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The present study considers a “Multicrackex” unit constituted by a riser reactor with an upflow
catalyst suspension exchanging heat with a surrounding fluidized-bed regenerator. A statistical-
based analysis is developed to establish a semiempirical correlation able to describe the heat
transport phenomena between a bundle of riser reactor tubes and a fluidized-bed regenerator.
The proposed correlation is tested and developed under reaction and realistic conditions for
fluidized catalytic cracking (FCC) units, and this adds special value to the study developed. In
this respect, the present study provides data that may be of particular interest for the design of
novel FCC processes.

1. Introduction

Riser reactors are frequently used in the petrochemi-
cal industry for the catalytic cracking of gas oil. In riser
reactors, a gas-phase reactant mixture lifts a dilute
catalyst suspension. These units are frequently operated
in an adiabatic or a close to adiabatic mode.

The concept of a novel fluidized catalytic cracking
(FCC) unit, the so-called Multicrackex unit of the
present study, is based on an upflow catalytic reactor
(riser) exchanging heat with a surrounding dense fluid-
ized bed. More specifically, in the context of the FCC
process, the dense fluidized bed is constituted by a bed
of hot catalyst particles (regenerator). This bed contains
a bundle of vertical riser reactor tubes where the
endothermic catalytic cracking reaction is taking place.1,2

Farbar and Morley3 studied heat transfer in flowing
suspensions. Experimental information was obtained
with air and FCC cracking catalyst flowing in a 0.0175
m i.d. and a 0.84 m long tube. The derived correlation
(Table 1) assumes that heat is transferred from the
walls of the tube through the gas boundary layer. Heat
transfer by radiation from the tube walls to the gas-
solid suspension and by conduction from the walls to
solid particles is neglected.

Wen and Miller4 developed an empirical correlation
for either vertical or horizontal transport lines (Table
1). This correlation, also applicable to the dilute phase
of fluidized beds, satisfactorily represents the data of
Farbar and Morley.3 Because the physical properties of
the gas are evaluated at the temperature of the film,
this correlation was considered suitable for both cooling
and heating conditions. It is reported, however, that
Wen and Miller’s correlation is not suitable for data
obtained by Danziger,5 who correlated data from Kellogg’s
units and Farbar and Morley3 with Nu and Re dimen-
sional numbers based on the tube internal diameter
(Table 1).

Rao and Murti6 correlated heat transfer to gas-solid
suspensions in vertical tubes. These authors found that
the particle property, gas superficial velocity, and solid

loading influence the heat-transfer coefficients (Table
1). Among other materials, these authors used silica-
alumina (dp ) 47 µm) and sand particles.

Correlations for flowing gas-solid suspensions devel-
oped with solid particles other than FCC catalyst or
silica-alumina catalysts are available in the technical
literature.7-11 Experimental heat-transfer coefficients
using 269-109 µm glass beads were also reported using
Sadek’s correlation12 by Lunardelli-Furchi et al.13

There are as well a number of theoretical models to
represent the heat-transfer process in gas-solid flowing
suspensions. A theoretical approach14 based on the use
of probabilistic multiphase flow equations for vertically
flowing gas-solid suspensions was implemented by
Bentahar et al.15 An alternative theoretical analysis16

considers momentum balances, heat balances, and a
mixing length parameter. It was found that this ap-
proach represents the experimental heat-transfer coef-
ficients for gas-solid suspensions in vertical pipes and
in particular the data of Farbar and Morley.3

While there have been valuable studies on heat-
transfer phenomena in gas-solid suspensions, there is
limited information about heat-transfer data under
reaction conditions for FCC. Thus, the present study
provides data of particular value for the design of novel
FCC units.

2. Experimental Setup

Figure 1 reports a schematic diagram of the experi-
mental setup of the present study. The regenerator of
the unit (R-101) had an outside diameter of 0.266 m and
a height of 3.25 m. The riser (R-201) had an outside
diameter of 0.0344 m and a total height of 3.46 m. Both
the regenerator and the riser tubes were made out of
Inconel 601. Air, fed into the regenerator, was evenly
distributed by using a perforated grid.1 The unit was
designed for operating conditions up to 179 kPa, regen-
erator temperatures of about 730 °C, and catalyst-to-
oil ratios in the riser between 1 and 12. The total height
of the dense-phase fluidized-bed regenerator was usu-
ally maintained between 1.3 and 1.6 m.

Figure 2 displays a top view of the unit and provides
details of the three Inconel-601 pipes simulating a
triangular array of a bundle of tubes in a heat ex-
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changer. Catalytic cracking reactions took place in only
one of these tubes (riser), while the other two tubes
(“dummy” risers) were employed to provide a triangular
geometry. A special design allowed shifting of the
“dummy” risers to change the pitch between the riser
tubes.

