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Abstract

The purpose of this study is to analytically assess the local heat transfer coefficients by using the local bubble
properties, which include the local gas holdup, bubble pass frequency, bubble chord length, and axial bubble
velocity in a bubble column reactor. Therefore, for the first time, a combined probe that consists of a fast-response
heat transfer coefficients probe and an advanced four-point optical probe was used for simultaneously measuring the
heat transfer coefficients and the bubble properties, respectively. A new model, which has been developed, applied
to estimate the contact time (7) between the thin liquid film on the heating surface and the bulk liquid, which is one
of the two parameters required in the mechanistic equation for determining the heat transfer coefficients. The
experiments were conducted using a Plexiglas bubble column of 0.44 m diameter and 3.66 m height. Analytically,
the consecutive film and the renewal mechanistic model of the unsteady-state surface have been used to calculate the
rate and coefficients of the heat transfer. Results illustrate that the heat transfer coefficients is significantly affected
by the local bubble properties and their distributions over the surface of the heat sensor. However, the contact time
(7) is a function for the local gas holdup and the bubble pass frequency. Thus, the variation in the local heat transfer
coefficients with the contact time is due to the bubble pass frequency and the local gas holdup. A very good
agreement, within 13 %, was found between the predicted and the experimental values of the heat transfer

coefficients, even though the model overpredicts the heat transfer coefficients at all the evaluated conditions.
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1. Introduction

Among the outstanding characteristics of bubble and slurry bubble column reactors that
make them desirable is the high rate of heat transfer and mass transfer due to strong mixing and
phase interactions. A number of industrial processes carried out in bubble and slurry bubble
columns are characterized by high exothermic reactions. For instance, the Fischer-Tropsch
synthesis is a highly exothermic process with a heat of reaction in the region of -172 kJ/mol of
CO converted [1]. Therefore, proper design for the heat removal surfaces is essential to keep the
reactor at the design temperature, which in turn maintains the reaction’s integrity, catalyst

activity, and product quality in bubble and slurry bubble columns.

The prediction of the heat transfer rate and heat transfer coefficients has been addressed in
numerous studies that were conducted in two-phase and three-phase systems, and several
correlations have been proposed [2], [3], [12-15], [4-11]. However, these studies have
developed the correlations according to experimental results for the heat transfer and bubble
dynamics, which were conducted separately. Thus, the heat transfer studies have been achieved
separately from the bubble dynamics studies under different operating conditions and a
different scale setup. Wu [16] studied bubble dynamics and heat transfer separately in bubble
columns. It'can be deduced from his work that the heat transfer rate increases with bubble size,
bubble velocity, and bubble pass frequency. Kumar et al. [17] investigated the effect of bubble
pass on the instantaneous heat transfer rate in gas-liquid and gas-liquid-solid systems. They
revealed that when a single bubble is injected into liquid or liquid-solid systems, the heat
transfer rate through the bubble wake is enhanced. They found that in the wake region, which is
located a distance behind the bubble and is enhanced by increasing the bubble size, the

maximum heat transfer occurs in the upward flow. The effect of a large population of bubbles,
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which is characteristic of the real system of industrial interest remains mostly unreported.
Furthermore, studies conducted by Kagumba and Al-Dahhan [18] and Kagumba [19] together
with the critical reviews [16], [17], and [19] point at a close relation among the bubble
properties and the heat transfer rate in two-phase and three-phase systems in general and bubble

and slurry bubble columns in particular.

In this study, the mechanistic approach of Wasan and Ahluwalia [21] has been implemented
to explain the interrelation between the measured heat transfer coefficients and bubble
dynamics and to predict the heat transfer coefficients mechanistically without using fitted
parameters. A new model related to the contact time needed for the mechanistic approach has
been developed based on the bubble dynamics measured by a sophisticated 4-point fiber optical
probe, which include the local gas holdup, bubble pass frequency, bubble chord length, and
bubble axial velocity. The mechanistic analysis has been compared with measured heat transfer

coefficients using a non-invasive advanced heat transfer probe.

1.1. Reported Mechanism of Heat Transfer

Bubbles in gas-liquid and gas-liquid-solid systems induce the turbulence and mixing that in
turn significantly enhances the heat and mass transfer. Thus, the high heat transfer rate in the
bubble and slurry bubble column reactors is attributed mainly to bubble-induced turbulence
[17], [22]. Based on the experimental and theoretical studies, the heat exchange between a
flowing fluid that is adjacent to the surface and the heat transfer surface has been governed by

the theory of a film series and renewal surface [19], [21-23].

The film theory was first proposed by Nernst [24]. It has been applied to both heat and mass

transfer with some success. According to this theory, heat transferred across a unit area of the
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interface per unit time is assumed to be proportional to the temperature gradient between the
bulk fluid and the interface that would give the heat flux, q and the heat transfer coefficients, h,
which equals (k/&). This model indicates a linear relationship between the thermal diffusivity
and the heat flux. This model oversimplifies the actual conditions near a phase boundary.
Furthermore, the concept of the theory supposes that a stagnant film of a definite but unknown
thickness exists. Therefore, according to Azbel [25], this theory’s main weakness is the
introduction of a uniform film of thickness, &,. According to Fick’s second law of unsteady-
state diffusion, Ralph and Higbie [26] suggested a penetration theory where mass and heat
transfer are observed as an unsteady-state process, where the film theory has not considered the
unsteady-state phenomenon by assuming that the phenomena of heat and mass transfer occur
during the repeated contact of the gas-solid with the interface of liquid. Therefore, renewal of
the liquid elements continually replaces those interacting with the interface. Based on that, at
each contact period between the liquid element and the interface, the gradient in concentration
or temperature will be increased, and hence, mass or heat is transferred to the new element.
According to that, the contact time between the interface and small eddies is short. Therefore,
interpreting the heat and mass transfer phenomena by unsteady-state characteristics will be
more reasonable to this model. Besides, all the eddies are assumed to stay in contact with the
interface for same length of time (8), during which diffusion of matter (heat and mass) occurs
into the eddy, which for heat can be described by a one-dimension system equation [26].
Danckwerts [27] modified the penetration theory [26] and came up with the surface renewal
model in order to account for the different times of contact by different eddies that have
different sizes. Thus, the fluid elements can have a surface residence time ranging from zero to

