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Abstract

The quality of baked products is the complex, multidimensional result of a recipe, and a controlled
heating process to produce the desired final properties such as taste, colour, shape, structure and
density. The process of baking a sponge cake in a convective oven at different air temperatures (160-
180-220 °C) leading to the same loss of mass was considered in this study. A special mould was used
which allowed unidirectional heat transfer in the batter. Instrumentation was developed specifically
for online measurement of weight loss, height variation and transient temperature profile and pressure
in the product. This method was based on measuring heat fluxes (commercial sensors) to account
for differences in product expansion and colour. In addition, measurement of height with a camera
was coupled to the product mass to calculate changes in density over time. Finally, combining this
information with more traditional measurements gave a better understanding of heat and mass transfer
phenomena occurring during baking.
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1 Introduction

Drying, cooking and browning are examples of
operations in food processing of cereal products
which combine heat and mass transfer. By acting
in the core of the product or at the surface, they
confer specific technological properties to the fi-
nal product, such as dimension, water content
and mechanical resistance. They are the result
of different heat transfer inputs by conduction,
convection and radiation, and rate of moisture
exchange between product surface and surround-
ing air. For a better understanding of the mech-
anisms involved in such processes, data must be
acquired using sensors specifically adapted for
continuous or batch processes, temperature levels

and environment. They provide a range of mea-
surements on line for changing parameters such
as product temperature, height, internal pressure
and mass. They might be related to process pa-
rameters, heat fluxes received by the product,
water losses and changes in volume and compo-
sition throughout the baking process. Various
studies have proposed measuring tools and char-
acterisation methods associated with the proper-
ties of the product.
During baking, heat fluxes are received by the
product via the surface and through the mould
walls or the tray on which it is placed. Pierrel
and Newborough (2003) produced oven heat flux
maps, and established “baking comfort zones”
related to heating mode and product responses
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(colour, volume, structure and moisture con-
tent). During baking in an industrial oven, ra-
diative and convective heat fluxes were measured
directly using a total heat flux meter travelling
through the oven with products. The sensi-
tive element was assumed to have an emissiv-
ity similar to the surface of the product (0.9-
0.95). In other cases, the heat flux was calcu-
lated from time-temperature recordings (Fahloul,
Trystram, Mcfarlane, & Duquenoy, 1995; McFar-
lane, 1992; Li & Walker, 1996; Zareifard, Mar-
cotte, & Dostie, 2006). The influence of process
parameters such as air velocity and tempera-
ture have been studied in relation to sponge cake
baking (Sato, Matsumura, & Shibukawa, 1987)
where variation in air velocity mainly affected
the weight loss (mainly due to water evapora-
tion) via the product surface, especially in the
case of forced air convection. Heat transfer by
radiation, mainly from walls, affects the product
surface temperature and consequently the colour
(Standing, 1974) and thickness of crust (Jeffer-
son, Lacey, & Sadd, 2006), and crust formation
influences the volume expansion.
During cake baking there may be changes in
height and volume, usually with a reduction in
weight, corresponding to variations in apparent
density. The consequences are the production of
specific structure and porosity of the crumb and
crust in relation to the composition of the batter
(presence or absence of leavening agent, mixing
with air) and to the baking process.
Many studies have reported measuring mass and
volume, or density with a pycnometer for the ini-
tial liquid batter or in semi-liquid samples taken
during the first period of baking (Baik, Marcotte,
and Castaigne, 2000a, Baik, Sablani, Marcotte,
and Castaigne, 1999, Baker, Davis, and Gordon,
1990). For solid samples or final baked prod-
ucts (crumb and crust), volume has been mea-
sured from the dimensions of frozen samples with
a regular geometry (Baik et al., 1999), or by a
volumetric displacement method (using millet,
sesame, rapeseed, glass beads) (Sumnu, Sahin,
& Sevimli, 2005; Sato et al., 1987; Bakshi &
Yoon, 1984; Hwang & Hayakawa, 1980), or by 3-
D image analysis (Baik, Marcotte, & Castaigne,
2000b).
The height variation was recorded continuously
for products in a pilot oven, from camera im-

