
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

CFD: a design and scale-up tool for multiphase reactors

van Baten, J.M.

Publication date
2000

Link to publication

Citation for published version (APA):
van Baten, J. M. (2000). CFD: a design and scale-up tool for multiphase reactors. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/cfd-a-design-and-scaleup-tool-for-multiphase-reactors(9ab58e3b-660c-46a4-9a4b-2a3e033cf3b6).html


ChapterChapter 10 SieveSieve tray hydrodynamics, circular geometry 

ChapterChapter  10 

CFDCFD simulations  of  sieve  tray  hydrodynamics:  circular  column 
geometry geometry 

Abstract t 
Wee develop a Computational Fluid Dynamics (CFD) model for describing the 

hydrodynamicss of sieve trays. The gas and liquid phases are modelled in the Eulerian 
frameworkk as two interpenetrating phases. The inter-phase momentum exchange (drag) 
coefficientt is estimated using the Bennett et al. (1983) correlation as basis. Several three-
dimensionall  transient simulations were carried out for a 0.3 m diameter sieve tray with 
varyingg superfical gas velocity, weir height and liquid weir loads. The simulations were 
carriedd out using a commercial code CFX 4.2 of AEA Technology, Harwell, UK and run on a 
Siliconn Graphics Power Challenge workstation with six R10000 200 MHz processors used in 
parallel.. The CFD simulations reflect chaotic tray hydrodynamics and reveal several liquid 
circulationn patterns, which have true three-dimensional character. The clear liquid height 
determinedd from these simulations is in good agreement with the Bennett correlation. 

Itt is concluded that CFD can be a powerful tool for modelling and design of sieve trays. 

1.. Introductio n 
Distillationn is the most widely used separation technique and is usually the first choice for 

separatingg mixtures. Only when distillation fails does one look for other separation 
alternatives.. One of the major factors that favour distillation is the fact that large diameter 
columnss can be designed and built with confidence. Sieve tray distillation columns are widely 
usedd in industrial practice and the description of the hydrodynamics of sieve trays is of great 
importance.. A proper prediction of the sieve tray hydraulics is necessary for the prediction of 
separationn efficiency and overall tray performance. For a given set of operating conditions 
(gass and liquid loads), tray geometry (column diameter, weir height, weir length, diameter of 
holes,, fractional hole area, active bubbling area, downcomer area) and system properties, it is 
requiredd to predict the flow regime prevailing on the tray, liquid holdup, clear liquid height, 
frothh density, interfacial area, pressure drop, liquid entrainment, gas and liquid phase 
residencee time distributions and the mass transfer coefficients in either fluid phase. There are 
excellentt surveys of the published literature in this area (Fair et al. 1997, Kister 1992, Lockett 
1986,, Zuiderweg 1982, Stichhlmair and Fair 1998). Published literature correlations for tray 
hydrodynamicss are largely empirical in nature. In a recent policy document on separations put 
togetherr by a group of industry and university experts (VISION 2020, 1998), a lack of in-
depthh understanding of the processes occurring within a distillation column was believed to be 
aa significant barrier to the further improvement of equipment performance. The experts cited 
transportt phenomena such as fluid flow, heat and mass transfer, and multi-phase flow as 
subjectss that are insufficiently understood. 

