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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment of 

the requirement for the Degree of Doctor of Philosophy 

 

 

NUMERICAL AND EXPERIMENTAL ANALYSIS OF HEAT TRANSFER AND 

NANOFLUID FLOW THROUGH AN ANNULAR PIPE WITH ABRUPT 

CONTRACTION 

 

By 

 

TUQA ABDULRAZZAQ 

 

March 2015 

 

 

Chairman: Mohd Khairol Anuar Bin Mohd Ariffin, PhD 

 

Faculty:     Engineering 

 

 

The energy crises in the worldwide have been encouraging the researchers to look for 

new methods which increase of thermal performance. One of common technique to 

improve efficiency of energy system equipment is by changing the design configuration 

of channel and conventional fluid such as nanofluids. Enhancements of heat transfer and 

nanofluid flows through an annular channel with abrupt contraction are numerically and 

experimentally investigate. The finite volume method in three dimensional domains with 

an SST K-ω model is use in simulation. Aluminum oxide and titanium oxide (Al2O3, 

TiO2) nanoparticles with volume fractions varied from 0.5% to 2% have been use. 

Reynolds number range varying between 10000 and 40000 and contraction ratios from 1 

to 2 at heat flux varied from 1000 W/m
2
 to 6000 W/m

2
 were apply. In order to validate 

numerical results Al2O3 water based nanofluid was use in experimental study. The outer 

cylinder of the entrance pipe had a constant diameter while the outer cylinder of the exit 

pipe had different diameters to generate the contraction. Both the entrance and exit pipe 

were heated under uniform heat flux and the overall length of the inner cylinder were 

unheated and has constant diameter. The results showed that the maximum heat transfer 

coefficient was about 194.7% in an annular pipe with contraction ratio of 2 compared 

with a straight pipe, due to the generated recirculation flow zone that begins after the 

separation point of the wall. It was observed that by increasing nanoparticle volume 

fraction for all type of nanofluids, enhances the heat transfer coefficient due to 

augmented heat transport by nanoparticles in base fluid which raises the convection heat 

transfer where were about 26.9 % ( Al2O3) and 5.5% (TiO2). Also the effect of Reynolds 

number on the increase of surface heat transfer coefficient noted. Recirculation regions 

appeared to increase with increasing step height and Reynolds number. Also pressure 

drop observed decreases and increases before and after the step due to recirculation 

flow. The maximum pressure drop were about 7.5% (Al2O3) and 5.9% (TiO2) nanofluid 

compared with pure water at contraction ratio of 2 and Reynolds number of 40000. 

Additional investigations have been done in this research in order to clarify the effect of 
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separation flow on augmentation of heat transfer and pressure drop. Heat transfer and 

turbulent fluid flow over double forward-facing step  or through annular pipe with 

sudden contraction were performed numerically. Same findings have been observed in 

those studies where increase of thermal performance and pressure drop with increases 

Reynolds number and step heights. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.scientific.net/AMM.465-466.461
http://www.scientific.net/AMM.465-466.461


© C
OPYRIG

HT U
PM

iii 
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memenuhi keperluan untuk Ijazah Doktor Falsafah 
 

 

ANALISIS BERANGKA DAN EKSPERIMEN BAGI PEMINDAHAN HABA 

DAN ALIRAN BENDALIR-NANO MELALUI PAIP ANULUS DENGAN 

PENGUNCUPAN MENDADAK 

 
 

Oleh 

 

TUQA ABDULRAZZAQ 
 

March 2015 

 

 

Pengerusi: Mohd Khairol Anuar Bin Mohd Ariffin, PhD 

 

Fakulti: Kejuruteraan 

 

 

Krisis tenaga di seluruh dunia yang telah mendorong para penyelidik untuk mencari 

kaedah baru yang dapat meningkatkan prestasi terma. Salah satu teknik yang sering 

digunakan bagi meningkatkan kecekapan peralatan sistem tenaga adalah dengan 

menukar konfigurasi reka bentuk saluran dan cecair konvensional seperti nanofluids. 

Peningkatan pemindahan haba dan aliran bendalir-nano melalui saluran anulus dengan 

penguncupan mendadak disiasat secara berangka dan ujikaji. Kaedah isipadu terhingga 

dalam ruang tiga dimensi dengan model SST K-ω digunakan dalam simulasi. 

Aluminium oksida dan Titanium Oksida (Al2O3, TiO2) nanopartikel dengan pecahan 

isipadu diubah daripada 0.5% kepada 2% telah digunakan. Julat nombor Reynolds yang 

berbeza antara 10000 dan 40000 dan nisbah penguncupan daripada 1-2 pada fluks haba 

yang diubah daripada 1000 W/m2 untuk 6000 W/m2 telah digunapakai. Dalam usaha 

untuk mengesahkan keputusan berangka, bendalir-nano Al2O3 berasaskan air telah 

digunakan dalam kajian eksperimen. Silinder luar bagi pintu masuk paip mempunyai 

diameter yang tetap manakala silinder luar bagi paip keluar mempunyai diameter yang 

berbeza untuk menghasilkan penguncupan. Kedua-dua pintu masuk dan keluar paip 

telah dipanaskan di bawah fluks haba seragam dan panjang keseluruhan silinder dalaman 

tidak mengalami pemanasan dan mempunyai diameter yang tetap. Hasil kajian 

menunjukkan bahawa pekali pemindahan haba maksimum adalah kira-kira 194.7% 

dalam paip anulus dengan nisbah pengecutan 2 berbanding dengan paip lurus 

disebabkan zon aliran edaran semula yang dihasilkan bermula selepas titik pemisahan 

pada permukaan dinding. Ianya telah diperhatikan bahawa dengan peningkatan isipadu 

pecahan nanopartikel untuk semua jenis bendalir–nano telah meningkatkan pekali 

pemindahan haba disebabkan pertambahan pengangkutan haba dengan partikel-nano di 

dalam bendalir asas yang meningkatkan pemindahan haba perolakan pada kira-kira 

26.9% (Al2O3) dan 5.5% (TiO2). Juga kesan nombor Reynolds pada peningkatan pekali 

pemindahan haba permukaan telah diperhatikan. Kawasan edaran semula dilihat 
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meningkat dengan peningkatan ketinggian tetangga dan nombor Reynolds. Juga 

kejatuhan tekanan diperhatikan menurun dan menaik sebelum dan selepas tetangga 

disebabkan oleh aliran edaran semula. Penurunan tekanan maksimum adalah kira-kira 

7.5% bagi (Al2O3) dan 5.9% bagi (TiO2) bendalir-nano berbanding dengan air tulen pada 

nisbah pengecutan 2 dan nombor Reynolds 40000. Siasatan tambahan telah dilakukan 

dalam kajian ini untuk menjelaskan kesan aliran pemisahan terhadap peningkatan 

pemindahan haba dan kejatuhan tekanan. Pemindahan haba dan aliran bendalir bergelora 

melalui tetangga berkembar menghadap kehadapan atau melalui paip anulus dengan 

penguncupan mendadak telah dijalankan secara berangka. Penemuan yang sama telah 

diperhatikan dalam kajian tersebut di mana peningkatan prestasi terma dan kejatuhan 

tekanan berlaku dengan peningkatan nombor Reynolds dan ketinggian tetangga.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

v 

ACKNOWLEDGMENTS 

First and above all, I would like to worship to my god (Allah) for providing me this 

opportunity and giving me the strength and capability to complete my research 

successfully. 

