


 











FOREWORD 
 
For a long time I have thought of and even planned to offer a new type of assignment leading 
to some new pedagogy in teaching advanced level postgraduate course in Heat and Mass 
Transfer. Essentially it is based on the well known and well-practiced Problem-based 
learning (PBL) approach. Students are expected to self-learn based on carefully chosen 
problems the solutions of which require groups of students to carry out appropriate 
searches on their own. This experience is very valuable despite some inherent limitations 
that should be covered elsewhere in the curriculum. 
 
My idea was to let groups of students (in my case just 2) carry out independent and original 
research project in transport phenomena and learn all aspects of carrying out a research 
project from start to finish just in 3 months. In the current case the course was entitled Mass 
Transport which included coupled heat transfer and reactions as well. Seven projects were 
loosely defined so as to be original with no readymade solutions found by goggling. Most 
projects required use of CFD software such as Fluent and MATLAB. My graduate students 
agreed to be mentors for the 7 groups formed out of 14 students – most PhD students in 
mechanical engineering – which I defined and sometimes refined the project 
scope/objectives. Students were allowed to modify them with justification. Students wrote 
technical report following a standard journal practice and then prepared suitable 
PowerPoint presentations of about 20 minutes with 10 minutes for questions and 
discussion. They were also told that selected papers could be reformatted and compiled as a 
free e-book so as to provide a model for future generations of instructors and students who 
wish to follow the model. 
 
In the classroom, lectures focused on basic concepts of conservation laws, control volumes 
vs. systems, initial and boundary conditions, analytical solutions, dimensionless groups, 
scaling of equations etc. Mentors trained most in use of CFD software as required. Students 
were allowed to discuss problems and solutions with mentors and instructor but were 
required to be as independent and original as possible. It is impossible to make all projects 
of equal complexity or difficulty, of course.  
 
The outcome of this effort is presented in this book upon reformatting and minor updates 
for consistency. Readers will be impressed by both the breadth and depth achieved just in 
about 3 months from start when most did not know what diffusion is and how a mass 
transfer coefficient is defined as all had mechanical and civil engineering background. 
 
My personal impression is that most students effectively went through the entire process 
they need to go through during their PhD research. They even had experience to deliver 
their paper in a conference like setting with an external Chairman and Co-Chairman. 
 
I hope that the readers will find this documented experience of value in defining their own 
pedagogical assignments. With some mentoring it seems to me that students can be 
motivated to produce high quality work and learn several different aspects of research while 
carrying out an essential course exercise. 
 
I want to thank my PhD students Agus P. Sasmito, Jundika C. Kurnia and Sachin V. Jangam for 
being such helpful and motivating mentors. We hope some of these term papers will be 
refined and upgraded and submitted for journal publication as well. 
 
Congratulations to everyone whose name appears in this e-book. 
 
Arun S. Mujumdar 
Professor 
 
http//serve.me.nus.edu.sg/arun 



 
 



PREFACE 

 
We are pleased at the opportunity to co-edit under Professor A.S. Mujumdar's guidance 
this concise e-book which essentially records the outcome of a new pedagogical exercise 
Prof. Mujumdar designed and implemented for the first time in his module ME6203 
Mass Transport here at NUS. We are pleased to be a part to this unique experiment 
which also has been very successful. We are all Professor Mujumdar's PhD students and 
also mentors for the seven term paper projects that were assigned and completed 
during January-March 2011. 
 
Although given rather short time, students were able to jump-start their work as the 
theme was specified to ensure there was opportunity to make a contribution to a new 
area not covered in the lectures and indeed not available on "Google" searches either. 
Students had to define the problem and then develop mathematical descriptions 
followed by numerical or analytical solutions (if possible). Some help was provided with 
the numerical aspect. Focus was placed on processing and interpretation of results and 
on presenting it in the form of a technical journal paper. To simulate oral presentation 
experience, the students were required to present their work to a larger audience of 
faculty and students as happens in a conference session. Numerous criteria were taken 
into account for evaluation. 
 
Professor Mujumdar terms this “Research Project Based Learning" which probably 
represents a paradigm shift in teaching of PhD students since they go through all key 
aspects of what is needed to complete a PhD thesis. Readers can make their own 
judgment. We feel several of the term papers (as submitted) included here can be 
enhanced further for journal publication. The copyrights of the content rest with 
individual authors. This freely downloadable book is being brought out solely as a 
service to faculty members all over the world who wish to follow this or a modified 
version of the pedagogical model in their teaching. 
 

We enjoyed working on this unique experiment and recommend it warmly. The only 
caution is that it is a major effort for the faculty members and mentors who need to be 
extremely passionate and motivated about teaching. 
 
 
Agus P. Sasmito 
Jundika C. Kurnia 
Sachin V. Jangam 
 
June 2011 
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ABSTRACT 

This study investigates the steady, laminar flow field and reaction rates of several con-
figurations of a semi-T shaped microreactor by numerical simulations, governing con-
servation equations of mass, momentum, energy and spices were solved using Fluent 6-
3. The reaction is a catalyst surface based gaseous one between methane and air. Micro-
channel geometries can be divided into some innovative circular and rectangular con-
figurations which are designed to study and compare several effects such as those due to 
recirculation, redirection, splitting of the flow and impingement. It is observed that the 
rectangular designs display a better performance considering reactant utilization and 
desired yield. Configurations with splitting and impingement zones have better per-
formance at the expense of higher pressure drop. Effect of pre-mixing of the reactant is 
also considered by changing the inlet design. Effect of Reynolds number is to reduce the 
yield due to shorter residence time in the microreactor.. 

2.1. INTRODUCTION 

High performance microreactors have received special attention these years as 
miniaturization has emerged as a need in industrial and medical applications like Bio 
Micro-Electro-Mechanical Systems (BioMEMS) and lab-on-a-chip Microsystems [Wang et 
al., 2011]. using devices working at sub millimeter scale, improved mass and heat trans-
fer rates can be achieved which enable us to proceed with reactions which are precisely 
controlled and give the opportunity to selectively control the reaction process and 
products [Nguyen and Wu, 2005; Aoki and Mae, 2006a].  

In a microreactors two phenomena occur; mixing and reaction. Mixing in micro-
reactor is an important factor which needs special attention. Good mixing in a microre-
actor will result in a good reaction rate which it is desirable. In order to enhance mixing, 
two approaches can be followed, passive mixing and active mixing [Hessel et al., 2005].  
In passive mixing, we make use of the energy of the flow by designing the shape of the 
channel to stretch and fold the flow [Aoki and Mae, 2006]. Even in some cases this can 
generate chaotic advection [Tabeling et al., 2004]. All these will increase the interfacial 
area between fluid segments and hence reducing the diffusion length. In an active mi-
cromixer, external forces help to enhance the mixing [Lam et al., 2005] this external 
force can be a simple rotation [Dinh and Ogami, 2009], pulsation of the flow [Tesar, 
2009], or an electrically exited flow [ Meisel and Ehrhard, 2006]. A recent review of sin-
gle phase micromixers has been by Kumar et al. which includes the recent improve-
ments and achievements in micromixers and microreactors[Kumar et al. 2011].  

In the case of mixing at microchannels, due to the laminar regime in microchan-
nels, diffusion is the governing mode of mixing and mass transport[Aubin et al., 2010]. 
As a result, proposing special shapes which can enhance advection mixing is desirable. 
This can be achieved by forcing the flow to go through special channel shapes which 
manipulate the flow and by creating vortices in the flow field; it increases the contact 
area between the species and reduces the diffusion length. For this purpose, methods 
like splitting and rejoining the flow, chaotic mixing etc. can be implemented. It should be 
noted that when the flow regime is laminar, the mixing is controlled by the diffusion. 
Hence to have better mixing, reducing the diffusion length scale is the target. This can be 
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achieved by adding some recirculation areas to the flow field, splitting and recombina-
tion of the fluid flow and etc. 

Surely it is not possible to have a perfect design but it should be possible to have 
a design which is least imperfect. In a microreactor, mixing and reaction occur at the 
same time. The most optimum condition reaction completes exactly at the outlet of the 
microreactor not sooner, the means that the residence time is equal to reaction time. 
This is an ideal case and in our evaluations we will pay attention to it.  

The case we examine via modeling in this investigation is a surface catalyst based gase-
ous reaction in a semi-T shaped microreactor. Due to the fact the diffusivity of gas 
phases is relatively high; it is believed that T shaped micromixers are appropriate for 
such applications. However, the numerical work on semi-T shaped microreactor shows 
that, there is dependence on the mass flow volume and as the result Re. The reason is in 
the fact that the reaction time scale and mixing time scale are the limiting factors which 
at higher flow rates makes the T shaped microreactor efficiency to lower down. Thus, in 
order to enhance flow mixing three geometric effects are to be considered. 

• Adding recirculation zones to the flow field by sudden expansions 
• Adding recirculation and redirecting the flow 
• Splitting and recombining the flow and impingement of streams 

Based on the above three designs, eight types of semi-T shaped microchannels are mod-
elled which they can be classified as circular and rectangular designs. 

2.2. SIMULATION METHOD 

The model used in this investigation considers a semi-T shaped microreactor with eight 
different designs to evaluate several phenomena which may enhance the mixing. Figure 
2.1 shows these eight designs. As one can see these reactor designs can be grouped into 
two categorizes viz, circular and rectangular. With such designs the effect of recircula-
tion, cross section change, impingement and splitting of the flow streams can be com-
pared. Based on the main subject of this investigation, which is the study  a gaseous re-
action, the model reaction of air with methane in the presence of a catalyst (platinum) 
coated surface is chosen. This reaction is very well studied and the mechanism of the 
chemical reactions can be obtained through available literature. The inlet design of the 
reactor plays an important role in reaction rate and since we want to study the effect of 
geometry on the efficiency. It was decided to reduce the negative effect of poor inlet de-
sign by introducing the semi-T shaped microchannel fitted with two inlets for the air 
and one inlet for methane. The reason for changing the inlet configuration is the fact that 
by considering equal area for fuel and air inlet, it is necessary to increase the inlet veloc-
ity of air in order to obtain the necessary Stoichiometric ratio, defined with air to fuel 
molar ratio of 9.52 for the reaction modelled in this study. Hence we changed the inlet 
configuration and increased the inlet area for air as we need to feed much more air than 
methane. Based on Fig.1, there are two inlets to the T shaped microchannel for air and 
through the smaller inlet channel, the fuel enters the reactor. The reactants mix and re-
action occurs along the microchannel inside surface. 
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Figure 2.1. Different two dimensional channel configurations 

2.2.1. Mathematical Model and Numerical Procedure 

Mixing and reaction which occur in a microchannel lead to different transport  
phenomena such as diffusion, convective mass and heat transfer, adsorption and de-
sorption on the surface of the channel etc. In order to translate these physical phenom-
ena to a numerical model, three basic conservation equations are invoked: 

Conservation of mass, the continuity equation: 

 ∇ ∙ (ρ𝐮) = 0                                                                                      (1) 

Conservation of momentum:        

 ∇ ∙ (ρ𝐮 ⊗ 𝐮) = −∇p + ∇ ∙ (�µ�∇𝐮 + (∇𝐮)𝐓�� − 2
3

µ(∇ ∙ 𝐮)𝐈)                                                                                                    (2) 

Conservation of energy: 

 ∇ ∙ �ρcp𝐮T� = ∇ ∙ (keff∇T) + Stemp                                (3) 

As the microchannel is a microreactor, chemical reaction and therefore conservation of 
spices should be considered as the fourth conservation equation: 
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 ∇ ∙ (ρ𝐮ωi) = −∇ ∙ (ρDi∇ωi) + Ri                 (4) 

where, ρ is the fluid density, u is the fluid velocity, p is the pressure, µ is the dynamic vis-
cosity, T is temperature, ωi is the mass fraction of species i, Di is the diffusion coefficient 
of species i, Ri is the mass consumed or produced by reactions, cp is the specific heat, 
keff is the effective thermal conductivity and Stemp is heat release/absorption  due to 
reaction. 

