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ABSTRACT

Bubble size and bubble count play a vital role while determining the overall mass transfer coeffi-
cient of a jet loop reactor. A self-designed down flow jet loop sparged reactor with an air-water sys-
tem was investigated for bubble size and bubble count. The influence of parameters such as liquid
flow rate (Q,), gas flow rate (Q.), number of sparger openings, and sparger diameter was studied
in detail. Among the various operating conditions, the maximum overall mass transfer coefficient
was found to be at a 27 cm projection depth of the ejector with 4 sparger openings and a diameter
of 2 mm. The bubble pictures were taken in a good quality digital single-lens reflex with 50x zoom.
The captured images were analyzed using Image] analysis. The results showed that the bubble
count increased with increasing flow rates of gas and liquid whereas the bubble diameter decreased
with increasing gas and liquid flow rates.

Keywords: Jet loop reactor; Down flow; Overall mass transfer coefficient; Bubble diameter; Bubble

count; Gas holdup; Perforated sparger

1. Introduction

Many chemical and biochemical processes such as petro-
leum refining, hydrogenation, fermentation, and wastewater
treatment which involves gas-liquid reactions are carried
out in different types of reactors, for example, continuous
stirred-tank reactors, bubble column sparged vessels, and
the recently developed loop reactors. Loop reactors are char-
acterized by a well-defined flow regime, better distribution
effects, and high mass transfer performance compared to
conventional reactors. The down flow jet loop reactor is a
novel design, which has attracted considerable interest in
recent years for its application in gas-liquid and gas-lig-
uid-solid reactions. Loop reactors are cylindrical or rect-
angular vessels (L/D > 1), in which multiphase fluid either
by means of a liquid jet or as a result of difference in den-
sity and was subsequently circulated around a draft tube
(internal loop) or by an external tube (external loop) and

* Corresponding author.

dispersion of gas phase is achieved by means of a jet or static
dispersion device. Most of the investigations conducted
on jet loop reactors were with a central draft tube and two
fluid nozzle placed at the bottom of the reactor [1-3]. This
type of reactor was distinguished by jet or nozzle in which
the liquid jet enters the reactor through the nozzle, which
is the middle of a gas jet. The liquid jet takes responsibility
of distribution and dispersion of the gas as fine bubbles in
the liquid and also in the circulation of gas-liquid concoction
by momentum transfer [4]. However, the use of such a noz-
zle had an adverse effect on the two-phase gas circulation
because the gas forms an envelope around the liquid jet as a
result of the increase in the volumetric gas flow rate. When
this arrangement was implemented in a slurry reactor and
in processes involving varyingly soluble gas, as the result
of a blockage in the nozzle and minimum residence time of
the gas particles, this arrangement was considered to have
drawbacks.
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Thus as an alternative gas phase was launched at the top
of jet propelled loop reactor, here the liquid leaving the noz-
zle forms a hollow cone with inner and outer momentum
transfer areas [5,6]. With such an arrangement, the primary
dispersion of gas and circulation of the reactor fluid can be
controlled independently. The gas-liquid contactor with
ejector type distributor exhibits favorable features includ-
ing most notably self-sucking and efficient dispersion of gas
phase resulting in large values of overall mass transfer coef-
ficient. when we use venturi ejectors in reactor for air-water
system, internal circulation and turbulence in the main hold-
ing tank, as well as the external circulation of the dispersion
were found to be low when compared with straight throat
ejector [7]. Secondary dispersion in the main tank was less
uniform. In addition, the opposing buoyancy force of the
gas bubbles resulted in relatively low internal and exter-
nal circulation of the dispersion. When venturi ejectors are
used in the reactor to handle electrolytic aqueous solution,
the bubble sizes were much smaller because of shrinkage
and breakage of primary bubbles at the exit of the throat.