infinity. Hence, the average heat transfer coefficients is shown in equation (1):
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h,, = /(as) pC, (1

where s is the fractional rate of surface renewal by the elements, a parameter which is not easy

to determine experimentally or theoretically.

Research conducted to study the characteristics of the liquid film both experimentally and
theoretically, suggests that a thin film lies between a solid surface and the flowing fluid over the
solid surface [28]—-[30]. Thus, predicting the heat transfer coefficients using the film theory
alone is not appropriate due to its shortcoming that was stated earlier. However, using the
penetration theory alone would not be sufficient, since different eddies have a different
distribution in the contact time. The surface renewal model would be more appropriate, but on
its own, the presence of the stagnant liquid film would not be accounted for. Thus, combining
both the surface renewal model and the film theory is the most appropriate mechanism for

estimating the heat transfer rate.

Accordingly, Wasan and Ahluwalia [21] developed a mechanistic model to predict the heat
transfer coefficients based on a mechanism where heat transfer enhancement due to bubble pass
was expressed in terms of film theory and the unsteady-state consecutive surface renewal model
(also known as the modified penetration theory). Such a mechanism suggests that there is a thin
film of uniform thickness, &, lying parallel to and covering the heat transfer surface. Due to the
bubble motion around the film, a liquid element is moved to the outer surface of the film from
the bulk. In this case, heat is transferred to the element by unsteady-state conduction during the
contact period and then washed away. A short time later, another fluid element is moved to the
same surface and the process repeats. Figure 1 illustrates the consecutive film and unsteady-

state surface renewal heat transfer mechanism from the heating source into the bulk fluid.
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Figure 1. Consecutive film and unsteady-state surface renewal mechanism modified from Wasan and

Ahluwalia (1969)

This proposed approach differs from the concepts of the combination of film-penetration
theory, where the latter recommended film theory for long contact times and penetration theory
for short contact times. In the ‘approach of Wasan and Ahluwalia [21], a uniform film (thinner
than would be predicted by film theory alone) that can be estimated by Prandtl’s boundary-layer
theory is regarded to lie adjacent to the heat transfer surface, and a mass of fluid exchanges heat
by unsteady-state conduction at the outer edge of such film. Hence, there is a dynamic change
of the temperature of the interface between the film and the fluid element. According to this
approach, Wasan and Ahluwalia [21] developed a mechanistic model to predict the heat transfer
coefficients from the heat exchanging surface to flowing gas-liquid and gas-liquid-solid

mediums as outlined below.

In such an approach, the temperature of the fresh fluid element coming from the bulk to the

outer surface of the film is assumed uniform and equal to the bulk fluid temperature, T),—, at
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time(t) = 0. By assuming no energy storage in the film, the instantaneous heat transfer rate to

the fluid mass was given as shown in equation (2):

oT
q=—k (a_Y)yzo = h(T,, — Ty=0) )

where y is the distance within the fluid mass measured from the edge of the film, and the film
maintains a uniform film thickness of &, and the heat transfer coefficients is h = k/§. This
begins with the two-dimensional unsteady-state equation for heat conduction to the fluid mass,
as shown in equation (3):

aT 0%T o0°%T

7=(5 4 59) )
Wasan and Ahluwalia [21] mechanistically obtained the equation (4) for the heat transfer

coefficients:

B 2k ké " C;_tzc / atcl @
= ——|1—eé® refc
Yo [mat,  at 6

Equation (4) can be used for modeling the instantaneous and the average heat transfer
coefficients, h,,, which depends upon the film thickness, 6, contact time, t., and the physical
properties, k and @. The model equation (4) has been used to predict the heat transfer
coefficients in two-phase and three-phase flow systems [17], [22], [23], [31]. It can give the
local heat transfer coefficients h(r) by locally having different estimated values of t. and §.
The needed film thickness, &, and the contact time, t., have been estimated by different
investigators using the few available empirical correlations as highlighted in section 1.2 and
1.3, which includes the shortcomings associated with the current model or equation used to

estimate the contact time ¢.
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1.2. Film Thickness Estimation

One of the two needed parameters in the mechanistic equation (4) is the film thickness, (&).
The film thickness accounts for the heat transfer resistance. In this work, the model of Azbel
[25] for the border diffusion layer has been used, which was modified by Kumar and Fan [32]
and Yang et al. [22] to predict the film thickness, §. According to this model, the distribution of
the diffusing matter (mass or heat) in a turbulent stream has a four-layer structure. Namely, the
diffusion sublayer 6, which is also known as the thermal boundary layer and is in contact with
the solid interface, is followed by the laminar viscous sublayer &g, then the turbulent boundary
layer, and finally the main turbulent stream. According to Azbel [25], the relation between the

diffusion sublayer and the viscous sublayer is shown in equation (5):

