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Featured Application: The thermal distribution of two baking plates with different
materials (GG-25 gray cast iron and GJV-350 vermicular cast iron), their effects on the
thickness of the wafer sheet, and their effects on the color distribution of the wafer
sheet were investigated at different baking rates. The GJV-350 vermicular casting plate
provides a more homogeneous heat distribution, more stable wafer sheet thickness, and
more homogeneous color distribution of the wafer sheet at a maximum production rate.

Abstract: Wafer-baking ovens are machines that bake liquid batter by heating the intercon-
nected cast plates in a gas oven. The plates in contact with the wafer batter are generally
made of the cast material. Although there are many studies on the contents in the recipes
of wafer products and the effects of the additives included in the recipes on the quality of
the wafer sheet, there are few studies on the effects of the material type of the wafer-baking
plate on the baking process. In this study, the thermal distribution of two baking plates
made of different materials (GG-25 gray cast iron and GJV-350 vermicular cast iron), their
effects on the thickness of the wafer sheet, and their effects on the color distribution of the
wafer sheet were investigated at different baking rates. The experiments were conducted
in an industrial wafer-baking oven at two different production rates. As a result, it was
observed that the GJV-350 vermicular casting plate provides a more homogeneous heat
distribution, more stable wafer sheet thickness, and more homogeneous color distribution
of the wafer sheet at a maximum production rate.

Keywords: wafer-baking oven; wafer production; wafer-baking plate; cast irons;
wafer sheets

1. Introduction

The wafer is defined as a snack product made of thin sheets of flour stacked on top of
each other and containing sweet fillings such as chocolate/cream/honey and jam between
them [1]. Wafer sheets are produced by baking liquid batter between heated metal plates
until it becomes thin and crispy. The cooked wafer sheets are folded by applying sweet
filling materials such as hot liquid chocolate/cream, etc., on them and then are turned into
blocks in different machines. In order for the hot wafer blocks to be cut smoothly, the liquid
chocolate/cream between the blocks is transferred to the solid phase in the block-cooling
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machine. The wafer block is cut, and thereafter, it can be coated with chocolate or not
according to customer demand. The wafer block cut can have some defects, such as color
differences, cracks, etc., which are hidden after the process of chocolate coating. It is also
known that consumers prefer light-colored wafers more in uncoated wafers [2]. The baking
plates in the wafer ovens are connected to each other with cast parts holding them, moving
on rails via a motor drive, and heated with the help of furnaces during this movement.
Figure 1 shows a visual of wafer-baking plates chained to each other. Baking plates are
heated using natural gas or LPG fuel on the stoves.

Figure 1. Wafer-baking plates chained by a connecting part.

There are upper and lower ovens in wafer ovens. On these stoves, parallel to the
ground, the plate first moves on the upper rails, then turns and moves on the lower rails.
Thereafter, the baking plates are heated with the help of the stoves, and the wafer batter
is baked. It takes 2-3 min for the baking plate to return to the point where it receives the
batter, that is, to make one full turn [3,4]. According to the 24/7 working principle of the
plate, which is opened every 2 min, a plate is opened and closed at least 255,000 times a
year. It is known that the internal surface temperature of baking plates is 150-180 °C, and
they usually are baked above this temperature [2-6]. Figure 2 shows the time-dependent
temperature relationship between the baking plate and wafer sheet [4].
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Figure 2. Temperature change of the wafer baking plate and wafer sheet as a function of time.

Wafer batter contains between 52-60% water [1,4,5,7]. The liquid batter is poured onto
the metal plate in the specified amount, and the plate closes, and the wafer batter cooked
between the hot plates releases water vapor and creates nearly a pressure of 1-1.3 bar.
Figure 3 shows the time-dependent change of the pressure that occurs inside the plate
during wafer baking [4].
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Figure 3. Time-dependent variation of the pressure inside the plate during wafer baking.

Water vapor that is not properly evacuated causes a heterogeneous color distribution
of the wafer sheet; some parts of the wafer sheet become very brittle, and its mechanical
properties deteriorate, while excess remaining moisture causes it to stick to the baking
plate [2,3,8]. Factors determining the mechanical properties and color of the wafer sheet are
the batter recipe, baking method, baking time, and material of the baking plate [2,3,5-18].
Metal baking plates are usually made of cast materials, but they are known to get dirty
quickly in wafer production [19]. Materials for wafer-baking plates are usually made of the
ductile cast iron (nodular cast iron) due to its volumetric heat capacity, thermal conductivity,
high mechanical properties, and high-pressure resistance [20]. Spheroidal graphite cast
iron shows properties similar to steel but has low thermal conductivity [21]. In gray cast
iron, although the mechanical properties are not as good as ductile cast iron, it stands out
with high heat storage [22].