A 3 m height Plexiglas model of the riser reactor was
built to simulate the operation of the unit and to assess
proper operation. A homogeneous gas-solid flow pattern
was observed in all cases with some solid recirculation
noticed.1 This solid recirculation took place at the higher
axial positions, close to the tube walls, and for the
highest solid flow rates. Choking velocities were calcu-
lated using Yang’s equation17 and were confirmed
experimentally in the Plexiglas model.

Cracking experiments were carried out using a com-
mercial catalyst (Akzo Octaboost 6XX series) and syn-
thetic crude gas oil (CANMET SF-135). A pseudofacto-
rial experimental design was adopted for the study.18

Targeted factor levels were selected as reported in Table

2: (a) 580-730 °C for the temperature in the regenera-
tor, (b) 1.5-5.5 s for the contact time, defined at riser
entry conditions, and (c) 1-12 for the catalyst-to-oil
ratio.

Entrained solids from the regenerator were returned
to the bed via a single-stage cyclone. At the end of the
riser, a two-stage cyclone was used to separate the
catalyst particles. Four thermocouples installed in the
riser unit and six thermocouples in the regenerator
vessel were connected to a data acquisition system and
thermocouple amplifier/multiplexer (Cole-Parmer cata-
log nos. 8109-27 and 8109-02) to record temperature
readings.

To ease the operation of the unit, the conveyed solids
in the riser (spent catalyst) were not returned directly
to the fluidized regenerator and were collected and
measured in two hopper bins. The gaseous mixture of
unconverted reactants and products was sent to a

Table 1. Heat-Transfer Correlations for FCC Catalyst in Gas-Solid Suspensions

ref heat-transfer correlation application range

3
hsusdt

λg
) 0.14(dtGg

µg
)0.6(Gp

Gg
)0.45

dt ) 0.017 78 m, 10 < dp < 210 µm, 1.3 × 104 <
Re < 2.8 × 104, 2 < Gp/Gg < 13.3

4 hsus ) (Cpsµg

dp
)(Fmix

Fp
)0.3(ut

2

gdp
)0.21

where Fmix )
(Gp

Gg
+ 1)FpFg

(Gp

Gg
Fg + Fp)

1.8 < dp < 450 µm, 0.18 < Gg < 188.5 kg/(m2‚s),
1.18 < Fmix < 1121.4 kg/m3, 1361.7 < Fs <
2835.5 kg/m3

5
hsusdt

λg
) 0.0784(dtGg

µg
)0.66(Gp

Gg
)0.45

178 < Re < 25 400, 2 < Gp/Gp < 446,
0.017 < dt < 0.038 m

6
hsusdt

λg
) 4.5 × 10-3(dtGg

µg
)0.66(dt

dp
)0.65(ut

ug
)0.3(Cps

Cpg
)1.1(Gp

Gg
)0.42

dt ) 0.019 m, dp ) 47 µm, 0 < Gp/Gg < 14,
5.15 < ug < 12.2 m/s

Figure 1. Schematic diagram of the experimental setup: (a) the
regenerator of the unit (R-101); (b) the riser (R-201). Units of
various dimensions in millimeters if omitted.

Figure 2. Top view of the triangular array of a bundle of tubes
in a heat exchanger placed inside the regenerator. Catalytic
cracking reactions take place in only one of these tubes (riser).
This figure illustrates the positioning and shifting of the “dummy”
risers. Units of various dimensions in millimeters if omitted.

Table 2. Factor Levels Selected for the Experimental
Program1

regenerator
temp (°C)

contact time at
riser entry (s)

catalyst-to-oil
ratio

(-) low range 580-610 1.5-2.5 1.0-3.5
(+) high range 700-730 4.5-5.5 7.0-12.0
(0) center range 640-670 3.0-4.0 5.0-7.0
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condenser and a gas-liquid separator for further analy-
sis. Catalyst was regenerated by coke combustion in the
dense fluidized bed during separate runs.

Figure 3 illustrates the experimental temperature
profiles both in the regenerator and in the riser of the
Multicrackex unit. A progressive initial increase of the
riser temperature was consistently observed with the
riser height. The temperature in the dense phase of the
regenerator remained, however, essentially constant up
to 1.8 m height. From this axial position and on, the
temperature in the regenerator steadily declined, with
the temperature in the riser leveling off and decreasing
afterward. These temperature profiles were the result
of heat-transfer conditions prevalent in the regenerator,
with the temperature kept at the desired value using
electrical heaters placed at the dense bed section level
and outside the unit. There was no heater placed on the
Multicrackex unit outer walls at the freeboard section
level.

Regarding measured suspension temperatures in the
riser side of the unit, they represented average values
between the gas and the particle temperatures. Placing
temperature ports away from the feedstock injection
point minimized the influence of entry effects on tem-
perature readings. The closet measurement port was
placed at a distance of more than 10 times the pipe
diameter.

Additional details about the setup and the experi-
mental techniques of the present study are reported in
ref 1.