Inn recent years there has been considerable academic and industrial interest in the use of 
computationall  fluid dynamics (CFD) to model two-phase flows in process equipment. The 
Volume-of-Fluidd (VOF) technique can be used for a priori  determination of the morphology 
andd rise characteristics of single bubbles rising in a liquid (Krishna and van Baten 1999a, 
Krishnaa et al. 1999c). Considerable progress has been made in CFD modelling of bubbling 
gas-solidd fluidised beds and bubble columns. CFD modelling of fluidised beds usually adopts 
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thee Eulerian framework for both the dilute (bubble) and dense phases (emulsion) and makes 
usee of the granular theory to calculate the dense phase Theological parameters (Marschall and 
Mleczkoo 1999, Boemer et al. 1997, Sun and Gidaspow 1999, Ding and Gidaspow 1990, Fan 
andd Zhu 1998, Ferschneider and Mège 1996, Syamlal and O'Brien 1989, Van Wachem et al. 
1998/1999a).. The use of CFD models for gas-liquid bubble columns has also evoked 
considerablee interest in recent years and both Euler-Euler and Euler-Lagrange frameworks 
havee been employed for the description of the gas and liquid phases (Boisson and Malin 1996, 
Delnoijj  et al. 1997a, Grevskott et al. 1996, Grienberger and Hofmann 1992, Krishna et al. 
1998,, Krishna et al. 1999b, Lapin and Lubbert 1994, Lin et al. 1996, Sokolichin and 
Eigenbergerr 1994, Sokolichin et al. 1997, Torvik and Svendsen 1990, Borchersger et al. 1999, 
Sanyall  et al. 1999, Thakre and Joshi 1999). A recent review (Jakobsen et al. 1997) analyses 
thee various modelling aspects involved for vertical bubble driven flows. 

Theree have been three recent attempts to model tray hydrodynamics using CFD (Mehta et 
al.. 1998, Yu et al. 1998, Fischer and Quarini 1998). Mehta et al. (1998) have analysed the 
liquidd phase flow patterns on a sieve tray by solving the time averaged equations of continuity 
off  mass and momentum only for the liquid phase. Interactions with the vapour phase are taken 
accountt of by use of inter-phase momentum transfer coefficients determined from empirical 
correlations.. Yu et al. (1998) attempt to model the two-phase flow behaviour using a two-
dimensionall  model, focussing on the description of the hydrodynamics along the liquid flow 
path,, ignoring the variations in the direction of gas flow along the height of the dispersion. 
Fischerr and Quarini (1998) have attempted to describe the 3D transient gas-liquid 
hydrodynamics.. An important key assumption made in the simulations of Fischer and Quarini 
concernss the inter-phase momentum exchange (drag) coefficient; these authors assumed a 
constantt drag coefficient of 0.44, which is appropriate for uniform bubbly flow. This drag 
coefficientt is not appropriate for description of the hydrodynamics of trays operating in either 
thee froth or spray regimes. 

Inn this chapter we develop a three-dimensional transient CFD model, within the two-phase 
Euleriann framework, to describe the hydrodynamics of a sieve tray. The required inter-phase 
momentumm exchange coefficient is estimated on the basis of the correlation of Bennett et al. 
(1983)) for the liquid holdup. Simulations have been carried out with varying superficial gas 
velocity,, liquid weir loads and weir heights. The objective of this work is examining the 
extentt to which CFD models can be used as an investigative and design tool in industrial 
practice.. The current Chapter 10 extends our earlier work on CFD modelling of a rectangular 
sievee trays, described in Chapter 9 (see also Krishna et al. 1999d) to columns of circular 
cross-section. . 

2.. CFD Model development 
Thee derivation of the basic equations for dispersed two-phase flows is discussed by 

Jakobsenn et al. (1997) and here we present a summary. For either gas (subscript G) or liquid 
(subscriptt L) phases in the two-phase dispersion on the tray the volume-averaged mass and 
momentumm conservation equations are given by 

< % ^ + V - ( p c £ cu c ) = 00 (1) 
at at 

^ J + V . ( p A u J = 00 (2) 
at at 
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fe^+V.(pfe^+V.(pcWccWc -Mc£c(Vuc + (Vuj))=-eGVP+MGM + Pcecl 
dt dt 

(3) ) 

^ ^ + V - ( p , £ t u t u t - / x t £ , ( V u LL + (VuJT ) )=-£i Vp-M cx + p ^ g (4) 
at at 

wheree pa>  ua, £̂  and //« represent, respectively, the macroscopic density, velocity, volume 
fractionn and viscosity of phase a, p is the pressure, MG,L, the inter-phase momentum 
exchangee between and liquid phases and g is the gravitational force. The gas and liquid 
phasess share the same pressure field, pG = PL- The added mass force has been ignored in the 
presentt analysis. Lif t forces are also ignored in the present analysis because of the uncertainty 
inn assigning values of the lif t coefficients to disperse gas phase on a tray. For the continuous, 
liquid,, phase, the turbulent contribution to the stress tensor is evaluated by means of k-t 
model,, using standard single phase parameters Qt=0.09, C|E=1.44, C2e=1.92, <7k = 1 and ot -
1.3.. No turbulence model is used for calculating the velocity fields within the dispersed gas 
phase. . 