The gas holdup and number of bubbles is directly related
to the operational variables, such as the gas and liquid flow
rates. The higher the gas holdup, the more would be the
interfacial area and thereby increasing the transfer of gas
to the liquid. Whereas the bubble diameter is inversely pro-
portional to the gas and liquid flow rates [8,9]. Baffles are
used due to the lower gas holdup in bubble column reac-
tor caused by the higher liquid circulation velocity and the
bubble coalescence in the draft tube [16]. The placement
of baffles inside the reactor would increase the mean resi-
dence time in the jet loop reactor. The mean residence time
refers to the time spent by the molecule inside the reactor.
The gas phase residence time can be increased considerably
in down flow reactor when the gas is introduced from the
top of the liquid flowing co-currently downwards, so that
bubbles were found to move in a direction opposite to their
buoyancy. Also the introduction of sparger at the bottom
end of the ejector will enhance the dispersion rate by cre-
ating finer uniform bubbles. So the straight throat ejector
with sparger has been selected for air-water system in which
interfacial mass transfer is the rate-controlling step. The
overall production rate of chemical processes often is limited
by gas-liquid mass transfer. So the study of mass transfer
coefficient is essential for the design of reactors. From the
previous work it can be noted that the studies available in
the literature on overall mass transfer performance in down
flow jet loop reactor with straight throat ejector type gas
distributor are limited. Also no one has reported the effect
of bubble size and bubble count on overall mass transfer
coefficient in down flow jet loop reactor. Experiments were
conducted in down flow jet loop sparged reactor to under-
stand the influence of gas and liquid flow rate, sparger
diameter, and sparger openings on bubble size and bubble
count and so as the overall mass transfer coefficient.

2. Experimental set-up

The provisional setup of the experiment is shown in
Fig. 1. The jet loop reactor consists of two sections, top
straight throat ejector and middle cylindrical reactor section.
The ejector is nothing but a straight galvanized iron (GI)

pipe of 2.6 cm inner diameter with air entry on top. In the
ejector water enters perpendicular to that of air as shown in
Fig. 2. The reactor comprises a vertical Perspex tube with a
hemispherical bottom. The effectiveness of the down flow jet
loop reactor significantly relies on the design of the sparger.
It has a significant impact on the dispersion of gas in the
liquid phase by creating resistance to the flow and thereby
increasing the velocity. The perforated sparger geometry
used in our study is shown in Fig. 3. The sparger is intro-
duced at the bottom end of the straight throat ejector and
placed coaxially inside the baffle plates. Non-circular baffle
plates were set 0.07 m above the bottom of the column by
the use of flanges as shown in Fig. 4. The gas and the liquid
phases enter at the top of the straight throat ejector and flow
co-currently towards the bottom. The sparger disperses the
gas phase in the liquid phase leading to fine and uniform
bubble formation. The bubbles due to their high velocity
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Fig. 1. Schematic representation of the down flow jet loop reac-
tor, 1. Reactor; 2. Non-circular baffle plates; 3. Straight throat
ejector; 4. sparger; 5. Pump; 6. Liquid flow rotameter; 7. Gas flow
rotameter; 8. Compressor; 9. Gas vent.
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Fig. 2. Configuration of straight throat ejector, 1. Injector
chamber; 2. Straight diffuser throat; 3. Air inlet; 4. Water inlet.
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Fig. 3. Perforated sparger geometry with four openings.

Fig. 4. Shape of non-circular baffle plate C = reactor column;
W = Distance between two non-circular baffles.

imparted from the motive fluid travel downwards along
the baffles and reach the top of the reactor. This forms an
internal loop within the reactor. The liquid is withdrawn at
the bottom of the reactor with the help of a pump and recy-
cled back to the straight throat ejector through a liquid flow
meter. This forms the external loop. The air is sent to the top
of the reactor through a gas flow meter by the compressor.
The experiment is studied at room temperature (25°C-28°C)
and tap water is used as the liquid phase. The dimensions
of the experimental set-up are given in Table 1.

3. Materials and methods

In our study, we used air and tap water as gas and lig-
uid phases, respectively. The flow rate of air was measured
at the ambient temperature and atmospheric pressure. The
overall gas holdup (¢,) in the reactor was determined in our
studies. The technique used here is volume expansion tech-
nique. During steady state operation, by adjusting the sole-
noid valves the air and liquid flow is stopped and ¢, was
estimated by the ratio of the difference between the height
of two-phase dispersion (H;) and the height of clear liquid
(H,) to the two-phase dispersion height (H,) using the fol-
lowing equation [7-10].

