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ABSTRAK 

 

 

 

Siasatan berangka yang dijalankan menggunakan kaedah isipadu terhingga 

kajian lamina perolakan pemindahan haba dan aliran nanofluids menegaskan 

langkah yang menghadap ke hadapan (FFS) dengan silinder bulat. Kesinambungan, 

momentum dan tenaga persamaan yang discretized dan skim algoritma MUDAH 

digunakan untuk menghubungkan tekanan dan halaju dalam bidang domain untuk 

empat jenis nanopartikel,  �����, CuO, SiO�, dan ZnO dengan 1-4% jumlah kecil 

dalam cecair asas (air). The hiliran dinding langkah pertama dikekalkan pada fluks 

haba seragam, manakala dinding lurus yang membentuk bahagian lain saluran yang 

bersamaan dengan suhu cecair masuk. Dinding hulu langkah-langkah dan langkah-

langkah yang dianggap sebagai permukaan adiabatik. Dalam projek ini, beberapa 

parameter seperti keadaan sempadan (nombor Reynolds yang berbeza), jenis cecair 

(cecair asas dengan yang berlainan jenis nanopartikel), jumlah pecahan yang 

berbeza dan diameter zarah yang berbeza disiasat untuk mengenalpasti kesannya 

terhadap pemindahan haba dan aliran cecair melalui Ffs geometri. Keputusan 

berangka menunjukkan bahawa Nanofluids dengan partikel padat rendah 

mempunyai kelajuan yang lebih tinggi daripada orang-orang dengan partikel padat 

tinggi. Empat jenis Nanofluid mencapai bilangan Nusselt lebih tinggi daripada air 

tulen. Nanofluid dengan SiO� zarah mencapai nombor Nusselt tertinggi diikuti oleh 

ZnO,  �����3 andCuO, masing-masing. Untuk semua nombor Nusselt kes 

meningkat dengan peningkatan nombor Reynolds dan nombor Nusselt akan 

meningkatkan mengelilingi silinder bulat yang terletak di hadapan menghadapi 

saluran langkah. 
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ABSTRACT 

 

 

 

Numerical investigations are conducted using finite volume method of 

study the laminar convective heat transfer and nanofluids flows aver a forward 

facing step (FFS) with a circular cylinder. The continuity, momentum and energy 

equations are discretized and the SIMPLE algorithm scheme is applied to link the 

pressure and velocity fields inside the domain for four different types of 

nanoparticles,  �����, CuO, SiO�, and ZnO with 1-4 % volume fraction in base fluid 

(water).The wall downstream of the first step was maintained at uniform heat flux, 

while the straight wall that forms the other side of the duct was equivalent to the 

inlet fluid temperature. The wall upstream of the steps and steps were considered as 

adiabatic surfaces. In this project, several parameters such as boundary condition 

(different Reynolds number), types of fluids (base fluid with different type of 

nanoparticles), different volume fraction and different particle diameter are 

investigated to identify their effect on the heat transfer and fluid flow over FFS 

geometries. The numerical results indicate that Nanofluids with low dense 

nanoparticles have higher velocity than those with high dense nanoparticles. The 

four types of Nanofluid achieved higher Nusselt number than pure water. Nanofluid 

with SiO� particle achieved the highest Nusselt number followed by ZnO,  ����� 

andCuO, respectively. For all the cases Nusselt number increased with the increase 

of Reynolds number and Nusselt number will increase around a circular cylinder 

located in forward facing step channel. 

 

 

  



vii 
 

 

 

 

TABLE OF CONTENTS 

 

 

 

