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Results of experimental investigation of liquid flow velocity distribution, gas hold-up, and backmixing
in the liquid phase in a jet-loop reactor with chambers of square cross-section are presented. Liquid
velocity profiles in the draft tubes have been described applying the boundary layer theory. Aeration
rates have been found to be comparable to those reported earlier for the reactor with chambers of
circular shape as well as those obtained for reactors with other types of injectors. The axial disper-
sion coefficients in liquid phase have been found to depend very strongly on the air velocity in the
draft tubes.

Gas–liquid contactors with ejector-type gas distributors have been recommended for
chemical processes (Cramers et al.1, Malone2) as well as for waste water treatment
(Wachsmann et al.3, Kmiec et al.4, Yenkie et al.5). Such a reactor consists of a tank, an
external forced liquid circulation loop, and an ejector located at the top or the bottom
of the tank and directed downward or upward. Several authors investigated the hydro-
dynamics and the mass transfer of loop-Venturi reactors (Zahradnik et al.6, Dutta et
al.7, Cramers et al.8). Tebel and Zehner9 showed that in the case of the jet-loop reactor
the whole injector–reactor system has particular characteristics regarding the dynamics
of gas–liquid two-phase flow. Their analysis, however, concerned the jet-loop reactor
with chambers of circular shape. The aim of the present paper is to give the results of
experimental investigation of liquid velocity distribution, gas hold-up, and axial disper-
sion in the liquid phase in a jet-loop reactor with two chambers of square cross-section.
Such a configuration seems to be justified for scale-up reasons in industrial applications
of this type of reactors.

EXPERIMENTAL

Apparatus

The experimental set-up is shown in Fig. 1. The liquid stored in tank 1 is pumped by means of a
centrifugal pump 2 through a rotameter 4 and injectors 5 to chambers with draft tubes 6 of the reactor.
From the reactor, the aerated liquid flows back to the tank 1 by means of a syphon pipe under pressure
of the liquid recirculating inside the reaction chamber 7. The reactor composed of two chambers 7 of
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square cross-section 0.12 × 0.12 m and 0.6 m height has the total volume of 17.28 dm3. The draft
tubes also of prism shape (0.07 × 0.07 × 0.5 m) are fixed in the axes of reactor chambers at a distance
of 75 mm from the cover and 25 mm from the lower edge of the reactor. Figure 2 shows the design
of injectors with the outlet nozzle of circular shape of 8 mm diameter and the suction tube for air of
4 mm inside and 6 mm outside diameters.

The injectors 5 (Fig. 1) sucking in atmospheric air through the vertical inner sucking pipe (see
Fig. 2) accelerate the gas–liquid two-phase stream, which has a shape of circular jet, further on in the
draft chamber of the reactor. The flow rate of liquid and hence the linear liquid flow velocity in the
narrowest annular cross-sectional area of the nozzle (shown in Fig. 2) are controlled by means of
valves Z4, Z5 (see Fig. 1). The aeration rate of stream inside the reactor also depends on the degree
of their opening since the sucking pipe of the injector is not controlled.

Methods of Measurements

The liquid flow velocity in cross-section of the draft tube was measured by means of a Prandtl tube
connected with a U-tube filled with carbon tetrachloride. The Prandtl tube was movable in the
horizontal direction with the help of two fixing screws placed on the wall of the reactor at the dis-
tances of 105 and 230 mm from the end of the nozzle. The measurements were carried out for four

FIG. 1
Schematic diagram of the experimental set-up:
1 tank, 2 pump, 3 heat exchanger, 4 rotameter,
5 injectors, 6 draft tube, 7 reactor; C probe of
conductometer, H pressure taps, P Prandtl tube,
Z1 – Z7 valves

FIG. 2
Design of injector: 1 elbow, 2 sucking tube, 3
extension tube, 4 fixing tube, 5 nozzle, 6
nozzle diffuser, 7 draft tube, 8 reactor, 9
cover, 10 syphon pipe, 11 overpressure tap
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flow modes: liquid flow without aeration (one-phase flow; the sucking tubes of the injectors were
closed), liquid flow with aeration (gas–liquid two-phase flow), and the two flows with addition of ion
exchanger particles (dp = 0.7 mm, ρp = 2 460 kg m−3) amounting 3% of the total volume of the
reactor. Such particles may be added as adsorbents in the case of using the reactor for waste water
treatment (Kmiec et al.4).

