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 م. غسان جميل حسن صفطة

 :ملخص

تعتبر "عجلة استرجاع الحرارة" عنصررا  سساسرًا  أ سمة رة تر رًط اة الرة اةرد تفيرتبطا أ  ر  ا          
اةت ًًف ةل  امي اةتجارية . وهي ع ارة عن عجلة دائرية مفاذية ذا  كتلة تخزينًرة غللفرة لالرصل ،رل       

ع لاين المائعين الحار واة ارد. يتم تحريك اةعجلة بمحرك كهرلاائي لافيررعة  لاش ل غتق  بحًث تتعارض تتحرك
والهواء اةنقي لااةتناوب غن خصل سجزاء اةعجلة. أ هذا اة حث تم  اةراجعالهواء كل غن  رغنبفضة بحًث يم

)حاةرة  مختلفة تشلًل  أ ظرول "عجلة استرجاع الحرارة" أ سداء المؤثرةإجراء دراسة حفيالاًة لأهم اةعواغل 
أ محاوةة إلى اةو،ول لأفضل سداء. كامت مترائ    (  والمعطن المصنع غنه اةعجلةغفيار تطفق المائعواةطخول  

 اةطراسة الحاةًة واعطة جطا .

 

35-05-005 © The University Press 35-62 
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Abstract: 

The heat wheel is a key component in solid-energy systems that can be used in 

commercial building air-conditioning-systems in order to achieve energy savings. 

Rotary wheel-recovery consists of a rotor with permeable storage mass fitted in a 

casing that operates intermittently between a hot and a cold fluid. A unique 

advantage of rotary wheels is the capability of recovering sensible heat. At present, 

the analysis of the behavior of air handling units based on heat recovery wheels is a 

complex task to be done by a design engineer. In this work, a computational study of 

heat recovery wheels is carried out for different operating conditions (inlet state, 

flow path) to investigate the most effective parameters. The performance of the 

recovery wheel is evaluated by modeling a representative channel by a commercial 

software-package (ANSYS-FLUENT).Thus, present results can be taken in great 

confidence.  
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1. Introduction 

1.1 Background  

The waste energy is one of the major global concerns in all science disciplines 

especially engineering. Also, when designing and applying specific conditions on 

certain areas such as health facilities, industrial manufactories and laboratories and 

in order to fulfill their requirements, a massive amount of energy is wasted. The 

importance of energy saving is manifest on emission levels and energy cost. One of 

the energy systems where energy saving is implemented is the boilers. The steam-

generating boiler's roots go back to the late 1700s with the development of the 

kettle-type boiler, which simply boiled water into steam. The water was placed over 

a fire box and then boiled into steam. It was not until around 1867, with the 

development of the convection boiler that the steam-generating industry began. 

Another type is air preheaters. The first Ljungström Air Preheater was introduced 

in 1920, and was used for heat exchange in a coal factory. Heat Recovery wheels 

have been used widely and commercially in order to achieve important energy 

savings. The rotary wheel recovery consists of a rotor with a permeable storage mass 

fitted in its casing which operates intermittently between a hot and a cold fluid. The 

rotor is driven by a motor so that the exhaust air and the fresh air are alternately 

passed through each section. The rotor speed is normally low (3-15 rpm). 

At present, the analysis of the behavior of air handling units based on desiccant 

wheels is a complex task to be designed by a design engineer. It is difficult to 

develop a simple model that can represent the behavior of commercialized wheels 

with predetermined accuracy. This study focuses on the "Heating, Ventilating and 

Air-Conditioning" (HVAC) system requirements to serve a building with 100% 

fresh air. In order to meet this condition, a major concern regarding energy 

efficiency becomes vital.   

1.2 Present Investigation 

In the present investigation, a computational study of heat recovery wheels is 

carried out on different materials and shapes to investigate the most effective 

parameters. The performance of the heat recovery wheel is evaluated by modeling a 

representative channel using a commercial software-package (ANSYS-FLUENT). A 

parametric study is conducted to investigate the influence of different parameters on 

heat transfer. 