1/n

5=(3)""s, 5)

where v is the kinematic viscosity, and a is the thermal diffusivity. According to the
experimental data for liquid-solid interface flows, it has been found [25] that n = 3. The
thickness of the laminar viscous sublayer, §,, can be estimated by solving Prandtl’s boundary-

layer equations [33] as shown in Equations (6-7):

6u+ (')u_l_ ou 16p+ 0%u ©)
ot " Yax " Vay T pox ' Uay?

u (')v_

%3 =" )

with the boundary conditions as shown:
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where U(x,t) is considered a known unsteady-state potential flow to determine the pressure
distribution, according to Schlichting [34]. Thus, using the square dimensions of the heat flux
sensor utilized in this work as (L = 0.011 m) leads to the thickness of the laminar sublayer as

shown in equation (8):

8.68L
0 = R63/4 (8)

Hence, the film thickness is also known as the thermal boundary layer, §, which can be

estimated by combining equations (5) and (8) to give equation (9) [22], [23], [25]:

8.68L
" Re3/*Pri/3 ®
where R,,and Pr are Reynold number (UpLp;/p;), and Prandtl number (Cpl,ul/Kl),

respectively.
1.3. Reported Contact Time Estimation

Due to the limitation of the measurements and the unavailability of techniques, only a few
models for the estimation of the contact time between the liquid elements and the thin film have
been proposed. Kumar and Fan [32] assume that the absolute bubble rise velocity can be taken
as an estimate of the characteristic velocity of a fluid element near the heat transfer surface.
They obtained the absolute bubble rise velocity by following each bubble, frame by frame, in
the video recording over a certain distance. Therefore, during the heat transfer enhancement by
the bubble wake, the time available for heating by conduction before each fluid element passes
the heat transfer surface may be approximated. They assumed that all the fluid elements renew
the probe surface at the same rate, and hence there is no distribution of residence time, which is

in line with the penetration theory [26]. Thus, they proposed equation (10) to estimate the
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contact time, t., in gas-liquid (bubble columns) and gas-liquid-solid (slurry bubble columns)

systems:

te = U, (10)

where L is the vertical length of the heat flux sensor and U, is the bubble rise velocity. During
this time, unsteady heat conduction occurs and starts at a distance from the heat transfer surface,
which is equivalent to the thickness of the thin film. One of the main drawbacks of this
approach is that the video can only be used for transparent mediums and at very low superficial

gas velocity, which minimizes its applicability in systems requiring higher gas velocities.

Yang et al. [22] alongside Kumar and Fan [32] assumed that the contact time is equal to the
contact time between the bubbles and the film and used the same equation proposed by the
latter (equation 10). While using a cylindrical rod-type of the heat transfer probe, Li and

Prakash [33] assumed that the contact time, 6, can be modeled as shown in equation (11):

0, = —— (11)

where d,, is the diameter of the cylindrical probe, used horizontally, while U, is the rise
velocity of large bubbles. These approaches only provided single values for the contact time to
obtain the single averaged value of the heat transfer coefficients using the mechanistic model of
equation (4). However, in the multiphase flow systems, particularly bubble and slurry bubble
columns, populations of bubbles and their properties (velocity, size, pass frequency, specific
interfacial area, local gas hold-up) exist at a particular superficial gas velocity [18], [19], [35],
[36]. Theoretically, with a reasonable measurement approach, the distribution in the contact

time can be obtained from the above models shown in equation (11) [19]. Furthermore, as will
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be demonstrated in section 3.1, the contact time estimated by equations (10) and (11) reaches a
plateau as the superficial gas velocity increases in the deep churn turbulent flow regime, which
is not the proper trend representing the nature of the turbulent flow regime. Therefore, a
mechanistic model needs to be developed that properly describes the trend of the contact time

with superficial gas velocity in the churn turbulent flow regime.

2. Experimental Work

2.1. Experimental Set-Up

The schematic of the column used and the general features of the experimental system are
shown in Figure 2. In order to illustrate the heat transfer in a mechanistic manner based on the
discussed model above, simultaneous measurements of both the heat transfer coefficients and
bubble dynamics were conducted in a large-scale bubble column consisting of a 0.44 m inside
diameter and 3.66 m height. In all the experiments, the dynamic bed height has been maintained
constant at a level of 2.67 m (z/D = 6.0) above the gas distributor by adjusting the amount of
liquid loaded in the column. Filtered oil-free dry air was used as the gas phase while, filtered
soft water was used as the liquid phase. The superficial gas velocity varied up to 0.45 m/s,
covering partly transition and mainly the churn turbulent flow regimes. The compressed filtered

oil-free dry air was introduced continuously from the bottom of the column.
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Figure 2. Schematic diagram of the experimental system; a. Bubble column b. Gas distributor c. L-shaped

rod heat transfer probed. Both heat transfer and 4-point optical probe
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2.2. Measurements Techniques

In this study, two measurement techniques have been used to measure the heat transfer
coefficients and the bubble dynamics simultaneously. Both measurements have been achieved
by using a hybrid probe that consists of two independently fabricated probes, namely the
advanced four-point fiber optical probe and a fast response heat transfer probe. The advanced
four-point fiber optical probe has been used to measure the bubble properties which include
local gas hold up, bubble pass frequency, axial bubble velocity (upward and downward), and
the specific interfacial area, as well as the bubble chord lengths that are characteristic of bubble

sizes.