Series of measurements of local liquid flow velocity distributions were carried out for the various
liquid flow modes through the injector. The local streams of liquid flowing into the opening of the
Prandtl tube at a given flow rate are compared in Eqs (1) and (2) for the one-phase and two-phase
flows, respectively.

Vl = Alwl (1)

Vla = A1awla(1 − εg) (2)

Assuming that these values are equal and that Al = Ala, we obtain the following formula

εg = 1 − (wl/wla) . (3)

The value of εg calculated from Eq. (3) is the local value of the gas hold-up at the point of meas-
urement of liquid velocity. Only the axial liquid velocities measured at the distance of 105 mm from
the injector outlet were used in the analysis. The accuracy of measurement of liquid linear velocities
wl and wla was satisfactory for our purposes in this case.

Beside that, the air hold-up εg was estimated for the gas–liquid two-phase flow from hydrostatic
pressure gradients along the reactor

−∆P/∆H = g(εgρg + εlρl) , (4)

where

P = Pa + gHlρl(1 − εg) . (5)

Here Pa is the pressure above the liquid inside the reactor, and Hl is the height of the liquid layer
for a given pressure tap. The values of hydrostatic pressure P were measured along the wall of the
draft tube by means of U-tubes connected with the pressure taps, the air pressure Pa was measured
with a separate U-tube filled with water. Knowing the pressure gradients (dP/dH), the value of εg

along the height can be found from Eq. (4).
The power input was calculated from the formula used earlier by Bhutada and Pangarkar10

N = ∆PiVl , (6)

where ∆Pi is the pressure drop over the injector which was estimated from the pressure values
measured at the inlet and the outlet of the injector (overpressure and suction pressure, respectively;
see Fig. 2). The overpressure at the inlet was measured with one U-tube (filled with mercury or some
other liquid and connected to tap 11), the suction pressure with another U-tube (filled with water)
connected directly to the sucking tube of the injector for the time of measuring the suction pressure
only.

The axial dispersion coefficients were measured by means of a conductometer whose probe was
fixed at the lower end of the draft tube. A sample of 10 ml aqueous sodium chloride was used as a
tracer. The tracer was injected just under one of the injectors into the liquid stream (jet). The electric
signal obtained from the conductometer was recorded continuously with a recorder. In this way a plot
of concentration vs time dependence was obtained where the concentration c is given in arbitrary
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units depending on the amplification rate of the signal. The time dependence of the outlet concentra-
tion at the end of the draft tube (with the liquid stream containing the NaCl tracer) was analyzed as
a function of residence time by the method of Van der Laan11 where the Peclet number is given by
Eq. (7) in which the second moment M2 is the variance of the concentration dispersion.

M2 = (2/Pe2)[exp(−Pe) + Pe − 1] (7)

The root of Eq. (7), i.e. the value of Pe, was found by the Newton method. The axial dispersion
coefficient depends on the mean liquid velocity in the draft tube (we), the active length of the draft
tube (L = 0.285 m), and the Peclet number (Pe) as follows

Dl = weL/Pe . (8)

RESULTS AND DISCUSSION

Two series of measurements of local liquid flow velocity distribution were carried out
in the cross-sections of the draft chamber, viz. at the distances of 105 and 230 mm from
the end of the injector. The local water flow velocities measured inside the draft cham-
bers at the distance of 105 mm from the injector outlet are shown in Fig. 3.