Solving above four equations results in computation of the velocity, pressure and 
temperature fields along channel length; also they lead to calculation of outlet mass frac-
tions of all spices including reactants and products. 

In this study we assumed steady, laminar and Newtonian flow. Also it is assumed 
that the miscible species mixture follows ideal gas law; so the thermodynamic proper-
ties of the mixture such as density (ρ), viscosity (µ), thermal conductivity (keff) and heat 
capacity (cp) defined as follow: 

The fluid density ρ is given by the ideal gas law: 

 ρ = pM RT⁄                                                                                      (5) 

where R is the universal gas constant and M is the molecular weight of the mixture fluid 
given by: 

 M = (ωCH4
MCH4

+ ωH2
MH2

+ ωO2
MO2

+
ωH2O
MH2O

+ ωCO2
MCO2

+ ωCO
MCO

+ ωN2
MN2

)−1                                                                                      (6) 

The fluid mixture viscosity µ is computed from: 

 µ=∑ xαµα
∑ xαΦα,ββ

α     with α, β = CH4, H2, O2, H2O, CO, CO2, N2                                                                                      (7) 

where xα,β are the mole fractions of species α and β, and Φα,β is given by the expression 
below: 

 Φα,β = 1
√8

(1 + Mα
Mβ

)−1 2⁄ [1 + (µα
(g)

µβ
(g))

1
2(Mβ

Mα
)

1
4]2                                                                                      (8) 

The multi-component gas mixture thermal conductivity is computed using:  

 keff = ∑ kiωi                                                     (9) 

The gas mixture specific heat capacity cp is calculated by: 

 cp = ∑ ωicp,ii                      (10) 
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2.2.2. Basic of Chemical Reaction 

The heterogeneous reaction model considers the chemical reactions to occur on 
the channel surface only, and the reactions involving surface deposition are defined as 
distinct surface reactions and hence treated differently from bulk phase reactions in-
volving the same species. In the same way, the chemical species deposited on surfaces 
are treated as distinct from the same chemical species. In this model, seven gas species 
(CH4, O2, H2, H2O, CO, CO2 and N2), one bulk/solid species (Pt(b)) and eleven surface 
species (H(s), Pt(s), O(s), OH(s), H2O(s), CH3(s), CH2(s),  CH(s), C(s), CO(s), CO2(s)) are 
considered [Deutschmann, O.; Maier, L. I.; Riedel, U.; Stroemman, A. H.; Dibble, R. W. , 
2000].  

The gas phase species and surface species can be produced and consumed by surface 
reactions and the general expression is given by: 

 
∑ gi,r

′ Gi
Ng
i=1 + ∑ bi,r

′ Bi
Nb
i=1 + ∑ si,r

′ Si
Ns
i=1

      Kr     
����� ∑ gi,r

′′ Gi
Ng
i=1 + ∑ bi,r

′′ Bi
Nb
i=1 + ∑ si,r

′′ Si
Ns
i=1                       

(11) 

where Gi represents the gas phase species, Bi represents the solid species, Si represents 
the surface adsorbed species. gi,r

′ ,  bi,r
′ ,  si,r

′  are the stoichiometric coefficients for the 
three reactant species respectively, and gi,r

′′ , bi,r
′′ , si,r

′′  are the stoichiometric coefficients 
for the three product species respectively. Kr is the overall reaction rate constant. 

The rate of reaction is given by: 

 ℜr = kf,r ∏ [Gi]wall
gi,r

′Ng
i=1 [Si]wall

Si,r
′

                     (12) 

where  kf,r is the reaction rate constant which is calculated using the Arrhenius equa-
tions given by: 

 kf,r = ArTβre−Er RT⁄   (13) 

and [Gi]wall is the molar concentration on the wall. So the net molar rate of consumption 
or production for each species i is represented by: 

 

R�i,gas = ∑ (gi,r
′′ − gi,r

′ )Nrxn
r=1 ℜr              i = 1,2,3, … . . , Ng        

R�i,bulk = ∑ (bi,r
′′ − bi,r

′ )Nrxn
r=1 ℜr              i = 1,2,3, … . . , Nb     

R�i,site = ∑ (si,r
′′ − si,r

′ )Nrxn
r=1 ℜr              i = 1,2,3, … . . , Ns            

(14) 

Furthermore, it is assumed that on the wall surface the mass flux of each gas species is 
balanced with its rate of production/consumption which is given by: 

 
ρwallDi

∂ωi,wall

∂n
− ṁdepωi,wall = Mω,iR�i,gas             

 i =  1,2,3, … . . , Ng                            
(15) 
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 ∂[Si]wall
∂t

=  R�i,site                            i = 1,2,3, … . . , Ns                     (16) 

where ṁdep is the rate of mass deposition or etching due to surface reaction which is 
given by: 

 ṁdep = ∑ Mω,i
Nb
i=1 R�i,bulk                                              (17) 

and [Si]wall is the site species concentration on the wall, defined as: 

 [Si]wall = ρsitezi                                                             (18) 

where ρsite is the site density of the catalyst and zi is the site coverage of species i. 

The gas concentration at the wall is calculated from the species mass fraction which is 
expressed by: 

 [Gi]wall = ρwallωi,wall

Mω,i
      (19) 

2.2.3. Boundary Conditions 

Besides specifying basic set of conservation equations and characteristic of flow, we 
need to define the boundary conditions to solve the mathematical model equations. 
Definition of the boundary conditions have been done for inlet, outlet and channel wall; 
temperature, spices mass fraction and velocity are known parameter for the inlets, pres-
sure and gradient of the temperature and gradient of the species mass fraction are 
known for outlet and along channel wall, no slip condition and constant platinum sur-
face temperature are assumed as the boundary conditions. 

• Boundary conditions at inlet 
1. At air side : 

𝑢 = 0.01, 0.05, 0.1 , 1, 3, 7 �
𝑚
𝑠

�, 

 𝑇 = 300 𝐾, 

𝜔𝑂2 = 0.21 & 𝜔𝑁2 = 1 − 𝜔𝑂2 

2. At methane side: 

𝑢 = 0.01, 0.05, 0.1 , 1, 3, 7 �
𝑚
𝑠

�, 

 𝑇 = 300 𝐾, 
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𝜔𝑐ℎ4 = 0.9 & 𝜔𝐻2 = 0.1 

• Boundary conditions at the outlet 
𝑃 = 1 𝑎𝑡𝑚, 

𝒏 ∙ 𝛻𝑇 = 0 & 𝛻𝜔𝑖 = 0 

• Boundary conditions along channel wall 
1. No-slip condition 

2. No species flux 

𝑇𝑤𝑎𝑙𝑙 = 1290 𝐾, 

2.2.4. Computational Procedure 

In order to solve the above coupled equations, a commercial software (FLUENT 6.3) 
based on the finite volume scheme was implemented. For the grid production, the Gam-
bit code was used to produce the quad 2D mesh which is then imported to Fluent. The 
pressure based solving procedure is then implemented while the first order upwind spa-
tial discretization was used. the SIMPLE scheme used for the pressure-velocity coupling. 
The reaction equations mechanisms were imported from CHEMKIN to Fluent. Table 2.1 
contains the surface reactions postulated. Iterations were done until the residuals of the 
energy, continuity, momentum and species were less than 1e-6. Grid study was carried 
out by reducing the mesh size until the difference in key variables between two similar 
cases with different mesh sizes was less than 1%. This grid study showed that a mesh 
size of 0.002 for the mapped quad element is suitable for all cases examined here.  

Table 2.1. Surface reaction mechanism  

[Deutschmann et al., 2000 ] 

No Reaction Ar Br Er (J/kmol) 
1 H2 + 2Pt(s) => 2H(s) 4.36e7 0.5 0 
2 2H(s) => H2 + 2Pt(s) 3.7e20 0 6.74e7 
3 O2 + 2Pt(s) => 2O(s) 1.8e17 -0.5 0 
4 O2 + 2PT(s) => 2O(s) 2.01e14 0.5 0 
5 2O(s) => O2 + 2Pt(s) 3.7e20 0 2.13e8 
6 H2O + Pt(s) => H2O(s) 2.37e8 0.5 0 
7 H2O(s) => H2O + Pt(s) 1e13 0 4.03e7 
8 OH + Pt(s) => OH(s) 3.25e8 0.5 0 
9 OH(s) => OH + Pt(s) 1e13 0 1.93e8 

10 H(s) + O(s) => OH(s) + 
Pt(s) 

3.7e20 0 1.15e7 

11 H(s) + OH(s) => H2O(s) + 
Pt(s) 

3.7e20 0 1.74e7 

12 OH(s) + OH(s) => H2O(s) + 
O(s) 

3.7e20 0 4.82e7 

13 CO + Pt(s) => CO(s) 7.85e15 0.5 0 
14 CO(s) => CO + Pt(s) 1e13 0 1.25e8 
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15 CO2(s) => CO2 + Pt(s) 1e13 0 2.05e7 
16 CO(s) + O(s) => CO2(s) + 

Pt(s) 
3.7e20 0 1.05e8 

17 CH4 + 2Pt(s) => CH3(s) + 
H(s) 

2.3e16 0.5 0 

18 CH3(s) + Pt(s) => CH2(s) + 
H(s) 

3.7e20 0 2e7 

19 CH2(s) + Pt(s) => CH(s) + 
H(s) 

3.7e20 0 2e7 

20 CH(s) + Pt(s) => C(s) + H(s) 3.7e20 0 2e7 
21 C(s) + O(s) => CO(s) + Pt(s) 3.7e20 0 6.28e7 
22 CO(s) + Pt(s) => C(s) + O(s) 1e17 0 1.84e8 
23 OH(s) + Pt(s) => H(s) + 

O(s) 
1.56e18 0 1.15e7 

24 H2O(s) + Pt(s) => H(s) + 
OH(s) 

1.88e18 0 1.74e7 

25 H2O(s) + O(s) => OH(s) + 
OH(s) 

4.45e20 0 4.82e7 

 

2.3. RESULTS AND DISCUSION 

For heterogeneous catalytic reactions, the desired reaction is defined in terms of the 
maximum utilization of the reactants and hence maximum production of desirable spe-
cies. This naturally depends on the concentration of the fresh reactants which are in 
contact with the catalyst to yield the desired species. Catalyst improves the reaction rate 
by decreasing required activation energy of reaction. Thus, it is important that, as much 
as possible, the reactants are in contact with the catalyst-coated surface simultaneously. 
Therefore by increasing the contact area of micro-channel we should be able to enhance 
yield of the desirable reaction. 

In catalyst based micro reactors the basic mechanism of the reaction depends on 
the near surface conditions. This includes adsorption, i.e. adsorption of fuel and oxygen 
onto the platinum-coated surface, surface reactions, i.e. chemical reactions of the ad-
sorbed species, as well as the desorption reaction, i.e. desorption of the resulting prod-
ucts, which overall cause to heat release. Besides these phenomena, convective heat and 
mass transfer between catalyst coated surface and gas boundary layer are the other 
mechanisms which take place there. Therefore in addition to the effect of increased cata-
lyst surface, increasing the diffusion rate, convective mass and heat transfer rates will 
contribute to improved yield. Satisfying Stoichiometric ratio, pre-mixing and uniform 
concentrations are the other factors which should be considered. 