Further, the probe’s tips would affect surrounding turbulence which would introduce bubble
pass frequency. However, this would be insignificant in the intense churn turbulent flow
regime. The non-invasive fast response heat transfer probe has been used to measure the heat
flux from which the heat transfer coefficients can be estimated. Figure 3 illustrates the four-
point optical probe that is utilized in this work, initially developed by Frijlink [37] at the
Kramers laboratory in the Department of Multiscale Physics at the Technical University of
Delft in the Netherlands. Subsequently, Xue [38] and Xue et al. [39] have developed and
validated a new.data processing algorithm for two-phase system, which later, was validated in
three-phase systems by Wu [16]. In addition, Youssef and Al-Dahhan [36], and Youssef [40]
applied the four-point optical probe in bubble columns equipped with a dense internal structure.
Most recently, Kagumba [19] further validated the four-point optical probe in gas-liquid and
gas-liquid-solid systems with and without dense internals. Therefore, the same sampling time

and frequency of 138 (sec) and 40 kHz, respectively, have been used in this study. However,
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more detailed information about probe construction and principle working are available in [18],

[19], [39].

J.emm

— S

Figure 3. Configurations of the four-point optical probe (a) Optical probe tips (b) Side view of the four-point

probe tip (¢) TEM image of the finished tip, (d) Top view of four points probe tips

The other probe is a fast-response heat transfer coefficients probe (L-shaped type) as
shown in Figure 2 c, a modified version of the heat transfer probe initially proposed by Li and
Prakash [31]. The instantaneous heat flux was measured by utilizing a micro-foil heat flux
sensor (11 mm'x 11 mm x 0.08 mm) from RdF Corporation (No. 20453-1). The micro-foil
heat flux sensor was flush-mounted on the outer surface of a hollow brass cylinder to make
the measurement a non-invasive one. The micro-foil sensor has both the heat flux sensor and
the micro-thermocouple. Thus, the micro-foil sensor can simultaneously measure both the
local instantaneous heat flux from the probe to the bulk fluid and the instantaneous surface
temperature of the probe. A small cylindrical cartridge heater (Chromalox, model number
CIR-1012) was installed inside the hollow brass cylinder. The AC power that is supplied to

the cartridge heater was varied to regulate the supplied power in the range of 0 to 50 V. To
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complete the heat transfer probe assembly, the tube and fittings were separated by Teflon,
which reduces the heat loss transferred from the heater to the connections. Two additional T-
type thermocouples were installed in the column to measure the bulk fluid temperature. The
measured signals of the heat flux, in the range of microvolts, need to be amplified before
being sent to the data acquisition (DAQ) system. Abdulmohsin and Al-Dahhan [41]
investigated the effect of the presence of internals on the heat transfer coefficients in bubble
column reactor of a 0.19 m inside diameter and 2 m height, using the fast heat transfer probe
technique. An air-water system was utilized with superficial gas velocity varying from Ug=
0.03 to 0.2 m/s. They collected the measurement data of heat transfer coefficients with
sampling at 50 Hz and 40 seconds of sampling time. Accordingly, in this work, the heat flux
signals after was amplified together with the signals from the thermocouples were sampled at
50 Hz. While, the sampling time of collection data was tested by drawing the heat transfer
coefficients as a function for different sampling times as shown in Figure 4. Therefore, Figure
4 revealed that no significant variation for the heat transfer coefficients after sampling time =
45 seconds. Hence, all measurements were conducted with sampling time = 90 seconds. Since
this work studied the local time-averaged heat transfer coefficients in the fully developed
region, the thermocouples were installed close to the heat transfer probe, about 0.1 m. in axial
distance both above and below the probe. Is worth to mention, the experiment started to
collect the heat transfer coefficients measurements after the difference between the
temperature of bulk and the temperature of probe surface reached a steady state, which
indicates that the thermal and the hydrodynamics properties being stable in the bubble column
reactor. Furthermore, data obtained for the heat transfer coefficients, and the bubble dynamics

have been exhibited in this work with the error bar, which represents the three replications of
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measurements. However, more information about the procedure of the experimental method
that relates to the fast heat transfer coefficients and the four-point optical probe is available in

Kagumba and Al-dahhan [18], and Kagumba [19].
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Figure 4. The stability of heat transfer coefficients with sampling time of the collecting data

Figure 5 shows the schematic of the heat transfer probe. The averaged values of the
temperatures obtained by these thermocouples were representative of and used as the bulk
temperature. Both probes (consisting of the heat transfer probe and the four-point optical probe)
were mounted in the fully developed flow region at level Z = 1.38 m (i.e., Z/D = 3.1) of the
columns for all the measurements, and this level above the gas distributor was chosen since it
represents a fully developed flow region where the bubble properties remain nearly unchanged,
with the optical probe mounted just off the surface of the heat flux sensor. Only one axial
location, in the fully developed flow region, was used for all the measurements since there is a

negligible variation on the bubble properties within this flow region [38]. Both probes were
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fabricated in the Multiphase Flow and Multiphase Reactor Engineering and Application
Laboratory (mFReal) at in Missouri University of Science and Technology. This combination
enables the simultaneous capture of the bubble dynamics with the heat flux in the same vicinity.
The local measurements by the probe were taken at seven dimensionless radial positions (/R (-)
= 0.0, £ 0.3, £ 0.6, £ 0.9) and in some cases nine positions, including + 0.5. Since there was
axis-symmetry, only results in one half (+1/R) have been reported. Three to five test runs were

performed at each condition, and the average values were reported.

