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CHAPTER 1

INTRODUCTION

Fixed bed reactors are used for a wide range of industrial processes for
gas phase reactions. Currently used vertical fixed bed reactors (VFBRs) offer
higher pressure drop than radial fixed bed reactors (RFBRs). RFBRs offer a
larger mean cross-sectional area and reduced travel distance as compared to
traditional VFBRs [1, 2]. In RFBRs fluid flows both in axial and radial directions.
Consequently, the pressure drop in RFBRs is reduced significantly. However
research indicates that such geometries introduce flow distribution problem
(FDP) [2]. For the FDP to be minimum, the fluid flow should be in the radial
direction to ensure fluid is uniformly distributed inside the catalyst bed [3]. Fluid
movement in the axial direction, inside the catalyst bed, introduces FDP.

Figure 1-1 presents a radial fixed bed reactor for ammonia synthesis. Fluid
moves in the reactor from outside of the cylindrical vessel. The fluid moves inside
the catalyst bed in the radial direction and finally axially downward to exit the
reactor. The arrangement of the catalyst in the RFBR is to minimize the travel
distance of the fluid. For the same amount of catalyst, the travel distance

increases for vertical fixed bed reactors (VFBR).
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FIGURE 1-1: Casale axial reactor design for ammonia synthesis [39]

The goal of this research is to understand radial flow in fixed bed reactors.
The practical goal of the proposed research is to develop a model using the
Navier-Stokes equation to analyze the flow distribution in fixed bed reactors for
radial flow.

The hypothesis behind the proposed research is that the flow distribution
problem in radial flow fixed bed reactors can be controlled by using a tapered
geometry (increasing bed depth with bed height). This hypothesis is based on the
following observations.

1. Radial flow packed beds offer a larger mean cross-sectional area and

reduced travel distance as compared to traditional VFBRs [2].



2. Since pressure drop is directly proportional to bed depth, and by changing
the bed depth with height, the least resistance path guides the fluid
movement in the radial direction.

Based on these observations the focus of this proposal is the modeling of
the radial flow dynamics in radial fixed bed reactors. The specific aims are the
study of radial flow dynamics as well as to propose improved design to reduce
FDP (flow distribution problem).

The intention is to achieve a uniform flow distribution in the catalyst bed,
with the flow predominantly in a radial direction. In brief (Figure 1-2), the internal
design to be proposed is that flow enters the vessel across the top cross section
of the vessel; proceeds downward near the center of the vessel, then radially

outward through the bed, and finally exits the reactor in an upward direction.
OUTLET INLET OUTLET

I R S Y

-|~ — Catalyst

[ EN |

FIGURE1-2: Proposed geometry (gm3, increasing bed length with height of RFBR)

Note: All dimensions are in meter. Arrow indicates fluid movement inside the RFBR.

In the proposed project, the RFBR model will be developed for methanol
synthesis. The successful modeling of the present scheme will serve as the basis
for development of similar models for other industrially important chemicals. The

RFBR can be also used in refineries for hydrodesulphurization, hydrogenation,



hydro cracking and residue hydro conversion. The result will provide valuable
input to future computer simulation to assess the technical and economic
feasibility of proposed radial flow [6]. Fixed-bed catalytic reactors have been aptly
characterized as the workhorses of the process industries. For the economical
production of large amounts of product, they are usually the first choice,
particularly for gas phase reactions [3].

The standard method to develop a flow profile is to use the Navier-Stokes
equation for continuity of component and momentum balance for RFBRs [4]. The
proposed method uses the Navier-Stokes equation to develop the model for
radial flow. The Navier-Stokes equation is solved in a computational fluid
dynamics (CFD) software that is built on numerical integration techniques. CFD
is used to model physical systems by using mass, momentum, and chemical
species balance equations to mathematically simulate real phenomena inside the
system. CFD accomplishes this by subdividing a system into series of finite
elements that describe the geometry and by solving the modeling equation
differentially at each finite element. The simulation generates realistic information
about the temperature, pressure, velocity, and composition at each finite
element. For this work the RFBR is divided in to many finite elements and
velocity and pressure profiles are found at each element. . The commercial
software package used in simulations for this research is CFX™ 5.7.1 [5],
(Anysys Canada Limited). The boundary conditions are provided based on actual
conditions and transport properties are referred from the data bank available in

CFX software



1.1 Rationale

Fixed bed reactors are used for a wide range of industrial processes for gas
phase reactions. However research [2] has found that RFBRs geometry introduces
flow distribution problem (FDP) [2]. A better alternative as compared to currently used
VFBRs is needed. The intention is to achieve a uniform flow distribution in the
catalyst bed, with the flow predominantly in a radial direction to minimize flow
distribution problem. The poor flow distribution problem contributes to poor product

quality and higher pressure drop in the reactor bed.

In some of the reaction systems a major portion of reactor outlet is recycled
back (almost 90% as in the case of ethylene oxide reaction) [8]. Therefore a high
pressure drop contributes to a major loss of energy for such types of reactions in
VFBRs. The larger the bed depths produces more severe problems in maintaining a
uniform temperature in the bed. The large temperature variation in the bed
contributes to poor product quality and increases the possibility of reaching the auto

ignition temperature (AIT) in the bed (due to hot spot generation).

The present research will be able to provide a better alternative to VFBRs.
The present research for RFBRs will reduce the FDP [2] as well as maintain uniform
catalyst bed temperature. Radial flow in fixed bed reactors promises (i) reduced
pressure drop across RFBRs as compared to currently used VFBRs [3] and (i)
uniform flow in radial direction to minimize the FDP. Figure 1-3 demonstrates the
experimental results [2] for radial flow. For the most part of the reactor bed, the flow
path is both radial and axial. If the bed radius varied in such a manner (as shown in

Figure 1-4) to reduce the pressure drop uniformly, the FDP can be reduced.



Figure 1-3 comes from experiments done by Bolton [1]. Fluid moves downward at the
center of the vessel and then radially outward to exit from the uniform bed RFBR

(gm1, RFBR geometry of uniform bed length with height). In the upper half of the

reactor the fluid has both axial and radial component of velocity.

Axial and radial flow
inside the catalyst bed
of RFBR.

Reactor
Inlet

Inlet flow in the
downward direction
at the center of the
RFBR.

FIGURE1-3: Velocity profile [2]

Note: All dimensions in meter
In uniform bed length of RFBR (gm1), fluid follows the least resistance path.
The fluid path is mapped in Figure 1-3 from experimental results. The fluid path
deviates from the flow path in the radial direction. At the entrance of reactor the flow

distribution problem is evident from the Figure 1-3. This observation is evident from



the experiment conducted [2]. If bed height and radius are increased, higher
resistance is offered. The fluid movement will increase towards the radial direction as
compared to the axial direction. The arrangement can reduce the axial velocity
component. Here the intention is to minimize the axial velocity component to

minimize FDP.

Inlet downward
flow inside the
RFBR R4

/
/

? _ Flow inside the
- catalyst bed

= > > >

FIGURE 1-4: Proposed scheme

1.2 Goal

In this work, the goal is to improve the flow distribution in RFBRs. The
improvement in FDP will improve the reactor performance. The proposed tapered
geometry for a fixed bed reactor promises to reduce the FDP. The arrangement for
flow in radial direction can improve the energy efficiency of fixed bed reactors. A
uniform flow in radial direction also maintains uniform temperature across catalyst

bed. This helps in maintaining product quality.



1.3  Objective

The specific objectives are to:
1. Develop a rigorous model for RFBRs that
e Incorporates pressure gradient.
e Simulates the velocity map.

e Improves the flow distribution by optimizing the optimum physical

parameters from model solution.

2. Compare the results of the model developed to experiments [2].

1.4  Significance

Presently used vertical fixed bed reactors have disadvantages like high
pressure drop, catalyst deactivation, poor product quality and poor heat transfer as
well as product formation may be pore diffusion rate limited [3]. The successful
modeling of the present RFBR could be the basis for development of similar models
that can improve the design and performance of RFBRs. The result will provide
valuable input to future computer simulations to assess the technical and economic
feasibility of proposed radial flow for specific industrial process such as ethylene
oxide production [3]. The power consumption for VFBR and RFBR has been
compared for calculating the economic benefit of using RFBRs. The economic
advantage is of US $0.48 million per ton of product produced per year. The details
are presented in Table 1.1. The calculation was done in Aspen Plus and a uniform
pressure drop of 0.4 bar was taken (pressure drop calculation from CFXTM) across

the RFBR.



The cost of energy was taken as $0.05 /kw-hr [7]. The production capacity

figures were taken from Haldor Topsoe and Dow chemicals web sites [8, 9].

Table 1-1: Power consumption for industrial important chemicals

Reaction Licensor  Capacity, Power, Power,
tons per MW MW
day (VFBR) (RFBR)

Ammonia N2+3H>>2NH; Haldor 6000 20 12

Topsoe
Methanol CO+2H,->CH;0H Haldor 3000 10 6
Topsoe

Ethylene 2C,H4+0,>2C;H4,O Dow 1300 12 7.2

oxide Chemicals

Synthesis CH4+H,O->CO+H, Haldor 12000 30 18

gas Topsoe

(Note: Calculation done in Aspen'" Plus11.9)

1.5  Thesis organization

To find the best arrangement of catalyst for reducing FDP, a case study
approach was used. First results for uniform bed RFBR (gm1) were processed.
Then simulation was done in CFX™ for tapered geometry RFBR. For tapered
geometry RFBR, gm2 (reducing bed length with height) and gm3 (increasing bed
length with height) was first created in Anysys 8.1(a part of CFX™ software) and
then simulated to compare the flow distribution in the geometries gm1, gm2 and
gm3..

The rest of the thesis is organized as follows:

o Chapter 2 describes the literature review.

. Chapter 3 describes the methodology in detail and further elaborates on
the model development in CFX™.

o Chapter 4 presents and discusses the results from the CFX™ simulation

for three geometries gm1, gm2 and gm3.



CHAPTER 2
LITERATURE REVIEW
This chapter reviews the fundamental concepts critical to advanced flow
profile modeling for fixed bed reactors. Review of flow profile modeling in packed

beds, and numerical methods provide the basis for this work. Once these techniques

are reviewed and methods are chosen, the model test conditions are presented.

2.1 Pressure drop in packed bed

The design of process operations involving flow through packed beds is
commonly based on the assumption of plug flow; that is, a uniform residence time
distribution for all the elements of fluid. The problem associated with radial fixed bed
(RFBR) reactors is that of the effect on residence time distribution [10]. The important
features [10] of the RFBRs that can affect flow distribution includes (suggested by

Heggs, P J):
¢ Radial dimensions.
¢ Axial bed length.
o Surface friction factors associated with the inlet.

e Characteristic parameters of the bed packing.

10



¢ Flow rate and direction of flow.

The work by Heggs [10] for the modeling of fluid flow distribution in
annular packed beds (gas separation and purification) describes in detail the

factors described above.

Bird [4] had laid down a guide line to model the flow dynamics of a packed bed. The

guide line suggests use of following:
e The equation of continuity
e The equation of momentum
e The component of t (second order tensor)
e The equation of state

e The equation of viscosity.

2.1.1  Ergun [3] developed the method of pressure drop calculation in fixed bed
reactors. It is rationalized on the basis that pressure losses are caused by
simultaneous kinetic (inertial) and viscous losses. For the pressure drop
calculation in the radial direction, the Ergun equation is used by simply replacing the
parameter Z by the radial distance r [3]. This recommendation assumes plug flow

and no radial dispersion.

5 d &

p

2
T [1_—38)(1.75 +—15°](V1“9)j 21)

re

The isotropic loss model in CFX™ calculates pressure drop in porous

medium. Isotropic momentum losses are specified using either linear or quadratic

11



resistance coefficients [5], or by using permeability and a loss coefficient. The
linear and quadratic resistance coefficients model is formulated using linear and
quadratic resistance coefficients. The permeability and loss coefficient model
specifies coefficients for permeability and loss, in the generalized form of Darcy
law.

The direction loss model is used in CFX™ to evaluate the resistance loss
in specified direction, with flow inhibited in specified direction. The flow inside the
RFBR is changes direction with space. For situations like this, CFX™ allows the
independent specification of loss for streamwise and transverse direction. For
both the streamwise and transverse directions, both types of the loss
formulations for the isotropic loss model are available. In many cases, however,
the loss coefficients are known only for the streamwise direction, and only the
fact that the flow is inhibited in the transverse direction is known. When this
occurs, the streamwise coefficient multiplier for the transverse loss model is
selected. In this case, the transverse coefficients are taken to be the specified
factor times the streamwise coefficients. The transverse multiplier is typically

taken to be in the range of 10 to100 [5].

2.1.2 Turbulence and near wall modeling

Turbulence models are used to predict the effects of turbulence in fluid
flow without resolving all scales of the smallest turbulent fluctuations. A number
of models have been developed that can be used to approximate turbulence
based on the Reynolds Averaged Navier-Stokes (RANS) equations. Some have

very specific applications, while others can be applied to a wider class of flows
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with a reasonable degree of confidence. The models can be classified as either
eddy-viscosity or Reynolds stress models. The following turbulence models
based on the RANS equations are available in CFX™.
1. Zero equation model
The Zero equation model in CEX™ provides a good initial guess of
velocity for simulations using more advanced turbulence models. It is not used to
obtain final results [5].
2. Standard k-¢ model
One of the most prominent turbulence models, the k-¢ (k-epsilon) model,
has been implemented in most general purpose CFD codes and is considered
the industry standard model [5]. It has proven to be stable and numerically robust
and has a well established regime of predictive capability. For general purpose
simulations, the k-¢ model offers a good compromise in terms of accuracy and
robustness [5]. The k- model, provide good predictions for many flows of
engineering interest, there are applications for which these models may not

be suitable. Among these are [5]:

Flows with boundary layer separation
e Flows with sudden changes in the mean strain rate
e Flows in rotating fluids
3. RNG k-g¢ model
The RNG k-¢ model is an alternative to the standard k-¢ model. In general
it offers little improvement compared to the standard k- model [5]. The

computational time increases depending on geometry complexity.
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4. Reynolds-Stress Models (RSM):

Two-equation turbulence models (k-¢ and k-o based models) offer good
predictions of the characteristics and physics of most flows of industrial
relevance. RSM can be used in free shear flow with strong anisotropy like a
strong swirl component [5], this includes:

e Flows in rotating fluids.

¢ Flows with sudden changes in the mean strain rate.

e Flows where the strain fields are complex, and reproduce the

anisotropic nature of turbulence itself.

e Flows with strong streamline curvature.

Reynolds stress models have shown superior predictive performance
compared to eddy viscosity models in these cases [5]. This is the major
justification for Reynolds stress models, which are based on transport equations
for the individual components of the Reynolds stress tensor and the dissipation
rate. These models are characterized by a higher degree of universality. The
penalty for this flexibility is a high degree of complexity in the resulting
mathematical system. The increased number of transport equations leads to
reduced numerical robustness, requires increased computational effort and often
prevents their usage in complex flows [5]. Therefore for simulation in this work k-
¢ model has been selected as compared to more advanced model. The k-¢

model is industry standard for simulation of velocity profile in simple geometry.
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2.2 Recent advances

The modeling of fluid-fluid flow distribution in radial packed beds was done by
Heggs in 1994 [10]. The work mainly concentrated on flow arrangement with the
basic assumption of uniradial flow. The U type flow arrangement shown in Figure 2.1,
was found to provide better flow distribution [10]. The U type of arrangement was
done as shown in the Figure 2-1. The inlet to reactor is at the center of the vessel
and outlet is from outer circumference, in the upward direction. The flow inside the

catalyst bed was been assumed to be uniradial in Heggs work.

