Part-A: Flow System

Purpose

The aim of this experimental study is to provide better understand-
ing of the hydrodynamic and mixing properties. Though many studies have
been reported in bubble column, most of the studies have been carried out in
batch bubble columns. Also, the relative ranges of the parameters studied
(e.qg. Uy < 10.0 em/s, u <3.0-4.0 cm/s) were small. It has been proposed
to study the gas holdup as an indicator of the hydrodynamic behavior, and
heat dispersion coefficient és an indicator of the mixing behavior. A
1arge.number of correlations for both of these properties have been re-
ported in the literature, and have been compiled together by Shahlet al.

('|981)..I However, a large scatter in the reported data does not allow a




a single correlation. The large scatter is mainly due to the extreme
sensitivity of both of these parameters to the material system, and to the
trace impurities, which is not well understood.

The ranges of the parameters to be studied have been qiven in Table
1. It has been proposed to change the viscosity by using water soluble
polymer solutions. The reasons for using polymer solutions are: 1) very
small quantity of polymer is needed to change the viscosity significantly
without changing other physical properties of water, and 2) polymer
solutions show non-Newtonian behavior, so the values of holdup and disper-
sion coefficients can be compared with the Newtonian liquids having the
same apparent viscosity.

For changing the surface tension, propanol and higher alcohols have
been proposed to use. The advantage of using high alcohols is that very small

quantities are needed for changing the surface tension significantly.

TABLE 1
RANGES OF THE PARAMETERS

Parameter Range
Superficial gas velocity, cm/s 1.0-30.0
Superficial 1liquid velocity, cm/s 0.0-15.0
Viscosity, cp 1.0-20.0
Surface tension, dynes/cm 45.0-70.0




Experimental Setup

The schematic diagram of the experimental setup is shown in Figure 1.
The experiments have been carried out in a 15.2 c¢cm diameter x 305.0 cm height,
vertical, cocurrent bubble column. The column has four major sections:

1) Conical bottom section for the gas inlet and distribution

2) 30.0 cm tall calming section packed with Raschig rings for
mixing of gas and slurry

3) Main test section below the heater

4) Heating coil at the top

Two distributor plates, one between test section and calming section
and the other between calming section and conical bottom section, are used
to ensure uniform flow at the bottom of the test section. Four pressure taps
have been used to measure the pressure along the length of the coiumn. To
ensure that all the connecting lines are filled with water, a backflushing
system is used.

For heat tracer experiments, eleven iron-constantan thermocouples,
Tocated 30.0 cm apart from each other along the Tength of the column are
used. Al1 thermocouples are connected to a single digital readout device.

A shell and tube heat exchanger is located in the outlet line of the column
to cool the heated 1iquid to the desired inlet temperature during the steady
state heat tracer experiments. A steam heated coil is used to provide

about 74 kilowatt heat into the flowing liquid system.

Gas and liquid flow rates are measured by a rotameter and an ultra-
sonic device respectively. To ensure that the gas pressure is kept constant,
a pressure reguiator is attached before the rotameter. Al1 the experiments
are carried out in a continuous and steady state manner. Column is insu-
lated with fiberglass insulation material to prevent heat losses during the

experiments with heat input.
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DEFINITIONS FOR FIGURE 1
Agitator
Ball Valves
Backflushing System
Condensate
Conical Bottom Section
Calming Section
Cooling Water Inlet and Outlet
Distributor Plates
Pressure Gauges
Shell and Tube Heat Exchanger 1" 0D SS tubes on the
tube (slurry side) Heat transfer area 25 ft2
14" 0D, 6 ft long Black iron shell side (cooling
water)
2" 0D, Schedule 80, PVC pipes
Manometers
Galigher Horizontal Centrifugal Pump
Pressure Taps
Reservoir (550 liter, plastic)
Gas Rotameter
Steam Inlet
Sampling Taps
Main Test Section

Transducer and Flow Indicator (ultrasonic)

Thermocouple Holes



Analysis of Raw Data

The mamometric readings are converted to absolute
pressures by a simple hydrostatic head technique. Pressures are observed
to be linear with respect to height. This proves that the frictional pres-
sure drop is negligible and there is no local variation of the holdup. The

final form of the equation can be written as

:
Wlyemo (1)

where HH is the hydrostatic head, at any height and HHIVG=0 is the hydro-
static head at zero gas velocity.