- (HF —H L)
g ="
HF
The transient gassing-in (gassing-out) process was used
for the calculation of overall volumetric mass transfer coef-
ficient (k,a). A volume of liquid slightly greater than that of
reactor and pipelines was taken in the cylindrical column. By
closing the ejector, the gas flow rate was stopped with suit-
able enclosure. Then the oxygen concentration in the liquid
was made approximately zero in a few minutes by rapid
addition of 160 mg/L of sodium sulphite (Na,SO,'7H,O) in
addition with 2 mg/L of cobaltous chloride (COC1,6H,0)

Table 1
Dimensions of the downflow jet loop reactor

Reactor inner diameter (D) 142 cm
Reactor height (H) 60 cm
Nozzle inner diameter (D,) 1.2cm

Baffle plate length (L,) 35 cm

Baffle plate thickness (T},) 0.1 cm

Baffle plate width (W,) 12 cm
Sparger opening diameters (D) 2,3,4mm
No of sparger opening (N) 4

Gas flow rate (Q.) 5-12.5 L/min
Liquid flow rate (Q,) 5-12.5 L/min
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Fig. 5. Step 1: Selection of captured bubbles.

as a catalyst. By opening the enclosure of the ejector tube
air flow to the reactor was initiated and change in time
with respect to the oxygen concentration was monitored
by a dissolved oxygen electrode (Hanna HI98193).

The constant gas phase composition with reference to
axial position in the reactor, well mixed transfer time (1/k,a)
for the entire range of liquid velocity covered was taken as
assumption. Since the state of ka2 < 1/1, was attained, the
influence of oxygen dynamics of electrode was neglected in
the estimation and the values of k a for each run was obtained
from the slope of the straight line in the plot In[(C*-C )/
(C*-C)] vs. time. The steady state value of dissolved oxy-
gen meter at favorable operating conditions of liquid flow
rates was noted as the saturation or equilibrium concentra-
tion (C*) of oxygen, initial concentration of oxygen (C)) and
concentration of oxygen at time (C) in the liquid for that
particular experimental run [11].

3.1. Bubble geometry studies using Image]

The bubble diameter and number of bubbles is deter-
mined by capturing the bubble images in a good quality dig-
ital single-lens reflex with 50x zoom. The background light-
ing should be avoided for better results during the image
analysis. The greater the picture quality greater will be the
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Fig. 7. Step 3: Conversion of selected region to threshold (8-bit).

results of the Image]J analysis. Image] is public domain soft-
ware using java image processing technology. The captured
pictures were converted into gray scale (8 bit) for analysis.
The proper image section without any background dis-
turbances and with clean section of bubbles were cropped
and duplicated in Image]. The threshold level of the photo
was adjusted so that the clear and full cross section of the
bubble image is selected. Then the image is analyzed for bub-
ble count and bubble diameter [23-27]. The calculated val-
ues for the specific area is multiplied to the total area of the
reactor cross section. The screen snips during the evaluation
of bubble count are displayed as shown in Figs. 5-11.

4. Results and discussion
4.1. Effect of gas flow rate

The experiment was done by varying the gas flow rate
at constant liquid flow rate. The influence of gas flow rate
on bubble diameter and bubble count was studied. As the
flow rate increases the number of bubbles also increases in
accordance with velocity and the bubble diameter decreases.
As shown in Figs. 12 and 13 results are found to be increased
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Fig. 8. Step 4: Adjustment of threshold level of the region.
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Fig. 9. Step 5: Adjustment of threshold level of the region with
only bubbles.

gas entrainment and gas-liquid interfacial area at higher
gas flow rates. Similar trends have been reported in the lit-
erature for various configurations of jet loop reactors [6-8].
Figs. 16-19 show the bubble analysis (grey scale and thresh-
old view) done using Image] software to find the average
bubble diameter and approximate bubble count [28-30].

