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Abstract

This paper reports the results of a study on the flow generated and mixing time in a semi-industrial tank equipped with a side entry jet mix
For this purpose, a three dimensional modeling is carried out using an in-house Computational Fluid Dynamics (CFD) code. In this study,
theoretical mixing curves predicted by the CFD were validated by experiments. The experimental mixing curves were obtained by monitoring
the homogenization progress of the dark blue Nigrosine solution inside the tank. A photometer equipped with an online detector was used for
purpose. The experiments were carried out fgr22.5 and 45 jet angle setups. The results showed that the mixing time in thgetiayout is
lower than other setups.

The CFD code with the ability of simultaneous solving of the continuity, the Reynolds-averaged Navier—Stokes (RANS) equations and employi
various types of turbulence models was used. The effect of the mesh size on the predicted results was investigated and the theoretical re
obtained from various mesh sizes configuration were compared with the experiments. The results showed that the number of meshes is
effective on the obtained theoretical results in a way that the predicted results for the largest mesh size were far away from the experime
In addition, the two equatiok-¢ family models including: standard, RNG and realizable models were introduced to the code and the effect o
these models on the predicted results was investigated. The results show that there are considerable differences between the predicted n
progress using the three versions of the family models. The RNG— model shows more convincing results in comparison with the other
models.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the tank is drawn through a pump and returned into the tank.
Therefore, similar to the mixing by an impeller, a circulating
Mixing in stirred tanks is a common practice in many chem-pattern is maintained in the tank by a jet which causes liquid
ical, oil and petrochemical industries. Stirred tanks are widelyhomogenization.
used in the process industries to carry out many different opera- Numerous research studies have been undertaken to inves-
tions including, blending of miscible liquids into a single liquid tigate the jet mixing using various approaches of numerical
phase, suspension of solids, heat and mass transfer promotianpdeling. A part of these studies tries to propose empirical equa-
chemical reaction, etc. tions which relates the mixing time as an important criterion in
Mixing by impellers and jets are two known methods for fluid mixing to the operation conditions and geometries. In addition,
homogenization in the liquid phase. The jet mixers are cheamany studies focused on the modeling of the fluid flow hydro-
and are easily installed relative to the impeller mixers. A jetdynamic in the laboratory scales and validating the predicted
needs just a pump for fluid circulating, a cheap nozzle and someesults using various experimental methods. This was achieved
simple piping works. In the jet mixing, a part of the liquid inside due to the development of advanced computer modeling tech-
nigues such as the CFD.
One of the earliest studies on jet mixing was carried out by
* Corresponding author. Fossetfl]. He experimentally investigated the use of aninclined
E-mail address: masoudrahimi@yahoo.com (M. Rahimi). side entry jet to mix large scale storage tanks. The following
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reported. This work focused on the overall mixing time instead
Nomenclature of the homogenization progress trend. The flow pattern and the
mixing time in a jet mixed tank equipped with various types of jet
C1, C2, C, constants of thé—¢ model were predicted by Ranag#]. He used the standakes model in
Ejj linear deformation rate, (3) his CFD modeling. A non convincing validation of the predicted
G dissipation function, (pa's) results with the experiment was reported. Jay@jtstudied the
k turbulent kinetic energy (J kd) hydrodynamics of jet mixing using various jet configurations in
S source term a cylindrical vessel. He tried to find a way to reduce the mixing
Y velocity vector (ms*) time by eliminating the dead zones in the vessel. Patwardhan
U, W, Ui U /mean velocity components (_mjs) [10] compared the CFD prediction and the experimental mixing
u', v, w', up, u'; turbulent fluctuating velocity component  results of sodium chloride solution in a 981 tank. He concluded
(ms™ thatthe CFD modeling is quite satisfactory for predicting mixing
x;,x;  Cartesian coordinate (m) time but it is poor in predicting the homogenization progress.
The effect of the jet angle and the number of jets on the mixing
Greek symbols time were studied by Zughbi and Ralit]. Their three dimen-
€ dissipation rate of (W kg~?) sional modeling showed that the angle of jet injection is the most
®,¢' mean and turbulent fluctuating values of scalar  important parameter for determining the mixing time. In arecent
property research by Feng et §1.2] the velocity and concentration fields
r scalar diffusion coefficient in a confined planar-jet reactor measured using PIV and LIF
i, 1T, peft laminar, turbulent and effective viscosities  techniques. The CFD prediction were validated by the obtained
(Pas) experimental results and a good agreement was reported by
uT, veff  turbulent and effective kinematics viscosity authors.
0 density (kg n3)
oy, 0s turbulent Prandtl numbers fére
2. Theory
correlation was proposed for determining the mixing tirfig)( The CFD modeling involves the numerical solution of the
in the tank: conservation equations in the laminar and turbulent fluid flow
5 regimes. Therefore, the theoretical predictions were obtained
9D : : L
Ty = — (1) by simultaneous solution of the continuity and the Reynolds-
vd averaged Navier—Stokes (RANS) equations.
inwhichD is the tank diameted the jet diameter andis the jet The crucial difference between the modeling of laminar and