Brass tube Heater

Heater/Sensor wires
/ Smm / —

;'r L

bi

e
VNN

L
Teflom cap
Teflon \__Heat fhx

Connector RS

1143mm

Figure 5. Heat transfer probe assembly: Schematic of the heat flux sensor and heater

According to Li and Prakash [33], to estimate the instantaneous heat flux and instantaneous
heat transfer coefficients measured by the sensor, equation (12) has been employed, derived for
liquid film heat transfer coefficients. From this equation, the instantaneous heat transfer
coefficients could be determined by the measurement of heat flux per unit area and the
difference between surface temperature and the average temperatures of the bulk fluid medium

ata given time.

hi = — (12)
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where h; is the instantaneous local heat transfer coefficients, g; is the instantaneous heat flux

per unit area across the sensor, T, is the instantaneous bulk temperature of the fluid media, and
T, is the instantaneous temperature of the probe surface. Likewise, the time-averaged heat

transfer coefficients h,, was estimated at a given location by averaging the instantaneous heat

transfer data collected after every 90s by equation (13):

13
P Z (TSL y (13)
2.3. Development of New Mechanistic Model for The Contact Time

In this section, the needed contact time, t., that properly represents the characteristic of the
churn turbulent flow regime is developed, and the parameters related to it are examined. In this
work, the distribution in the contact time, boundary layer estimation and heat transfer
coefficients estimations using equation (4) is assessed by using the newly developed approach
in estimating the contact time. In the measurements of the local gas hold-up, a number of
studies have been done by fiber optical probes. Schweitzer et al. [42] used two point optical
fibers to measure local gas hold-up in fluidized beds and slurry bubble columns, demonstrating
that the optical probe spends different amount of time in the gas phase than it does in the liquid
and pseudo-slurry phase. Detailed experimental studies [16], [35], [36] have shown that the
optical probe stays different times in the liquid as it does in the gas bubbles. Moreover, the
quantities of the heat transfer coefficients and bubble dynamics vary along the diameter or
radial and the height of the column of gas-liquid or gas-liquid-solid (containment of the gas-

liquid and gas-liquid-solid systems).
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Accordingly, the local gas holdup is defined as a volume fraction occupied by the gas phase

within a certain volume of interest within the mixture [38], [42] as shown in equation (14):

Vg,local

Eg,local = % (14)

giocal T Vijocal

This same definition can be extended to local gas hold-up for the pseudo-slurry mixture as
well. By appealing the ergodic hypothesis, which states that “the ensemble average is
equivalent to the time average,” the spatially (volume) averaged local hold-up can be replaced
by its equivalent time-averaged local hold-up, which is the ratio of the time bubbles passing
through a unit volume to the sampling time. In the current study, the gas hold-up can be defined
alternatively, like the time the probe tip spends in the gas bubbles to the sampling period. Thus,

the local gas holdup could be expressed by equation (15):

tg

9T L+ (15)

where g4, tg, and t; are the local gas hold-up, the time that the fiber probe tip spends in the
bubble (gas phase) and the time that the probe spends in the liquid phase, respectively, during a
sampling time 7. Over sampling time 7, N bubbles hit the fiber probe tip. The average time

spent by the probe tip inside a bubble, £, is given by equation (16):

tg =€—gT (16)
9 N

Similarly, the average time the probe spends in the liquid element £; is shown in equation (17):

L =—1 17

where ¢ is the local liquid hold-up in equation (18)
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g=1-¢ (18)
Substituting Equations (16) and (18) into Equation (17) gives the contact time between the thin

film and the liquid element as shown in equation (19):

_ 1-
tl = tC = (1 — gg)% = ( N/ig) = NE/IT (19)

It is worth noting that /N is the inverse bubble pass frequency v~! over the optical probe
fibers tip, and hence, over the heat transfer probe surface, since the optical probe tips are
mounted just off the heat flux sensor. This approach indeed illustrates that the contact time is a
function completely administrated by the local liquid-holdup or local gas hold-up as
&g = (1 - sg) and bubble pass frequency. Consequently, the alteration of the heat transfer
coefficients with the contact time occurs via the bubble pass frequency and the local phase
hold-ups that are determined by the bubble velocity, bubble sizes and the gas-liquid specific
interfacial area. It is therefore possible to obtain the mean local contact time by the hybrid
measurements, local gas hold-up and local bubble pass frequency. Further, the bubble
frequency can be misleading since it is an oversimplification for a highly poly-disperse bubbly
flow. However, the four-point optical probe was validated in different flow regimes (bubbly,
transition, and churn turbulent flow), in particular, using the sampling time equal to 138 (sec).

Therefore, the effect of poly-disperse in the bubbly flow regime would be insignificant.

Using equations (9) for film thickness and (19) for contact time, the predicted heat transfer
coefficients can be obtained via the mechanistic equation (4). It is also possible that rather than
calculating only single values for the mean, a distribution of the heat transfer coefficients can

also be obtained.

3. Results and Discussion

Page 20 of 49



3.1. Contact Time

Figure 6 shows the radial profiles of the contact time, which is calculated by using equation
(19), obtained from the measured bubble properties in the 18-inch diameter bubble column at
different superficial gas velocities. As indicated in the above previous section, the contact time
is estimated in this work from the bubble pass frequency and the local gas hold-up, both of
which are interrelated to the bubble sizes and bubble velocity. From Figure 7, it can be seen that
the contact time slope increases continuously towards the column wall, yielding much like
parabolic profiles similar to the measured heat transfer coefficients and the reported bubble
velocity, frequency, local hold-up, and specific interfacial area. This is an indication that the
contact time determines the heat transfer rate as it depends on these bubble properties. Close to
the wall, higher contact times are estimated due to lower bubble pass frequency and low gas
hold-up. The low gas hold-up and low bubble pass frequency lead to a lower rate of the heat
transfer surface renewal, which is an indication that bubble properties affect contact time that in

