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Abstract: - Cassava flour cake baking entails changes in temperature, moisture content, and volume, which are 
closely linked aspects in the heat and mass transfer phenomena that take place during the baking process. This 
process of baking is often faced with challenges related to texture and structure. Computational Fluid Dynamics 
is therefore utilized in this study to determine the temperature and moisture content profiles during cake baking 
using cassava flour in dough preparation. A mathematical model was applied in the baking process and solved 
using the CFD technique employing the Finite Element Method (FEM) to optimize baking conditions, that is 
baking temperature, time, and moisture content. Using COMSOL Multiphysics software (version 6.2), 
simulation results showed that as the oven temperature and temperature within the dough increase, moisture 
content reduces. Additionally, results also reveal that the temperature distribution within the dough increases 
with baking time. Moreover, simulated results conquered those in different studies on baking using wheat flour. 
Based on the findings, we recommend the adoption of CFD simulations in standardizing cassava cake baking 
and integrating value-added ingredients for improved nutritional value to give cassava a much bigger market 
value. 
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1  Introduction 
Food processing plays a crucial role in transforming 
agricultural products into safe, nutritious, and 
market-ready items. Defined as the series of 
mechanical or chemical processes applied to food, it 
encompasses methods such as pasteurization, 
drying, and freezing, [1], [2], [3]. However, the 
complexities involved in food processing, 
particularly regarding fluid dynamics, present 
significant challenges of which many traditional 
methods lack efficiencies and may not fully address 
the nutritional needs of consumers. One promising 
area of innovation is the use of cassava flour in cake 
baking. Cassava, a staple food in many regions, can 
be processed into high-quality flour that serves as a 
versatile ingredient in various baked goods. The 
baking process involves some chemical, 
biochemical, and physical changes in the interaction 
of ingredients, thermophysical properties, and 
moisture content inducing the final quality of the 
product. To further bring the process of baking to 
the fore, requires developing a mathematical model 

to handle all aspects similarly, by the concept of 
computational fluid dynamics (CFD), several 
researchers have looked into the convective heat and 
mass transfer processes, and possible optimized 
techniques to improve product quality and safety, 
[4], [5]. 

[6], consider the relationship between 
temperature, moisture content, and volume 
expansion in bread baking, heat transport, and 
change in volume. Their results revealed that 
temperature increases with a decrease in moisture 
content, and as baking time increases, the 
temperature within the dough also increases 
accordingly. Similarly, as the baking temperature 
increases, the baked bread volume also decreases. 

Heat and mass transfer in industrial biscuit 
baking ovens was carried out by, [7], concentrating 
on the effect of temperature and baking time. From 
the findings, the main medium of heat transfer was 
radiation (69%) in the baking process, while 
convection and conduction were 28% and 3% 
respectively with, the baking time directly 
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dependent on the baking chamber temperature. The 
result further suggested that an increase in the 
baking chamber temperature tends to reduce the 
baking time required for the desired moisture 
content of the final product. Summarily, there is a 
relationship between heat transfer mechanisms, 
oven temperature, and baking time and this 
knowledge can be tapped into for improved 
efficiency and optimization of the production 
process. 

Several researchers have considered the 
application of CFD to quality control through 
profiling the temperature and moisture content in 
baked products, [8], [9], [10]. These researchers 
identified temperature as the core of the baking 
process, making it the key determinant in the quality 
and value of the final product. The CFD model 
demonstrated effectiveness in predicting; the 
temperature of the crumb and crust based on heat 
transfer principles, validating the model’s accuracy 
by measuring the heat and mass transfer profiles of 
the baked products. This paper, therefore, considers 
the application of CFD in the cake baking process, 
using cassava flour, and the thermophysical effects 
in addressing the various industrial challenges of 
today, and how to optimize them. 
 
 
2 Problem Formulation 
A two-dimensional steady, incompressible 
convective heat and mass transfer fluid flow on 
cassava cake using baking flour was considered, 
taking into review, temperature change and moisture 
content effects on the thermophysical properties 
using CFD techniques (Figure 1). The mathematical 
model under consideration is resolved using 
COMSOL Multiphysics software, version 6.2 
(covering the geometry and domain configuration) 
with Finite Element Method (FEM) where cassava 
dough (which is the domain) is discretized into 
triangular computational mesh with initial and 
boundary conditions. 
 