The measured temperatures along the length of the column are cor-
related with the help of axial dispersion model. The assumptions made during

this analysis are listed somewhere else.2 The final equation can be written

as,
dt . 4T
NI (2)
dz
where
A =07 CpieL
B=r Y Clp

Different boundary conditions have been tried, with approximately the same

results. Final boundary conditions are,
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The analytical solution results in the following relationship,

v
T-T exP[b'%“ (z-29)]1
c _ L°L 4
TTe v p (4)
exp[—— (Z,-2.)] -1
p[bLeL ( H cz]

The value of DL js optimized from the given data, with the help of com-

puter.
The calculated dispersion coefficient data are found to be inde-

pendent of the heat input to the system.

Results and Discussion

So far four different systems have been studied, whose physical
properties are shown in Table 2. In Tables 3 to 6,.the gas holdup values
obtained in this study are compared with those obtained from the correla-
tions of Akita and Yoshida (1973),(3) and Hikita et a1. (1980).(%) 1n
Tables 7 to 10, the values of heat dispersion coefficients obtained in this
study are tabulated, and compared with those obtained from the correlations
of Deckwer et al. (1974),(5) Baird and Rice (1975),(6) Joshi (1980),(")
and Field and Davidson (1980). (&)

Effect of Viscosity: Effect of viscosity has been studied with the help of

water soluble CMC polymer (carboxy methyl cellulose) solutions. Two dif-
ferent concentrations are prepared and their consistency index is calculated
with the help of Brookfield viscometer. It is observed that the consistency
index was close to 1, and the apparent viscosity did not change signifi-
cantly with shear rate. The gas holdup is plotted against superficial

gas velocity for 50 ppm CMC solution (Fig. 2). As can be seen, the



TABLE 2
PHYSICAL PROPERTIES OF THE LIQUIDS

System Viscosity Density Surface Tension
kg-m/sec kg/m Nt/m
50 ppm CMC 0.002 1000.0 0.0695
1000 ppm CMC 0.0076 1000.1 0.068
0.5% propanol 0.001 1000.0 0.0641
1.0% propanol 0.001 1000.0 0.0579

holdup for zero liquid velocity is significantly different from the ones
fr other 1iquid velocities. For non-zero liquid velocities, the aas holdup
is independent of liquid velocity. Figure 3 compares the data for 50 ppm,
with those obtained from Akita and Yoshida (1973)(3) and Hikita et al.
(1980)(4) correlations. The experimental values are consistently higher
than both of these correlations. This is in agreement with the observations
made by Nishikawa et al. (1977).(9) The data for 1000 ppm CMC solution are
compared with those of air-water and 50 ppm CMC solution in Figure 4. Both
the CMC solutions show higher values of gas holdup than air-water. It is
believed that, CMC solutions show maximum with respect to the gas holdup

as a function of apparent viscosity. Though more data are needed to reach
the conclusion, Bucholtz et al. (1978)(10) observed similar maximum in New-
tonian (glycerol) medium near the viscosity of 2 cP.

For 50 ppm CMC solution, the heat dispersion coefficient as a function
of gas velocity is piotted in Figure 5. Considerable scatterina is observed,
probably due to the temperature averagina technique which is employed in
measuring the temperatures. The dispersion coefficients for CMC solutions

are compared with air-water values (Fiqure 6), surprisinaly it is found

that the values are higher than the air-water data. This is believed to be



due to the effect of irregular bubble shape and stream formation which are

observed by Shumpe and Deckwer (1980)(]1) in the CMC solutions.

Effect of Surface Tension: Effect of surface tension is studied by using

two different Concentrations of propanol. The results for both the gaas hold-
up and the dispersion coefficients are surprising. The gas holdup for 0,5%
propanol, as a function of gas velocity is plotted in Fiqure 7. The liquid
velocity has clear effect on the holdup values, though the effect becomes
insignificant at higher liquid velocities. When the experimental values of
gas holdup for 1.0% propanol are compared with Akita and Yoshida (1973) and
Hikita et al. (1980) correlations, it is found that the experimental values
are considerably higher than air-water data (Figure 8) and those predicted

by the correlations. This can be explained on the basis of drift flux theory.
When drift flux is plotted as a function of gas holdup (Figure 9) all fne
data are found to fall below the bubbly regime 1ine (Equation of that line

is drift flux (m/s) = .18 €g m/s). When the same experiments are carried
out in 30 cm diameter bubble column, it is observed that very tiny bubbles
are formed with uniform distribution. Also the system showed some foaming
characteristics.