Outlet Inlet Outlet

.

_ _ Catalyst

FIGURE 2-1: U type flow

Flow distribution measurements [2] were done in a RFBRs using electrical
tomography by Bolton in 2004. Visualization of the flow pattern and distribution
inside a radial flow packed bed with lower pressure drop has been accomplished.
The findings were presented in Figure 1-3. It can be observed that in the upper
half of reactor, the flow distribution is not uniform in the radial direction. This FDP
leads to unwanted residence time distributions (RTDs) over and above that

occurring due to axial mixing [2]. In practice, the FDP is known to be single most
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important variable in attaining optimal operation of RFBRs [10]. Investigation into

the effects of FDP with possible change in geometry is need of this study.

2.3 Selected test reactions

The methanol synthesis reaction [11] was selected to test the model of
radial flow reactor. The methanol synthesis reaction was chosen because itis a
gas phase reaction and most of the industrial reactions using fixed bed reactor
are gas phase [3]. All of the data related to reaction kinetics, physical,
thermodynamic and transport properties are readily available in literature [12].

Methanol can be produced from synthesis gas which contains H,, CO,
CO,, water and even small amounts of hydrocarbons [35]. Synthesis gas can be
produced, for example by the steam reforming of methane (or other
hydrocarbons) or the gasification of biomass. For this project the assumption is
made that the starting material is synthesis gas with the following simple
composition:
60% Ha, 30% CO and 10% H,O that can be supplied at any rate required to
produce methanol. The overall reaction for producing methanol is:

CO + 2 H; > CH3;0H

The methanol synthesis reaction is exothermic and the equilibrium
conversion of methanol decreases with temperature. Figure 2-2 below shows the
equilibrium conversion for methanol synthesis against temperature and at various
pressures. The pressure range shown in Figure 2-2 is 10, 50 and 80 atm. The
temperature ranges from 373.15 K to 773.15 K. The overall conversion

decreases with temperature at constant pressure. It can be observed that at 373
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K the conversion is 100% but at 473 K the conversion reduces to 50% at

constant pressure of 10 atm.

100 premees SN T T T T T
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o)

Conversion (%

1 80 atm
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10 atm s0atm) |
40+ \ )
20} v\ |

0t \ -

100 150 200 250 300 350 40 450 500
Temperature {C)

FIGURE 2-2: Equilibrium conversion for methanol synthesis from syngas (60% H,, 30%
CO, 10% H,0) [25]

. Since the number of moles decreases with the reaction, improved
equilibrium conversion is obtained by operation at a high pressure. Modern
methanol synthesis reactors operate at temperatures above about 250°C and at
30-100 atm [25]. The reactors operate in a temperature range of 250 to 270 deg
C, above a certain minimum temperature so that reaction rates are high, but
below a maximum temperature set by the thermodynamic limits. The reaction
can be carried out in tubular reactors packed with catalyst. A common catalyst for
this reaction is Cu/ZnO on alumina. Since the reaction is exothermic and high
temperatures limit the equilibrium conversion, heat must be removed from the

reactor system to obtain an acceptable final conversion. This is most easily done
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by using several reactors in series with inter-stage cooling to decrease the

temperature of the gases to the minimum operating temperature.

2.4 Numerical solution methods

The model developed in this work will involve very complex kinetics,
requiring numerical methods. Analytical solutions for partial differential equations
are possible for only the simplest cases and are not possible for highly non-linear
systems with complex kinetics [32]. Since the model being developed includes
second order partial derivatives in at least two dimensions as well as potentially
non-linear terms, analytical solutions are not possible. Generalized numerical
solution methods will be required.

Many numerical programs are available for the solution of partial
differential equations, with most methods designed for specific solutions. For
solution of model equations under a wide range of assumptions, a much more

generalized code must be implemented. PDECOL™

[39] is a widely used
publicly available set of routines for the solution of a wide range of partial
differential equations. PDECOL™ was originally developed as a generalized tool
capable of handling a very wide range of coupled partial differential equations in
three spatial dimensions and one time dimension. Because of its generality,
PDECOL™ has been used for the solution of partial differential equations ranging
from the very simple to highly coupled nonlinear magneto-hydrodynamic
problems.

PDECOL™, though very general, is limited to systems that do not contain

cross derivatives. Cross derivatives are of the generalized form:
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and are not features of this work. Using finite difference techniques and the

(2-2)

method of lines [39], PDECOL™ converts the partial differential equations into
coupled first order ordinary differential equation (ODE). Subsequent solution is

completed using traditional finite difference methods and techniques.

2.4.1 Finite difference

Finite difference methods approximate partial differential equation derivatives
by dividing the area of interest into an evenly spaced system of grid points and
application of Taylor series expansions to approximate the solution at each grid
point. This method of approximation is by far the most commonly used and
extensively covered in numerical methods texts. An extraordinary amount of
research and development in numerical approximation has led to the
development of many methods based on finite difference principles. Methods
include Euler, Runge-Kutta, Adams-Moulton, Gears, etc; each with many
different forms and variations. For the purpose of this document, discussion will
be limited to the Adams-Moulton, since it is available with the PDECOL™

algorithm.

2.4.2 Method of lines

One of the most common methods used for solving second order ordinary
differential equations or partial differential equations is the method of lines
(MOL). Using a transformation of variables solution, the method of lines converts

second order or higher partial differential equations into coupled first order
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ordinary differential equations. Once the equations have been reduced and the
system Jacobian generated, integration is completed using an appropriate

LTM

integration routine. PDECOL "™ implements a variable order Adams-Moulton

method for equation solution.

2.4.3 Adams-Moulton

The Adams-Moulton methods use backward finite difference techniques to
approximate the solution of ordinary differential equations (Hornbeck 1975). The
simplest Adams-Moulton method incorporates an iterative solution approach that

includes the point being predicted. This first order Adams-Moulton formula:
Via = Vit (0, 50) (2-3)

is commonly referred to as the backward difference Euler formula. Higher order
Adams-Moulton methods are more typically employed. The high order methods
take into account previously computed solutions and provide solutions of much

higher accuracy.

PDECOL™ uses a variable order Adams-Moulton method [39] for
equation integration. Adams-Moulton methods, due to the backward difference
techniques, offer very high accuracy at the expense of iteration time. It should be
noted that integration with Adams-Moulton techniques, though slow, offer an
actual error that is an order of magnitude lower than techniques using forward
difference techniques such as Gears method. The Adams-Moulton method is

used throughout all phases of solution due to its stability and accuracy.
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2.4.4 Summary

The present chapter for literature review describes different models that
are at present used for modeling of flow distribution in fixed bed reactor. The K-¢
model in CFX™ is widely used in the industry. The model description is followed
by recent work performed by various researchers. Two important researches
done on radial flow is presented in this chapter. First, the work done by Heggs
[10], who suggested U type of flow for RFBR. The second work done by Bolton
[1], that presents experimental results for flow distribution in RFBR. The literature
review for methanol synthesis reaction is also presented here with the equilibrium
conversion chart. Finally the numerical solution described for finding solution for

reaction inside the catalyst bed.
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CHAPTER 3
METHODOLOGY

This chapter is divided into four sections which are organized to follow the
logical flow and development of flow profile models. The model development
starts with the designation and review of generic bed reactor conditions and
geometry [13]. Formulation and application of model assumptions along with the
equations are presented. Finally, support equations for physical property
calculations are presented along with degree of freedom analysis to determine if

the system is completely defined and ready for solution.

3.1 Generic radial flow reactor model

Design, operation, and troubleshooting of fixed bed reactors for gas phase
reactions require understanding of heterogeneous catalysis, the laws of
thermodynamics, reaction kinetics, and transport properties together with the
associated empirical coefficients essential for quantitative work [14].

The most widely accepted and rational approach for the complex two
dimensional problem is to apply familiar continuity equations for both momentum
and component transport [15]. Because of the high mass velocities required for
heat transfer [16], the temperature gradient between the catalyst and the fluid is

generally negligible. The actual mechanism for heat transport is quite complex,
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involving conduction in solid catalyst, convection in the fluid, and radiation

between phases [18].

3.2  Model assumptions

Simplified assumptions were implemented to minimize computational time
and decrease overall complexity [19]. An analytical solution of the most complex
reactors that takes into account all the features of turbulent reacting flow is not
possible [17]. Numerical approximation of complex equations can be time consuming
and in many cases is not currently feasible. Therefore for cylindrical coordinates the

equation were obtained with the following assumptions [4, 20-23].

The fluid is Newtonian.

e The flow is steady and fully developed.

e The temperature is constant.

e Slip on the wall is zero.

e The flow is only in the radial and the axial directions.
e The edge effect is negligible.

3.3  Geometry configuration

This section discusses about the geometry creation for CFX™ simulation.
Three geometries are created one for uniform bed length RFBR and other two for
tapered geometry (increasing and decreasing bed length with height) RFBR.

Depending on bed geometry flow distribution was be studied at various planes
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that divides the catalyst bed into small sections. Three geometry of reactor

selected for simulation are shown in Figure 3-1 to 3-3.

OUTLET INLET OUTLET
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FIGURE 3-1: Uniform bed length RFBR, gm1
Note: All dimensions are in meter. Arrow ( =) indicates fluid flow direction. Regions are
indicated by numbers in square.

Geometry1 (or gm1) was created to study the velocity and pressure
profiles in a uniform bed RFBR. The simulated velocity profile will also be
compared with the experimental results [2]. The fluid moves downward at the
center, then radially outward towards the outer circumference and then finally in
an upward direction to exit the RFBR. The RFBR was divided into three regions
to apply different flow model to different region. The reactor inlet is represented
Region 1. Region 1 (or SOLID1) is a cylindrical vessel that is the inlet to the
RFBR. Region 2 represents the catalyst bed (or SOLID2) of the RFBR. The
velocity profile inside the catalyst bed was studied in this work. Region 3 (or
SOLID3) represents the reactor outlet. The Region 2 is filled with the catalyst,
Region 1 and 3 are cylindrical vessel without any catalyst inside and designed for
inlet and outlet of the RFBR. The fluid movement changes flow direction from

inlet to the outlet. In the RFBR inlet fluid moves downward while fluid exit in the

axial direction at the reactor outlet.
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FIGURE 3-2: Reducing bed length with height of RFBR, gm2
Note: All dimensions are in meter. Arrow indicates fluid flow direction. Regions are indicated by
numbers in square.

Geometry2 (or gm2, Figure 3-2) designed to study the velocity profile in
tapered geometry of the RFBR. The regions numbered in Figure 3-2 represent
same regions as it represents for Geometry1 (gm1) in Figure 3-1.The fluid
movement path is similar to that fluid movement as in gm1 of the RFBR. The

generated velocity profile will be compared with the simulated velocity profile of

gm1 to study improvement in flow distribution.

OUTLET INLET OUTLET

B SN |

=|— <Catalyst

FIGURE3-3: Increase in bed length with height, gm3

Note: All dimensions are in meter. Arrow indicates fluid flow direction.
Geometry3 (or gm3) was created to compare the improvement in velocity
profile compared to the velocity profile of geometry gm1 and geometry gm2. The

regions numbered in Figure 3-3 represent the same regions as it represented for
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Geometry1 ( or gm1) in Figure 3-1. The fluid movement direction is similar to that

in geometry gm1 and geometry gm2 of the RFBR.

3.4  Model selection for modeling flow in different regions of geometries of the
RFBR

3.4.1 Region 1 and 3 (or SOLID1 and SOLID3)

The fluid flow in region 1 and 3 (Figure 3-1, 3-2 and 3-3) is turbulent
(Reynolds number is of the order 10%4). In principle, the Navier-Stokes equations
describe both laminar and turbulent flows. Therefore Navier-Stokes equation can
be used to map the velocity profile in region 1 and 3. However, turbulent flows at
realistic Reynolds number span a large range of turbulent length and time scales.
The direct numerical solution needs smaller than the smallest finite volume mesh
which can be practically used in numerical analysis [5]. The direct numerical
simulation (DNS) of these flows would require computing power which is many
orders of magnitude higher than is available in the near future. The k-¢ model will
be used to map velocity in region 1 and region 3. The k-¢ model is widely used,
as it offers good compromise between numerical effort and computational
accuracy. For flow in turbulent region, the k-¢ model modifies the Navier-Stokes
equation after statistical analysis. The details are available in CFX™ solver

model theory help files [5].

3.4.2 Region 2 (or SOLID2)

Region 2 (Figure 3-1, 3-2 and 3-3) is filled with catalyst pellets. The region
2 geometry is too complex to resolve with a grid. The flow inside the catalyst bed

is modeled as flow in porous media. The model recommended in CFX™ for flow
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in porous media is the Darcy model. The Darcy model is a generalization of both
the Navier-Stokes equations and Darcy’s law commonly used for flow in porous
region [5]. Since the model retains both advection (fluid movement) and diffusion
term, it can be used for flow in complex fluid path where such effects are
important. The details are available in CFX™ solver model theory help files.

The component balance for methanol synthesis reaction is presented in
Table 3-1 [3]. The inlet and outlet flow for forced convection and dispersion has
been considered. The flow model was first solved for no reaction and then the
velocity correction was applied for reaction inside the RFBR. The symbols

descriptions are presented in next page.

3.5 Component balance [3]

Table 3-1: Component balance

Component In out

Axial flow (forced convection) Cju,2nrAr At|, Cju 2nrAr At|+a,
Radial flow (forced Civi2nrAz At Civi2nrAz At|rsar
convection) &N 2nr Ar At &Nz 2nr Ar At| z+p,

Axial dispersion (dispersion
in z direction) &Ny 2nrAz At &N 2rAZ Atfranr

Radial dispersion (dispersion
in r direction)

Reaction Pb 2 Vjn Rn2nr Ar Az At
Accumulation g Cj 2nrAr Az|ys p—

e Cj2nrAr Az
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Ci Concentration of j component, mol/m®

U Axial component of velocity, m/s

Vr Radial component of velocity, m/s

Void fraction

Mass flux due to dispersion in z direction, Kg/m?
Mass flux due to dispersion in r direction, Kg/m?
Radial distance, m

Axial distance, m

Time, s

Bulk density, Kg/m®

Reaction inside the catalyst bed

Diffusion coefficient, m%/s

Angular distance, rad

Stoichiometric coefficient

oc,
Ny =D, — (3-1)

zZZ°
N

=

O TN T
S

=}

coO®m

oC .
and N_=D / (3-2)
e

On simplification the terms in Table 3-1 can be represented in equation 3-3 [3].

oC. o(C. o(C. 0°C. 0°C. oC .
& J + M + (—JV},) _gDa 2] _gDr ZJ +l J
ot . Oz . or . 0z t or r or t

(3-3)
where all the variables are defined above.

3.6 Momentum balance

r component [3]

(av, oy ov, y avrj__ﬁ_p+ i(larv,j+i82vr +82vr (3-4)
o "o )" o Mo )T a0 e
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z component [3]

(a”uv %j——a—p‘i' li(r8u2j+i52uz+azuz (3-5)
P or " or oz Arar o r? 00> oz’

where all the variables have been defined in the previous page.

3.7  Boundary conditions

The boundary conditions of a simulation supply information about what
occurs at the boundary (surface) of the geometry. The Table 3-2 provides the
details of input used in each simulation. For all simulations, the isothermal
condition was assumed. The reactor inlet velocity fixed at 25 m/sec and pressure
at reactor outlet was fixed at 19.0 bar. The boundary conditions and feed
composition taken for methanol synthesis reaction [25] are shown in Table 3-2,

Table 3-3 and Table 3-4 respectivelly.