2.3.1. Stochiometric Ratio 

For all reactions stoichiometric ratio is one of the key factors, because the exhaust 
species will be different for different values of the coefficients. It is important to distin-
guish between rich and lean conditions of combustion. Beside the importance of the type 
of exhaust products, lean combustion may lead to low fuel consumption which is one of 
the features of the reaction. 
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To investigate the effect of stoichiometric ratio, we modeled two reactions with O2 
inlet mass fractions of 0.21 and 1. Our results showed that changing the mass fraction of 
O2 in inlet from 0.21 to 1 improved the CH4 and O2 (reactants) utilization by 3.48 and 
1.24 times, respectively.  Also, it changed the composition of the exhaust. In the first case 
(mass fraction of O2=0.21) there was a higher percentage of  carbon monoxide but by 
increasing the mass fraction of O2, production of CO2 composition increased, which is 
our desired product in combustion of methane. 

2.3.2. Pre-Mixing and Uniform Concentration 

To reach a uniform concentration of products at the outlet, an indicator of a com-
plete reaction, it is important that a uniform mixture of the reactants to be in contact 
with catalyst surface. Non-uniform mixture would cause low air-to-fuel ratio on one side 
of the catalytic surface and thus it leads to an increase in the production of undesirable 
products at the surface. Thus, it is suggested that we first mix the reactants together and 
then pass the mixture of reactants through the reactor zones (channel coated with cata-
lyst) to yield desired products. It would lead to uniform concentration at the outlet. 
Without premixing of reactants a distinct concentration difference is observed at the 
outlet of the reactor while much better uniformity in concentration is attained, as ex-
pected, with good premixing.  

 

Figure 2.2. Effect of premixing on a T shaped microreactor-CO2 mass fraction fields 

2.3.3. Effect of Redirection and Sudden Expansion 

Figure 2.3 shows the consumption of CH4 as one of the reactants vs the Reynolds 
number. Increment in area coated with catalyst and vortices which appear along chan-
nel walls because of sudden expansion will lead to increment in the rate of reactant 
utilization comparing to strait T junction channel. 

As can be seen, at small Re the utilization for all cases is near 100% which is rea-
sonable since the mean residence time is much greater than diffusion time and the reac-
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tion time. This can be better seen from the CO2 mass fraction contour at Figure 2.4.  
Therefore there is no difference in utilization of the reactants with different microchan-
nel geometries. The superiority of adding redirection to the flow field shows itself at 
relatively higher Reynolds numbers. From Figure 2.3, it can be seen that for Re greater 
than 100, redirection of the flow will result in better utilization of reactants. Due to the 
fact that redirection will increase the residence time as the flow has to go through a 
longer path, also from the velocity profile (Figure 2.5) at Re=90 it is obvious that the 
two dissimilar counter rotating vortices in a type2 configuration will occur at higher 
Reynolds numbers which are stronger and thus, a shorter diffusion length plus greater 
interfacial area will result in a better mixing.  

 

Figure 2.3. CH4 utilization at different Reynolds number for rectangular designs 
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Figure 2.4. CO2 mass fraction contour plots for type1 configuration. 
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Figure 2.5. Velocity contour plots at Re=90 for a type1 and type2 configuration 

Figure 2.6 shows a similar trend for the circular types as the Reynolds number in-
creases. The redirection can increase the consumption of CH4 but it can be seen that in 
comparison with rectangular design the increment is less. This is due to the fact that the 
recirculation area in the circular design has reduced into one vortex instead of two, 
which means smaller contact area and poorer mixing. This is obvious from the Figure 
2.7 which shows the velocity field. 
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Figure 2.6. CH4 utilization for circular designs 

 

Figure 2.7. Velocity contours at Re=90 for a type3 and type4 configurations. 

Figure 2.8 shows the pressure drop of the first four types. It can be seen that the chan-
nels with more complicated flow structure, type 2 and 4, have a higher pressure drop. 
By increasing the Reynolds number, pressure drop will increase but the increment of 
circular designs is greater in compare with rectangular designs. A comparison between 
rectangular and circular designs reveals that the rectangular shapes are superior as they 
have the same order of utilization while the pressure drop is much lower. 

 

Figure 2.8. Pressure drop 
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2.3.4. Effect of Split and Recombination and Impingement   

In order to see the effect of splitting the flow, channel configuration of types 5 to 8 
are designed to have even and uneven splitting of the flow which it gives us the oppor-
tunity to study the case with more generality. Figure 2.9 shows the CH4 utilization of six 
configurations, it is obvious that the splitting types which have more complicated ge-
ometries have better performance. However, the results show that type 5 and 7 designs, 
rectangular designs with splitting, have the highest reactant utilization among all the 
microchannel geometries examined. The main trend of all configurations is that the 
utilization of reactants decreases with increasing Reynolds number. There are several 
implications here. First, splitting of the two reactant streams and their recombination in 
type 5 to 8 geometries increases the contact area with the catalyst-coated surface and at 
the same time increases the diffusion because splitting of fluid streams contributes to 
mixing by increasing the interfacial area and by shortening the diffusion length. Increase 
in both factors leads to increase in the reaction yield. Second, impingement of streams in 
splitting configurations leads to increase of heat and mass transfer coefficients between 
the catalyst-coated area and the gas flow, thus increasing the adsorption of reactants 
and desorption of products. Third, centric and eccentric configurations have a same 
production rate as it is obvious from Figure 2.9 and Figure 2.10. The reason is that for 
two cases, resistance time as well as the diffusion length are as the same order and thus 
equal utilization is observed however, pressure drop of centric configurations are less 
than eccentric configurations, Figure 2.11. Fourth, with increasing Reynolds number, 
the effect of vortex generation and impingement enhances the mass transfer and reac-
tion rates. However,  increasing the Reynolds number also leads to shorter residence 
time of fluid in the channel; fluid molecules may  have not enough time to mix and react, 
and  can cause reduction of reaction rate. When the negative effect of residence time is 
greater than the positive effect of impingement jet and vortex generation, the overall 
rate of reactant utilization will decrease.  

 

 

Figure 2.9. CH4 utilization vs. Reynolds number. 
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Figure 2.10. Mass fraction of centric and eccentric configurations at Re=90. 

 

Figure 2.11. Pressure drop of centric and eccentric designs. 
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methane and air. It can be seen from Table 2.1, CO2 will be generated when CO(s) and 
O(s) react on the surface of catalyst. When there is not enough time for the presence of 
flow in channel, some of the surface reactions of Table 1 will occur incompletely; there-
fore the ratio of co production to CO2 will increase. Interestingly type 1 microchannel 
has minimum undesirable products at high flow rates. However, it should be noted that 
the overall production of type1 is much less than in other configurations e.g. type 5 and 
6. Moreover, the superiority of the rectangular design again is observable here. 

 

Figure 2.12. Percentage of produced CO over CO2 

2.4. CONCLUSIONS 

This paper simulates the heterogeneous reaction of methane and air in the presence 
of platinum as a catalyst in eight different microchannel configurations by using a nu-
merical approach. The reaction takes place near the surface of microchannel in a laminar 
flow region. Effects of recirculation, redirection, splitting and recombination as well as 
impingement were examined. It was found that channel geometry with the effect of 
splitting and impingement jet stream has a better performance, while it has higher pres-
sure drop, as a reactor as a result of maximum reactant utilizations. It was observed that 
the manipulation of the flow shows its effect when we are dealing with relatively higher 
flow rates, as in small flow rates; the residence time is much greater than diffusion time. 
Although, increasing the Reynolds number for all tested configurations caused weaker 
performance due to shorted residence time. By considering reactants utilization and 
product composition at the outlet, rectangular designs show a distinct by better per-
formance compared to the circular designs, at the expense of higher pumping power. 
However, splitting the flow by centric and eccentric configurations, it was shown that 
centric designs has a better performance as they had less pressure drop and equal reac-
tants utilization than centric configurations. 

For the future investigations, it is recommended to study similar shapes in three dimen-
sional formats. In this way, it is anticipated to observe secondary flows which will en-
hance mixing and hence reaction rates. Moreover, shapes with sudden expansion are 
believed to create chaotic advection which in a steady two dimensional format is not 
feasible. Thus it may be a wise idea if this effect is also considered in future works. In 
current work it is tried to manipulate the inlet areas so that the Stoichiometric ratios can 
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be satisfied. Another idea can be a combination of area-velocity manipulation and study-
ing their characteristics. It is also worth to more explore the splitting configuration by 
doing a through parameter study on the shapes to find out optimum geometric ratios.  

NOMENCLATURES 

𝐴𝑟 pre-exponential factor 

𝐵𝑖  bulk/solid species, mol 

𝑏𝑖,𝑟
′  , 𝑏𝑖,𝑟

"  stoichiometric coefficient for bulk reactant, and product 

𝑐𝑝 specific heat, Jkg−1K−1 

𝐷𝑖 diffusivity of species i, ms−2 

𝐸𝑟  activation energy for the reaction, Jkgmol 

𝐺𝑖  gas species, mol 

𝑔𝑖,𝑟
′  , 𝑔𝑖,𝑟

"  stoichiometric coefficient for gas reactant, and product 

𝑘𝑒𝑓𝑓 effective thermal conductivity, Wm−1K−1 

𝑘𝑓,𝑟 reaction rate constant using Arrhenius expression 

𝑀 mean molecular mass 

𝑚̇𝑑𝑒𝑝 net rate of mass deposition, kg 

p Pressure, Pa 

R universal gas constant, Jkg−1mol−1K−1 

𝑅𝑖 reaction rate of species i, kgm−3 

𝑆𝑖 surface-adsorbed/site species, mol 

𝑠𝑖,𝑟
′  , 𝑠𝑖,𝑟

"  stoichiometric coefficient for site reactant, and product 

𝑆𝑡𝑒𝑚𝑝 heat release/absorb due to reactions, Wm−3 

𝑇 temperature, K 

𝑢 velocity, ms−1 

𝑥 mol fraction 

Greek letters 
 

𝛽𝑟 temperature exponent 
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𝜌 density, kgm−3 

𝜇 dynamic viscosity, Kgm−1s−1 

𝑅𝑟 rate of rth reaction 

𝜔𝑖 mass fraction of species i 

Subscripts  

𝑏 bulk 

𝑑𝑒𝑝 deposition 

𝑒𝑓𝑓 effective 

𝑔 gas 

𝑖 species i 

𝑟 rth wall surface reaction 

𝑠 solid/site 

𝑇𝑒𝑚𝑝 Temperature 
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3.1. INTRODUCTION 

Drying technique is widely used in many industrial areas and daily life, such as food 
preservation, wood processing, paper and washing powder drying. Various kinds of dry-
ing methods have been investigated and implemented for different materials. Impinging 
jet is one of these methods and commonly used in a great number of major industrial 
areas for various drying, cooling, and heating processes due to their high local heat and 
mass transfer coefficients and processing continuously. One of its industrial applications 
is thermal drying of continuous sheets of materials, such as paper, textiles, and food 
products (Mujumdar, 2007).  