When the dispersion coefficients are plotted as a function of
superficial gas velocity, for 1.0% propanol solution, negligible (almost
zero) values of dispersion coefficients are observed at low gas velocities
(<5.0 em/s) but as the gas velocity is increased further, tremendous
increase indspersion coefficient with significant scattering is noted
(Figure 10). When the overall value of dispersion coefficient (product
of dispersion coefficient and 1iquid holdup) is plotted as a function of
gas velocity (Figure 11) two distinct regions are observed.

This can be qualitatively explained on the basis that, at low gas

velocity, due to the dynamic surface tension effect (C3H7-chain is attached
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to air bubble while -OH molecules are attracted towards water) the air
bubbie carries significant amounts of liquid with it. Therefore, the
whole medium behaves as a pseudo-homogeneous single phase system, but as
the gas velocity is further ihcreased, the 1iquid which is being carried
by bubbles becomes unstable, and the medium no Tonger remains homogeneous,
and liquid is no longer being carried out throughout the length of the
column, and the recirculation starts. Similar observations are noted when
the experiments are carried out in 30 cm diameter column. Further studies

are needed to prove this qualitative explanation.

Part B: Batch Bubble Column

Purpose
The main emphasis of the proposed study in this part is to under-

stand the hydrodynamics and mass transfer occurring in nonagueous systems in
batch bubble columns. Most of the studies reported in the literature are
carried out for air-water systems. It is planned to study the gas holdup,
volumetric mass transfer coefficient and interfacial area in a batch bubble
column, Disengagement techniques coupled with a photographic method for
bubble size determination and sulfite oxidation method for interfacial area
determination will be used to get the contribution of large and small bubbles
to the actual interacial area or conversion. This will also give the rise
velocities and gas holdup for the individual bubble classes. The volumetric
mass transfer coefficient will be measured by recording the profile of oxyaen
physically absorbed in the liquid phase. The critical velocity required to
completely suspend the solids will be determined by following the variation
in pressure drop along the length of the column. Table 11 gives a 1ist of
liquids, solids and ranges of the parameters to be studied in future experi-

ments.
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The aqueous solutions of certain polymers have a non-Newtonian
rheology and they will be studied in comparsion with Newtonian nonaqueous
systems having the same viscosity. Aqueous solutions of alcohols will be
used to study the effect of surface tension on the hydrodynamic parameters.
Certain alcohol solutions (e.g. propanol) have a tendency to foam and the
foaming can actually be observed in this glass bubble column. An attempt
will be made to cover as much wide range of viscosities and surface ten-

sions as possible.

TABLE N

Types of Liquids-
non-Mewtonian

. Dilute polymer solutions (CMC)
2. Polyethylene glycol solutions

Newtonian

1. Glycerine in water solutions
Sugar solutions
n-propanol solutions

Types of Solids

Glass beads or crushed glass

1.
2. Coal
3. Alumina
4. Silica
5. Metal beads or powders

Ranges of Parameters
Liquid viscosity: 1-200 cP
Liquid surface tension: 45-72 dynes/cm
Superficial gas velocity: ' 0-30 cm/sec
Particle size: 5-5000 microns
Solid specific gravity: 1.2-5.0
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TABLE 12

CMC So.. +ions
wt% Viscosity {cp) Surface Tension (dynes/cm)
0.15 14.0 52.3
0.20 20.4 52.3
0.25 3.2 59.2

n-Propanol Solutions

0.0 (water) ‘ 1.0 72.0
0.5 1.0 64.2
1.0 1.0 60.9
1.5 1.0 56.1

Experimental Setup

A schematic diagram of the experimental setup is shown in Figure
12. The glass column used in these experiments is 1.0 ft in diameter and
8.0 ft in height. Pressure taps and sampling ports are located along the
length of the column as shown. A diagram of the pressure measurement
system is given in Figure 13. By opening and closing the proper valves,
the pressure can be read from any of the pressure taps.