Table 3-2: Boundary condition for no reaction inside the catalyst bed (for gm1) [25]

Boundary Name Boundary Type Value Temperature X Y 4
Velocity Inlet 25 m/sec 518.15K 0 1.0 0<Z<0.5
Pressure Outlet 19.0 bar 518.15K 0 1.0 1.0<Z<1.5

Note: For geometry gm2 and gm3 of reactor, the value of Z will change (0.4 for gm2 and 0.6 for
gm3) [25].

Table 3-3: Boundary condition for reaction inside the catalyst bed (for gm1) [25]

Boundary Name Boundary Type Value Temperature X Y 4
Velocity Inlet 25 m/sec 518.15K 0 1.0 0<Z<0.5
Pressure Outlet 19.0 bar 518.15K 0 1.0 1.0<Z<1.5

H,: CO Inlet 2.5:1 518.15K 0 1.0 0<Z<0.5

Note: Depending on geometry of reactor, the value of Z will change (0.4 for gm2 and 0.6 for
gm3).
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Table 3-4: Feed composition at inlet of RFBR [25]
Component H, CcoO H,O

Volume % 64.24 25.71 10.0

3.8  Heat capacity calculations

The average heat capacities are determined using the cubic form of the

heat capacity equation

C,=a,+BT+yTl*+6T° (3-6)
where a, B, v, and 3 are coefficients for equation (3-6).
Coefficient values for above equation are widely published in the literature
and available from sources like Perry’s Chemical Engineer’'s Handbook [34] or

commercial simulation engines like HYSYS™ or ASPEN™.

3.9  Enthalpy of reaction calculations

In order to accurately account for non-isothermal variations in the reaction
rate and system energy, the heat capacity equations must be used to calculate
the heat of reaction. Heat capacity coefficient terms for all components are used

to solve the following equations [33]:

d c b
Aa=—a,+—a, +—a,+a

a (3'7)
a a a
d b
AB=5P,+SB. +2B,+ 8 (3-8)
a a a
d b
Ay=—y, +£n +—=7,t7, (3-9)
a a a
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as=25 455 +25 45, (3-10)
a a a
Where a, b, ¢ and d are stoichiometric coefficients and a, 8, y, and 6 are
coefficient for equation (3-6).
The above equations are of the form (reactants — products) and care
should be taken to insure that the stoichiometric coefficients are properly entered

in the equation 3-7 to 3-10. Values calculated from equations 3-7 to 3-10 were

used to solve the overall heat of reaction equation:

AH(T) = AH (T + Aa(T =T+ 22 (17 - 17)
(3-11)
+%(T3 —TR3)+A4—5(T3 -T7)

where Hg is the heat of reaction at temperature T, and Tr is the reference
temperature.
The above equation is the numerical integration for the heat of reaction

from the reference temperature to the current system temperature.

3.10 Complete definition of system

To insure the complete definition of the generic fixed bed reactor, an
analysis is done to determine the number of equations required. For the generic
case, the above mentioned phenomena and the following items must be
accounted for to ensure accurate model solutions:

e Species material balances for all components.
e Reaction expressions for each reaction present.

e Overall momentum equations.
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e Overall energy balances.
For the developed model equations to be properly defined and solvable, the

number of unknowns is determined by following equation

N,-N,_+N_ ,+N,, =N (3-12)

vel heat eq

Where N is the number of equations from component balance, N, is the
number of different reaction, N,¢ is the number of equations from momentum
balance and Nyeat is the number of equations from heat balance. Ngq is number of
equations available. For the case of one reaction, three chemical species and z
and r momentum, five equations are required for complete definition and solution.
Test systems consisting of one reaction and three chemical species, provide the
reaction equation and stoichiometric relations required to begin solution.
Determination of the remaining equations requires assumptions on the basic
mass, velocity and energy equations. Solution of the developed model and

description of the model test reactions are detailed in Chapter 4.

3.11 Methanol synthesis reaction
The methanol synthesis reaction selected for this was invented by Pinto
Alwyn (Stockton-on-Tees, GB2), patent: 4309359 [29, 35]. The reaction condition
and catalyst details are as follows:
Reaction condition: Temperature 518.15K (range: 463-543K)
Pressure 20 bar (range: 10-150atm)
Catalyst details: [30]

Composition: Copper, Zinc oxide, and Alumina containing catalyst
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Size: 0.3E-2m

Work load: 10 mol / liter hour
Density: 1120 Kg/m®
Diffusivity: ~ 0.007cm?/sec

Main reaction (r1) and side reactions (r2 and r3) [35] are as follows:

CO+2H, — CH,0H AH;=-90.6 KJ / gmol 4
CO,+H, < CO+H,0 AH,=41.2 KJ /gmol
€O, +3H, < CH,0H + 1,0 AH5=-49.6 KJ / gmol 13

Rate expressions [36] are as follows:

k™K on (PCOPHZO /P*y, Xl =Py Peoy kP Py o )(CTS1 )’ S0,

= ( * ( 05 ) * 05 * ( 05 ))2
1+ K cuo0\Peyson / P71, )+ K ncoony Peg, P, + K ony\Py o / P77,

kDK*cHJO(z) (PCH3OH /Py, Xl - Py, P, /kDPCHXOH )CTschsl“szapb
r = * *
? (1 + K cn00) (PCH30H /| P*y, )+ K one) (PHZO / P*u, )XI + K" w00 Py, )

o koK " cir.00)(Pesson /P11 X1 = P22 Py kg Peyysons Pao )C 5 Chas. oy
’ (1 + K a0 (PCH3OH /Py, )+ K*HCOO(l)PCOZPO'SH2 + K onq (PHZO /Py, )Xl + K" haa P"u, )

The H; to CO ratio is usually greater than stoichiometric because this
enables the rate of synthesis reaction to be greater [29, 32] to increase CH30H
synthesis. The parameters value are presented in Table 3-5 and Table 3-6 and P;

represents partial pressure and subscripts denotes respective components.

Table 3-5: Parameter values for methanol synthesis reaction

Parameter Value Unit Parameter Value Unit

C's 7.5E-6 mol m™ Sc 102 m°g”
C'sta 1.5E-5 mol m* Po 1300 Kgm™
C's, 7.5E-6 mol m R 8.314 J mol'K™
C'soa 1.5E-5 mol m™ T 518.15 K
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Table 3-6: Parameter values for methanol synthesis reaction [36]

Parameter Value Unit Parameter Value Unit
kr 31813.7 m°(mol s)”' K hcoo() 0.18902 bar '
Ky 86502.8 m*(mol s)” Kh(1a) 0.59799 bar”
kp 2732.26 m*(mol s Kiiza) 425.41 bar’'
K*CH30(1) 0.68135 bar'o‘s K*CH(}O(Z) 3836.6 bar'o's
K onn) 0.49241 bar®® K on2) 3836.6 bar®°

3.12 CFX™ solver models

In this section, the CFX™ model selected for the simulation is discussed.

The developed model is described and is divided primarily in to four sections.

e CFX™ model development.

e Model selection for simulation.

e Boundary condition.

e Model initialization.

First, an overview of CFX™ model development and presentation of the

overall model flow chart is shown in Figure 3-4 and discussed in this section.

e Generation of geometries gm1 (uniform bed RFBR), gm2 (reducing bed depth

with height of RFBR), and gm3 (increasing bed depth with height of RFBR), in

Ansys™ 8.1 workbench (part of CFX™). Geometry2 (gm2) created in CFX™

is shown in Figure 3-4. SOLID 1 represents reactor inlet, SOLID2 represents
catalyst bed and SOLID3 represents the outlet of reactor. The reactor inlet is
at the center of vessel (SOLID1) and outlet is from SOLID3 (in the upward
direction). The catalyst bed is tapered (reducing bed length with height) for

gm2. The tapered geometry helps in guiding the flow in radial direction. This

reduces the velocity in the axial direction.
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Geometry creation

v

Model selection

v

Interface selection

v

Domain and sub-domain declaration

v

Reference pressure selection

Fluid component selection

v

Coordinate frame selection

v

Sources declaration for pressure loss in SOLID2

v

Transport properties declaration

v

Boundary condition modeling

Configuration of boundary condition

v

Initial condition modeling

v

Domain interface modeling

v

Initialization and solver setup
FIGURE 3-4: Flow diagram for solver setup in crFx™

Each step description is detailed in this section.
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SOLID3 SOLID2 SOLID1

FIGURE 3-5: Geometry2 (gm2), generated in CFX

e Generation of mesh in CFX™

The mesh generation is accomplished after the geometry creation. The

steps size, mesh type and volume mesh is generated at this level in AnysysT'\’I

8.1 of CFX™.

e The following models selected for simulation as solution strategy and

discussed in detail in section 3.14 of this chapter.

Radial partitioning for finite element.

Darcy model for flow inside the catalyst bed.

Isotropic loss model for pressure drop calculation in catalyst bed.
Direction loss model for flow in transverse direction inside the RFBR.
k-¢ model for turbulence and near wall modeling.

Fluid- fluid interface for connection type.

o Post-Processing - To extract and display data, post-processing suite has

been used in CFX™. With visualization capabilities, CFX™-post provides
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insight into flow field behavior with features such as iso-surfaces, slices,
vectors, surface plots and streamlines.

For modeling the flow dynamics, CFX™ is one of the most cost effective
and the least time consuming tool. All the above features available in CFX™ help
in testing the model developed. However CFX™ has some limitations too. It
cannot simulate the methanol synthesis reaction. Majority of the reactions
available in the CFX™ in- built library are combustion reactions. Once a mesh is
created then it is just a black box. The solution can be known by varying the
outside parameter and boundary condition. Therefore only certain aspects of

CFX™ are useful for modeling.

3.13 Domains and subdomains

Regions of fluid flow and heat transfer in CFX™-5 are called Domains.

The fluid domain is a region of fluid flow, while a solid domain is a region

occupied by a conducting solid in which volumetric sources of energy are

specified. The domain in this work requires three specifications.

e The region defining the flow or conducting solid. A domain is formed from one
or more 3D primitives that constrain the region occupied by the fluid and
conducting solids.

e The physical nature of the flow. This determines the modeling of specific
features. In this work pressure drop calculation is considered.

e The properties of the materials in the region.

The present model is defined in a single domain and the domain is defined

by 3D primitives.
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For this work the domain consists of:

Inlet, catalyst and outlet labeled in Figure 3-6, are part of the domain. And
each one is considered separately in the sub-domain. The fluid enters through
the inlet (SOLID 1) , passes through catalyst bed (SOLID 2) and finally exit the
reactor from outlet (SOLID 3). The regions are labeled in Figure 3-6.

(SOLID 22

Catalys

(SOLID 1) / (SOLID 3)
Inlet Outlet

FIGURE 3-6: Domain description for CFX model

Subdomains are regions of fluid flow and heat transfer in a domain in
which volumetric sources of mass, momentum, energy, turbulence, additional
variables, mass fractions and radiation can be specified. They have been used to
model flow resistance for this work. Subdomain regions are defined in the same
way as domains that are from 3D primitives. A 3D primitive used for a subdomain
must also be contained in the parent domain.

For this work subdomain was defined separately for

e Inlet fluid flow to the cylindrical vessel (SOLID1).

¢ Fluid movement inside the catalyst (SOLID2).

e Fluid movement outside of catalyst to the reactor outlet (SOLID3).
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3.14 Physical models

Physical models were selected to setup the simulation. The physical
models defined the type of simulation that was performed for this work. In this

work the physical models selected are detailed below.

3.14.1 Steady state flows

The time dependence of the flow characteristics can be specified as either
steady state or transient. In this work the steady state model was assumed. The
assumption was made that the fluid flow is fully developed. Sometimes
simulations which ware run in the steady state mode had difficulty converging, no
matter what action was taken regarding mesh quality and time step size, the
solution did not converge. This could be an indication of transient behavior. If a
steady state calculation was run and oscillatory behavior of the residual plots was
seen then test was done to observe a transient effect by reducing or increasing
the time step size by a known factor. If the period of oscillation of the residual plot
changed by changing the time step size, then the phenomenon was most likely a
numerical effect. If the period stays the same, then it was probably a transient

effect [5].

3.14.2 Turbulence model

Turbulence models are used to predict the effects of turbulence in fluid
flow without resolving all scales of the smallest turbulence fluctuation [37]. A
number of models have been developed that can be used to approximate

turbulence based on the Reynolds Averaged Navier-Stokes (RANS) equations.
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Some have very specific applications, while others can be applied to a wider
class of flows with a reasonable degree of confidence. The models can be
classified as either eddy-viscosity or Reynolds stress models. The following
turbulence models based on the RANS equations are available in CFX™-5 that
has been selected for simulation in this work.

e The k-¢ model

One of the most prominent turbulence models, the k-¢ (k-epsilon) model,
has been implemented in most general purpose CFD codes and is considered to
be the industry standard model. It has proven to be stable and numerically robust
and has a well established regime of predictive capability. For general purpose
simulations, the k-¢ model offers a good compromise in terms of accuracy and
robustness [5]. Within CFX™-5, the k-¢ turbulence model uses the scalable wall-
function approach to improve robustness and accuracy when the near-wall mesh
is very fine. The scalable wall functions allow solution on arbitrarily fine near wall
grids, which is a significant improvement over standard wall functions [5].

While standard two-equation models, such as the k-¢ model, provide good
predictions for many flows of engineering interest, there are applications for
which these models may not be suitable. In this work the simulation did not
encounter any of the conditions described but here the condition are mentioned
for academic interest. Among these are [5]:

e Flows with boundary layer separation.
¢ Flows with sudden changes in the mean strain rate.

e Flows in rotating fluids.
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3.15 Reference pressure

In CFX™-5 a reference pressure has to be specified for simulation. The
reference pressure is specified on the general options tab panel of the domains
form, but is a property of the entire simulation so all domains must use the same
value. Each time a new domain is created or applied for a change to an existing
domain, the reference pressure in that domain is applied to all domains.

All relative pressure specifications set in CFX™.5 are measured relative to
this reference pressure value. The reference pressure will affect the value of
every other pressure set in the simulation.

The reference pressure is used to avoid problems with round-off errors.
These can occur when the dynamic pressure change in a fluid, which is what

drives the flow, are small compared to the absolute pressure level.

3.16 Multicomponent fluid

The fluid in the present work contains four components and its properties
are calculated from those of the constituent components. The components was
assumed to be mixed at the molecular level and the properties of the fluid are
dependent on the proportion of its components [5]. The components exist in fixed
mass fractions (fixed composition mixture). For variable composition mixtures,
the proportions of each component present may vary in space or time. This may
be caused by the conversion of one component to another through a chemical
reaction, such as combustion, driven by diffusion or caused by specifying
different proportions at different boundaries or in the initial conditions. In this work

both cases of fixed and variable mixture composition was considered. There are

41



no reaction (fixed composition mixture) and reaction (variable composition

mixture).

3.17 Coordinate frame

In addition to being the default coordinate frame in CFX™-Pre, the CFX™-
Solver always computes solutions in the global Cartesian coordinate frame. This
coordinate frame’s origin is located at (0 0 0) and has the Cartesian basis vectors
(100),(010)and (00 1). Unless specified otherwise all material properties,
boundary conditions, source terms and initial conditions are calculated in the
global coordinate frame. If CFX™ expression language (CEL) is being used, the
built-in variables x, y and z (global ) can be used to refer to the three directions of

the global coordinate frame.

