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This study presents a coupled multiphase porous media transport model with evaporation, large deformation, and 
material transformation (phase change from starch gelatinization) for cupcake baking in a conventional oven. 
The governing equations for transport and deformation are energy, mass, and momentum conservation of the 
solid cupcake batter matrix, water, water vapor, and carbon dioxide produced during baking. They are solved 
numerically to predict the evolution of the cupcake batter’s temperature, moisture, dimensional change, and 
color during baking. Cupcake-baking experiments are used to validate the model against measured temperature, 
moisture, color, and cupcake height during baking. The rate of carbon dioxide production, vapor generation, and 
the cupcake batter’s mechanical properties determine the cupcake’s final shape. The novelty of the numerical 
model is the coupling of the massive change in mechanical and thermophysical properties with multiphase 
transport and expansion due to pressure and moisture loss from shrinkage.
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 Introduction

Cakes are essential bakery products. They generate annual revenue 
 about 6 billion dollars in the United States. A thorough mechanistic 
derstanding of the cake-baking process is necessary for cake quality, 
st reduction, and optimization. Cake baking involves simultaneous 
at and mass transfer in a complex mixture of fat-in-water type emul-
on accompanied by 100% to 300% size change (Bennion and Bamford, 
97; Pyler and Gorton, 2008; Sumnu and Sahin, 2008). A mechanistic 
derstanding of how this fluid batter rises and sets into a solid, porous 
ructure during the cake baking process is still limited (Sablani et al., 
98; Feyissa et al., 2011; Sakin-Yilmazer et al., 2012; Ureta et al., 
16; Cevoli et al., 2020), even though the baking industry has a his-
ry of a few thousand years (Jacob, 2007). Being a traditional process, 
en now, the process metrics to obtain the desired final shape, size, 
xture, and color of the cake are primarily based on experience rather 
an engineering understanding. Mechanistic knowledge is necessary 
 provide a rational basis for optimization and novel developments in 
oducts and processes.
Polymer physics problems, such as polymer gelation, where a liquid 
lymer solution undergoes a chemical or physical process forming a 
lid gel, are comparable to cake baking (Tanaka, 2011). Polymer crys-
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tallization and polymer crosslinking are temperature-dependent mate-
rial transformations similar to the material transformation of aqueous 
cake batter to a solid cake (Rubinstein et al., 2003). Thus, mechanistic 
knowledge of cupcake baking would extend to these and other engi-
neering applications across disciplines.

1.1. Cake baking process

Fig. 1 shows a schematic of the different mechanisms involved in 
cake baking. A typical cake-baking process begins with heat transfer 
into the cake batter. Heat transfer follows vapor generation from the 
water content in the batter mixture, accompanied by carbon dioxide 
generation from the baking powder reaction in the batter mixture. Va-
por occupies more than 1000 times more volume than water. The vapor 
and carbon dioxide generation lead to pressure development in the 
cake batter. This pressure development causes the aqueous, fluid bat-
ter (rubbery state) to rise and form a foam-like structure (glassy state) 
(Guy and Sahi, 2006) while undergoing shrinkage due to moisture loss 
(Mizukoshi, 1985). The process also accompanies a massive change in 
mechanical properties due to starch gelatinization in the mixture, which 
causes the foam-like structure to set thermally (Mizukoshi et al., 1979), 
making cake baking a very challenging problem to model.
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Fig. 1. Schematic showing multimode heat transfer, multiphase mass transport and deformation in a cake baking process.
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mparison of this study with previous modeling approaches on cake baking.
Physics modeled Cake baking: 

Lostie et al. 
(2002)

Cake baking: 
Sakin et al. 
(2007)

Cake baking: 
this study

Deformation

Viscoelasticity No No Yes

Shrinkage due to moisture loss No No Yes

Material transition from

rubbery to glassy state No No Yes

Mass transport Yes Yes Yes

Phase change No No Yes

CO2 generation No No Yes

Heat transport Yes Yes Yes

2. Modeling perspective in literature and novelty of current study

Fig. 2 shows a schematic of all the relevant physics involved in a 
ke-baking. Cake baking involves energy, mass and momentum trans-
rt along with significant volumetric change accompanied by a large 
ange in mechanical properties. The process involves a two-way cou-
ing of transport and deformation physics and includes carbon dioxide 
d vapor generation.
Previous attempts of modeling the cake baking process (Sablani et 

., 1998; Feyissa et al., 2011; Sakin-Yilmazer et al., 2012; Cevoli et al., 
20; Lostie et al., 2002; Ureta et al., 2017) were able to accurately 
scribe the heat transfer and part of the mass transfer physics during 
king. However, no modeling studies on cake baking include all rel-
ant physics shown in Fig. 2, which explains the lack of mechanistic 
derstanding of cake baking and the need for the current study and its 
velty. Table 1 compares the modeling approaches of two relatively 
vanced works on cake baking: (1) Lostie et al. (2002) and (2) Sakin 
 al. (2007) with the current study to emphasize this point.
Models that account for transport and large deformation exist for 
rious applications. Zhang and Datta (2006) and Nicolas et al. (2014, 
16) have modeled multiphase transport and large deformation for 
ead baking, and the mechanistic understanding of bread baking is ad-
nced as compared to cake baking. Cake baking is similar to bread 
king with the same relevant physics but with an even greater mate-
al transformation from an aqueous batter to a solid foam and a larger 
lume change. The current study bridges the gap between the mecha-
2

stic understanding of bread and cake baking. sa
3. Objectives and overview

The main objectives of this study are as follows: (1) develop a mathe-
atical model for a coupled multiphase heat and mass transport process 
ith large deformation with significant changes in mechanical proper-
s, (2) validate the model with experimentally measured performance 
etrics of cupcakes (oven rise, color, weight loss, temperatures) for dif-
rent oven settings during the baking cycle, and (3) identify the critical 
rameters for the process and perform sensitivity analysis.

 Model development

1. Overall physics

The two significant physical phenomena in cake baking are multi-
ase transport and large deformation (Fig. 2). This section presents 
porous media-based multi-phase, multi-component heat and mass 
ansport framework coupled with large deformations of the viscoelas-
 solid matrix for cake baking with the major assumptions, govern-
g equations, and initial and boundary conditions. The framework is 
om well-established conservation equations considering the batter as 
porous media through which different phases transport (Datta, 2007).

2. Porous media formulation

The first step in the model development is simplifying the porous 
ke batter by homogenizing it with effective transport properties. Ho-
ogenization is necessary for this problem since the dimensions of the 
res in the structure are several orders of magnitude smaller than the 
mputational domain, which enables us to make the following signif-
ant assumptions (Dhall and Datta, 2011): (1) the mass species (solid, 
uid and gas phases) are continuous in the porous medium, (2) there 

 local thermal equilibrium between the three phases at any spatial lo-
tion, (3) pressure in the liquid water is the sum of gas pressure and 
pillary pressure, (4) the solid skeleton is a linear viscoelastic material, 
) solid volume remains constant during any process, and (6) the rep-
sentative elementary volume over which the physical quantities are 
eraged will change with pore size and local variations in pore size are 
nored.

In addition to the above, we assumed the gas phase to be a bi-
ry mixture of water vapor and carbon dioxide with mass fractions 
𝑣 and 𝜔𝐶𝑂2 , respectively. With this simplification, the volumetric con-
ntrations, 𝑐𝑖, in the porous medium relate to the respective relative 

turations and mass fractions as follows:
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Fig. 2. The different physics involved in a cake baking process. Section 2.3 discusses the equations mentioned.
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𝑐𝑤 = 𝜌𝑤𝑆𝑤𝜙 (1)

𝑐𝑔 = 𝜌𝑔𝑆𝑔𝜙 (2)

𝑐𝑣 = 𝜌𝑔𝑆𝑔𝜙𝜔𝑣 (3)

𝐶𝑂2
= 𝜌𝑔𝑆𝑔𝜙𝜔𝐶𝑂2 (4)

𝐶𝑂2
= 1 −𝜔𝑣 (5)

e total porosity, 𝜙, is defined as the fraction of volume occupied by 
ids (liquid water and gas) in the porous medium as:

=
Δ𝑉𝑤 +Δ𝑉𝑔

Δ𝑉𝑠 +Δ𝑉𝑤 +Δ𝑉𝑔
(6)

d the saturation, 𝑆𝑖, is given as:

=
Δ𝑉𝑖

Δ𝑉𝑤 +Δ𝑉𝑔
𝑖 =𝑤,𝑔 (7)

e porous media formulation has allowed the expression of the solid, 
uid and gas phases in a continuum. Hence, mathematically, this ma-
rial continuum is expressed as:

𝑉 =Δ𝑉𝑠 +Δ𝑉𝑤 +Δ𝑉𝑔 (8)

here 𝑠, 𝑤 and 𝑔 stand for the solid, water and gas phases, respectively, 
d 𝑉 is the total volume of the material.