Over the past decades, extensive research works have been conducted on drying 
process by using impinging jet. These studies mainly focused on heat and mass transfer 
characteristics under different drying conditions. The modes of air input have great in-
fluence on the drying performance; Poh et al. (2005) conducted a study of heat transfer 
in an impinging jet with a pulsed laminar flow and found that the separation is asso-
ciated with Nusselt number during the oscillation cycle, and the vortices within one os-
cillation cycle is influenced by the pulsed inlet velocity. Xu et al. (2010a) studied the heat 
transfer under a pulsed slot turbulent impinging jet and found that large temperature 
difference could cause a significant change of local Nusselt number. Xu et al. (2010b) 
also performed a research on the heat transfer enhancement in a turbulent impinging jet 
with intermittent pulsation and reported that the intermittent pulsation of the jet could 
enhance heat transfer significantly under a wide range of conditions. There are also 
some studies on the configuration of the jet nozzle. Bula et al. (2000) analyzed the local 
heat transfer variation by using a finite element method to simulate the conjugate heat 
and mass transfer to a heated disk impinged by a laminar liquid jet, they found that the 
disk thickness as well as the heating sector locations strongly influence the local heat 
transfer rate at the same time. Beitelmal et al. (2000) carried out an experimental study 
on the influence of the inclination of an impinging two-dimensional air jet on the heat 
transfer from a heat flat plat and the results were presented that the local Nusselt num-
bers were determined as a function of several parameters of the nozzle. 

Most of these studies were conducted to investigate the heat and mass transport 
phenomena with a planar shape substrate with a certain thickness. Few have studied the 
influence of a non-planar or curved shape of substrate. That is why in this study, a 
curved substrate of concave shape and convex shape was used. This study investigates 
the conjugate heat and mass transfer performance of a curved substrate during its dry-
ing process within an impinging jet with the aim of observing the influence of shape and 
thickness on the drying performance. 

3.2. MATHEMATICAL MODEL 

3.2.1. Governing Equations 

Here, we consider a wet solid curved substrate placed at bottom of the impinging 
jet channel and a laminar air flow comes into the channel form the top nozzle. The confi-
guration of the impinging jet for different substrate shapes are shown in Figure 3.1; L is 
half length of the channel, Z is the channel height, D is the nozzle width, Ls is the half length of the 
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substrate, and Hs is the height of the substrate. The target substrate is chosen as potato slab. 
The basic mechanism is that the drying air comes from the inlet normally to the product 
surface and passes the heat to the surface of the substrate by convection; then within in 
the product, the heat is transferred by conduction and induces the evaporation of mois-
ture to water vapor which comes to the substrate surface by diffusion and then is car-
ried away by the drying air by convection. These processes are taking place simulta-
neously. 
(a) (b) 

 
 

(c) (d) 

  
Figure 3.1. Schematic of different configuration of substrate, (a) concave shape, (b) 

convex shape, (c) outer planar, (d) inner planar. 

Some assumptions are addressed to establish the mathematical model. The drying 
substrate is compact and homogeneous with uniform initial temperature and moisture 
content. The drying air is applied continuously to the product. Within the substrate, the 
diffusivity of water vapor is 100 times of liquid water. Also neither shrinkage nor de-
formation happens. The model is reduced from 3D to 2D based on the assumption that 
span-wise direction variation is negligible compared to the cross-sectional variation. 
Then, the conservation equations for mass, momentum, and energy for both the sub-
strate and air flow (De Bonis and Ruocco, 2008) are given as follow: 

For substrate: 

 
( )l

lb l l
c D c Kc
t

∂
+∇ ⋅ − ∇ = −

∂
，    (1) 

 
( )v

vb v v
c D c Kc
t

∂
+∇ ⋅ − ∇ = −

∂
，

 
(2) 

   ( )b pb b
Tc k T q
t

ρ
•∂

+∇ ⋅ − ∇ = −
∂
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For air: 

 ∇⋅ =u 0，  (4) 
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∂
+∇ ⋅ − ∇ = − ⋅∇

∂
u ，  (5) 



Tong Wei, Wang Yue- Modeling Conjugate Heat and Mass Transfer Between a Laminar Impinging 
Jet and Planar and Curved Thin Slab of Wet Solids 

Mathematical Modeling of Transport Processes    51 
 

 
2( )a p

t
ρ µ∂

+ ⋅∇ = −∇ + ∇
∂
u u u u，

 
 (6) 

 
( )a pa a a pa

Tc k T c T
t

ρ ρ∂
+∇⋅ − ∇ = − ∇

∂
u

 
 (7) 

where cl and cv are the molar concentration of liquid water and water vapor within the 
substrate, Dlb and Dvb are the diffusivity of liquid water and water vapor inside the sub-
strate, Dva is the diffusivity of water vapor in air, K is the rate of water evaporation, 𝜌𝑎 
and 𝜌𝑏  are the density of air and substrate, u is the air velocity, p is the pressure, 𝜇 is the 
dynamic viscosity of the fluid, cpa is the specific heat of air, ka is the air conductivity, and 
T is the temperature. These two sets of equations are coupled by T and cv. 

3.2.2. Constitutive Relations 

Thermo-physical properties of air are given as polynomial functions of tempera-
ture by fitting the data provided in (Kays et al., 2005). The air density is defined by 

           
5 2 21.076 10 1.039 10 3.326,air air airT Tρ − −= × − × +   (8) 

while the air dynamic viscosity is given by 
15 3 11 2 8 75.21 10 4.077 10 7.039 10 9.19 10 .air air air airT T Tµ − − − − −= × − × + × + ×   (9) 

The thermal conductivity of air is calculated from 

 
10 3 7 2 44.084 10 4.519 10 2.35 10 0.0147.air air air airk T T T− − −= × − × + × −   (10) 

The specific heat of air is defined as 

 
6 3 3 2

, 4.647 10 4.837 10 1.599 1175.p air air air airc T T T− −= − × + × − +   (11) 

The heat of evaporation is given by 

 1000( 2.394( 273.15) 2502.1).fgh T= − − +   (12) 

The thermo-physical properties of wet solid substrate are given as follow. 

Density (Srikiatden and Roberts, 2007)  

 
, (1 )

.
1

b ref
b

X
SbX

ρ
ρ

+
=

+   (13) 

Specific heat (De Bonis and Ruocco, 2008) 

 
, 1750 2345( ).

1p b
Xc

X
= +

+   (14) 

Thermal conductivity  

 
3

0.049 47 1 1 0.611exp[ ( )] .
1 8.3143 10 273.15 335.15 1+b

s

Xk
X T X−= − − +

+ × +  (15) 

Diffusivity of liquid water and water vapor 
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6 0.0725 20441.29 10 exp( )exp( ),
273.15lb

s

D
X T

− − −
= ×

+   (16) 

 100 .vb lbD D=  (17) 

Heat of wetting (heat to evaporate bound water) 

 
6 4 6 3 5 2 48.207 10 4.000 10 6.161 10 2.368 10 1163.wH X X X X= × + × − × + × +   (18) 

for 0.01 0.2X≤ ≤  

Total heat for evaporation 

 .evap fg wh h H= +  (19) 

The calculation of moisture content within the substrate is given by  

 

mass of water .
mass of dry product

l

s

X ρ
ρ

= =
 (20) 

 

mass of water .
mass of wet product 1

l l

s l b

XW
X

ρ ρ
ρ ρ ρ

= = = =
+ +   (21) 

Equilibrium moisture content (GAB model) 

 
, 0.0209, 0.976, 4.416.

(1 )( )
m w

e m
w w w

X CKAX X K C
KA KA CKA

= = = =
− − +   (22) 

Free moisture content 

 .free eX X X= −  (23) 

Cooling rate due to evaporation (De Bonis and Ruocco, 2008) 

 ,evap l lq h M Kc
•

= ∆  (24) 

 0 .
Ea

RTK K e
−

=   (25) 

Diffusivity of water vapor in air 

 
6 8 10 22.775 10 4.479 10 1.656 10 .vaD T T− − −= − × + × + ×   (26) 

Relation of moisture content to concentration of water inside substrate 
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  1.c =   (34) 

3.2.3. Boundary Conditions 

Boundary conditions for the substrate are summarized as follows: inlet, ,inu u=

0,v = ,inT T= ,inRH RH=
0,av vc c= ；outlet, ,outp p= ( ) 0,vD c⋅ − ∇ =n  ( ) 0k T⋅ − ∇ =n ； wall, 

0,u v= =  ( ) 0,v vD c c⋅ − ∇ + =n u ( ) 0.k T⋅ − ∇ =n  n is the normal vector, u and v are the 

inlet velocity, T is the air temperature, RH is the air relative humidity, cv is the specific 
heat of water vapor in air, p is the pressure, D is the diffusivity of vapor, and k is the air 
thermal conductivity. The values for these variables are summarized in Table 3.1. 

Table 3.1. Base case and operating parameters 

Parameter Value 

Temperature of the inlet, inT ( C° ) 45 and 80 

Inlet velocity, inV ( 1m s−⋅ ) 0.5, 2, and 5 

Reference substrate density, ,b refρ  ( 3kg m−⋅ ) 1420 

Molar mass of water, lM  ( 1kg mol−⋅ ) 0.018 

Initial moisture content of substrate, 0X  4.6 

Air density at 45 C° , ,45a cρ °  ( 3kg m−⋅ ) 1.11 

Air density at 80 C° , ,80a cρ °  ( 3kg m−⋅ ) 1.0 

Activation energy for cooling, Ea  ( 1kJ mol−⋅ ) 48.7 

Sb 1.4 

3.3. NUMERICS 

The computational domains were established in Gambit 2.3.16. With which the 
meshing is created, the boundary is specified, and thereby the computational domain is 
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determined. Three different mesh sizes of 1×105, 2×105, and 3×105 were conducted and 
compared in terms of temperatures, moistures, and velocities to ensure a mesh inde-
pendency. We found that the mesh size of 2×105 gives a better result. 

The mathematical model discussed above with its boundary conditions were then 
solved by using commercial Finite Volume Solver Fluent 6.3.26 and user-defined func-
tions (UDFs) written in C++ language to specify the thermo-physical properties of the 
fluid and all the boundary conditions. 

3.4. RESULTS AND DISCUSSION 

A number of parameters have been monitored that will directly affect the heat and 
mass transfer in the jet vicinity and thus indirectly influence the flow in the periphery of 
the substrate. They are inlet air velocity, temperature, and the thickness of the slab is 
simulated for two dimensions: 3.2mm and 0.7mm, respectively. The simulation results 
for this study are presented as contours of moisture content in Figure 3.2, velocity pro-
files in Figure 3.3 and temperature profiles in Figure 3.4 in their related domains at dif-
ferent drying moments. The drying kinetics is presented for different shapes of slabs in 
Figure 3.5 and Figure 3.6. All the simulations under a constant air relative humidity with 
a value of 17.5% and the initial temperature and moisture content of the substrate are 
kept as a constant value of 4.6 and 298K, respectively.  

 
(1) (2) 

  
(3) (4) 

  
Figure 3.2. Contours of moisture content for the four shapes (a. convex, b. concave, 

c, planar outside, d. planar inside) of thin slabs of wet solid at different drying 
moment (1). 10mins. (2). 20mins. (3). 60mins. (4). 120mins. 
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The moisture content distributions within the substrate as shown in Figure 3.2 are 
plotted at 4 time points. It can be observed that, initially, the diffusion happens in the 
vertical direction more than in the horizontal direction which can be explained by the 
gradient of moisture content in the slabs, with the evolution of time, the middle region 
where the heating effect is stronger compared with two sides has faster drying speed 
until such a moment when the vertical gradient of moisture content becomes negligible 
and the lateral diffusion becomes the dominant. Contrary to the concave shape substrate, 
in which the moisture content is accumulated more in the middle region, the convex one 
has more moisture on the two sides since heat is less efficiently transferred on the two 
sides. There is an interesting phenomenon that the outside placed planar case has two 
regions of local minimum moisture content, while the inside placed planar one only has 
one region of local minimum moisture content, and may need to be studied further. 
These can be considered as the influence of geometry on the heat and mass transfer, 
more specifically, the curve shape that is in contact with air. The non-uniformity of mois-
ture distribution is the result of non-uniform heat transfer. 