3.17.1 Cylindrical coordinate frame

The cylindrical coordinate frame was selected for this work because the
variables are r and theta (Th) in CFX™ expression language (CEL) expressions,
where r and theta are defined in the local coordinate frame as:

r= (X2+Y?)%° and theta = Atan (Y/X)

Cylindrical frames are setup the same way as cartesian frames in CFX™-
Pre. In addition, the CFX™-Solver performs transformations on cartesian vectors
and coordinates as if the cylindrical frame were a cartesian frame. In this work
the calculation are presented in the cylindrical coordinate frame. The
transformation from Cartesian coordinate frame was done by solver itself. The

relation between Cartesian and Cylindrical coordinate frame below.
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So, for cylindrical coordinate frames:
e R - Cartesian axis 1 (X)
e Th - Cartesian axis 2 (Y)

e Z - Cartesian axis 3 (£)

Z
Z Y
Th
—_—
X
R
Cylindrical Cartesian
coordinate Frame coordinate Frame

FIGURE 3-7: Coordinate frame
In this case, the three coordinate axes (R, Th, and Z) exactly correspond

to a set of Cartesian coordinate axes (X, Y, Z).

3.18 Sources

Sources are optional terms which are attached to most equations, so as to
model additional or specialized physical processes. They are specified either as
point sources, within a volume defined by a subdomain, as momentum, heat and
mass in particles and as radiation sources on boundaries. In point sources or
volumes defined by a subdomain, sources of energy, momentum, resistance,
mass, turbulence, radiation, components and additional variables can be created.

Within subdomains, the same equations of fluid flow are solved as for

domains. Subdomains are useful for modeling fluid resistances and sources of
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heat generation, where the resolution of the flow field is not required to the same
scale as the rest of the fluid domain.

In this present case the source is identified in the subdomain named as
catalyst. Catalyst bed acts as a source of pressure loss.

The source taken in consideration for this work are described below

3.18.1 Isotropic loss model

Isotropic momentum losses can be specified using either linear or
quadratic resistance coefficients, or by using permeability and a loss coefficient.

This model is appropriate for isotropic porous regions [5].

3.18.2 Permeability and Loss Coefficient

This model specifies coefficients for permeability and loss, in the

generalized form of Darcy’s Law [5].

Si = _LUI _Kl()ss

S, (3-13)

perm

Where S; is a momentum source term, Kpem is the permeability coefficient
(for the viscous loss), Kiess is the resistance loss coefficient (for the inertial loss)
and U is the velocity.

Note that the velocity determined by the code (and assumed by the
model) is the superficial fluid velocity. In a porous region, the true fluid velocity of
the fluid is larger because of the flow volume reduction. Sometimes a loss model
is formulated in terms of true velocity rather than superficial velocity. In this case,

the specified coefficients must be adjusted accordingly: the permeability must be
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multiplied by the porosity, and the loss coefficient must be divided by the square

of the porosity.

3.18.3 Linear and quadratic resistance coefficients

An isotropic momentum source has been formulated using linear and
quadratic coefficients resistance coefficients Cr1 and Cr,. These coefficients are
related to the permeability and loss coefficients (mentioned before) as follows:

Cr1 =/ Kperm [5]
Cr2 = Kioss™p/ 2 (3]
where Crs and Cr2 are constant, p is dynamic viscosity in mPoise, Kpem is the

permeability coefficient (for the viscous loss), Kisss is the resistance loss

coefficient (for the inertial loss).

3.18.4 Directional Loss Model

For present applications, a certain resistance loss was specified in a
direction, with flow inhibited in the transverse direction. This was the case when
the model had to take care of the effect of flow straightening devices such as
honeycombs, porous plates, and turning vanes without modeling the details of
the flow around the obstacles [5]. For situations like this, CFX™-5 allows the
independent specification of loss for the stream wise and transverse directions.

For both the stream wise and transverse directions, both types of the loss
formulations available for the isotropic loss model are available. In many cases,
however, the loss coefficients are known only for the stream wise direction, and

only that the flow that is inhibited in the transverse direction is known. In the
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present work this occurs, therefore the stream wise coefficient multiplier for the
transverse loss model was selected. In this case, the transverse coefficients
were taken to be the specified factor times the stream wise coefficients. (If the
stream wise loss includes permeability, the implied transverse permeability is
divided, not multiplied, by this factor). The transverse multiplier is typically taken
to be about 10-100 [5]. In some cases, the option of only inhibiting the transverse
flow without having any stream wise loss is also available. In this case, the ‘Zero
Loss’ option may be selected for the stream wise loss. Of course, if this is
chosen, the ‘stream wise coefficient multiplier’ is not appropriate for the
transverse loss, because it will result in zero transverse loss. In all cases, the
directional loss model requires the stream wise direction to be specified. It may
be described in either Cartesian or Cylindrical coordinates. In the present work,
the direction of flow is specified, and the CFX™ automatically chooses the

streamline coefficient depending on location.

3.19 Material properties

The materials editor in CFX™-Pre is used to create and modify material
properties for both pure substances and mixtures. Pure substances can be
solids, liquids or gases. Liquids or gases can be used in fluid domains and solids
can be used for either conjugate heat transfer models or particle tracking. In the

present work the gas properties were required for CH3OH, CO, H; and H,0.

3.20 Equation of state

Equations of state can be modeled in four different ways in CFX™-5:
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e By directly setting density
e By using the built in ideal gas equation
e By using the built in Redlich Kwong equation
e By reading properties from a CFX™ software package.
All properties except density and specific heat capacity can be modeled
using any valid expressions containing CFX™.5 System Variables. For the

present work, the properties were directly read from tables available in CFX™,

3.21 Molar mass

For all pure substances CFX™.-5 requires that the Molar Mass (relative
molecular mass) is provided.

For the ideal gas or the Redlich Kwong equation of state, it is essential to
set the correct molar mass since it is always used by the CFX™-Solver. When
density is directly specified using option=value, the molar mass is only used in
certain situations:

e When the fluid is involved in a chemical reaction
e When species transfer occurs for a multiphase-multicomponent simulation
In other cases it is not essential to specify an accurate molar mass. Therefore in

the present work this value was not set.

3.22 Transport properties

3.22.1 Dynamic viscosity

For fixed and variable composition mixture, the dynamic viscosity is

determined by a mass fraction weighted arithmetic average. For calculation of
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dynamic viscosity in this work, the Sutherland’s formula is used, that is available
in CFX™ software.

Sutherland’s formula:

This approximation for viscosity is valid for dilute gases and was obtained
from the kinetic theory by Sutherland. In this case viscosity only varies with
temperature as:

T, +S '
MLyt T (3-14)
Hy T+S\T,

[3]
where g is the reference molecular viscosity, S is the Sutherland constant
and is a characteristic of the gas, T is 273.0 K, and n is the temperature
exponent, usually set to 1.5 for most gases.
Rigid non interacting sphere model [37]
This model is based on elementary kinetic theory and is valid for gases
using user supplied equations of state or either of the built in equation of state

models (Ideal Gas, Redlich Kwong) [5]:

Jwr

2
(o2

1 =126.69

(3-6)

where p is dynamic viscosity in mP, w is the molecular weight in g/mol and
T is temperature in Kelvin and o is the collision diameter, in Angstroms, and is

calculated using

G =80.1 (V)" (3-7)

where V. is the critical molar volume in cm®/mol.
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3.23 Boundary condition modeling

The equations relating to fluid flow can be closed (numerically) by the
specification of conditions on the external boundaries of a domain. It is the
boundary conditions that produce different solutions for a given geometry and set
of physical models. Hence boundary conditions determine to a large extent the
characteristics of the solution obtained. Therefore, it is important to set boundary

conditions that accurately reflect the real situation to obtain accurate results.

A “Fluid Boundary” is simply an external surface of the fluid domain
excluding surfaces where a solid domain meets the edge of the fluid
domain.
e A “Solid Boundary” is where a solid domain meets the edge of the fluid
domain.
e A “Fluid-Solid Interface” is the interface between a solid domain and the
region of the fluid domain in which fluid flows.
e A “Solid-Solid Interface” is the interface between two different solid
domains.

The type of boundary conditions that can be set depends upon what sort
of boundary or interface the boundary condition is placed on. The following
boundary condition types are available in CFX™-5:

Fluid Boundaries
A “Fluid Boundary” is simply an external surface of a Fluid Domain.
e Inlet - fluid is constrained to flow into the domain only.

e OQultlet - fluid is constrained to flow out of the domain only.

49



e Opening - fluid can simultaneously flow both in and out of the domain.
This is not available for domains with more than one fluid present.
e Wall - impenetrable boundary to fluid flow.

e Symmetry plane - a plane of both geometric and flow symmetry.

3.23.1 Configurations of boundary conditions

The inlet boundary condition is based on inlet velocity of the fluid and the
outlet boundary condition is based on static exit pressure of the fluid. The inlet
total pressure is an implicit result of the prediction and is based on actual
reaction condition.

The magnitude of the resultant normal velocity at the boundary is specified
to be 2 meter/sec. The value that is specified is transferred from the fluid domain
normal to each element face on that boundary during the execution of the
CFX™-Solver. This option is especially useful for non-planar Inlet boundaries, i.e.

curved surfaces.

3.23.2 Turbulence

Reasonable values of either the turbulence intensity, or k and ¢ at an inlet
boundary have to be set. Several options exist for the specification of turbulence
quantities at inlets. However, unless there is no given value of the turbulence
levels in simulation (in which case recommended option is the Medium Intensity
= 5%), a well chosen values of turbulence intensities and length scales may also
be taken. Nominal turbulence intensities range from 1% to 5% but depend on

specific application. The default turbulence intensity value of 0.037 (i.e. 3.7%) [5]
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is sufficient for nominal turbulence through a circular inlet, and is a good estimate
in the absence of experimental data. The allowable range of turbulence intensity
specification for an Inlet boundary is from 0.001 to 0.1 (i.e. 0.1% to 10%),
corresponding to very low and very high levels of turbulence in the flow

respectively [5].

3.23.3 Medium turbulence intensity

This defines 5% intensity and a viscosity ratio equal to 10. This is the
recommended option if there is no information available about the inlet

turbulence. Therefore turbulence intensity of 5% has been chosen for this work

[5].

3.23.4 Heat transfer

The Inlet specification for the energy equation requires a value for the fluid

temperature. The fluid temperature was set at 518.15 K for this work.

3.23.5 Static temperature

A fixed static (thermodynamic) temperature was specified at the inlet. For
present model it was specified at 518.15 K. The present value of temperature
was selected as it is condition of feed for reaction to happen. The reaction
condition is isothermal and it was assumed that minor change in temperature
would not affect the velocity profile for this work. The temperature varies in the
range of 515 K to 525 K. Therefore the average temperature of 518.5K was

selected.
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3.23.6 Wall

Walls are solid (impermeable) boundaries to fluid flow. Walls allow the
permeation of heat and additional variables into and out of the domain through
the setting of flux and fixed value conditions at wall boundaries.

Walls are the default boundary condition in CFX™-Pre for fluid-world and
solid-world regions; any of these regions that are not part of an existing boundary

condition will remain in a default wall boundary when the definition file is written.

3.23.7 Wall influence on flow

There are three options for the influence of a Wall boundary on the flow,
namely:
e Noslip
e Freeslip

e Rotating walls

3.23.8 Profile boundary conditions

It is possible to specify a boundary condition based on the interpolated
values from a data file. This is useful to use the results of a previous simulation
or experimental results as a boundary condition for the current simulation.
CFX™-Pre will generate CFX™ expression language (CEL) expressions that
refer to the imported data, using interpolation functions. This data is automatically
generated when creating a boundary condition using the 'Profile’ method. The

method is integral part of CFX™ software package.

52



3.24 Initial condition modeling

Initial values for all solved variables need to be set before the solution can
begin. For a steady-state calculation, the initial variable values serve to give the
CFX™.solver a flow field from which to start its calculations. Convergence is
more rapidly achieved if sensible initial values are provided. However, care has

to be taken for converged results that should not be affected by the initialization.

3.24.1 Setting the initial condition

In CFX™.Pre, each solved variable has to be set to either the automatic or
automatic with value initialization options. Only solved (or principle) variables are
initialized; if an initial field is required for other variables, it is derived from the
solved variable initial fields. Other option to choose to set initial conditions on a
per-domain basis (set on the Initialization tab for the domain when the enable
initial conditions toggle on the basic settings form), or globally (selecting define >
Initialization from the main menu bar) is checked. Global initialization options

apply to all domains in the simulation.

3.25 Domain interface modeling
Domain Interfaces provide a way of connecting meshes or domains
together. There are four types of Domain Interfaces:
e Fluid-fluid interfaces are be used to simply connect matching or non-matching
meshes together or allow a change in reference frame between two mesh

regions.
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e Fluid-solid interfaces are required at the bounding region between a fluid
domain and a solid domain, but are often generated automatically.

e Solid-solid interfaces are required at the bounding region between two solid
domains, but are often generated automatically.

e Periodic interfaces are used to model periodicity in a simulation. The mesh on

these interfaces can be matching or non-matching.

3.26 Initialization

The initialization process of a simulation provides a numerical basis from
which calculations proceeds. With bad initial values for calculation to proceed
from, convergence can be greatly slowed down or make solution unachievable
and in certain case produce incorrect solution. For all simulations, the auto-
initiate (with values) function was used. Also, in some instances it was
advantageous to calculate a cold flow (no reaction occurring) to generate initial

conditions for a simulation with reaction occurring.

3.27 Solver setup

The solver setup of a simulation defines values used by CFX™-5 solver
manager to calculate results. Several important values set in this section include:
step size, the advection scheme, mesh adaptation and transient file output
information. Selection of these parameters can influence both the output and
performance of solver.

Information about number and step size are the first input parameters. The

target residuals and advection scheme help to set the level of accuracy of
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simulation. The target residuals are calculated from deference of solution
variables from one step to the next. The level of convergence set for all
simulations was 10™ for maximum residual of a variable. The advection scheme
increases the accuracy of simulation by increasing the accuracy of differentiation.
Two level of differentiation are available in CFX™ 5.7, first order and high
resolution (second order).

The final information needed in the solver is about output files and mesh
adaptation. These data tell solver how often and what solution data to write to the
output file. Mesh adaptation is used to refine the mesh in areas with high
gradients to increase accuracy and aid in convergence.

For simplicity, the flow diagram for solver setup is presented in page 32.
Each term used in the flow diagram has already been defined in this chapter. The
steps followed may not be sequenced as shown in the flow diagram.

This chapter gives details of the model selected for simulation in CFX™.
The RFBR (radial fixed bed reactor) was divided in to three regions, namely inlet,
outlet and the catalyst bed. For inlet and outlet the K-¢ model was selected and
for the catalyst bed Darcy model was selected. The boundary condition was
taken from actual reaction condition [25]. After creating the geometry and proper
model selection the simulation was run in CFX™-Pre. The simulation results are

presented in the Chapter 4.
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CHAPTER 4
RESULTS

This chapter focuses on the results obtained from simulation for three
different geometries discussed in Chapter 3 (Section 3.3). The analysis
performed included an evaluation of the bed geometry, and the sensitivity to
reaction. The model equations were implemented on the gas phase methanol
synthesis reaction under isothermal conditions to evaluate limitations and
feasibility. Results were compared to experimental data when available. Finally,
the model is used to evaluate the velocity profile in radial fixed bed reactor

(RFBR) to study the flow distribution problem (FDP).