velocity. This study extended by Fox and G&k who proposed turbulent flows is the appearance of eddying motions of a wide
a modified version of Eq(1). They monitored the solution pH range of length scales in the turbulent flows. The random nature
as a criterion for the mixing progress. Lane and R#jestudied  of a turbulent flow precludes computations based on a complete
mixing by a vertical jet mixer in a round bottom vessel. Theydescription of the motion of all the fluid particles. In general, it
observed that homogenization time depends on the jet Reynoldsmost attractive to characterize the turbulent flow by the mean
number in the laminar regime, while in the turbulent cases the jetalues of flow properties and the statistical properties of their
Reynolds number is not too important. The effect of the injectiorfluctuations. Introducing the time-averaged properties for the
position on the mixing time, were studied by Yiannegkis  flow (mean velocities, mean pressures and mean stresses) to the
He reported that the position of the probe and tracer injectiotime dependent Navier—Stokes equations, lead to time-averaged
point do not have a significant effect on the final homogenizatioNavier—Stokes equations as follows (Versteeg and Malalasekera
time. [13]):

The CFD modeling of mixing in process industries has
attracted a lot of attention since 1990. This technique was
developed due to the availability of advance measurement tech-
niques for validating the theoretical results. Unger et[3].
characterized the laminar vis:cous flow in an impinging jet con- ow + div(pU) = 0 (2)
tactor using the CFD modeling and Particle Image Velocime- of
try (PIV) measurement. They found that mixing will improve
substantially if the geometry be asymmetric. Following on
this study, Unger and Muzzi¢6] used the Laser-Induced
Fluorescence (LIF) technique in order to quantitatively com- (P ) + div(puU) =
pare the mixing performance between the two impinging jet ¢
geometries. 2 —— ——

Brooker[7] studied the performance of jet mixing using the + o) _ Apuv) _ dpu'w) + Svx  (3)
CFD. In this work, an error of 15% in the mixing time was 0x %y 0z

Continuity equation:

Momentum equations:

_ + div(u gradu)
0x
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9 N o't equations:
@ + div(pvU) = —a—” + div(u grady) + |~ 2© 8” v)
Y * ok) @ d [ vert Ok
_ W0 4 2ty = 2 (0™ ) fop—e) @
2 —— ot 0x; 0x o 0x;
(v ) A(pv'w’)
d(pe 0 d Veff 0€
—(puie) = — | p— — S, 10
o T Pie) = g ('0 o 8x,-> +o (10)
ad %) . a(pu'w’
pw) + div(pwU) = — + div(u gradw) + _ Hpu'wr) where
ot 0z ox
ff
e vert = =50 and pet = 1+ (12)
dpv'w’)  9(pw) p
— p - p + Smz ()
Y < As can be seen in the Eg®) and (10) the relations are the

same as the general transport equations, with the source terms,

and the transport equation for scalar propeartis:
P q properls Se, defined in different ways for each modehble lillustrates

9@ . _ Wy ou'y theS, relations for the&—e family models. The relation faPy is
— + div(®U) = div(I'; grad®) + | — - as follows:
ot ox ay
au,- auj Bu,-
ou'¢’ Pk=v<+> 12
B azw + So (6) T\axj  ax ) dx; e