3. Modeling Heat-Transfer Phenomena:
Regenerator Side

Operating conditions may affect the heat-transfer
process from fluidized beds to immersed heating or
cooling surfaces. As a result of this, different mecha-

nisms can be proposed for its representation. In addi-
tion, fluid dynamic conditions may change as one moves
from the dense phase to the dilute phase (freeboard),
and as a result, different calculation procedures should
be implemented for each zone.

For a dense-phase fluidized-bed regenerator, it is
widely accepted that the overall heat-transfer coef-
ficient, the so-called bed film coefficient (hreg), can be
represented as the sum of the following contributions:
(1) a particle convective component (hpc); (2) an inter-
phase gas convective component (hgc); (3) a radiant
component of the heat transfer (hr).19-24 For small
particles (FCC type), it has been consistently reported
that the gas convective contribution is not significant
and can be disregarded.25-28 Therefore, the regenerator-
side heat-transfer coefficient can be evaluated as

The first term of eq 1 considers the molecular heat
conduction through the gas layer between the wall and
the closest row of particles, and the second term
accounts for the radiant heat transfer occurring between
the surface and the “visible” particles. It has been
reported that radiation may become important for beds
operating at high temperatures, usually above 800 K.21

Regarding the particle convective component, Ack-
eskog et al.29 showed that its influence is considerable
for small particles (e.g., 40-800 µm), as in the case of
Geldart’s powders of types A and B. There are several
models and correlations proposed to represent this
component.21-23,30-34 For instance, Molerus35 proposed
a laminar flow model and uses the Archimedes number
to define the fluid dynamics of the system. This analysis
is based on the two-phase theory of fluidization, with
the emulsion phase at minimum fluidization condi-
tions.35 Other empirical equations, such as the one
introduced by Zabrodsky,36 are helpful for practical
purposes, given that it yields an upper value for the
heat-transfer coefficient and has been cited as the one
giving the best predictions.35,37 Another alternative
equation to evaluate the regenerator-side film transfer
coefficient is the one proposed by Gelperin and Ein-
stein.38 This equation is reported as being valuable, for
bundles of spaced vertical tubes, immersed in a fluidized
bed.

On the other hand and considering the temperature
levels of this study, the radiative component on the film
coefficient for the regenerator has to be included. A
possible approach for the radiant component of the
heat-transfer coefficient is based on the use of the
Stefan-Boltzmann’s equation.29,38-40 Although it may
be argued that this approach may not be fully adequate,
the use of Stefan-Boltzmann’s equation is frequently
selected.40-42

In the context of the present study, there is the need
of suitable heat-transfer correlations for the regenerator
freeboard region. Subbarao and Basu43 considered the
transient conduction of heat to a stagnant film located
between clusters. It has been reported that this model
leads to low heat-transfer coefficients.42 Hashimoto et
al.44 proposed a correlation to evaluate the heat-transfer
coefficient of vertical tubes in the freeboard of a turbu-
lent fluidized bed. Nevertheless, its use is questionable
given that such a correlation does not include the
particle concentration in the dilute phase, considered
to play an important role on heat transfer in the

Figure 3. Temperature profiles in the riser and in the regenera-
tor. (9) Experimental riser temperatures. (b) Experimental re-
generator temperatures. (0) Temperature predictions using the
heat-transfer correlation of this study and the data of Blasetti and
de Lasa.18 (1) Temperature predictions using Danziger’s heat-
transfer correlation5 and the data of Blasetti and de Lasa.18 (2)
Temperature predictions using Rao and Murti’s heat-transfer
correlation6 and the data of Blasetti and de Lasa.18 (3) Temper-
ature predictions using Farbar and Morley’s heat-transfer cor-
relation3 and the data of Blasetti and de Lasa.18 (4) Temperature
predictions using Wen and Miller’s heat-transfer correlation4 and
the data of Blasetti and de Lasa.18

hreg ) hpc + hr (1)
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freeboard region of a fluidized bed. Given the facts
described, an empirical correlation advanced by Wen
and Miller4 was considered for further modeling

Particle entertainment calculations in the freeboard
were considered with the following expression:45

with C1 ) 1.26 × 107 for (ug/gdpiFp
2) < 3 × 104 and C1 )

4.31 × 104 for (ug/gdpiFp
2) > 3 × 104 and Ki,∞ represent-

ing the elutriation rate constant for dpi, the size fraction
at an axial position in the freeboard bigger than TDH
(transport disengagement height).

This correlation gives realistic results for elutriation
of particles smaller than 100 µm, as in the case of a
catalytic cracking catalyst, from fluidized beds operated
at up to 1.2 m/s.46

4. Modeling Heat-Transfer Phenomena: Riser
Side

Studies concerning heat transfer to flowing suspen-
sions can be grouped in two categories: (a) development
of empirical correlations applicable to specific solids
such as FCC catalyst, graphite, and glass particles; (b)
contributions leading to a better understanding of the
mechanisms involved in heat transfer in flowing sus-
pensions.