4.1.1 Velocity profile for uniform bed of RFBR (radial fixed bed reactor)

In the case of the uniform bed RFBR (gm1) flow has both axial and radial
components. The SOLID2 of the RFBR has been divided in to eleven horizontal
(plane p) and vertical (plane g) planes to study the velocity profiles. The SOLID2
is divided into eleven horizontal and vertical planes to make the profiles simple to
study and compare the results with the experiment conducted by Bolton [1]. In
this study a comparison has been done between velocity profiles in adjacent
planes. In each plane the radial and axial velocity components have been found.
The radial velocity is presented in p plane (horizontal) while the axial velocity is

presented in g plane (vertical plane).
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The simulation results presented in the next section is of geometry of
uniform bed length (gm1). Only the simulation results of the axial velocity
component are presented in this Chapter. The rest of the simulation results have
been added to Appendix D for simplicity of data presentation in this chapter. The
CFX™ simulated velocity profile for uniform bed RFBR is presented in Figure 4-
1. The velocity profile shown inside the SOLID1 represents the velocity profiles in
the inlet of the RFBR. The velocity at the inlet boundary can be observed to be
25 m/sec. The velocity slowly decreases with a decrease in height of the RFBR.
The velocity profile inside the catalyst bed is shown in SOLID2. The exact value
of velocity with position is presented in Table 4-1, that was obtained through an
excel file generated in CFX™. From the profile shown in Figure 4-1, the velocity

can be observed to be in the range of 0 to 12.0 m/sec.
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FIGURE4-1: CFX simulated velocity map of model reactor for gm1 (RFBR of uniform bed)
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The fluid moves into the innermost cylinder (SOLID1) from top (Figure 4-
1). The SOLID2 represents the catalyst bed of the RFBR. The SOLID3
represents outlet from the RFBR. For the study of velocity profile, the SOLID2
(flow inside the catalyst bed) has been divided into eleven horizontal (plane p)
and eleven vertical planes (plane g). The planes have been represented in

Figure 4-2
gl 234 56 78 910 "1
0.5, 1

Plane 1
Plane 2
Plane 3
Plane 4
Plane 5

YA Plane 6
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05 0 Plane 10
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FIGURE4-2: SOLID2 regions divided in eleven horizontal and vertical planes

The SOLID2 dimensions are; inside diameter of 0.5 m, outside diameter of
1.0 m and height of 1.0 m. The distance between each plane (g1 to g2 and p1 to
p2) is 0.05 m. Plane g1 represents the interface plane between SOLID2 and
SOLID3. And plane g11 represents interface plane between SOLID 1 and
SOLIDZ2 (Figure 4-1, 4-2). Plane 11 ( or p11) is at the bottom of SOLID2. And
plane 1 (p1) is at the top SOLID2. The Table 4.1 represents the axial component

of the velocity inside the catalyst bed.
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The axial velocity profile of gm1 (uniform bed RFBR) is shown in Table 4-
1. At the cross section of the vertical plane g1 and horizontal planes p1 to p11
velocity ranges from 1.28 to 7.23 m/sec. The axial velocity component increases
in the down ward direction in the plane g10 while it increases in the upward
direction for the plane G1. For planes g2 to g9 axial velocity component first

increases and then decreases.

Table 4-1: Axial velocity component for uniform bed of RFBR (m/s)

Plane g1 g2 g3 g4 g5 g6 g7 g8 g9 g10
p1-2 7.23 0.74 -062 -026 -0.30 0.39 -0.52 -046 1.27 1.80
p2-3 3.66 3.10 2.25 2.29 1.25 1.50 1.24 249 2.10 2.63
p3-4 3.62 3.31 2.95 2.73 2.32 2.68 2.82 2.80 3.12 3.56
p4-5 3.23 3.12 3.07 3.05 3.10 3.22 3.00 3.32 3.64 3.83
p5-6 3.19 2.96 3.05 3.02 3.16 3.34 3.62 3.69 3.93 412
p6-7 2.86 2.86 2.83 2.96 2.59 3.20 3.64 3.83 4.29 4.52
p7-8 245 2.63 2.67 2.66 2.59 3.19 3.39 3.68 4.28 4.64
p8-9 2.33 2.01 1.81 1.87 2.22 247 3.31 3.74 4.25 4.97
p9-10 1.62 1.50 1.14 1.22 1.35 212 2.39 2.90 4.49 5.53

p10-11 1.28 -0.38 -046 -040 -021 -157 -052 0.59 2.49 5.62

Note: p1-2 represents space between plane 1 and plane2
Plane 1 (at the top of catalyst bed, SOLID2), plane 2, and plane 6 to plane
11 have wide variations in radial and axial velocity component (see Table D-1 for
radial velocity component). The axial velocity component in plane 1 is as high as
7.23 m/sec. The average axial velocity from plane 2 to plane 10 is 3.68 m/sec.

While the average radial velocity from plane gm1 to gm11 is 4.73 m/sec.
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The numerical solution (Appendix D) matches closely with the simulated
results observed in CFX™. The average radial velocity is 4.74 m/sec while the
average axial velocity is 3.63 m/sec. Also wide variations in axial and radial
velocity are observed in plane 1, plane 2 and plane 6 to plane 10. The maximum
variation in velocity of the order of 6.5 m/sec is observed in plane 1, plane 9 and
plane 10.

The numerical solution found for the methanol synthesis reaction. The
axial velocity component as well as the radial velocity component reduces,
depending on amount of conversion. The reason is that velocity profile depends
on continuity equation and pressure drop inside the bed. The mass is conserved
but conversion volume reduces (one mole of CO and two mole of H, produces
one mole of CH30OH) and therefore both component of velocity reduces. The
average radial velocity is found to be 4.84 m/sec while the average axial velocity
is 3.78 m/sec.

The velocity profile is presented in the Figure 4-4. The vertical planes are
indicated by g1, g2 ...g10 and horizontal planes are indicated by p1, p2 ...p10.
The distance at the catalyst inlet is indicated by zero in the x axis. The vertical
plane gm1 indicates the exit axial velocity at each plane from the catalyst bed.
The exit velocity at plane p1-2 is 7.23 m/sec and at plane p10-11 is 1.28 m/sec.
Similarly the vertical plane g10 indicates inlet velocity to the catalyst bed at each
horizontal plane. The inlet velocity at plane p1-2 is 1.80 m/sec and at the plane
p10-11is 5.62 m/sec. Similarly each vertical plane indicates the axial velocity

component inside the catalyst bed with reference to horizontal planes. It can be
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inferred from the chart in Figure 4-3 that the axial velocity component first
increases and then decreases for plane g2 to g9. For vertical plane g1 axial
velocity component continuously increases from 1.28 m/sec to 7.23 m/sec with
height. For vertical plane G-10 the axial velocity component reduces from 5.62

m/sec to 1.80 m/sec with height.

Axial velocity profile for gm1 with no reaction

+g1

g3
g4

—0—97

Axial velocity, m/sec

g9
—~-g10

Axial distance, m

FIGURE 4-3: Axial velocity profile, CFX solution for gm1 with no reaction

Note: Points are connected by line to indicate the plane to which points correspond. The velocity
should be read only at the cross section of plane, not in between.g1, g2 ..g10, theses are vertical
planes at a fixed radial distance. The axial distance is represented by horizontal Y axis.

From the velocity profile it can be referred that flow distribution problem is higher on
plane g1 at the outlet and plane g10 at the inlet. Further the FDP for rest of the

planes is almost same.
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4.1.2 Velocity profile for reduced bed length with height of RFBR (gm2)

The CFX™ simulated velocity profile for reduced bed length with height for
RFBR is presented in Figure 4-4. The velocity profile shown inside the SOLID1
represents the velocity profiles in the inlet of the RFBR. The velocity at the inlet
boundary can be observed to be 25 m/sec. The velocity slowly decreases with
decrease in height of the RFBR. The velocity profile inside the catalyst bed is
shown in SOLID2. The exact value of velocity with position is presented in Table
4-2, that was obtained through excel file generated in CFX™. From the profile
shown in Figure 4-4, the velocity can be observed to be in the range of 0 to 12.0

m/sec.
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FIGURE 4-4: CFX simulated velocity map for reduced bed length with height for RFBR
(gm2)
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The fluid moves into the innermost cylinder (SOLID1) from top (Figure 4-
4). The SOLID2 represents the catalyst bed of the RFBR. The SOLID3
represents outlet from the RFBR. For the study of velocity profile, the SOLID2
(flow inside the catalyst bed) has been divided into eleven horizontal (plane p)

and eleven vertical planes (plane g, Figure 4-5).

gl 2 34 56 7 8 910 11

14,1 0.5, 1

Plane 1
/ Plane 2
Plane 3

/ Plane 4
SOLID3 SOLID2 Plane 5 SOLID1

Catalyst Plane 6
/ A Plane 7
Plane 8
/ Plane 9
Plane 10
4? 050
Plane 11

FIGURE 4-5: SOLID2 region divided in eleven horizontal and vertical planes for gm2
(reduced bed length with height of RFBR)

o=

(@)]

The SOLID2 dimensions are; inside diameter of 0.5 m, outside diameter of
1.0 m at the bottom and 0.9 m at the top, and height of 1.0 m. The distance
between each plane is 0.05 m. Plane g1 represents the interface plane between
SOLID2 and SOLID3. And plane g11 represents interface plane between SOLID
1 and SOLID2 in Figure 4-5. Plane 11 (p11) is at the bottom of SOLID1, SOLID2
and SOLID3. And plane 1 (p1) is at the top SOLID1, SOLID2 and SOLID3. The

Table 4.2 represents the axial component of the velocity inside the catalyst bed.
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Table 4-2: Axial velocity component for reduced bed length with height of RFBR (gm2)

Plane g1 g2 g3 g4 g5 g6 a7 g8 g9 g10
p1-2 X X 360 292 0.34 0.04 1.06 061 162 264
p2-3 X 4.45 445 326 287 220 210 252 225 318
p3-4 X 3.95 368 362 346 3.26 296 3.33 3.38 3.52
p4-5 X 3.54 356 351 358 3.56 360 362 400 432
p5-6 X 3.39 345 346 354 3.72 392 408 426 4.36
p6-7 284 294 3.02 313 328 365 370 410 446 4.46
p7-8 249 282 275 262 290 342 368 395 430 4.69
p8-9 229 220 195 219 213 317 322 333 421 493
p9-10 193 1.71 143 181 149 1.32 221 3.04 441 521

p10-11 1.17 0.00 0.00 0.04 119 -080 046 054 283 4.36

Note: ‘X’ represents locations not considered for study due to change in catalyst bed dimensions
(no catalyst is available at these locations). All dimensions are in m/sec

The average radial velocity is 4.84 m/sec while the average axial velocity
is 2.99 m/sec. There is no major change in the radial velocity but the axial
velocity reduced from 3.78 m/sec to 2.99 m/sec as compared to the velocity
profile of gm1. The range of radial velocity is on average is between 6 and 3
m/sec, while the axial velocity, is in the range of 1 to 3 m/sec.

The numerical solution observed has a similar solution as observed in
CFX™ simulation. The average axial velocity observed is 2.90 m/sec while the
average radial velocity observed is 4.87 m/sec. Here it can be observed that the
radial velocity is same as for gm1. While average axial velocity has come down
from 3.63 to 2.90 m/sec (axial velocity reduced by 20%). The chart of velocity
profile is presented in the Figure 4-6. The vertical planes are indicated by g1, g2

...g10 and horizontal planes are indicated by p1, p2 ...p10. The vertical plane g1
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indicates the exit axial velocity at each plane from the catalyst bed. The exit
velocity at plane p1-2 is 3.60m/sec and at plane p10-11 is 1.17 m/sec. Similarly
the vertical plane g10 indicates inlet velocity to the catalyst bed at each
horizontal plane. The inlet velocity at plane p1-2 is 2.60 m/sec and at the plane
p10-11 is 4.36 m/sec. Similarly each vertical plane indicates the axial velocity
component inside the catalyst bed with reference to horizontal planes. It can be
inferred from the Figure 4-6 that the axial velocity component first increases and
then decreases for plane g2 to g9. For vertical plane g1 axial velocity component
continuously increases from 1.17 m/sec to 2.84 m/sec with height. For the
vertical plane g10 the axial velocity component reduces from 5.21 m/sec to 2.64

m/sec with increase in height of the catalyst bed.

Axial velocity for gm2, without reaction
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FIGURE 4-6: Axial velocity profile for gm2 from CFX simulation

65



4.1.3 Velocity profile for increased bed length with height of RFBR (gm3)

The CFX™ simulated velocity profile for increased bed length with height
for RFBR is presented in Figure 4-7. The velocity profile shown inside the
SOLID1 represents the velocity profiles in the inlet of the RFBR. The velocity at
the inlet boundary can be observed to be 25 m/sec. The velocity slowly
decreases with decrease in height of the RFBR. The velocity profile inside the
catalyst bed is shown in SOLID2. The exact value of velocity with position is
presented in Table 4-3, that was obtained through excel file generated in CFX™.
From the profile shown in Figure 4-7, the velocity can be observed to be in the

range of 0 to 12.0 m/sec inside the catalyst bed.
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FIGURE4-7: CFX™ simulated velocity map of model reactor for increased bed length with
height of RFBR, gm3
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The fluid moves into the innermost cylinder (SOLID1) from the top (Figure
4-7). The SOLID2 represents the catalyst bed of the RFBR. SOLID3 represents
outlet from the RFBR. For the study of velocity profile, SOLID2 (flow inside the
catalyst bed) has been divided into eleven horizontal (plane p) and thirteen

vertical planes (plane g). The planes have been shown in Figure 4-8.
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FIGURE 4-8: SOLID2 regions divided in eleven horizontal and thirteen vertical planes for
gm3

SOLID2 dimensions are; inside diameter of 0.5 m, outside diameter of 1.0 m
at the bottom and 1.1 m at the top, and height of 1.0 m. The distance between
each plane (g1 to g2 and p1 to p2) is 0.05 m. Plane g1 represents the interface
plane between SOLID2 and SOLID3. And plane g11 represents the interface
plane between SOLID 1 and SOLID2 in Figure 4-7. Plane 11 (p11) is at the
bottom of SOLID2. And plane 1 (p1) is at the top SOLID2.The Table 4.3

represents the axial component of the velocity inside the catalyst bed.
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Table 4-3: Axial velocity component for increased bed length with height of RFBR

(gm3)

gl g2 23 g4 g5 g6 g7 g8 29 gl0 gll gl2
pl-2 6.60 264 -039 -032 -048 -021 -027 -037 -0.29 0.61 0.09 131
p2-3 322 343 141 0.91 142 086 092 092 129 131 1.90  2.90
p3-4 3.18  3.00 2.74 245 229 1.70 217 194 213 263 2.84 3.20
p4-5 291 285 274 256 250 244 260 280 3.12 3.10 3.74  3.86
p5-6 2.83 282 270 263 263 267 293 296 317 337 3.69 4.06
po-7 X 275 2.60 246 254 263 282 318 3.62 3.78 427 425
p7-8 X 244 222 219 231 234 256 3.04 330 397 424  4.67
p8-9 X 2.03 2.03 210 196 195 213 232 283 347 411 4381
p9-10 X 195 137 120 110 -023 1.14 174 245 3.55 479 547
pl0-11  x 1.15 0.3l 0.07 0.08 051 -033 -046 -055 -0.53 1.98 5.46

Note: ‘X’ represents locations not considered for study due to change in catalyst bed dimensions
(no catalyst is available at these locations, see Figure 4-3). All dimensions are in m/sec.