Air from the house 1ine is fed through a filter, a pressure regu-
lator, and a rotameter before entering the column. The conical section
is two feet in height and is packed with Berl saddles. The cone is sepa-
rated from the column by a perforated plate with 1.0 mm holes acting as a
gas distributor. The conical section serves as a calming section and a uniform
gas distribution is obtained. A wide range of air velocities can be achieved
by adjusting the Air regulator and the valves leading to the rotameter and

the conical section.
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Procedure

First the column is filled to the desired height with Tiquids;
usually three different initial heights are used for each liquid studied.
Next, the air flow is adjusted at the desired value. The pressure is
measured from six pressure taps along the lenath of the column with the
help of the pressure measurement system shown in Figure 13. The pressure
Tines are backflushed to be sure they are filled with water. Then the
pressure measurements are repeated for different air flow rates. A sample
of each 1iquid is taken in order to determine its viscosity and surface
tension.

The sampling ports will be used to take samples directly from the
column. This will be utilized in future work for determining the solid

fraction as a function of height in the column,

Results and Discussion of Up to Date Work

This work includes holdup data for aqueous solutions of carboxy
methyl cellulose (CMC) énd n-propanol., The range of viscosities and sur-
face tension covered in this study is shown in Table 12.

The pressure along the axis of the column is measured manometri-
cally and is coverted to absolute pressure by hydrostatic correcfion.
Pressure varies along the length of the column in a linear fashion and
the pressure gradient in the column is measured by fitting a straight line

through the pressure readings. The holdup is then calculated by using

dp _
“dX T ELPL
or
I
Eg-—'l"'ai:dx
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This method assumes no local variation of the holdup and negligible fric-
tional drop. |
The holdup values are compared with the correlations of Akita and
Yoshida.(3) Hikita et al.,(4) and, Joshi and Shanna,(12) in the case of
n-propanol-water splutions. In the case of aqueous solutions of CMC the
gas holdup values are compared with the correlation of Deckwer et a1.(13)
in addition to the other correlations mentioned. Tables (13-15) and (16-18)
include these vaTues tabulated for three CMC concentrations and three pro-
panol concentrations. The air-water data in these tables refer to the cor-
relation of Joshi and Sharma. (12
The apparent viscosity varies from 14.0 cP to 31.2 cP for the aqueous
solutions of CMC gum. Higher gas holdup values are observed at low gas velo-
cities because of the distributor plate design, this effect diminishes at
higher gas velocities, and the holdup becomes less than that predicted by
Akita and Yoshida,(B) Deckwer et a1.(13) and Joshi and Sharma‘s(12) correla-
tion for air-water. Deckwer et a].(]B) have developed a unified correla-
tion for highly vfscous CMC solutions. They found no effect of viscosity
on gas holdup above an apparent viscosity of 50 cP. The maximum viscosity
used here was 31.2 cP and hence a dependence of gas holdup with an increase
in apparent viscosity is observed. At higher gas velocities the correla-
tion by Deckwer et al.(13) tends to predict larger gas holdup values.
Actually at higher gas velocities the holdup seems to flatten out. In
all three CMC so1ﬁtions the observed bubble size distribution was hetero-
geneous even at low gas velocities. The bubbly flow regime was never
observed in this column which is evident from the fact that there is no
flat portion in the graph of bubble rise velocity vs. Vg (Figures 14-16).

The gas holdup data at various superficial gas velocities are compared with
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tho§e for air-water system and predicted from the correlation of Deckwer et
a].(13) as shown in Figures 17-22,

Aqueous solutions of n-propanol (0.5 wt%, 1.0 wt% and 1.5 wt%) are
used to study the effact of surface tension. Surprisingly very high gas
holdup values are realized even at low gas velocities compared to those
predicted by the correlations of Akita and Yoshita,(3) Hikita et a1.(4)
and Joshi and Shanna.(12) The gas holdup against the superficial gas velo-
city is plotted in Figures 23-25. Figures 26-28 represent the plots of
bubble rise velocity against the superficial gas velocity for the three con-
centrations of propanol solutions. From the flat portion of graphs of

v vs. Vg (Figures 26-28), bubbly flow regime is indicated., The bubble

rise
size distribution {visually observed) is very homogeneous and even at high
gas velocities no large bubbles are observed. The reason for such high

gas holdup values is discussed in Part A. No increase in gas holdup is
observed with an increase in propanol concentration. This might be because
of the fact that the dynamic surface tension effect discussed in Part A does
not vary proportionately with the propanol concentration. Each experiment

js carried out using three different initial 1iquid heights and gas holdup

does not change with small changes in hydrostatic head.

