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Abstract:  
The snack sector has a significant market today. It is expected that the 
snacks will look as promised on the packaging and that the product will 
have no deformations or defects. The entire area of liquid chocolate-
covered snack products entering the chocolate cooling tunnel must be 
cooled homogeneously. If all surfaces of the chocolate are not sufficiently 
cooled, a problem of sticking to the conveyor belt can occur. This study 
investigates the performance of roll-bond heat exchangers under 
different operating conditions to solve the snack sector’s technical 
problems. For this purpose, a CAD model of a roll-bond heat exchanger is 
created. A steady-state heat transfer problem is established in the 
SolidWorks Flow Simulation environment, and the problem is solved 
numerically. The maximum, minimum, and average values of the fluid 
temperature, pressure difference, fluid velocity, and solid temperature 
distributions are calculated for different inlet velocities and temperatures. 
In addition, the standard deviations of the solid temperature values are 
calculated and evaluated. The results show that the roll-bond heat 
exchanger applies to the chocolate cooling tunnel and is much more 
efficient for heat transfer than the conventional design. 
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1. INTRODUCTION  
 

The most consumed sweet snacks today are 
chocolate-coated products. The high consumption 
of these coated products is due to the preference 
for the chocolate and sugar included in the 
chocolate. Chocolate-coated products can be 
realized as nougat, coconut, and cereal products 
such as hazelnuts, peanuts, energy bars, cakes, or 
wafers [1-3].  

It can be said that chocolate is a generally 
preferred component of the sweet snack sector. For 
chocolate to change from solid to liquid without 
deterioration, it needs to be heated slowly and 
continuously, stirring at 40-45°C [2-5]. Chocolate, 

which liquefies after heating, is poured into molds 
to produce plain snack products or coated on 
different snack products (chocolate) to enrich the 
taste and appearance of the snack products. The 
liquid chocolate coating must be cooled to pass into 
the solid phase. The first part of the coating is 
completed by passing the snack product through a 
waterfall of hot chocolate, leaving a thin shell 
structure. This structure is then cooled slowly, and 
the encrusting process is completed. In the snack 
sector, many scientific studies have been conducted 
on the use of chocolate on various products, and 
the heating and cooling process of chocolate and 
different chocolate recipes have been obtained [2-
4, 6]. In general, chocolates are heated up to 45°C, 
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and at temperatures above this value, chocolate 
loses its properties and deteriorates. Subsequently, 
the liquid chocolates need to be cooled to a 
temperature between 10-12°C (approximately 3 
°C/min) for 9-12 minutes on average in order to 
solidify [2-4, 7]. If the liquid chocolate-coated 
products are cooled faster than the temperature 
values mentioned above, the products crystallize 
and adversely affect the quality (taste), which is 
called the eating profile [3, 8, 9]. Therefore, liquid 
chocolate should be cooled slowly and with minimal 
temperature differences [3, 4, 10]. Cooling tunnels 
are usually designed very long in order to cool liquid 
chocolate slowly [3, 4, 11]. After the sweet snack 
products are coated with liquid chocolate, they 
enter cooling tunnels further down the production 
line. The coated snack products that slowly move 
through the cooling tunnels are slowly cooled in the 
tunnel. In this process, the product covered with 
liquid chocolate, which moves in the cooling tunnel 
with PVC tapes or other transport mechanisms, is 
cooled by heat transfer and air-cooled to 10-15°C 
[3-4]. The chocolate mentioned above cooling times 
in the tunnel (9-12 minutes) vary for each chocolate 
recipe [3, 4]. For example, the cooling time for a 
milk chocolate recipe can be up to 12 minutes. The 
chocolate-coated snack products travel on a PVC 
tape in the cooling tunnel and the pre-cooled air 
transfers heat by convection. 