 

Figure 3.3. Contour of steady state velocity in the impinging jet of four shapes (a). 
convex shape. (b). concave shape. (c). planar outside shape. (d). planar inside 

shape of the thin slabs of wet solid. 

Figure 3.3 shows the velocity magnitude contours of several cases. The difference 
in velocity profile can be seen as the direct result due to the change of geometry, since 
the results are given under fixed inlet air condition. The velocity tends to be uniform as 
it is further away from the drying slabs. The most obvious change happens in the region 
close to the slabs. It can be observed that for inside placed convex case and outside 
placed planar case, the flow is smoother, experiencing less re-circulation than the out-
side placed concave slab and inside placed planar slab. With thickness change, this phe-
nomenon becomes more significant for the concave substrate of 0.7mm thickness.  

Figure 3.4 shows the temperature distribution in the chamber at different time 
points, i.e. 10mins, 20mins, 60mins, and 120mins. There appears not much difference 
across time for the temperature profiles; the reason is that the temperature will quickly 
get to steady state as the velocity field. Less gradient of temperature happens in curved-
shaped slabs although their geometry has greater non-uniformity. The average tempera-
ture is also higher in curved-shaped cases. The aforementioned two are the results of 
more efficient heat transfer in these curved shapes.  
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 (1) (2) 

  
(3) (4) 

  
Figure 3.4. Contours of temperature of four shapes (a. convex, b. concave, c, planar 
outside, d. planar inside) for the thin slabs of wet solid at different drying moment. 

(1). 10mins. (2). 20mins. (3). 60mins. (4). 120mins. 

The moisture content- time plots shows the trend of the average moisture content 
in the substrate changing with time as shown in Figure 3.5. It can be seen that thickness 
can affect the drying speed, the substrate with a thickness of 0.7mm is faster in drying 
speed than the one of 3.2mm if we compare the concave shape and planar outside one as 
a pair; convex shape and planar inner-side one as a pair. The reason is that it will take 
less time for the vapor molecules to move from the inner core to the surface. The diffu-
sion-controlled stage modulates the time by increasing or decreasing the molecule tra-
velling length since the diffusion coefficient is not much different in its scale and value. 
However, with the same thickness, the difference is more significant of the case with 
thickness of 3.2mm than the one with thickness of 0.7mm. Therefore, the geometry of 
the substrate will have greater influence on thicker substrate, under the same condition 
of inlet air. 

Further, based on Figure 3.3 and Figure 3.5, we postulate the reasons for the ob-
served phenomena. It is perceivable that the convex case outperforms the inner planar 
case due to three main reasons: (1) the exchange surface with the fluid domain is 
slightly increased compared with the planar one, although not that significant, (2) the 
heating surface is shorter in distance to the heating source in the convex case, (3) the re-
circulation flow happened in the planar case deteriorates the heat transfer in the stagna-
tion region. This comparison shows more significant difference with the slab thickness 
of 3.2mm than that with thickness of 0.7mm. Moreover, for specific shape in this study, it 
is observed that there are some differences between the results of slabs with thickness 
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of 3.2mm and 0.7mm. In the 3.2mm thickness case, the concave one outperforms the 
planar slightly and it is the reverse situation in the 0.7mm thickness case. The possible 
reason is that, since part of the reversal flow will go to the downstream, while part of the 
reversal flow will join in the main flow that is coming from the impinging jet. This flow 
re-circulation will bring part of the air containing moisture back to the surface, which 
hinders the mass transfer; at the same time, the reversal flow with low temperature 
mixed with the main air jet will decrease the overall temperature of the air jet before it 
arrives at the surface of the slabs. Therefore, even though the contact area is increased 
in concave case, this effect should be compared with that of re-circulation, so that under 
some conditions, e.g. thickness of 0.7mm slabs, this balance of effect is broken and is 
dominated by the flow circulation whereas for other conditions, e.g. thickness of 3.2mm, 
the effect is dominated by the increased effective contact surface area with air. 

 

Figure 3.5. Drying kinetics for different dryer containers for substrates with 
thickness (a). 3.2mm, (b). 0.7mm under the same condition 

The average Nusselt number and Nusselt number at stagnant point are also calcu-
lated that are given by (Incropera and DeWitt, 2002) 

Average Nusselt number  

0
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the integration is calculated using rectangular summation method with time step 10min
s since the fluctuation with h(x) is very small with time at the location x, and R is the tota
l curve length in contact with air. The Nusselt number at stagnant point is calculated by 

(0)
(0) j

air

h D
Nu

k
=                                                                    (38) 

where h(0)is calculated as the average value over time point with time step 10mins. 
(1) (2) 

  
(3) (4) 

  
Figure 3.6. Average Nusselt Number and Nusselt Number at stagnant point under 
different drying conditions: (1). Re=343.6, T(inlet) =45; (2). Re=85.9, T(inlet)=45; 

(3). Re=859, T(inlet)= 45; (4). Re= 286.2869, T(inlet) = 80. 

The calculation results are shown in Figure 3.6, from which it can be observed that 
in most drying conditions, the convex slab has the highest Nusselt Number in the middle 
point which is the stagnant point, this is because the middle point for this shape is clos-
est to the drying air and with fastest heat transfer happening at that place, it is also the 
region with highest temperature below the surface. Compared with the planar slabs, the 
curved slabs get higher average Nusselt number, this coincides with the drying kinemics 
that the faster heat transfer brings the faster mass transfer when there exists a balance 
between them. However, except the results in Figure 3.6 (1), for all the other conditions, 
the concave shaped slab gets higher average Nusselt number, this is possibly because 
more heat flux will happen in the peripheral of the contact surface, the hot air accumu-
lates at the region, so that heat transfer may be more efficient in this case, but this does 
not necessarily mean that the mass transfer also achieves best in this case. 

3.5. CONCLUSION REMARKS AND FUTURE WORK 

Based on this study of conjugate modeling of heat and mass transfer between a la-
minar impinging jet and curved thin slabs of wet solid, we discover from the results that 
under the same volume and thickness, the non-planar cases perform better than their 
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counterparts with certain thickness, whereas the performance of convex shape slab per-
forms almost the same with its planar counterpart and the concave shape slab has dete-
riorated drying performance with certain thickness. The thickness seems to be less sen-
sitive to the change of the geometry when it is very thin. However, we do not know the 
divergence point due to limited sampling point of thickness. The nozzle inlet air condi-
tions influence on all the shapes with similar pattern. We draw the conclusion of this 
study that both the shape and the thickness of the slabs can influence the drying kinetics 
at the same time, and this influence is affected by changing the inlet air velocity which 
directly affects the convective heat and mass transport. Since we have observed the dry-
ing performance of slabs with different shapes and thicknesses under certain thermo-
physical properties of air, we may need to expand this range so as to draw the above 
conclusions more properly. For instance, if the inlet velocity is too low or the tempera-
ture is too high, we need to take the buoyancy effect into consideration, since the large 
gradient of temperature will induce the change of the fluid density in space, and in that 
case, we have to encounter the problem of buoyancy force and model this into the go-
verning equations. Meanwhile, if the inlet velocity is too high, we may need to consider 
the turbulent flow in the fluid domain, from which we need to add turbulent terms to the 
governing equations. 

NOMENCLATURE STYLE 

cl  molar concentration of liquid water, mol m-3 
cpa  specific heat of air, J kg-1 K-1 
cpb  specific heat of substrate, J kg-1 K-1 
cv  molar concentration of water vapor, mol m-3 
Dlb  diffusivity of liquid water inside the substrate, m2 s-1 
Dva  diffusivity of water vapor in air, m2 s-1 

Dvb                                   diffusivity of water vapor inside the substrate, m2 s-1 

Ea  activation energy, kJ mol-1 
Hw  heat of wetting, J kg-1 
h  heat transfer coefficient, W m-2 K-1 
hevap                heat of evaporation, J kg-1 
hfg  latent heat of evaporation, J kg-1 
K                                         rate of water evaporation, s-1 
ka  thermal conductivity of air, W m-1 K-1 
kb  thermal conductivity of substrate, W m-1 K-1 
Ml  molar mass of water, kg mol-1 
Nu  Nusselt number, - 
P  pressure, Pa 
𝑞̇  cooling rate due to evaporation, J m-3 s-1 
R  universal gas constant, 8.314 J mol-1 K-1 

RH                                    relative humidity, - 

T  temperature, K 
t  time, s 
u  air velocity, m s-1 
V  velocity, m s-1 
W  wet basis moisture content, kg kg-1 w.b. 
X  dry basis moisture content, kg kg-1 d.b. 
Xe  equilibrium moisture content, kg kg-1 d.b. 
Xfree                 free moisture content, kg kg-1 d.b. 
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Greek letters 

𝜌𝑎                                        density of air, kg m-3 

𝜌𝑏   density of substrate, kg m-3 
𝜌𝑏,𝑟𝑒𝑓                    reference substrate density, kg m-3 
𝜇                        dynamic viscosity of the fluid, Pa s 

Subscripts 

a  air 
b  substrate 
l  liquid 
v  vapor 
in  inlet 
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4.1. INTRODUCTION 

Micro-reactors and micro-mixers have been receiving great attention especially in 
the chemical industries. The term ‘micro-reactors’ here refers to systems with character-
istic length scales that are in the micrometer range. The potential advantages of using 
micro reactors over conventional reactors include portability, safety and better control 
of reaction conditions. According to Brody et al (1996), the tangible effect of this small 
dimension is that fluid properties become increasingly controlled by viscous forces 
rather than inertia. On the other hand, the reduced dimensions of the micro reactor sys-
tem lead to a large surface-to-volume ratio, which increases heat and mass transfer effi-
ciency.  

  Micro-mixers can be divided broadly into passive and active micro-mixers. Passive 
micro-mixers only rely on diffusion or chaotic advection, while active micro-mixers rely 
on external disturbances. T-junction micro-mixer is one of the most commonly used 
passive micro-mixer. Extensive experimental and numerical investigations (Sasmito et 
al., 2011; Wang et al., 2007; Ngugen et al., 2005; Kumar et al., 2010; Engler et al., 2004) 
on mixing processes in T-junction micro-mixers have been conducted and reported. 
However, the study of pulsation effect on T-junction micro-mixers including a catalytic 
exothermic reaction has not been reported yet. 

  Karamercan et al (1979) studied the effect of pulsations on heat transfer and found 
that the heat transfer coefficient increases with the pulsations, with the highest en-
hancement observed in the transition flow regimes. Honaker et al (1970) studied the 
effect of sonic pulsations on mass transfer rate of naphthalene from a plate to air and 
found that within the useful sonic pulsation ranges of amplitude and frequency the local 
mass transfer rate is affected by the time averaged gradient of the air velocity at the in-
terface.  

  Zohir et al (2005) studied the effect of heat transfer by introducing pulsation and 
found that heat transfer rate was enhanced for large diameter tubes but reduced for 
smaller diameter tubes for same Reynolds number. Zaki et al (2010) found that super-
imposed pulsating flow enhanced mass transfer at the inner wall of an annulus for lami-
nar flow. Xu et al (2010) proved a significant enhancement of heat transfer at the target 
surface by the intermittent pulsation in a turbulent impinging jet by simulation results. 