In general, the velocity distributions can be analyzed by applying Schlichting’s12

boundary layer theory for (circular) jet flows. In our case the lowest value of the nozzle
Re number (= wcddcdρl/µl) is 6 070, i.e. it exceeds the critical value of Recr = 1 000 (see
Abramovich13) at which a jet flow becomes turbulent. The radial velocity distributions
in turbulent jet flows are described by the following generalized curve:

w/wmax = 1/(1 + 0.25η2)2 , (9)

FIG. 3
Local liquid flow velocity distributions in the draft
chamber at the distance of 105 mm from the injector
outlet: ■●▲  without aeration, ❐❍ ∆ with aeration,
❐■  V = 0.167 dm3 s−1, ❍●  Vl = 0.33 dm3 s−1 ∆▲Vl =
0.5 dm3 s−1
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where

η = 1.287 r/r1/2 . (10)

The above function is valid if x/dcd  > 6, where dcd is the diameter of the nozzle outlet,
and r1/2 is the (radial) distance from the axis at which w = wmax/2. In our case, an
equivalent diameter of the nozzle outlet has to be used, i.e. dcd = dcd2 − dcd1.

The generalized velocity distributions measured for the flow rate Vl = 0.167 dm3 s−1

at the two distances (x1 = 105 mm, x2 = 230 mm) are given in Fig. 4. As seen in Fig. 4,
both the one-phase and the two-phase jet flows can be described by Eq. (9). It should
be stressed that the theoretical description was developed for circular jets and the ex-
perimental data have been gathered for the square geometry.

The dependences of the liquid flow velocity in the axis of the draft chamber on the
driving jet velocity are given in Fig. 5. It can be seen that the liquid velocity inside the
draft chamber, wmax, is proportional to the driving jet velocity, wcd, in the case of aera-
ting action of injector as well as without it, whereas in the case of two-phase flow the
linear velocity is slightly higher. Thus the ratio of the circulating liquid velocity in the

FIG. 4
Generalized velocity distributions for single
(●▲ ) and two-phase flow (❍ ∆) for Vl = 0.167
dm3 s−1: ❍●  distance x1 = 105 mm, ∆▲ dis-
tance x2 = 230 mm from the injection outlet

FIG. 5
Dependences of the water flow velocity in the
axis of the draft chamber (maximum velocity)
on the driving jet velocity: ❍●  distance x1 =
105 mm, ∆▲ distance x2 = 230 mm from the
injector outlet; ●▲  without aeration, ❍ ∆ with
aeration
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draft chamber, we, i.e. the mean velocity in the draft chamber, and the driving velocity,
wcd, should have constant values for a given type of flow.

Applying the principle of momentum conservation in the system of the driving jet
stream and the flow stream inside the draft chamber (as suggested by Tebel and
Zehner9) the following equation is proposed for our geometry:

(Π/4) (dcd2
2  − dcd1

2 ) wcdρlwcd = ξIat
2 (we

2/2) ρl  , (11)

wherefrom it can be obtained on rearrangement:

we/wcd = [Π(dcd2
2  − dcd1

2 )/ξI2at
2]1⁄2  , (12)

where ξI is the turbulent flow friction factor for the reactor.
When the ratio of the velocities is expressed in terms of volumetric flow rates

we/wcd = (Ve/Vcd)[(Π/4)(dcd2
2  − dcd1

2 )/at
2] (13)

the following relationship is obtained

Ve/Vcd = [8at
2/Πξ I(dcd2

2  − dcd1
2 )]1⁄2  . (14)

The volumetric flow rate Ve is calculated as a sum of the products of local liquid veloc-
ities and areas of cross-sectional quadratic increments related to the point of measure-
ments.

An experimental verification of the above formula is presented in Fig. 6 where the
volumetric flow ratio values are shown to be nearly constant – about 10 on average –
for a three-phase gas–liquid system with 3 vol.% of solid ion exchanger particles. Com-

FIG. 6
Volumetric flow ratio dependence on Re1/2
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parable values were obtained by Tebel et al.14 for water and the same type of reactor
which differed in geometrical dimensions and shape of chambers. In the case of non-
Newtonian liquid, Tebel et al.14 reported much lower values of this ratio. Assuming the
volumetric flow ratio equal to 10.0, the flow resistance factor obtained from Eq. (14) is 4.5.

Introducing the ratio of liquid velocities for one-phase and two-phase flows from
Fig. 5 into Eq. (3), we obtain the air hold-up. Figure 7 compares our results calculated
in this way and by the method of measurement of hydrostatic pressure gradients applying
Eq. (4) with the data by Wachsmann et al.3 and those by Bhutada and Pangarkar10.
It can be seen that the air hold-up in the draft chamber of the reactor is about 10%
at the power input of about 2 kW m−3. This value is close to the result reported by Wachsmann
et al.3 for this type of reactor. The data by Wachsmann et al.3 shown in Fig. 7 were
read from their paper for the ratio of the draft tube and the reactor diameters corresponding
to ours which equals 0.51. Nevertheless, our construction of the chambers differs from
that of Wachsmann et al.3 in the configuration, which was circular in cross-section.