Regarding heat transfer in a gas-solid suspension,
it is widely reported that the heat-transfer coefficients
for a gas-solid suspension are larger than those for the
gas phase alone. This increase of the heat transfer is
generally attributed to the presence of solids near the
walls. Boothroyd47 proposed the following mechanisms
as taking part in the heat-transfer process: (1) thinning
of the boundary layer, (2) wall-contact heat transfer, and
(3) reduced wall eddy diffusivity.

For the specific FCC Multicrackex unit, operating
with a riser and a dense-phase fluidized-bed regenerator
exchanging significant heat, one problem encountered
was the lack of a heat-transfer coefficient correlation
applicable to this specific design. In this respect, a
number of correlations selected from the technical
literature and reported in Table 1 were not able to
represent the experimental results obtained in the
Multicrackex unit.

Given these facts, an equation accounting for the tube
Reynolds number, catalyst-to-oil ratio, and particle slip
(through the term ut/ugas) was considered to represent
the heat-transfer coefficient riser side of the Multi-
crackex unit as follows:

Parameters and the suitability of eq 4 were analyzed
using, as will be reported later in this study, the

experimental temperature profiles measured at strate-
gic locations inside the Multicrackex unit. These pa-
rameters were also calculated by employing an ad-
vanced statistical analysis.

5. Modeling Heat Transfer in the Multicrackex
Unit

Equation 4 was obtained by modeling the temperature
profile in the section of the riser immersed in the dense
phase of the regenerator.

It should be mentioned that many studies previously
reported in the technical literature involve the indirect
measurement of local heat-transfer coefficients through
the estimation of the heat supplied to the system and a
thermal balance to determine the temperature of the
gas-solid suspension.

Regarding the specific methodology for the determi-
nation of the heat-transfer coefficient in the Multi-
crackex unit, a set of five ordinary differential equations
were considered. Four of these differential equations
(Table 3a) represent the mass balances for gas oil,
gasoline, light gases, and coke.18 The fifth ordinary
differential equation describes the heat balance in a
differential section of the riser unit and allows one to

hsus ) (Cpsµg

dp
)(Fmix

Fp
)0.3(ut

2

gdp
)0.21

; Fmix )
(Gp

Gg
+ 1)FpFg

(Gp

Gg
Fg + Fp)

(2)

Gp ) ∑Ki,∞; Ki,∞ ) C1µgUgas( ug

gdpiFp
2) (3)

hriserdt

λg
) ω(dtGg

µg
)δ(Fp

Fg
)Φ(ut

ug
)τ

(4)

Table 3

a. FCC Four-Lump Model18

Constitutive Equations

dyi

dz
)

Fg(1 - ε)AMWi

Fg
ri

dCc

dz
)

Fp(1 - ε)AFg

Fp
rc

Rate Equations

Gas Oil Lump: -r1 )
(k1,2 + k1,3 + k1,4)(y1Fg)

2
φ

MW1

Gasoline Lump: r2 )
[k1,2(y1Fg)

2 - k2,4y2Fg - k2,3y2Fg]φ
MW2

Light Gases: r3 )
[k1,3(y1Fg)

2 + k2,3y2Fg]φ
MW3

Coke: r4 )
[k1,4(y1Fg)

2 + k2,4y2Fg]φ
MW4

with φ ) e-RDCc

b. Kinetic Parameters after Blasetti and de Lasa18

i,j Ai,j
c Ei,j (kcal/kmol) ki,j

c

1,2 0.3198 × 106 19208 ((4.5%) 1.626 ((3.4%)
1,3 0.5017 × 108 28857 ((3.8%) 0.559 ((4.9%)
1,4 0.1100 × 104 13176 ((7.5%) 0.257 ((3.7%)
2,3 0.1299 × 1016 59414 ((9.8%) 0.054 ((24.9%)
2,4 0.1422 × 107 25261 ((7.2%) 0.155 ((9.1%)
D 406.4 ((2.0%)

a 1 ) gas oil, 2 ) gasoline, 3 ) light gases, 4 ) coke, or simply
D ) for the deactivation constant. b Reaction rate constants and
activation: i and j represent the reaction paths between the
different lumps. c k1,2, k1,3, and k1,4 are expressed in m6/[(kg of
catalyst)‚kg‚s]; k2,3 and k2,4 are expressed in m3/[(kg of catalyst)‚s];
kD is expressed in 1/s at 793 K.
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describe the temperature changes in the riser as follows:

Concerning the technique used for the evaluation of
the overall heat-transfer coefficients of eq 5, the follow-
ing was adopted: (a) Kinetic parameters were calculated
first using the subset of ordinary differential equations
for gas oil, gasoline, light gases, and coke (Table 3a,b),
the experimentally measured temperature profile, and
a nonlinear regression technique.18 (b) Once the kinetic
parameters were determined and with the Cps, Cpg, and
∆Hc thermodynamic constants,18 eq 5 was solved nu-
merically using a fourth-order Runge-Kutta-Wess
integration algorithm. The axial temperature profiles
resulting from eq 5 were fitted to the temperatures
measured at different axial positions. Heat-transfer
parameters of eq 5 were simultaneously adjusted using
a weighted least-squares algorithm for the estimation
of nonlinear parameters.