Another study [22] investigated the effects of different materials on reducing the
sticking behavior of wafers on the baking plates. In this study, it was emphasized that the
main causes of wafer adhesion to the baking plate are the batter recipe, baking processes,
baking time, baking temperature, cleanliness of the baking plate, material of the baking
plate, surface roughness, and surface coating material. Also, it was observed that different
materials had different effects on the color of wafer sheets under the same cooking condi-
tions. In similar studies, it has been stated that the cooking time, surface roughness of the
baking plate, and baking plate material have great effects on the adhesion and color of the
wafer sheet [4,6,9,23].

Most of research in the literature has focused on the effects of the ratios of the additives
used in the wafer batter, the fermentation time of the wafer batter, the pH value, the viscosity
of the wafer batter, the additives in the flour used in the batter, the baking method, the
baking time, and the cleanliness of the baking plate on the quality or sticking of wafer
sheet. However, the effect of the material type of the baking plate on the quality of wafer
is one of the critical research directions in this area [3,22]. Specifically, how the material
type of the plate affects the distributions of temperature and color on the wafer sheet and
the thickness of the wafer sheet is a vital gap in this area. To this end, in this work, the
thermal distribution of two baking plates made of different materials (GG-25 gray cast
iron and GJV-350 vermicular cast iron), their effects on the thickness of the wafer sheet,
and their effects on the color distribution of the wafer sheet were investigated at different

baking rates.
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2. Materials and Methods

In this study, 62 wafer baking plates with dimensions of 350 x 500 mm, used in an
industrial wafer-baking oven, were used. A detailed solid model of the wafer-baking plate
is given in Figure 4. In the experiments, the casting plates in contact with the wafer batter
were made of two different casting materials (gray cast iron/GG-25 and vermicular cast
iron/GJV-350). The mechanical properties of GG-25 and GJV-350 casting plates are given in
Table 1 [24-26].

Upper Plate Rail Wheel

Top Baking Plate
(GG-25 / GIV-350)

Baking Plate Chassis (strength cast iron)

Baking Plate Lock
Shaft

Baking Plate Wheel Set

@.N%\

'
Baking Plate Wheel Set
Bottom Baking Plate

(GG-25/ GIV-350) Bottom Baking
Plate Chassis
(strength cast iron)

Figure 4. Wafer baking-plate component descriptions.

Table 1. Mechanical properties of GG-25 and GJV-350 for the casting baking plate.

Properties Unit GG-25 GJV-350
Coefficient of heat conduction W/(mK) 475 42
Specific heat J/(kgK) 460 475
Coefficient of thermal expansion 1076 (1/°C) 11.7 11

Tensile strength MPa 250-350 350-425

Modulus of elasticity GPa 103-118 135-150

For the experiments, five sets of GG-25 gray cast iron (selected baking plate numbers:
1-10-17-30-37) and five sets of GJV-350 vermicular cast iron (selected baking plate numbers:
6-15-20-26-43) baking plates in the same wafer-baking oven were selected for measurements.
The temperature measurements of the wafer-baking plates and the thickness measurements
of the wafer sheets made with these baking plates were taken at the time of wafer produc-
tion. Temperature measurements of the wafer baking plates and wafer sheets were carried
out using both a thermal camera and an infrared laser thermometer.

In the temperature measurement with both the infrared laser thermometer and the
thermal camera, the operator was in a fixed position and at a fixed distance. The repeatabil-
ity of the infrared laser thermometer is +0.5%; basic accuracy is £1%. In addition to the
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temperature values measured with the infrared laser thermometer, the temperature values
of the baking plate and wafer sheet were measured with the thermal camera during the
period of production. A Flir TG165 model thermal camera was used in the experiments.
Before starting the measurements, the thermal camera emissivity value (¢) was adjusted
according to the 0.95 value of cast iron. An Insize 2365-055 model thickness comparator was
used to measure the thickness from four corners of the produced wafer sheets (Figure 5). In
addition, the color distribution of the produced wafer sheets was visually examined.

Figure 5. Temperature measurement of baking plates during period of wafer production and thickness
measurement of the wafer sheet.