2.1. Darcy’s law: momentum conservation
Darcy’s law describes the fluid flow in a porous material instead of 
e Navier-Stokes equations:

,𝑠 = −
𝑘𝑖𝑛,𝑖𝑘𝑟,𝑖

𝜇𝑖
∇𝑝𝑖 𝑖 =𝑤,𝑔 (9)

here 𝑣𝑖,𝑠 is the velocity of phase 𝑖 relative to the solid phase, 𝑘𝑖𝑛,𝑖, 𝑘𝑟,𝑖
d 𝑝𝑖 are the intrinsic permeability (Sec. 3.2.3), relative permeability 
3

d pressure in the phase 𝑖, respectively.
3. Governing equations

3.1. Energy conservation
Governing equations for multiphase heat transport in the porous 
edium are developed based on the conservation of energy:

ff𝐶𝑝,eff
𝜕𝑇

𝜕𝑡
+

∑
𝑖=𝑤,𝑣,𝐶𝑂2

𝐶𝑝,𝑖(𝑛𝑖 ⋅∇𝑇 ) = ∇ ⋅ (𝑘eff ∇𝑇 ) − 𝜆𝐼̇ (10)

ssuming that the solid, liquid and gas phases are in a continuum 
d are in thermal equilibrium gives Eqn. (10). The energy equation 
cludes convection of fluid phases, heat conduction and evaporative 
ndensation. Averaging the properties of the individual species that 
ake up the porous medium, weighted by either their mass or volume 
actions, gives the effective properties of the porous medium:

𝜌eff = (1 −𝜙)𝜌𝑠 + 𝜙(𝑆𝑤𝜌𝑤 + 𝑆𝑔𝜌𝑔) (11)

,eff =𝑚𝑠𝐶𝑝,𝑠 +𝑚𝑤𝐶𝑝,𝑤 +𝑚𝑔𝐶𝑝,𝑔 (12)

𝑘eff = (1 −𝜙)𝑘𝑠 + 𝜙(𝑆𝑤𝑘𝑤 +𝑆𝑔(𝜔𝑣𝑘𝑣 +𝜔𝐶𝑂2𝑘𝐶𝑂2 )) (13)

3.2. Mass conservation
The four mass species considered in the porous medium are solid, 
uid water, water vapor, and carbon dioxide. Water vapor and carbon 
oxide are assumed to be ideal gases. Governing equations for multi-
ase mass transport in a porous medium are developed based on the 
nservation of mass for liquid water, gas and water vapor:

𝑤

𝑡
+∇ ⋅ 𝑛𝑤,𝐺 = −𝐼̇ (14)

𝑐𝑔

𝜕𝑡
+∇ ⋅ 𝑛𝑔,𝐺 = 𝐼̇ + 𝑅̇𝐶𝑂2 (15)

𝑐
𝑣

𝜕𝑡
+∇ ⋅ 𝑛𝑣,𝐺 = 𝐼̇ (16)
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uations (14)-(16) solve for the respective concentrations, 𝑐𝑤, 𝑐𝑔 and 
in the porous medium. 𝐼̇ and 𝑅̇𝐶𝑂2 are the rate of evaporation/con-
nsation and carbon dioxide generation, respectively.
Transport fluxes Liquid water flux: Gas pressure and capillary pres-
re drive the liquid water in a porous medium. Gravity is weak in an 
saturated porous material and hence ignored. Therefore, the net pres-
re acting on the liquid phase is given by:

= 𝑝𝑔 − 𝑝𝑐 (17)

here 𝑝𝑔 and 𝑝𝑐 are the gas and capillary pressures respectively. The 
gative sign indicates that the capillary pressure is attractive. The liq-
d water flux, 𝑛𝑤,𝑠, relative to the solid is given by:

,𝑠 = −𝜌𝑤
𝑘𝑖𝑛,𝑤𝑘𝑟,𝑤

𝜇𝑖
∇𝑝𝑤 (18)

= −𝜌𝑤
𝑘𝑖𝑛,𝑤𝑘𝑟,𝑤

𝜇𝑤
∇𝑝𝑔 + 𝜌𝑤

𝑘𝑖𝑛,𝑤𝑘𝑟,𝑤

𝜇𝑤
∇𝑝𝑐 (19)

= 𝜌𝑤𝑣𝑤,𝑠 + 𝜌𝑤
𝑘𝑖𝑛,𝑤𝑘𝑟,𝑤

𝜇𝑤

𝜕𝑝𝑐

𝜕𝑐𝑤
∇𝑐𝑤 (20)

= 𝜌𝑤𝑣𝑤,𝑠 −𝐷𝑤,𝑐𝑎𝑝∇𝑐𝑤 (21)

here 𝐷𝑤,𝑐𝑎𝑝 is the capillary diffusivity and 𝑣𝑤,𝑠 is substituted from 
. (9).

as flux: The net gas flux relative to the solid, 𝑛𝑔,𝑠, is based on Darcy’s 
w and is given by:

,𝑠 = −𝜌𝑔
𝑘𝑖𝑛,𝑔𝑘𝑟,𝑔

𝜇𝑔
∇𝑝𝑔 (22)

= 𝜌𝑔𝑣𝑔,𝑠 (23)

ater vapor flux: The driving forces for water vapor transport in the 
ke are gas pressure and binary molecular diffusion with carbon diox-
e. The net vapor flux for the solid, 𝑛𝑣,𝑠, is given by:

,𝑠 = −𝜌𝑣
𝑘𝑖𝑛,𝑔𝑘𝑟,𝑔

𝜇𝑔
∇𝑝𝑔 −

𝐶2

𝜌𝑔
𝑀𝑣𝑀𝐶𝑂2𝐷𝑏𝑖𝑛∇𝑥𝑣 (24)

,𝑠 = 𝜌𝑣𝑣𝑔,𝑠 −
𝐶2

𝜌𝑔
𝑀𝑣𝑀𝐶𝑂2𝐷𝑏𝑖𝑛∇𝑥𝑣 (25)

here 𝑣𝑔,𝑠 is substituted from Eq. (9).
The porous material undergoes deformation causing movement of 
e solid phase. Hence, an additional flux (described in Section 2.3.5) 
presenting solid movement is added to the mass fluxes described 
ove:

,𝐺 = 𝑛𝑖,𝑠 + 𝑐𝑖𝑣𝑠 (26)

us, the mass fluxes for the ground frame are given by:

,𝐺 = 𝜌𝑤𝑣𝑤,𝑠 −𝐷𝑤,𝑐𝑎𝑝∇𝑐𝑤 + 𝑐𝑤𝑣𝑠 (27)

𝑔,𝐺 = 𝜌𝑔𝑣𝑔,𝑠 + 𝑐𝑔𝑣𝑠 (28)

𝑣,𝐺 = 𝜌𝑣𝑣𝑔,𝑠 −
𝐶2

𝜌𝑔
𝑀𝑣𝑀𝐶𝑂2𝐷𝑏𝑖𝑛∇𝑥𝑣 + 𝑐𝑣𝑣𝑠 (29)

3.3. Evaporation and condensation
Evaporation of liquid water to vapor causes pressure development 

 the batter and drives the volumetric change in the baking process. A 
n-equilibrium formulation (Le et al., 1995; Scarpa and Milano, 2002; 
alder et al., 2007) describes the evaporation/condensation distributed 
atially in the batter, proportional to the difference between the equi-
rium vapor density (also known as saturation vapor density) and the 
nsity of vapor in the batter:

=𝐾𝑒𝑣𝑎𝑝(𝑝𝑣,𝑒𝑞 − 𝑝𝑣)
𝑆𝑔𝜙

𝑅𝑇
(30)

here 𝑝𝑣 = 𝑝𝑔𝜔𝑣 is the vapor pressure at any location in the homoge-
4

zed porous batter, 𝑝𝑣,𝑒𝑞 the equilibrium vapor pressure corresponding 𝜎𝑡
Chemical Engineering Science 277 (2023) 118802

g. 3. CO2 generation from the slow and fast acting acids of baking powder 
ith batter.

 the temperature and moisture level, and 𝐾𝑒𝑣𝑎𝑝 is the empirical evapo-
tion constant. The value of the evaporation constant is large such that 
y further increase in its value does not affect the solution (Halder et 
., 2007). The equilibrium vapor pressure, 𝑝𝑣,𝑒𝑞 , is related to water ac-
ity 𝑎𝑤 as 𝑝𝑣,𝑒𝑞 = 𝑝𝑠𝑎𝑡𝑎𝑤 where 𝑝𝑠𝑎𝑡 is the saturation vapor pressure of 
re water (Gulati and Datta, 2016).