The average radial and axial velocity was observed to be 4.52 and 2.27
m/sec respectively. The radial velocity came down by 6 % (as compared to that
of Geometry1) while the axial velocity came down from 3.84 to 2.27 m/sec (an
improvement of 40%). The 6% drop in radial velocity and 40% drop in axial
velocity helps in reducing the pressure drop inside the bed. The variation in
velocity profile also reduces as compared to that of Geometry1 and Geometry2
of RFBR. Also the velocity profile from plane 2 to plane 7 is almost uniform. The
improvement may also be observed from Figure 4-9. The improvement in axial
velocity as compared to that of Geometry2 is from 2.90 to 2.27 m/sec (an

improvement of 21%).
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The velocity profile is presented in the Figure 4-9. The vertical planes are
indicated by g1, g2 ...g12 and horizontal planes are indicated by p1, p2 ...p10.
The vertical plane g1 indicates the exit axial velocity at each horizontal plane (p1
to p11) from the catalyst bed. The exit velocity at plane p1-2 is 6.60 m/sec and at
plane p10-11 is 1.15 m/sec. Similarly the vertical plane g12 indicates inlet
velocity to the catalyst bed at each horizontal plane (p1 to p11). The inlet velocity
at plane p1-2 is 1.31 m/sec and at the plane p10-11 is 5.46 m/sec. Similarly each
vertical plane indicates the axial velocity component inside the catalyst bed with
reference to horizontal planes. It can be inferred from the Figure 4-9 that the axial
velocity component first increases and then decreases for plane g2 to g11. For
vertical plane g1 axial velocity component continuously increases from 2.83
m/sec to 6.60 m/sec with height. This observation indicates that flow distribution
is uniform for plane g2 to g11. At the inlet to the catalyst bed and at the outlet of
catalyst bed the flow has wide variation in velocity. For vertical plane g12 the
axial velocity component reduces from 5.36 m/sec to 1.31 m/sec with height.
Such wide variations in velocity are not observed for planes g2 to g11.

The average radial and axial velocity is 4.86 and 2.90 m/sec respectively.
Here there is no major change in radial velocity as compared with the simulated
results of Geometry1. While axial velocity came down from 3.78 to 2.90 m/sec
(axial velocity came down by 23%). Also the variation in velocity has come down.
These observations in the catalyst bed for tapered geometry would help in

maintaining better flow distribution as compared to that of g1and g2.
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Axial velocity profile for gm3, without reaction
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FIGURE 4-9: Axial velocity profile for increased bed length with height (gm3) without
reaction

The axial velocity component is presented in Table 4-4. For plane g2 to g6

velocity first increases and then decreases with increase in height. The trend is

similar to results obtained from simulation done in CFX™ for gm1. For plane g1

the velocity reduces with increase in height while for g7 it reduces with height.

Similar trend can be observed from simulation results for gm1.

Table 4-4: Axial velocity profile for gm1 from experiment done [2]

Plane gl

p1-2 0.020
p2-3 0.009
p3-4 0.017
p4-5 0.022
p5-6 0.012
p6-7 0.036
p7-8 0.036

g2

0.013
0.010
0.011
0.022
0.020
0.022
0.017

g3

0.015
0.009
0.009
0.033
0.050
0.050
0.007

g4
0.010
0.008
0.013
0.025
0.033

-0.025
0.007

gb
0.007
0.010
0.014
0.033
0.022

-0.067
0.014

g6
0.005
0.018
0.015
0.040
0.040

-0.067
0.014

a7
0.007
0.022
0.033
0.033
0.033

-0.067
0.014

Note: All dimensions are in m/sec
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The results are summarized below:

e Based on results of three geometries gm1, gm2 and gm3; the axial velocity
value presented in Table: 4-1 through 4-3. The experimental value of axial
velocity component is presented in Table 4-4.

e The results of this work indicate that axial velocity component decreased by
40% for gm3 and 20% for gm2 and this shows a better flow distribution for
geometry gm3 as compared to that of gm1 and gm2.

e For the methanol synthesis reaction, both the average axial and radial
velocity component reduces by same proportion depending on conversion
amount. Results are presented in Appendix D, for gm1 in Table D-4, D-5, for
gm2 in Table D-9, D-10 and for gm3 in Table D-13,D-14.

e The changes in the velocity component are not directly comparable because
there are no experimental results available for the methanol synthesis
reaction. The experimental value of the velocity component of gm1 is
available for water as fluid. Therefore trend of the velocity can be compared
not the numerical value. The trend of the velocity component for both the
methanol synthesis component and water matches for gm1.

e gm1 represents the experimental geometry, therefore the velocity profile for
gm1 compared with the experimental results.

e The changes in velocity component for no reaction compared with the
experimental results from Bolton (2004). The distribution of velocity profile (for

gm1) is similar for experimental and simulated results.
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e The change in the velocity profile in between geometries gm1, gm2 and gm3,
is mainly due to the change in geometry, this changes the least resistance
path.

e The numerical solution for gm3 shows a marked decrease in axial velocity.
The result observed to be same for conditions when reaction proceeds and
when there is no reaction in the catalyst bed. The axial velocity decreased to
2.27 m/sec from 3.84 m/sec (decreased by 40%). While the radial velocity
decreased only by 6%. This decrease in axial velocity component indicates
that fluid flow reduces by 40% in axial direction. The FDP (flow distribution
problem) to be minimum, ideally the axial velocity component should be zero
[2].

The Chapter 4 presents the simulation results for geometry gm1, gm2 and gm3.

The axial velocity component is presented in this chapter. The radial velocity

component for three geometries with and without reaction is presented in

Appendix D. The flow distribution profile is presented in different planes. The

axial velocity component measures the flow distribution at various planes. The

planes have been identified for flow distribution problem for gm1. The flow profile
for tapered geometry compared with flow profile for gm1. The experimental flow

profile for RFBR also compared with gm1. Finally a marked improvement of 40%

observed for flow distribution for gm3.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

51 An outline of the contributions of this work

This work has made four important contributions.

First, this work has documented the mechanism for flow distribution
problems in a RFBR (radial fixed bed reactor) and reasons considered why
despite the other variables (catalyst size, void fraction, reaction condition)
available to manipulate flow distribution in a RFBR, the bed length of catalyst is
the most important variable. This work has used CFX™ to simulate the velocity
profiles. The velocity profiles were evaluated using CFD and numerical methods.

Second, this work has proposed a new approach for designing a RFBR
model suitable for solving flow distribution problem (FDP). This approach
compares the flow distribution profiles by varying different variables and
proposes the tapered geometry RFBR for reducing flow distribution problem.

Third, this work has proposed a method for simulation of velocity profiles
for designing the best RFBR for minimum FDP. This method specifies how to
model the velocity profiles in different region of the RFBR. The models selected
in this work to simulate velocity profiles are the k-¢ (k epsilon) for flow near the

wall and the Darcy model for flow inside the catalyst bed.
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Fourth, this work has included a comprehensive example of an application
of the proposed methodology. This work has used a methanol synthesis reaction
to model the flow distribution. This example has also included evaluation of
suitable model designs. Using the demonstration of flow distribution with different

geometry it will be easier to implement the proposed model in the industry.

5.2  Advantages and disadvantages of the proposed model

Modeling flow distribution is a very difficult problem because the flow
inside the RFBR passes through different flow regions. In addition, it is difficult to
find a good model for simulating for flow in varying Reynolds number ranges.
Hence, the suitability of different models for simulating flow profiles is often
unknown a priori. This work has proposed an efficient model for simulating flow
profiles and evaluating flow profiles for the RFBR. Although other such models
for simulation of flow profiles are available in CFX™, the model selected in this
work is a compromise between accuracy and time taken for simulation. The
approach of modeling flow distribution in this work is the first attempt to minimize
flow distribution in a RFBR. This approach allows:

e Potential use of a mathematical model whose application to model flow
distribution has been discussed in the literature to date.

e Making the problem of modeling flow distribution by representing different
regions of the RFBR as a separate model component.

e Searching through large libraries of very diverse mathematical models, which
is extremely important in this case when the selection of the modeled regions

is hard to determine a priori.
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Even for the cases when the applicable model design is approximately
known, the proposed method can be used for refining the design further.
Although this proposed approach for model selection is so universal, its practical
application may seem difficult because of the requirement of different models for
different regions and for flow in a range of Reynolds number. However, creation
of libraries of models is a straight forward task as long as modeling of flow
profiles in different flow regions is concerned.

This work is also the first to propose to minimize the flow distribution in a
RFBR. Unlike conventional approaches for modeling flow distribution, the
approach in this work assumes realistic conditions for different regions in the
RFBR. This new approach also has clear advantage over other methods for
estimating flow distribution in the RFBR.

One issue that remains unresolved in this study and is recommended as
the first step in future studies is the inclusion of experimental results for
reactions. There is no experimental result available for any reaction in the RFBR.
The reason for the inclusion of reaction is that the simulated results of CFX™
needs experimental results to validate the claim. The current issue of FDP (flow
distribution problem) was studied for three different geometries. The FDP and
simulated results are discussed in the following sections.

This work focused on geometry of RFBR. There are no experimental
results available for validating the results of CFX™ simulation. Therefore further
experiments need to be conducted to verify the advantage of using a tapered

geometry RFBR.
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It is recommended that the present approach of finding the velocity should
using CFD technique be used as an alternative to actual experiments conducted
for similar geometry and fluid. The experimental results would help in validating
the results of CFX™ simulation. The model in the present work then can be used
for scale up and improvement in flow distribution by changing the geometry. The
bed geometry can be made more suitable to reduce the flow distribution by
changing the slope or bed dimension.

The methods of quantifying velocity profile using CFD presented in this
paper can all be useful in modeling radial fixed bed reactor. Calculation of
velocity profiles was particularly useful for this work since the decrease in axial
velocity component directly affects the performance of reactor. The velocity
profiles information should be used with correlated data from previous work for
uniform bed (gm1) reactor. Velocity profiles for reaction is particularly useful for
visualization of region with good mixing but should not be relied upon as a stand
alone test. The final configuration of geometry (gm3) is most promising, even
though this geometry may have problem while filling the catalyst in reactor bed.
This geometry (gm3) will work well for systems where flow path has been kept as
modeled for the simulation. Flow distribution problem is the single most important
parameter for optimum operation of RFBR [10]. Therefore an improvement in
flow distribution in RFBR promises to improve the performance of RFBR. Use of
RFBR saves the operation cost by 30% (Table 1-1). An improvement in flow

distribution will certainly lead to further reduction in operating cost. There is
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further scope of study for quantifying the advantages of using RFBR of increased

bed length with height (or gm3).

5.3  Future work

In addition to validating the simulation results, there are at least three
directions for future work that will improve the method for designing optimal
RFBR for minimizing flow distribution problem. The first direction is automation of
proposed method for flow distribution modeling for different geometries. In this
work first geometries were created and then flow profile was simulated. In
automation, a suitable geometry may be designed for a flow distribution. The
second direction is extending this approach to cases where no experimental
results are available. This would require testing the models for that experimental
result are available and then improving it for scale up. The third direction is the
inclusion of the calculation for cost saving for improving flow distribution in a
RFBR.

Other questions posed to the next researcher are:

1. Is it possible to automatically find a value of the velocity for the percentage
change in slope of bed geometry?

2. How does one identify rules which will guide in choosing bed geometry for
scale up?

3. How can successful rules from simulation be validated without performing
experiments?

In conclusion the present study puts forward a new methodology namely

introduction of tapered geometry for reducing flow distribution problem. CEX™
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proves to be a versatile technology for use in finding the velocity components

and lays foundation for further research in this field.

5.4  The impact of this work

Advances in computer hardware allow creation of very large mathematical
models with a great number of parameters, massively parallel processing and
great deal of stability in numerical solution. These models can often imitate very
complex phenomena. The flow pattern in the regions is very complex and this
work presents the guide lines to model such a phenomena. However, in many
cases, simpler models have a clear advantage over the complex ones. This is
the case when:

e The type of reaction has very simple kinetics and all the parameters are
available from literature.

e A similar model is available from literature.

e The model has to operate in real time using a limited amount of computing
resources.

All these three conditions apply to the models designated to model flow
distribution in different regions of the RFBR. To perform the task of identifying
faults in modeling, the flow profile was compared with the experimental results

available from Bolton, G. T.

5.5 Applications

The current work can be utilized in various fields and can be directly

applied to the following:
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1. Detecting relation between velocity profile and bed geometry.

2. Provide a linguistic guidance and training framework for design engineers.

3. Autonomous development of decision rule base for slope of bed geometry.

4. Model monitoring by finding cause and effect relations in flow distribution
problem and bed geometry.

5. Finding input-output rules which define which define bed geometry design
and tuning from results of CFX™ simulation.

6. For level of protection analysis and safety system design for uncertain flow
distribution.
The current work coupled with fast simulation technologies such as CFX™

will prove effective for above areas where solution is required in short period of

time.
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APPENDIX A
CFX™ SIMULATION DETAILS
This guide line shows geometry creation and meshing for a radial fixed
bed reactor (Geometry1, gm1). Geometry1 (gm1) consists of three solids as
described below
e Solid1 — represents inner part of reactor where fluid moves in and is
free of catalyst.
e Solid2 — represents that part of reactor where bed is filled with
catalyst bed.

e Solid3 — represent the region where fluid moves out of the bed and

is free of catalyst.
SOLID3 SOLID 2 SOLID1

FIGURE A-1: Uniform bed RFBR, gm1
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Solid1 is first created with mesh in ANYSYS 8.1™. And then Solid2 and Solid3
are created with mesh. The procedure is described below.
The following geometry and meshing features are used
e Basic geometry creation using Revolve operation; and
e Basic meshing operations
CFX™ mesh
In order to create a mesh using CFX™-Mesh, the steps are as follows.

e Create the Geometry.

e Define Regions.

e Define the Mesh Attributes.

e Create the Surface Mesh (this is optional).

e Create the Volume Mesh.

The geometry can be created either in ANSYS Workbench or by importing
it from a CAD package. The geometry for this work has been created in ANSYS
Workbench 8.1. The guidelines below will refer to ANSYS Workbench 8.1 only.
Creating the project

The first step for any new case is to create the project.

e Open ANSYS Workbench. On Windows, this can be done by going to
the Start Menu>Programs section and selecting ANSYS 8.1>ANSYS
Workbench.

e Start a new project from scratch by selecting Empty Project from the
new section of the Start window in the middle of the ANSYS

Workbench window.
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The next setting is to tell ANSYS Workbench where the project files
has to be created. Select File>Save, and save the project as
solid1gm1.wbdb in the working directory of CFX™. Then Design
Modeler can be opened in order to start creating the solid.

At the left side of the Project Page, click on Design Modeler (DM), new
geometry (under Create Design Modeler Geometry).

In the popup window, select meter as the desired length unit.

Creating the Solid1

Click on XY plane in the tree view towards the top left of the screen.
Click on the sketching tab (underneath the tree view) to work on the
sketch.

Before starting to create your sketch, it helps to set up a grid of lines
on the plane in which the sketch will be drawn. The presence of the
grid allows the precise positioning of points (when snap is enabled).
Click on settings (in the sketching tab) to open the settings toolbox.
Click on grid and turn on show in 2D and snap.

Click on major grid spacing and set it to 1.

Click on minor-steps per major and set it to 10.

Select the draw toolbox from the sketching tab.

Click on polyline and then create the shape shown below:
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FIGURE A-2: Solid1gm1, sketch1

To close the polyline after selecting the last point, click with the right

mouse button to bring up a menu and choose closed end.

Now the main body of the geometry1 solid1 will be created by revolving

the new sketch around the Y-axis.

Select revolve from the 3D features toolbar. This toolbar is located
above the model view.

Details of the revolve operation are shown in the details view at the
bottom left of the window. Leave the name of the revolve as the
default, revolve1.

The base object is the name of the sketch to be revolved. It defaults to
the sketch that has been just created, sketch1, so this setting does not
need to be changed.

