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Abstract

Trickle bed reactors (TBRs) are widely used in the petrochemical and oil-industry,
especially in hydro-treating and hydrocracking processes. With vehicular emission norms
getting more stringent, there is a significant emphasis on development of high-performance
catalysts and internal hardware for these reactors in order to produce clean fuels. In the co-
current down-flow operations in these TBRs, gas and liquid, both enter the reactor from the top
through a mixer, followed by a pre-distributor, and further, get re-distributed by principal gas-
liquid distributors (arranged on the distributor tray). Of all the key factors affecting reactors'
operational performance, the liquid distribution inside the bed is known to be crucial. However,
the local liquid distribution and, subsequently, the hydrodynamics inside the bed is largely
affected by the liquid distribution at the top of the packed bed. In the literature, while there are
several studies on measurements or simulations of liquid distribution inside the bed, only a few
investigations are available on distributor and tray efficiency. Also, to develop a detailed model
for the flow through the entire distributor tray, a deeper understanding and quantification of
the flow through individual units is necessary. Further, the development of a CFD methodology
incorporating the gas-liquid distributor measurements is required to be able to predict the gas-

liquid distribution inside the packed bed.

In the present work, the experimental investigations of liquid distribution generated by
single units of standard chimney and bubble cap distributors are performed for a co-current
downward flow of air and water with a G/L ratio widely used in the trickle bed industrial
operations. The liquid holdup distribution is measured, and liquid flow morphology is analysed
using in-house developed dual-tip voidage probes for air-water flow at the tray outlet. An
Eulerian (3D, transient) two-fluid model is implemented with a suitable weighted drag

formulation to simulate the flow that was comprising of multiple flow-regimes in a single flow-



domain, and its predictions are compared with the measured liquid distribution, liquid height
above the tray, and pressure drop. This is carried out in order to quantify the gas-liquid
distribution through such individual units and to verify the CFD model, so that this information
can be used readily to predict the flow through complete trays. Further, the analysis of flow
through bubble cap distributor in combination with different liquid dispersion plates from the
literature is carried out, experimentally and numerically. Also, the verified CFD model is can
be used to carry out 2D transient simulations for diesel-hydrogen system under industrial

operating conditions to develop highly efficient design of liquid distributor plates.

In addition to this, a methodology is developed to quantify the liquid distribution obtained
through distributor trays taking into account the overlapping of liquid coverage spans between
neighboring distributor units under industrial operating conditions, using two-phase Euler-
Euler method. A comparative study of liquid distribution through trays with gas-liquid
distributors of uniform and non-uniform (with artificially created positive-and negative-
gradient) discharge pattern is also carried out for co-current downflow condition. Further, the
predictions of liquid distribution obtained for aforementioned different configurations of
distributor tray are used to obtain the gas-liquid distribution inside the bed for industrially
relevant operating conditions. Such analysis and numerical simulations can be used to
investigate the performance of new gas-liquid distributors, to validate the performance claims

of existing distributor trays, and to assist in designing and optimizing new ones.
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Notations

A
Atotal
Co
dp
Es
Fdrag

g
G

G/L ratio

Qu
Qtotal
Re

t

T

u,v,w

Uslip, Vslip, Wslip

Greek letters

Q=TT M QK

Subscripts
a
I, L

Nomenclature

Face—area of a computational cell (m?)

Total surface area of the flow plane (m?)

Drag coefficient (-)

Characteristic length of the dispersed phase (m)

EG6tvos number (-)

Drag force per unit volume (kg/m?.s?)

Gravitational acceleration (m/s?)

Gas phase

Gas/Liquid volumetric flow rate ratio (-)

Momentum exchange coefficient (kg/m2.s)

Liquid phase

Inter-momentum exchange term (kg/m?.s?)

Maldistribution factor (-)

Total number of overlapping computational cells with same coordinates (-)
Total number of computational cells on the flow surface (-)
Mass flow rate of liquid passing through cell i(kg/s)

Average mass flow rate of liquid through computational cell (kg/s)
Volumetric flow rate of gas (Nm®/hr)

Volumetric flow rate of liquid (m*/hr)

Total mass flow rate of liquid passing through flow plane (kg/s)
Reynolds number (-)

time for which the probe tips were covered by liquid

Total time of data acquisition

Instantaneous velocity in X, y and z—directions, respectively (m/s)
Slip velocities in x, y and z—directions, respectively (m/s)
Instantaneous velocity (m/s)

Absolute slip velocity (m/s)

Superficial velocity of gas (m/s)

Superficial velocity of liquid (m/s)

Half the width of the test—rig (m)

Distance from the vertical-central axis of the test-rig (m)

Instantaneous phase holdup (-)
Time—averaged phase holdup (-)

Turbulent Kinetic energy (m?/s?)

Turbulent dissipation rate (m?%/s®)

Density (kg/m?®)

Dynamic viscosity (kg/m/s)

Surface tension between the two phases (N/m)

Air
Liquid
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G Vapor (Gas phase)
Water
General index
number of times water droplet comes in contact with both the probe tips in
total time T.

5 —s <

Abbreviations

BCWP Bubble cap with test perforated plate

BCWOP Bubble cap without plate (standard bubble cap)
BCSF Bubble cap with rounded slots and angled—fins plate
BCSP Bubble cap with spiral plate

CFD Computational fluid dynamics

CWOP Chimney without plate (standard chimney)
DHDS Diesel hydrodesulfurisation

LED Light—emitting diode

MFR Mass flow rate

PG Positive—gradient discharge pattern

TBR Trickle bed reactor

NG Negative—gradient discharge pattern

VOF Volume of Fluid (method)
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