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HYDRODYNAMIC STUDIES ON LOOP REACTORS (1)
LIQUID JET LOOP REACTORS*
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Abstract Understanding of hydrodynamics in liquid jet loop reactors is a prerequisite step for the fur-
ther study of multi-phase flow in loop reactors. A hydrodynamic simulation for liquid jet loop reac-
tors is developed from the first principles of transport phenomena in this paper. The turbulence is
taken into account by using the standard k-&¢ model. This approach is used to study the influence of
configuration and viscosity on the hydrodynamics. The results are in very reasonable coincidence to ex-
perimental data in literature,
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I INTRODUCTION

Although in chemical engineering and biotechnology loop reactors are especially
suitable -for heterogeneous gas-liquid, liquid-solid or gas-liquid-solid systems, studies
on homogeneous liquid flow in a jet loop system remain important. First, all basic fea-
tures and general fluid dynamic behaviors of heterogeneous loop reactors can be
demonstrated in a simple way by using corresponding homogeneous liquid systems, at
least in a qualitative context. Studies on homogeneous systems can serve as a good
foundation for developing multi-phase loop reactors"?. Secondly, liquid jet loop reactors
are also used for anaerobic fermentation'” and other purposes such as mixing'* and liquid
1ift. To date, liquid jet loop reactor has attracted considerable attention from
researchers!™>*%", The objective of this paper is to study the fundamental hydrodynamic
features of this type of reactor: a hydrodynamic simulation is conducted, then this ap-
proach is used to evaluate the influence of configurational parameters and physical
properties on the hydrodynamic behaviors.

2 MATHEMATICAL FORMULATION

2.1 Governing equations

The flow in the unit is considered to be steady, so the continuity and momentum
equations are®

V.-U=0 (1)
pU + VU= —=Vp+uVU (2)
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When turbulent flow is encountered, viscosity u is replaced by effective viscosity 4. In
an axial symmetric cylindrical coordinate system, the governing equations now give
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where
u=ptp, (6)

and additional source terms S, and S, are resulted from turbulent inhomogeneity
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2.2 Turbulence model

For turbulent flow, the k-¢ model® has been proven to be suitable for many cases of
practical importance. In this model, turbulent viscosity #, is related to two transportable
properties, the turbulent kinetic energy k and the energy dissipation &

k2
=Cp— (©)

where C, is an empirical constant. The k and ¢ in equations are respectively
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where p is the source of turbulent energy
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The standard model constants C,, C,, C,, g, and o, are taken from Jones and Launder™
C c, ¢ o o
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3 NUMERICAL IMPLEMENTATION
The numerical implementation is described briefly here; details of numerical procedures
can be found in literature!® ',

3.1 Diseretization scheme

The above transport equations can be written in a general form such as
0 1 0 0 0P 1 3 op

D)+ — - - oL
0x, (PU:2) x, 0x, U, @) 0x, (I, 0x, ) X, 0x, (T, dx,

)=S,  9)

To solve the above elliptic partial differential equation, an efficient numerical algorithm
of numerical stability and accuracy is required. The Power-Law Scheme (PLS) is
adopted for this purpose”. Eq. (9) is discretized on a staggered grid system by the
control volume method™® ". All scalar quantities are designated on the same grid
points, and nodes for velocity components are displaced on the cell faces between two
adjacent nodes. The finite-volume control regions for U,, U, and p are shown in Fig.1.
Thus, Eq.(9) is discretized on these cells to a set of algebraic equations

ap@p = ag @ + ay @y, + ay@y + as @+ b (10)

where
a;=D A(lp)+[-F,, 0]
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Figure 1 A staggered distribution of nodes in the domain
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as=D,A(lp,)+ [F,, 0]
b=SAV
ap=ag+ay+aytas—S,AV
A(ph=1[0, (1-0.1)p)y’]

and the symbol [ , ] stands for choosing the item with larger algebraic values.