Once the overall heat-transfer coefficient, U, was
determined and considering the relationship of U with
the individual heat-transfer coefficients, U ) 1/(1/hreg
+ 1/hriser), the controlling heat-transfer step was inves-
tigated. The analysis involved the following two steps:
(a) calculation of hreg using eq 1; (b) given U, the
calculation of hriser [hriser ) 1/(1/U - 1/hreg).

Regarding hr, the reduced emissivity (εr) of the radiant
component term (hr)was calculated considering that the
bed and the riser surface were two infinite parallel
planes,29 where the emissivity of the bed itself could be
evaluated in a manner similar to that for a dusty gas
stream.36 For approximate calculations, recommended
values of the reduced emissivity are between 0.5 and
0.648 and up to 0.7.39 The reduced emissivity value
selected in the present study was 0.56.

In addition, other required transport properties, such
as thermal conductivity, viscosity, and density were
reevaluated for each ∆z increment. For instance, the
thermal conductivity of the individual species was
calculated using Eucken’s equation49 and the thermal

conductivity of the gas mixture evaluated as follows:

To overcome some difficulties encountered for the
calculation of the viscosity for all of the species in the
system, such values were evaluated at different tem-
peratures by linear interpolation of viscosity values
recorded at three different temperature levels.1

It was observed that once the radiant component was
included (Table 4) hreg was consistently at least 16 times
larger than hriser. In fact, hreg ranged typically from 16
up to 40 times, when Molerus’ and Zabrodsky’s correla-
tions and hr were considered. In other words, the overall
heat-transfer coefficient values, U, were close to the
heat-transfer coefficient in the riser side of the Multi-
crackex unit.

6. Heat-Transfer Correlation and Evaluation of
Parameters

Using a nonlinear least-squares algorithm, the pres-
ence of unexpected autocorrelated residuals, as shown
in Figure 4, was noticed. Autocorrelated errors, which
may be introduced to the experimental information
when data are sequentially collected over a period of
time, tend to increase the variance of the residuals.
Thus, the resulting model parameters are less precise
and more cross-correlated. Autocorrelation and partial
autocorrelation functions (acf and pcf), reported in
Figure 4b,c, show that either the proposed model was
incorrect or there was a high degree of correlation
between residuals.

It has been indicated50,51 that models fitted to experi-
mental information collected over a period of time (such
as was the case of the experimental temperature profile)
may show a high degree of correlation between succes-
sive error terms (residuals). The stationarity of the
experimental data was secured by implementing a

Table 4. Comparison of Heat-Transfer Coefficients for a Number of Typical Runs in the Regenerator and Riser Sides of
the Multicrackex Unit [Units: W/(m2‚K)]

run no.

heat-transfer correlation 51 44 43 42 33 52 50 47 36

Heat-Transfer Correlation Proposed for the Riser (hriser)
hriserdt

λg
) ω(dtGg

µg
)δ(Gp

Ggo
)Φ(ut

ug
)τ

23.8 50.7 35.6 40.3 17.2 57.5 57.3 33.7 26.9

Particle Convective Component Correlations (hreg)

hmaxdp

λg
) 0.134(xdp

3g(Fp - Fg)
0.6

µg
)(1 +

λg

2Cps µg
)-1

a 828 827 827 823 833 837 836 839 839

hmax ) 35.7Fp
0.2λg

0.6dp
-0.36 b 730 729 730 730 735 741 740 743 744

hmaxdp

λg
) 0.75(dp

3g(Fp - Fg)Fg

µg
2 )0.22(1 -

dt

Xt)0.14

c 544 528 534 532 569 526 531 543 554

Radiant Component Equation

hr )
5.67 × 10-8

εr(Tb
4 - Ts

4)
Tb - Ts

d 86.0 80.4 80.7 81.0 83.4 90.5 90.3 92.1 92.7

a References 35 and 37. b Reference 36. c Reference 38. d Stefan-Boltzmann’s equation.

dTriser

dz
)

∆HcFg

MW0

dy1

dz
+ πdtU(Treg - Triser)

FgCpg + FpCps
(5) λf )

∑
i)1

N

niλiMWi
1/3

∑
i)1

N

niMWi
1/3

(6)
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weighted nonlinear least-squares algorithm using the
sample variance information available for each experi-
mental point. However, after the experimental informa-
tion was fit and the residuals were organized according
to their thermocouple position (Figure 5), a local positive
correlation was still observed for the first thermocouple
position, followed by a sequence of negative residuals
for the second thermocouple position and so on.