The standard—s model is a semi-empirical model based
on transport equations for the turbulent kinetic eneigyahd
du;  ouj its dissipation rates]). As the strengths and weaknesses of the
> (7)  standardk— model have become known, improvements have
been made to the model to improve its performance by the RNG
k2 and realizable models.
HUT = Pcu; (8) In the RNGk—e model, the effect of small-scale turbulence
is represented by means of a random forcing function in the
A turbulence model is a computational procedure to calculat®lavier—Stokes equations. The RNG procedure systematically
wt. The Reynolds stress terms, andu can be defined on the removes the small scales of motion from the governing equations
basis of time-averaged velocity component by expressing their effects in terms of larger-scale motion and a
In the present work, a three dimensional fluid hydrodynamicgnodified viscosity. The realizabtes modelis arelatively recent
modeling was performed using an in-house CFD code. In ordedtevelopment and contains a new formulation for the turbulent
to involve the effect of the turbulence model on the predictedviscosity and a new transport equation for the dissipation rate,
results three models were employed. The models were selectedlt has been derived from an exact equation for the transport
from the two equations— family modelincluding: the standard, of the mean-square vorticity fluctuation. Both the realizable and
RNG and realizable. The two-equatibre model consists ofan RNG k—e models have shown substantial improvements over
equation for the turbulent kinetic energy, and the other for the standard—s model where the flow features include strong
the energy dissipation rate, as are described in the following Streamline curvature, vortices and rotation.

which in general notation:

—oulu', =1;; = —Z
PUU ; ij = MT 8xj o

Table 1
TheS, definition ink—¢ family turbulence models
Model Se Parameters
Standard (Launder and Spaldifigt]) 0 (CLSEP;( —Cas %e) Cus5=0.09;C15=1.44;C25=1.92;015=1;0,5=1.314
& & & 31—n/no
RNG (Yakhot and Orszald 5]) P Cl,RNGE Py — aze= Cz,RNGF? a=Cun 15 o 7 CuRrNG=0.0845; Ci1rng=1.42; Corng=1.68;
n

OkRNG=0gRNG=0.719; 19=4.8; =0.012; n= Eé; E? =2E,~.,~E,~j;
ou;  Ouj
E;i=05( —+ —
Y <3x_,~ + é)x,-)

82 n
Realizable (Shih et a]16 CirreEe — CoRe———— Cipre = max|043;, ——|; =0.09; C 1.9; =1,
( aj16]) P ( 1LReEe 2Re; e 1.Re [ n+5} CyRe= 2,Re= Ok Re

. k. 5 ) ou ou j
oeRre=1.2p = E; E2_2E,»jE,-j. Ej=05 (dx; + o >
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Fig. 1. The floating roof stirred tank and its components.

3. Experimental work 1.6 —
§ 14 l 22.5%jet
In the present research, the mixing in a semi-industrial 1301 £ 12- e
floating roof tank with a diameter of 90cm and a height of 2 1 [\ -/:/ =
20 cm was studied. The height to diameter ratio of the tank is § 08 Pt
quite similar to the large scale floating roof crude oil storage .2 os / / -
tanks[17,18] In real floating roof tank, the roof is heavy and is E 0.4 -,//
exactly placed upon the fluid to prevent volatile material accu- £ o2 /
mulation in the space between the liquid surface and the roof. 0 / . . . ; . : |
Thisis very important from the safety point of view. In the exper- 0 50 100 150 200 250 300 350
iment, a heavy object was put upon the roof similar to the real tme(s)
tanks.

L L Fig. 2. The experimental mixing curves for various jet setups.
In order to study the homogenization progress inside the tank,

the Nigrosine dye solution was used as a tracer in the experi-
ments. A 65 cr of this solution was injected during 4 s via an 4, CFD modeling
automatic injector system. The tracer spreading was detected by