 A Parametric Study of the Performance of Heat Recovery… 

40                             Umm Al-Qura University Journal of Engineering & Architecture 

Nomenclature 

Symbol Description 

A Heat flow cross-area (m
2
) 

Aw Cross-area of matrix (m
2
) 

Bw Length of the surface through which heat transfers (m) 

Cp Specific heat at constant pressure (J/(kg 
o
C)) 

C Thermal capacity rate of flow stream (J/(s 
o
C)) 

Cr 
ratio of heat capacity of the matrix to the minimum air heat 

capacity rate in a rotary air-to-air heat exchanger 

D 
Inner diameter of the circular tube on one side estimated by all 

the free-flow flute (m) 

d Diameter of flute (m) 

 Production of turbulence kinetic energy 

h Convective heat transfer coefficient of fluid flow (W/(m
2 o

C)) 

k Turbulence generation 

 The effective thermal conductivity 

 Turbulent thermal conductivity 

L Length of heat wheel (m) 

 Mass flow rate (kg/s) 

M Mass (kg) 

Nu Nusselt number 

Pr Prandtl number 

 Heat transfer rate on the whole cross-area (J/s) 

 Heat flux (w) 

Ratio 
Ratio of minimum to maximum air heat capacity rates in an air-

to-air heat exchanger 

R Heat transfer resistance (m
2o

C/W) 

Re Reynolds number 

 Volumetric heat source 

S Modulus of the mean rate-of-strain tensor 

T Temperature (K) 

U Total heat transfer coefficient (W/(m
2 o

C)) 

 Normal Reynolds stress 

v Velocity of airflow (m/s) 

Greek Letters 

 Effectiveness of counter flow heat exchanger 

 Coefficient of bulk viscosity 

µ Absolute viscosity coefficient (kg/(m s)) 
𝟇 Rotational frequency (revolution per second) 

 Density (kg/m3) 

 The deviatoric stress tensor 
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𝞾 Kinematic viscosity coefficient (m2/s) 

Superscripts 

C Cold fluid side of heat exchanger 

E The total energy 

F Fluid 

H Hot fluid side of heat exchanger 

W Wheel matrix 

Subscripts 

Hy Hydraulic 

In Inlet 

Max Maximum value 

Min Minimum value 

Out Outlet 

Abbreviations 

AHU Air handling unit 

ASHRAE 
American Society of Heating, Refrigerating and Air 

Conditioning Engineers 

CFC Chlorofluorocarbons  

HVAC Heating, ventilation and air conditioning 

NTU Number of transfer unit 

2. Previous Investigations 

The design of (HVAC) systems for thermal comfort requires increasing 

attention, especially matters arising from recent regulations and standards on 

ventilation [1].The optimum level of indoor temperature is desired to be reached and 

maintained to ensure a comfortable and healthy environment. Wheel cooling 

systems have advantages in environmental-conscious operation. As stated by Perez-

Lombard et al, [2] building energy consumption has increased as a result of 

economic growth, expansion of building sectors and spread of heating, ventilation 

and air conditioning (HVAC) system. Since buildings have a long life span, 50 years 

or more conserving the energy strategies strictly have stressed on energy loss 

recovery in buildings[3]. From the reviewed literatures, it can be said that a large 

amount of energy is lost due to heating, air-conditioning and ventilation. It is thus 

very important to recover as much as possible this energy by adopting heat or energy 

recovery systems for building applications. Heat recovery technology offers optimal 

solutions: using fresh air, better climate control and improving energy utilization 

efficiency [4].The major advantages of heat recovery wheel are [13]: 

1. The system significant electrical power savings, especially where thermal energy 

sources are easily available. 