Part C: Measurements of Mass Transfer Coefficients in Three Phase Agitated
Reactor §ystem under High Pressure, High lemperature Conaitions

Many industrial processes like hydrogenation of fatty oils, oxyde-

sulfurization, fermentation, etc. involve three phase, high pressure, high
temperature agitated reactors. A knowledge of the values of gas-liquid-
solid mass transfer coefficients is important to have an order of magnitude
estimates of the transport rates and relative mass transfer resistances.
Hence, in this project work, measurements of mass transfer coefficients

are being carried out for a three phase agitated reactor system under high

pressure, high temperature conditions.
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The flow diagram of the apparatus is shown in Figure 29. The basic
technique involves batch absorption of the solute aas in initially solute
free liquid containing solids. Measurement of total pressure of the gas
phase with respect to time, as the absorption proceeds, is used to calcu-
Tate the mass transfer coefficients. A pressure transducer is used to

carry out these measurements with good accuracy.

Procedure

The steps involved in the procedure are as follows:

1. Take requisite amount of 1iquid in the reactor and add to it
predetermined guantity of solids.

2. Degas the liquid by applying vacuum and agitation.

3. Pressurize the reactor to the desired pressure.

4, As soon as the desired pressure reaches, close the inlet valve
and start agitation, and measure the total pressure of the aas phase as a
function of time.

5. Utilize this knowledge of pressure as a function of time to
calculate the volumetiric mass transfer coefficient 'kla‘.

A quick response pressure transducer coupled with a high speed
recorder is effectively utilized to measure the gas phase pressure as a

function of time.

Method of Calculations

The rate of solute gas uptake is related to the rate of change in the

pressure as

Q.lQ.
o

v
ol
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where

N = number of moles of the gas

Vg = volume of the gas phase

P = pressure of the gas phase

t = time
Also,

- Moy, kea (ox-Cy)

where

v, = volume of (1iquid + solid) phase

kja = volumetric mass transfer coefficient

C* = equilibrium concentration of the solute gas

Cb = bulk concentration of the solute gas

Expressing all the concentrations in terms of pressure using
Henry's law and integrating between the limits of initial and final pres-
sure, we get

- -P-; R.n-F-—p—i_ . = kza t

where Pf and Pi are values of the final and initial pressure and P is the

value of pressure at time t. Hence, a plot of - Ff'1" F—:;— versus time
i i'f

will be a straight line and.kza will be the slope of the line.

The Tinearity of this plot was excellent in all the runs.

Results and Discussion

Initially, to confirm the usefulness and applicability of the
technique, data for oxygen-water-glass beads are collected. Tables 19 and
2 summarize the data for this system for various values of pressure and

agitator rpm. Table19 gives the data for oxygen-water (without any solids )
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system and Table 20 gives the data for oxygen-water-alass beads (2 volume %
solids of 75 hicrons average sfze) system. The oroduct of mass transfer
coefficient 'kl' and interfacial area per unit volume of liquid + solid
phase 'a' is determined. The total volume of liquid + solid in the vessel
is. kept constant in all experiments. The gas side resistance to mass
transfer is assumed to be negligible.

Data from Table 19 is plotted in Figure 30 as 'kla' versus total
pressure at various values of rpm. The plot indicates that at higher
values of rpm 'kga' is independent of the total pressure. This is in
agreement with the findings of Teramato et al. (1974). However, at lower
values of rpm (400), 'kza' decreases slightly (10 to 20%) with increase in
the pressure and then remained constant. The order of magnitude of 'kga'
values is in close agreement with the findinas of Koetsier et al. (1973),
who have reported their data for various ratios of impeller diameter to
reactor diameter and rpm.

Data from Table 20 with 2 volume % solids are plotted in Figure 31
for various values of pressure and agitator rpm. It indicates that 2
volume % solids do not have any effect on 'kga', and also, in nresence of
solids, 'kla' remains independent of the total pressure for high values of
rpm, and for Tow values of rpm (400) 'kza' decreases slightly with increase
in the pressure. Joosten, et al. (1977) have found a slight increase in
value of 'kza‘ with small volume fraction of solids. However, we did not
find any noticeable change (more than 15%) in 'kla' by addition of 2 volume
% solids. More data are needed at higher volume % of solids to exnlain

in clear cut terms the decrease in 'kza‘ with pressure at lower values of

rpm.