a photometer made by Metrohm Company which equipped itby |n the present research, an in-house finite volume CFD code
an online probe. The photometer probe is sensitive to the opacityith the ability to model the mixing in three dimensions was
of the fluid placed between the light emitter and senBig. 1 ysed. The tank was assumed to be the fixed roof regarding to
illustrates the rlg and the jet which was installed inside the tankexperiment Setup as exp|ained before. The tank was meshed
The probe and its position as well as the tracer injection positiofhto various numbers of the tetrahedral cell. A part of the
are shown in the figure. meshed tank and the modeled jet inside the tank is illustrated in
As afirststep of the experimental work, the tank was equippegtig. 3 The SIMPLE pressure—velocity coupling algorithm, the
with a jet with a diameter of 0.5cm. The angle of the jetstandard pressure, the first order upwind discretization scheme
with the horizon was adjusted to be zero degree. Water witllor momentum, turbulent kinetic energy and dissipation energy
a linear VE|OCity of 4.25m/s was diverted into the tank Viawere emp|0yed in the mode"ng_ In addition, the 0.001 conver-
the jet. The discharge pipe was placed in the opposite sidgence criterion was chosen in the modeling.
of the jet at the same elevation. In the next two sets of the |n this study, three jet setups with angles 6f 2.5 and
experiments, the Onozzle was replaced by the 22.8nd 45 45° respect to the horizon were modeled. Similar to the exper-
ones. iments a velocity of 4.25 m/s was introduced as the jet outflow
The obtained mixing curves for the three experimental setupge|ocity for the whole cross sectional area of the jet. In the first
are shown irFig. 2 Each run was carried out three times andpart of the modeling, the steady state solution was obtained and
the presented mixing curves are averaged ones. The differengge three dimensional velocity profiles and the other fluid flow
in the value of the overall mixing time was less than 5%. Thehydrodynamics parameters were found.
figure shows that the smallest mixing time was obtained in the = After the fluid flow pattern was established, the unsteady run
45" jet angle setup. The overall mixing time in the 22j8tis  \as carried out as the tracer was injected. The volumetric rate
almost doubles and the’ Qet has the slowest tracer spreading of the tracer injection was calculated from the amount of the
process. tracer injected in the experiment and a linear injection velocity of
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Fig. 3. The meshed tank at the nozzle and discharge sections.

1.3 m/s was obtained. In the model, this velocity was introduced In the 22.5 layout, the tank’s roof contact point is almost

to the zones placed at the injector position during the injectionin the middle of the tank radius and similar to the’ 4ase a

In addition, during this period these zones diverting the tracetoop produced inside the tank. However, the loop disturbs the
inside the tank. The obtained tracer concentration was related ftuid outflow regime close to the discharge region and fluid flow
the photometer reading number according to the initial preparepattern is not in a way that fluid goes out properly. This may be
calibrated curve in the experiment. one of the reasons of the considerable difference between the
mixing time of the 48 and 22.5 jet setups. In the Qjet case,

the fluid moves forward from the jet toward the discharge pipe
without any internal loop. The complementary contour plots in
this figure show in all setups that most regions inside the tank

Fig. 4shows examples of the predicted flow fields in an arbi- | lociti diust the fluid velocity i .
trary vertical slice going through the jets and the discharge pipegave ow VEIOCILIES, and JUstihe Tiuid velocity In a harrow region

in the three jet layouts using the RNG version of tae model close to the jet has significant values. However, according to the

The equal size velocity vectors are used in order to illustrate thgngle of jet the regions with higher velocities have different

fluid flow pattern inside the tank. pattern; and positions. .
As can be seen in the figure, the generated flow hit the tank In this study, the effect of the size of control volumes and the

roof in 45 jet setup at almost one-third of the tank radius from_employed turbulence model on the predicted fluid hydrodynam-

the jet position. In addition, the produced circulating loop in theff?e\(’:vte(;ﬁ ':E\ﬁit;g::ergi.x;gesfe(\j/f::rtli?)zles should have significant
middle of the tank can be effective in the mixing progress. The As afirst step, the code was run for 60,000, 113,000, 210,000

fluid fl tt t the disch ion is al iented t d i
thu;, ou(:lvt\altpgpgm atthe discharge region Is aiso oriented towar and 600,000 number of control volumes using the RNG

5. Results and discussion
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Fig. 4. The velocity flow patterns for different jet angle setups.
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Fig. 7. The effect of the turbulence models on the velocity magnitude a line
Fig. 5. The effect of number of cells on the velocity magnitudes in a line closeclose to the tank roof for 22°3ayout.
to the tank roof for 45 jet layout.