3.4. Carbon dioxide generation
Double-acting baking powders contain a mixture of carbonate or 
carbonate, fast-acting and slow-acting acids, and a buffer (e.g., dry 
rnstarch) to prevent premature reactions (Miller, 2016; Godefroidt 
 al., 2019; Brodie and Godber, 2000). An ideal double-acting baking 
wder will release 80% of carbon dioxide in the oven (Miller, 2016). 
eneration of CO2 is considered to be a zeroth order reaction (Sumnu 
d Sahin, 2008; Sakin-Yilmazer et al., 2012; Miller, 2016):

𝐶𝑂2
=
{

𝜌𝑠(1 −𝜙)(5 × 10−4(𝑇 − 273.15) − 9.98 × 10−5), 𝑇 ≤ 60 ◦C

𝜌𝑠(1 − 𝜙)(5 × 10−4(333.15 − 273.15) − 9.98 × 10−5), 𝑇 > 60 ◦C

(31)

here 𝑅̇𝐶𝑂2 is the mass generation rate of CO2 in the volumetric basis 
 the cake batter. The units of 𝑅̇𝐶𝑂2 are in kgCO2∕s∕volume of batter. 
g. 3 shows the temperature dependency of the mass generation rate 
 CO2 in the mass basis of baking powder.
We do not know the exact carbon dioxide generation model for 
e commercial baking powder used in this study. But, this model of 
2 generation is consistent with experimental observation (Daniels 
d Fisher, 1976; Book et al., 2015). The onset of the reaction from 
e slow-acting acid in the double-acting baking powder is assumed to 
 at 60 ◦C, consistent with the experimental observations (Book et al., 
15). The slope of the reaction rate for the carbon dioxide generation 
te from the fast-acting acid is chosen such that the total amount of 
2 generated is approximate to that reported for a typical baking pro-
ss, which is 15 to 30% of the weight of baking powder (Foot, 1906).

3.5. Linear momentum conservation
The linear momentum conservation equation for the porous matrix 

 a stress-free state is given by:

⋅ 𝜎𝑡𝑜𝑡𝑎𝑙 = 0 (32)

here,
𝑜𝑡𝑎𝑙 = 𝜎eff − 𝑝𝑓 𝐈 (33)
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Thus, the divergence of the effective stress in the solid porous matrix 
 equal to the gradient of fluid pressure generated during baking, as 
ven by:

⋅ 𝜎eff = ▿𝑝𝑓 (34)

In cake baking, the contributions to the total stress from the fluid 
ase are primarily due to gas (vapor and carbon dioxide) generation. 
us, the equation for the conservation of linear momentum in the cake 
tter is:

⋅ 𝜎eff = ▿𝑝𝑔 (35)

Equation (35) solves for the deformation of the porous cake batter 
ring the baking process. Since the porous cake batter undergoes large 
formation, the Lagrangian formulation defines the effective stress as:

ff = 𝐽−1𝐅 ⋅ 𝐒 ⋅ 𝐅𝐓 (36)

here 𝐽 , 𝐅 and 𝐒 are the Jacobian, deformation gradient tensor and sec-
d Piola-Kirchhoff (PK2) stress tensor, respectively. The Jacobian, 𝐽 , is 
e volume change ratio of the material and is calculated by computing 
e determinant of the deformation gradient tensor, 𝐅. The deformation 
adient tensor is related to the Green-Lagrange strain tensor, 𝐄, by:

= 1
2
𝐅𝐓𝐅− 𝐈 (37)

e total strain expressed in terms of the total material displacement, 

= 1
2
[
(▿ ⋅ 𝑢) + (▿ ⋅ 𝑢)𝑇 + (▿ ⋅ 𝑢)(▿ ⋅ 𝑢)𝑇

]
(38)

e solid velocity of the deforming porous matrix is given by:

= 𝑑𝑢
𝑑𝑡

(39)

3.5.1. Multiplicative split of the deformation gradient tensor The de-
rmation mechanics of the porous cake matrix during baking is oven 
se due to gas pressure and shrinkage during drying due to moisture 
anges. Hence, the deformation gradient, F, of the porous cake ma-
ix that maps the displacements in the reference configuration to the 
formed configuration is a multiplicative split of the elastic and mois-
re effects causing the total material deformation (Dhall and Datta, 
11; Vujošević and Lubarda, 2002):

= 𝐅𝐞𝐥𝐅𝐌 (40)

3.6. Solid mechanics formulation: shrinkage due to moisture loss
The contribution to total volume changes of the porous cake ma-

ix due to moisture loss relates to changes in the liquid water content. 
ence, the volume change due to moisture loss, 𝐽𝑀 , is calculated by as-
ciating it to the volume fraction of the liquid water phase (Dhall and 
atta, 2011; Aregawi et al., 2013):

=
1 − 𝜙𝑤,0
1 −𝜙𝑤

(41)

= 𝐽𝑀 𝐈 (42)

3.7. Solid mechanics formulation: constitutive law
Cake batters exhibit both viscous and elastic characteristics when 
dergoing deformation (Sumnu and Sahin, 2008; Mizukoshi, 1985; 
izukoshi et al., 1979, 1980). They also undergo a large change in me-
anical properties due to change in water content (Sumnu and Sahin, 
08) and material transformation (Mizukoshi, 1985). The properties 
ve a strong temperature dependence. Based on this, linear viscoelas-
ity accounts for the large material deformation during the baking 
ocess. This study uses the Kelvin-Voigt linear model comprising a 
rallel arrangement of a purely viscous damper of viscosity, 𝜂, and 
5

purely elastic spring of modulus of elasticity, 𝐸, (Epaarachchi, 2011; th
Chemical Engineering Science 277 (2023) 118802

ajikarimi and Nejad, 2021). The constitutive relation is expressed as a 
ear first-order differential equation:

𝑡) =𝐸𝜀+ 𝜂𝜀̇ (43)

here 𝜀 and 𝜀̇ are the elastic strain and strain rate, respectively. Thus, 
r instantaneous stress, 𝜎0, the elastic strain in the viscoelastic mate-
al, is given by:

𝑡) =
𝜎0
𝐸

(1 − 𝑒−𝑡∕𝜏 ) (44)

here 𝜏 = 𝜂∕𝐸 is the relaxation time. The temperature dependence of 
odulus of elasticity (𝐸(𝑇 )) and relaxation time (𝜏(𝑇 )) captures the 
scoelastic behavior of the batter as a function of the material state 
roughout the baking process.

3.8. Pore formation
The oven rise during baking is caused by pressure development in 
e batter due to vapor and carbon dioxide generation. Individually, 
e solid and the fluid phases are incompressible, but the deformation 
ring baking changes local porosity. Thus, at any time, 𝑡, 𝜙 in the 
forming porous matrix can be obtained by conserving the volume of 
e solid phase as:

−𝜙(𝑡))Δ𝑉 = (1 −𝜙0)Δ𝑉0 (45)

𝜙(𝑡) = 1 −
(1 −𝜙0)
𝐽

(46)

4. Color model

The color of a cake is a critical quality parameter. The formation 
 yellow-gold color on the surface of cakes, often called browning, is 
e to the Maillard reaction and caramelization of sugars (Zanoni et 
., 1995; Fennema, 1996; Martins et al., 2000), and is influenced by 
veral factors, including temperature, pH, moisture content, and the 
esence of salt, acid, and other enzymatic agents. Color difference, 
𝐸, between the raw batter and the baked cupcake samples quantifies 
rface browning according to the following equation:

𝐸 =
√

(𝐿∗0 −𝐿
∗)2 + (𝑎∗0 − 𝑎

∗)2 + (𝑏∗0 − 𝑏
∗)2 (47)

here 𝐿∗, 𝑎∗, and 𝑏∗ are the lightness, redness and yellowness measure-
ents of color, respectively. (Δ𝐸) is the Browning Index of the sample.
Browning is assumed to be only temperature dependent and follow 
st-order kinetics (Zanoni et al., 1995; Purlis and Salvadori, 2009):
(Δ𝐸)
𝑑𝑡

= −𝑘𝑏𝑟(Δ𝐸) (48)

𝑘𝑏𝑟 = 𝑘0𝑒−𝐴∕𝑇 (𝑡) (49)

here 𝑘0 and 𝐴 are fitting parameters and 𝑇 (𝑡) is the surface tempera-
re evolution during baking, computed from the mathematical model.