ages taken through oven door (and through the
mould if any) (Chevallier, Della Valle, Colonna,
Broyart, & Trystram, 2002; Sommier, Chiron,
Colonna, Della Valle, & Rouille, 2005; Lostie,
Peczalski, Andrieu, & Laurent, 2002).
As the final product weight is a quality crite-
rion, weight variation during baking is one of the
control parameters. For pilot trials, the prod-
uct, whether in a mould or not, is usually placed
onto a scale (Sommier et al., 2005; Lostie et al.,
2002) or suspended under a scale (Hasatani et
al., 1992).
Li and Walker (1996) identified optimum process
conditions (time, temperature) for baking cakes
(φ = 20 cm) in five different industrial ovens.
Volume, crust and crumb colour, texture and
baking times were used to evaluate the different
processes. Temperature profiles measured inside
products (3 thermocouples: bottom, centre and
near the surface) were found to be similar for all
types of ovens used. Lostie et al. (2002) stud-
ied sponge cake baking using a cylindrical mould
(180 x 150 mm) in an electric pilot oven with
static air conditions. Heating only the top sur-
face of the product led to a long cooking time of
4 hours at 200 °C. They recorded continuously
the weight of the mould, and the temperatures
of the product (3 thermocouples (internal) and
pyrometer (surface)). At different baking times,
product samples were taken to measure water ac-
tivity, water content (especially near the surface)
and pore size distribution. In the case of French
bread, a batch pilot oven was instrumented to
monitor the processing conditions and record the
physical product properties in real time during
baking in different conditions, such as relative
batter perimeter (video camera), weight loss and
internal temperatures and pressure (Sommier et
al., 2005). The role of bubbles and their evolution
due to air expansion and increased water vapour
pressure have been discussed in many studies,
together with the changing rheology of the bat-
ter during baking and the crust formation (He &
Hoseney, 1991; Baik & Marcotte, 2003; Jefferson,
Lacey, & Sadd, 2007).
In summary, various studies at industrial and mi-
croscopic levels have been used to understand
how the product evolves during baking. Our
study dealt with the baking of one model prod-
uct, a sponge cake, in a mould, in a batch pilot
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electrical oven with hot air circulation, at differ-
ent fixed temperatures. The objectives were to
acquire simultaneously on-line data for the prod-
uct, as weight loss, expansion, temperature pro-
files, thickness, internal pressure and to better
understand the changing product properties dur-
ing the baking process.

2 Materials and Methods

2.1 The product

The sponge cake batter was prepared by grad-
ually mixing different ingredients together at 24
°C (egg yolks and whites with sugar, then flour
and water) (Table 1). This recipe, with no
leavening agent, was established during an ear-
lier study (Sommier, Ben Yaghlane, & Broyart,
2002). A stainless steel wire whip with a vari-
able mixing speed was used (KitchenAid Profes-
sional, K45SS) with air being introduced during
this mixing step. The volume increase was mea-
sured and corresponded to 41 % of air in the
batter. The initial batter density was calculated
from weight and volume measurements, and final
cake density was measured by the displacement
method using rapeseed (ρseed = 710 kg/m3).

2.2 The baking mould

The cylindrical mould (Techno Meca, Fr) was
built so that heat was transferred to the bat-
ter via the bottom (contact and conduction) and
surface (air convection and oven wall radiation)
(Fig. 1). The insulated wall was made of Teflon
(25 mm; l = 0.43 W/m.K at 277 °C) and bottom
of aluminium (12 mm). Video images were taken
of the level of the central batter surface inside the
mould during baking through a transparent dou-
ble glass window in the side wall.
The batter was placed in the mould at ambi-
ent temperature: 700 g, 942 cm3, ∼2.5-3 cm
high. The mould was then quickly placed on the
support in the oven, which was preheated to a
stable fixed temperature. The sponge cake ex-
panded inside the mould during baking (∼ dou-
ble height), with a final volume of about 2/3 of
the mould volume.