   Available literature shows that the heat and mass transfer rates can be enhanced 
by pulsation flow. Here we propose a novel idea of introducing pulsating inflow in a T-
junction micro-reactor. The objective of the study presented here is to investigate the: 
(i) effect of pulsation frequency, (ii) effect of pulsation amplitude, (iii) effect of phase 
difference between inflow pulsations and (iv) effect of different waveforms. 

  First a mathematical model was developed with governing conservation equations 
of mass, momentum, energy and species and was solved using CFD solver. Then the ef-
fect of inflow pulsation was evaluated in terms of outlet temperature, pressure drop and 
conversion rate defined later. Finally conclusions were drawn based on the results ob-
tained. 
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4.2. MATHEMATICAL MODEL 

The physical model used in the simulation is a two dimensional T junction micro-
channel as shown in Figure 4.1 Air enters the T junction micro-channel from one wing 
while gaseous fuel from the other. The gaseous fuel is a mixture of methane and hydro-
gen. Both air and gaseous fuel are made to enter the micro-channel with pulsating ve-
locities. The interior walls of the micro-channel, just after the junction point are coated 
with platinum which acts as the catalyst for the well-known combustion reaction be-
tween methane and air. The flow is considered to be unsteady and Newtonian flow.  
Both air and gaseous fuel are miscible and follows ideal gas law. 

 

Figure 4.1. Schematic representation of the micro-channel T-junction examined 

4.2.1. Governing equations 

The conservation equation of mass, momentum, species and energy are by 
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Where ρ is the fluid density, u  is the fluid velocity, pis the pressure, μ is the dynamic vis-
cosity, T is the temperature, pc  is the specific heat capacity of the fluid, ek is the effective 

thermal conductivity, tempS is the heat release or absorb due to the reaction, iω is the 

mass fraction species i, iD is the diffusion coefficient of species i,  iR is the mass pro-

duced or consumed by the reactions. 

4.2.2. Boundary conditions 

The boundary conditions for the flow through micro channel T-junction are as follows: 

• Air inlet: The oxidant flow is introduced with pulsating flow with the following 
conditions 

Gaseous fuel 

Air 
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• Fuel inlet: The gaseous fuel flow is introduced with pulsating flow with the fol-
lowing conditions 

 ( )sin 2
2fuel
Au U ftπ ϕ= + +  (8) 

 
4 2

 300 K,   0.9,   0.1CH HT ω ω= = =  (9) 

• Outlet: The outlet is pressure outlet with the following conditions 

 0 Pa, . 0,  . 0iP n T n ω= ∇ = ∇ =  (10) 

• Non-reacting walls: The non-reacting walls are specified as no slip condition, no 
species flux and adiabatic at the channel wall before T-junction 

 0, 0 ,  0iu T ω= ∇ = ∇ =  (11) 

• Reacting walls: At the interior channel walls after T junction, surface reaction is 
taken into account and it is considered no slip condition with constant wall tem-
perature 

 0,   1290 Kwallu T T= = =  (12) 

4.2.3. Chemical reactions 

Chemical reaction involved in the current simulation is mainly catalytic oxidation of 
methane on the inner wall of channel which is coated with a thin layer of platinum cata-
lyst adopted from the work of Sasmito et al (2011). Note that many other types of reac-
tion are also possible. ChemKIN was used to set up a chemical reaction model to simu-
late the reaction processes. Species involved include seven gas species (CH4, O2, H2, 
H2O, CO, CO2 and N2), eleven surface species (H(s), Pt(s), O(s), OH(s), H2O(s), CH3(s), 
CH2(s), CH(s), C(s), CO(s), CO2(s)) and one bulk/solid species (Pt (b)).  

  The gas phase species and surface species can be produced and depleted by surface 
reaction; hence, it is written in a general form as 
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where Gi, Bi, and Si represents the gas phase species, the solid species, and the surface-
adsorbed  species, respectively. g’, b’, s’ are the stoichiometric coefficients for each reac-
tant species; g’’, b’’, and s’’ are stoichiometric coefficients for each product species; and 
Kr is the overall reaction rate constant. Since only the species involved as reactants or 



Balaji, Jiang – Numerical evaluation of pulsation effect on the reaction performance of a T-
junction micro-mixer 

 

66   Mathematical Modelling of Transport Processes
                                                                                                   

products will have non-zero stoichiometric coefficient, the rate of reaction is calculated 
as 
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where [Gi]wall represents molar concentration on the wall. Thus, the net molar rate of 
production or consumption of each species i is given by 
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while the reaction rate constant is computed using the Arrhenius expression given by 
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On the reacting wall surface, it is assumed that the mass flux of each gas species is bal-
anced with its rate of production/consumption, is given by 
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The gas concentration at the wall is calculated from the species mass fraction, defined as 
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while depm  is the net rate of mass deposition or etching as a result of surface reaction, 

given by 
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walliS    is the site species concentration at the wall, and defined as 

 [ ]i site iwall
S zρ=  (21) 

where site  is the site density of the catalyst and iz  is the site coverage of species i. 

4.2.4. Data reduction 

The gas density is given by the ideal gas law: 
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where R is the universal gas constant and M denotes the mixture molecular weight given 
by 
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The gas mixture viscosity µ , (Bird et al., 2002) is defined as  
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where ,xα β  are the mole fractions (Bird et al., 2002) of species α  and β  
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The multicomponent gas mixture thermal conductivity ek is defined by 

 e i i
i

k k ω= ∑  (26) 

while the gas mixture specific heat capacity, pC  , is evaluated using 

 ,p i p i
i

C Cω= ∑  (27) 

  The results are later discussed in terms of conversion rate. The conversion ratio is 
used to evaluate the effectiveness of the mixing and reaction rate in micro channel. The 
conversion rate of methane η is defined as  

 in out

in

ω ωη
ω
−

=  (28) 

where inω  and outω  are mass fractions of methane at the junction and outlet respec-

tively.  

  Mass fraction of methane ω  can be exported directly from FLUENT. However, the 
exported outlet mass fraction is sometimes larger than the inlet one, which does not 
make sense. Instead, the mass flow rate of methane 

4CHm  is calculated by  

 
4 4CH mol CHm C VAM=  (29) 

where molC is the molar concentration of methane, which can be exported from FLUENT 

directly, V is the bulk velocity, A is the channel’s cross area, and MCH4 is the molar mass of 
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methane. Then the mass fraction is calculated from mass flow rate of methane and the 
total mass flow rate totm   as  

 4

4

CH
CH

tot

m
m

ω =




 (30) 

 

4.3. NUMERICAL APPROACH 

The model geometry was meshed with GAMBIT, pre-processor software of FLUENT 
package, as illustrated in Figure 4.2. The grid was adopted from the work of Sasmito et al 
(2011).  Three different mesh sizes - 2.5×105, 5×105 and 1×106 - were used in their study 
to compare the local pressure, velocities, species mass fractions and temperatures to 
ensure a mesh independent solution. It was found that mesh size of 5×105 gave about 
1% deviation compared to a finer mesh size of 1×106; whereas the results from the 
mesh size of 2.5×105 gave about 10% deviation as compared to those from the finest 
mesh design. Therefore, a mesh consisting of around 5×105 elements was found to be 
sufficient for the numerical experiments for our study, although a fine structured mesh 
was used near the wall to resolve the boundary layer and an increasingly coarser mesh 
in the middle of the channel in order to reduce the computational cost. 

 

Figure 4.2. Computational mesh 

  A segregated time-dependent unsteady solver in FLUENT 6.3.26 was used for the 
calculation. Gas properties and reaction mechanisms were defined using ChemKIN soft-
ware, user defined functions (UDF) were written in C language to account for the tem-
perature dependant thermo-physical properties of the fluids used in the study. User-
defined functions (UDF) were written in C language to provide the pulsating inlet veloci-
ties. Data of velocities, mass fractions, pressure and temperature pulsating with time 
were monitored as the calculation carries on, and were exported into data files for fur-
ther post-process.  
  Semi Implicit Pressure Linked Equation (SIMPLE) algorithm was used for pressure-
velocity coupling, and second order upwind differencing scheme was used for the dis-
cretization. Transient calculation was conducted. The time step size, maximum number 
of iterations per time step, and the relaxation factors were carefully adjusted to ensure 
convergence. In the calculation it was found that by decreasing the size of time step, the 
residuals can be reduced, and thus precision can be enhanced. However, decreasing time 
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step size comes with the price of higher demands for computing resources. In this case, 
by setting time step size as 10-5 s and 20 iterations for each time step, the continuity re-
sidual can be kept lower than 10-4, which gives satisfactorily converged results.  

4.4. RESULTS AND ANALYSIS 

Numerical simulations were carried out to study the effect of inlet pulsation fre-
quency, amplitude and phase difference on the micro-reactor performance. For each 
group of simulation, either two of the three parameters were set constant to study the 
effect of other parameter. For all the cases the average inlet velocity was set as 5 m/s, 
corresponding to an inlet Reynolds number of around 300. Simulation results show that 
the highest velocity occurs at the outlet, and is around 24 m/s, corresponding to a Rey-
nolds number of 1400. This indicates that the flow in the channel is laminar.  

A base case was studied for comparison reason. This base case is also time-
dependent, with all the same set up with other cases, only that the inlet velocities are set 
constant as 5 m/s. Results of the base case are compared with all the other pulsating 
cases in the following analysis. If not stated otherwise specifically, the horizontal lines in 
the following graphs are values of the base case.  

4.4.1. Validation 

The validation of any mathematical model involving mixing and reactions is very 
important for its complexity of coupled physical phenomena and interaction between 
species and its chemical kinetics. As the mathematical model used in this simulation was 
an extended work of Sasmito et al (2011). The validation conducted by Sasmito et al 
(2011) by comparing their mathematical model with the experimental results of Bond et 
al (1996) hold good for this research work. The methane conversion rate in monolithic 
reactor was approximated as a repeating single channel flow; see Bond et al (1996) for 
details of experimental setup. The results were also compared with simulation data from 
Bond et al (1996) and Canu (2001). 

 

Figure 4.3. Validation with experimental data at low and high inlet stoichiometry 

The validation is initiated with methane catalytic oxidation at low stoichiometry gas 
inlet (ξ = 0.18); after which the methane conversion rate of higher inlet stoichiometry (ξ 
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= 0.39) is compared, as depicted in Figure 4.3. It is found that the model predictions 
agree well with the methane conversion rate from experimental counterpart at both low 
and high inlet stoichiometry. In addition, their model has better agreement as compared 
to model prediction by Bond et al (1996) and Canu (2001) especially at high methane 
stoichiometry. This implies that the model correctly accounts for the fundamental phys-
ics associated with the reactions.  

4.4.2. Effect of frequency 

Cases with the same average velocity and peak amplitude but different pulsation 
frequencies were examined to study the effect of inlet pulsation frequency on micro-
mixer performance. Figure 4.4 shows results of cases with average velocity of 5 m/s and 
peak amplitude of 2 m/s but pulsation frequency varies as 1/5 Hz, ½ Hz and 10 Hz sepa-
rately.  
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Figure 4.4. Effects of frequency on outlet bulk temperature and methane conversion 

rate at frequency a) 1/5 Hz, b) ½ Hz and c) 10 Hz. 

a) 
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Comparison of these cases indicates that the outlet bulk temperature and methane 
conversion rate pulsate at the same frequencies corresponding to the inlet velocity fre-
quency. Figure 4.4 also shows that when the inlet velocities of methane and air increase, 
the conversion rate of methane also increases while the outlet temperature decreases; 
and vice versa. Note that the molar proportion of methane and oxygen is constant as 
long as their inlet velocities are at constant ratio, the increased conversion rate of meth-
ane corresponding to increased inlet velocity can be explained that by increasing inlet 
velocity, the products are removed away more quickly and the mixture of fuel and oxy-
gen has more chance to get in touch with the wall and react. Also note that the chemical 
reaction of methane oxidation is exothermic; the decreased outlet temperature corre-
sponding to increased inlet velocity indicates that the bulk fluid temperature is mainly 
heated by the wall instead of by heat generation from chemical reaction.  