3.2 Equation solution algorithm

Because of nonlinearity of the governing equations, the equation set must be solved
iteratively. In this work, the SIMPLER" algorithm is used. Each set of linear equa-
tions, which is formulated over its correspondent control regions is solved in an inner
iteration. Considering the anisotropic coefficients of algebraic equations due to the high
height to diameter ratio, a two-dimensional correction (2DC) coupled with alternating
direction implicit (ADI) iteration method"" is used.

3.3 Boundary conditions

The numerical domain is shown in Fig. 2. The draft tube is treated as a blocked -off
region, and the relevant variables are set to be zero therein!"”. The wall-function method
is used to the near-wall nodes"”. Other boundary conditions are the following:

At inlet

U,=0
Uyr)= Upyax(1 — T;“ )%
k=(0.035U,2+8(— )]

e=k"“l,
At outlet

b|7
cfJf

Figure 2 Sketch of the coordinate system
and solution domain for a JLR
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3.4 Convergence criteria and effects of grid sizes

Computation is carried out on a PC486 computer. The iterative process is terminated
when the relative residuals of the equations less than 107°. To study the effects of over-
all grid size on the flow variables, the grid sizes chosen are 38 x 56, 51 x 76 and
60x90. It is noted from their contour maps of velocity vectors shown in Fig. 3 that the
flow fields in the later two cases are essentially the same. But in the case of a coarse
grid, not all recirculations are reflected in the field. So in the subsequent simulation, the
medium grid number (51 X 76) is chosen.

(a) 60%90grid (b) 51 x76grid (c) 38 x 56grid (d) magnification of the
dashed line region in (b)
Figure 3 Vector map of velocity for JLR
(s=5 W,=10m+s™")

4 RESULTS AND DISCUSSION

The numerical program developed is used for a systematic investigation of
hydrodynamics in the liquid jet loop reactor. The configurational parameters (see Fig.4)
are selected in such a way that the results of simulation may be easily compared with
experimental data in the literature!.

Internal diameter: D =0.19m

Distance of draft tube from bottom: A,=45mm

Chinese J. Ch. E. 5(1) 1 (1997)
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Figure 4 Schematic drawing of a JLR

Distance of draft tube from liquid surface: A4,=65mm

. . . H
Height to diameter ratio s: 53 =5, 10
Wall thickness of internal tube 0.005m

: . D
Diameter ratio: ———DE =0.6
Liquid viscosity: 0.001 Pa-+s
4.1 Analyses on flow fields and comparison with literature data
Typical maps of velocity vectors can be seen in Fig. 3. When the liquid jets into the
riser from the nozzle, the mixing of jet stream and circulating liquid from the
downcomer takes place at the lower section of the riser. Because the jet velocity is much
higher than that of the circulating liquid, the pressure rise caused by mixing of the two
streams is greater than the pressure drop of wall friction and adverse pressure gradient
is being developed. And a region of recirculation is formed near the jet stream. At the
top of the downcomer, another recirculation is formed due to abrupt changes in flow
direction. Figs. 5 and 6 present the axial velocity distribution in the radial direction.
The flow structure coincides with the literature” ' very well. Blenke!" 2 conducted a lot
of experimental work on the mentioned configuration and defined the following flow
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0 0.010.02 0.03 0.04 0.05 0.059 0.069 0.079 0.089
Y, r,m
Figure 5 Axial velocity distribution in the riser Figure 6 Axial velocity distribution in the downcomer
(W, =10m+*s', s=5) (W,=10m +s', s=5)
axial height, m: — 0.15; ---- 0.82 axial height, m: ——0.96; ---- 0.4
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parameters;
I. Mean circulation velocity

Wa=2 (M,+M,) /({:—sz)
2. Circulation number
n,=M,/M,=(M,+M,) | M,
3. Jet Reynolds number
Re, =W ,D,/v
4. Circulation Reynolds number
Re,=W_D/v

Blenke'" % concluded that in the turbulent region

Re, 1

Re, 250 (h
_Re}“ +0.84

held valid for s=35, and

R

RfT ~ 7600 ] 0.9 (12)
— +0.
Re,? >

for s=10. Fig. 7 gives the comparison between empirical correlation and numerical pre-
diction. It is found that the results fit quite well.

