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ABSTRACT
In this paper, we have attempted to model the radial heat transfer profile through a catalytic reactor using FEM lab. The model utilizes the conduction-convection heat transfer and the Navier Stokes modules applicable to a 2D axisymmetrical model to determine the temperature profile of the reactant fluid entering at room temperature and the heat transfer profile through the walls of the reactor. The proposed module computes the temperature distribution within the walls of the reactor and the heat gained through the reactant fluid. The predicted transfer is determined to be mainly due to conduction in the walls of the reactor and convection through the reactant fluid and negligible radiation. The model is then validated by conducting a heat balance and also comparing with theoretical calculations. The parametric study establishes the effect of heat transfer by varying flow rate of the reactant fluid.

Background
Temperature is a very important factor in chemical reactions as the kinetics of the reaction varies with the temperature mainly governed by the Arrhenius equation. So it is very important to have an effective heating system in order to get the required temperature. Our main objective is to model the temperature gradient due to convective heat transfer from the reactor wall to the fluid flowing through a porous catalyst. The mechanisms that should be taken into consideration are conductive and convective heat transfer (16) and laminar fluid flow (19). The approach to these mechanisms can be through developing a two dimensional numerical model using the finite element approach (9). The basic constraints and the boundary conditions should be identified referring to the relevant references (17). Most of the laboratory scale reactors used in catalysis is fixed bed type reactors which constitute of a glass tube surrounded by a split furnace. The catalyst bed is held in place in the middle part of the reactor by filling the rest of the tube using glass beads as packing. The chemical reaction mainly takes place at the catalyst bed. Hence in reactions involving very high temperatures it is very essential to maintain the exact temperature at the catalyst bed. For this matter all the reactors are connected to a temperature controller and are surrounded by a split furnace which consists of a furnace layer, insulating layer and steel lining. The insulating layer prevents the heat transfer to the outer steel lining so as to minimize the radiation effects. The reactant (in a liquid phase) enters at room temperature and gradually gets heated to the desired temperature and the products are sent to a condenser from which they are collected. The conditions of the fluid flow in the system and the effect of temperature on the system have to be identified (15, 19). The phase change due to the temperature from liquid to gas should be taken into consideration. The basic equations can be developed referring to the laws of heat transfer (19, 17). The data regarding the conductivities can be obtained from the chemical engineering hand book (18). Since the fluid flow involved is creeping flow through porous media, the equations may be developed from the (5). Basic boundary conditions then have to be defined keeping in considerations the different solid, liquid and gas phase parameters (17).The fluid flows from a vertical tube, the flow structures may be referred from ref (3). The thermal energy transport keeping the fluid thermal boundary layers characteristics need to be studied (15). Since the fluid flows through a zeolite catalyst bed, the heat transfer through a porous media must be studied and the relevant conditions must be applied (12). Once all my parameters are fixed, our next approach would be to identify the main constraints (11). A two dimensional system and the equations describing it have to be built using the ref (6) as a guideline. Then the type of approach has to be decided and the nodes have to be set up and the parameters solved.

This type of a reactor setup is mainly used in applications like steam reforming, shape selective alkylation of 2Methyl Naphthalene to 2, 6 and 2, 7 Dimethyl Naphthalene. The heat for the reaction is supplied through the reaction tube wall heating with a furnace. The heat transfer in the reactor has a significant effect on the temperature and as a consequence on the thermodynamics and kinetics. Heat absorbed or released during a reaction generates radial and axial temperature profiles inside the reactor.

INTRODUCTION
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The reactor setup we modeled is a fixed bed split type reactor. The problem was made simpler by assuming that there was only the reactant fluid (i.e. gasoline) entering the tubular reactor and  heat transfer from the wall to the reactor takes place during the fluid flow through the reactor. The model was taken as a steady state two dimensional axisymmetrical model. The reactor setup consisted of an inner channel through which gasoline passed through. The next layer was the layer of glass and then the glass is surrounded by a thin film of air. This was surrounded by alumina furnace layer, which is then covered with a steel lining. The heat transfer taking place here is of two types: one through the reactant flowing into the reactor and the other the radial heat transfer due to conduction and convection through the walls of the different layers. The reactor set up is shown in the figure 1. Since it is an axisymmetrical model, we have considered modeling the profile in one half of the model and the same should follow for the other half of the model.
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Figure 1 Experimental set up
 The assumptions made are:

· Steady state process

· Ignore the contact thermal resistance between each boundary

· Thermal conductivity for each material is constant in every direction

· The radiation effects can be neglected
· The reactant fluid was flowing through laminar flow

· The radiation effects from steel to ambient were neglected

· There is uniform heat generation from the furnace
The model was modeled using the conduction-convection and Navier-Stokes modes from the FEM lab modules to start with. In later stages we discarded the Navier-Stokes mode as the solution failed to converge due to the vast differences in the viscosities in each layers.
GOVERNING EQUATIONS
Heat transfer is governed by three main processes viz. Conduction, Convection and Radiation. The effects of radiation are neglected in this model as the difference between surface temperatures of steel and the ambience is very less. The heat transfer is convection driven in the region where the reactant is flowing through the reactor. The heat transfer is conduction driven through the glass wall of the reactor. The heat transfer is convection driven through the air film and it is again conduction driven through the furnace and the steel lining. All the equations are in cylindrical coordinates.

The rate of heat transfer due to conduction is governed by the Fourier’s law of conduction:

[image: image10.wmf]9

.

1043

9113

.

0

+

-

=

T

fuel

r

[image: image11.wmf]dn

dT

kA

q

-

=


[image: image12.wmf]
Where k: thermal conductivity (Wm-1K-1) 

A: cross-sectional area (m2)

dT/dn: temperature gradient (Km-1) in the normal direction n, that is, perpendicular to the surface (Km-1)

The rate of heat transfer by convection is governed by:
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Where h: convective heat transfer coefficient (Wm-2K-1)

Tsolid: temperature at the surface of the solid body (K)

Tfluid: ambient or remote temperature of the fluid (K)

The rate of heat transfer by radiation is governed by:
[image: image15.emf][image: image16.emf]
Where εSB: Stefan-Boltzman constant (Wm-2K-4)

 σ: emissivity of the surface

 Tsolid: temperature at the boundary of the solid body (K)

 T∞: ambient temperature (K)
The partial differential equation for heat conduction at steady state is 
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FORMULATION
The sub domain and boundary settings in FEM lab were set as shown in table 1 and 2. The length of the reactor was chosen to be 30cm. The radius of the gasoline channel r1is 1cm.The thickness of the glass wall is 0.2 cm, the air is 10cm thick, the alumina layer is 9cm thick and the steel
	
	Material
	ρ

(kg/m3)
	η

(Pa•s)
	k

(W/(m•K))
	Cp

(J/(kg•K))
	u(t0)

(m/s)
	v(t0)

(m/s)
	p(t0)

(Pa)
	T(t0)

(K)

	1
	Gasoline
	Rho(p,T)a
	Eta(T)a
	k(T)a
	Cp(T)a
	0
	0
	0
	298

	2
	Silica glass
	2203
	1000
	1.38
	703
	0
	0
	0
	298

	3
	Air, 1 atm
	Rho(p,T)a
	Eta(T)a
	k(T)a
	Cp(T)a
	0
	0
	0
	298

	4
	Al2O3
	3965
	
	35
	730
	0
	0
	0
	298

	5
	Steel AISI 4340
	7850
	
	44.5
	475
	0
	0
	0
	298

	a: please refer to Library material in FEM lab.

No slip in every boundary.


Table 1 Subdomain and Boundary settings in FEM lab

lining is 0.5cm thick. The boundary condition of 1 is thermal insulation as it is the center point of the axisymmetrical model. The boundary 2 is set at 293K temperature as the reaction feed enters at room temperature. Boundary 3 is set at convective flux as our aim is to model the heat transfer rate. Boundary 12 is the temperature of the steel lining measured to be 298K. All the boundaries 4,5,6,7,8,9,10,11 are set at the measured temperatures from the experimental reactor. All the properties of the materials are at 298K and are taken from the FEM lab library.
Table 2 Dimensions of the system
	1
	2
	3
	4, 5
	6, 7
	8, 9
	10, 11
	12