The results of investigation of axial dispersion are shown in Figs 8 and 9 as functions
of dispersion coefficient vs liquid volumetric flow rate through the injector and vs the
mean air superficial velocity in the draft tube, respectively. As seen from Fig. 8 the
dispersion coefficient increases strongly with increasing liquid volumetric flow rate in
the injector. The results obtained for the jet-loop reactor in this work (line 1 in Fig. 9)
are much lower as compared with the data for the other types of reactors. At low gas
velocity (and low liquid velocity as well) they are considerably lower than those for the

FIG. 7
Comparison of air hold-up: ❍  local measure-
ments of this work (Eq. (3)), ∆ pressure gra-
dient measurements of this work (Eq. (4)),
− − −  results by Wachsmann et al.3, ∇  data by
Bhutada and Pangarkar10

FIG. 8
Axial dispersion coefficient as a function of the
liquid volumetric flow rate through the injector
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bubble column obtained from the correlation by Joshi15 (line 2), then they go up closer
to the values reported by Verlaan et al.16 for the airlift reactor. This dependence is
related with the flow behaviour in the reactor: while at a low velocity the flow rate is
rather moderate, at higher rates of flow it is very turbulent. At the same time, the air
hold-up increases considerably too, which brings in additional turbulence into the
liquid flow.

CONCLUSIONS

1) Liquid flow velocities in the chamber of the jet-loop reactors depend on the geo-
metry of the injector–reactor system. Their profiles in cross-sections of the draft tubes
can be described according to the theory of Schlichting12 for single phase, circular jet
streams.

2) The air hold-up in the reactor increases with increasing power input but depends
also on the geometry of the injector–reactor system.

3) The axial dispersion coefficient in the liquid phase is found to strongly depend on
the superficial air velocity. The results are valid for reactors with chambers of square
cross-section and should be confronted with results obtained for other arrangements.

LIST OF SYMBOLS

at flank size of draft chamber (= 0.07 m), m
A cross-sectional area of stream, m2

dcd nozzle outlet diameter (in our case dcd = dcd2 − dcd1), m

FIG. 9
Dependences of axial dispersion coefficient on
superficial air velocity for different systems:
1(● ) the present paper, 2 correlation by
Joshi15 for bubble column, 3(❐ ), 4(❍ ), 5(∆)
data by Varlaan et al.16 for airlift reactors with
increasing opening of valve and various flow
rates, 6(✧ ) data by El-Temtamy et al.17 for
three-phase system with particles dp = 0.45 mm
and liquid velocity w = 3.25 cm s−1

Jet-Loop Reactor 2433

Collect. Czech. Chem. Commun. (Vol. 59) (1994)



dcd1 inside annular diameter of the nozzle outlet, m
dcd2 outside annular diameter of the nozzle outlet, m
D1 axial dispersion coefficient, m2 s−1

g gravity acceleration, 9.81 m s−2

H height, m
H1 height of liquor layer, m
L active length of draft tube (= 0.285 m), m
N power, kW
P pressure, Pa
r radial distance from jet axis, m
s perpendicular distance from the wall of draft tube, m
U superficial velocity of air in draft tube, m s−1

V volumetric flow rate, m3 s−1

w liquid flow velocity, m s−1

wcd liquid velocity in the nozzle outlet of the injector, m s−1

we average liquid velocity calculated from local liquid velocities inside the draft tube, m s−1

x axial distance from the outlet in jet stream, m
εg air hold-up, m3 m−3

ρ density, kg m−3

µ viscosity, Pa s
η the function given by Eq. (10)
ξ the flow resistance factor

Subscripts
cd nozzle
e mean
g gas
l liquid
la liquid aerated
p particle

Dimensionless numbers
Pe = weL/D1

Re = wcddcdρl/µ1
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