turn affects the heat transfer coefficients.
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Figure 6. Effect of superficial gas velocity on the radial profiles of contact time in the 18-inch diameter bubble

column

Figure 7 shows a comparison of the contact time for some of the reported methods in the
literature. In this work, to obtain the contact time values predicted by the models of Li and
Prakash [33] and Kumar and Fan [32], the length L of the heat flux sensor and the diameter of
the heat transfer probe are utilized, while the bubble rise velocity measured by the four-point
optical probe is used. As noted earlier on, at superficial gas velocities beyond 0.15 m/s, the
bubble velocity does not change significantly. Thus, the two models give relatively close values
to each other and remain nearly constant at 0.2 m/s or more. Since the length of the heat flux
and probe diameter are fixed, the only determinant of the contact time becomes the bubble
velocity. This represents a clear shortcoming of such an approach in estimating the contact time
because the contact time is expected to vary (decrease) with increased superficial gas velocity,
while the mixing and circulation are enhanced. On the other hand, the proposed model of this

work predicts lower contact times at a higher range of superficial gas velocities than those of
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the other two models [23], [33]. This difference can be attributed to the proposed model being
able to capture the change in contact time due to enhanced mixing and recirculation along with
bubble coalescence and breakage. A further increase in the local gas hold-up and bubble pass
frequency with superficial gas velocity is also reflected. It should be noted that in the previous
models, the bubble rise velocities of large bubbles were obtained by considering only the
velocity of bubbles whose chord lengths are larger than the mean bubble chord length at a

particular superficial gas velocity.
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Figure 7. Contact time comparison with the reported models for the air-water system in the literature at the

column center, r/R (-) = 0.0

The distribution of estimated contact time is illustrated in Figure 8 for an 18-inch bubble
column at r/R (-) = 0 at two superficial gas velocities. The significantly small variances point to
the fact that there is little spread in the local gas hold-up and bubble pass frequency at the point
of measurements, and thus there is a narrow contact time distribution. However, relatively

widespread contact time is observed at a higher superficial gas velocity. That is because, at a
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higher superficial gas velocity, both the population of larger and smaller bubbles are produced
relative to lower superficial gas velocity. Thus, it is expected that the heat transfer coefficients
variation due to variation in contact time, has a wider spread at a higher superficial gas velocity.
The proposed contact time model, equation (19), is simple but requires both the measurements

of bubble pass frequency and local gas hold-up.
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Figure 8. Distribution of the predicted contact time at r/R (-) = 0.0 (a) at Ug =0.08 m/s (b) at U g= 0.2 m/s
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3.2. Film Thickness

Figure 9 illustrates the radial profiles of the estimated film thickness in the 18-inch bubble
column using equation (9) and is based on the bubble properties measured by both
measurement techniques. Even though the maximum film thickness is obtained close to the
column wall just like the contact time with the minimum value at the column center, radial
profiles are not necessarily similar. Increasing U, from 0.08 m/s to 0.45 m/s leads to a decrease
the film thickness by ~ 21 % and 9 % at the column center and wall region, respectively, with
an average decrease of 15 %. At the lower superficial gas velocity (0.08 m/s), the wall region is
also noted to have up to twice the film thickness at the column center and up to 2.4 times the
film thickness at a higher superficial gas velocity Uy=0.45 m/s. These variations can be
attributed to a higher local axial bubble velocity and liquid velocity and hence more intensity of
mixing, which gives rise to smaller values at the column center and at a higher superficial gas

velocity.

Figure 10 shows a parity plot for film thickness that is evaluated by using equation (9) and

other correlations as used in literature [22], [23], which were as follows in equation (20):

6.14 L
6 = Re3/4py1/3 (20)

They both defined Reynolds number and Prandtl’s number, respectively, as Re = UpLp;/1;
and Pr = C,u;/K; with L being the vertical length of the heat transfer probe and U,, the bubble

rise velocity. Kumar and Fan [32] used an equation similar to equation (20) in equation (21):

s __125d,
~ Rey/*priss @b
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where d,, is the probe diameter and Re,, is the Reynolds number based on the diameter of the
probe with U, , being the bubble rise velocity of large bubbles and defined as Re, =
Up,dppi/py, with Prandtel’s number defined as Pr = Cpu;/K;. To obtain the bubble rise
velocity of large bubbles, only the upward bubble velocity of the bubbles whose chord lengths
were larger than the mean chord lengths were used. It is apparent that the differences between
the predictions are due largely to the Reynolds numbers. The difference between the estimated
film thickness and the correlations of Yang et al. [22], Li and Prakash [33], and Kumar and Fan
[32] predictions are represented in terms of the average absolute relative difference (AARD)

and the absolute relative difference (ARD), which are defined as follows in equations (22-23):

N
AARD = lz 6estimated y 5othercorr 22)
N — 6esrimated
=1
ARD = Oestimated — Oothercorr 23)
6estimated

It was determined that the film thickness that was predicted by other correlations [22], [23],
[33] and those estimated in the current work, represented in equation (9), lie close to each

other with an AARD of 15 %.
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Figure 9. Effect of superficial gas velocity on radial profiles of estimated film thickness in an 18- inch bubble

column
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At any given superficial gas velocity, different sizes of bubbles are formed that move at

different velocities. Hence, there is a distribution in the bubble velocities and bubble sizes,

which are characterized by the bubble chord lengths. The distribution plots of the axial bubble

velocity are provided elsewhere in Kagumba [19]. In equation (9), the Reynolds number is a

function of both axial bubble velocity and bubble chord lengths, which have distributions. Thus,

a distribution of estimated film thickness is obtained and shown in Figure 11: A near statistical

similarity is observed in the distributions with little difference in variance. As expected, a

smaller film thickness is obtained at Ug = 0.2 m/s than at Uy= 0.08 m/s.
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Figure 11. Distribution of the estimated boundary layer thickness in the 18-inch bubble column at r/R (-) =