2.3 The pilot oven

The batch pilot oven was a prototype (Servathin,
Fr), with air controlled for temperature, humid-
ity and velocity, and with a volume of 75 dm3

(500 x 500 x 300 mm) (Fig. 2). Air was heated
by 3 elements (3 x 5 kW) linked to a PI con-
troller (Eurotherm 900 ECP, Fr) for a range of
temperatures from 50 to 300 ± 0.5 °C. To check
the temperature uniformity in the oven (4 levels
spaced 5 cm apart), a separate experiment was
performed with a grid instrumented with 30 ther-
mocouples (type K) (6 across the width spaced 10
cm apart, and 5 between front and back spaced
9 cm apart). Three series of measurements were
taken at 3 air temperatures, 150, 160 and 170 °C,
and with an air flow rate of 3.5 m/s. Each mea-
surement was replicated 3 times for the 3 levels
and positions (4x30) in the oven giving a mean
value after stabilisation for 20 minutes. The air
temperature variation between inlet and outlet
was less than 2 °C. In the zone where the mould
was placed, temperature variation was less than
3 °C. In the oven, a small sample of air was as-
pirated by a pump through a tube to measure
the air dew point temperature (– 10 to 85 ±
0.2 °C) (Hygro M4 SIM-12H, General Eastern,
USA). The sampling tube was thermostated (80
°C) to prevent vapour condensation before mea-
surement. A thermocouple (type K) inside the
oven measured the air temperature (Fig. 2) and
the air relative humidity was calculated from air
and dew point temperatures.

2.4 Measurements during baking

2.5 The pilot oven

The oven was controlled (air heating, fan ac-
tion) by a computer with data handling software
specially developed using Labview (National In-
strument, Fr). During baking, all data were
recorded (PCI 4351, National Instrument) as fol-
lows: weight variations (mould + product), tem-
peratures (product, mould, air oven), air flow
rate and dew point temperature. Product pres-
sure measurements and images of expansion were
stored for further analysis. Signals were sampled
at a period of 18 s (Fig. 3)
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Table 1: Sponge cake recipe

Mass Mixing conditions Duration
Ingredients (g) (%) (mixer index V; (s)

measured rate (tr/min))
Egg white 195 (16.6)

V = 10; 286 tr/min 10
Egg yolk 170 (14.47)
Sugar 365 (31.06) V = 6; 171 tr/min 612
Wheat flour type 55 365 (31.06) V = 2; 86 tr/min 192
Deionised water 80 (6.81) V = 10; 286 tr/min 60

Batter 1175 (100%) →∼ 700 g (∼ 942 cm3 ) in mould

Figure 1: Baking mould (Ø= 25 cm; h = 10 cm; initial product mass, volume = 700 g, 942 cm3)

Figure 2: Instrumented pilot oven front and side views
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Figure 3: General diagram for data acquisition

Product weight loss

The mould was laid on a support connected to
an electronic balance (51 g - 32 kg ± 1 g, SB,
Mettler Toledo). To measure weight, the fan was
stopped for 3 s every 18 s. For the different tri-
als, heating was stopped after a fixed weight loss
corresponding to different durations according to
air temperature.

Product and mould temperatures

Six thermocouples (type K, Ø = 1 mm, ± 0.5
°C) were inserted into stainless steel tubes (Ø =
2 mm, L = 100 mm) and placed along horizon-
tal sections assumed to be isothermal, to obtain
temperatures along an axial direction, four in the
centre of the product, T1, T4, and two in the
base of the mould, T5, T6 (Fig. 1). At the begin-
ning of baking, three thermocouples were placed
in the core of the product (T2, T3, T4) and one
in the air (T1) above the product surface. Af-
ter a period of time, as the product expanded,
this last thermocouple ended inside the batter.
To record the product surface temperature (cen-
tre) during baking in real time, an infrared sensor
(MR784231D, Ahlborn), cooled with compressed
air, was fixed on the top window of the oven.

Calibration was made with baked sponge cake at
ambient temperature. We took part of crust and
crushed it in a petri dish. A thin thermocou-
ple was placed in this powder near the surface.
Knowing the object temperature, the emissiv-
ity could be calculated. The method established
a known temperature by using the oven as an
equalization box (chamber with air circulation).
When we had observed thermal equilibrium we
adjusted the emissivity e = 0.87 ± 0.02 to have
the same temperature between thermocouple and
infrared sensor. In the first minute of baking pro-
cess the emissivity could be lower than this value
(glossy aspect) but the quick increase of surface
temperature (from 25°C to 110°C in 500s) led to
a rapid drying of the surface (dull aspect) with
the emissivity becoming close to the final one.