 Model parameters

1. Boundary conditions

The boundary conditions for the governing equations discussed in 
c. 2.3 and as shown in Fig. 4 are described below.

1.1. Heat transfer
The boundary conditions in the computational model for Eq. (10), 

hich solve for the internal temperatures in the porous cake batter, are 
scribed here. As shown in Fig. 4, boundary 1 is axisymmetric. Hence, 
e boundary condition here for the energy equation is given by:

𝑇

𝑟

||||𝑟=0 = 0 (50)

nvective and radiative heat transfer at the boundaries 2, 3 and 4 are 

e driving forces for cake baking. The bottom and lateral surfaces of 



Chemical Engineering Science 277 (2023) 118802K. Seranthian and A. Datta

Fig. 4. Schematic showing the cupcake geometry and boundary conditions for the coupled solid mechanics - multiphase transport model.
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e cupcake receive the same heat as the cupcake sits on a metal tray, 
., the resistance of the metal tray is ignored. Hence, the boundary 
ndition on boundaries 2 and 3 is given by:

2,3 = ℎ𝑐 (𝑇𝑎,𝑏𝑜𝑡𝑡𝑜𝑚 − 𝑇 ) + ℎ𝑟(𝑇𝑤𝑎,𝑏𝑜𝑡𝑡𝑜𝑚 − 𝑇 ) (51)

here 𝑇𝑎,𝑏𝑜𝑡𝑡𝑜𝑚 is the measured air temperature just below the cupcake 
ay, 𝑇𝑤𝑎,𝑏𝑜𝑡𝑡𝑜𝑚 is the surface temperature of the oven bottom, and ℎ𝑐
d ℎ𝑟 are the heat transfer coefficients for convective and radiative 
at exchange, respectively. The boundary condition for radiative heat 
change, ℎ𝑟(𝑇𝑤𝑎,𝑡𝑜𝑝 − 𝑇 ), is an approximation of 𝜎𝐹𝑤𝑎−𝑠𝑢𝑟𝑓 (𝑇 4𝑤𝑎,𝑡𝑜𝑝 − 𝑇 4)
ncropera and DeWitt, 1985), where 𝜎 is the Stefan-Boltzmann con-
ant, and 𝐹𝑤𝑎−𝑠𝑢𝑟𝑓 is the view factor between the wall and cake surface. 
e boundary condition for boundary 4 of the cupcake is:

4 = ℎ𝑐 (𝑇𝑎,𝑡𝑜𝑝−𝑇 )+ℎ𝑟(𝑇𝑤𝑎,𝑡𝑜𝑝−𝑇 )−𝜆 𝑛𝑤,𝑠||4 − ∑
𝑖=𝑤,𝑣,𝐶𝑂2

(𝑛𝑖,𝐺||4)𝐶𝑝,𝑣𝑇 ⋅ 𝑁⃗|||4
(52)

here 𝑇𝑎,𝑡𝑜𝑝 is the air temperature just above the cupcake in the tray, 
𝑎,𝑡𝑜𝑝 is the surface temperature of the top oven wall, and ℎ𝑐 and ℎ𝑟 are 
e heat transfer coefficients for convective and radiative heat transfers, 
spectively. In Eq. (52), the third and the fourth terms are the evap-
ative and sensible heat loss from the cupcake surface to the oven, 
spectively. 𝑁⃗|||4 is the unit surface normal. 𝑇𝑎,𝑏𝑜𝑡𝑡𝑜𝑚, 𝑇𝑤𝑎,𝑏𝑜𝑡𝑡𝑜𝑚, 𝑇𝑎,𝑡𝑜𝑝
d 𝑇𝑤𝑎,𝑡𝑜𝑝 are experimentally measured as discussed in Section 5.2.

1.2. Mass transfer
The boundary conditions for the mass transfer equations at the ax-

ymmetric boundary 1 and boundaries 2 and 3, representing the bot-
m and lateral surfaces of the cake touching the metal tray, are set to 
ro mass flux. Boundary 4 represents the top surface of the cupcake 
here a convective mass transfer boundary condition is used. Since 
e cupcake geometry undergoes deformation causing movement of the 
lid phase, an additional flux defining solid movement is added:

,𝐺
||4 = ℎ𝑚𝑆𝑤𝜙𝜌𝑔,4𝜔𝑣,4 + 𝑐𝑤𝑣𝑠 (53)

Similar to liquid water, the water vapor in the batter at the top 
rface is convected away:

,𝐺
||4 = ℎ𝑚𝑆𝑔𝜙𝜌𝑔,4𝜔𝑣,4 + 𝑐𝑤𝑣𝑠 (54)

The cupcake is baked at ambient pressure conditions leading to the 
undary condition for the gas mass transfer equation (Eq. (15)) at the 
6

p surface as: th
4 = 𝑝|𝑎𝑚𝑏 (55)

1.3. Solid mechanics
The boundary conditions in the computational model for Eq. (35), 

hich solve for the volumetric deformation (𝑣𝑠) of the porous cake bat-
r, are described here. Displacements normal to the axis of symmetry 
oundary 1) and the lateral surface (boundary 3) are set to zero. The 
ttom surface (boundary 2) is fixed, while the top surface (boundary 
 is unconstrained and free to deform.

2. Input parameters

Table 2 summarizes the input parameters used in simulating the 
odel equations. Details of some of the critical parameters are discussed 
low.

2.1. Diffusion coefficients
Diffusivity of water through the porous media of the batter is tem-
rature and moisture-dependent (van der Lijn, 1976), and the binary 
ffusivity for water vapor in the air is pressure and temperature-
pendent (Moldrup et al., 2005):

𝑤,𝑐𝑎𝑝 = 1.35 × 10−8 × 𝑒𝑥𝑝
[
−21.61(548 − 𝑇 )(1.194 + 3.68𝑀)

𝑇 (1 + 18.98𝑀)

]
(56)

𝐷𝑏𝑖𝑛 = 1.6 × 10−5(𝑆𝑔𝜙)4∕3 (57)

2.2. Thermal properties
The specific heat capacity of liquid water, water vapor, and air are 
mperature dependent (Choi and Okos, 1986; Lewis, 1990):

,𝑤 = 4176.2 − 0.0909(𝑇 − 273) + 5.4731 × 10−3(𝑇 − 273)2 (58)

𝑝,𝑣 = 1790 + 0.107(𝑇 − 273) + 5.856 × 10−4(𝑇 − 273)2

− 1.997 × 10−7(𝑇 − 273)3 (59)

𝑝,𝑎 = 1004.828 − 0.01185(𝑇 − 273) + 4.3 × 10−4(𝑇 − 273)2 (60)

 is the thermal conductivity of water (Choi and Okos, 1986):

= 0.57109 + 0.0017625𝑇 − 6.7306 × 10−6𝑇 2 (61)

2.3. Permeability
The intrinsic permeability value that characterizes the ease with 

hich the cake material allows a fluid to pass through it depends on 

e material state. It undergoes a large change during baking and is 
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Table 2

Input parameters used in the simulation for cake baking.
Parameter Value Units Source

Geometry

Bottom radius, 𝑎 23 mm Experiment

Axisymmetric axis, 𝑏 16 mm Experiment

Top radius, 𝑐 28 mm Experiment

Density

Water, 𝜌𝑤 998 kg∕m3 McCabe et al. (1993)

Vapor, 𝜌𝑣 Ideal gas kg∕m3

Air, 𝜌𝑔 Ideal gas kg∕m3

Solid, 𝜌𝑠
𝜌0,eff −𝜙0𝜌𝑓

1−𝜙0
kg∕m3

Specific heat capacity

Water, 𝐶𝑝,𝑤 Eq. (58) J∕kgK Lewis (1990)

Vapor, 𝐶𝑝,𝑣 Eq. (59) J∕kgK Lewis (1990)

Air, 𝐶𝑝,𝑎 Eq. (60) J∕kgK Choi and Okos (1986)

Solid, 𝐶𝑝𝑠 2200 J∕kgK Lostie et al. (2002)

Thermal conductivity

Water, 𝑘𝑤 Eq. (61) W∕mK Choi and Okos (1986)

Vapor, 𝑘𝑣 0.026 W∕mK Choi and Okos (1986)

Air, 𝑘𝑎 0.026 W∕mK Choi and Okos (1986)

Solid, 𝑘𝑠 0.12 W∕mK Lostie et al. (2004)

Intrinsic permeability

Water, 𝑘𝑖𝑛,𝑤 Fig. 5 m2 Warning et al. (2014)