0.0 (a) at U, = 0.08 m/s (b) at U, = 0.2 m/s

3.3. Heat Transfer Coefficients

The effect of superficial gas velocity on the radial profiles of the predicted heat transfer
coefficients is presented in this section. Figure 12 compares the time-averaged instantaneous
heat transfer data estimated by equation (4) at different radial locations from the center to the
column wall for-an air-water system for the superficial gas velocity U, of 0.08 m/s, 0.2 m/s, and
0.45 m/s. It is observed that steepness of the radial profiles with superficial gas velocity
increases from a low superficial gas velocity to a higher superficial gas velocity. For instance, at

U

g =0.08 m/s the radial profile has an average steepness of 1.2 towards the column wall, and

this increases to 2.0 at U; = 0.2 m/s and 2.4 at U, = 0.45 m/s. Higher values are thus predicted
at the center, which could be attributed to higher local turbulence generated by higher wake
intensity due to, higher gas hold-up and bubble frequency, lower film thickness, and faster-

moving bubbles in the central region of the column. Furthermore, it has been demonstrated that
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large bubbles move towards the column center with higher velocity while smaller bubbles move
closer to the wall region downwards at a lower velocity. It has also been demonstrated that the
bubble pass frequency and gas hold-up are much higher at the column’s center. This higher
bubble frequency and hold up leads to shorter contact times and thinner films on the heat

transfer surface thus enhancing the rate of renewal of the heat transfer surface.
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.
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Figure 12. Effect of superficial gas velocity on radial profiles of predicted heat transfer coefficients in 18-inch

bubble column

It is worth noting at this point that there are several studies reported in the literature about
the parabolic profiles of the gas holding up as well as liquid velocity [41-46]. The parabolic
shape of radial heat transfer profiles is generally similar to the radial profiles of gas hold-up and
liquid velocity reported in literature studies, but it should be noted. However, that heat transfer
is affected by both liquid velocity and turbulence generated by bubbles among other bubble
properties. Hence, a direct comparison with gas hold-up, liquid velocity or any other bubble

property profiles is not appropriate and may be misleading. However, the general trend
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indicates that the wall region is relatively free of large bubbles or a faster moving chain of
bubbles. Indeed, the measured bubble diameter is smaller near the wall region and larger in the
center. The smaller diameter bubbles near the wall would have smaller wakes associated with

them, resulting in a lower local heat transfer coefficients.

Figure 13 shows a comparison between the mean predicted heat transfer. coefficients,
modeled in equation (4), and the heat transfer coefficients that is measured. The predicted heat
transfer coefficients were obtained based on the bubble properties measured at the same time as
the measurements of the heat transfer coefficients using a fast response heat transfer probe. At
0.08 m/s, the predicted heat transfer coefficients shown in Figure 13 are 7.3 % and 6.1 % higher
than measured at the column center region (r/R<0.3) and at the column wall region (/R > 0.6),
respectively. These differences increase further with superficial gas velocity. At 0.45 m/s, an
increase of 11.3 % and 9 % is noted. At the column center and higher superficial gas velocity,
much shorter contact times are estimated by the new model. At such short contact times, shorter
than the response time of the heat flux probe, the heat transfer wake-enhanced phenomenon
cannot be captured by the heat transfer probe. At the column wall region, relatively longer
contact times are estimated. Nevertheless, the estimated heat transfer coefficients still falls

within 12 % of the measured coefficients.
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Figure 13. Comparison of the predicted heat transfer coefficients shown in equation (4) with the measured

heat transfer coefficients values in an 18-inch bubble column

Figure 14 shows the predictions of the proposed model compared against the experimental
data of the measured heat transfer coefficients using the fast response heat transfer probe
developed and utilized in this:work for a wide range of operating conditions. The necessary
model parameters are obtained from the hybrid technique measurement results. Figure 14
demonstrates that the model over-predicts the heat transfer coefficients and this would be due to
the estimation of the film thickness and the contact time and how the contact time would impact
the actual values of the film thickness. Thus, sensitivity analysis is recommended to quantify
such impact. However, to further assess the performance of the correlation model predictions
statistically, the average absolute relative error (AARE) has been used and is calculated as

follows in equation (24):

N

1 h
AARE = —Z
N

i=1

w,predicted ~ hw,experimental

(24)

hw,experimental
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A very good agreement, within 13 %, was found between the predicted and the

experimental values of the heat transfer coefficients, even though the model overpredicts the

heat transfer coefficients at all the evaluated conditions. One of the main reasons why the

proposed model overpredicts the heat transfer coefficients is that the new approach of

estimating the contact time, as shown in equation (19), predicts up to very low values of contact

time. In fact, at 0.2 m/s in an 18-inch column, the estimated contact time is 0.006, which is

almost an order of magnitude less than the response time of the heat flux and temperature

Sensor.
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Figure 14. A parity plot of the predicted heat transfer coefficients by equation (4) vs. the measured heat

transfer coefficients values in the bubble columns at the same operating conditions

3.4. Heat Transfer Coefficients and Bubble Dynamics Distribution

The reported heat transfer coefficients in the open literature shows the average values only.