Also, I would like to express my sincere gratitude to my supervision committee, 

 Associate Prof. Ir.  Dr. Mohd Khairol Anuar b. Mohd Ariffin, Associate Prof. Ir.  Dr. 

Nor Mariah bt. Adam, Dr. Kazi Md. Salim Newaz and Dr. Siti Ujila Masuri for guidance 

and supervision of this thesis. During the PhD candidature, I learn many things from 

their research experience in addition to get encouragements and supports. 

Also I would like to put all my effort as a simple gift to this great spirit that I am sure

she look happily and care on me in every step in my life to my mum (Dr. Kefaia

Hussien) I hope that she is happy now in haven. Also I would like to express my sincere

gratitude to my father (Dr. Abdulrazzaq) whose unconditional support and love has

made this dream comes true to me.

My efforts would not be meaningful without the support of my lovely supporter my 

husband (Dr. Hussien) and lovely kind sister (Dr. Saba) how support me by her money 

and feelings also my two little angels (Ali and Malaak), and my friend for her

encouragement all the time to do the best.

.



© C
OPYRIG

HT U
PM

vii 

 

This thesis submitted to the Senate of Universiti Putra Malaysia has been accepted as 

fulfillment for the degree of Doctor of Philosophy. The members of the Supervisory 

committee are as follows: 

 

 

Mohd Khairol Anuar b. Mohd Ariffin, Ph.D 

Associate Professor, Ir  

Faculty of Engineering 

Universiti Putra Malaysia 

(Chairman) 

Nor Mariah bt. Adam, Ph.D             

Associate Professor, Ir                

Faculty of Engineering                      

Universiti Putra Malaysia    

(Member)                       

Siti Ujila Masuri, Ph.D 

Senior lecturer 

Faculty of Engineering 

Universiti Putra Malaysia 

(Member) 

 

 

Kazi Md. Salim Newaz, Ph.D 

Senior lecturer 

Faculty of Engineering 

University of Malaya 

 (Member) 

 

 

 

 BUJANG BIN KIM HUAT, Ph.D 

Professor and Dean 

School of Graduate Studies 

Universiti Putra Malaysia 

 

 

 Date: 

 

 

 

 

 



© C
OPYRIG

HT U
PM

ix 

 

Declaration  by Members of Supervisory Committee 

 

This is to confirm that: 

¶ the research conducted and the writing of this thesis was under our  supervision; 

¶ supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate 

Studies) Rules 2003 (Revision 2012-2013)  were adhered to. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Signature:  Signature:  

Name of   Name of  

Chairman of  Member of  

Supervisory  Supervisory  

Committee:  Committee:  

Signature:  

Name of   

Member of  

Supervisory   

Committee:  

Signature:  

Name of   

Member of  

Supervisory   

Committee:  



© C
OPYRIG

HT U
PM

x 

 

TABLE OF CONTENTS 

      

Page

  

ABSTRACT                                                                                                                       i 

ABSTRAK                                                                                                                       iii 

ACKNOWLEDGEMENTS                                                                                             v 

APPROVAL                                                                                                                     vi 

DECLARATION                                                                                                           viii 

LIST OF TABLES                                                                                                        xiii 

LIST OF FIGURES                                                                                                      viv 

NOMENCLATURE                                                                                                   xviii 

 

CHAPTER 

 

1                        INTRODUCTION                                                                                  1 

1. 1Background of the Study                                                                    1 

1.2 An overview of flow separation                                                         1 

1.3 Nanotechnology                                                                                  2 

1.4 Problem statement                                                                              3 

1.6 The novelty of research                                                                      4 

1.7 Scopes of study                                                                                   4 

1.8 Limitation of research                                                                         4 

 

2                       LITERATURE REVIEW                                                                       5 

2.1Introduction                                                                                         5 

2.2 Fluid flow and heat transfer over a backward and forward-facing              

      step                                                                                                      5 

2.2.1 Laminar flow regime                                                                       5  

       A. Experimental studies                                                                   5 

       B. Numerical studies                                                                        7 

2.2.2 Turbulent flow regime                                                                     

10 

A. Experimental studies                                                                   10 

B. Numerical studies                                                                      12 

2.3Nanofluids flow and heat transfer over backward and forward facing 

step                                                                                                        18 

2.3.1 Laminar flow regime                                                                     18 

A. Experimental studies                                                                  18 

B. Numerical studies                                                                       18 

2.3.2Turbulent flow regime                                                                    20 

A. Experimental studies                                                                  20 

B. Numerical studies                                                                       20 

2.4Summary               33 

 

3                       METHODOLOGY                                                                                23 

3.1 Introduction                                                                                      23 



© C
OPYRIG

HT U
PM

xi 

 

3.2 Methodology                                                                                    23 

3.3 Spotlights on CFD                                                                            24 

3.4 Standard-k-                                                                                     25 

3.5 SST k-                                                                                             25 

3.6. Numerical Model                                                                             25 

3.6.1. Description of geometry                                                               25 

3.6.2Boundary conditions                                                                       27 

3.6.3Governing Equations                                                                      27 

3.7Thermophysical properties of the nanofluid                                      29 

3.8Simulation procedure                                                                         30 

3.8.1Grid-independent study and code validation                                  30 

 

4                       EXPERIMENTAL DESIGN AND FABRICATION                         35 

4.1Introduction                                                                                       35 

4.2Design and Construction                                                                   35 

4.3Procedure of Heating and Cooling of test rig                                    40 

4.4Data Acquisition system                                                                    42 

4.5Calibration of measuring devices and sensors                                   44 

4.5.1Thermocouples                                                                               44 

4.5.2Flow Meters                                                                                    44 

4.5.3Differential Pressure Transmitter                                                   45 

4.6Experimental procedure                                                                    45 

4.7Data reduction method                                                                      46 

4.8Nanofluid Preparation and its Properties                                          49 

4.8.1Thermal conductivity and viscosity of the nanofluids                   53 

4.8.2TEM Image                                                                                    56 

4.8.3Stability                                                                                          57 

A.Stability investigation with UV–vis spectroscopy                        57 
 
5                        RESULTS AND DISCUSSION                                                           60 

5.1Introduction                                                                                       60 

5.2Numerical results                                                                               60 

5.2.1Effect of Reynolds number                                                             60 

5.2.2Effect of contraction ratio                                                               62 

5.2.3Effect of volume fraction                                                                64 

5.2.4Effect type of nanofluids                                                                66 

5.2.5Effect of heat flux                                                                           66 

5.2.6Distribution of velocity                                                                   68 

5.2.7Pressure drop                                                                                  71 

5.3Experimental results                                                                          73 

5.3.1Surface temperatures                                                                      73 

5.3.2Heat transfer performance                                                              76 

5.3.3Average pressure drop                                                                    79 
 

 



© C
OPYRIG

HT U
PM

xii 

 

 

6                       EXTESNION STUDIES                                                                       81             

6.1Heat Transfer and Turbulent Fluid Flow over Vertical Double          

Forward-Facing Step                                                                              81 

6.1.1Introduction                                                                                    81 

6.1.2Geometry description                                                                     81 

6.1.3Numerical Model and Data Validation                                          83 

6.1.4Results and Discussion                                                                   84 

6.2Numerical study of turbulent heat transfer in annular pipe with                   

sudden contraction                                                                                  91 

6.2.1Introduction                                                                                    91 

6.2.2Description geometry and boundary conditions                             91 

6.2.3Numerical Method                                                                          92 

A.Governing Equations                                                                   92 