turbulence modelFig. 5 shows an example of the differences MiXing progress was also investigat€dy. 7shows the predicted
between the velocity predictions by these four various meshelocity magnitude in the above mentioned arbitrary line for the
sizes. The fluid velocity magnitudes in the°48t layout along ~ 22.5’ layout. The figure shows that the predicted velocity by
an arbitrary line placed 0.5 cm below the tank roof and paralle’[he three models of turbulence have a similar trend with some
to the jet-discharge connecting line are illustrated in this figuredifferences. For example, the obtained velocities at the jet side
The figure shows that the obtained velocity magnitudes from théat the beginning of the graphs) by the standaseimodel are
60,000 meshes have considerable difference with the others. THaver than the RNG and realizable models predictions while at
predicted results of the 600,000 and 210,000 layouts are qui@oMe places close to the middle of the tank the predicted values
close to each other and no significant changes are expected By this model are higher than others.
using smaller mesh sizes. The effect of using different types of turbulence model on the
The differences in fluid flow prediction have significant effect Way that the tracer spreads inside the tank is illustratédgn8
on the mixing time estimatiorkig. 6 illustrates how the mesh The figure shows the predicted mixing curves by the three tur-
size can be important on the predicted mixing progress for théulentk— family models using the 600,000 cells configuration.
45 layout using the RNG model. In this figure the mixing curves  In the 0" jet arrangement, all three theoretical curves have
for 60,000, 113,000, 210,000 and 600,000 number of contrgbignificant differences with the experiments in predicting the
volumes are compared with the experiment. tracer spreading. However, the predicted mixing curve by the
The figure shows that as the mesh becomes larger, the prBNG model has the same trend as the experimental curve. The
dictions error increases in a way that the 60,000 cells layouwo other models_show unexpected overshoots in the normalized
gives unsatisfactory results. On the other hand, as expected, tH&Cer concentration curves.
mixing curves of 210,000 and 600,000 setups are quite close to The predicted mixing progress using the RNG model in the
each other. 22.5 arrangement is also more precise than the two other mod-
In the present work, the effect of using different types oféls. The predicted curve by RNG model has a peak similar to the

turbulence model on the predicted velocity magnitudes and th@xperimental curve with a reasonable time delay, while no peak
can be seen in the predicted results by the standard and real-

izable models. The results obtained by the standasdnodel

are quite far away from the experimental mixing curve. In addi-
tion, the predicted mixing curve by the realizable model has
a significant time delay compare with the experimental curve.
The best prediction results by all models were obtained in the
45° jet layout. Similar to the two other layouts, the predicting
mixing curve by RNGk— model is closer to the experimental
result and it has fluctuations similar to the experimental curve.
However, the first peak in the predicted mixing curve by the
SRR~ O . standard model is much larger than the experimental one and the

-~

9 =
tn + in

60000

fw

[

210000 113000

i
in

normalised concentration
o :
n

T
-]
T

0.5 jnl mm’ i corresponding curves of the realizable and standard models are
0 smoother.
0 50 100 150 200 250 The predicted 95% and 99% overall mixing times for the
time (s) three jet angles using different turbulence models are shown in

Fig. 6. The predicted mixing curves using RNG model for various numbers ofl @ble 2 The results show that the obtained mixing time is more
control volume in 45 layout—comparison with experiment. convincing in comparison with the predicted tracer spreading
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Table 2
The comparison between the experimental and theoretical overall mixing times

Model @ angle jet 22.5angle jet 45 angle jet

Mixing time 95% (s)  Mixing time 99% (s) Mixing time 95% (s)  Mixing time 99% (s) Mixing time 95% (s)  Mixing time 99% (s)

RNG 170 215 137 176 115 150

Standard 145 190 135 165 160 190
Realizable 130 200 125 175 200 245
Experiment 175 205 140 190 110 130

progress shown ifrig. 8 The results show that the obtained 6. Conclusion

mixing times by the RNG— model is closer to the experimental

results. The CFD predicted results are convincing for predicting the
It can be concluded that the size of cells and the models ahixing time. However, the predicted mixing progress can be

turbulence can be every important in the modeling of the mix-accepted as an approximation.

ing using CFD. The results show that even small differences in

the fluid flow prediction by various models of turbulence havee The predicted homogenization progress depends consider-

considerable effect on the mixing prediction. The effect of num- ably on the employed model of turbulence.

ber of control volumes is more important and it has significante The performance of turbulence models in predicting mixing

effects on the predicted results. depends on the fluid flow pattern inside the tank.
e In this study, the mixing prediction using the RNG version
16 of k—e model gave better results in comparison with the two
g 14 ealizable Other mOdels.
k- e The size of mesh is quite effective on the CFD prediction
E 1.2 1] /Standard
£ - results.
g1 S TR B e o e e
£ : e T
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