However, in an industrial system at the same superficial gas flow rate, the values vary

significantly over time. With distributions in the measured bubble properties as well as in both
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the contact time and film thickness, it is, therefore, possible that a distribution of the predicted
heat transfer coefficients can be obtained. The simulated distribution was extracted from
experimental data collected for 90 seconds. In Figure 15 (a and b) it is demonstrated that there
is distribution of the heat transfer coefficients both at 0.08 m/s and at 0.2 m/s, respectively. In
fact, a wider distribution in the heat transfer coefficients is reported at a higher superficial gas

velocity than at a lower superficial gas velocity.
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Figure 15. Histogram of the probability distribution of predicted heat transfer coefficients at r/R (-) = 0.0 (a)

U, = 0.08 m/s (b) Uy = 0.2 m/s

Figure 16 (a-b) and Figure 17 (a-b) show the histogram for the probability density function
(pdf) distribution of bubble chord lengths and axial bubble velocity, respectively, at 0.08 m/s
and 0.2 m/s. At a higher superficial gas velocity, there is growth in the population of both large
and small bubbles, hence a wider spread of the bubble sizes (chord lengths). The different sizes
of bubbles move at different velocities that create different intensities of the heat transfer
surface renewal rate. It should also be pointed out that some of the smaller bubbles are
entrained and dragged in the wake of larger ones and move at nearly the same velocity as that
of the large bubbles. The mean of the distribution of the heat transfer coefficients was found to

be 1.8 % and 3.1 % higher than the predicted average at U; = 0.08 m/s and 0.2 m/s,

respectively.
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Figure 16. Histogram of the probability density function (pdf) distribution of bubble chord lengths r/R (-) =

0.0(a) U, =0.08 m/s (b) Uy = 0.2 m/s
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4. Conclusions

1.

For the first time, a combined probe, which consists of a fast-response heat transfer
coefficients probe and an advanced four-point optical probe, was used for simultaneously
measuring the heat transfer coefficients and the bubble properties, respectively, to develop a
new mechanistic model has been proposed based on local bubble properties and has been
used to estimate the contact time needed for the mechanistic model of heat transfer
coefficients prediction and successfully implemented in the estimation of heat transfer.

The mechanistic analysis shows that the contact time between the thin film and the liquid
element is a function of the local phase hold-up and bubble pass frequency, all of which are
dependent on other bubble properties such as the specific interfacial area, bubble sizes, and
bubble velocity.

The heat transfer coefficients significantly depended on both the distribution of bubble
velocity and the bubble properties, including local gas holdup and bubble frequency on the

heating surface.
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4. The variation of the local time-averaged heat transfer coefficients with the contact time
occurs via the bubble pass frequency and the local phase hold-ups. Hence, it has been
shown that with a proper model of the contact time estimation, the mechanistic model of the
heat transfer coefficients that is obtained using a continuous film and unsteady state surface
renewal mechanistic approach can accurately predict the heat transfer coefficients without
fitting parameters from the solid surface (probe surface) to the flowing gas and liquid.

5. The proposed model could be implemented by the numerical methods, particularly, CFD
simulation to calculate the heat transfer coefficients as well as by coupling the proposed

model with the population balance model (PBM).
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Nomenclature

(AARD) = Average absolute relative difference

(ARD) = Absolute relative difference

Up,axiar = Axial bubble velocity (cm/s)

Up,. = Rise velocity of large bubble (cm/s)

U, = Bubble rise velocity (cm/s)
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Uy = Superficial gas velocity (m/s)
Vg,10cat = Local gas phase volume (cm?)
Vi 10car = Local liquid phase volume (cm?)

N = Total number of bubbles (riser and comedown) in equations 16 and 19, and a number of

sample in equations 13, 22, and 24.

g, €g,1ocar = Local gas holdup (volume fraction)

L = Vertical length of heat sensor (m)

T,, = Wall temperature (K)

Ty , T, = Bulk temperature (K)

T,; = Instantaneous bulk temperature (K)

T,; = Instantaneous temperature of the probe surface (K)

q; = Instantaneous heat flux per unit area

t¢, 6. = Contact time (sec)

ty = The time that the fiber probe tip spends in one bubble (sec)

tg = Average time that the fiber probe tip spends in gas phase (bubble) (sec)
t; = the time that the fiber probe tip spends in liquid phase (sec)

t; = Average time that the fiber probe tip spends in liquid phase (sec)

T = Total sampling time (sec)
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h; = Instantaneous heat transfer coefficients (kW/mz.K)

h = Heat transfer coefficients (KW/m?>K)

h,, = Average heat transfer coefficients (kW/mZ.K)
[, = Bubble chord length (m)

p; = Liquid density (kg/m3)

p = Liquid density (kg/m?)

K; = Liquid thermal conductivity (W/m.K)

w; = Liquid viscosity (cp)

Cp; = Specific heat capacity of the liquid (J/kg.K)

k = Thermal conductivity (W/m.K)

o = Thermal diffusivity of the liquid and slurry (cm*/s)

s = Fraction rate of surface renewal
d,, = Heat transfer probe diameter (m)
v = Liquid kinematic viscosity (cm*/s)
0y = Laminar viscous sublayer (m)

& = Thermal boundary layer (m)

6, = Uniform film thickness (m)

Re = Reynolds number (U, Lp;/1;)
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ACCEPTED MANUSCRIPT

Re, = Reynolds number (Ub,Ldppl / ul)

Pr = Prandtl number (szliz /K))

6 = Time duration (sec) &
i = Time series (sec) \2

PBM = Population Balance Model O
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