B.Grid Independent                                                                         93 

6.2.4Results and Discussion                                                                   93 

A.Local Heat Transfer Coefficient                                                  93 

B.Pressure Drop                                                                               95 

      C.Streamline of Velocity                                                                  95 

6.4Summary                                                                                            97 
 

7                       CONCLUSIONS AND RECOMMENDATIONS                              98 

7.1Conclusions                                                                                       98 

                          7.2 Recommendations                                                                            98 
 

REFERENCES                                                                                                              99 

APPENDICES                                                                                                              112 

BIODATA OF STUDENT                                                                                           135 

LIST OF PUBLICATIONS AND AWARDS                                                            136 

ACADEMIC JOURNALS                                                                                           136 

PROCEEDINGS                                                                                                           137 

 

 

 

 

 

 
 

 

 
 

 

 
 



© C
OPYRIG

HT U
PM

xiii 

 

LIST OF TABLES 

Table            Page 

2. 1:     Comparison separation length for experimental and numerical studies 13 

 

 3. 1:     Boundary conditions 27 

3. 2:      Coefficients for the SST K-ω turbulent model (Tseng et al. , 2014) 29 

3. 3       shows the thermophysical properties of TiO2 and Al2O3 nanoparticles and           

              water 30 

3. 3:      Thermophysical properties of TiO2, Al2O3 nanoparticles and water 30 

3. 4:       Grid independent test for pure water at CR=1 and Re=10000. 32 

 

 4. 1:     Specifications and errors for the measuring devices utilized. 36 

4. 2:      Technical Parameters of Water Cooling Chiller 40 

4. 3:      Inspection certificate for Data logger 43 

 

6. 1:      Cases and dimensions of geometries 82 

6. 2:      Grid Independent 93 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

xiv 

 

LIST OF FIGURES 

Figure          Page

  

 2. 1:   Variation of location of detachment and reattachment of the flow at the centre        

             with Reynolds number 6 

2. 2:    Velocity components along a line probe placed 7.5 mm in front of the step and            

            7.5 mm from the bottom parallel to the step 7 

2. 3:    Distribution of local Nusselt number with aspect ratio. 9 

2. 4:    Distribution of streamwise of the average Nusselt number with aspect ratio. 9 

 2. 5:   Local Nusselt number variation downstream of the step. 12 

 2. 6:   Distribution of the mean streamwise velocity component (u) at several                         

            x- planes. 16 

2. 7:    Distribution of the mean temperature at several x- planes. 17 

2. 8:    The streamline of velocity at volume fraction 4% (A) and expansion ratio of                 

           2 (A) Re = 5000, (B) Re = 10,000, (C) Re = 20,000. 19 

2. 9:    Mean flow streamlines for Vol. = 0.25% and Re = 40,000. (A) q=1,000W/m
2             

                
(B) q = 4,000W=m

2
 (C) q = 10,000W/m

2
 21 

 

3. 1.    Flowchart Describes the Research Methodology 24 

3. 2:    Schematic of geometry 26 

3. 3:    3D view of mesh 26 

3. 4:    Flow chart of simulation procedure 32 

3. 5:    Comparison Nusselt number with Oztop et al.  (2012) 33 

3. 6     Comparison local heat transfer coefficient with Togun et al., (2014) at        

           contraction ratio 2 and different Reynolds number. 34 

3. 7     Wall Y plus for fourth grid. 34 

 

4.1:     Experimental set up 37 

4.2:     Photo of test rig 38 

4. 3:    Method of install thermocouples on surface pipe. 39 

4. 4:    Rock ceramic insulation 41 

4. 5:    Water cooling chiller. 42 

4. 6:    Data Acquisition system 43 

4. 7:    Flow meter 44 

4. 8:    Differential Pressure Transmitter. 45 

4. 9:    Flow chart of experimental procedure 48 

4. 10:  Flow chart of preparation nanofluids 50 

4. 11: The sample preparation with different volume concentrations 51 

4. 12:  An ultrasonic vibrator 52 

4. 13:  KD2 Pro thermal analyzer and water bath 54 

4. 14:  Variations of thermal conductivity of Al2O3 nanofluids at different volume            

           concentrations 55 

4. 15:  Viscosity profile of Al2O3 nanofluids for different volume concentrations and             

           temperature. 56 

4. 16: TEM photograph of Al2O3 nanoparticle. 57 
 



© C
OPYRIG

HT U
PM

xv 

 

4. 17:   UV–Vis spectrophotometer of Al2O3 nanofluids at different volume            

            concentration and wavelength. 58 

 4. 18: Relative concentration of the Al2O3 of nanofluids with sediment time at    

different concentrations. 59 

 

5. 1:     Variations of surface heat transfer coefficient for pure water at different         

            Reynolds number and CR=2, q=6000W/m
2
 61 

5. 2:     Variations of surface heat transfer coefficient for TiO2 at different Reynolds     

             number and CR=2, q=6000W/m
2
 62 

5. 3:     Variations of surface heat transfer coefficient for Al2O3 at different Reynolds           

            number and CR=2, q=6000W/m
2
 62 

5. 4:     Variations of surface heat transfer coefficient for pure water at different          

            contraction ratio and Re=40000, q=6000W/m
2
 63 

5. 5:     Variations of surface heat transfer coefficient for TiO2 at different contraction           

            ratio and Re=40000, q=6000W/m
2
 63 

5. 6:     Variations of surface heat transfer coefficient for Al2O3 at different contraction          

            ratio and Re=40000, q=6000W/m
2
 64 

5. 7:     Effect of contraction ratio on surface heat transfer coefficient for 2% TiO2 at          

            Re=40000 and q=6000W/m
2
 65 

5. 8:     Effect of contraction ratio on surface heat transfer coefficient for 2% Al2O3at           

            Re=40000 and q=6000W/m
2
 65 

5. 9:     Effect type of nanofluids on surface heat transfer coefficient for Re=40000,        

            q=6000, and CR= 2 66 

5. 10:   Effect of heat flux on surface heat transfer coefficient for TiO2 at Re=40000 and         

            CR= 2 67 

5. 11:  Effect of heat flux on surface heat transfer coefficient for Al2O3 at Re=40000 and           

            CR= 2 67 

5. 12:   Velocity distributions at CR = 2 and Re = 40000 for different positions before          

            the step 68 

5. 13:   Velocity distributions at CR = 2 and Re = 40000 for different positions after the         

            step 69 

5. 14:   Effect of contraction ratio on velocity distributions before the step at Z=99 cm                   

            and Re = 40000 70 

5. 15:  Effect of contraction ratio on velocity distributions before the step at Z=101 cm         

           and Re = 40000 70 

5. 16:  Distribution of pressure drop with axial distance for Al2O3at Reynolds number of             

            40,000 and different contraction ratio 72 

5. 17:  Distribution of pressure drop with axial distance for TiO2 at contraction ratio of 2         

            and different Reynolds number 72 

5. 18:  Distribution of pressure drop with axial distance for Al2O3 at contraction ratio            

            of 2 and different Reynolds number 73 

5. 19:  Variations of surface temperature with different contraction ratio at Re = 40000         

            and q= 6000 W/m
2
 74 

5. 20:   Variations of surface temperature with different Reynolds number at q = 60000               

            W/m
2
 and CR = 2 75 

5. 21:   Variations of surface temperature with volume fractions of Al2O3 nanofluids  at         

            q=6000 W/m
2
, Re = 40000, and CR = 2 76 



© C
OPYRIG

HT U
PM

xvi 

 