2. Chlorofluorocarbons (CFCs) free; thus, the system is environmentally friendly. 

3. Construction and maintenance are simple. 
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Because of these advantages, much of the effort has been devoted to research 

and application of heat recovery wheel components, especially desiccant wheels [3–

11]. Heat recovery term is referring to an air-to-air heat or energy recovery system 

which is defined as the process of recovering energy (heat/mass) from a stream at a 

high temperature to a low temperature stream that is effective and economical to run 

[12]. On the other hand, heat conservation [13] defines that heat or energy recovery 

system as any device that removes in terms of extracts, recovers or salvages heat or 

mass from one air stream and transfers it to another air stream. This means that the 

energy that would otherwise be lost is used to heat the incoming air, helping to 

maintain a comfortable temperature. The optimum temperature and humidity range 

for human comfort is presented by ASHRAE [2]. In addition, the forced ventilation 

also has become necessary because the air tightness of buildings has been 

increasing. Ge et al. [14] reviewed the literatures on mathematical models for the 

rotary wheel and classified the models according to the modeling types of the heat 

and mass transfer between the air in air-channel and the wheel-wall. Also, there are 

studies that concentrated on the potential use of heat recovery wheel systems in 

various locations in the USA and Europe [15–18]. 

3. System Description 

3.1 HVAC System  

Figure1 shows a typical heat recovery system installed in ventilation system. In 

the core, the fresh air stream is automatically preheated or pre-cooled (depending on 

the season) by the exhausted air and distributed to the interior part of the building. 

The outgoing and incoming air passes next to each other but do not mix in the heat 

wheel. 

 

Fig.1 Heat recovery system [12] 

3.2 Heat Recovery Wheel  

A thermal wheel consists of a circular matrix of heat-absorbing material (Fig. 

2), which is slowly rotated within the supply and exhaust air streams of an air 
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handling system. As the thermal wheel rotates, heat is picked up from the exhaust air 

stream in one-half of the rotation, and given up to the fresh air stream in the other 

half of the rotation. Thus, waste heat energy from the exhaust air stream is 

transferred to the matrix material and then from the matrix material to the fresh air 

stream (Fig.2), raising the temperature of the supply air stream by an amount 

proportional to the temperature differential between air streams, or 'thermal 

gradient', and depending upon the efficiency of the device. Heat exchange is most 

efficient when the streams flow in opposite directions (counter flow), since this 

causes a favorable temperature gradient across the thickness of the wheel. The 

principle of course works in reverse and the energy can be recovered to the supply 

air stream if so desired and the temperature differential allows. 

 

Fig.2Heat recovery wheel [7] 

 

Because of the nature of thermal wheels in the way that heat is transferred from 

the exhaust air-stream to the supply air-stream without having to pass directly 

through or via an exchange medium, the gross efficiencies are usually much higher 

than that of any other air-side heat recovery system. 

3.3 Present Work 

In this work, a numerical model is used to study and discuss the performance 

of a cooling system in terms of heat transfer efficiency. The commercial codes 

ANSYS-Fluent13 were utilized to carry out the investigation. The investigated 

component of the heat conservation wheel has the cross-sectional shape of 

quadrangle, lozenge and sinusoidal shape with four different materials: steel, 

aluminum, nickel and copper at three different Reynolds numbers. 

http://en.wikipedia.org/wiki/Countercurrent_exchange
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4. Mathematical Model & Numerical Treatment 

4.1 Development of the Mathematical Model  

For numerical analysis, it is assumed that the flow is incompressible, 

unidimensional. Thermal properties of the fluid (such as specific heat, thermal 

conductivity, density) are assumed to have bulk average values and be uniform at 

any cross-section. Mass flow rate is constant. Heat transfer is axial to the flow 

direction. Based on these assumptions, differential equations relating the fluid and 

matrix temperatures can be derived from the energy balance equation applied to a 

unit axial element dz through the heat wheel control volume. In what follows, we 

denote by T the temperature of fluid and the matrix which is a function of time t and 

distance z,T=T(t,z). 

The starting point is the energy balance equation given in the following form: 

 

Where is the energy-input rate  with 

 

Our analysis is based on Eq. (4.1) considered in the one-dimensional 

approximation. Heat convection and heat conduction are analyzed here in the fluid 

direction over the control volume of (a) each fluid airflow within cross-areas 

and  and (b) the wheel matrix within cross-area Aw. In (Fig. 3), we present 

the diagram for model simplification and provide all necessary details of our 

definition of the control volume element definition. 