Comparison of pulsating cases with the base case shows that pulsating cases have 
slightly higher average outlet temperature and lower average methane conversion rate. 
However, the amplitude or average values of outlet bulk temperature and conversion 
rate of methane are little affected by different frequencies. Considering that the channel 
length is only 20 mm and the average velocity of fluid is 5 m/s, it takes around 0.004 s 
for the fluid to pass through the channel. For the cases in Figure 4.4 the inlet pulsation 
frequency might be so low that during the interval of 0.004 s the inlet velocity changes 
so little that it fails to have significant effect on the performance.  
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Figure 4.5. Effects of frequency on outlet bulk temperature, pressure drop and 
methane conversion rate 

A new group of cases were studied, with the inlet pulsation frequency further in-
creased to 100 Hz, 200 Hz and 1 kHz, while the peak amplitude kept constant as 0.5 m/s, 
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as shown in Figure 4.4. Note that it might not be practically possible to achieve a high 
frequency as 1 kHz in real systems. This case was chosen here for academic purpose 
only and is not justified for practical application. 

Figure 4.5 shows that the averaged results of pulsating cases with increased fre-
quencies do not significantly vary from those of the base case; however, their pulsating 
peak amplitudes significantly vary, especially for the case of 1 kHz. When the frequency 
is further increased to 1 kHz, the outlet temperature is more stabilized while the pres-
sure drop and methane conversion rate pulsate at larger peak amplitudes. Comparison 
also shows there is a phase shift of outlet temperature and pressure drop relative to the 
inlet pulsation rate when the inlet frequency is increased.  

It can thus be inferred that the outlet temperature can be stabilized either by de-
creasing the frequency to zero, or by increasing it to an extremely high value. This infer-
ence can be hardly explained by theory though. Instead the inlet and outlet bulk mass 
flow rates of the three cases were monitored, and compared in Figure 4.6.  
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Figure 4.6. Inlet and outlet mass flow rate with different frequencies  

(frequency = 100 Hz, 200 Hz and 1 kHz) 

Figure 4.6 shows that for the first two cases (100 Hz and 200 Hz), the inlet and out-
let total mass flow rate pulsate at the same amplitude and the same frequency, with a 
slight phase lag that the outlet mass flow rate is behind the inlet. This result is reason-
able that by the law of mass conservation the outlet mass flow rate should be the same 
with the inlet; and since it takes time for the fluid to flow through the channel the outlet 
flow rate should lag behind the inlet. For the case of 1 kHz, however, the outlet mass 
flow rate pulsates at smaller amplitude than the inlet, totally different from the previous 
cases. It should be noted that all the cases were calculated under the same procedure 
and residuals were checked to insure convergence. The inconsistency can be explained 
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either by some calculation problems that have not yet been discovered, or that it is a 
true phenomenon but not yet well understood. 

Figure 4.7 shows the effect of frequency on percentage deviation of conversion rate, 
outlet temperature and pressure drop. The deviation was found to be within ±3% which 
is permissible error for any numerical simulations thus the effect of inflow pulsation 
frequency does not aid the heat and mass transfer phenomenon in T-junction micro 
mixer significantly. 
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Figure 4.7. Effect of frequency on percentage deviation from non-pulsating conditions  

 

4.4.3. Effect of pulsation amplitude 

Cases with same pulsation frequency (100 Hz) but different peak amplitudes (2 m/s and 0.5 
m/s) were studied to investigate the effect of pulsation amplitude on micro-reactor performance. 
Results were compared in Figure 4.8.  
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Figure 4.8. Effect of pulsation amplitude on outlet temperature, pressure drop and 

methane conversion rate (peak amplitude = 2 m/s, 0.5 m/s) 

Comparison shows that the averaged values of outlet temperature, pressure drop and meth-
ane conversion rate are the same, but they pulsate at higher amplitudes when the inlet velocity 
pulsates at higher amplitude. Thus it is concluded that the pulsation amplitude of inlet velocity 
does not have particular effect in enhancing methane conversion rate or decreasing average 
pressure drop; the smaller the pulsation amplitudes of inlet velocity, the more stable the per-
formance. 

4.4.4. Effect of phase difference   

The effect of phase difference between air and fuel inlet in terms of 
3

,  ,  , 
4 2 4
π π π

π were stud-

ied in comparison with the base case. The peak amplitude (0.5 m/s) and frequency (1 kHz) of the 
flow are kept constant in this study. Figure 4.9.a shows the inlet velocity of air and gaseous fuel 
for different phase differences with flow time.  

Figure 4.9.b shows the conversion rate over flow time pulsates with different amplitudes 
from the base conversion rate though the time averaged conversion rate remains same for all the 
cases.  It was also found that the amplitude of conversion rate decreases as phase difference in-
creases and then for a phase difference of π it again increases. As the phase difference is intro-
duced, the air enters the channel prior followed by methane which gives air time to reach the 
convenient temperature for the reaction to occur by heat transfer through convection from the 
walls which reduces the chemical and ignition lag between them. The temperature of air in-
creases as the phase difference increases as there is more time for temperature rise to occur. For 
phase difference of π, though air gets maximum time for temperature rise, the high temperature 
air leaves the channel before the fuel enters the channel as the half time period selected for the 
study is lesser than the time taken for the flow to leave the channel thus the amplitude of conver-
sion rate increases.  
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  From Figure 4.9.c, the pressure drop also pulsates with different amplitudes from the base 
case and the amplitude of pulsating pressure drop decreases with increasing phase difference, 
though there is no significant effect on time-average pressure drop. This phenomenon can be 
explained by the pumping power requirement. The total pumping power TotalP  is the sum of 

pumping power required for air AirP  and gaseous fuel   FuelP .  

 Tot F AP P P= +  (31) 

  The pumping power is given as  

 
. .  pump

pump

p aVP
η
∆

=  (32) 

  As average pressure drop and average velocity are same, the average total pumping power 
required is also same for all the cases. When the velocity of both air and fuel are in phase, the 
pressure drop pulsates with high amplitude as pumping power gets added in same magnitude for 
air and gaseous fuel. The amplitude of pressure drop decreases as the phase difference increases 
as pumping power required for pumping air at any instance of time is either higher or lesser than 
the gaseous fuel and thus the net amplitude of pressure drop decreases. Similarly the pressure 
drop is almost constant for phase difference of π because at any point of time if pumping power 
required for gaseous fuel is high, for air it is lesser by same magnitude, and vice versa. 
  Figure 4.10 shows percentage deviation of time averaged conversion rate, outlet tempera-
ture and pressure drop with non-pulsating inflow conditions. It was found that conversion rate 
increases with increase in phase difference between air and fuel and reaches maximum of 6% at 

phase difference of 
3
4

andπ π  and percentage of pressure drop increases as phase difference 

increases but has no effect on outlet temperature, which shows that the increase in conversion 
rate has not increased the outlet temperature therefore no heat release due to higher conversion 
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rate which means that the percentage increase may only due to cumulative error of numerical 
solution and not actual benefit. 
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inflow conditions 

4.4.5. Effect of different forms of pulsations 

The Figure 4.11 shows inlet velocity profile of air and fuel, outlet temperature, pressure 
drop and conversion rate between square and sine waveforms for air inflow pulsations 
keeping fuel inflow pulsations to be of sine waveform in both cases. For both cases the 
frequency (1 kHz), peak amplitude (0.5 m/s) and phase difference (φ = 0) of different 
inflow pulsations are maintained same for comparison purpose. For numeric purpose 
the smooth square waveform was generated by expanding the sine function using the 
Fourier series up to 1000 odd integer harmonics. 
  As in case of sine waveforms for both inflow pulsations there is a gradual increase 
or decrease in velocity which also results in gradual increase or decrease in the tem-
perature, conversion rate and pressure drop. For the case where fuel inflow pulsates 
with sine waveform and air inflow pulsates with square waveform the temperature, 
pressure drop and conversion rate has sudden increase or decrease at every half period 
and this effect is due to sudden transition in square waveform from high to low velocity 
or vice versa at every half period instant of time. 
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Figure 4.11. Comparison of Inlet velocity, outlet temperature, Pressure drop and Con-
version rate of different waveforms 

 

4.5. CONCLUSIONS 

A numerical study was performed to investigate the effect of inflow pulsation parame-
ters i.e. frequency, amplitude, phase difference, and different pulsation waveforms on 
the heat and mass transport phenomena in a T junction micro reactor. It was found that: 

• By introducing inlet pulsation the average outlet temperature becomes slightly 
higher while the methane conversion rate slightly lower;  

• The average value of pressure drop or methane conversion rate is not signifi-
cantly affected by the frequency or peak amplitudes of inlet pulsation; 
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• The pulsation amplitudes of outlet bulk temperature and methane conversion 
rate are not significantly affected when it is lower than 1 kHz; however, when 
the frequency is larger than 1 kHz the heat transfer rate tends to have less fluc-
tuations and thus more stable; 

• For much smaller amplitudes, a more stable performance can be achieved;  
• When there is a phase difference between the inflow pulsations, it was found 

that phase difference of 
3
4
π

 with fuel lagging behind air gave a more stable per-

formance; but considering the pressure drop, phase difference of π is most sta-
ble. 

• On studying the effect of different waveforms it is found that sine wave pulsa-
tions are more stable in terms of performance than square wave pulsations.  

Thus it is conclude from the result of this numerical study that the inflow pulsations 
have no positive effect on augmenting transport phenomena.  

NOMENCLATURES 

rA  Pre-exponential factor 

a  Cross section area, 2m  

iB  Bulk/solid species, mol  
' ' ',i ib b  Stoichiometric coefficient for bulk reactant, and product 

pC  Specific heat, 1 1J kg K− −  

molC  Molar concentration, 3mol m−  

iD  Diffusivity of species i, 2m s−  

rE  Activation energy for the reaction, 1 1J kg mol− −  

iG  Gas species, mol  
' ' ',i ig g  Stoichiometric coefficient for gas reactant, and product                                                                                                       

effk  Effective thermal conductivity, 1 1W m K− −  

,f rk  Reaction rate constant using Arrhenius expression 

M  Mean molecular mass 
.

depm  
Net rate of mass deposition, kg  

p  Pressure, Pa  
P  Pumping power, W  
Q  Volume flow rate, 3 1m s−  
R  Universal gas constant, 1 1 1J kg mol K− − −  

iR  Reaction rate of species i, 3kg m−   

iS  Surface-adsorbed/ site species, mol  
' ' ',i is s  Stoichiometric coefficient for gas reactant, and product                                                                                                       

tempS  Heat release/ absorb due to reactions, 3W m−   
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T  Temperature, K  
u  Velocity, 1m s−  
V  Bulk velocity, 1m s−  
x  Mole fraction 

Greek letters 

rβ  Temperature exponent 
ρ  Density 3kg m−  
µ  Dynamic viscosity, 1Pa s−  
ℜ  Rate of rth reaction 

iω  Mass fraction of species i 
η  Conversion efficiency 

pumpη  Pump efficiency 
 

Subscripts and superscripts 

A  Air 
b  Bulk 
dep  Deposition     
e  Effective 
F  Fuel 
g  Gas 
i  Species i 
r  rth wall surface reaction 
s  Solid/site 
temp  Temperature 
tot  Total 
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died, the differences in consecutive heating rates are marginal. Heating rate and maxi-
mum particle temperature respond inversely with bulk gas velocity due to greater cool-
ing effect at higher gas velocities. In the range of particle size studied, Figure 6d reveal 
that peak particle temperature do not vary much. It is also observed that smaller par-
ticles tend to heat-up more quickly than larger particles due to a larger 𝛿/𝑟0 ratio for 
smaller particles. Further, Nusselt number is low for small particles, resulting in higher 
heat transfer coefficient and greater cooling rate as shown in Figure 5.6 and equation 
(10). 