3. Results
3.1. Temperature Measurements of Wafer-Baking Plates with Infrared Laser Thermometer

The temperature values of the baking plates made of GG-25 material, numbered 1,
10, 17, 30, and 37, and the baking plates made of GJV-350 plate material, numbered 6, 15,
20, 26, and 43, were measured by infrared laser thermometer and thermal camera. Table 2
shows the temperature values obtained from infrared laser thermometer measurements
of wafer-baking plates. Temperature measurements were taken three times each from the
specified baking plates.

Table 2. Temperature measurement results of wafer-baking plates (infrared laser thermometer).

Baking Plate Temperature Measurement

GG-25 1st Measurement 2nd Measurement  3rd Measurement Arithmetic Mean

Q) ©Q) ©Q) ©Q)
Plate No. 1 144 145.4 142.8 1441
Plate No. 10 154 146.9 151.5 150.8
Plate No. 17 146 146.4 138.6 143.7
Plate No. 30 138.7 142.8 143.6 141.7
Plate No. 37 164.2 161.1 164.4 163.2

Baking Plate Temperature Measurement
GJV-350 1st Mea})surement 2nd Megsurement 3rd Meisurement Arithm;atic Mean

Q) QO (W@ ©O
Plate No. 6 145 147.2 142.7 145.0
Plate No. 15 146 143.7 140 143.2
Plate No. 20 149 145.7 145 146.6
Plate No. 26 139 144.1 142 141.7

Plate No. 43 148.7 146 142 145.6
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From the data obtained from Table 2, it can be seen that the GG-25 casting baking plates
have a temperature value between 141.7 and 163.2 °C. There is a temperature difference
of 21.5 °C between the GG-25 casting baking plates. The GJV-350 casting baking plates
have a temperature value between 141.7 and 146.6 °C. The GJV-350 casting baking plates
have a temperature difference of 5 °C between them. It can be said that the temperatures
of GJV-350 cast-iron baking plates are more stable. It is thought that the low temperature
difference between the baking plates has a direct effect on wafer color and quality.

3.2. Thermal Camera Measurements of Wafer-Baking Plates and Wafer Sheets

Table 3 shows images of the GG-25 and GJV-350 baking plates and thermal camera
measurements of the wafer sheets produces with these baking plates. When the average
temperatures of the baking plates in Table 3 were researched, it was found that GG-25
cast-iron baking plates have temperature values between 139.7 and 152.5 °C. There is a
temperature difference of approximately 13 °C between the GG-25 cast-iron baking plates.
It was observed that GJV-350 casting baking plates had temperature values between 138.6
and 145.1 °C. There is a temperature difference of approximately 7 °C between the GJV-350
casting baking plates. Similar results were obtained from the infrared thermal camera. It
was found that the temperatures of the GJV-350 casting plates were more stable in the
values read from the thermal camera. When the temperatures of the wafer sheets obtained
from the same baking plates were researched, it was found that the wafer sheets produced
in GG-25 casting baking plates had temperature values between 120.6 and 126.7 °C. There
is a temperature difference of 6 °C between the wafer sheets produced in the GG-25 casting
material. It was observed that the wafer sheets produced in the GJV-350 casting baking
plates had temperature values between 125.1 and 127.1 °C. There is a 2 °C temperature
difference between the wafer sheets produced in the GJV-350 casting material. When both
plate and wafer temperatures were evaluated together, it was found that the GJV-350 plate
material gives more stable and repeatable results.

Table 3. Thermal camera measurements of baking plates and wafer sheets.

Baking Plate Temperature Measurement Wafer Sheet

GG-25

1st Measurement (°C)  2nd Measurement (°C)  3rd Measurement (°C) Measurement (°C)

Plate No. 1

Plate No. 10
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Table 3. Cont.

Baking Plate Temperature Measurement Wafer Sheet
GG-25 1st Measurement (°C) 2nd Measurement (°C) 3rd Measurement (°C) Measurement (°C)
125.5¢ce€:0.95
»
Plate No. 17
Plate No. 30
Plate No. 37
Baking Plate Temperature Measurement Wafer Sheet
GJV-350 1st Measurement (°C) 2nd Measurement (°C) 3rd Measurement (°C) Measurement (°C)

Plate No. 6
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Table 3. Cont.