 

Fig.3 Diagram of thermal model simplification and control volume element definition. [18] 
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Eq. (4.1) for control volume elements of the extracted air was used. (Fig. 3) 

illustrates our approach in greater details. In particular, for the control volume 

elements presented in (Fig. 4) we have the following relationships (written for the 

extracted air, the wheel matrix and the supply air respectively): 

 

 

 

 

 

 

 

 

In (4.2)–(4.4), for both  and  we have: 

 

Furthermore, we have KE = 0, PE = 0 in and u + Pv = h, 

 

 

For both , ,  

 

By substituting Eqs. (4.5)–(4.8) for Eqs. (4.2)–(4.4), we obtain a set of three 

equations: 

 For the extracted air: 

 

 For the supply air: 
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Fig.4 Schematic diagram describing the energy balance analysis for a control volume of: 

(1) extracted air; (2) wheel matrix; (3) supply air. [18] 

 

 For the wheel matrix: 

 

 

 

In the context of (4.9)–(4.11) we note that 
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4.2 Turbulence Modeling - Realizable  k- turbulence model 

The realizable k - turbulence model was used in the present study. The 

realizable k-  model differs from the standard k-   model in two important ways: 

 The realizable k-  model contains an alternative formulation for the turbulent 

viscosity. 

 A modified transport equation for the dissipation rate, , has been derived from an 

exact equation for the transport of the mean-square vorticity fluctuation. 

For further details about the realizable k-  turbulence model, one may refer to [21]. 

5.Computational Aspects and Test cases 

5.1 Overview 

In this section the computational aspects of the solution of the governing 

equations that were presented in the previous section are shown. Moreover, the 

examined test cases are also shown. As mentioned in Sec.3 above, the conservation 

wheel contains flow passages that form a matrix of similar channels. The present 

study concerns the flow and thermal fields through these channels. As these 

channels are similar, only one complete channel is considered. The flow was treated 

as steady without the effect of wheel rotation. The flow in the channel was kept 

hotter than the surroundings. Due to the nature of the AHU system, the channel flow 

was treated as turbulent. The realized k- model (Sec.4) was adapted to solve the 

turbulent flow. 

5.2 Computational Aspects 

5.2.1 Computational Domain and Boundary Conditions 

The computational domain, for all test cases, is a three dimensional (3-D) 

domain, (Fig. 5). 

 

Fig.5Computational domain 

 

The ratio between the length of the channel and its hydraulic diameter (L/D) is 

(33.33). Typically, in ANSYS-FLUENT three types of boundary conditions that can 

be listed as: 
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 Inlet boundary condition: inlet uniform velocity is specified at the entrance of 

the channel. According to ASHRAE standards, the inlet temperature was taken 

as 319 K  This temperature value represents the annual average ambient 

temperature in Makkah. 

 Outlet boundary condition: The function of "Pressure outlet" in ANSYS-

FLUENTis used and outlet temperature 300 K. 

 Wall boundary condition: the walls of the channel was treated as smooth solid 

walls. The no-penetration and no-sliding conditions were applied at the channel 

walls. The temperature at the inner surface of the walls was kept at 309K for all 

test cases. This makes a temperature difference of 10K between the inlet flow 

and the inner surface. This difference value was recommended in the literature 

[18]. The wall material changes depending on the test case (Sec.5.3). 

5.2.2 Computational Grid (Mesh) 

Due to the complexity of the geometry of the channels, the computational 

domain was discretized using unstructured grids. This type of grids usually 

guarantees the flexibility to generate enough computational points in locations of 

severe gradients. Unstructured grids adopt themselves easily to irregular geometries 

with minimum programmer's effort. The computational domain was covered by 

tetrahedral-shaped elements, (Fig. 6). The grid is very fine next to the solid 

boundary. The dimensionless distance between the wall and first computational 

point y
+
 ≈ 2.  y

+
 is calculated as  

 

Where, y is the distance to the first point off the wall,  is the kinematic 

viscosity,  is the friction velocity. 

 ,   is the wall shear stress and  is the flow density. The value of  y
+
 = 

2 ensures the resolution of the complex turbulent flow. 