The lower parts of the products cannot 
sufficiently transfer heat with cold air since the 
lower parts of the snack products coated with liquid 
chocolate are in contact with the PVC tape. For this 
reason, all parts of the products cannot be cooled 
homogeneously, and the liquid chocolate in the 
lower parts of the products adheres to the PVC 
tape, and the integrity of the coating on the product 
is disrupted [12]. Many studies have been 
conducted in the literature on product integrity, 
product quality, and the effect of production 
machinery on food and similar problems [13-18]. In 
order to prevent non-cooling problems experienced 
in the lower parts of chocolate-coated products, the 
surface in contact with the product’s underside 
must also be cooled.  

For this purpose, it is also possible to circulate 
the cooled air under the products to achieve cooling 
on the bottom surfaces. However, the Roll-bond 
heat exchanger, which is used for heating/cooling 
with the help of water in areas such as solar panels 
and refrigerators, is considered to be a solution to 
overcome this problem since the specific heat of 
water is about six times higher than the specific 
heat of air. The studies on this subject [19, 20] also 

support this idea. A roll-bond is a structure formed 
by opening channels to allow liquid flow between 
metal plates brought together. The product can be 
cooled by providing water flow through the hollow 
water chamber and the water chamber filled with 
obstacles (Roll-bond), as shown in Fig. 1 [20, 21]. 

 

 

Fig.1. Schematic description of Roll-bond cooling system 

It is aimed to realize homogeneous cooling by 
placing this system under PVC belts in cooling 
tunnels. It has been reported that it is possible to 
achieve similar cooling efficiency with conventional 
cooling methods [22]. The main research question 
related to the roll-bond system is to provide 
sufficient interaction time and turbulent flow 
between the cooled water and metallic plates to 
ensure homogeneous and high heat transfer. For 
this purpose, turbulence is increased by placing 
flow-deflecting obstacles (turbulators) inside the 
structure’s chamber. 

This study is about the numerical modeling of 
the Roll-bond heat exchanger design to be built 
under the belt of the chocolate cooling tunnel for 
the problem of non-cooling of the lower region of 
hot chocolate coated snack products (not passing to 
solid phase) in chocolate cooling tunnels. In this 
study, two different cold-water chambers with the 
exact dimensions were designed to provide heat 
transfer under the conveyor belt that advances the 
products to be cooled in the chocolate cooling 
tunnel. The aim of the study is to investigate the 
numerical effects of two different cold-water 
chambers, the effect of deflecting turbulators on 
the fluid velocity, fluid temperature, inlet-outlet 
pressure differences, and the temperature 
distribution on the sheet-metal plate on the two 
different cold-water chambers.  

 
2. MATERIALS AND METHOD  

In this study, two cold water reservoir designs 
with different designs were analyzed using the 
computational fluid dynamics (CFD) method 
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(Solidworks Flow Simulation software), and criteria 
were determined to compare the flow and heat 
transfer results. In order to be analyzed in CFD 
software, criteria were determined to compare the 
results of the average velocity of the fluid, inlet-
outlet pressure differences to ensure fluid 
movement, and temperature differences (ΔT) 
created by the sheet-metal plate contacting the 
cold-water reservoir. Firstly, a roll-bond type water 
reservoir and a conventional type water reservoir 
(no obstruction in the inner chamber) used in 
different areas were designed with the exact 
external dimensions. The two different water 
reservoir designs were made using SolidWorks 3D 
software and are presented in Fig. 2. Table 1 shows 
the input parameters to the CFD software. 

The dimensions of the sheet metal plate 
contacting the roll-bond type heat exchanger water 
tank and the conventional type water tank are 
2772x1460x5 mm, which are widely used in 
industrial applications (Fig. 3). 

