approximation that should be removed to estimate the
product particle size distribution, which has direct influence on
the recycle ratios and stability of the granulation circuits. A
population balance equation to estimate the outlet particle size
distributions for the continuous multiple bed urea granulator is
currently being implemented.
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Nomenclature

Ar ) Archimedes number;Ar ) gFa(Fs - Fa)Dp
3/µa

2

AT ) total cross-sectional area (mbed
2)

cp ) mass heat capacity (kJ/(kg K))
ĉp ) molar heat capacity (kJ/(kmol K))
D ) diameter (m)
g ) gravity acceleration (m/s2)
h ) air-particle/liquid film heat-transfer coefficient (kW/(m2

K))
ĥ ) air-surface heat-transfer coefficient (kW/(m2 K))
H ) mass enthalpy (kJ/kg)
Ĥ ) molar enthalpy (kJ/kmol)
kEB ) emulsion-bubble mass-transfer coefficient (mdry air

3/
mbubble

2 s)

Table 2. Urea Physical Properties

property notation equation/value units parameter range source

urea density Fs 1333.8 kg/m3 ref 33
density of urea aqueous solution FL 1226.40- 90.61xL

2 - 124.61xL kg/m3 xL ) 0-0.6 ref 34
heat capacity

solid urea ĉpUS 17.250+ 0.2318T + 0.000079T2 kJ/(kmol K) T ) 80-400 K ref 33
liquid urea ĉpUL 120.5 kJ/(kmol K) T ) 406 K ref 33

fusion temperature TFUS 406 K ref 34
heat of fusion ∆ĤFUS 15060 kJ/kmol T ) 406 K ref 34
heat of dissolution ∆ĤDIS 14580 kJ/kmol T ) 406 K ref 34
heat of mixing ∆ĤMIX -480 kJ/kmol T ) 406 K ref 34
activity coefficient γ ln γ ) ∆HMIX /(RT) ref 26
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kPE ) particle-emulsion mass-transfer coefficient (mdry air
3/

mparticle
2 s)

L ) fluidized bed height (mbed)
m̆a ) atomization and fluidization air mass flow rate (kgdry air/

s)
m̆EV ) evaporated water mass flow rate (kgwater/s)
m̆L ) melt mass flow rate (kgsolution (urea melt)/s)
m̆S ) solid mass flow rate (kgurea/s)
M ) molecular weight (kg/kmol)
Nor ) number of orifices per unit area at the distributor
P ) pressure (Pa)
PV ) water vapor pressure (Pa)
Q̇ ) heat flow (kW)
R ) ideal gas constant (kJ/(kmol K))
Re) particle Reynolds number;Re) FauDp/µ
S ) urea solubility (kmolurea/kmolsolution)
T ) temperature (K)
u ) velocity (mbed/s)
U ) overall heat-transfer coefficient (kW/(m2 K))
x ) water content, wet basis (kgwater/kgsolution)
X ) water content, dry basis (kgwater/kgurea)
Y ) mass air humidity, dry basis (kgwater/kgdry air); Y ) [y/(1 -

y)](Mw/Ma)
y ) molar air humidity (kmolwater/kmolhumid air)
z ) axial coordinate (mbed)

Greek Symbols

R ) heat-transport parameter, eq 26
âEB ) mass-transport parameter, eq 5 (mbubbles/mbed)
âPE ) mass-transport parameter, eq 4 (mparticle/mbed)
δ ) bubble fraction in the fluidized bed (mbubbles

3/mbed
3)

ε ) total bed void fraction (mair
3/mbed

3)
εmf ) emulsion void fraction (mair

3/memulsion
3)

γ ) activity coefficient
λ ) heat-transport parameter, eq 27 (mparticle/mbed)
µ ) gas viscosity (kg/(m s))
ê ) evaporation parameter
F ) density (kg/m3)

Subscripts

a ) air
APL ) air-particle/liquid interface
b ) bubbles
b0 ) just above the distributor
br ) bubbles relative to the emulsion phase
DIS ) dissolution
e ) emulsion phase
EV ) evaporated water/evaporation
ext ) external, surroundings
FUS ) fusion
j ) chamber number
L ) urea melt
N ) number of external media
mf ) under minimum fluidizing conditions
MIX ) mixing
p ) particles
S ) solid
t ) terminal
T ) total
U ) urea
V ) vapor
W ) water
wall ) at the wall

Superscripts

i ) inlet
calc ) calculated value
exp ) experimental value
max ) maximum
o ) outlet
* ) equilibrium conditions

Accents
_ ) axially averaged
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