The axis for the rotation does not have a default setting. in the model
view, click on the grid line which runs along the Y-axis and then click

on apply in the details view. The text next to axis should now change to
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selected. If instead it changes to not selected with a yellow
background, click on the text not selected and then try selecting the
axis again in the model view, remembering to press apply in the details
view after it has been selected.

Leave Operation set to add material.

The sketch needs to be revolved by a full 360 degrees, so change
angle from 30 degrees to 360 degrees. Leave the other settings as
default.

To activate the revolve operation; click on generate. This can be
selected from the menu.

After generation, the solid should look like as shown below. Save it as

solid1gm1.agdb.

FIGURE A-3: Solid1gm1
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Mesh generation

In order to set up the mesh, move out of Design Modeler and into CFX™-
Mesh.

At the top of the ANSYS Workbench window, there are two tabs:
geometry1 (Project) and geometry1 (Design Modeler). Click on solid1gm1
(project) to return to the project page. In the left-hand column, near the top, click
on generate CFX™ mesh.

Setting up the regions

The first step is to define some regions on the geometry. Composite 2D
regions are created from the solid faces (primitive 2D Regions) of the geometry.
They can be used in CFX™.-Pre to assign boundary conditions, such as inlets
and outlets, to the problem. Regions are also used to attach two different solids
through interface.

Create the Composite 2D Region for the reactor inlet:

¢ Right-click over regions in the tree view.

e Select insert>composite 2d region

¢ A new object, composite 2d region 1, is inserted under regions in
the tree view. In the details view, there will be two buttons, apply
and cancel, next to location, and this means that you are ready to

select the face from the model view.
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¢ In the model view, click on the circular face at the top of the solid
which is at the position with the highest value of the Y-coordinate.
This will turn green to show that it has been selected.

e Click on apply in the details view.

e Change the name of the region to inlets1gm1: right-click over the
name, select rename and then type over the existing name.

Similarly create outlet from Geometry1. Rename it outlets1gm1.

Setting up the mesh

e Click on default body spacing in the tree view, which is contained in
mesh>spacing.

¢ In the details view, change maximum spacing to 0.05 m.

e Press enter on the keyboard to set this value.

The remaining settings will be left as their default.

Generating the surface mesh

e Click on the plus sign next to preview in the tree view to open it up.

e Right-click over default preview group and select generate this surface
mesh. The default preview group always contains all faces in the
geometry, so the mesh will be generated everywhere.

e Similarly generate volume mesh by right clicking on mesh in tree view.

 Save all the highlighted files and exit out of Anysys.8.1™.

e Mesh file will be unnamed in working directory. Rename it to
meshs1gm1.gtm.

e The generated surface mesh will look like as shown in figure below.
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FIGURE A-4: Solid1gm1 surface mesh

Similarly create two more solids and generate its mesh. The details of
geometry are described in Chapter 3. Caution should be taken while naming
default 2D region while mesh creation. For solid2 the face touching solid1 will be
named as inlets2gm1 and face touching solid3 will be named as outlets2gm1.
Similarly for solid3 the face touching with solid2 will be named as inlets3gm1 and
outlet to top of solid will be named as outlets3gm1.

Finally geometry1 with inlet and outlet will be represented as shown in
following section.

After creating all the three solids for geometry1 ANYSYS 8.1™ is closed
and CFX™5.7 for windows is opened. Set the working directory as
CFX™/working directory and click CFX™-Pre.

Defining the new simulation in CFX™-Pre

This section describes the step-by-step definition of the flow physics in
CFX™-Pre.

Creating a new simulation

91



Start CFX™-Pre and create a new simulation named geometry1 using the
General Mode.
Importing the meshes
The geometry1 is comprised of three distinct parts:
e Solid1 — Inlet section of reactor
e Solid2 — Reaction section ( Filled with catalyst pellets)
e Solid3 — Outlet section of reactor
Next you will import a generic inlet / outlet section and the catalyst housing
section from already generated files in ANYSYS ™ 8.1.
Inlet section — Solid1
The first mesh that will be imported is the Solid1gm1 mesh for the reactor
inlet, created in ANYSYS™8.1, named as Solid1gm1.gtm. This mesh was
created using units of meter.
e Click the mesh tab to access the mesh workspace.
e Click import mesh
¢ In the mesh workspace, on the definition panel, set:
o Mesh format to CFX™5 GTM file
o File to Solid1gm1.gtm
e Click apply to import the mesh while leaving the import mesh panel
open.
Similarly import mesh for Solid2gm1 and Solid3gm1.
Caution: After importing the last mesh (Solid3gm1) do not click apply button.

Just click OK. Otherwise the same mesh will be imported twice.
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After importing all the three solids for geometry1 the mesh will appear like as

shown in next page.

SOLID3 SOLID 2 SOLID1

FIGURE A-5: Imported mesh of solids in CFX-Pre

Creating a union region

Three separate assemblies now exist, but since there is no relative motion
between each assembly it is needed to create a single domain. This can be done
by simply using all three assemblies in the domain location list or, as in this case,
by using the region editor to create a union of the three assemblies.

e Click the regions tab in the CFX™-Pre workspace.

Click create new obiject.

e Set name to RadReactor1.

e Set combination to union.

e Set dimension to 3D; this will show the existing 3D regions in the

regions list.
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e Hold down the <Ctrl> key and select the regions assembly,
assembly 2 and assembly 3.
e Click ok to create the new region.
Creating the Domain
For this simulation an isothermal heat transfer model has been used and
turbulent flow has been assumed.
e Click the physics tab.
¢ Click domain on the main toolbar.
e Set name to RadReact1 and then click OK.
e On the general options panel:
o Set location to RadReactor1.
o Set domain type to fluid domain.
o Set Fluids List to air ideal gas (for simplicity).or CO and H, for
this work.
o Set cord frame to cord O.
o Set reference pressure to 1 atm.
o Under buoyancy, set option to non buoyant.
o Under domain motion, set option to stationary.
¢ Click the fluid models tab, then:
o Under heat transfer model, set option to isothermal and fluid
temperature to 518.15 K.
o Under turbulence model, set option to k-epsilon.

o Leave turbulent wall functions set to scalable.
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o Under reaction or combustion model and thermal radiation
model, leave option set to none.
o Click OK to create the domain.
Creating the Subdomain
The catalyst-coated honeycomb structure will be modeled using a
subdomain with a directional source of resistance.

For quadratic resistances, the pressure drop is modeled using:

P _ g, U\,

ox

i

Where Kq is the quadratic resistance coefficient, U; is the local velocity in

the i direction, and S—p is the pressure drop gradient in the i direction.
X .

e Click subdomain from the main toolbar.

e Set name to catalyst, leave domain set to RadReact1 and then click
OK.

e On the basic settings panel, expand the regions list by clicking, and
set location to B1 P3 2 (assembly2). This is the entire catalyst
housing section.

e Click the sources tab. The Sources panel lets to setup sources of
momentum, resistance and mass for the subdomain (other sources
are available for different problem physics).

¢ On the Sources panel:

o Turn on sources, momentum source/porous loss, and

directional loss model.
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o Under stream wise direction, set: option to Cartesian
components X component to 1, Y componentto 1, and Z
component to 1 (for loss in any direction).

o Under stream wise loss, set option to linear and quadratic
coefficients.

o Turn on quadratic coefficient and then set quadratic
coefficient to 650 kg m”-4 (The figure depends on bed
structure. For this work this figure has been taken from
similar model used in CFXTM for an example on catalytic
converter).

o Click OK to create the subdomain.

Creating boundary conditions
Inlet boundary condition
On the Basic Settings panel, set:
¢ Boundary type to inlet
e Location to Inlets1gm1
On the boundary details panel:
¢ Under mass and momentum, set option to normal speed and
normal speed to 25 m s”-1.
e Leave turbulence set to medium (intensity = 5%).
e Click OK to create the boundary condition
Outlet boundary condition

e Create an outlet boundary named outlet.
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On the Basic Settings panel, set:
o Boundary type to outlet
o Location to outlets3gm1
On the Boundary Details panel:
o Under mass and momentum, set option to static pressure
(not average static pressure) and relative pressure to 0 Pa
Click OK to create the boundary condition.
The remaining surfaces are automatically grouped into the default

no slip wall boundary condition.

Reactor outlet

Reactor inlet

FIGURE A-6: Geometry1 (gm1) with inlet and outlet flow
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Creating the domain interfaces
Domain interfaces are used to define the connecting boundaries between
meshes where the faces do not match or when a frame change occurs. Meshes
are ‘glued’ together using the General Grid Interface (GGl) functionality of
CFX™.5. Different types of GGI connections can be made. In this case you
require a simple Fluid-Fluid Static connection (no Frame Change). Other options
allow changing reference frame across the interface or creating a periodic
boundary with dissimilar meshes on each periodic face.
Two Interfaces are required, one to connect the inlet to the catalyst
housing and one to connect the outlet to the catalyst housing.
Inlet to catalyst housing Interface
e Click Domain Interface.
e Set Name to Inlet Side.
e On the basic settings panel, set:
o Interface Type to Fluid Fluid
o Under Side 1, set Domain (Filter) to -- All Domains.
o Region List 1 to outlets1gm1
o Under Side 2, set Domain (Filter) to -- All Domains --.
o Region List 2 to inlets2gm1
o Frame change to none
o Pitch change to automatic

e Click OK to create the interface.
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Ouitlet of catalyst housing interface
e Create a second domain interface named Outlet Side.
e On the Basic Settings panel, set:
o Interface type to fluid fluid
o Under side 1, set domain (filter) to -- all domains --.
o Region List 1 to outlets2gm1
o Under side 2, set domain (filter) to -- all domains --.
o Region list 2 to inlets3gm 1
o Frame change to none
o Pitch change to automatic
o Click OK to create the interface.
Setting initial values
e Click global initialization
A sensible guess for the initial velocity is to set it to the expected velocity
through the catalyst housing. As the inlet velocity is 25 (m s”-1) and the
cross sectional area of the inlet and housing are known, conservation of
mass can be applied to obtain an approximate velocity of 2 (m s”-1)
through the housing.
e Under Cartesian velocity components, set:
e Option to automatic with value
o Uto2ms™1
o Vto2mshM

o Wto2ms?1
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e Turn on turbulence eddy dissipation and leave option set to
automatic

¢ Click OK to set the initialization details.

Setting solver control

e Click solver control

e Assuming velocities of 25 (m s”-1) in the inlet and outlet pipes, and
2 (m s™-1) in the catalyst housing, an approximate fluid residence
time of 0.1 (s) can be calculated. A sensible time step of 0.04 (s)
(1/4 to 1/2 of the fluid residence time) will be applied.

e Under advection scheme, leave option set to high resolution.

e Under convergence control, set timescale control to physical
timescale and physical timescale to 0.04 s.

e Leave all other settings at their default values.

e For the convergence criteria, an RMS value of at least 1e-05 is
usually required for adequate convergence, but the default value is
sufficient for demonstration purposes.

e Click OK to set the solver control parameters.

Writing the solver (.def) file

e Click write solver (.def) file

e Leave operation set to start solver manager.

e Turn on report summary of interface connections.

e Click OK.

Obtaining a solution
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When CFX™.-Pre has shut down and the CFX™-solver manager has
started, you can obtain a solution to the CFD problem by following the
instructions below:

In the solver manager, at the time of defining run, check the box ‘show
advance controls’, then in solver tab tick ‘detailed memory overrides’ and enter a
memory multiplier of 1.5. Repeat the same exercise on partition tab also.

If above exercise not done then run may fail with error message
‘insufficient memory allocated’.

e Click start run
e When finished click OK
e Click post process results
e When the start CFXTM-post dialog box appears, turn on shut down
solver manager then click OK.
Viewing the results

When CFX™-Post opens, create a YZ plane through X = 0 and color the

plane by pressure. The pressure falls steadily throughout the main body of the

catalytic housing.
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FIGURE A-7: Pressure profile in ZY plane at X=0 for gm1

e Make the YZ plane invisible.

e Create a contour plot, using the plane for the location, pressure as
the variable and 30 as the # of contours. Contour plot shown in next
page.

e Disable the draw faces toggle on the render panel.

e Create a vector plot with the same plane for location and variable
set to velocity. On the symbol panel, set symbol size to 0.3 and turn

on normalize symbol.
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FIGURE A-9: Vector plot for velocity for gm1

Creating a polyline
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e First, make the vector and contour plots invisible.
e Click create polyline from the main toolbar and accept the default
name.
e On the Geometry panel:
o Set method to boundary intersection.
o Set boundary list to RadReact1 default, inlet and outlet.
o Setintersect with to plane1
e Click the color tab and choose a bright constant color for the
polyline.
e Click the render tab and increase the line width to 3 (the units are
pixels).

o Click apply.

FIGURE A-10: Polyline on YZ plane at X=0

Creating a chart
e Click Create chart from the main toolbar and accept the default

name.
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In the charts workspace, on the chart panel

Set title to pressure drop through a catalytic converter.

Turn off use data for axis labels.

Set X axis to Z

Set Y axis to Pressure

Click the chart line 1 tab in the chart editor.

Set line name to pressure drop.

Set locator to polyline1.

Set X Axis to Z (to plot the z-coordinate values along the x axis of
the graph).

Set Y axis to pressure (to plot pressure values along the y axis of
the graph).

Expand the appearance frame and set symbols to rectangle.

Click apply to create the chart line.

Pressure drop
aumu—;-} ______________ L g ey S . e, e ey r

Fressure drop

FIGURE A-11: Pressure drop profile for gm1
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Exporting data
e From the main menu select file > export.
The export dialog box appears. Ensure that export geometry information is
turned on. This will cause X, Y, and Z to be sent to the output file.
¢ In the Select Variable(s) list, select pressure.
e Set Locators to polyline 1.
e Click the formatting tab.
e Set precision to 3.
e Click Save to export the selected results.
The file export. at will be written to the current working directory. This file
can be opened in any text editor. It can be used to plot charts on other software.

e When finished, close CFX™-Post.
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APPENDIX-B

NUMERICAL METHOD

The numerical method selected for solution of second order partial

differential equation is method of lines. The method of lines is a general

technique for solving partial differential equations (PDEs) by typically using finite

difference relationships for the spatial derivatives and ordinary differential

equation for time derivative. This solution approach can be solved either using

ODE solver package using POLYMATH or partial differential equation using

PDECOL™. The software package selected for solution of PDEs is PDECOL™.

The developed computer code is described and algorithm description is

divided in to four sections:

PDECOL™ description,

Code flow and main routine,
Boundary condition,

Equation definition and kinetics, and

Physical property calculations.

We begin with an overview of the PDECOL™ code and presentation of the

overall model flow chart.
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FIGURE B-1: Schematic diagram for numerical solution
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FIGURE B-2: Schematic diagram of concentration profile
[36]
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B-1  PDECOL™ code

The package implements finite element collocation methods based on
piecewise polynomials for the spatial discretization techniques. PDECOL™ is
unique because of its flexibility both in the class of problems it addresses and in
the variety of methods it provides for use in the solution process. High order
methods (as well as low order ones) are readily available for use in both the
spatial and time discretization procedures. The time integration methods used
feature automatic time step size and integration formula order selection so as to
efficiently solve the problem at hand. PDECOL™ is designed to solve the general
system of NDPE non linear partial differential equations at most second order on
the interval.

The software package PDECOL™ is based on method of lines and uses
finite difference collocation procedure for discretization of spatial variable r and z.
The collocation procedure reduces the PDE system to semidiscrete system that

only depends on r variable [39].
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The software package PDECOL™ is discussed below to find the
numerical solution.