 
 
 
 

 

Table 1. Input parameters to the CFD software [23] 

Parameter Value 

Density (𝝆) 8000 kg/m3 

Heat conduction coefficient (𝒌) 16 W/mK 

Specific heat (𝑪𝒑) 500 J/(kgK) 

The initial temperature (𝑻İ) 20 °C 

The fluid initial temperature ( 𝑻İ𝒇
) 5 °C 

The gravity acceleration (g) 9.81 m/s2 

The total number of mesh elements 
of the conventional type water 
reservoir fluid 

3.2 million 

The total number of solid mesh 
elements 

3.2 million 

The total inlet pressure of the fluid 
(𝑷İ) 

3 Bar 

The pressure at the outlet of the 
fluid (𝑷𝑶) 

3 Bar 

The heat transfer coefficient (𝒉) 17 W/m2K 

The external air temperature (𝑻𝒆) 28 °C 

The metal roughness value (𝑹𝒂) 0.01 µm 

Turbulence intensity (𝑰) 2% 

Turbulence length (𝑳) 0.00072 m 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 2. Water tank: a) Conventional type, and b) Roll-bond type 
 

b) 

Water Inlet 

(+5°C) 

a) 

Water Outlet 
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Fig.3. Water reservoir cross-sectional images: a) Conventional type water tank, and b) Roll-bond type 

 
All components used in the design are assumed 

to be made of AISI 304 stainless. Numerical 
solutions were obtained by SolidWorks Flow 
Simulation CFD software under identical boundary 
conditions. The gravity acceleration was 
determined in the +Z direction. Only the laminar 
flow type was chosen by allowing heat conduction 
in solids. The heat transfer coefficient was selected 
as the outer wall thermal condition. In both 
analyses, flow characteristics, turbulence and 
laminar were selected and automatic 
determination of the flow type was requested from 
the software.  

The analyses were analyzed as a steady state. 
Equation 1 gives the Navier-Strokes equation for 
incompressible homogeneous fluids in the x, y and 
z axes for fluid regions [24]. If the fluid is 

homogeneous and incompressible; 
𝜕𝜌

𝜕𝑡
=0. This 

means that the density does not change with time.  

𝜌 (
𝜕𝑢
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+ 𝑢
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𝜕𝑦
+ 𝑤

𝜕𝑢
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)

= 𝑃 −
𝜕𝑃

𝜕𝑥

+ 𝜇 (
𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2) 

𝜌 (
𝜕𝑣

𝜕𝑡
+ 𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
) = 𝑄 −

𝜕𝑃

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2 +

𝜕2𝑣

𝜕𝑦2 +
𝜕2𝑣

𝜕𝑧2)  

𝜌 (
𝜕𝑤

𝜕𝑡
+ 𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
) = 𝑄 −
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+

𝜇 (
𝜕2𝑤

𝜕𝑥2 +
𝜕2𝑤

𝜕𝑦2 +
𝜕2𝑤

𝜕𝑧2 )                                                 (1) 

In the equations, 𝑃 = 𝜌𝑔𝑥,  𝑄 =  𝜌𝑔𝑦, P and Q 

represent external forces. 
In Equation 1, v(u,v,w) denotes the velocity 

values and u,v and w denote the velocity values in 
the x, y and z axes. P is the pressure, 𝜕𝑡 is the change 

with time, 𝜌 is the fluid density, 𝜇 is the dynamic 
fluid viscosity and 𝑔 is the gravity. These equations 
state that the product of mass and acceleration is 
proportional to the force acting on a fluid particle, 
preserving the continuity of mass and momentum. 
In Equation 2, the turbulence conservation law is 
given for laminar, turbulent and transitional flows 
of homogeneous fluids following the 𝑘 − 𝜀 
turbulence model with damping function realized 
by Lam-Bremhorst [25]. 
 

𝜕𝜌𝑘
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+ 𝐶𝐵𝜇𝑡𝑃𝐵) − 𝑓2𝐶𝜀2

𝜌𝜀2

𝐾
  

𝜏𝑖𝑗 = 𝜇𝑠𝑖𝑗,  𝜏𝑖𝑗
𝑅 = 𝜇𝑡𝑠𝑖𝑗 −

2

3
𝜌𝑘𝛿𝑖𝑗 , 𝑠𝑖𝑗 =

𝜕𝑢𝑖

𝜕𝑥𝑗
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𝜕𝑢𝑗
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1
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                                                          (2) 

The constants in the 𝑘 − 𝜀 model is 𝐶𝜇 = 0.009, 

𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92. 
The empirical constants in the turbulence model 

are 𝜎𝑘 = 1, 𝜎𝜀 = 1.3, 𝜎𝐵 = 0.9, 
𝑃𝐵 > 0 for the case 𝐶𝐵 = 1, 𝑃𝐵 < 0 for the case 
𝐶𝐵 = 0. 

