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Abstract 

We use limiting models to determine the heat and mass transfer coefficients for coupled 

homogeneous-catalytic combustion in monolith channels. The use of the inter and intra-phase 

transfer coefficients (Nusselt and Sherwood numbers) in reduced order two or three-mode 

models to determine the bifurcation features of these models is discussed. The impact of the 

flow/velocity profile, Lewis and Peclet (axial and radial) numbers, and the reaction parameters 

on the transfer coefficients is also presented. 
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Introduction 

Catalytic combustion and catalytic partial oxidation 

systems have been analyzed by many investigators 

using theoretical, computational and experimental 

techniques over several decades. The coupling 

between the homogeneous and catalytic chemistries, 

low residence times and high operating temperatures 

make the analysis of these systems rather difficult. 

The current practice in modeling of these systems is 

dominated by micro-kinetic models for homogeneous 

reactions or CFD approaches to produce direct 

numerical studies. However, bifurcation analyses of 

these systems have been rare (aside from some recent 

work, e.g. Alam et al., 2015 [1]). One reason for this is 

that models with detailed chemistry or hydrodynamics 

are not suitable for computational bifurcation analysis 

due to presence of exponentially thin boundary layers 

(because of the high adiabatic temperature rise 

involved) requiring extremely fine mesh resolutions. 

Therefore, it is desirable to develop reduced order 

models that predict the bifurcation features while 

being relatively computationally inexpensive. In the 

past, the transfer coefficient approach has been used to 

develop such low-dimensional models of monolith 

reactors (e.g., Groppi et al., 1995 [2] and Gupta and 

Balakotaiah, 2001 [3]) with only catalytic reaction. 

The extension of this approach to include 

homogeneous reactions in non-trivial and has not been 

attempted in prior literature. It is the main focus of the     

present work.  

 

Mathematical Models 

We start with a 2-D (axi-symmetric) mathematical 

model for coupled homogeneous-catalytic reaction 

occurring in a parallel plate or circular channel and its 

various limiting cases, as discussed in Alam et al., 

2015 [4]. The short monolith model, which is 

applicable when the axial variations are negligible (or 

small axial Peclet numbers), isolates transport effects 

in the radial direction. The long tube convection 

model (applicable for large values of axial Peclet 

numbers) is another important limiting case which 

isolates the effects of axial gradients. In the limit of 

low adiabatic temperature rise, analytical expressions 

for concentration and temperature fields can be 

obtained using which the expressions for mass and 

heat transfer coefficients [or Sherwood and Nusselt 

numbers] are derived.  

When a wall reaction is present, there are always 

transverse gradients in the concentration and 

temperature and hence further addition of transverse 

velocity gradients does not impact any of the 

qualitative features but changes only the quantitative 

features. However, when only the homogeneous 

reaction is present, the transverse gradients are mainly 

due to velocity gradients and hence the flow profile 

can have strong impact on the type of solutions that 



can exist. The full 2-D model can be averaged in the 

direction transverse to the flow direction if the 

transverse variation is sufficiently small. The effect of 

a general velocity profile on the behavior of 

homogeneous-heterogeneous reactor systems using the 

parabolic model that ignores axial diffusion or 

conduction was previously shown in Alam et al., 2015 

[4]. The novelty of these models is that there are two 

pairs of heat and mass transfer coefficients if the 

velocity profile is not flat. For instance, for the 

aforementioned parabolic model, the averaged model 

for the case of unit Lewis number is given by: 
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This reduced order model has several temperature 

modes, namely, the cross-section average (〈�〉�, the 

mixing cup average (���  and the wall or surface 

(���	temperatures. These different modes capture the 

transverse variations in the state variable across the 

channel. The transfer between these modes is 

expressed in terms of the numerical factors 

(asymptotic Nusselt or Sherwood numbers) appearing 

in the two algebraic equations [Here,	�	〈�〉�	��� ��	���	correspond to the rates of homogeneous and 

catalytic reactions, respectively]. For a fully developed 

(laminar) velocity profile and a parallel plate 

geometry, we have ��� = � 
!", ���,� = !# 

$ 	 and 

	��� � = � 
�  [For flat velocity profile, ���,� = ���� =

∞ and 〈�〉 = ��]. Such models using multiple transfer 

coefficients are the subject of this work and have not 

been previously studied in the Chemical Engineering 

literature. 

 

Results and Discussion 

For models where the axial gradients are 

negligible, we find that the Sherwood and Nusselt 

numbers vary continuously with the transverse Peclet 

number. However, this is no longer the case for 

systems with larger axial gradients which can admit 

discontinuities in their profiles and hence, in the 

behavior of the heat and mass transfer coefficients. 

Also, the reaction and transport parameters such as the 

Lewis number have very important influence on the 

transfer coefficients. For example, in figure 1, we 

show a plot for the interphase Nusselt number, Nu  as 

a function of axial distance for flat velocity for a radial 

Peclet number 10, Lewis number of 5 and Thiele 

modulus for the homogeneous reaction of 0, 4 and 8 

and infinitely fast catalytic reaction. This plot shows 

that the Nusselt number increases with increasing 

strength of the homogeneous reaction and a minimum 

is present near the inlet. This non-monotonicity is due 

to the non-monotonic behavior of temperature 

variation across the channel, that is possible when the 

Lewis number is not unity. We have shown a 

temperature contour plot where this can be seen in 

figure 2. 

When velocity gradients and homogeneous 

reaction are present, we show that, in addition to the 

traditional transfer coefficients that describe the 

exchange between bulk and surface, an intra-phase 

transfer coefficient is needed to describe the gradient 

within the fluid phase. The determination and use of 

this intra-phase transfer coefficient, the results of the 

analysis/computations along with comparisons with 

available experimental results will be presented in the 

full manuscript. 

 
Fig. 1. Nusselt number as a function of axial distance 

for a radial Peclet number 10, Lewis number of 5 and 

various values of Thiele modulus for homogeneous 

reaction.  

 Fig. 2. Contour plot of dimensionless temperature in 

a 2D reactor with an infinitely fast catalytic reaction 

for a radial Peclet number 15, Lewis number of 2.5 

and Thiele modulus for homogeneous reaction of 30. 
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