 
Figure 5.7a. Effect of bulk temperature on the temperature at the center of char 

particle, bulk temperatures of 600 K, 700 K, 800 K, 900 K, 1000 K (reference case), and 
1100 K. 
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Figure 5.7b. Effect of oxygen concentration on temperature at the center of char 

particle, for oxygen mole fractions of 5%, 10%, 20%, 40%, 60%, and 80%. 
 
 

 
Figure 5.7c. Effect of bulk velocity on temperature at the center of char particle, for 

bulk velocities of 0.2 m/s, 0.3 m/s, 0.4 m/s, 0.5 m/s, 0.6 m/s (reference case), 0.7 m/s, 
and 0.8 m/s. 
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Figure 5.7. d. Effect of particle size on temperature at the center of char particle, for 
particle radius of 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm (reference case). 
 

5.5.3. Model validation 

The above results are consistent with the work of Cai et al. (2003), which exhibits a 
peaking temperature profile at the center of the particle. The difference however, is in 
the absence of ignition characteristics and cooling period following the peak. While our 
investigations reveal heat-up, combustion, and cooling-off periods in the combustion 
process, the work of Cai et al. 2003 suggests that the heating and cooling rates are al-
most identical. Figure 5.8 shows that the peaking of particle temperature occur at ap-
proximately 40% conversion, marking a tipping point in heat generation and particle 
cooling. Physically, this means heat generation rate is greater than heat loss rate for 
conversion below 40%. Heat generation is balanced by heat removal at around 40% 
conversion, marking a peak center temperature. Beyond 40%, cooling rate has greater 
effect than heat generation resulting in decreasing temperature. This observation is ex-
plained by considering the relationship between particle size, Nusselt number and con-
vective heat transfer coefficient as explained in the previous section. 



Osman, Ismail – Numerical Analysis of Single-Particle Combustion of Coal Char 

Mathematical Modeling of Transport Processes    101 
 

 
Figure 5.8. Temperature at the center of particle as a function of conversion ratio at 
bulk oxygen mole fraction of 20%, and bulk temperatures of 770 K [33] and 800 K. 
 
For the present study, results show that temperature reaches its peak of 1649 K at 

around 25% conversion. This is twice the temperature achieved by Cai et al. 2003 in 
which the maximum center is approximately 1000 K. The results from Cai et al. 2003 is 
for the combustion of 0.5 mm particle (35 mesh) in bulk temperature of 770 K, which is 
compared against a subset of the present study for 1 mm particle in bulk temperature of 
800 K. In our parametric study of the effect of particle size with center temperature, it 
was found that smaller particles tend to achieve higher center temperatures (refer to 
Table 5.6 and Figure 5.7d). Hence, it is concluded that the present model tend to pro-
duce exceptionally high temperatures as a result of the simplifications applied. 

He et al. (2003) considered the effects of pore structure in their numerical study of 
single particle combustion of coal chars from different types of coal. It was shown that 
the combustion time at bulk flow temperature of 1273 K is highly influenced by the size 
of particles in the range of 50-500 μm. At bulk temperature of 1700 K, char combustion 
occur so rapidly that particle size has virtually no effect on combustion time. Figure 5.9 
present the work of He et al. alongside the present study results. The combustion time at 
1000 K in the present study compares with combustion at 1700 K from He’s investiga-
tions. In fact, the combustion time for the present study should be closer to He’s results 
at 1000 K. This confirms our earlier conclusion that the present model produces com-
bustion rates and particle temperatures that are generally much higher than those re-
ported by other investigators. This could be due the simplifications implemented, and 
also the values of the parameters. Table 5.3 to Table 5.6lists the simulation results from 
the present study. 

http://wizfolio.com/?citation=1&ver=3&ItemID=328&UserID=17006&AccessCode=DF57952BD73946F588AEEBD7E8728BD3&CitationSuffix=�
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Figure 5.9. Combustion time as a function of particle size for combustion of char 

particle in bulk oxygen concentration ~20%. Marked lines are adapted from He et al. 
(2003). 

5.5.4. Tabulated 1d model results 

Table 5.3. Simulated char burnout times (𝑡𝑏𝑥), maximum center temperature (𝑇𝑚𝑎𝑥), 
and maximum temperature difference between bulk and particle center (∆𝑇𝑚𝑎𝑥), for dif-

ferent bulk oxygen concentrations. 

 Bulk oxygen mole fraction, 𝝌𝑶  (%) 

 5 10 20 40 60 80 

𝒕𝒃𝒙 (s) 2646 1333 679 352 243 188 

𝑻𝒎𝒂𝒙 (K) 1283 1490 1814 2340 2796 3218 

∆𝑻𝒎𝒂𝒙 (K) 283 490 814 1340 1796 2218 

Table 5.4. Simulated char burnout times (𝑡𝑏𝑥), maximum center temperature (𝑇𝑚𝑎𝑥), 
and maximum temperature difference between bulk and particle center (∆𝑇𝑚𝑎𝑥), for dif-

ferent bulk temperatures. 

 Bulk temperature, 𝑻𝒃 (K) 

 700 800 900 1000 1100 

𝒕𝒃𝒙 (s) 878 723 693 679 671 

𝑻𝒎𝒂𝒙 (K) 1565 1649 1731 1814 1899 

∆𝑻𝒎𝒂𝒙 (K) 865 849 831 814 799 

Table 5.5. Simulated char burnout times (𝑡𝑏𝑥), maximum center temperature (𝑇𝑚𝑎𝑥), 
and maximum temperature difference between bulk and particle center (∆𝑇𝑚𝑎𝑥), for dif-

ferent bulk velocities. 

 Bulk velocity, 𝒖 (m/s) 

 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

𝒕𝒃𝒙 (s) 751 723 705 690 679 670 663 
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𝑻𝒎𝒂𝒙 (K) 1910 1878 1853 1833 1814 1800 1786 

∆𝑻𝒎𝒂𝒙 (K) 910 878 853 833 814 800 786 

Table 5.6. Simulated char burnout times (𝑡𝑏𝑥), maximum center temperature (𝑇𝑚𝑎𝑥), 
and maximum temperature difference between bulk and particle center (∆𝑇𝑚𝑎𝑥), for dif-

ferent particle size. 

 Particle radius, 𝒓𝟎 (mm) 

 0.5 1.0 1.5 2.0 2.5 

𝒕𝒃𝒙 (s) 39 125 262 447 679 

𝑻𝒎𝒂𝒙 (K) 1931 1900 1865 1838 1814 

∆𝑻𝒎𝒂𝒙 (K) 931 900 865 838 814 
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5.5.5. 2D Model 

 

Figure 5.10. Temperature evolution across particle diameter for bulk temperature 
of 1000 K. Oxygen mole fractions of A: 10%, b: 20%, and C: 30%. 
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We performed the 2D simulations with the aim of studying the effect of particle 
shape on the combustion characteristics of a single particle coal/biomass conjugate. 
This was not achieved due to the difficulty in obtaining a fully converged solution. Figure 
10 shows that a 2D formulation is more able to account for spatial differences in tem-
perature and species, producing results that reflect a physical phenomenon more closely. 
A 1D simulation assumes that a spherical char particle undergoes uniform combustion 
along its surface, shrinking as it is consumed without any change in shape. The above 
figure shows the asymmetrical nature of the problem, in which the reaction front is 
skewed towards the side that is facing the inlet supplying oxygen. The partial results in 
the above figure show that the change in temperature across the particle diameter is 
more gradual for lower bulk O2. At higher O2 concentrations (> 20%) the rise tempera-
ture is more rapid. This is consistent with our findings in the 1D simulation. Transient 
solution is only available for the first 32 s of simulation time for the O2 concentration of 
30%. It was found that as O2 is reduced, convergence is faster. However, full conver-
gence is possible for O2 concentrations below 1%. The authors have attempted numer-
ous techniques in the attempt to mitigate this problem. These include studying mesh 
dependencies, adjusting of time-steps, even to the extent of over-simplifying an already 
highly simplified model. 

5.6. CONCLUSION 

A one-dimensional simplified char combustion model is used to numerically investi-
gate single particle char combustion. Numerical solutions show that high bulk tempera-
ture result in high conversion rate and high peak center temperature. Conversion rate is 
also found to increase with bulk oxygen concentration. For the range of bulk oxygen 
concentration studied, there is significant difference in the time taken to achieve full 
char conversion for different bulk concentrations. On the contrary, increase of bulk tem-
peratures after the onset of ignition has very little effect on burning rate. This confirms 
the diffusional limitation of the combustion. The effect of bulk flow velocity on conver-
sion rate and particle temperature is marginal for the range of velocities studied. Burn-
ing rates increase with gas velocity due to the convection-enhanced mass transfer be-
tween particle surface and gaseous surrounding. Similarly, higher gas velocity enhances 
particle cooling, leading to lower peak temperature. Results also show that smaller par-
ticles tend to achieve higher peak temperatures and burn off faster. Comparisons with 
the works of other investigators reveal that the present model tends to produce excep-
tionally high conversion rates and temperature. This could be due to the simplifications 
implemented and the values of the parameters used. A more rigorous model and numer-
ical procedure will be implemented in future works. 
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NOMENCLATURE 

𝐴 pre-exponential factor, kmol/m2 s 
𝑐 species concentration, mol/m3 
𝐶𝑝 specific heat, J/m3⋅K 
𝐷 diffusion coefficient of species, m2/s 
𝐸 activation energy, kJ/mol 
ℎ convective heat transfer coefficient between particle and fluidized bed, W/m2 K  
𝐻 enthalpy of reaction, kJ/mol 
𝑘𝑚 mass transfer coefficient between particle and fluidized bed, m/s 
𝑃 pressure force, N/m2 
𝑄 volumetric heat source, W/m3  
𝑟 distance from centre of particle, m 
𝑟0 radius of char particle, m 
𝑅𝑔 universal gas constant, 8.314 J/mol K  
𝑅 rate of reaction, mol/m3⋅s  
𝑠 specific surface area of char particle, m2/m3 
𝑆 source/sink term 
𝑡 time, s 
𝑇 temperature, K 
𝒖 velocity vector, m/s 
𝑋𝑐  carbon/char conversion ratio 

 
Greek letters 
𝛼 rate constant, W/ m⋅K 
𝜆 thermal conductivity, W/ m⋅K 
𝜇 dynamic viscosity, Pa⋅s 
𝜌 density, kg/m3 
𝜒 species mole fraction 
 
Subscripts 
𝑏 bulk gas 
𝑏𝑥 100% char burnout 
𝑐ℎ char particle 
𝑖 C (𝑖 = 1), O2 (𝑖 = 2), CO2 (𝑖 = 3) 
𝑜 initial value 
𝑝 Particle 
𝑟𝑒𝑓 reference/base case 
𝑠𝑢𝑟𝑓 char particle surface 
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