Turbulent viscosity 𝜇𝑡 = 𝑓𝜇 .
𝐶

𝜇𝜌𝑘2

𝜀
  and Lam and 

Berhorst’s damping function: 

𝑓𝜇 = (1 − ⅇ−0.0025𝑅𝑦)
2

⋅ (1 +
20.5

𝑅𝑡
),            (3) 

Y distance from wall to point, Lam and Berhorst’s 
𝑓1 𝑎𝑛𝑑 𝑓2 damping function: 

𝑓1 = 1 + (
0.05

𝑓𝜇
)

3

,                            (4) 

Sheet-Metal Plate 

Contacting the Cold Water 

Reservoir Plate Roll-bond Water Barriers 

a) 

b) 
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𝑓2 = 1 − ⅇ−𝑅𝑡
2
,                             (5) 

𝜀 is the isotropic dissipation rate, 𝜇 the dynamic 
fluid viscosity, 𝜌 the fluid density, 𝑢𝑖 and 𝑢𝑗 the 

tensors for velocities on the x, y axes, 𝑘 the 
turbulence energy, the lower notation 𝑋𝑡 
turbulence, Reynolds Numbers for 𝑅𝑡, 𝑅𝑦 

turbulence, 𝐶 is the turbulent model constant, 𝜕𝑡 is 
the time-dependent variation, 𝑓1, 𝑓2 is the turbulent 
model function, 𝜎𝑘 is the diffusion Prandtl value (a 
dimensionless quantity relating the viscosity of a 
fluid to the thermal conductivity) for the turbulence 
energy. Equation 6 gives the equations used for 
thermal convection in liquid regions and Equation 7 
for thermal conduction in solid regions [26]. 

In thermal convection in liquid regions, 

𝑞𝑖 = (
𝜇

𝑃𝑟
+

𝜇𝑡

𝜎𝑐
)

𝜕ℎ

𝜕𝑥𝑖
, ⅈ = 1,2,3              (6) 

The contents 𝜎𝑐 = 0.9, Pr Prandtl number and h 
is the thermal enthalpy. 

In heat conduction in solid media, 

𝜕𝜌ⅇ

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
(𝜆𝑖

𝜕𝑇

𝜕𝑥𝑖
) + 𝜃𝐻                      (7) 

𝜌ⅇ is heat transfer value, 𝑞𝑖 is heat flux, 𝜇𝑡 is 
turbulent viscosity, 𝜇 is dynamic fluid viscosity, 𝜌 is 
fluid density, specific internal energy ⅇ = 𝑐𝑇, 𝑐 is 
the specific heat, 𝑇 is the temperature, 𝜃𝐻  is the 
specific heat dissipation concerning the velocity, 𝜕𝑇 
is the thermal boundary layer thickness, 𝜕𝑥𝑖 is the 
change in the x-axis, 𝜆𝑖 is the eigenvalues of the 
thermal conductivity tensor. As a result of the 
analysis, the heat transfer results with the velocity 
of the cold fluid passing through two different water 
reservoirs and on the sheet-metal plate in contact 
with the water reservoir were obtained. 
 
3. RESULT AND DISCUSSIONS  
 
3.1 Fluid Zone 
 

The results were analyzed to see the velocity 
data of the fluid (cold water) passing through two 
different water chambers and the fluid temperature 
changes. Fig.4 shows the results of the change in the 
water velocity due to two different designs: 
conventional-type water reservoirs and Roll-bond-
type water reservoirs. In Fig. 4, the maximum 
velocity value of the fluid in the conventional type 
water reservoir is 11.741 m/s and the minimum 
velocity value is 0.0001335 m/s. In Fig. 4, the 
maximum velocity value of the fluid in the roll-bond 

type water reservoir is 11.190 m/s and the 
minimum velocity value is 0.003 m/s. 