Baking Plate Temperature Measurement Wafer Sheet

GJV-350 1st Measurement (°C)  2nd Measurement (°C)  3rd Measurement (°C) Measurement (°C)

125.5C&:0.95

Plate No. 15

Plate No. 20

Plate No. 26

Plate No. 43

In the study by Carzino et al. [27], a temperature of 179.6 °C was measured in the
top baking plate by thermographic measurement. Karl Tiefenbacher stated that the wafer-
baking plates work continuously at a temperature between 170 °C and 200 °C. In the study
by Steinbach et al. [28], the upper baking plate and lower baking plate temperatures were
measured separately. Temperatures around 120 C were measured. It was emphasized
by the author [5] that cooking time is very important in the cooking of wafer sheets. It
was found that a baking temperature of 170 °C and a baking time of 2 min was sufficient
for high-quality wafer sheets with a water level of 155-165% [5]. Wafer sheets cooked at
lower temperatures stuck to the plates and broke into several pieces. At a lower water level
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(<145%) and a baking temperature of 150 °C, tough and flint-like sheets were obtained,
while at a water level higher than 160% and a higher temperature (190 °C), brittle sheets
were obtained.

3.3. Wafer Sheet Thickness Measurements

The thickness of the wafer is affected by the amount of dough poured into the wafer-
baking plates and the pressure the plates exert on the dough [2]. Wafer sheet thickness
measurements were performed by taking into account the wafer sheets baked in the same
numbered baking plates determined in the temperature measurements. The wafer sheet
thicknesses were measured with a thickness gauge from four corners of the hot wafer
sheet coming out of the wafer baking oven after waiting for a certain period of time (after
300 s). The graph in Figure 6 was obtained by using the average numerical values of the
wafer sheet thickness measurements. The thickness values of the wafer sheets produced
in the standard were between 2.8 and 3.2 mm, which is within acceptable limits. When
the average wafer sheet thicknesses in Figure 6 were researched, it was seen that the wafer
sheets produced in GG-25 casting baking plates had thickness values between 2.78 and
3.16 mm. There is a thickness difference of 0.38 mm between the wafer sheets produced
in GG-25 casting baking plates. In addition, it was determined that the number 37 baking
plate of the GG-25 material produced wafer sheets with a thickness less than the desired
thickness. It was observed that the wafer sheets produced in GJV-350 casting baking plates
had thickness values between 3.03 and 3.19 mm. There is a thickness difference of 0.16 mm
between the wafer sheets produced in GJV-350 casting baking plates. It was seen that the
stability in the temperature distribution of GJV-350 casting baking plates reflects positively
on the thickness of the wafer sheet.

=0—-GG-25 GJV-350

3.3
3.2

N

3.1

2.9
2.8
2.7

Wafer Sheet Thickness (mm)
w

1 2 3 4 5
Wafer Baking Plates

Figure 6. Thickness distributions of wafer sheets from two different baking plates.

3.4. Wafer Sheet Color Distribution Research

The color of the wafer sheet is influenced by the dough formula (moisture content,
amount of reducing carbohydrates and free amino acids, etc.) and the baking condition
(time and temperature). The color of the wafer sheet should be uniform, very regular, and
not too dark [2,16,29].

The color distribution of wafer sheets is one of the key indicators of aesthetic and
quality standards in food production and is a critical element that directly affects consumer
perception and satisfaction. Color uniformity provides important clues as to the consistency
of the production processes, and any defects in production can be indicated by color varia-
tions on the surface. Temperature differences during baking, variations in the composition
of the dough, and the equipment used are among the factors that significantly affect the dis-
tribution of the surface color of the wafer. In particular, a homogeneous color distribution
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strongly conveys the perception of quality and professionalism to the consumer, indicating
that even baking has taken place throughout the product and that evaporation is balanced.
The strong relationship between color distribution and moisture distribution is one of the
most important parameters to consider in this process. The color change on the surface of
the wafer sheet is directly related to the moisture evaporation process. A homogeneous
coloration on the surface is an indication that the moisture evaporates evenly and that each
part of the product is evenly cooked [4,5,9].

In addition, the baking plate material used in production is another critical variable
that directly affects the color distribution on the wafer sheet. Different baking plate ma-
terials affect the color differences that occur during baking by changing the temperature
distribution on the surface according to their thermal conductivity properties. For exam-
ple, while cast molds conduct heat more homogeneously and provide a balanced color
distribution on the surface, materials such as steel may tend to cool faster and disrupt
the temperature balance on the surface, which may adversely affect the color uniformity
of the product. In addition, factors such as the smoothness of the baking plate surface
and the coating material also play a critical role in color uniformity by affecting the heat
distribution on the surface. In order to achieve a homogeneous color distribution, physical
properties such as thermal conductivity and surface structure should be taken into account
when selecting the baking plate material [3,9,29].