4.2. Overall mass transfer coefficient and gas holdup variation
with sparger geometry

According to Henry’s Law, the increased pressure from
the sparger allows greater dissolution of gases into the
water, only occurs in the chemical reaction between liquid
and gas under equilibrium (saturated). Higher the k a value,
faster the mass transfer rate. Among the other 3 mm and
4 mm spargers, the 2 mm sparger produced the largest k a of
1.402 min™ as shown in Figs. 13 and 15 at a projection depth
of 27 cm and gas flow rate of 12.5 L/min. While the 3 mm
sparger and 4 mm sparger produced 1.401 and 1.35 min™,
respectively. The main factors influenced the increasing k;a
produced by each sparger were the size of the bubbles with
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Fig. 11. Step 7: Number of particles after analysis.

respect to gas flow rate and projection depth of ejector. Finer
bubbles have larger interfacial areas, thereby increasing gas
holdup. Gas holdup functions as a concentration of the vol-
ume of bubbles that push the liquid out so that more gas
occupies space [14]. This larger surface area also accelerates
the gas exchange process into the solution. In Figs. 12 and 14
the 2 mm sparger produced the highest gas holdup of 0.146
at a projection depth of 27 cm and gas flow rate of 12.5 L/
min. While the 3 mm sparger and 4 mm sparger produced
0.123 and 0.099, respectively.

4.3. Effect of liquid flow rate

The experiment was done by varying the liquid flow rate
at constant gas flow rate. The influence of liquid flow rate
on bubble diameter and bubble count was studied. As the
flow rate increases the bubble count also increases in accor-
dance with velocity and the bubble diameter decreases as
flow rate increases [8]. As shown in Fig. 20 the results are
found to be increasing gas hold up and gas-liquid interfa-
cial area at higher liquid flow rates [15]. Figs. 24-27 show
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Fig. 14. Effect of gas flow rate on gas holdup and bubble
diameter.

the bubble analysis (grey scale and threshold view) done
using Image] software to find the average bubble diameter
and approximate bubble count [23-27].
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Gas flow rate (I/min)

Fig. 18. Gas flow rate: 12.5 L/min; liquid flow rate: 2 L/min; pro-
jection depth: 27 cm; sparger diameter: 2 mm; sparger opening:
4 (grey scale).

Fig. 15. Effect of gas flow rate on bubble diameter and k,a.

Fig. 16. Gas flow rate: 5 L/min; liquid flow rate: 2 L/min; projec-

tion depth: 27 cm; sparger diameter: 2 mm; sparger opening: 4  Fig. 19. Gas flow rate: 12.5 L/min; liquid flow rate: 2 L/min; pro-

(grey scale). jection depth: 27 cm; sparger diameter: 2 mm; sparger opening:
4 (threshold view).
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Fig. 17. Gas flow rate: 5 L/min; liquid flow rate: 2 L/min; projec-
tion depth: 27 cm; sparger diameter: 2 mm; sparger opening: 4
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Fig. 20. Effect of liquid flow rate on bubble count and gas
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Fig. 22. Effect of liquid flow rate on bubble diameter and gas
holdup.

4.4. Overall mass transfer coefficient and gas holdup variation
with sparger geometry

In Figs. 21 and 23, the k,a associated with 2 mm sparger
increases with respect to increase in liquid flow rate at projec-
tion depth of 27 cm at a constant gas flow rate of 2 L/min. Due
to change in flow regime there is a considerable drop in ka
value while varying the liquid flow rate from 5-12.5 L/min.
The 2 mm sparger produced the largest k,a of 1.428 min™ at
a projection depth of 27 cm and liquid flow rate of 12.5 L/
min,while the 3 mm sparger and 4 mm sparger produced
1.378 and 1.353 min™, respectively. In Figs. 20 and 22, the
2 mm sparger produced the highest gas holdup of 0.146
at a projection depth of 27 cm and gas flow rate of 12.5 L/
min. While the 3 mm sparger and 4 mm sparger produced
0.123 and 0.107, respectively for the above said conditions.
Figs. 24-27 shows the bubble analysis (grey scale and thresh-
old view) done using Image] software to find the average
bubble diameter and approximate bubble count [23-27].

4.5. Effect of sparger

The sparger used definitely determines the bubble
sizes observed in the column. Small orifice diameter plates
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Fig. 23. Effect of liquid flow rate on bubble diameter and k,a.