The presence of serial correlation of the residuals was
confirmed by means of a “two-way classification analy-
sis” of the residuals.52 The plot of the residuals gener-
ated by this technique showed the presence of correla-
tion, with a pattern characterized by a series of positive
values followed by a series of negative ones as in the
previous case. Therefore, the parameters of the heat-
transfer correlation proposed in this study were evalu-
ated by using a conditional least-squares algorithm.
This technique involved a transformation of the objec-
tive function to account for correlated disturbances that
are usually represented by “autoregressive moving
average” (ARMA) models.53

To account for this dependence between residuals, the
correlation process was represented by using the analy-
sis of autocorrelation and partial autocorrelation func-
tions of time series, based on a set of rules indicated by
Box and Jenkins.53 By this approach, the direction and
strength of the statistical relationship between observa-
tions in a single data series of residuals was measured

by the acf. The effect of all observations by dealing with
more than two observations at a time was measured by
the pacf.

By application of the ARMA model building rules, a
model to represent the residuals was identified. Such
an analysis provided an autoregressive model of order
3 (Table 5), as follows:

This model, considered in the conditional least-
squares optimization to represent the correlation among
residuals, resulted in a more complicated but, however,

Figure 4. Analysis of residuals obtained for the proposed heat-
transfer correlation after fitting of the experimental information
using an unweighted nonlinear least-squares algorithm: (a)
residuals versus observation number; (b) acf; (c) pacf.

Figure 5. Analysis of residuals obtained for the proposed heat-
transfer correlation after fitting of the experimental information
using an unweighted nonlinear least-squares algorithm (organized
by thermocouple position): (a) residuals versus observation num-
ber; (b) acf; (c) pacf.

Table 5. Parameter Estimates Considered for the
Representation of the Correlation among Residuals

Final Parameter Estimates, ARMA-3 Parameters
(1) -0.1640 (2) -0.216 (3) 0.5151

Autocorrelations of Residuals
1 0.064 2 -0.108
3 -0.187 4 0.116
5 0.120 6 -0.001
7 -0.095 8 0.047
9 0.255 10 -0.078

approximately 95% confidence limit on correlations ) 0.222
standard deviation of series ) 1.264
ø2 statistic ) 14.09 (10 degrees of freedom)

zt ) -0.16403zt-1 - 0.21614zt-2 + 0.51511zt-3 + εt
(7)
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more adequate nonlinear regression model to determine
the heat-transfer parameters.

The response from the system (experimental temper-
ature profile) is given by the expression

where zn represents the correlation between observa-
tions and it was fitted by ordinary least squares. In this
analysis, model parameters indicated as ê and cor-
related residual parameters (φi) were simultaneously
evaluated. This fitting process was performed by sub-
tracting φi times the equation yn-i from yn.1

On this basis, the proposed transformed objective
function to be minimized for the proposed heat-transfer
correlation is the following:1

with

Autoregressive parameters previously obtained for
the residuals were used as initial guesses during the
search for the optimal. These parameters and their
corresponding correlation coefficients were presented in
Tables 6 and 7, respectively. As shown in Figure 6, the
plot of the residuals for the proposed heat-transfer
correlation did not show any pattern of signs systemati-
cally alternating. Moreover, parts b and c of Figure 6

show autocorrelation functions of the residuals cutting
off to zero after k ) 0 lags, as is usually expected for
white noise.

As reported in Table 6, two of the parameters (δ and
Φ) were satisfactorily estimated, with confidence limits
oscillating around (26% and (42%, respectively. The
two other parameters, ω and τ, were, however, esti-
mated with a relatively lower degree of precision and
wider confidence limits (on linear hypothesis).

Regarding the lack of precision on ω and τ, it was
attributed to the noise of the experimental data (tem-
perature readings), which showed large local tempera-
ture variations during operation of the unit. However,
this result may also be assigned to the transformation
of the model, which required the introduction of ad-

Table 6. Results of Conditional Nonlinear Least-Squares Parameter Estimation for the Proposed Heat-Transfer
Correlation (Gas Oil SF-135; Catalyst Akzo Octaboost 6XX Series)a

Parameter Estimates

ω δ Φ τ φ1 φ2 φ3

0.6947 × 10-2 0.1597 × 101 0.6293 0.5808 -0.5912 × 10-3 -0.2676 × 10-1 0.5095

Individual Confidence Limits and Span (%) for Each Parameter (Linear Hypothesis)

ω δ Φ τ φ1 φ2 φ3

0.3135 × 10-1 0.2269 × 101 0.7977 0.1204 × 101 0.1178 × 10-1 -0.1423 × 10-1 0.5233
-0.1746 × 10-1 0.9256 0.4609 -0.4271 × 10-1 -0.1296 × 10-1 -0.3930 × 10-1 0.4956

((352.6%) ((42.0%) ((26.6%) ((107.3%)
a Parameter (model + residuals) values via regression and individual 95% confidence limits (81 observations, 7 parameters, 74 degrees

of freedom).