 
Fig. 1: Geometry of the Baking Process 
 

2.1 Mesh Generation 
The flow fluid behavior is represented in the 
computational space using a mesh diagram (Figure 
2) and this is vital to this concept, [11]. After the 
meshing process is completed, the next step is 
solving the governing equations of fluid flow within 
individual mesh elements using numerical 
techniques, [12]. Meshing and numerical solving are 
interdependent in a way that the characteristics of 
the grid structure generated have an effect on the 
accuracy and stability of the numerical solution 
obtained, [13]. 

 
Fig. 2: Mesh diagram of the geometry 
 
2.2 Governing Equations 
The governing equations of the flow field for 
moisture content, mass conservation of carbon 
dioxide, conservation of energy, porosity, and 
predicting swelling (visco-elastic model) are given 
as 

𝜌𝑠 (
𝜕𝑤

𝜕𝑡
+  ∇. (𝑣𝑠 𝑤))

=  −∇. (𝐷𝑣
𝑇 + 𝐷𝑣

𝑇 ∆𝑇 + 𝐷𝑣
𝑤  ∆𝑤

+  𝐷𝑣
𝑝

 ∆𝑝),                                       (1) 
𝜕𝜌𝑐

𝜕𝑡
+  ∇. (𝜌𝑐𝑣𝑠) =  −∇. 𝑛𝑐 +  𝐺𝑐  ,                     (2) 

𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
+  ∇. (𝜌𝑐𝑝𝑣𝑠𝑇) =  −∇. (𝑘∇𝑇) − 𝑘𝐿𝑣 ,   (3) 

−𝜌𝑠

𝜕𝜀

𝜕𝑡
+ ∇ ⋅ (𝑣𝑠 (1 − 𝜀)𝜌𝑠) = 0 ,                          (4) 
∇ ⋅ 𝜎 =  ∇𝑝.                                                     (5) 

where, 𝜌𝑠 is the density of the solid dough, 𝑤 is 
the moisture content, 𝑣𝑠  is the deformation velocity, 
 𝑝 is pressure, 𝜌𝑐 is the density of carbondioxide, 𝑛𝑐 
is the species flow, 𝐺𝑐 is the generation rate, 𝜌 is the 
density of the dough, 𝑐𝑝 is the specific heat 
capacity, 𝑇 is the temperature, 𝑡 is time, 𝑘 is phase 
change rate, 𝐿𝑣 is the latent heat of vaporization, 
and 𝜀 is the porosity. 
 
2.3 Initial and Boundary Conditions 
Initial conditions and boundary conditions in CFD 
are key parameters which state the starting state of a 
system and constraints at the boundaries of the 
domain for accurate simulations. 
 
2.3.1 Initial Conditions 

Initial temperature, 𝑇0 = 293𝐾, 
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Initial moisture content is 0.68 𝑘𝑔𝑘𝑔−1. 
 

2.3.2 Boundary Conditions 

For the moisture content equation, air/dough 
interface, water evaporation takes place at the 
surface of the cake. So, 𝑚𝑤 is based on the 
difference between the partial vapor pressure 
between the surface of the cake and that of the hot 
air. 
 

−𝑛(𝑛𝑙+ 𝑛𝑣 ) = 𝑀
𝑘𝑚 

𝑅
(

𝑝𝑣,𝑠𝑢𝑟𝑓

𝑇
− 

𝑝𝑣,∞

𝑇∞
) = 𝑚𝑤.   (6) 

where, 𝑝𝑣 is the vapour pressure (𝑝𝑎), 𝑘𝑚 is the 
mass transfer coefficient (𝑚𝑠−1) and  𝑚𝑤  is the 
water evaporation rate (𝑘𝑔𝑚−2𝑠−1). 