Wafer sheet samples were taken from the same wafer-baking plates whose tempera-
tures and thicknesses were measured for color distribution research. The experiments were
carried out at two different production rates (23 pcs/min and 31 pcs/min) on wafer sheets
taken from the same baking plate numbers. Figure 7 shows the wafer sheets produced at a
production rate of 31 pcs/min in baking plates made of GG-25 casting material.

\

e

~ = /6G) =l
(g6 .. SO

4 |
Y
Figure 7. Wafer sheets produced on GG-25 cast-iron baking plates at a production rate of 31 pcs/min.

From Figure 7, it is clearly seen that there are large color differences between the colors
of the wafer sheets produced in baking plates made of the same casting material (GG-25)
at a production rate of 31 pcs/min. Figure 8 shows the wafer sheets produced in baking
plates made of GG-25 and GJV-350 casting materials at a production speed of 31 pcs/min.

From Figure §, it is clearly seen that the wafer sheets obtained from the baking plates
made of GJV-350 casting material have a more homogeneous color distribution than the
color of the wafer sheets obtained from the baking plates made of GG-25 casting material.
Figures 9 and 10 show the wafer sheets produced from baking plates numbered 1, 10, 17,

30, and 37 (GG-25) and 6, 15, 20, 26, and 43 (GJV-350) at a production rate of 23 pcs/min.
From Figures 9 and 10, no significant color difference is observed between the wafer sheets.
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It was observed that there was no significant color difference between the wafer sheets
obtained at a low production speed.

Figure 8. Wafer sheets produced in two different baking plates (GG-25 and GJV-350) at 31 pcs/min
production speed.

Figure 9. Wafer sheets produced on GG-25 cast-iron baking plates at a production rate of 23 pcs/min.
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Figure 10. Wafer sheets produced on GJV-350 cast-iron baking plates at a production rate of
23 pcs/min.

Figure 11 shows the wafer sheets produced at two different production rates
(23 pcs/min and 31 pcs/min) in baking plates made of GG-25 casting material. From
Figure 11, it is seen that the color of the wafer sheets changed significantly at different
production speeds, although they were produced in the same plate material (GG-25) and
from the same batter recipe. This shows that the production speed is extremely important
for the color of the wafer sheets.

Figure 11. Wafer sheets produced at two different production rates (31 pcs/min and 23 pes/min) in
GG-25 cast-iron baking plates.

At low production rates (23 pcs/min), it was found that different casting materials had
almost no effect on the color formation on the wafer sheets. However, as the production
speed increased (31 pcs/min), the effects of different casting plate materials on the color
of the wafer sheets became apparent. In other words, while there was no color difference
between the wafer sheets coming out of the baking plates made of two different casting
materials at a production rate of 23 pieces per minute, as the production rate per minute
increased (31 pieces per minute), the color difference between the wafer sheets emerged
clearly. It was observed that the baking plate made of GJV-350 casting material exhibited
more stable wafer sheet color.
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4. Conclusions

In this study, the thermal distribution of two baking plates made from two different
casting materials (GG-25 and GJV-350), their effects on the thickness of the wafer sheet, and
their effects on the color distribution of the wafer sheet were investigated. The findings are
given below.

e  The baking plates made of GJV-350 casting material can be said to have more homoge-
nous temperature distribution compared to that of the baking plate made of GG-25
casting material. The homogenous temperature distribution of the baking plate made
of GJV-350 casting material can be said to positively affect the thickness of the wafer
sheet;

e  Great differences were found between the wafer sheet colors produced in baking
plates made of GG-25 casting material at a low production rate and a high production
rate. However, no difference was found between the colors of wafer sheets produced
in baking plates made of GJV-350 casting material at a low production rate and a high
production rate, with wafers produced with close to homogeneous color;

e  The material type of the plate and the baking time considerably affect the temperature
distribution, the general color distribution, and the thickness of the wafer sheet because
of the differences in the thermal characteristics of these materials. It is known in the
literature that these dark lines can be reduced by certain factors, including the ratios
of the additives used in the wafer batter, the fermentation time of the wafer batter,
the pH value, the viscosity of the wafer batter, the additives in the flour used in the
batter, the baking method, the baking time, and the cleanliness of the baking plate.
It is concluded in this study that the material type of the plate does not significantly
affect the shape of distinct dark lines on the wafer sheet.
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