Chapter  Title       Page 

DECLARATION        ii 

DEDICATION        iii 

DEDICATION        iii 

ACKNOWLEDGMENT       iv 

ABSTRAK         v 

ABSTRACT         vi 

TABLE OF CONTENT       vii 

LIST OF TABLES        xi 

LIST OF FIGURES        xii 

LIST OF SYMBOLS xiii 

1 INTRODUCTION        1 

 1.1 Background        1 

 1.2 Scope of this study       3 

 1.3 Motivation        4 

 1.4 Project Objectives       5 

 1.5 Dissertation Outline       5 

2 LITERATURE REVIEW       6 

 2.1 Introduction        6 



viii 
 

 2.2 Forward Facing Step (FFS) Geometry    7 

  2.2.1 Horizontal Flow      7 

   2.2.1.1 Forced Convection Flow    8 

   2.2.1.2 Mixed Convection Flow    9 

  2.2.2 Mixed Convective Inclined Flow    10 

  2.2.3 Mixed Convection Vertical Flow    10 

 2.3 Backward Facing Step (BFS) Geometry    11 

  2.3.1 Horizontal flow      12 

   2.3.1.1 Forced Convection Flow    14 

   2.3.1.2 Mixed Convection Inclined Flow   18 

  2.3.2 Mixed Convection Vertical Flow    19 

  2.3.3 Backward Facing Step with Baffles    20 

 2.4 Fundamentals of Nanofluids      23 

  2.4.1 Nanoparticles Material Types     23 

  2.4.2 Host Liquid Types      24 

 2.5 Preparation of Nanofluid      24 

  2.5.1 Techniques of Nanofluids Production   25 

   2.5.1.1 Double-Step Technique    25 

   2.5.1.2 Single-Step Technique    25 

 2.6 Experimental Investigation on Nanofluids    26 

  2.6.1 Thermal Conductivity      26 

   2.6.1.1 Thermal Conductivity Measurements   27 

   2.6.1.2 Effect of Thermal Conductivity Parameters  27 

   2.6.1.3 Effect of Particle volume Concentration  28 

   2.6.1.4 Effect of Particle size     29 

   2.6.1.5 Effect of Particle Material and shape   30 

   2.6.1.6 Effect of Base Fluid Material    30 



ix 
 

 2.7 Mechanism of Thermal Transport in Nanoscale   31 

  2.7.1 Brownian Motion      31 

 2.9 Summary        34 

3  METHODOLOGY RESEARCH      36 

 3.1 Introduction        36 

 3.2 CFD         37 

 3.3 Physical Model And Assumptions     38 

  3.3.1 Physical Model      38 

  3.3.2 Governing Equations      39 

  3.3.3 Boundary Conditions      39 

  3.3.4 Thermophysical Properties of Nanofluids   40 

  3.3.5 QUICK Scheme      49 

 3.4 Fluid Flow Computation by SIMPLE Algorithm   49 

4 RESULT AND DISCUSSION      53 

 4.1 Introduction        53 

 4.2 Grid Setup        54 

 4.3 Grid Independence Tests      55 

 4.4 Numerical Validation       56 

  4.4.1 Forced convective Flow over BFS    56 

  4.4.2 Mixed convective flow over BFS    57 

  4.4.3 Forced convective flow over FFS    58 

 4.5 The Effects of Different Nanofluid Parameters   59 

  4.5.1 The Effects of Different Type of Nanoparticles  59 

  4.5.2 The Effects of Different Volume Fractions of Nanoparticles 64 

  4.5.3 The Effects of Different Nanoparticle Diameters  68 

  4.5.4 The Effects of Different Reynolds number   72 

 4.6 Summary        80 



x 
 

5 CONCLUSION        83 

 5.1 Introduction        81 

5.2 Conclusions        83 

 5.3 Recommendations for the future work    82 

REFERENCE         85 

 

  



xi 
 

 

 

 

LIST OF TABLES 

 

 

 

TABLE NO. TITLE PAGE 

3. 1 Thermophysical Properties Of Base Fluid And Nps At 

T=300K   41 

3. 2 Effective Thermophysical Properties of  Al2O3-Water 

at ϕ In the Range of 1%-4% and dp In the Range of 30-

80nm   42 

3. 3 Effective Thermophysical Properties OfCuO-Water 

At ϕ In the Range of 1%-4% and dp In the Range of 

30-80nm   43 

3. 4 Effective Thermophysical Properties of SiO2-Water at 

ϕ In the Range of 1%-4% and dp In the Range of 30-

80nm   44 

3. 5 Effective Thermophysical Properties of ZnO-Water at 

ϕ In the Range of 1%-4% and dp In the Range of 30-

80nm   45 

 

  



xii 
 

 

 

 

LIST OF FIGURE 

 

 

 