Forr gas-liquid bubbly flows the inter-phase momentum exchange term is 

M , C = 7 P , ^ C D ( « C - « L K - U JJ <5> 
44 dG 

wheree Co is the inter-phase momentum exchange coefficient or drag coefficient. For the 
Stokess regime 

CD=24/ReG;; Rec = pLUGdG/fiL (6) 

andd for the inertial regime, also known as the turbulent regime: 

Co=0.444 (7) 

whichh is the relation used by Fischer and Quarini (1998). For the churn-turbulent regime of 
bubblee column operation, Krishna et al. (1999a) estimated the drag coefficient for a swarm of 
largee bubbles using 

33 HL Yxlip 

wheree VSHP is the slip velocity of the bubble swarm with respect to the liquid 

VVilipilip =\u=\ucc-n-nLL\\ (9) 

Substitutingg eqs (8) and (9) into eq. (5) we find 

MLCC =eG{pL - pc)g- j - (uc - u j u c - u j (10) 
slip slip 

Thee slip between gas and liquid can be estimated from superficial gas velocity UQ and the 
gass holdup £G 

V*,=UV*,=U cc/e/ecc 01) 

Inn this work we use the Bennett et al. (1983) correlation to estimate the gas holdup: 
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££LL = exp 
( ( 

-12.55 5 1313 r 
rliqrliq  r fias 

\0,9I I 

 EB =l-E l 

Thee inter-phase momentum exchange term is therefore 

MML.c=L.c=££c(pL-Pc)g c(pL-Pc)g 
K/̂ y y 

3-(uc-ut ] |uc-ut | | 

(12) ) 

(13) ) 

Thiss formulation however gives numerical difficulties during start-up of the tray with fresh 
liquidd because in the freeboard the liquid holdup is zero. In order to overcome this problem 
wee modify eq. (13) as follows 

MMLGLG=e=ecc££LL{p{pLL-p-pcc)g )g 1 1 1 1 

>C/^K . . ( U C - U Z . K - U JJ J (14) ) 

wheree the term 
.IpJeiJ .IpJeiJ 

iss estimated a priori from the Bennett relation (12). This 

approachh ensures that the average gas holdup in the gas-liquid dispersion or the froth 
conformss to experimental data over a wide range of conditions (as measured by Bennett et al. 
1983).. When applying incorporating eq. (14) for the gas-liquid momentum exchange within 
thee momentum balance relations (3) and (4) the local, transient, values of uG, uL, £G and £L are 
used.. A further point to note is that use of eq. (14) for the momentum exchange obviates the 
needd for specifying the bubble size. Indeed for the range of superficial gas velocities used in 
ourr simulations we do not expect well-defined bubbles. The two-phase Eulerian simulation 
approachh used here only requires that the gas phase be the dispersed phase; this dispersion 
couldd consist of either gas bubbles or gas jets, or a combination thereof. 

AA commercial CFD package CFX 4.2 of AEA Technology, Harwell, UK, was used to 
solvee the equations of continuity and momentum for the two-fluid mixture. This package is a 
finitee volume solver, using body-fitted grids. The used grid is non-staggered. Discretisation of 
thee equations at the grid is performed using a finite differencing (finite volume) method. 
Physicall  space is being mapped to a rectangular computational space. Velocity vector 
equationss are being treated as scalar equations, one scalar equation for each velocity 
component.. All scalar variables are discretised and evaluated at the cell centres. Velocities 
requiredd at the cell faces are evaluated by applying an improved Rhie-Chow (Rhie and Chow, 
1983)) interpolation algorithm. Transport variables such as diffusion coefficients and effective 
viscositiess are evaluated and stored at the cell faces. The pressure-velocity coupling is 
obtainedd using the SIMPLEC algorithm (Van Doormal and Raithby 1984). For the convective 
termss in eqs (1) - (4) hybrid differencing was used. No problems with numerical diffusion are 
anticipatedd in view of the smallness of the grid and time steps used. A fully implicit backward 
differencingg scheme was used for the time integration. 