5. 22:   Average heat transfer coefficient for 2% of Al2O3, TiO2 and pure water with 

different Reynolds numbers at contraction ratio of 2 77 

5. 23:   Average heat transfer coefficient for 2% of Al2O3, TiO2 and pure water with 

different contraction ratio and Reynolds numbers of 40000 78 

5. 24:   Average heat transfer coefficient for contraction ratio of 2 and Reynolds   

numbers of 40000 at different volume fraction of nanofluids 78 

5. 25:  Average pressure drop for 2% of Al2O3, TiO2 and pure water with different 

Reynolds numbers at contraction ratio of 2 79 

5. 26:  Average pressure drop for 2% of Al2O3 and TiO2 nanofluids with different 

contraction ratio and Reynolds numbers of 40000 80 

5. 27:  Average pressure drop for contraction ratio of 2 and Reynolds numbers of 40000 

at different volume fraction of nanofluids 80 

 

6. 1:    Geometry model 82 

6. 2:    Comparison of velocity profile with Abu-Mulaweh (2005) 84 

6. 3:    Distribution local Nusselt number at Re =10000 case 1 with different     

temperature 85 

6. 4:    Distribution local Nusselt number at T=310K case 1 with different Reynolds 

number 85 

6. 5:    Comparison of local Nusselt number for case 1, 2, and 3 with different       

Reynolds number 86 

6. 6:    Contour of streamline velocity for case1 and Re=10000 87 

6. 7:    Contour of streamline velocity for case1 and Re=20000 87 

6. 8:    Contour of streamline velocity for case1 and Re=30000 88 

6. 9:    Contour of streamline velocity for case1 and Re=40000 88 

6. 10:  Contour of streamline velocity at Re = 40000for A.case1 89 

6. 11:  Contour of streamline velocity at Re = 40000for B.case1 89 

6. 12:  Contour of streamline velocity at Re = 40000for C. case 3 90 

6. 13:  Geometry of annular pipe with sudden contraction 92 

6. 14:   Distribution of local heat transfer coefficient at contraction ratio 2 and different 

Reynolds number. 94 

6. 15:  Effect of contraction ratio on local heat transfer coefficient at Re=30,000. 94 

6. 16:  Distribution of pressure drop at Reynolds number 30,000 and different     

contraction ratio. 95 

6. 17:  Contour of velocity streamline at Reynolds number 30,000 and different 

contraction ratio 96 
 

 

 
 

 

 
 

 

 

 
 

 



© C
OPYRIG

HT U
PM

xvii 

 

LIST OF NOMENCLATURE 

A 

b 

CR  

De 

d 

Dt 

Length of entrance pipe  (m)                                                                              

Length of exit pipe (m)                                                                                       

Contraction ratio (CR=De/Dt)          

Diameter of  entrance pipe (m)                                                                          

Diameter of inner solid rod  (m)                                                                               

Diameter of exit pipe (m) 

Q Heat Flux (W/m2)                                                                                  

H Heat Transfer Coefficient   (W/m
2
.K)                                                              

Nu Nusselt number 

Pr Prandtl number 

P Pressure   (Pa)                                                                                                    

Re Reynolds number 

Cp Specific Heat Capacity  (J/kg.K)                                                                       

S Step Height   (m)                                                                                                

T Temperature   (K)                                                                                              

E Total Energy   (J/Kg)                                                                                         
  Turbulence Kinetic Energy (m

2
/s

2
)                                                                                                                                                    

Xi Upstream Length   (m)                                                                                       

U 

X, Y, Z 

Velocity Component  (m/s)                                                                               

Cartesian Coordinates  (m)                                                                                



© C
OPYRIG

HT U
PM

1 

 

CHAPTER 1 

INTRODUCTION 
 

 

1. 1Background of the Study 

Energy is such a great innovation which makes the life more comfortable and suitable. It 

has become most needed necessity for modern life. In the industrially advanced world, 

the demand for energy is increasing day by day, but at the same time resources of energy 

decrease according to continues consumption. The growing of pollution as another 

reason which putting pressure on companies to be more energy efficient and at the same 

time reduce emissions and pollution. Thermal loads can be considered as one of the 

energy consumption way which increasing in the recent years. Also, it has different 

applications such as transportation, microelectronics, utilization of solar energy for 

power generation and many applications in different fields. Therefore, the researchers 

have many presented studies to produce high energy efficiency which significantly 

lowering cost and pollution. 

 Heat transfer enhancement is one of the most important priorities for the efficiency of 

heat transfer equipment. So, in last two decades the main objective of investigations 

were to reduce the size of the heat exchanger, hence decreasing the costs related with 

material and manufacturing as well as the cost of fuel that used to produce power.  

 

 

1.2 An overview of flow separation 

Sudden changes in section area in flow passage such as contraction or expansion will 

lead to an important phenomenon of internal flows namely separation flow.  Generally, 

it‘s happened when the boundary layer move adverse the pressure gradient where the 

speed of the boundary layer on the wall be zero. However it can be considered as one of 

viscous flow problems. Nevertheless, it has importance for science and practical 

applications as well. 

The fact that stream lines diverge in a flow net means that there is a tendency for 

separation to occur. Whether separation occurs or not depends on the velocity, density 

and viscosity of the fluid. For a given fluid, separations will not accurse until a certain 

velocity is reached. Generally there are two types of flow separation, separation at 

external and internal flow. The turbulent flow separation has been considered to a larger 

extent compared to laminar range Chang (1970) and Kiya et al. (1975) due to: 

a) Turbulent flows are more commonly encountered than laminar flows.  

b) Separation is more expected to happen when the flow is turbulent.  

c) The separation flow has a much larger effect in turbulent flows due to inertial effects 

where a big change of the local heat transfer rate in the separated flow regions and 

significant heat transfer enhancement may result up to the reattachment region. 
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1.3 Nanotechnology 

One of the vital techniques which used in the recent years is nanotechnology. It can be 

considered as a revolution in heat transfer enhancement field. Nanofluids have been 

interesting significant attention in the heat transfer investigation community. It has 

unique feature as compared with micron-sized particles. The concept of a Nano fluid has 

been discovered by Choi and Eastman (1995) and utilized the nanotechnology in the 

heat transfer field and proposed the term of ‗‗nanofluids‘‘ 

 

Nanofluid is defined as suspension of nanoparticles in basic fluid (gas or liquid) which 

acts as base fluid. Stated the superior characteristic of nanofluids, which could increase 

the cooling or heating rate of heat exchangers it has small diameters measured in 

nanometers ,generally their sizes between 1 and 100 nm the main idea behind 

suspending such small particles in regular fluids is to increase as much as likely the 

thermal conductivity specially after several researches founded that adding  of solid 

nanoparticles to  fluids such as water are an effective approach to increase the critical 

heat flux and the thermal conductivity of these fluids as compared to the same fluids 

without nanoparticles in regular fluids. Nanofluids are not only liquid-solid mixtures, 

some special requirements are needed, e.g., even by dispersed and stable suspension, 

negligible accumulation of particles, no chemical change of the fluid but the suspending 

mechanism of these particles in their base fluids is depending on Brownian motions. 

When they are distributed in a balance between buoyant weight and thermal agitation 

and that is referred it as equilibrium with no flow.  Nanophase powders have much 

greater relative surface areas and a great potential for heat transfer enhancement. 

Therefore it has great remarkable with a prediction that the successful employment of 

nanofluids will support the recent trend to component reduction by enabling the design 

of smaller and lighter heat exchanger. 