For mold and dough interface, in this case, zero 
mass flux condition is put into account such that: 

−𝑛(𝑛𝑙+ 𝑛𝑣 ) = 0                                 (7) 
 
For energy equation, the air/dough interface heat 

is transferred to the cake surface by convection and 
radiation and balanced by conduction such that: 
−𝐾∇𝑇 = ℎ(𝑇∞ −  𝑇) + 𝜀𝛿(𝑇𝑜𝑣𝑒𝑛

4 −  𝑇4)
−  𝑛𝑙𝐿𝑣                                             (8) 

 
while the Mold/dough interface is: 

−𝑛(−𝑘𝑒𝑓𝑓 ∇𝑇) = −𝑛(−𝑘𝑚𝑜𝑙𝑑 ∇𝑇𝑚𝑜𝑙𝑑)

=  𝑇𝑚𝑜𝑙𝑑                                           (9) 
 
For the gas pressure equation, the total gas 

pressure is assumed to be constant and equal to 
atmospheric pressure such that: 

𝑝𝑔 =  𝑝𝑎𝑡𝑚                              (10) 
 
and the visco-elastic model is 

𝜎 = 0                                         (11) 
 

−𝑛(𝑣𝑠𝜌𝑠) = 0                              (12) 
 

 

3  Problem Solution 
 

3.1  Temperature Profiles 
During the baking process, the temperature 
distribution within the dough keeps on varying with 
baking time. This study illustrates time, 𝑡 = 0, 𝑡 =
15, 𝑡 = 30 and 𝑡 = 45 minutes respectively. As 
more heat is dissipated in the baking chamber, the 
temperature inside the dough begins rising, [14]. 
This is also shown by the temperature contours at 
times 𝑡 =  0, 𝑡 = 15, 𝑡 = 30 and 𝑡 = 45 minutes 
respectively in Figure 3(a – d). 
 
 

 
 
Fig. 3(a) Temperature profile at 𝑡 = 0 mins 

 

 
Fig. 3(b): Temperature profile at 𝑡 = 15 mins 
 

 
Fig. 3(c): Temperature profile at 𝑡 = 30 mins 
 

 
Fig. 3(d): Temperature profile for 𝑡 = 45 mins 
 

From Figure 3, initially, at 𝑡 = 0 minutes, there 
was a uniform temperature distribution throughout 
the dough which is shown by the solid purple color. 
This is because the dough has not yet been subjected 
to any source of heat. After 15 minutes, there was 
an increase in the temperature of the dough which 
came as a result of heat supply from the oven or any 
other heat source. As temperature increases, a series 
of processes like gelatinization of starch, 
denaturation of proteins, leavening, and moisture 
evaporation begin to take place, which is in 
agreement with the results obtained in [6]. At 𝑡 =
30 minutes, the temperature is higher since it 
increases with time, implying a faster rate at which 
the physical and chemical processes occur during 
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the baking process. This reflects a higher rate of 
moisture evaporation, protein coagulation, and 
production of carbon dioxide which causes volume 
expansion. Between 𝑡 = 30 minutes and  𝑡 = 45 
minutes, the temperature increases, which means 
that there is more moisture loss, and a faster rate of 
leavening which brings about more carbon dioxide 
production which causes dough expansion. Beyond 
𝑡 = 45 minutes, there is no more cake expansion 
implying that increasing baking time and 
temperature will affect the end product since all the 
baking stages have already been completed. Close to 
the end of the baking process, the surface of the 
dough is subjected to intense heat of the oven 
leading to the formation of a crust. The crust formed 
hinders moisture loss. In other words, at this stage, 
moisture is closed in the cake. In Figure 4, as baking 
time increases, it implies that there is still more heat 
supplied from the oven causing the temperature 
within the dough to also increase, [6], [15], [16]. 
 

 
Fig. 4: Temperature profile against time 
 

The graph above shows that temperature 
increases with time. It also indicates no fluctuations 
in temperature which shows that cake baking is 
uniform. The gradual increase in temperature 
reflects a gradual change of the dough into a baked 
cake. In general, the graph provides vital 
information on how the cake responds to heat during 
the baking process showing the usefulness of 
temperature control in order to achieve a quality 
cake. Temperature is a key element in the baking 
process since it influences different physiochemical 
changes that are the basis of the final texture, flavor 
and structure of any baked product. 
 
3.2  Moisture Content Profiles 
The moisture content scales in ascending order 
across the gradient as shown in Figure 5(a–d) by the 
color changes from blue to red (red indicates a 
higher moisture content while blue indicates a lower 

moisture content level). As the color gradient 
transitions from blue to red, it shows an increase in 
a temperature gradient. The middle colors like cyan, 
green, yellow, and orange reflect varying levels of 
moisture content as temperature changes. 