Product internal pressure

The internal total pressure was recorded with an
autonomous calibrated sensor placed in the cen-
tre of the product during baking. Due to the
sensor dimensions (L = 6 cm, Ø = 3 cm), spe-
cific trials were conducted with a larger volume
of batter (1413 cm3 instead of 942 cm3). This
piezoresistive sensor (NanoVACQ NVQ/PT-TC,
TMI-Orion, Fr) may be used for a range from
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Table 2: Comparison of initial and final densities. (measured and calculated (image analysis))

Batter density (kg/m3) Baked product density (kg/m3)
measured calculated error % measured calculated error %

680 679 0.1 385 394 2.5
680 664 2.3 423 404 4.3
676 673 0.4 383 370 3.4

30 mbars to 5 bars. It was associated with a
Pt100 temperature sensor (0 to 140 °C,± 0.1 °C),
placed at 14 mm in the same plane. Recorded
data were studied afterwards using xVACQ soft-
ware. For the pressure measurements, a greater
initial batter volume was needed to cover the sen-
sor, giving an initial height of 4 cm instead of 2.5
cm. However, the comparison was made using
traditional trials by considering the mean prod-
uct temperatures associated with the measured
internal pressure.

Image analysis, height and volume

During the baking process, the shape of the en-
tire top part of the batter developed into a dome
with the highest part in the centre. The top of
this dome could be viewed through the mould
window and images were taken every 3 minutes
(Fig. 2) with a video camera (CDD, Sony, FBC-
IX47) fixed in front of the double glass door. To
enhance contrast, the internal wall of the mould
was blackened and the surface illuminated us-
ing an optical fibre light. The camera was pro-
tected in a box to minimize the external light en-
vironment. The images were further analysed to
determine product height variation (± 0.5 mm).
They were transformed by segmentation and ulti-
mately two zones were retained, corresponding to
the product (white) and the mould wall (black)
behind the product. Product thickness was mea-
sured using a calibrated scale.
The initial batter was considered as a cylinder
(R, H0). The initial thickness (H0) corresponded
to the product adhering to the mould glass win-
dow. We assumed that the cylinder part (all
through the baking process) was equal to initial
volume of dough (Vi).

Vi = H0.π.R
2 (1)

During baking the batter expanded, and a spher-
ical portion appeared (Vs) that contributed to
the final volume.
The total height of the product measured by im-
age analysis H(t) was equal to initial height of
the cylinder (H0) and height of the spherical part
h(t)

H(t) = h(t) +H0 (2)

We used a correction factor k to take into account
shape and dimension of the spherical part and
any potential irregular expansion.
The spherical portion volume was equal to

Vs =
π(kh)

6
(3R2 + (kh)2) (3)

The k factor was determined by comparing vol-
ume measurements on the final baked product
after cooling by image analysis and by seed
displacement method. The value of k was found
to be 1.48 with a maximal variation of 6.9 % for
different trials at 160 °C. The k factor depended
on the characteristics of the mould, the product
and the oven. At any time the volume could be
calculated, and the density obtained by dividing
the weight by the volume. Validation of the
densities determined from images was also run
on the product before and after baking using
traditional measurements (Table 2). The mean
error value made with the initial batter was
small because the images were easy to analyse
since the level of batter in the mould was clearly
visible. The mean difference was less than 2 %
for the initial value and less than 5 % for the
value after baking.