 
Fig. 6 Enlarged grid structure (sample) 
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5.2.3 Grid Size and Independency 

Careful consideration was paid to ensure the grid-independency of the 

computational solution. Thus, three grid sizes were used to test the grid-

independency, namely: 100,000, 150,000 and 200,000 elements (cells). The results 

of both the flow and thermal fields show that the difference between the results of 

the middle and third grids is in the range of 1-2 %. The grid of (200,000) needs a lot 

of computer run-time in ANSYS-FLUENT. Thus, the second grid size (150,000) was 

used for all the test cases to reduce running time. 

5.2.4 Numerical Method  

In ANSYS-FLUENT, simple algorithm (Semi-implicit method for pressure – 

linked equations) was employed to solve for the velocity and pressure fields. Each 

equation of the momentum and energy was solved by "first-order upwind" scheme. 

The "standard wall function" was used as the near-wall treatment technique in the 

turbulence model. The solution continues until the numerical residual (error) of all 

quantities get below . 

5.3 Test cases 

A parametric study was carried out to obtain the best case for optimum 

operation. The parametric study covered the shape of the channel cross-section, the 

wall material, and the flow Reynolds number. Three cross-sectional shapes were 

considered, Quadrangle, Lozenge and Sinusoidal. The sinusoidal cross-section is 

widely used in conservation wheels. It is used here mainly for comparison purposes. 

The other two shapes are proposed by the author. The Quadrangle shape has good 

characteristics considering flow and thermal fields. On the other hand, the Lozenge 

shape has good structural properties. Four materials were tested as walls of the 

channels, namely: copper, aluminum, nickel and steel. The computations were 

performed at three values of Reynolds numbers, 1200, 1830 and 2200. This range of 

Reynolds number is taken, based on the operating conditions Ref. [18]. Seiichi study 

was based on the Reynolds number of 1830. To demonstrate the effect of Reynolds 

number in the same operating range, the two other values of 1200 and 2200 were 

adapted. Reynolds number was is calculated based on inlet velocity and the 

hydraulic diameter of the channel, i.e. 

 

Where ,  is the hydraulic diameter,  is the kinematic 

viscosity. This combination of parameters lead to thirty six (36) test case. (Table.1) 

shows a summary of studied test cases. 
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Reynolds No. Material Shape 

1200 Copper 
Quadrangle  

 

1830 
Aluminum 

Nickel 

2200 Steel 

1200 Copper Lozenge 

 

1830 
Aluminum 

Nickel 

2200 Steel 

1200 Copper 
Sinusoidal 

 

1830 
Aluminum 

Nickel 

2200 Steel 

Table. 1: Summary of the test case 

5.4 Validation of the Work 

In the present work, the present numerical results compare very well to the 

experimental data obtained by others [18] as shown in (Fig.7) for the temperature 

contours. Generally, the same trend of temperature distribution was obtained in both 

(Fig. 7) and (Fig. 8). More gradient contours appear in (Fig. 8). This may occur due 

to the secondary flow that was considered by [18] and not considered in the present 

investigation. Since the present numerical model was effectively validated, the 

outputs of present study are to be considered with confidence. 

 

Fig. 7Temperature field, cross-sectional view, present computational predictions. 
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Fig. 8Temperature field, cross-sectional view,  

Experimental work [18] 
 

 

6. Results and Discussions 

The results cover both the flow and thermal fields. The flow field concerns the 

working fluid (air) that transfers heat. Thus, the flow field of the different cases is 

presented firstly. Then, the thermal field results are presented. Naturally, attention is 

paid to the thermal field as heat transfer enhancement is the principal goal of the 

study. 

6.1 Flow Field 

(Fig. 9) Shows the velocity contours at the entrance and exit of the quadrangle 

cross-section channel at Re = 1830 and aluminum. It is clear from the velocity 

contours at exit that the flow becomes fully developed before the channel exit and 

the highest velocity is shown in the middle of cross-section shapes. The same pattern 

of quadrangle cross-section is repeated typically for lozenge cross-section(Fig. 10) 

and for sinusoidal cross-section(Fig. 11). 
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Fig. 9Velocity contours for Quadrangle shape Re= 1830 and Aluminum 

 

 

Fig. 10 Velocity contours for Lozenge shape Re= 1830 and Aluminum 

 

 

Fig. 11 Velocity contours for Sinusoidal Re= 1830 and Aluminum 
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This ensures the fully developed nature of the flow inside the channel. 