Air and vapor, 𝑘𝑖𝑛,𝑔 Eq. (62) m2 Tanikawa and Shimamoto (2009)

Relative permeability

Water, 𝑘𝑟,𝑤 Eq. (63) Bear (1988)

Air and vapor, 𝑘𝑟,𝑔 Eq. (64) Bear (1988)

Porosity factor, 𝑓 (𝜙) Eq. (65) Bear (1988)

Capillary diffusivity

Water, 𝐷𝑤,𝑐𝑎𝑝 Eq. (56) m2∕s van der Lijn (1976)

Vapor diffusivity

In air, 𝐷𝑏𝑖𝑛 Eq. (57) m2∕s Moldrup et al. (2005)

Viscosity

Water, 𝜇𝑤 0.988 × 10−3 Pa.s McCabe et al. (1993)

Air and vapor, 𝜇𝑔 1.8 × 10−5 Pa.s McCabe et al. (1993)

Convective heat transfer coefficient, ℎ𝑡 25 W∕m2 K Sakin et al. (2007, 2009)

Radiative heat transfer coefficient, ℎ𝑟 6 W∕m2 K Sakin et al. (2007, 2009)

Mass transfer coefficient, ℎ𝑚 0.01 m∕s
Latent heat of vaporization, 𝜆 2.26 × 106 J∕kg Schwartzberg et al. (1995)

Equilibrium vapor pressure, 𝑝𝑣,𝑒𝑞 𝑎𝑤 × 𝑝𝑣,𝑠𝑎𝑡 kPa Basu et al. (2006); Andrade et al. (2011)

Saturation vapor pressure, 𝑝𝑣,𝑠𝑎𝑡 Eq. (67) kPa

Water activity, 𝑎𝑤 Eq. (68)

Elastic modulus, 𝐸(𝑇 ) Fig. 7a Pa

Relaxation time, 𝜏(𝑇 ) Fig. 7b s

Initial conditions

Porosity, 𝜙0 0.5 - Lostie et al. (2002)

Pressure, 𝑃0 101,325 Pa

Water concentration, 𝑐𝑤,0 𝜌𝑤𝑆𝑤,0𝜙0 kg/m3 This study

Water saturation, 𝑆𝑤,0
𝑀0(1 −𝜙0)𝜌𝑠
𝜙0𝜌𝑤

- This study

Moisture,𝑀0 0.44 - This study

Vapor mass fraction, 𝜔𝑣,0 0.01204 - This study

Temperature, 𝑇0 25 ◦C This study

Batter density, 𝜌0,eff 856.26 kg∕m3 This study
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pr
fferent for the batter and the cake. The temperature-dependent in-
insic permeability of the material for liquid water used in the study is 
own in Fig. 5. A constant permeability value of 1 × 10−10 m2 is used 
 characterize the fluid batter, which decreases to 5 × 10−13 m2 after 
arch gelatinization (Lostie et al., 2004). The permeability value used 
 characterize the sponge cake after starch gelatinization is a measured 
lue for sponge cake crumbs by Lostie et al. (2004).
The intrinsic permeability values of gas are dependent on the water 
rmeability and gas pressure and are given by Tanikawa and Shi-
amoto (2009):

𝑛,𝑔 = 𝑘𝑖𝑛,𝑤

(
1 +

0.15𝑘−0.37
𝑖𝑛,𝑤

𝑝

)
(62)

e relative permeability values of water and gas are dependent on the 
ater saturation and are given by Bear (1988):

𝑓 (𝜙)((𝑆𝑤 − 0.09)∕0.91)3, 𝑆𝑤 > 0.09
7

,𝑤 = 0, 𝑆𝑤 < 0.09 (63) 𝑎𝑤
𝑟,𝑔 =
𝑓 (𝜙)(1 − 1.1𝑆𝑤), 𝑆𝑤 < 0.91
0, 𝑆𝑤 > 0.91 (64)

here 𝑓 (𝜙) is the porosity factor. During baking, the cake batter under-
es significant volume change resulting in a substantial increase in the 
aterial’s porosity, leading to increased gas and liquid permeability. 
zney-Carman’s porosity factor quantifies this change (Bear, 1988):

(𝜙) =
(
𝜙

𝜙0

)3(1 −𝜙0
1 −𝜙

)2
(65)

2.4. Water activity
Water activity, 𝑎𝑤, is the partial vapor pressure of water in a sub-

ance divided by the standard state vapor pressure (saturation vapor 
essure) of water under distilled conditions.

𝑝𝑣,𝑒𝑞
=
𝑝𝑣,𝑠𝑎𝑡

(66)
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g. 5. Intrinsic permeability evolution with temperature based on literature 
ta and assumed variation during the starch gelatinization, which begins at 
◦C and ends at 90 ◦C (see also Fig. 7).

Fig. 6. Water activity evolution with temperature and moisture.

here the saturation vapor pressure (in mg of Hg) as a function of 
mperature given by the Antoine Equation (Antoine, 1888) is:

g10(𝑝𝑣,𝑠𝑎𝑡) = 8.07131 −
[

1730.63
233.426+(𝑇−273.15)

]
, 𝑇 ≤ 373.15 K

g10(𝑝𝑣,𝑠𝑎𝑡) = 8.14019 −
[

1810.94
244.485+(𝑇−273.15)

]
, 𝑇 > 373.15 K

(67)

Water activity and water content are measured at various operating 
mperatures to generate desorption isotherms. However, baking in-
lves simultaneous temperature and moisture changes with substantial 
lume expansion. Hence, the water activity data in the batter during 
ch a complex process are unavailable for the moisture and temper-
ure range. The study uses Oswin’s empirical relation to model water 
tivity and its temperature and moisture dependence (see Fig. 6) (Basu 
 al., 2006; Andrade et al., 2011):

0𝑀 =𝐴
(

𝑎𝑤

0.65 − 𝑎𝑤

)𝐵
with

{
𝐴 = 15.64 − 0.1(𝑇 − 273.15))

𝐵 = 0.38 + 1.69 × 10−3(𝑇 − 273.15) , 𝑇 < 373.15 K

0𝑀 =𝐴
(

𝑎𝑤

0.65 − 𝑎𝑤

)𝐵
{

𝐴 = 15.64 − 0.1(373.15 − 273.15))

(68)
8

with
𝐵 = 0.38 + 1.69 × 10−3(373.15 − 273.15) , 𝑇 ≥ 373.15 K sh
Chemical Engineering Science 277 (2023) 118802

g. 7. (a) Elastic modulus and (b) relaxation time evolution with temperature.

e empirical parameters A and B in the water activity relation used 
e computed by fitting the Oswin model to the desorption isotherm for 
onge cake batter (Lostie et al., 2002) for the temperature range 20 ◦C 
 100 ◦C. The relation does not account for temperature dependency 
 temperatures higher than 100 ◦C as there is no significant change 
 water activities at higher temperatures as described by Bassal et al. 
993). A sensitivity analysis of the water activity relation used was 
rried out later.

2.5. Material modulus and relaxation times
The cake batter is viscoelastic, the mechanical properties of which 
e functions of temperature. The viscoelastic model requires the elastic 
odulus and relaxation time as functions of temperature. These proper-
s undergo a large change as they depend on the material state. Fig. 7a 
ows the temperature-dependent elastic modulus used in the study. A 
nstant elastic modulus value of 20 Pa characterizes the elastic nature 
 the aqueous batter (rubbery state), which increases to 2000 Pa at the 
arch gelatinization temperature to thermally set to the foam-like struc-
re (glassy state) (Guy and Sahi, 2006). This study ignores the batter’s 
ixotropic behavior (decreased elastic modulus with increased temper-
ure). The experimental data from rheometry and Dynamic Mechanical 
ermal Analysis (DMTA) guided the elastic modulus values. The relax-
ion times undergo a similar transformation to the elastic modulus, as 

own in Fig. 7b. A short nominal relaxation time (2 s) is considered 
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Fig. 8. Meshed geometry with triangular mesh elements. Mesh density is higher close to the top and lateral boundaries to help convergence.

Fig. 9. Experimental setup for cake baking.
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r the liquid batter (Zhang and Datta, 2006; Nicolas et al., 2016) fol-
wed by an increase (2000 s) with starch gelatinization between 80 ◦C 
 90 ◦C (Godefroidt et al., 2019) characterizing the formation of set 
oduct.