Table 7. Results of Conditional Nonlinear Least-Squares
Parameter Estimation for the Proposed Heat-Transfer
Correlation (Gas Oil SF-135; Catalyst Akzo Octaboost
6XX Series): Correlation Coefficientsa

Correlation Matrix

ω δ Φ τ φ1 φ2 φ3

ω 1.0000
δ -0.9252 1.0000
Φ -0.1581 0.2420 1.0000
τ -0.4272 0.7335 0.4268 1.0000
φ1 0.1332 -0.1198 0.0531 -0.0410 1.0000
φ2 0.1164 -0.0920 -0.1973 -0.0426 0.1335 1.0000
φ3 0.1286 -0.2285 -0.2892 -0.3355 -0.2289 0.2127 1.0000

a Correlation between parameter estimates (81 observations, 7
parameters). Variance of residuals ) 0.2547 × 10-1, 74 degrees
of freedom.

yn ) f(xn,ê) + zn with zn ) εn + ∑
i)1

p

φizn-i (8)

S2(ê,φj) ) [∑k

Tc

∑
n)4

NT 1

σk
2
(Tk,n

obs - Th k,n
cal)2] ) minimum

(9)

Th n ) Tn - ∑
i)1

3

φiTn-i (10)

Figure 6. Analysis of residuals obtained for the proposed heat-
transfer correlation after fitting of the experimental information
using a conditionally weighted nonlinear least-squares algo-
rithm: (a) residuals versus observation number; (b) acf; (c) pacf.
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ditional parameters to break the correlation of the
residuals, without increasing the number of experimen-
tal observations. Therefore, additional fitting of residual
parameters decreased the number of degrees of freedom
and affected the precision of some of parameter esti-
mates. Additional experimental information might re-
duce this unwanted effect.

Moreover and as presented in Table 7, there is little
degree of correlation among parameters, with the
exception of the estimates for ω and δ. This means that
further improvement in the precision of some of the
more imprecise parameter estimates will not signifi-
cantly change the values of noncorrelated parameters.

In summary, the introduction of the parameter esti-
mates of Table 7 and of the dimensionless numbers of
eq 4 gives the following:

Concerning the characteristics of the correlation
derived (eq 11), one of the most relevant aspects is that
it has been developed for FCC catalyst under reaction
conditions for the following range of applications: dT )
0.0266 m, L ) 3.46 m, 20 < dp < 110 µm (60-70 µm
average), 850 < Re < 1800, 1.2 < C/O < 12, and 0.0195
< ut/ug < 0.0550.

7. Comparison of Heat-Transfer Correlations

To test the correlation proposed, the fit between
experimental versus calculated conversions and lump
yield values were compared. The validity of this analysis
is given by the fact that parameters for kinetic and heat-
transfer models were obtained from independently
evaluated experimental information. Therefore, the
overall precision of the heat-transfer model could be
measured in terms of prediction of conversion and
selectivity.

Results of Figure 7a,b were obtained by simultaneous
solution of continuity and energy equations, using the
heat-transfer parameters previously estimated with eq
10 and using the simulated axial temperature profile.
Lump values predicted with the combined kinetic model
and heat-transfer correlation were usually found within
typical error bands of 15% and 20% for the conversion
and gasoline yields, respectively. Given the results
reported in Figure 7a,b, it is shown that the proposed
heat-transfer correlation gives a fairly good representa-
tion of the temperature and lump fractions inside the
riser reactor.

However, when the same kinetic information was
combined with other correlations proposed in the tech-
nical literature,3-6 the predicted lumps did not represent
well the experimentally measured lumps. For instance,
it was observed that Danziger’s correlation and Farbar
and Morley’s correlation give poor results. When the
results from Danziger’s correlation and Farbar and
Morley’s correlation are compared, it can be observed
that these two correlations overpredicted both gas oil
conversion and gasoline yields. Rao and Murti’s equa-
tion included a larger number of dimensionless groups
(Table 1). Despite this, predicted lumps with this
correlation showed a similar degree of deviation than
predictions obtained with Danziger’s or Farbar and
Morley’s correlations. Finally, results from Wen and
Miller’s correlation (Table 1) display slightly improved

predictions, with a tendency to overpredict the gas oil
conversion and underpredict the gasoline lump.

8. Conclusions

1. The operation of the novel Multicrackex unit,
constituted by a bundle of riser reactors with an upflow
catalyst suspension exchanging heat with a surrounding
fluidized-bed regenerator, was demonstrated at the
pilot-plant scale. This design can provide a distinctive
advantage for catalytic processes.

2. It is shown that the heat transfer in the Multi-
crackex unit is controlled by the heat-transfer rate
between the gas phase/solid particle suspension in the
riser side of the unit. The heat transfer in the dense
fluidized bed (regenerator side) is less significant given
its modest contribution to the control of the overall heat-
transfer rate.

3. A statistically based correlation able to describe the
heat transport phenomena between the bundle of riser
reactor tubes and the fluidized-bed regenerator was
developed and tested experimentally under reaction
conditions for FCC units. The results of the present
study are of special value for the design of novel FCC
processes.