However, the entrance length may change from one case to another. This 

variation of entrance length affects greatly the thermal field as will be explained in 

the coming sections. 

6.2 Pressure Field 

(Fig. 12) shows the pressure distribution along the quadrangle cross-section 

channel as well as at entrance and exit for Re= 1830 and aluminum material. 

It is clear from (Fig. 12) that the flow in the channel causes a considerable 

pressure drop from the entrance to the exit. The same pattern of quadrangle cross-

section (Fig. 12) is obtained for lozenge cross-section (Fig. 13) and for sinusoidal 

cross-section (Fig. 14). 

 

 

Fig. 12.  Pressure Contours Quadrangle shape, Re= 1830 and Aluminum 

 

 

 

Fig. 13 Pressures ContoursLozenge shapeRe= 1830 and Aluminum  
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Fig. 14 Pressure Contours for Sinusoidal Re= 1830 and Aluminum 
 

6.3 Thermal Field 

To estimate the effect of different parameters on the heat transfer along the 

channel, a certain criterion should be established. This criterion concerns the 

different thermal zones along the channel in the stream-wise direction. The length of 

the channel was divided into three consequent zones; hot, middle and cold. For 

generality, the lengths of the three zones are normalized by the total length of the 

channel. Thus, these lengths can be defined from the temperature gradients (color 

gradients) as shown in (Fig. 15). Apparently, the greater the value of length of cold 

zone ( , the better the heat transfer process is, due to the effectiveness and thermal 

conductivity of the material. 

 

Fig. 15 Thermal zones along the channel length 

 

This criterion was implemented in the present study to determine the 

combination of parameters that gives the best heat transfer process based on the 

temperature gradients (color gradients) in each case. 
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6.3.1 Quadrangle cross-section 

(Fig. 16) shows the temperature contours along the channel as well as entrance 

and exit sections for Re= 1830 and aluminum material. It is clear from (Fig.16) that 

the temperature inside the channel drops from the inlet temperature to the wall 

temperature well before exiting the channel. 

The pattern of temperature contours at entrance and exit of the channel is 

repeated for all cases. However, the temperature contours along the channel length 

varies from one case to another depending on the case parameters. (Fig.20) shows 

the temperature contours along the channel length for all cases. 

Based on the results of (Fig. 17), the percentage relative lengths of the thermal 

zones along the channel for different cases are shown in (Fig. 18). 

It is clear from (Fig. 18) that at the same Reynolds number of 1830, the longest 

cold zone has a percentage of relative length of cold zone (Lc) = 94% and length of 

hot zone(Lh) =3% for the copper material. 

When considering aluminum as the wall material at different values of 

Reynolds number, the longest cold zone has a percentage relative length of Lc = 

95% and Lh = 3% at Re= 1200. 

 

 

 

Fig. 16 Temperature Contours Re= 1830, Aluminum material 
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Fig. 17 Temperature Contours for all materials of Quadrangle cross-section 

 

 

 

Fig. 18 Bar chart for the Quadrangle shape identifying the three zones 

 



 Eng. Ghassan J.Softah 

Volume 6 Number 1  Muharram 1437,  November 2015                                        57 

6.3.2 Lozenge cross-section 

 (Fig. 19) shows that temperature contours along the channel as well as at 

entrance and exit section for Re= 1830 and aluminum material. It is clear from 

(Fig.19) that the temperature inside the channel drops from the inlet temperature to 

the wall temperature well before exiting the channel. (Fig.20) shows the temperature 

contours along the channel length for all cases. Based on the results of (Fig.20), the 

percentage relative lengths of the thermal zones along the channel for different cases 

are shown in (Fig. 21). It is clear from (Fig. 21)that at the same Reynolds number of 

1830, the longest cold zone has a percentage relative lengths of Lc = 21% and 

Lh=71% for copper.  