 Solution methodology: geometry, mesh and implementation

A transient 2D axisymmetric model (see Fig. 4) was used to study 
e multiphase transport and oven rise in the cupcake during baking 
 solving a system of coupled equations for solid momentum balance, 
ass, and energy conservation in a porous media framework. A triangu-
r mesh (see Fig. 8) consisting of 11,374 elements with more elements 
ong the lateral and top boundaries of the 2D geometry was used to 
lp convergence.
COMSOL Multiphysics 5.5 (Comsol Inc., Burlington, MA) was used 

 solve the governing equations (discussed in Section 2.3) in the com-
tational model. Deformation of the porous batter was computed by 
lving solid momentum balance in the Lagrange frame of reference 
ing the Structural Mechanics module. The concentrations of liquid 
ater, gas, and water vapor were computed by solving mass conser-
tion equations in the Eulerian frame using the Transport Of Dilute 
ecies, Darcy’s Law and Transport of Concentrated Species modules, 
spectively. The solid momentum balance, the mass, and energy con-
rvation equations were coupled as explained in Section 2.3.
For all the variables, linear shape functions were used. Due to the 
eer size of the problem owing to the length of the baking process and 
e complex coupling of governing equations together with non-linear 
aterial properties, the direct solver PARDISO was used. Variable time 
epping with a maximum time step size of 0.1 s was used to solve the 
oblem. The simulation of 25 minutes of baking took approximately 
h of CPU time on a 2.3 GHz 72-core Intel Xeon Workstation with 
2 GB RAM. Only 48 cores were used, as any further increase in the 
9

mber of cores did not speed up the simulation more. er
The parameter estimation of the fit parameters in Eq. (48) was done 
 minimizing the sum of squared differences between the experimental 
d predicted color development at the top surface of the cupcake sam-
e using the lsqnonlin solver for non-linear least squares in MATLAB 
2017a, The Mathworks Inc., MA, USA). In Eqs. (48)-(49), the exper-
ental data set for color was the average measured surface browning 
dices (Δ𝐸 values) from cupcakes baked with the oven set at 176.7 ◦C 
50 ◦F). The temperatures used for the estimation were the model-
mputed average cupcake surface temperature for baking at the oven 
tting of 176.7 ◦C (350 ◦F). The kinetic model parameters (𝑘0 and 𝐴) 
timated this way were used to validate the experimental data for cup-
kes baked at a different temperature, i.e., oven setting of 190.6 ◦C 
75 ◦F).

 Experimental methodology

1. Baking experiments

Cake baking experiments were carried out in a Whirlpool 8.7 × 10−2
3 (3.1 cubic ft) capacity single wall conventional (no fan) gas oven 
odel: Minerva series). The oven comes with an inbuilt temperature 
anagement system. The fresh cake batter was prepared for each ex-
riment after the oven was preheated to 176.7 ◦C (350 ◦F) to obtain 
iform oven baking conditions. The cake batter was prepared by thor-
ghly mixing flour, sugar, shortening, eggs, milk, salt, and baking 
wder. The shortening and sugar were mixed first in a stand mixer 
itchenAid, Artisan Series 5) at speed 4 for 2 minutes. Presifted flour, 
king powder, milk, and eggs were added to the stand mixer and 
aten at speed 4 for 1 minute to ensure a uniform mixture. Twenty-
ght grams of batter were then transferred to a parchment paper lined, 
flon-coated cupcake baking tray and baked in the setup shown in 
g. 9 for 25 minutes. The experiments were replicated three times to 
timate variability between experiments. This variability is plotted as 

ror bars on the averaged quantities for all measurements from the 
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g. 10. Experimental setup for internal temperature and oven rise measure-
ent. The cupcake thermocouples are 2 mm and 11 mm from the bottom 
rface of the cupcake tray (left figure). The toothpick and the thermocouples 
e fixed at 2 mm radially from the center of the tray. The toothpick was grad-
ted every 1 mm.

periments. Only one cupcake was baked per experiment. The input 
rameters for the model, such as the initial moisture content (mass 
 water/mass of dry matter) and batter density (mass/volume), were 
easured. The experiments were repeated with the oven preheated to 
0.6 ◦C (375 ◦F).

2. Air temperature and wall temperature measurement

The oven was fitted with four thermocouples to measure the air and 
all temperatures inside the oven, as shown in Fig. 9. Thermocouple2, 
easuring the air temperature, 𝑇𝑎,𝑡𝑜𝑝, above the cupcake tray, was fit-
d 10 mm above the cupcake tray. Thermocouple5, measuring the air 
mperature, 𝑇𝑎,𝑏𝑜𝑡𝑡𝑜𝑚, below the cupcake tray, was fitted 10 mm be-
w the cupcake tray. Thermocouple1 and thermocouple6, measuring 
e top and bottom wall temperatures, 𝑇𝑤𝑎,𝑡𝑜𝑝 and 𝑇𝑤𝑎,𝑏𝑜𝑡𝑡𝑜𝑚, were fitted 
 the center of the top and bottom walls of the oven cavity, respec-
ely. The thermocouples used were Omega Engineering Inc. K-type 
ccurate to +/-2.2 ◦C or +/-0.75%, whichever is greater). Fig. 11a and 
g. 11b show the temperature measurements from these thermocouples 
corded throughout the baking process. The air temperatures inside the 
en exhibited significant variations between baking.

3. Internal temperature and oven rise measurement

The cupcake baking tray was fitted with two thermocouples - one 
 the point close to the bottom surface (2 mm from the bottom) and 
other at a point close to the center (11 mm from the bottom) of the 
pcake batter, as shown in Fig. 10. The thermocouples used were K-
pe, and the temperature measurements were recorded throughout the 
king process. The baking tray also had a calibrated toothpick fitted 
 2 mm from the center, as shown in Fig. 10. The oven-rise evolution 
roughout the baking process was recorded by monitoring the cup-
ke height using the graduated toothpick. The thermocouples and the 
othpick did not move during baking.

4. Moisture loss and color measurement

The weight loss during baking was taken as a measure of moisture 
ss. Moisture loss measurements at different baking times were carried 
t by weighing the cupcakes at various times during the baking pro-
ss. The cupcakes were removed from the baking tray and weighed on 
digital kitchen scale (accurate to +/-0.1 g). Each time moisture loss 
as measured, the cupcake was discarded, and the experiment was re-
ated for the next time increment with a fresh batter. Moisture loss 
easurements were made at 10, 13, 16, 19, 22, and 25 minutes.
Color measurements were done using a VeyKolor colorimeter (ac-
rate to +/-0.08 Δ𝐸). After being weighed, the cupcakes were trans-
10

rred to a wire tray on a bench top under white light. The white light as
Chemical Engineering Science 277 (2023) 118802

g. 11. Measured (a) air and (b) wall temperatures inside the oven above 
d below the cupcake tray during baking. The error bars indicate variation 
tween experiments.

as provided by an off-the-shelf standard 75 Watt LED bulb (1100 lu-
en). 𝐿∗ (lightness), 𝑎∗ (redness: green to red) and 𝑏∗ (yellowness: blue 
 yellow) values of the top surface of the cupcake at different times 
ere measured using the colorimeter. Browning Index ((Δ𝐸)) values 
ere computed from the measured 𝐿∗, 𝑎∗ and 𝑏∗ values, as shown in 
. (47). Cake color, expressed as browning, is a critical quality param-
er in baking, and hence Browning Index, (Δ𝐸), is chosen as the only 
riable to study color formation.

5. Material properties measurement

The elastic modulus of the batter was measured using a TA In-
ruments Discovery Hybrid HR-3 type rheometer. One ml of freshly 
epared batter was placed between 40 mm parallel plates on the cal-
rated rheometer, and an oscillatory sheer test of 0.1 Hz with a tem-
rature sweep from 25 ◦C to 70 ◦C was conducted to record the elastic 
oduli. The elastic modulus of the baked cupcake was measured using 
TA Instruments DMA Q800 type DMTA (Dynamic Mechanical Ther-
al Analysis). A 10 mm cubic sample of cake crumbs was cut out from 
eshly baked cupcakes and placed between clamps on the calibrated 
MTA. Compression tests were conducted to record the elastic moduli. 
ree replicates were carried out, and the average moduli were noted, 

 shown in Fig. 7a.
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g. 12. Cake temperatures at a point close to the center (M) and close to the 
ttom surface (B) with the oven set at 176.7 ◦C (350 ◦F).

 Results and discussions

The model was validated by experimentally measuring the perfor-
ance metrics of the cupcake, such as internal temperature, moisture 
ss, and oven rise during the baking process. Transient changes in the 
odel parameters and their mechanistic effect on the cupcake’s surface 
d internal physical condition through the cooking cycle are discussed 
xt, with validation included in the individual sections.