Figuree 1 shows the configuration of the system which has been simulated. The diameter of 
thee tray is 0.3 m with a height of 0.12 m. The length of the weir is 0.18 m, giving a flow path 
lengthh of 0.24 m. The liquid enters the tray through a rectangular opening that is 0.015 m 
high.. The height of the weir is varied in the simulations and has the values of 60, 80 and 100 
mm.. The total number of grid cells used in the simulations is 48x60x24 = 69120; 48 cells in 
liquidd flow direction, 60 cells in direction perpendicular to the liquid flow and 24 cells in the 
verticall  direction. Figure 2 shows the layout of the distributor grid, which consists of 180 
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holes.. The choice of the grid size is based on our experience gained in the modelling of 
fluidisedd beds and gas-liquid bubble columns operating in the churn-turbulent regime 
(Krishnaa et al. 1998, Krishna et al. 1999b). The chosen grid size of 5 mm is smaller than the 
smallestt grid used in our earlier study (Krishna et al. 1998, Krishna et al. 1999b), where grid 
convergencee was satisfied. The use of warped square holes does not impact on the simulation 
resultss because we use the Eulerian framework for describing either fluid phase. The 
geometryy of the holes would influence the results in VOF simulations, which is used for a 
prioripriori  prediction of bubble dynamics (Krishna and van Baten 1999a). 

downcomer r 

o o 
CM M 

E E 
CM M 

CO O 

areaa (not 
modelled) ) 

-1 1 

pressuree boundary condition 

top:: pressure 
boundaryy condition 

frontt + back: wall 

1800 holes in bottom 
plate e 

downcomer r 
areaa (not 
modelled) ) 

1, , 

liquidd inlet 

Fig.. 1. Specification of the computational space used in the CFD simulations. Total 
cross-sectionall  area of column = 0.07068 m2; downcomer area = 0.003675 m~; active 
bubblingg area = 0.063 m2; total number of holes = 180; hole area = 0.00414 m2; fractional 
holee area to bubbling area = 6.54 %. 

Air ,, at ambient pressure conditions, and water was used as the gas and liquid phases 
respectively.. At the start of a simulation, the tray configuration shown in Fig. 1 is filled with a 
uniformm gas-liquid dispersion, with 10% gas holdup, up to the height of the weir and gas is 
injectedd through the holes at the distributor. The time increment used in the simulations is 
0.0022 s. During the simulation the volume fraction of the liquid phase in the gas-liquid 
dispersionn in the system is monitored and quasi-steady state is assumed to prevail if the value 
off  the holdup remains constant for a period long enough to determine the time-averaged 
valuess of the various parameters. Typically, steady state is achieved in about 15 s from the 
startt of the simulations; see Fig. 3. For obtaining the values of the clear liquid height, gas 
holdupp of dispersion, etc, the parameter values are averaged over a sufficiently long period 
overr which the holdup remains steady (see Fig. 3). 
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s s 
CD D 
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CO O 
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Fig. . 
holess = 

Floww path length: 0.24 m / 48 cells 

2.. Layout of the distributor plate used in the CFD simulations: total number of 
180;; hole area = 0.00414 rrf; fractional hole area to bubbling area = 6.54 %. 

0.655 r 

Trayy parameters averaged 
overr this time interval 

00 5 10 15 
Timee from start of gas injection/[s] 

Fig.. 3. Transient holdup monitored as a function of time after injection of gas. Ua = 
0.77 m/s; weir height h„  = 80 mm; liquid weir load QJW = l .2x10"3 nr7s/m. 