When considering aluminum as the wall material at different values of 

Reynolds number, the longest cold zone has percentage relative lengths Lc = 75% 

and 

Lh = 15% at Re= 1200 and with Re= 2200 Lc = 30% and Lh = 55%. 

 

 
Fig. 19 Temperature Contours Re= 1830, Aluminum material 

 

 
Fig. 20 Temperature Contoursfor all materials of Lozenge cross-section 
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Fig. 21 Bar chart for the Lozenge shape identifying the three zones 

 

6.3.3 Sinusoidal cross-section 

Figure22 shows the temperature contours along the channel as well as entrance 

and exit sections for Re= 1830 and aluminum material. It is clear from (Fig. 22) that 

the temperature inside the channel drops from the inlet temperature to the wall 

temperature well before exiting the channel. The pattern of temperature contours at 

entrance and exit of the channel is repeated for all cases. However, the temperature 

contours along the channel length changes from one case to another depending on 

the case parameter.  

Figure 23 shows the temperature contours along the channel length for all 

cases. Based on the results of (Fig.23), the percentage relative lengths of the thermal 

zones along the channel for different cases are shown in (Fig. 24).It is clear from 

(Fig. 24) that at the same Reynolds number of 1830, the longest cold zone has a 

percentage relative lengths of Lc = 65% and Lh=18% for copper. 

 
Fig. 22 Temperature Contours Re= 1830, Aluminum material 
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Fig. 23Temperature Contoursfor all materials of Sinusoidal cross-section 

 

 

 

Fig. 24 Bar chart for the Sinusoidal shape identifying the three zones 

When considering aluminum as the wall material at different values of 

Reynolds number, the longest cold zone has percentage relative lengths of Lc = 88% 

and Lh = 7% at Re= 1200 and with Re= 2200 Lc = 35% and Lh = 45%.  

 

 

6.3.4 Overall view of all cases 

Based on the results of the previous sections, an overall view of all cases can 

be demonstrated. Table. 2 illustrates overall results of the percentage relative lengths 

of all cases. 

It is clear that if the Reynolds number increases, the value of   is decreases 

and the better heat transfer process is obtained with lower Reynolds number. In 

addition, the copper material shows a very good heat transfer performance. 
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Length of Cold 

Zone (%) 

Length of 

Middle Zone (%) 

Length of Hot 

Zone (%) 
Material Shape 

94 3 3 
Copper 

Re = 1830 

Quadrangle 

 

 

90 4 9 
Aluminum 
Re = 1830 

88 5 7 
Nickel 

Re = 1830 

87 4 9 
Steel 

Re = 1830 

95 2 3 
Aluminum  
Re = 1200 

87 5 8 
Aluminum  
Re = 2200 

21 8 71 
Copper 

Re = 1830 

Lozenge 

 

 
 

19 6 75 
Aluminum 
Re = 1830 

14 8 78 
Nickel 

Re = 1830 

10 7 83 
Steel 

Re = 1830 

75 10 15 
Aluminum  
Re = 1200 

30 15 55 
Aluminum  
Re = 2200 

65 17 18 
Copper 

Re = 1830 

Sinusoidal 

 

 

59 18 23 
Aluminum 
Re = 1830 

52 20 28 
Nickel 

Re = 1830 

50 19 31 
Steel 

Re = 1830 

88 5 7 
Aluminum  
Re = 1200 

35 20 45 
Aluminum  
Re = 2200 

Table 2: Study Results 

7. Conclusions 

This study aimed to find the best operating parameters to obtain the highest 

level of thermal heat transfer. The results and discussions of the previous sections 

lead to the following concluding remarks: 

1. The present numerical model and solution scheme were effectively validated. So 

the outputs of the present study are to be considered with confidence. 

2. For the considered range of Reynolds numbers (1200 – 2200), the best thermal 

performance was noticed for the lowest value of Reynolds number (Re = 1200). 
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3. The best thermal performance was obtained when the channel cross-section was 

Quadrangle. The Lozenge shape had the poorest thermal performance. 

4. For all cases, the wall materials can be arranged from best to worst as: Copper, 

Aluminum, Nickel and Steel when considering the thermal performance. 
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