FIGURE NO. TITLE PAGE 

1. 1  Schematic diagrams of Triple Forward Facing Step 

having a circular cylinder 4 

2. 1 Effect Of Base fluid Material For Al2 O3 In fluids  31 

3. 1 General Procedure of Modeling     37 

3. 2 Schematic Diagrams of Triple Forward Facing Step 

Having a Circular Cylinder 38 

3. 3  A Part Of 2-Dimensional Grids 48 

3. 4  Simple Algorithm Flowchart 52 

4. 1 Schematic Diagram for 2D Triple Forward Facing 

Step with circular cylinder 54 

4. 2 GIT Test for Nusselt Number along the Downstream 

Inlet Wall 55 

4. 3 Comparison Of The Velocity Distribution With The 

Results Of Armaly et al. [48]. At Re = 100 (a), 389 (b) 57 

4. 4 Comparison Of Local Nusselt Number With The Result 

Of [49]Re = 100, ��= 200 W/�2 58 

4. 5 Comparison Of The Local Nusselt Results Of Yılmaz 

and Öztop [5] For Re=10000. 59 

4. 6 Nusselt Number Along The Downstream Inlet Wall For 

Different Nanofluid( Φ= 4% ,Dp:30) In Re=200 60 

4. 7 Velocity Profile for Different Nano-Fluids (ϕ= 4%, dp: 

30) In Different Section a: Inlet, b: First Step, c: Second 

Step, d: Third Step, e: Outlet In Re=200 63 



xiii 
 

4. 8 Nusselt Number Along The Downstream Inlet Wall For 

SiO2( Φ= 1-4% ,dp:30) In Reynolds Number =200 64 

4. 9 Velocity Profile for Sio2 ( ϕ= 1-4% ,dp:30) In Deferent 

Section a: Inlet b: First Step c: Second Step d: Third 

Step e: Outlet In Re=200 67 

4. 10 Nusselt Number along the Downstream Inlet Wall For 

SiO2 (ϕ=4% ,dp:30,40,60,80) In Re =200 68 

4. 11 Velocity Profile For Sio_2 ( ϕ= 4% ,dp:30,40,60,80)  In 

Different Section a: Inlet, b: First Step, c: Second Step, 

d: Third Step, e: Outlet In Re= 200 71 

4. 12 Nusselt Number along the Downstream Inlet Wall for 

SiO2 ( ϕ= 4% ,dp:30) in Re=150,200,300,500 72 

4. 13 Velocity Profile For Sio_2 ( ϕ= 4% ,dp:30) In Deferent 

Section a: Inlet b: First Step c: Second Step d: Third 

Step e: Outlet In Re=150,200,300,500 75 

4. 14 Isotherm (a,b and c for Step 3,2 and 1 Respectively) , 

Streamline (d,e and f for Step 3,2 and 1 Respectively) 

With SiO2 Nanofluid for Re=150. 76 

4. 15 Isotherm (a,b and c for Step 3,2 and 1 Respectively) 

,Streamline (d,e and f for Step 3,2 and 1 Respectively) 

With SiO2 Nanofluid for Re=200. 77 

4. 16 Isotherm (a,b and c for Step 3,2 and 1 Respectively) , 

Streamline (d,e and f for Step 3,2 and 1 Respectively) 

With SiO2 Nanofluid for Re=300. 78 

4. 17 Isotherm (a,b and c for Step 3,2 and 1 Respectively) , 

Streamline (d,e And f for Step 3,2 and 1 Respectively) 

With SiO2 Nanofluid for Re=500. 80 

 



xiv 
 



xv 
 

 



 
 

 

 

 

 

 

 

CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

1.1 Background 

 

One of the important and interesting phenomena in convective heat transfer 

can be observe in separated-reattached flow fields. The existence of flow separation 

and subsequent reattachment due to a sudden expansion or compression in flow 

geometry, such as backward facing and forward-facing steps, respectively, play an 

important role in the design of wide variety of engineering application were heating 

or cooling is required . These heat transfer applications appear in cooling systems for 

electronic equipment, combustion chambers, cooling of nuclear reactors, chemical 

processes and energy systems equipment, high-performance heat exchangers, and 

cooling passages in turbine blades .The problem of laminar and turbulent flow over 

forward-facing and backward-facing step geometries in forced, natural, and mixed 

convection have been investigated rather extensively, both numerically and 

experimentally [1]. 

 

Besides the theoretical experimental approaches, numerical simulation has 

established itself as the most practical and viable alternative to study and to 
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understand different engineering problems. However, numerical simulations would 

not be possible without the recent developments and improvements in computers in 

terms of memory size and computing speed[2]. 

As the power of supercomputers have increased in terms of computing speed 

and memory capacity, the accuracy of numerical simulations for physical problems 

has also increased by adding more complexity to the laws governing the 

phenomenon or by adding more  any scientific and engineering problem can be 

achieved by using numerical simulation techniques and supercomputers. 