Simulationss have been performed on a Silicon Graphics Power Challenge with six R10000 
processorss running at 200 MHz. A typical simulation took about 4 days to simulate 20 s of 
trayy hydrodynamics. From the simulation results, average liquid holdup as a function of 
heightt has been determined. Dispersion height has been defined by the height at which the 
averagee liquid holdup drops below 10 percent. Clear liquid height has been determined by 
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multiplyingg the average liquid holdup with the height of the computational space (0.12 m). 
Averagee liquid holdup has been calculated by dividing clear liquid height by dispersion 
height. . 

Furtherr computational details of the algorithms used, boundary conditions, including 
animationss of two typical simulations, at UG = 0.01 and 0.7 m/s are available on our web site: 
http://ct-cr4.chem.uva.nl/sievetrayCFD. . 

3.. simulation results 
Wee first tried to gain an insight into the liquid flow patterns on the tray by simulating a tray 

att a superficial gas velocity of only 0.01 m/s. The boundary conditions used in the 
computationss prevented weeping of the liquid from the distributor holes. Typical snapshots, 
takenn at four different views of the tray, are shown in Fig. 4. As a guide to the eye, a 
simplifiedd picture of the liquid circulation patterns is indicated at the bottom of Fig. 4. The 
liquidd circulation cells are clearly visible in the vertical direction in both the front and weir 
vieww planes. For the top view at a height 10 mm above the distributor the liquid is drawn 
inwardss towards the centre of the tray. When viewed from the top at a height of 40 mm above 
thee distributor, the liquid recirculation patterns near the curved edges are evident; such 
circulationn patterns have been measured experimentally (Yu et al. 1998, Porter et al. 1972). 

Figuree 5 shows the corresponding snapshots for a tray operating at Uo = 0.7 m/s. The 
chaoticc behaviour can be best appreciated by viewing the animations on our website: 
http://ct-cr4.chem.uva.nl/sievetrayCFD.. Near the bottom of the tray, the liquid is drawn 
towardd the centre and is dragged up vertically by the gas phase. The liquid disengages itself 
fromm the dispersed gas phase and travels down the sides, resulting in circulation cells which 
aree evident in both the front and weir views. From the top view the liquid re-circulation 
patternss are less prominent than in the simulation shown in Fig. 4, which was obtained at very 
loww gas velocity. The fully three-dimensional nature of hydrodynamics is evident, and casts 
doubtss on the applicability of CFD models such as that of Yu et al. (1998) in which the liquid 
floww is assumed to be two-dimensional. The front view and the weir view of this simulation 
showw the existence of just two roll cells. Interestingly, this is in contradiction with the 
assumptionn made in the literature when modelling sieve tray hydrodynamics, wherein the 
existencee of multiple cells is assumed; see for example the recent paper by Wijn (1996). 

Figuree 6 presents typical simulation results for the variation of the liquid holdup along the 
heightt of the dispersion. The values of the holdup are obtained after averaging along the x-
andd y- directions and over a sufficiently long time interval once quasi-steady state conditions 
aree established. The simulated trends in the liquid holdup with gas velocity Uc are in line with 
experimentall  data (Hofhuis and Zuiderweg 1979, Zuiderweg 1982). 

Figuress 7, 8 and 9 compare the calculations of the clear liquid height from CFD 
simulationss with the Bennett correlation 
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Fig.. 6. Distribution of liquid holdup along the height of the dispersion for superficial 
gass velocities, UG = 0.5, 0.7 and 0.9 m/s. Weir height /?„  = 80 mm; liquid weir load QJW 
== 8.25xl0"4 m3/s/m. The values of the holdup are obtained after averaging along the x-

andd y- directions and over a sufficiently long time interval once quasi-steady state 
conditionss are established. 