Product and mould temperatures

Special thermal flux meters (Captec, Fr) were
designed to detect both radiative and convective
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Figure 4: Heat flux measurement with a copper plate in the mould (sensors 2 x 2 cm; (1,3) bright and
(2,4) black; plate h 1.5 cm, Ø20 cm)

flux density (W/m2), using a shiny reflective sen-
sor (1, 3) for convective flux, and a blackened one
(2, 4) for radiative and convective flux (total).
The heat flux corresponded to the temperature
difference between two plates, measured with a
thermopile (± 1 W/m2). Calibration was car-
ried out by the sensor manufacturer. The sen-
sors (20 x 20 x 0.4 mm) were attached to a thin
cylindrical copper plate using dried milk for easy
removal (Fig. 4). The plate surface lined the in-
ternal surface of the empty mould and was placed
on insulating supports inside the empty mould,
to simulate the initial height of the baking prod-
uct surface (3 cm). The sensors were placed in
the centre and on the right- and left-hand sides
of the mould, to identify possible differences due
to air flow direction. The temperatures of the
oven walls were measured and were equal to air
temperature in the oven. The convective heat
flux density was proportional to the difference
between air and plate surface temperatures, and
to the convective heat transfer coefficient.

Φconvective = hconvective(Tair−Tsurface sensor) (4)

2.6 Experimental conditions

The study was performed for three air temper-
ature conditions (160-180-220 °C), at a constant

air velocity of 3.5 m/s. The mould was placed in
the preheated oven. Heating time was stopped
when a fixed weight loss was reached, followed by
cooling of the product in the oven. These condi-
tions were found to give the sponge cake a struc-
ture and appearance which was suitable for con-
sumers. The air temperature inside the oven was
first verified to ensure that it was homogeneous.
Experimental data concerning product tempera-
ture profiles and density variation are discussed
for trials at 160 °C with a baking time of 81 min-
utes (4860 s), and compared with trials at 180-
220 °C.

3 Results and Discussion

3.1 Product behaviour

The data recorded during a typical baking trial
are shown in Figures 5 and 6: air temperature in
the oven; weight and temperatures (T1, T2, T3,
T4 and surface) of product; mould base temper-
atures (T5, T6). The air temperature measured
at the outlet inside the oven was stable at 160
°C (T7). At 160 °C the heating time was 4860
s and cooling time (air circulating without heat-
ing) was 6000 s.
The surface temperature Ts of the batter reached
100 °C in less than 300 s, then 130 °C after 1000
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Figure 5: Evolution of different parameters during sponge cake baking (air temperature; T1 to T4:
product temperatures; Tproduct surface; T5,6: mould bottom; weight, thickness)

Figure 6: Product temperature profiles and heating fluxes received by the product (air 160°C; 3.5 m/s;
initial sponge cake volume = 942 cm3; temperatures: Ts surface; T1, T2, T3, T4 product; T5, T6 mould
bottom)
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Figure 7: Mass loss kinetics and air water content variation during baking (air 160°C, 3.5 m/s; m0 initial
product weight)

Figure 8: Evolution of sponge cake height and weight during baking (air 160°C, 3.5 m/s; 4 trials)
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s, mainly due to air convection above the prod-
uct surface in the mould. During the first 1000
s mass loss kinetics (Fig. 5, 7) were slow, and
were assumed to correspond to water loss via the
surface, which rapidly reached a high tempera-
ture (120 °C after 1000 s) due to the circulation
of hot air.
Temperatures close to the surface were high
enough for the rapid formation of a dry zone,
leading to the final coloured crust. Next, there
was diffusion of water from inside through the
forming crust and crumb, the higher drying rate
being observed when the structure was less fluid
and expansion was increasing. The average ap-
parent drying rate was calculated to range from
1.4 x 10−5 to 3.2 x 10−5 g water/s.g dry matter,
for the two main periods 1000 to 2500 s and to
4860 s respectively.
After 1400 s, thermocouple 1 came into contact
with the expanding product which increased in
height by 1 cm. T1 was then measured inside
the product, below the surface, and decreased
to a plateau of 130 °C, corresponding to the
period when the thermocouple was inside the
crust (1750-2100 s). The infrared measurement
of crust (Fig. 5) crossed T1 at this time. Then
T1 decreased, due to its increasing distance from
the surface/crust (expansion), to a temperature
where T1 followed the profile of temperatures in-
side the moist crumb.
Initially, internal temperature T2 was measured
below but close to the product surface. After
600 s, T2 increased to 65-75 °C, a temperature
range corresponding to protein denaturation and
the beginning of starch gelatinisation and gluten
coagulation (Lostie et al., 2002). Thermocouple 2
was then in a medium which consisted of crumb,
with temperatures increasing steadily to 78-80 °C
at 2500 s and 90-94 °C at 4860 s.
At first, heat transfer was mainly through the
surface, heated by convection from the circulat-
ing hot air, and by radiation from the walls of
the oven. Heat transfer via the bottom increased
during baking as the temperature of the mould
base increased (t>2500 s). The bottom of the
mould, initially at room temperature, was heated
by contact with the plate (linked to scales). Tem-
peratures T5, T6 were 55-65 °C after 1000 s, re-
maining under 100 °C until 3000 s, and then in-
creasing steadily to 116-118 °C at the end of bak-