Looking at the maximum fluid velocity values for 
the two different designs in Fig. 4, it is seen that the 
Roll-bond type water reservoir is approximately 5% 
lower than the conventional water reservoir. It is 
clearly seen that the Roll-bond type water reservoir 
is approximately 22.5 times higher than the 
conventional type water reservoir when looking at 
the minimum fluid velocity values in two different 
designs. This is due to the fact that the large vortices 
of the conventional type water reservoir gather at 
certain points and cause stagnation in the corner 
regions. The fact that the velocity of the fluid 
formed in the corner regions of the conventional 
type water reservoir is close to stagnation is an 
indication that there are more dead zones. Looking 
at the average fluid velocities of the two different 
designs in Fig. 4, it is realized that the Roll-bond type 
water reservoir (0.741502) has a 3.5% lower 
velocity than the conventional type water reservoir 
(0.768019 m/s) and the Roll-bond type water 
reservoir has a more homogeneous velocity 
distribution and much fewer dead zones than the 
other design. This is also confirmed by the low 
standard deviation, as shown in Fig. 4. 

Fig. 5 shows the pressure change results of the 
conventional type water reservoir and Roll-bond 
type water reservoirs depending on two different 
designs. In Fig. 5, the maximum pressure value of 
the fluid in the conventional type water reservoir is 
293382.12 Pa, and the minimum pressure value is 
116503.96 Pa. In Fig. 5, the maximum pressure 
value of the fluid in the roll-bond type water 
reservoir is 290595.11 Pa, and the minimum 
pressure value is 107891.08 Pa. Looking at the 
maximum fluid pressure values in two different 
designs in Fig. 5, it is seen that the Roll-bond type 
water reservoir is approximately 1% lower than the 
conventional type water reservoir. Looking at the 
minimum fluid pressure values in the two different 
designs, it is seen that the Roll-bond type water 
reservoir is at a pressure approximately 8% lower 
than the conventional type water reservoir. Fig. 6 
shows the temperature change results of the 
conventional type water reservoir and Roll-bond 
type water reservoirs depending on two different 
designs.  

Fig. 6 shows that the maximum temperature of 
the fluid in the conventional type water reservoir is 
5.85°C and the minimum temperature is 5°C. In Fig. 
6, the maximum temperature of the fluid in the Roll-
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bond type water tank is 5.23°C and the minimum 
temperature is 5°C. In Fig. 6, the average fluid value 
in the conventional type water reservoir was 
222008.931 Pa and the average fluid value in the 
Roll-bond type water reservoir was 221924.134 Pa. 

Looking at the fluid temperatures of the two 
different designs, it was realized that the maximum 
temperature values were almost equal. However, it 
was clearly realized that the fluid temperature of 
the Roll-bond type water reservoir exhibited a more 
homogeneous distribution.

 
 

 
 

Fig.4. Water velocity distribution: a) Conventional type water tank, and b) Roll-bond type water tank 

a) 

b) 
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Fig. 5. Water pressure distribution: a) Conventional type water tank, and b) Roll-bond type water tank 

 

Fig. 6. Temperature distribution of water depending on two different designs: a) Conventional type water tank, and b) 
Roll-bond type water tank 

 

a) 

b) 

a) 

b) 
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3.2 Solid Zone 
 

Fig. 7 shows the temperature change results of 
the sheet-metal plates contacting the conventional 
type water tank and Roll-bond type water tank 
according to the heat transfer with water. In Fig. 7, 
the maximum temperature value is 7.14°C and the 
minimum temperature value is 5.19°C due to the 
heat transfer of the sheet-metal plate contacting 
the conventional water tank with water. In Fig. 7, 
the maximum temperature value is 6.56°C and the 
minimum temperature value is 5.19°C due to the 
heat transfer of the sheet-metal plate contacting 
the roll bond type water tank with water. 