 

Many studies in the past few decades as solids materials in particular metals can have 

high thermal conductivities where conducted on the thermal behavior of suspensions of 

particulate solids in liquids; for example (Ahuja (1975); Sohn (1981) ; Hetsroni & 

Rozenblit (1994)). 

 

The base fluid can be either liquid such as water, ethylene glycol (EG), oils, or gas such 

as air and the materials used for nanoparticles contain noble metals (e.g., gold, silver, 

platinum) and metal oxides (e.g., alumina, zirconia, silica, titania)  

 

Preparation of nanofluids included the two techniques to produce nanofluids as 

represented by the single-step and the two-step method. The single step directs the 

synthesis of nanofluids in one-step while the two-step method is widely used in the 

synthesis of nanofluids as the available commercial nanopowders delivered by several 

companies. In this method, nanoparticles are first created and then dispersed in the base 

fluids.  

 

The nanofluid has many advantages one of these advantage is suspended nanoparticles 

have high specific surface area and therefore more heat transfer surface of nanoparticals 

which lead to increase heat capacity of the fluid. Also high dispersion stability with 
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predominant Brownian motion of particles decreases pumping power when compared to 

the pure liquid to reach equivalent heat transfer increase. The properties of nanofluids 

are adjustable containing thermal conductivity and surface wettability by changing 

particle concentrations to suit different applications. In addition to many other 

advantages increasing the thermal conductivity of the base fluids and flattens the 

transverse temperature gradient of the fluid. 

 

Generally, the nanofluids are considered to give significant advantages over 

conventional heat transfer fluids. The main factors which effect on thermal conductivity 

of nanofluids are volume fraction, shape and size of particles, and the thickness and the 

thermal conductivity of nanolayer Jang and Choi (2007), Chon et al. (2005), Eapen et al. 

(2007), Teja et al. (2010), and Yu et al. (2010). 

 

 

1.4 Problem statement  

The energy crises in the worldwide have been encouraging the researchers to look for 

new methods which increase of thermal performance. Generally there are two 

techniques have been used to enhance heat transfer (Anirudh and Mayank (2012). 

 Active technique (using external power. In this method using mechanical 

aids, surface vibration, and electrostatic). 

 Passive technique (use surface or geometrical modifications or adding 

Nanoparticles. 

One of common technique to improve efficiency of energy system equipment is 

by changing the design configuration of channel with using nanofluids.  

According to latest studies which presented by (Abu-Nada, 2008; Mohammed et al., 

2012; Kherbeet et al., 2014; Togun et al., 2014; and Safaei et al., 2014)  all of those 

investigations concerned heat transfer and nanofluids flow over backward or forward 

facing step with laminar range and microscale and most of them studied numerically. At 

present, there is a lack of studies for nanofluids flow and heat transfer through sudden 

contraction with lab scale, turbulent range, and use both simulation and experimental in 

same study. 

 

1.5 Objective of the Research  

The main objective of present research is to simulate and investigate nanofluid flow and 

heat transfer analysis through an annular pipe with abrupt contraction. 

The sub-objectives of the present study are:  

1. To study the effect of recirculation flow in nanofluids due to a abrupt 

contraction of an annular passage on thermal and flow fields. 

2. To examine the effects of Reynolds numbers and heat flux on the heat transfer 

improvement for nanofluids. 

3. To investigate  the effect of contraction ratio of an annular passage subjected to 

turbulent nanofluids flow on heat transfer augmentation. 

4. To obtain the effects of nanofluids types and concentration nanoparticales on 

thermal performance. 
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1.6 The novelty of research 

The performed literature survey showed that the heat transfer and nanofluid flow for 

turbulent range through annular channel with contraction passage has not been 

investigated as yet experimentally and numerically. Therefore the novelty of this 

research represented by:  

1. Heat transfer characteristics of nanofluids flow in sudden contraction studied by 

simulation and experimental. 

2. Coupling effects of using nanofluids and recirculation flow on thermal 

performance.  

3. Different types and volume fractions of nanofluids has been used.  

4. Using lab scale set up for nanofluids flow. 

 

 

1.7 Scopes of study 

The scopes of this research are to study recirculation flow due to an abrupt contraction 

of an annular passage by simulation and experiments. Software used: ANSYS 

FLUENT14 - ANSYS ICEM and then export to FLUENT.  The Simulation is based on: 

1. Suitable governing steady-state Navier-Stokes, continuity, momentum and 

energy equations with incompressible flow are employed in these simulations 

with the SST K-  Model.   

2. Grid independent and code validations are conducted for validation purposes.  

Assumptions  

1. All flow involve is Turbulence  

2. Simulation and Experimental work is carried out for prototype model, not the 

actual industrial size. 

 

 

1.8 Limitation of research  

1. Due to the settling of nanoparticles when increase of volume concentration of 

nanoparticle beyond a particular limit then no significant increase in convective 

heat transfer coefficient. 

2. Increases of volume concentration of nanoparticle leads to increase viscosity 

which need higher pumping power then increase energy consumption.  
 
 
 
 
 
 
 
 
 
 



© C
OPYRIG

HT U
PM

99 

 

REFERENCES 

 Ahuja. A.S., 1975, Augmentation of heat transport in laminar flow of polystyrene 

suspension. I: experiments and results. IEEE, 46(8), 3408–3416.  

 
Abbott, D. E., Kline, S. J., 1962,  Experimental Investigation of Subsonic Turbulent 

Flow Over Single and Double Backward Facing Steps. Journal of Basic 

Engineering, 84(3), 317 - 325.  

 

Abdeleghani, Z., 1993, Computational study of simultaneous heat and mass transfer in 

turbulent separated flow. PhD Engineering thesis Stevens Institute of 

Technology, USA.  

 

Abe, K., et al., 1994, A new turbulence model for predicting fluid flow and heat transfer 

in separating and reattaching flows—I. Flow field calculations. International 

Journal of Heat and Mass Transfer, 37(1), 139-151.  

 

Abe, K., et al., 1995, A new turbulence model for predicting fluid flow and heat 

transfer in separating and reattaching flows—II. Thermal field calculations. 

International Journal of Heat and Mass Transfer, 38(8), 1467-1481.  

 

Abu-Mulaweh, H. I., 2002, Effects of backward- and forward-facing steps on turbulent 

natural convection flow along a vertical flat plate. International Journal of 

Thermal Sciences, 41(4), 376-385.  

 

Abu-Mulaweh, H. I., 2005, Turbulent mixed convection flow over a forward-facing 

step—the effect of step heights. International Journal of Thermal Sciences, 44(2), 

155-162. 

  

Abu-Mulaweh, H. I.,2009, Investigations on the Effect of Backward-Facing and 

Forward-Facing Steps on Turbulent Mixed-Convection Flow Over a Flat Plate. 

Experimental Heat Transfer, 22(2), 117-127.  

 

Abu-Mulaweh, H. I., et al., 1996, Laminar natural convection flow over a vertical 

forward-facing step. Journal of Thermophysics and Heat Transfer, 10(3), 517-

523. doi: 10.2514/3.819. 

 

Abu-Mulaweh, H. I., et al., 2002, Turbulent mixed convection flow over a backward-

facing step––the effect of the step heights. International Journal of Heat and 

Fluid Flow, 23(6), 758-765.  

 

A.S. Teja, M.P. Beck, Y.H. Yuan, and P. Warrier 2010,The limiting behavior of the 

thermal conductivity of nanoparticles and nanofluids‖, J. Appl. Phys., 107,  

114319. 