	30 cm
	1 cm
	1 cm
	0.2 cm
	10 cm
	8.8 cm
	5 cm
	30 cm

	Thermal insulation
	293 K

vz (m/s)
	Convective flux
	773 K
	773 K
	600 K
	400 K
	298 K


SOLUTION
Because solution failed to converge due to the vast differences in the viscosities in each layers when we used Navier-Stokes mode in FEM lab, we assume that fuel in reactor is like laminar flow in a pipe. The velocity distribution along r-direction is:
[image: image19.emf][image: image20.emf]
Where Q is the volume flow rate of fuel, Area is the cross-section area of the reactor.
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Figure 2 is the result when the volume flow rate is 0.01 mL/s. We can see that fuel is gradually heated up by the furnace. And the temperature distribution within Al2O3 and steel is symmetric with Z=0.
VALIDATION
This part involved checking whether the model was functioning in accordance with the input parameters. Our approach to validate the model was done in two parts. One was to plot the temperature vs the logarithmic radius as in radial conduction the temperature is directly proportional to the logarithm of the radius( ln r= ln(r2/r1) ). The plot shows that the model values are in the correspondence with the theory. The temperature was measured from the center of the length of the reactor and the corresponding radius was noted. Then they were plotted by taking ln(r) on the y axis and the temperature in the absolute scale ( K) as shown in fig 3.
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   Figure 3 Temperature Vs ln r

[image: image23.wmf]The second part of the validation was to confirm whether the model was exhibiting the steady state behavior as prescribed. In a steady state process, the rate of transfer at any point should be the same.  For that we calculated that the heat flux in the fluid when it is passing the reactor by using the eqn 
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. All the properties were taken from the FEMLab module library. The density of fuel was calculated by the correlation 
taking the T as 293K. The 
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 was calculated to be 776.8kg/m3. The Cp of fuel was 2078.6887J/(Kg.K). The flow rate Q was 0.01mL/s. The q was calculated to be 7.895 W/m3.
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The radial heat transfer was calculated from the equation 
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The above two equations constitute the left hand side and the right hand side of the Fouriers law of heat conduction. Integrating the above expression we get  
 The calculated value of qr = 9.7596 W/m3.
Both the heat fluxes are comparable and thus we can say that the model is indeed a steady state model. Thus this shows that FEMLab can serve as a good modeling tool.
PARAMETRIC STUDY
In parametric study we mainly consider the effect of flow rate of fuel on temperature distribution. Below is the result when the flow rate is 0.001 mL/s and 0.1 mL/s, respectively.
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From results we can see that when the flow rate of fuel is high (figure 5), temperature distribution is roughly symmetric with z = 0. The temperature of fuel is almost constant (293 K) except in two bottoms. When the flow rate of fuel is decreased, the temperature of fuel increases. And the temperature distributions within Al2O3 and steel almost maintain the same no matter what the flow rate is. However, the temperature distribution within air changes with changing flow rate. We also use plug flow (flow rate: 0.00001m/s, 0.0001m/s and 0.001m/s) to simulate the process and get similar results.

This parametric study seems successful. Changing flow rate means changing the residence time of fuel in the reactor. When the flow rate is very high, the residence time is very short. There is not enough time for heat exchange between fuel, reactor and air. Thus the temperature of fuel is almost the same as it initially flow in. When the flow rate is decreased, heat exchange is allowed between fuel, reactor and air, thus the temperature of fuel increases and temperature distribution within fuel appears. Also because the dimension of fuel and reactor is relatively small compared to that of air and Al2O3, flow rate of fuel only influence temperature distribution of air which directly contact reactor. Since this is a steady state process, changing initial temperature should not influence the final temperature distribution, and corresponding simulation in FEM lab also prove this.[image: image28.wmf]0
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CONCLUSION
Based on the discussion above, it may be concluded that
1. When the flow rate of fuel is high, temperature distribution is roughly symmetric with z = 0. The temperature of fuel is almost constant (293 K) except in two bottoms.
2. When the flow rate of fuel is decreased, the temperature of fuel increases.
3. Temperature distributions within Al2O3 and steel almost maintain the same no matter what the flow rate is. However, the temperature distribution within air changes with changing flow rate.
4. FEM lab is a good tool to simulate heat transfer process but there are still some bugs.
5. Given the time we could use FEMLab to model the reactor in more realistic conditions incorporating the catalyst bed.
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Figure 5 Temperature distribution with flow rate 0.1mL/s
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Figure 4 Temperature distribution with flow rate 0.001mL/s
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Figure 2 Temperature distribution with flow rate 0.01mL/s
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