59



Table 21 summarizes the effect of agitator rpm on 'kza' at constant
value of total pressure. As expected, 'kla' increases slightly initially
and then significantly with increase in the rpm. The power input to the
agitator per unit volume of fiquid + solid 15 measured by using a power
meter. Plots of agitator rpm or power input per unit volume for the two
cases of no solids and 2 volume % solids are shown in Figure 32. As shown
in Fiqure 33 the log-log plot of 'kza' versus power/volume is linear as
reported by Joosten et al. (1977). However the slopes of the two plots
are not the same because of gas sparaing and different stirrer qgeometry
involved in the work of Joosten et ail.

Currently, the experiments are being carried out for higher con-
centrations of solids. After that, major consideration will be aiven to
obtain the data at high pressure and high temperature in the presence of

the solids and Tiquids with varyinq properties.

Future Plan of Work

The process variables which will be studied are as follows:
1. Total pressure - 0 to 1500 psiq

. Temperature - 20 to 200°C

Power input or agitator rpm - 400, 600, 800, 1000

Solids concentration - 0 to 40 volume %

o AW N

Solids particle size - 75 to 500 microns

6. Solid properties - certain solids 1ike Keisulquhr increase
viscosity of liquid simulating the effect of certain mineral matters in
coal liquefaction. Also, certain solids like active carbon which have
a highly porous structure increase the mass transfer rates. Effect of

such solids on 'kla' will be studied.
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7. Liquid properties - various liquids 1ike CMC solutions, glycol
ete. will be studied to see the effect of liquid properties 1ike density,

viscosity, surface tension etc.

8. Geometric parameters like ratio of impeller diameter to reactor

diameter, baffled and unbaffled vessel etc. will be studied.
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TABLE 19
DATA FOR OXYGEN-WATER-GLASS BEADS SYSTEM

Volume % of Solids = 0.0
Average Temperature = 23°C

RPM Initial Pressure Average Pressure koa
o A _1
(psig) (psig) (sec-1)

190 183.9 0.12

400 380 359.3 0.117
585 558.3 0.103

790 750.5 0.101

185 175.8 0.121

600 ‘ 375 355.2 0.117
595 564.7 0.115

785 745.8 0.115

_ 200 189.1 0.161
800 390 365.5 0.152
585 651.4 0.156

790 742.6 0.154

- 200 190.5 0.22

380 363 0.224

1000 600 557.3 0.218
790 738.9 0.221

1000 947.2 0.218
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TABLE 20
SOLIDS - GLASS BEADS OF AVERAGE 75 MICRON SIZE

Volume % of Solids = 2.0
Average Temperature = 23%

RPM Initial Pressure Avera?e Pressure kga

(psig) psig) (sec-1)

195 186.8 . 0.12
400 385 366.6 0.117
600 572.5 0.103
195 186.5 0.116

600 385 364.2 0.116
595 565 0.113

195 185.1 0.16
800 385 362.1 0.158
’ 595 561.6 0.156
200 ' 188.2 0.23

1000 370 348.8 0.22
595 561.5 0.216
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RPM

400
600

800

1000

TABLE 21
EFFECT OF AGITATOR RPM OR POWER/VOLUME ON ‘kga’

Average Pressure = 590 psig
Average Temperature = 23%

Power/Volume koa (sec']) koa (sec‘1)
kw/m3 Wi%hout Solids With 2 Vol. % Solids
0.4 0.103 0.103
0.8 0.115 0.113
2.1 0.156 0.156
4.0 0.218 0.216
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Nomencliature

Cb bulk concentration of the solute gas

c* equilibrium concentra;ion of the solute gas

ch specific heat of 1iauid phase

DL dispersion coefficient of liquid phase

HH hydrostatic head

kza volumetric mass transfer coefficient

N number of molies of the gas

P hydrostatic pressure, pressure of the gas phae (in part C)
t time

Tc temperature at Zc

TH temperature at ZH

Vg volume of the gas phase

VG superficial gas velocity

Vo volume of (Tiquid + solid) phase

VL superficial liquid velocity

X vertical distance

Zc distance from the bottom to the first thermocouple
ZH distance‘from the bottom to the last thermocouple
€q gas holdup

el Tiquid holdup

PL density of the 1iquid medium
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