 
Fig. 5(a): Moisture content profile at 𝑡 = 0 mins 
 

 
Fig. 5(b): Moisture content profile at 𝑡 = 15 mins 

 

 
Fig. 5(c): Moisture content profile at 𝑡 = 30 mins 

 

 
Fig. 5(d): Moisture content profile at 𝑡 = 45 mins 
 

At (t = 0 mins), the red colour alone is spread 
throughout the structure of the dough. This is 
because the dough is not yet subjected to any heat 
source. It means that the moisture content is the 
same throughout the dough. For (t = 15 mins), 
there is a reduction in the moisture content which is 
seen at the bottom (blue color) as a result of heat 
being applied during the baking process, more 
moisture content moves at the top (red color). There 
is also evidence of cake expansion in height. When 
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t = 30 mins, it is evident that as baking time 
increases, the moisture content within the cake 
reduces. At this time, there is a more reduction in 
the moisture content level as compared to the 
previous times and a higher expansion of the cake in 
height. After t = 45 mins, the moisture content is 
so low (reflected by a minimal red color as 
compared to other colors). The blue color dominates 
at this time implying there is a more reduced 
moisture content level. According to [6], and [16], 
their studies also portrayed that as baking time 
increases, the moisture content within the dough 
reduces. 
 

 
Fig. 6: Moisture content profile against time 
 

Figure 6 shows the variation of moisture with 
time. It reflects a decreasing trend with time. 
Initially, the moisture content level was close to 
0.68kgkg−1 but as time goes on, it constantly 
reduced to 0kgkg−1 after 60 minutes. Figure 7 
shows the expansion in height of a cassava cake 
overtime during the baking process. 

 

 
Fig. 7: Cake Swelling profile against time 

Figure 7, indicates a gradual but (fluctuating) 
rise and fall in the height of the cake at the start 
because of the period when the yeast activation is 
still low, which is in relation with [6]. This is 
followed by a steeper incline shortly after 30 
minutes to close to 45 minutes, reaching a peak 
slightly above 1.7dm. The levels indicate a constant 
height of the cake swelling until the end of the 
observation period. Initially, the increase in the 
height of the cake (expansion) is slow because, at 
this stage, the dough has just been subjected to heat 
implying that the physio-chemical reactions 
responsible for the swelling are also taking place at 
a relatively lower rate. The later on steeper incline 
shows a faster increase in the size of the cake which 
is caused by the higher rate at which the chemical 
and physical processes take place at this stage. This 
is due to higher activation of the leavening agents 
like baking powder, and the release of carbon 
dioxide which expands the cake batter, among 
others. When the cake reaches its maximum height, 
it then slightly drops back to a height of 1.7dm and 
remains constant throughout. 

A similar occurrence was portrayed in, [16], 
which showed a maximum height of 26mm at an 
approximate of 16inutes after which the height of 
the cake remained constant. A large diffusivity also 
causes a faster loss in moisture content hence 
resulting in an increased cake expansion, [6]. 
 
 
4 Conclusion 
A study into the cake-baking process, incorporating 
heat and mass transfer together with volume 
expansion has been considered. To obtain a solution 
to the governing equations (1) – (4) subject to the 
initial and boundary conditions (6) – (12), a CFD 
technique together with Finite Element Method 
(FEM) was employed and implemented using 
COMSOL Multiphysics software (version 6.2). The 
following conclusions were obtained: 
1. At an interval of 15 minutes for 45 minutes 

showed an increase in temperature and a 
constant reduction in moisture content within 
the dough as baking progressed. It is also 
observed that shortly after 45 minutes, the 
cake’s height stabilized. 

2. The findings show the effectiveness of CFD in 
optimizing the key baking parameters such as; 
temperature, baking time, and moisture content 
hence improving the quality of the final 
product. This research highlights the 
significance of adopting innovative 
technologies like CFD 

WSEAS TRANSACTIONS on HEAT and MASS TRANSFER 
DOI: 10.37394/232012.2024.19.12

Diana Nekesa, Rebecca M Nalule, 
Annet Kyomuhangi, Asaph K Muhumuza, 

 Anselm O Oyem

E-ISSN: 2224-3461 111 Volume 19, 2024



3. Also, the sustainable use of cassava flour in the 
baking process not only boosts its market value 
but also contributes to the stability of the food 
sector. In summary, integrating CFD into food 
value addition presents a promising avenue for 
enhancing product quality. 
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