All the above results suggest that the numerical simulation can be used to predict
flow structure and integral flow parameters in close agreement with experimental data.
The present numerical approach seems to be reliable and useful in theoretical analysis
and numerical experimentation.

4.2 Influence of configurational parameters and viscosity

4.2.1 |Influence of D/Dy

Numerical and experimental results concerning the effect of diameter ratio on Re,/Re,
are shown in Fig. 8. A maximum Re,/Re, exists when D/D is around 0.6. This result
can be explained from the flow field in Fig.9. When Dg/D is smaller than or equal to
0.36, the recirculation formed at the top section of the downcomer becomes larger as
compared with that in Fig.3 and occupies almost the complete section of the
downcomer.

As Dg/D is above 0.8, a large recirculation appears in the riser. Thus, liquid
circulating velocity is decreased by the resistance of strong recirculation.

4.2.2 Influence of L, and A,

The influence of the draft tube length L, on flow can be seen from Fig. 10. When
L,=0.306m, there is a big recirculation atop the riser. Also a dead zone exists in the
upper part of the unit. Numerically predicted Re,/Re, in this case is only 0.7. When
the spacing between the draft tube A4, is small, Re,/Re, increases with increasing A,.

Chinese J. Ch. E. 5(1) 1 (1997)
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Figure 7 Ratio of Re, to Re, vs. Re, Figure 8 Ratio of Re, to Re, vs.
predicted by this work Dg[D for 5=5
0 s=5; as=10;, — Eq.(11); ---- Eq.(12) predicted by this work; m expt. of Blenke!"

(a) Dy/D =0.36 (b) Dg/D=0.8
Figure 9 Vector map of velocity for JLR at Figure 10 Vector map of velocity vectors for JLR
dlffmnt diametel' “ﬁo (5':5 W|.= lom .s—l L =0.306m)

(s=5, W,=10m +s™")

Afterwards, the changing Re,/Re, tends to leveled off with increasing A4, (see Fig. 11).
This indicates that resistance of the bottom spacing to liquid circulation is no longer
the controlling parameter.

4.2.3 Influence of height to diameter ratio and liquid viscosity

The influence of height to diameter ratio on Re,/Re, is already presented in Fig.7.

Re,/Re, is greater when s=35 as compared to that with s=10. Numerical results indicate
that there is no difference of flow field between s=10 and s=S5. The influence of
viscosity on Re,/Re, is shown in Fig. 12. When viscosity is increased, Re,/Re,
decreases because of the increased flow resistance due to liquid viscosity.
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Figure 11 Predicted results on ratio of Figure 12 Predicted results on ratio of Re,
Re, to Re, vs. A, for s=5 to Re, vs. viscosity
(W,=10m +s7") (W,=10m s ")

s=10

5 CONCLUSIONS

A numerical program is developed for the hydrodynamic simulation of homogeneous jet
loop reactors. The results agree well with experimental data reported in the literature.
The reasonable results are obtained when this is used to analyze the influence of
configurational parameters and liquid viscosity on the flow. All the above results sug-
gest that this numerical simulation is a powerful tool in the research and development
of loop reactors.

NOMENCLATURE

A, spacing atop draft tube, m

A, spacing below draft tube, m

D internal diameter of loop reactor, m
D, diameter of liquid jet nozzle, m
D mean diameter of draft tube, m
H filling height of reactor, m

k turbulent kinetic energy

L. length of draft tube, m

L, eddy length scale of turbulence, m
M, jet flow rate, kgrs™'

M, circulation flow rate, kges™

M, total mass flow, kges™'

n, circulation number

r pressure, Pa

Re, Reynolds number of circulation
Re, Reynolds number of liquid jet

s ratio of height to diameter

U velocity, m *s™'

W, jet liquid velocity, m *s™"

W, mean circulation velocity, m +s™'
x coordinate

Y kinematic viscosity, m’ «s™'

£ turbulent energy dissipation

H viscosity, Pa +s

p density, kg *m™*

Chinese J. Ch. E. 5(1) 1 (1997)
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Subscripts

E east

e effective

N north

S south

t turbulent

w west

1 radial direction
2 axial direction
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