1. Dynamics of the baking process

The computational study gives us deep insights into the dynamics 
ring baking and pinpoints the interplay of physics inside the cupcake 
 different stages during baking, which cannot be obtained with exper-
ents and simplified models. Temperature, evaporation rate, moisture 
ss, pressure development, and oven rise are presented in this section, 
llowed by sensitivity analysis.

1.1. Spatial temperature profile
Measured and predicted temperatures at two different points inside 
e cupcake during baking with the oven set at 176.7 ◦C (350 ◦F) and 
0.6 ◦C (375 ◦F) are compared in Fig. 12 and Fig. 13, respectively. 
edicted temperatures near the center of the cupcake compare very 
ell with measured temperatures throughout the baking cycle for both 
en settings.
At a point close to the bottom surface, the model reasonably pre-
cts the first 200 s of baking for both oven settings but provides higher 
mperatures for the rest of the baking cycle while still predicting the 
ght trend. The temperature rise inside the cupcake shows three dis-
ct phases, a steady rise during the initial phase, stabilizing during 
e mid-phase due to large evaporative cooling, and an increase to-
ard the end. In the initial phase, the nearly linear temperature rise 
eans more than conduction heating, with perhaps all three heating 
odes (conduction, flow, evaporation) active. Fig. 14b later shows that 
aporation is significantly present in these early stages for the bot-
m location. During the mid-phase, since evaporation is always there 
ee also Fig. 14b), temperature values must be moderated by the latent 
at of evaporation. Almost a pseudo-steady state is reached where the 
ttom temperature stays higher than the midpoint temperature. The 
mperature increase toward the end is primarily due to the increase in 
e wall and air temperatures in the oven, which drives the baking pro-
ss (Fig. 11a, Fig. 11b). Although there has been significant moisture 
ss, substantial moisture is still left to make this temperature increase 
11

ar the end unlikely due to lack of evaporation. When the model was tu
Chemical Engineering Science 277 (2023) 118802

g. 13. Cake temperatures at a point close to the center (M) and close to the 
ttom surface (B) with the oven set at 190.6 ◦C (375 ◦F).

n (data not shown) for very long times (2500 s with no cycling of 
e oven temperature), the cake temperatures did not go up in the third 
age since, even at these long times, there was significant moisture left 
 it. Previous attempts at modeling cupcake baking have found it chal-
nging to match temperatures during different stages of baking (Sakin 
 al., 2007), perhaps due to the complexity of the baking process dur-
g the initial stages (Section 6.1).
Temperatures inside the cupcake (Fig. 14a) begin to rise from out-

de to inside, evaporating water (Fig. 14b) in the batter and causing 
bsequent moisture loss from the top surface of the cupcake (Fig. 17a) 
iscussed later). Temperatures do not rise as much within the cupcake 
e to a combination of large evaporative cooling and an increase in 
e thermal resistance of the outer region (where water is replaced by 
e lower thermal conductivity vapor and carbon dioxide), slowing heat 
ansfer to the center. Sakin et al. (2007) also show the center temper-
ures not rising much for hours of baking.

1.2. Rate of evaporation
Evaporation (Fig. 14b) progresses from the outside to the inside with 
sharp front (evaporation front) where vapor generation occurs. The 
essure developed due to evaporation pushes the generated hot vapor 
wards the colder center of the cupcake, which condenses to water 
ith a sharp front (condensation front) marked in Fig. 14b. Initially, 
e evaporation rate is higher due to a large temperature gradient near 
e surface, causing a very high heat transfer rate. But, as the cupcake 
tter rises, the evaporation rate reduces due to decreased heat transfer 
te.

Since the region outside the evaporation front, i.e., between the 
aporation front and the outer boundary (Fig. 14b) primarily consists 
 vapor and carbon dioxide, its effective thermal conductivity is small, 
ducing heat transfer to the core and maintaining lower temperatures 
 the center. Evaporation and the condensation front move inward 
d up during baking due to inward heat transfer and upward mate-
al deformation. This creates more regions of primarily gas between 
e bottom surface of the cupcake and the evaporation front, thus slow-
g down heat transfer and moisture loss from the center, explaining 
hy the center temperatures do not rise much for hours of baking as 
ported in previous experiments (Sakin et al., 2007).

1.3. Moisture loss
Moisture loss in the cupcake during baking with the oven set at 
6.7 ◦C (350 ◦F) and 190.6 ◦C (375 ◦F) (Fig. 15, Fig. 16) show excel-
nt agreement between model prediction and experiments. The mois-

re loss for the 190.6 ◦C (375 ◦F) setting is higher than the 176.7 ◦C 
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Fig. 14. (a) Temperature and (b) evaporation rate profiles inside the cupcake during baking.
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g. 15. Moisture content of the cupcake during baking with the oven set at 
6.7 ◦C (350 ◦F).

50 ◦F) setting. The effect of the oven’s cyclic air and wall temper-
ures that drive the process is not clearly seen in the evolution of 
oisture loss.
Computed liquid water saturation and vapor mass fraction inside 
e cupcake at different times during baking are shown in Fig. 17a and 
b, respectively. As the evaporation front moves towards the center 
ig. 14b), the generated water vapor at the evaporation front moves 
tward and inward. Vapor generated close to the bottom, and the lat-
al sides push the evaporation front and the water content in the batter 
wards the center and find a way to the top as it cannot leave through 
e bottom and the lateral surfaces. The pressure developed inside the 
tter (Fig. 20b) drives the generated vapor toward the cold center, 
ndensing it inside the batter’s red regions (Fig. 17a). Vapor moving 
tward leaves through the top surface.

1.4. Vapor and CO2 generation and pressure development
Vapor and gas (vapor+CO2) pressure development inside the cup-
12

ke during baking is shown in Fig. 20a and 20b, respectively. Vapor be
g. 16. Moisture content of the cupcake during baking with the oven set at 
0.6 ◦C (375 ◦F).

nerated (shown as absolute pressure) close to the bottom, and the lat-
al sides encounter more resistance (greater distance to cover), leading 
 higher pressure. As the batter transforms with heat to a less per-
eable solid foam (Fig. 21a), higher pressure regions appear due to 
apped gas, as shown as an increase in the gas pressure (Fig. 20b). The 
locity field (Fig. 20b and 21a) shows that the gases (vapor and the 
rbon dioxide) and the liquid water in the batter are pushed toward 
e more permeable central regions as the batter becomes a less per-
eable solid foam on the outside. The gas pressure inside the cupcake 
pressed in gauge pressure shows the pressure development that drives 
e deformation.

1.5. Oven rise
The measured and predicted oven rise (height change) of the cup-
ke during baking compares well, as shown in Fig. 18 and Fig. 19, 
spectively. For the 176.7 ◦C (350 ◦F) oven setting, the model predicts 
 oven rise during the first 150 s, a massive oven rise (over 100%) 

tween 150 s and 850 s, and a continuous shrinkage (around 10%) 
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Fig. 17. (a) Liquid water saturation inside the cupcake during baking - the red regions show the effects of condensation. (b) Vapor mass fraction inside the cupcake 
during baking.
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g. 18. Oven rise of the cupcake during baking with the oven set at 176.7 ◦C 
50 ◦F).

ring the rest of the baking cycle. For the 190.6 ◦C (375 ◦F) setting, 
e model predicts no oven rise during the first 150 s, a massive oven 
se (over 100%) between 150 s and 600 s, and a continuous shrinkage 
round 10%) during the rest of the baking cycle. The model follows 
perimental results in predicting a faster oven rise to peak height for 
e 190.6 ◦C (375 ◦F) setting. The significant variation in oven rise dur-
g different stages of baking is primarily due to changes in mechanical 
operties of the batter during which the aqueous, fluid batter rises to 
rm a foam-like structure as discussed in Section 6.1.5. Measured oven 
se shows significant variations in carefully repeated experiments, rep-
senting the complex nature of the process. The effect of the oven’s 
clic air and wall temperatures that drive the process is not clear in 
e evolution of cake height.
The evolution of gas pressure inside the batter and the transforma-
n of the cupcake batter to a less permeable solid foam combine to 
use the oven rise and top surface shape (Fig. 20a, 20b and 21a). It 
13

 seen from the intermediate shape profiles that the shape of the cup- at
g. 19. Oven rise of the cupcake during baking with the oven set at 190.6 ◦C 
75 ◦F).

ke’s top surface (Fig. 22) is a direct result of gas pressure evolution 
side the batter (Fig. 20b). Initially (at around 10 min), the higher 
essure near the periphery pushes the batter up higher than at the cen-
r (Fig. 20b). Later, the material transforms into a less permeable solid 
ith higher pressure in the central region leading to a dome shape. This 
ape is permanent as the material transformation is complete (around 
 min), with the entire batter becoming a solid foam. The peak oven 
se reduces during the final stages of baking to 30% at the perimeter 
d about 10% at the center. This phenomenon must be associated with 
e formation of solid foam with a higher material modulus, as is clear 
om Figs. 20a, 20b and 21a. The evolution of elastic modulus with time 
ig. 21b) from 20 Pa, characterizing the elastic nature of the aqueous 
tter, to 2000 Pa, characterizing the set cake, follows the evolution 
 permeability (Fig. 21a), as both the transformations are temperature 
pendent and occur during the starch gelatinization range of temper-

ures.
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Fig. 20. (a) Vapor pressure (absolute pressure) (b) gas pressure (gauge pressure) inside the cupcake during baking.