K, K, KK + C QL QL 
LL ) 

CC = 0.50 + 0.438exp(-l 37.8/i„) (15) ) 

wheree e' is determined from eq. (12). The values of the clear liquid height from the 
simulationss are obtained after averaging over a sufficiently long time interval once quasi-
steadyy state conditions are established and determining the cumulative liquid holdup within 
thee computational space. It is remarkable to note that the clear liquid height determined from 
thee CFD simulations match the Bennett correlation quite closely, even though no influence of 
thee weir height or liquid weir load on the interface gas-liquid momentum exchange coefficient 
hass been used in the model. Also shown in Figures 7, 8 and 9 are the experimental results of 
Krishnaa et al. (1999d) for the clear liquid height obtained in a rectangular sieve tray with 5 
mmm holes. Both CFD simulations and the Bennett correlation tend to overpredict the clear 
liquidd height. This is because the Bennett correlation was set up for water containing no 
impurities.. It is well known that small impurities tend to prevent coalescence leading to a 
higherr gas holdup with concomitant lower clear liquid height. In order to model non-
coalescingg systems, appropriate modifications must be made to the interfacial momentum 
exchangee coefficient. 
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OO Experimental data of Krishna et al. (1999) 
 CFD simulations 

Bennettt et al. correlation 
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Superficiall gas velocity, UG/[m s-1] 

Fig.. 7. Clear liquid height as a function of the superficial gas velocity. Comparison of 
Bennettt correlation with CFD simulation. Weir height /JW = 80 mm; liquid weir load QJW 

==  8.25xl0"4 m3/s/m. The values of the clear liquid height from the simulations are 
obtainedd after averaging over a sufficiently long time interval once quasi-steady state 
conditionss are established and determining the cumulative liquid holdup within the 

computationall  space. 

Inn Figures 7, 8 and 9 the clear liquid heights were determined by averaging over x, y and z 
directionss of the computational space. For a typical run, with QJW= 8.25x10' m7s/m, UQ = 
0.77 m/s and K = 80 mm the clear liquid heights in the x- and y- directions are given shown in 
Fig.. 10 (a) and (b). The "bath-tub" profiles of the clear liquid height are clearly evident. 

4.. Concluding remark s 
Wee have developed a transient three-dimensional CFD model for tray hydrodynamics. The 

gass and liquid phases are treated as interpenetrating continuous phases and modelled within 
thee Eulerian framework. An important experimental input to the CFD simulations is the slip 
velocityy between the gas and liquid phases; for this purposes the Bennett correlation (Bennet 
ett al. 1983) was used. The tray hydrodynamics has been found to have a true three-
dimensionall  character with liquid circulation cells in both vertical and horizontal directions. 
Thee predictions of the clear liquid height and liquid holdup from the CFD simulations show 
thee right trends with varying superficial gas velocity, liquid weir load and weir height, and 
matchh the values of the Bennett correlation quite closely. The important advantage of the CFD 
simulationss is that the influence of tray geometry is automatically taken into account by the 
code.. We conclude that CFD simulations can be a powerful investigative, simulation and 
designn tool for distillation trays. 

oo o 
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OO Experimental data of Krishna et al. (1999) 
 CFD simulations 

Bennettt et al. correlation 
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Fig.. 8. Clear liquid height as a function of the liquid weir load. Comparison of Bennett 
correlationn with CFD simulation. Weir height /?„  = 80 mm; Superficial gas velocity Ua = 

0.77 m/s. The values of the clear liquid height from the simulations are obtained after 
averagingg over a sufficiently long time interval once quasi-steady state conditions are 

establishedd and determining the cumulative liquid holdup within the computational space. 
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Fig.. 9. Clear liquid height as a function of the weir height. Comparison of Bennett 
correlationn with CFD simulation. QJW= 8.25x10'4 nvYs/m; Superficial gas velocity Uc = 

0.77 m/s. The values of the clear liquid height from the simulations are obtained after 
averagingg over a sufficiently long time interval once quasi-steady state conditions are 

establishedd and determining the cumulative liquid holdup within the computational space. 
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Fig.. 10. Clear liquid height along the x- and y- directions. QJW = 8.25x10" m/s/m; 
UUaa = 0.7 m/s; /iw = 80 mm. The values of the clear liquid height from the simulations are 

obtainedd after averaging over a sufficiently long time interval once quasi-steady state 
conditionss are established and determining the clear liquid height by averaging over (a) y 

andd z, and (b) over x and z directions respectively. 
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