© C
OPYRIG

HT U
PM

100 

 

Abu-Nada, E., 2008, Application of nanofluids for heat transfer enhancement of 

separated flows encountered in a backward facing step. International Journal of 

Heat and Fluid Flow, 29(1), 242-249. 

  

Abu-Mulaweh, H.I. , B. F. A., T.S. Chen. (1993). Measurements of laminar mixed 

convection flow over a horizontal forward-facing step. , J. Thermophys. Heat 

Transf, 7, 569–573. 

 

Alemasov, V. E., Glebov, G.A., Kozlov, A.P., . 1989, Thermo-anemometric methods for 

studying flows with separation. Kazan‘Branch of the USSR Academy of 

Sciences, Kazan, 178s.  

 

Aminossadati, S. M., 2013, Hydromagnetic natural cooling of a triangular heat source in 

a triangular cavity with water–CuO nanofluid. International Communications in 

Heat and Mass Transfer, 43(0), 22-29.  

 

Armaly, B. F., et al.,1983, Experimental and theoretical investigation of backward-

facing step flow. Journal of Fluid Mechanics, 127, 473-496. 

 

Armaly, B. F., et al., 2003, Measurements in three-dimensional laminar separated flow. 

International Journal of Heat and Mass Transfer, 46(19), 3573-3582. doi: 

http://dx.doi.org/10.1016/S0017-9310(03)00153-4 

 

Avancha, R. V. R., & Pletcher, R. H. ,2002,  Large eddy simulation of the turbulent flow 

past a backward-facing step with heat transfer and property variations. 

International Journal of Heat and Fluid Flow, 23(5), 601-614.  

 

Aya Kitoh, K. S., Hiroyuki Yoshikawa., 2007, Expansion ratio effects on three-

dimensional separated flow and heat transfer around backward-facing-steps. J. 

Heat Transfer, 129(9), 1141-1156.  

 

Wang, B.-X. ,H. L., X.F. Peng., 2000, Research on the heat-conduction enhancement for 

liquid with nano-particle suspensions. General Paper (G-1), International 

Symposium on Thermal Science and Engineering (TSE2002), Beijing.  

 

Launder, B.E.,  B. I. S., 1974, Application of the energy-dissipation model of turbulence 

to the calculation of flow near a spinning disc. Lett. Heat Mass Transfer, 1, 131-

138.  

 

Barbosa-Saldaña, J. G., & Anand, N. K., 2007, Flow Over a Three-Dimensional 

Horizontal Forward-Facing Step. Numerical Heat Transfer, Part A: Applications, 

53(1), 1-17. doi: 10.1080/10407780701446473. 

 

Barton, I. E., 1997, Laminar flow over a backward-facing step with a stream of hot 

particles. International Journal of Heat and Fluid Flow, 18(4), 400-410. doi: 

http://dx.doi.org/10.1016/S0142-727X(97)00019-2. 

 

http://dx.doi.org/10.1016/S0017-9310(03)00153-4
http://dx.doi.org/10.1016/S0142-727X(97)00019-2


© C
OPYRIG

HT U
PM

101 

 

Beck, M., et al., 2010, The thermal conductivity of alumina nanofluids in water, 

ethylene glycol, and ethylene glycol + water mixtures. Journal of Nanoparticle 

Research, 12(4), 1469-1477. doi: 10.1007/s11051-009-9716-9. 

 

Brinkman, H. C., 1952, The Viscosity of Concentrated Suspensions and Solutions. The 

Journal of Chemical Physics, 20(4), 571-571. doi: 

doi:http://dx.doi.org/10.1063/1.1700493. 

 

Oon, C. S., et al., 2012,  Numerical simulation of heat transfer to separation air flow in 

an annular pipe. International Communications in Heat and Mass Transfer, 39(8), 

1176-1180.  

 

Lam, C.K.G.,  K. A. B., 1981, Modified form of the k-ϵ model for predicting wall 

turbulence. ASME J. Fluids Engng., 103, 456-460.  

 

Sohn, C.W. ,  M. M. C., 1981, Microconvective thermal conductivity in disperse two 

phase mixture as observed in a low velocity Couette flow experiment. ASME 

103, 103 47–51.  

 

Chandrasekar, M., et al. ,2010,  Experimental investigations and theoretical 

determination of thermal conductivity and viscosity of Al2O3/water nanofluid. 

Experimental Thermal and Fluid Science, 34(2), 210-216. 

 

Chen, Y. T., et al., 2006, Turbulent separated convection flow adjacent to backward-

facing step—effects of step height. International Journal of Heat and Mass 

Transfer, 49(19–20), 3670-3680. doi: 

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.02.024. 

 

Chiang, T. P., & Sheu, T. W. H., 1997, VORTICAL FLOW OVER A 3-D 

BACKWARD-FACING STEP. Numerical Heat Transfer, Part A: Applications, 

31(2), 167-192. doi: 10.1080/10407789708914031 

Choi, S. U. S., & Eastman, J. A. ,1995, Enhancing thermal conductivity of fluids with 

nanoparticles. 

 

Chon, C.H. , K.D. Kihm, S.P. Lee, and S.U.S. Choi, 2005, Empirical correlation finding 

the role of temperature and particle size for nanofluid (Al2O3) thermal 

conductivity enhancement‖, Appl. Phys. Lett., 87, 153107. 

 

Corcione, M. (2010). Heat transfer features of buoyancy-driven nanofluids inside 

rectangular enclosures differentially heated at the sidewalls. International Journal 

of Thermal Sciences, 49(9), 1536-1546.  

 

Carrington, D.B.,  D. W. P. (2002). Convective heat transfer downstream of a 3-D 

backward-facing-step. Numer. Heat Transfer Pt. A-Appl., 41, 555-578.  

 

Das, M. K., & Kanna, P. R. (2007). Application of an ADI scheme for steady and 

periodic solutions in a lid-driven cavity problem. International Journal of 

http://dx.doi.org/10.1063/1.1700493
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2006.02.024


© C
OPYRIG

HT U
PM

102 

 

Numerical Methods for Heat & Fluid Flow, 17(8), 799-822. doi: 

10.1108/09615530710825783. 

 

Datta, D. N. a. A. (2007). On the eddy characteristics of laminar axisymmetric flows 

through confined annular geometries with inward expansion. Proc. IMechE vol. 

21 Part C:J Mechanical Engineering Science.  

 

Dutta, R., et al. (2013). Comparison of various integration to wall (ITW) RANS models 

for predicting turbulent slot jet impingement heat transfer. International Journal 

of Heat and Mass Transfer, 65(0), 750-764.  

 

E.G. Filetti, W. M. K. Heat transfer in separated, reattached, and redevelopment regions 

behind a double step at entrance to a flat duct, Journal of Heat Transfer 89, 89(2), 

163-167.  

Eaton, J. K. J., J. P. (1980). A review of research on subsonic turbulent-flow 

reattachment. AIAA Journal, 19(9), 1093-1100.  

 

Etheridge, D. W., & Kemp, P. H. (1978). Measurements of turbulent flow downstream 

of a rearward-facing step. Journal of Fluid Mechanics, 86(03), 545-566. doi: 

doi:10.1017/S0022112078001275. 

 

Incropera, F.P. ,et al. (2007). Fundamentals of Heat and Mass Transfer. 6th Edition 

Wiley.  