Component balance
oC . o(C, o(C 0°C, o’C. 10C,
& / + (—juz) + (—jvr) — gDa 2] — gDr 2j +l J
ot . oz . or . Oz t or r Or t

n

= pbzvjan

1

Boundary condition (Fluid flow without reaction):
At r=r1 and z=0; u,=0

At r=ry for all z, Ca=Chpo

Boundary condition (Fluid flow with reaction):

At r=r1 and z=0; u,=0

At r=r, for all z, Cao=Cpo

Component H, CcoO H,O

Volume % 64.24 25.71 10.0
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APPENDIX C

Additional CFX™ results
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FIGURE C-1: Pressure profile for gm1
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FIGURE C-2: Velocity profile for gm2
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FIGURE C-3: Wire frame for gm2
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FIGURE C-4: Catalyst bed for gm2

FIGURE C-5: Inlet and Outlet for gm2
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APPENDIX D

Additional CFX™ results in table

Table D-1: Radial velocity component for gm1 from CFX simulation, without reaction.

Plane g1-2 g2-3 934 g4-5 056 g6-7 g7-8 989 g9-10 g10-11

p1 946 519 409 390 391 393 325 3.02 3.28 3.36
p2 5,02 504 501 492 456 448 436 4.16 4.05 3.92
p3 488 494 496 505 488 503 5.09 511 5.09 5.07
p4 435 450 475 491 502 524 519 527 544 5.46
p5 429 429 471 467 501 5.31 5563 559 5.71 5.78
p6 3.87 414 436 471 461 517 5569 575 6.015 6.22
p7 337 395 416 444 461 538 548 571 617 6.37
p8 323 315 350 399 455 4.87 591 6.04 6.59 6.83
p9 227 269 312 349 373 5.00 5568 6.11 6.85 7.75

p10 1.80 140 187 217 267 255 3.89 544 736 8.36

119



radial velocity, m/sec

velocity profile,g1,cfx,w/o rxn

0.5

0.6

0.7

0.8

Radial distance, m

0.9

—o—p1
—m—p2
p3
p4
—%—p5
—e—pb
—+—p7
—p8
p9
—o—p10

FIGURE D-1: Radial velocity profile for gm1 in CFX™ without reaction

Table D-2: Radial velocity component for gm1 from numerical solution without reaction

Plane g1-2 g2-3 934 g4-5 g5-6 g6-7 g7-8 g8-9 g9-10  g10-11
p1 9.43 523 404 389 3.91 3.95 3.28 3.00 3.46 3.39
p2 5.01 5,05 5.02 493 458 4.63 4.39 4.65 4.08 3.89
p3 4.89 495 498 508 4.90 5.05 5.10 4.95 4.98 5.10
p4 4.31 449 478 493 505 5.25 5.21 5.28 5.45 5.48
p5 4.28 430 473 468 5.05 5.28 5.50 5.58 5.73 5.81
p6 3.89 415 438 473 465 5.18 5.62 5.73 5.99 6.18
p7 3.39 397 418 446 458 5.40 5.50 5.73 6.23 6.40
p8 3.24 3.18 352 403 4.51 4.85 5.95 6.05 6.66 6.90
p9 2.30 275 315 338 375 5.02 5.60 6.13 6.81 7.72
p10 1.83 139 182 210 268 2.53 3.93 5.48 7.38 8.38

Table D-3: Axial velocity component for gm1 from numerical solution, without reaction
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Plane g1 g2 g3 g4 g5 g6 a7 g8 g9 g10
p1-2 725 0.79 -0.65 -0.30 -0.34 0.40 -055 -048 1.30 1.89
p2-3 3.67 3.15 2.29 2.30 1.28 1.55 1.24 2.48 215 283
p3-4 365 3.35 3.05 2.83 242 2.73 2.85 2.79 310 346
p4-5 335 3.10 3.09 3.07 3.13 3.23 2.99 3.29 354 3.78
p5-6 321 3.02 3.08 3.05 3.17 3.38 3.68 3.71 403 4.23
p6-7 289 2.88 2.81 2.99 2.62 3.35 3.62 3.71 420 442
p7-8 248 263 2.65 2.70 2.60 3.30 3.39 3.68 430 4.65
p8-9 235 202 1.85 1.89 2.28 2.50 3.35 3.74 430 4.99
p9-10 1.65 1.55 1.20 1.25 1.38 2.25 2.45 3.00 455 570
p10-11 130 -0.05 -0.36 -049 -028 -158 -055 0.69 250 5.72

Table D-4: Radial velocity component for gm1 from numerical solution, with methanol
synthesis reaction

Plane g1-2 g2-3 934 g4-5 g5-6 g6-7 g7-8 g8-9 g9-10  g10-11

p1 758 435 3.44 3.40 3.51 3.65 3.06 2,92 3.36 3.48
p2 408 422 430 4.26 4.09 4.21 4.09 4.42 4.01 3.87
p3 396 414 465 4.43 4.30 4.55 474 4.61 5.69 5.05
p4 340 365 4.06 4.20 4.47 4.66 4.82 5.01 5.26 5.41
p5 344 355 4.03 4.06 4.53 4.77 5.01 5.28 5.52 5.73
p6 310 349 3.73 4.02 418 473 5.17 5.41 5.62 6.13
p7 272 362 357 3.87 4.05 4.90 5.11 5.46 6.00 6.31
p8 262 264 3.02 3.55 4.00 4.41 5.61 5.88 6.39 6.76
p9 196 230 256 2.99 3.74 4.62 5.27 5.92 6.53 7.58
p10 142 115 1.58 1.92 245 2.37 3.70 5.25 7.18 8.31
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Table D-5: Axial velocity component for gm1 from numerical solution with methanol
synthesis reaction

Plane g1 g2 g3 g4 g5 g6 g7 g8 g9 g10
p1-2 580 0.66 -0.67 -052 -0.33 044 -0.57 -043 125 1.86
p2-3 296 287 2.31 2.02 1.28 1.40 1.19 2.35 211 2.68
p3-4 298 2380 244 243 2.13 2.50 2.69 2.65 3.09 3.59
p4-5 266 2.64 249 2.62 2.77 2.93 2.85 3.03 359 3.85
p5-6 2.63 246 2.56 2.63 2.73 2.92 3.17 3.38 365 4.14
p6-7 208 221 240 2.58 2.33 2.90 3.40 3.68 421 439
p7-8 204 214 2.23 2.31 2.27 2.84 3.17 3.55 415 4.61
p8-9 1.82 1.75 1.51 1.63 1.99 2.34 3.02 3.38 426 493
p9-10 1.38 1.12 0.87 105.78 1.10 2.01 2.21 2.71 446 534
p10-11 1.10 -0.36 -040 -0.31 -022 -150 -0.39 0.56 242 559

Table D-6: Radial velocity component for gm2 from CFX simulation without reaction

Plane g1-2 g2-3 g34 g4-5 g56 g6-7 g7-8 989 g9-10 g10-11
p1 X X 6.75 6.13 455 435 426 381 394 417
p2 X 568 6.11 557 557 522 501 481 4.33 4.61
p3 X 508 494 517 534 544 530 540 5.16 5.65
p4 X 454 477 484 524 535 548 553 574 6.02
p5 X 433 473 477 513 540 566 581 595 6.06
p6 3.64 400 421 452 491 537 550 588 6.13 6.38
p7 3.22 377 386 417 467 536 556 588 6.12 6.44
p8 2.98 307 330 38 416 520 569 581 645 6.73
p9 2.54 251 273 368 355 408 491 6.16 6.69 7.23
p10 1.54 140 166 244 365 267 386 521 6.62 6.06
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FIGURE D-2: Velocity profile from CFX simulation for gm2 without reaction

Table D-7: Radial velocity component for gm2 from numerical solution without reaction

Plane g1-2 g2-3 934 g4-5 g56 g6-7 g7-8 @989 g9-10 g10-11
p1 X X 685 6.15 458 433 428 388 3.97 4.27
p2 X 577 613 558 567 532 498 483 439 4.67
p3 X 516 496 518 536 545 532 546 5.06 5.69
p4 X 458 482 488 518 537 549 558 578 6.12
p5 X 423 471 474 518 542 572 583 596 6.08
p6 3.62 401 423 455 493 538 548 590 6.15 6.40
p7 3.23 378 388 418 468 538 558 590 6.13 6.48
p8 3.02 315 332 395 418 525 572 583 648 6.75
p9 2.58 255 278 369 357 418 493 6.18 6.73 7.30
p10 1.56 144 167 243 367 268 389 522 6.68 6.14
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Table D-8: Axial velocity component for gm2 from numerical solution, without reaction

Plane g1 g2 g3 g4 g5 g6 g7 g8 g9 g10
p1-2 X X 365 282 036 0.08 1.07 067 168 266
p2-3 X 4.46 449 328 288 226 215 256 235 3.26
p3-4 X 3.96 367 365 326 3.28 297 335 333 342
p4-5 X 3.48 355 350 357 359 3.65 372 402 428
p5-6 X 3.49 344 347 355 3.64 398 410 416 4.32
p6-7 282 295 3.06 315 335 3.67 3.77 411 436 4.56
p7-8 244 278 279 265 278 340 3.65 4.02 428 473
p8-9 239 225 196 222 226 324 325 333 423 499
p9-10 1.89 1.68 145 183 145 1.33 228 314 442 523
p10-11 115 0 0 0.08 129 -091 058 059 282 424

Table D-9: Radial velocity component for gm2 from numerical solution, with methanol
synthesis reaction

Plane g1-2 g2-3 934 g4-5 g56 g6-7 g7-8 989 g9-10 g10-11

p1 X X 562 529 395 385 389 374 3.88 4.18
p2 X 458 515 480 495 475 463 454 415 4.54
p3 X 420 417 446 468 488 489 511 497 5.57
p4 X 3.71 4.00 415 460 484 502 522 545 5.91
p5 X 357 396 411 454 488 518 547 566 5.96
p6 2.94 332 354 395 434 484 508 549 5098 6.22
p7 2.54 3.06 324 360 409 484 512 554 593 6.35
p8 2.33 248 280 323 368 473 522 548 6.20 6.64
p9 2.04 210 234 320 316 3.71 454 581 6.46 7.07
p10 1.26 116 141 212 324 242 357 494 6.36 6.04
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Table D-10: Axial velocity component for gm2 from numerical solution, with methanol

synthesis reaction

Plane g1 g2 g3 g4 g5 g6 g7 g8 g9 g10
p1-2 X X 3.02 249 022 0.03 1.00 061 161 254
p2-3 X 3.64 3.75 282 253 2.01 196 241 219 313
p3-4 X 3.26 313 316 3.13 296 273 315 331 347
p4-5 X 2.91 3.00 3.03 312 322 3.33 346 386 4.27
p5-6 X 2.80 291 3.00 312 3.31 3,57 387 411 422
p6-7 226 244 256 267 290 3.31 344 387 430 447
p7-8 196 235 234 228 253 3.06 338 369 415 458
p8-9 1.83 1.82 163 187 190 284 299 316 4.05 485
p9-10 1.56 1.42 122 159 127 1.15 201 281 428 443
p10-11 1.02 0.00 0.00 0.08 1.06 -0.81 044 052 275 4.29

Table D-11: Radial velocity component for gm3 from CFX simulation, without reaction

g1-2 923 g3-4 g4-5 956 g6-7 g7-8 g8-9 g9- g10 gl g12
10 11 12 13

p1 868 581 374 366 338 355 355 343 346 364 292 291
p2 482 497 448 425 441 419 420 417 414 410 391 4.36
p3 464 451 457 460 461 451 468 462 461 487 466 4.63
p4 419 417 425 450 467 476 489 505 523 514 550 544
p5 413 413 421 427 447 471 510 515 530 542 550 565
p6 X 396 394 411 440 464 498 534 571 577 610 593
p7 X 363 346 386 410 443 493 545 566 597 6.19 647
p8 X 299 312 360 393 411 468 507 564 6.07 651 6.76
p9 X 290 224 246 310 260 394 465 562 676 746 7.65
p10  x X 150 225 232 281 284 374 400 535 742 856
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Table D-12: Radial velocity component for gm3 from numerical solution, without reaction

g1-2 g2-3 934 g4-5 g56 g6-7 @g7-8 g8-9 (9- g1 g12 g13
10 12 13 14

p1 866 583 376 370 342 356 357 346 349 360 294 296
p2 485 501 452 423 446 423 425 427 419 409 389 438
p3 466 453 458 462 463 455 469 464 463 489 467 464
p4 420 423 421 446 469 474 493 502 520 515 556 548
p5 418 414 423 428 444 473 513 517 532 543 555 560
p6 X 3.98 395 413 442 446 502 536 572 578 6.12 595
p7 X 365 348 388 412 445 495 546 567 598 620 648
p8 X 3.02 316 358 391 415 467 519 562 6.02 645 6.66
p9 X 292 226 248 312 265 398 466 568 672 749 7.62
p10 X X 155 221 238 287 289 375 402 538 743 8.58
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Table D-13: Radial velocity component for gm3 from CFX simulation with methanol

synthesis reaction

g1-2 g2-3 g3-4 945 956 g6-7 g7-8 989 (9- g10 g10 g10
10 11 11 11
p1 7.05 494 326 326 3.09 340 336 328 335 361 295 281
p2 390 412 375 374 398 38 397 394 399 410 3.89 4.16
p3 379 3775 394 402 407 410 430 444 449 479 466 442
p4 3.38 349 360 374 402 417 445 463 507 514 529 519
p5 3.34 349 362 377 402 417 474 486 504 521 540 527
p6 X 330 334 347 383 416 449 496 553 561 599 568
p7 X 298 295 334 356 397 443 513 549 574 6.07 6.05
p8 X 248 264 3.05 348 367 422 473 532 297 642 6.33
p9 X 239 197 218 275 236 366 434 531 658 736 7.31
p10  x X 128 194 195 246 260 353 39 515 7.28 8.07
Table D-14: Axial velocity component for gm3 from CFX simulation with methanol
synthesis reaction
g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 gl g12
p1-2 512 217 -050 -041 -046 -0.26 -029 -0.39 -027 054 010 1.35
p2-3 254 285 122 08 131 079 08 093 127 132 187 271
p3-4 258 248 234 214 218 159 201 186 205 260 285 3.05
p4-5 234 236 234 224 221 223 241 271 29 3.06 374 3.71
p5-6 228 235 228 228 235 242 266 274 3.03 320 358 384
p6-7 X 220 212 213 228 241 265 3.01 347 365 419 4.04
p7-8 X 203 207 197 205 212 226 272 3.00 350 4.00 440
p8-9  x 1.75 181 185 175 177 198 224 262 342 4.04 449
p-10 X 162 120 112 099 -030 111 1.67 239 351 473 522
p10- X 1.03 033 006 008 081 -039 -024 -057 -055 202 5.38
11
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Table D-15: Axial velocity component for gm3 from CFX simulation without reaction

g1 g2 g3 g4 g5 g6 g7 g8 g9 g10 gl g12

p1-2 6.55 263 -044 -035 -052 -026 -029 -038 -029 065 0.10 1.35
p2-3 325 3583 142 092 146 089 093 09 135 134 195 295
p3-4 322 302 276 255 230 172 219 19 215 265 2.88 3.22
p4-5 289 288 276 260 255 249 259 276 315 312 375 3.88

p5-6 285 286 272 269 267 275 293 298 319 335 373 4.08

p6-7 X 278 262 249 255 261 279 315 353 379 430 428
p7-8 X 246 225 215 225 239 251 3.08 328 401 425 4069
p8-9 X 205 208 215 198 196 215 238 285 349 411 485
p9-10  x 196 140 125 115 -025 115 176 246 357 479 549
p10-11  x 126 028 0.08 0.04 051 -039 -046 -0.57 -0.51 197 542
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