ing. This explained the corresponding T4 tem-
peratures in the bottom of the batter, 50 and 85
°C respectively, that reached 96 °C at the end
of baking. Unlike bread or other cake baking
studies, the batter temperature did not reach a
plateau at 100 °C because of slower heat transfer
(Sommier et al., 2005; Li & Walker, 1996). The
inversion of heat transfer mainly by the bottom
after 2500s must be compared to internal pres-
sure and height variation. The heat flux received
by the bottom of the product is one of the most
important drivers of volume expansion.
The variation in height in three trials showed
a good level of precision (Fig. 8). It can be
seen that height increased from the beginning of
the baking process (0.005 mm/s). After 2500 s
major heat transfer was received, then expan-
sion became faster from 2500 s to 3800 s (0.015
mm/s, 78-90 °C), due to the growth of gas cells.
After 4000 s, the height reached a plateau with
a mean temperature in the crumb of around 90
°C. This corresponded to a stable crumb struc-
ture, whereas the water loss continued. The ini-
tial height (26 mm) more than doubled (58 mm)
by the end of baking. The mode of heating pre-
vented some of the final shrinking observed in
other studies (Lostie et al., 2002). The final prod-
uct consisted of a moist main part (crumb) with
many small open cells (<1 mm) and an upper
thin brown dry crust (2 mm), with under the
crust, a 0.5 cm part with some bigger cells (∼2
mm).
The rise in internal pressure could explain part of
the volume expansion with competition between
swelling of the product (bubble growth due to
the increase in temperature), the batter stiffen-
ing and, in some cases, a change from close to
open porosity. During the baking time the in-
ternal pressure increased slowly until a variation
of 6 mbar was reached between 60 °C and 75-
80 °C (Fig. 9) (Sommier et al., 2002). When
the temperature was lower than 60 °C, the con-
tinuous phase of the batter showed little resis-
tance to deformation, with the presence of small
cells. Then the pressure increased because of the
higher temperature, with physico-chemical reac-
tions creating a more rigid structure (proteins,
gluten, starch) which was able to expand. In the
case of the sponge cake the cells were small and
regular in the batter and still small in the final
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crumb. The biggest cells in the final cake were
mainly observed just under the crust, where the
heating was more intense, with higher tempera-
tures especially in the second period after 2500 s.
With no leavening agent in the recipe, the cells
were filled only with air introduced during the
batter preparation, and water vapour, both con-
tributing to the thermal expansion (Matz, 1972;
Dunn & White, 1939; Pyler, 1973; Baik & Mar-
cotte, 2003; Sommier et al., 2002). Beyond 80
°C in the product, the pressure increased more
rapidly: this “80 °C” temperature in the prod-
uct corresponded to “time 2500 s” in a tradi-
tional trial, when the expansion became greater.
However, in the case of bread, after the period
of pressure increase, we observe a decrease then
a plateau, which would suggest a transition from
closed porosity to open porosity following the co-
alescence of the air bubbles and slashing with a
knife (scarification) (Sommier et al., 2002). With
the sponge cake, the pressure increased through-
out the trial, which suggested that the porosity
was enclosed within the crust; the bubbles were
more distinct and as the crust formed, this fixed
the upper structure of the product.