 

Gandjalikhan Nassab, S. A., et al. (2009). Turbulent forced convection flow adjacent to 

inclined forward step in a duct. International Journal of Thermal Sciences, 48(7), 

1319-1326.  

 

Guo, Z.-Y., et al. (1996). Thermal effect on the recirculation zone in sudden-expansion 

gas flows. International Journal of Heat and Mass Transfer, 39(13), 2619-2624. 

doi: http://dx.doi.org/10.1016/0017-9310(95)00371-1. 

 

Myong, H. K.,  N. K. (1990). A new approach to improved of k-ϵ turbulence model for 

wall bounded shear flows. JSMEJ. Ser., H33, 63-72.  

 

Hetsroni, G., & Rozenblit, R. (1994). Heat transfer to a liquid—solid mixture in a flume. 

International Journal of Multiphase Flow, 20(4), 671-689.  

 

Heyerichs, K., & Pollard, A. (1996). Heat transfer in separated and impinging turbulent 

flows. International Journal of Heat and Mass Transfer, 39(12), 2385-2400. 

 

 Holman, J. P. (2002). Heat Transfer. McGraw Hill, New York, Ninth Edition. 

 

Hsieh, W. D., & Chang, K. C. (1996). Calculation of wall heat transfer in pipeexpansion 

turbulent flows. International Journal of Heat and Mass Transfer, 39(18), 3813-

3822.  

http://dx.doi.org/10.1016/0017-9310(95)00371-1


© C
OPYRIG

HT U
PM

103 

 

Hussein, T., et al. (2014). Numerical study of turbulent heat transfer in annular pipe with 

sudden contraction. Applied mechanics and materials. , 465-466, 461-466.  

 

Hussein Togun, et al. (2013). Heat Transfer to Laminar Flow over a Double Backward-

Facing Step  International Journal of Mechanical, Industrial Science and 

Engineering, World Academy of Science, Engineering and Technology, 80, 971 

- 977. 

  

Hussein Togun, et al. (2013). Numerical Study of Turbulent Heat Transfer in Separated 

Flow: Review. International Review of Mechanical Engineering (IREME), 7(2), 

337-349.  

 

Hussein Togun, et al. (2011). An experimental study of heat transfer to turbulent 

separation fluid flow in an annular passage. International Journal of Heat and 

Mass Transfer, 54(4), 766-773.  

 

HusseinTogun, et al. (2011). A Review of Experimental Study of Turbulent Heat 

Transfer in Separated Flow. Australian Journal of Basic and Applied Sciences, 

5(10), 489-505.  

 

HusseinTogun, et al. (2014). Numerical study of turbulent heat transfer in annular pipe 

with sudden contraction. Applied mechanics and materials, 465 - 466, 461-466.  

 

Incropera, F. P. (2007). Fundamentals of heat and mass transfer. John Wiley.  

 

Hertzberg, J., C. M. H. (1992). Vortex dynamics in a rectangular sudden expansion. 

AIAA J., 30(10), 2420–2425.  

 

Kim, J. , S. J. K. a. J. P. J. (1980). Investigation of a Reattaching Turbulent Shear Layer: 

Flow Over a Backward-Facing Step. Journal of Fluids Engineering, 102, 302-

308.  

 

Baughn, J. W.,  et al. (1984). Local heat transfer downstream of an abrupt expansion in a 

circular channel with constant wall heat flux. Journal of Heat Transfer, 106, 789-

796.  

 

Barbosa Saldana, J.G. , N. K. A., V. Sarin. (2005). Numerical simulation of mixed 

convective flow over a three-dimensional horizontal backward facing-step. 

Journal of Heat Transfer 127, 1027–1036.  

 

Eapen, J., W.C. Williams, J. Buongiorno, L.W. Hu, and S. Yip, ―Mean-field versus 

microconvection effects in nanofluid thermal conduction‖, Phys. Rev. Lett., 99, 

2007, 095901. 

 

Jayatilleke, C. L. (1969). The influence of prandtl number and surface roughness on the 

resistances of the laminar sub-layer to momentum and heat transfer. Prog. Heat 

Mass Transfer, 1, 193-329.  



© C
OPYRIG

HT U
PM

104 

 

Oyakawa, K. , T. S., I. Teruya, I. Mabuchi. (1995). Heat transfer enhancement using slat 

at reattachment region downstream of backward facing step. Trans JSME., B61, 

4426-4431.  

 

Oyakawa, K. , T. T., E. Yamazato. (1994). Studies of heat transfer control by jet 

discharge at reattachment region downstream of a backward facing step. Trans 

JSME., B60, 248-254.  

 

K. Sakuraba, K. F., M. Sano. (2004). Control of turbulent channel flow over a 

backward-facing-step by suction or injection. Heat Transfer – Asian Research, 

33(8), 490–504.  

 

Kader, B. A. (1981). Temperature and concentration profiles in fully turbulent boundary 

layers. Int. J. Heat Mass Transfer, 24, 1541-1544.  

 

Kawamura, T., A. Yamamori, J. Mimatsu and M. Kumada. (1991). Time and spatial 

characteristics of heat transfer at the reattachment region of a two-dimensional 

backward-facing step. Proc. of the  ASME-JSME Thermal Eng Conf.3, 197-204.  

 

Kawamura, T., S. Tanaka, I. Mabuchi and M. Kumada. (1987-88). Temporal and spatial 

characteristics of heat transfer at the reattachment region of a backward-facing 

step. Exp Heat Transfer, X, 299-313.  

 

KC Chang, W. H., CS Chen. (1995). A modified low-Reynolds number turbulence 

model applicable to recirculating flow in pipe expansion. J. Fluids Eng,, 117, 

417-423.  

 

Kherbeet, A. S., et al. (2014). Experimental and numerical study of nanofluid flow and 

heat transfer over microscale backward-facing step. International Journal of Heat 

and Mass Transfer, 79(0), 858-867.  

 

Klinzing, W. P., & Sparrow, E. M. (2009). Evaluation of Turbulence Models for 

External Flows. Numerical Heat Transfer, Part A: Applications, 55(3), 205-228.  

 

M. Kiya, O. Mochizuki, H. Ishikawa, Challenging Issues in Separated and Complex 

Turbulent Flows, Hokkaido University, Japan, 1975. 

 

Koo, J., & Kleinstreuer, C. (2005). Impact analysis of nanoparticle motion mechanisms 

on the thermal conductivity of nanofluids. International Communications in Heat 

and Mass Transfer, 32(9), 1111-1118. 

 

 Lancial, N., et al. (2013). Effects of a turbulent wall jet on heat transfer over a non-

confined backward-facing step. International Journal of Heat and Fluid Flow, 

44(0), 336-347. doi: http://dx.doi.org/10.1016/j.ijheatfluidflow.2013.07.003. 

 

Lee, D., et al. (2011). Experimental and numerical study of heat transfer downstream of 

an axisymmetric abrupt expansion and in a cavity of a circular tube. Journal of 

http://dx.doi.org/10.1016/j.ijheatfluidflow.2013.07.003


© C
OPYRIG

HT U
PM

105 

 

Mechanical Science and Technology, 25(2), 395-401. doi: 10.1007/s12206-010-

1222-6. 

 

Lee, T., & Mateescu, D. (1998). Experimental and numerical investigation of 2-d 

backward-facing step flow. Journal of Fluids and Structures, 12(6), 703-716.  

 

Lemos, R. M. O. a. M. J. S. D. (2005). Sudden contraction in a turbulent with a porous 

insert. Latin American Journal of Solids and Structures, 2, 269-290.  