 

The execution of numerical simulation avoids not only the annoying 

measurement in full-scale experimental setups, but also the prohibitively expensive 

and at times construction of such devices. On the other hand, the use of theoretical 

tools to solve such problems is limited and cumbersome thus precludes reaching the 

final solution. In contrast, numerical simulations are possible only after the complete 

mathematical description of the physical phenomenon is done and often experimental 

measurements are needed in order to verify the accuracy of the numerical results. In 

this sense, some followers define the numerical simulation as the modern approach, 

which joins the theoretical and experimental approaches for studying a physical 

phenomenon [3]. 

 

 Currently, numerical simulation is employed in several scientific, 

engineering and industrial areas, e.g. analysis of stability in mechanical structures, 

optimization of chemical reactions and combustion process, bonding energy and 

atomic collision. Representations of DNA three-dimensional structures and 

microbiological reactions, meteorological and weather prediction, fluid flow in turbo 

machinery and aerodynamics in vehicles, design of engineering devices involving 

fluid flow and heat transfer phenomena, etc. [2]. 

 

Conventional fluids, such as water, engine oil and ethylene glycol are 

normally used as heat transfer fluids. Although various techniques are applied to 

enhance the heat transfer, the low heat transfer performance of these conventional 

fluids obstructs the performance enhancement and the compactness of heat 

exchangers. The use of solid particles as an additive suspended into the base fluid is 
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technique for the heat transfer enhancement. Improving of the thermal conductivity 

is the key idea to improve the heat transfer characteristics of conventional fluids. 

Since a solid metal has a larger thermal conductivity than a base fluid, suspending 

metallic solid fine particles into the base fluid is expected to improve the thermal 

conductivity of that fluid. The enhancement of thermal conductivity of conventional 

fluids by the suspension of solid particles, such as millimeter- or micrometer-sized 

particles, has been well known for more than 100 years [4]. 

 

 

 

1.2 Scope of this study 
 

The problem of laminar mixed convection flow over triple FFS will be 

study. The solutions will done using commercial code FLUENT which use finite 

volume method. Different type of nanofluids (�����, CuO, ��� , ����) and 

nanoparticles’ diameter (30-80nm) with different volume fraction (0%-4%). The 

wall downstream of the first step was maintained at uniform heat flux, while the 

straight wall that forms the other side of the duct was equivalent to the inlet fluid 

temperature. The wall upstream of the steps and steps were considered as 

adiabatic surfaces. Length of the bottom wall until the step is 1m, while length of 

the first, second and third step are respectively, 0.2 m, 0.4 m and 0.4 m. Height of 

the first, second and third step consider 0.02 m, 0.06 m and 0.08 m respectively 

as shown in Figure 1.1. No-Slip boundary conditions at walls and thermally and 

hydrodynamically fully developed fields will be considered.  
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Figure 1. 1  Schematic diagrams of Triple Forward Facing Step having a 

circular cylinder 

 

 

 

1.3 Motivation  
 

To the best of the authors' knowledge, the mixed convection heat transfer in 

laminar regime for triple FFS flow and also using nanofluid   as working fluid has 

not yet been investigated. 
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1.4 Project Objectives 
 

This project aimed to investigate mixed convection laminar flow over triple 

forward facing step by using nanofluids as working fluid. The objectives of this 

study are:  

 

1. To study the effect of Triple  Forward Facing Step  geometry  on  heat 

transfer enhancement  

 

2. To analyze the effects of nanofluid types (�����, CuO, ��� , ����), base 

fluid (water), nano particles’ diameter(30-80nm) and volume  fraction of 

nanofluid (0-4%) on thermal and flow fields. 

 

3. To investigate the effects of varying Reynolds number in the range of 150 to 

500 on thermal and flow fields 

 

 

 

1.5 Dissertation Outline 

 

This dissertation will expresses the ideas generate after numerically 

researching the mixed convection laminar flow over 2-D vertical  FFS. 

 

In Chapter 1 the basic concepts, importance, actual objective, and 

motivations for this research are stated. Chapter 2 indicates the existing literature 

related to the fluid flow and heat transfer problem in FFS and BFS geometry, 

including numerical and experimental studies for forced and convective flows in 

horizontal, inclined and vertical ducts. 
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