Fig. 24. Liquid flow rate: 5 L/min; gas flow rate: 2 L/min; projec-
tion depth: 27 cm; sparger diameter: 2mm; sparger opening: 4
(grey scale).
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Fig. 25. Liquid flow rate: 5 L/min; gas flow rate: 2 L/min; projec-
tion depth: 27 cm; sparger diameter: 2mm; sparger opening: 4
(threshold view).

enable the formation of smaller sized bubbles and greater
the gas hold up [18-22]. The experimental results showed
that, the greater water flow rate, the greater the water
pressure. This phenomenon is consistent with Henry’s
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Fig. 26. Liquid flow rate: 12.5 L/min; gas flow rate: 2 L/min; pro-
jection depth: 27 cm; sparger diameter: 2mm; sparger opening:
4 (grey scale).
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Fig. 27. Liquid flow rate: 12.5 L/min; gas flow rate: 2 L/min; pro-
jection depth: 27 cm; sparger diameter: 2mm; sparger opening: 4
(threshold view).

Law, which indicates that the increased pressure from the
sparger allows greater dissolution of gases into the water
[12]. In this investigation, the 2 mm sparger had the lowest
water flow rate but produced the highest water pressure. In
contrast, even though the 3 and 4 mm sparger had the high-
est water flow rate, it could not produce as much pressure
as the 2 mm sparger. In Fig. 28, the 2 mm sparger shows
that, the smaller the air flow rate that is regulated and the
greater the difference in the water flow rate, the smaller
the bubbles and more whiter or the water. The increasingly
milky quality of the water indicates the presence of finer
bubbles in large quantities [13]. Thus, the 2 mm sparger
combines the largest water flow rate and the smallest
airflow rate in producing finer bubbles.

4.6. Effect of baffles

When internal barriers like baffles are placed as obsta-
cles inside the flow field, large bubbles break into smaller

Fig. 28. Photo of reactor with 2 mm sparger (a) at liquid flow
rate of 5 L/min and (b) at liquid flow rate of 12.5 L/min (milkier)
with constant gas flow rate of 2 L/min in both (a) and (b).

ones, ensuring that the interfacial area between the dis-
persed gas phase and the continuous liquid phase remains
large. Therefore, the introduction of non-circular baffles in
our reactor enhanced the gas hold up, interfacial area and
hence k,a [17]. The effect of baffles on gas hold up and k;a
for various gas and liquid flow rate at 27 cm projection
depth and 2 mm sparger is shown in Figs. 12 and 20.

We could understand that at 12.5 L/min of gas flow
rate, the presence of non-circular baffles in the reactor reg-
isters the maximum k,a value of 1.402 min" when com-
pared to the reactor without baffles of 1.230 min™. Also, at
12.5 L/min of liquid flow rate, the presence of non-circular
baffles in the reactor registers the maximum ka value of
1.428 min™ when compared to the reactor without baffles
of 1.185 min™. The reason is that gas bubbles are more held
with increasing area under the baffle plates.

5. Conclusion

Based on the results of our study, the following conclu-
sions are made.

* Inour newly developed jet loop reactor, the investigation
of bubble diameter and bubble count was successfully
carried out by varying the operating and geometrical
variables such as liquid and gas flow rates, sparger open-
ings, and sparger diameter. The maximum bubble count
of 280, minimum bubble size of 1.65 mm, and maximum
mass transfer coefficient of 1.428 min™ were observed at a
liquid and gas flow rate of 12.5 L/min, sparger openings
and diameter of 4 and 2 mm, respectively.

* The bubble count shows an increasing trend when we
increased gas and liquid flow rates. From the graphical
models, we strongly conclude that the values of over-
all mass transfer coefficient and gas holdup increases
with increasing bubble count.

¢ InGeneral, the bubble diameter shows a decreasing trend
while increasing gas and liquid flow rates. The effect of
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gas flow rate was more pronounced than that of liquid
flow rate throughout our study. Thus when the bub-
ble diameter was minimum, eventually the increasing
cross-sectional area of the bubble leads to higher values
of overall mass transfer coefficient and gas holdup.
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