3.2 Influence of baking
temperature on density

Three baking temperatures were used (160, 180
and 220 °C) for the same weight loss. Density was
calculated for each acquisition time as the ratio
of mass to volume (Fig. 8, 10). The evolution
of density was linked to water loss and the way
it was lost, through the semi-liquid batter then
the crumb, and to the formation and the increas-
ing resistance of the crust at the surface. Rate of
weight loss varied in the different phases, slow for
1000 s then increasing more quickly after 2500 s
when the structure was more rigid. At first, the
free water evaporated from the semi-liquid bat-
ter, but a thin crust quickly formed due to a high
surface temperature (110 °C at 500 s), limiting
water loss. This corresponded to a small varia-
tion in total volume, resulting in a slow decrease
in density.
During the second period, between 2500 and
3500 s, expansion accelerated, corresponding to
a certain homogeneity and increase in mean tem-

perature inside the batter; the evaporation rate
was constant as the crumb formed. This meant a
high variation in density. After 3500 s the crust
was thicker and more rigid. This prevented fur-
ther expansion, tending to limit water loss.
After the sponge cake baking process (81 min
at 160 °C), total weight loss was rather low (6
%), while density was half of the initial value
(∼700 to 350 kg/m3). At a higher air tempera-
ture (i.e. 220 °C) it was observed that expansion
was slightly greater (Fig. 11). Consequently the
final apparent density of the sponge cake was 340
kg/m3 compared to 400 and 355 at 160 and 180
°C respectively.

3.3 Dissymmetry in the final
product

The final products presented differences of height
and colour between the right, centre and left
parts. They were browner and lower on the left
side (opposite the hot air inlet). The variations
in heat fluxes affected the symmetry of product
expansion and surface colour. Heat flux sensors
were placed on the copper plate in the mould
(Fig. 3), and measurements in the centre (1, 4)
showed good repeatability with 75 % of convec-
tive flux and 25 % of radiative flux (difference
between total (black) and convective (bright)).
From the measurements with the bright sensor,
the convective coefficient h was calculated as
equal to 20 W/m2.K in the centre. The radiative
flux was found to be 10 % (left), 25 % (centre), 35
% (right). This was deduced from observations
of the convective flux which was greater on the
left-hand side, opposite the hot air inlet, perpen-
dicular to the right wall of the mould. During
baking, this greater convective flux on the left-
hand side resulted in faster drying on the surface
of the batter locally, which fixed the structure
so that the height of the product was less on the
left than on the right where it could expand more
easily. It also resulted in a darker colour on the
left-hand side of the finished product.
By measuring and interpreting the respective
contributions of the different heat fluxes received
by the product it was possible to explain prod-
uct expansion and/or colour. In our experiments
the mould was heated by hot air flowing on
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Figure 9: Evolution of sponge cake internal pressure and temperature during baking (air 160°C, 3.5 m/s,
initial product volume = 1413 cm3; 3 trials)

Figure 10: Volume and density variation during sponge cake baking (air 160°C, 3.5 m/s, initial product
volume = 942 cm3; 4 trials)
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Figure 11: Density variation during sponge cake baking at different air temperatures (160 – 180 – 220°C)

one side only, producing non-symmetrical heat
fluxes. This situation could be improved with a
rotating tray, to ensure that the heat flux reached
the product evenly, or with hot air blown on each
side of the mould alternately after each weigh-
ing.

4 Conclusions

Specific instrumentation was developed to collect
as much information as possible about a model
product as it was being baked. Product tempera-
tures (surface and core), internal pressure, thick-
ness, weight and heat fluxes were evaluated at
different baking temperatures (160-180-220°C),
during times leading to the same weight loss for
the product. Images of the rising product surface
were recorded and analysed for height variation,
and combined with weight to calculate density.
The approach with heat flux readings in ovens
to explain colour and/or expansion was applied
as a diagnostic tool in different industrial ovens
(Sommier, Anguy, Dumoulin, Rojas, & Vignolle,
2011).
These combined data gave a better understand-

ing of the transfer phenomena that take place
during baking into the product, and should lead
to better process design and control. In order to
obtain a light and airy final sponge cake (density,
height), the time and heat given to the product
to increase in volume is important. During this
period the respective proportion of heat flux re-
ceived by the surface should be small compared
with that received by the base of the product.
This phase slows the drying phenomenon which
causes the crust to form and fixes the structure
thus stopping further expansion. At the end of
baking, these respective lower/upper flux pro-
portions can be reversed to finalise browning if
needed.
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