In order to see the temperature distribution 
received by the sheet-metal plates contacting the 
water reservoirs with two different internal designs, 
temperature data were taken from 5012 separate 
points. Fig. 8 shows the 5012 temperature points 
determined on the sheet metal plates contacting 
the conventional type water reservoir and Roll- 
bond type water reservoirs.  

Table 2 shows the maximum temperature, 
minimum temperature, average temperature, 
standard deviation values taken from 5012 separate 

points on the sheet-metal plates contacting the 
water tank with two different internal designs. 

 
Table 2. Numerical values obtained from metal plate 
(5012 discrete points)  

Parameter Konventional Roll-bond 

Maximum Solid 
Temperature (°C) 

7.14 6.56 

Minimum Solid 
Temperature (°C) 

5.19 5.19 

Average Solid 
Temperature (°C) 

8.86 5.502 

Temperature Standard 
Deviation 

0.3385 0.0193 

 

In Table 2, the maximum temperature value of 
the sheet-metal plate contacting the conventional 
type water tank was 7.14°C, the minimum 
temperature was 5.19°C, the average temperature 
was 5.86°C and the standard deviation was 0.3385. 
In Table 2, the maximum temperature value of the 
sheet-metal plate contacting the roll-bond type 
water tank was 6.56°C, the minimum temperature 
was 5.19°C, the average temperature was 5.502°C 
and the standard deviation was 0.0193. 

 
 

 

Fig. 7. Design-dependent temperature variation of sheet-metal plates in contact with two different water reservoirs: 
a) Conventional type water tank, and b) Roll-bond type water tank 

a) 

b) 
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Fig. 8. There are 5012 temperature points determined on the sheet-metal plates in contact with the: a) conventional 
type water tank, and b) Roll-bond type water tanks 

 

Fig. 9 shows the metal temperatures and 
standard deviation variation values of the 
temperatures taken from 5012 separate points on 
the sheet-metal plates in contact with two different 
water reservoirs. In Fig. 9, the line drawn between 
the minimum temperature points for both designs 
shows a trend close to flat. In Fig. 9, the line drawn 
between the same case average temperature points 
for both designs showed a trend close to flat. 
However, both designs have an excess variation of 
0.58°C between the maximum temperature points. 
Fig. 9 shows that the standard deviation of the 
temperature data from 5012 separate points for 
both designs is more than 17.5 times higher. 

 
4. CONCLUSION 
 

This study is concerned with the numerical 
modeling of the roll-bond heat exchanger design to 
be built under the chocolate cooling tunnel PVC belt 
for the problem of non-cooling (non-solid phase) of 
the lower zone of hot chocolate coated snack 
products. Depending on the cold-water inner 
chamber design, the effects of fluid velocity, fluid 
temperature, inlet-outlet pressure differences and 
temperature distribution on the sheet-metal plates 
in contact with the water chamber were 

a) 

b) 
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investigated. The results obtained at the end of the 
analysis are listed below: 

• The roll-bond design has very few dead flow 
regions compared to the conventional design.  
Throughout the design, the controlled 
distribution of vortices (with turbulators) 
resulted in a temperature distribution about 4 
times more homogeneous.  

• The fact that the pressure is 7.5% lower in the 
roll-bond type design compared to the 
conventional type design is considered an 
insignificant loss considering a homogeneous 
temperature distribution. 

• It is clear from the numerical data that the Roll-
bond type design is more suitable in many 
respects for chocolate-coated snack products 
moving in the chocolate cooling tunnel. 

• Finally, a separate study can be conducted to 
find the optimum shape and size of the 
turbulators by changing the shape and size of the 
turbulators formed in the roll-bond type design 
through the effects of fluid velocity, fluid 
pressure differences, fluid temperature 
distribution, and solid temperature distribution. 
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