Fig. 21. (a) gas permeability (b) elastic modulus inside the cupcake during baking.
14

Fig. 22. Shape change of the cupcake during baking at different times.
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g. 23. Surface browning of the cupcake during baking in the oven set at 
6.7 ◦C (350 ◦F) and 190.6 ◦C (375 ◦F).

1.6. Surface browning
Browning of the cupcake surface during baking (Fig. 23) shows good 
reement between the model predictions and experimental data. The 
rameters for color model (Eq. (48)) are obtained by fitting the pre-
cted color development to an experimental data set of surface brown-
15

g for the 176.7 ◦C (350 ◦F) setting. There is no significant browning gr

Fig. 24. Surface browning of the cupcake during baking in the

Fig. 25. Schematic showing the sequence of me
Chemical Engineering Science 277 (2023) 118802

l about 16 minutes of baking (Fig. 24), which could explain the con-
derable variation in the experimental data till this time during the 
king process. The oven temperature significantly influences brown-
g development.

2. Cupcake baking: a mechanistic understanding

Fig. 25 shows a schematic of the mechanistic sequence of events in 
cupcake baking. The process begins by heating liquid batter inside 
cooking oven, generating water vapor from evaporation and carbon 
oxide from reacting baking powder. Vapor and carbon dioxide leave 
e cupcake at the surface by diffusion through pore spaces. The cake 
tter then undergoes a material transformation to a less permeable 
lid foam at the starch gelatinization temperature trapping the gener-
ed gas and causing internal pressure to increase. The increased pres-
re in the cake material leads to pressure-driven transport of water, 
por and carbon dioxide, and deformation. The geometry sets when 
e material transformation is complete but shrinks slightly with con-
ued moisture loss.

3. Sensitivity analysis

The comprehensive mechanistic model and carefully repeated exper-
ental measurements capture the physics of cake baking well, despite 
e unavailability of readily usable model parameters, as seen from the 
sults presented. Sensitivity analyses were carried out for two impor-
nt properties, water activity and elastic modulus, perhaps with the 

eatest uncertainty.

oven set at 176.7 ◦C (350 ◦F) and 190.6 ◦C (375 ◦F).

chanistic events in a cupcake baking.



K.

Fi

w

20

Fi

m

6.

pr

m

eff

th

ac

6.

en

lo

ri

m

7.

cl

an

Fi

m

by

lo

ba

an

he

an

in

ex

m

Th

w

in

co

ca

uc

re

tio

(G

di

an

ev
Seranthian and A. Datta

g. 26. Sensitivity of the rate of total mass evaporated during baking to three 
ater activity models (Nicolas et al., 2014; Arepally et al., 2020; Lostie et al., 
02).

g. 27. Sensitivity of the total pressure during baking to three water activity 
odels (Nicolas et al., 2014; Arepally et al., 2020; Lostie et al., 2002).

3.1. Water activity
The evolution of the total mass of vapor generation and the gas 
essure developed inside the batter for three different water activity 
odels is shown in Fig. 26 and Fig. 27, respectively, showing that the 
ect of the three different water activities on the vapor generation and 
e subsequent pressure development is insignificant. Thus, the water 
tivities used here are reasonable.

3.2. Elastic modulus
Fig. 29 shows oven rise during baking computed using two differ-
t temperature evolutions (Fig. 28), each approximately defining the 
wer and upper limits of the measured values. Thus, computed oven 
se is relatively insensitive to the upper and lower limits of material 
oduli, making the choice of elastic modulus reasonable.

 Conclusions

A mechanistic model for cupcake baking was developed that in-
udes coupled multiphase heat and mass transport, large deformation 
16

d large changes in mechanical properties. The model was validated in
Chemical Engineering Science 277 (2023) 118802

Fig. 28. Variation in elastic modulus of the batter with temperature.

g. 29. Sensitivity of the cupcake height during baking to variation in elastic 
odulus of the batter.

 experimentally measured metrics such as oven rise, color, weight 
ss, and internal temperatures for different oven settings during the 
king cycle. Key parameters for the baking process were identified, 
d sensitivity analyses were performed. The model enabled a compre-
nsive quantitative understanding of the effect of coupled transport 
d deformation on the surface and internal physical conditions. Be-
g first principle-based and comprehensive, the model can easily be 
tended to understand the role of ingredients on the critical perfor-
ance metrics of cupcake and other baked goods (Seranthian, 2023). 
e model can also study the interaction between food and oven physics 
hen coupled with a mechanistic model for a cooking oven provid-
g the convective and radiative fluxes (Seranthian, 2023). As part of 
mputer-aided food engineering (Datta et al., 2022), it will signifi-
ntly enhance the optimization of equipment (oven) and baked prod-
t design. While the mechanistic model-based computations here are 
source intensive, data-driven surrogate models trained by the simula-
n results from this model can make computing resource a non-issue 
hosh and Datta, 2023).
Key conclusions from this work are: (1) the model accurately pre-
cts the cupcake’s internal temperatures, moisture loss, deformation, 
d color formation during baking for different oven settings; (2) large 
aporative cooling inside the cupcake muffles the effect of variation 

 oven temperatures; (3) there are significant variations in oven rise 
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ring different stages of baking due to large changes in mechanical 
operties during the process; (4) there is no significant browning till 
out 16 minutes of baking; (5) temperatures only rise a little within 
e cupcake due to ample evaporative cooling and increased thermal 
sistance of the outer regions; (6) a sharp evaporation front accompa-
es vapor generation; (7) the vapor generated close to the bottom and 
teral sides move toward the highly permeable colder center regions 
using condensation; (8) high-pressure regions appear in the batter 
ly after the batter transforms with heat to a less permeable solid 
am; and (9) the oven rise profile during baking follows the pressure 
ofile inside the batter until the material is set.

omenclature

Symbol Description Units

𝑐 concentration kg∕m3

𝐶𝑝 specific heat capacity J∕kgK
𝐶𝑔 molar density kmol∕m3

𝐷eff ,𝑔 vapor diffusivity in air m2∕s
𝐷𝑤,𝑐𝑎𝑝 capillary diffusivity m2∕s
𝐸 elastic modulus N∕m2

𝐄 Green-Lagrange strain tensor

𝐅 deformation tensor

ℎ𝑡 heat transfer coefficient W∕m2 K

ℎ𝑚 mass transfer coefficient m∕s
𝐼̇ rate of evaporation kg∕m3 s

𝐈 Identity tensor

𝐽 Jacobian

𝑘𝑖𝑛 intrinsic permeability m2

𝑘𝑟 relative permeability

𝐾𝑒𝑣𝑎𝑝 evaporation rate constant 1∕s
𝑚 overall mass fraction

𝑀 moisture content (dry basis) kg water∕kg dry solid
𝑀 molecular weight kg

𝑛 mass flux kg∕m2 s

𝑁⃗ unit normal

𝑝 pressure Pa

𝑟 radius m

𝑆𝑖 saturation of fluid phase i

𝐒 Piola–Kirchoff stress tensor Pa

𝑡 time s

𝑇 temperature ◦C

𝑢 displacement m

𝑣 velocity m∕s
𝑥𝑖 mole fraction of component i in gas phase

𝑉 volume m3

Greek symbols

𝜌 density kg∕m3

𝜆 latent heat of vaporization J∕kg
𝜔𝑖 mass fraction of component i

𝜙 porosity

𝜎 stress Pa

𝜀 strain

Subscripts

𝑎𝑚𝑏 ambient

𝑎 air

𝑐𝑎𝑝 capillary

eff effective

𝑓 fluid

𝐺 ground (stationary observer)

𝑔 gas

𝑖 ith phase

𝑀 moisture

𝑠 solid

𝑠𝑎𝑡 saturated

surf surface

𝑣 vapor

𝑤 water

𝑤𝑎 wall

0 at time 𝑡 = 0
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