Nomenclature

A ) riser cross-sectional area (m2)
Ai,j ) i,jth preexponential factor
acp ) autocorrelation function
Cc ) coke concentration (kg of coke/kg of catalyst)
C1 ) dimensionless constant involved in eq 3

hriserdt

λg
) 6.95 × 103(dtFgug

µg
)1.60(Gp

Gg
)0.63(ut

ug
)0.58

(11)

Figure 7. Comparison of (a) the experimental and calculated gas
oil conversions and (b) the experimental and calculated gasoline
yields using the four-lump model proposed by Blasetti and de
Lasa18 and the heat-transfer correlation of the present study.
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Cpg ) specific heat of gases (kcal/kg‚K)
Cps ) specific heat of catalysts (kcal/kg‚K)
C/O ) catalyst-to-oil ratio (kg of catalyst/kg of feedstock)
dp ) particle diameter (µm)
dpi ) particle diameter class i of particles (µm)
dt ) tube diameter (m)
Ei,j ) energy of activation (kcal/kmol)
g ) gravity acceleration (m/s2)
Gg ) mass flow rate of gases based in the riser cross section

(kg/m2‚s)
Gp ) mass flow rate of particles based in the riser cross

section (kg/m2‚s)
hreg ) heat-transfer coefficient regenerator side (W/m2‚K)
hpc ) particle convective component of the heat-transfer

coefficient (W/m2‚K)
hr ) radiant component of the heat-transfer coefficient (W/

m2‚K)
hriser ) heat-transfer coefficient riser side (W/m2‚K)
hsus ) heat-transfer coefficient in the suspension (W/m2‚

K)
ki,j ) i,jth reaction rate constant (for units refer to k1,2, k1,3,

k1,4, k2,3, and k2,4)
kD ) coke rate constant (1/s)
k1,2 ) gasoline formation rate constant in the four-lump

model [m6/(kg of catalyst)‚kg‚s]
k1,3 ) light gases formation rate constant in the four-lump

model [m6/(kg of catalyst)‚kg‚s]
k1,4 ) coke formation rate constant in the four-lump model

[m6/(kg of catalyst)‚kg‚s)
k2,3 ) gasoline cracking to light gases [m3/(kg of catalyst)‚

s]
k2,4 ) gasoline cracking to coke [m3/(kg of catalyst)‚s]
Ki,∞ ) elutriation rate constant for size fraction dpi when h

>TDH (kg/m2‚s)
L ) length of the riser tube (m)
MWi ) molecular weight of the ith lump (kg/kmol)
MWo ) molecular weight of the feedstock (kg/kmol)
ni ) moles of component i (kmol)
NT ) number of experimental observations
Nu ) Nusselt number
pacf ) partial autocorrelation function
rc ) rate of coke formation [kg of coke/(kg of catalyst)‚s]
r1 ) rate of reaction for gas oil in the four-lump model

[kgmol/(kg of catalyst)‚s]
r2 ) rate of reaction for gasoline in the four lump model

[kgmol/(kg of catalyst)‚s]
r3 ) rate of reaction for light gases in the four lump model

[kgmol/(kg of catalyst)‚s]
r4 ) rate of reaction for coke in the four lump model [kgmol/

(kg of catalyst)‚s]
Re ) Reynolds number
S ) summation of residuals
Tb ) temperature of the bed (K)
Tc ) variable used to represent the thermocouple number
TDH ) transport disengagement height (m)
Tris ) riser temperature (K)
Treg ) regenerator temperature (K)
Ts ) temperature of the riser surface (K)
Th n ) Tn - ∑i)1

3
φiTn-i

ut ) terminal velocity of a single particle (m/s)
ug ) gas superficial velocity (m/s)
U ) overall heat-transfer coefficient
xn ) model variable
Xt ) separation between tubes in a bundle of vertical tubes

(m)
yi ) mass fraction of the ith lump, i ) 1 (gas oil), i ) 2

(gasoline), i ) 3 (light gases), i ) 4 coke (kg of i/kg of
feed)

yn, yn-i ) experimental measured condition, eq 7
z ) axial position in the riser (m)
zn, zt ) residuals in the heat-transfer correlation, eq 7

Greek Symbols

RD ) catalyst deactivation constant
δ ) model parameter, eq 4
∆Hc ) enthalpy of cracking (kcal/kmol)
ε ) void fraction (m3 voids/m3 reactor)
εn ) residuals in the autoregression model, eq 7
εr ) reduced emissivity
εt ) residuals in the autoregression model, eq 6
φ ) activity decay function based on coke-on-catalyst
φi ) autoregression coefficients, eq 8
Φ ) model parameter, eq 4
λg ) fluid thermal conductivity (W/m‚K)
µg ) gas viscosity (cP)
ê ) model parameter, eq 8
Fmix ) density of the gas-solid suspension (kg/m3)
Fp ) density of the catalyst particles (kg/m3)
σ ) variance
τ ) correlation parameter, eq 4
ω ) correlation transfer parameter, eq 4
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