 

Lima, R. C., et al. (2008). Numerical study of three recirculation zones in the unilateral 

sudden expansion flow. International Communications in Heat and Mass 

Transfer, 35(9), 1053-1060.  

 

Mabuchi, I., T. Murata and M. Kumada. (1986). Effect of free-stream turbulence on heat 

transfer characteristics in the reattachment region on the bottom surface of a 

backward-facing step (For different angles of separation). Trans JSME, B52, 

2619-2625.  

 

Manca, O., et al. (2012). A numerical study of nanofluid forced convection in ribbed 

channels. Applied Thermal Engineering, 37(0), 280-292. 

 

 Manzar, M. A. a. S., S. N. (2009). Particle Distribution and Erosion During the Flow of 

Newtonian and Non-Newtonian Slurries in Straight and Coiled Pipes. 

Engineering Applications of Computational Fluid Mechanics, 3, 296-320.  

 

Marino, L., & Luchini, P. (2009). Adjoint analysis of the flow over a forward-facing 

step. Theoretical and Computational Fluid Dynamics, 23(1), 37-54. 

 

Mehrez, Z., et al. (2009). The influence of the periodic disturbance on the local heat 

transfer in separated and reattached flow. Heat and Mass Transfer, 46(1), 107-

112. doi: 10.1007/s00231-009-0548. 

 

Menter, F. R. Zonal Two Equation k- Turbulence Models for Aerodynamic Flows. 

AIAA Paper #93-2906, 24th Fluid Dynamics Conference, July 1993 . 

Menter, F. R. (1994). Two-equation eddy-viscosity turbulence models for engineering 

applications. AIAA Journal, 32(8), 1598-1605.  

 

Moffat, R. J. (1985). Using Uncertainty Analysis in the Planning of an Experiment. 

Journal of Fluids Engineering, 107(2), 173-178. 

 

Moffat, R. J. (1988). Describing the uncertainties in experimental results. Experimental 

Thermal and Fluid Science, 1(1), 3-17.  

 

Mori, Y., Y. Uchida and K. Sakai. (1986). A study of the time and spatial micro- 

structure of heat transfer performance near the reattaching point of separated 

flows. Trans JSME, B52, 3353-3361.  



© C
OPYRIG

HT U
PM

106 

 

Moss, W. D., et al. (1979). Measurements of Mean Velocity and Reynolds Stresses in 

Some Regions of Recirculating Flow. In F. Durst, B. Launder, F. Schmidt & J. 

Whitelaw (Eds.), Turbulent Shear Flows I (pp. 198-207): Springer Berlin 

Heidelberg. 

 

Nader Ben-Cheikh, et al. (2013). Natural Convection of Water-Based Nanofluids in a 

Square Enclosure with Non-Uniform Heating of the Bottom Wall. Journal of 

Modern Physics, 4, 147-159 . 

 

Nagano, Y., & Kim, C. (1988). A Two-Equation Model for Heat Transport in Wall 

Turbulent Shear Flows. Journal of Heat Transfer, 110(3), 583-589. doi: 

10.1115/1.3250532. 

 

Neary, V. S., & Sotiropoulos, F. (1996). Numerical investigation of laminar flows 

through 90-degree diversions of rectangular cross-section. Computers & Fluids, 

25(2), 95-118.  

 

Nie, J. H., & Armaly, B. F. (2002). Three-dimensional convective flow adjacent to 

backward-facing step&#xa0;-&#xa0;effects of step height. International Journal 

of Heat and Mass Transfer, 45(12), 2431-2438. doi: 

http://dx.doi.org/10.1016/S0017-9310(01)00345-3 

 

O. Labbe, P. S., E. Montreuil. (2002). Large-eddy simulation of heat transfer over a 

backward-facing-step. Numer. Heat Transfer Pt. A, 42, 73–90.  

 

Ogugbue, C. C., and Shah, S. N. (2011). Laminar and Turbulent Friction Factors for 

Annular Flow of Drag Reducing Polymer Solutions in Coiled-Tubing 

Operations. SPE Drilling & Completions, 26(4), 506-518.  

 

Oon, C. S., et al. (2013). Computational simulation of heat transfer to separation fluid 

flow in an annular passage. International Communications in Heat and Mass 

Transfer, 46(0), 92-96.  

 

Ota, T., N. Nakamura and T. Hirayama. (1995). Turbulent separated and reattached flow 

around an inclined downward step. Turbul. Heat Mass Transfer, 1, 286-293.  

 

Oyakawa, K., I. Teruya, I. Senaha, M. Yaga and I. Mabuchi. (1996). Evaluation of 

thermal performance on heat transfer enhancement by passive and active 

methods at downstream region of backward-facing step. Trans JSME, B62, 

1104-1110.  

 

Oyakawa, K., T. Saitoh, I. Teruya and I. Mabuchi. (1995). Heat transfer enhancement 

using slat at reattachment region downstream of backward facing step. Trans 

JSME  B61, 4426-4431.  

 

http://dx.doi.org/10.1016/S0017-9310(01)00345-3


© C
OPYRIG

HT U
PM

107 

 

Oyakawa, K., T. Taira and E. Yamazato. (1994). Studies of heat transfer control by jet 

discharge at reattachment region downstream of a backward facing step. Trans 

JSME, B60, 248-254.  

 

Oztop, H. F., et al. (2012). Analysis of turbulent flow and heat transfer over a double 

forward facing step with obstacles. International Communications in Heat and 

Mass Transfer, 39(9), 1395-1403. doi: 

http://dx.doi.org/10.1016/j.icheatmasstransfer.2012.07.011. 

 

Pereira, F. A. R., et al. (2007). CFD predictions of drilling fluid velocity and pressure 

profiles in laminar helical flow. Associação Brasileira de Engenharia Química, 

24(4), 587-595. 

 

Peyghambarzadeh, S. M., et al. (2013). Experimental study of overall heat transfer 

coefficient in the application of dilute nanofluids in the car radiator. Applied 

Thermal Engineering, 52(1), 8-16. 

 

Popiel, C. O., & Wojtkowiak, J. (1998). Simple Formulas for Thermophysical Properties 

of Liquid Water for Heat Transfer Calculations (from 0°C to 150°C). Heat 

Transfer Engineering, 19(3), 87-101. 

 

 P.K. Chang, Separation of Flow, first ed., Headington Hill Hall, 1970. 

 

Rhee, G. H., & Sung, H. J. (1996). A nonlinear low-Reynolds-number k-ε model for 

turbulent separated and reattaching flows—II. Thermal field computations. 

International Journal of Heat and Mass Transfer, 39(16), 3465-3474.  

 

Rouizi, Y., et al. (2009). Numerical model reduction of 2D steady incompressible 

laminar flows: Application on the flow over a backward-facing step. J. Comput. 

Phys., 228(6), 2239-2255.  

 

RR., S. (1979). Turbulent Flow Over a Plane Symmetric Sudden Expansion. J. Fluids 

Eng., 101(3), 348-353.  

 

S Dutta, S. A. (1993). Heat transfer and flow past a backstep with the nonlinear k-ϵ 

turbulence model and the modified k-ϵ  turbulence model. Numer Heat Transfer, 

A23, 281-301.  

 

Safaei, M. R., et al. (2014). Investigation of Heat Transfer Enhancement in a Forward-

Facing Contracting Channel Using FMWCNT Nanofluids. Numerical Heat 

Transfer, Part A: Applications, 66(12), 1321-1340. 

 

Saidur, R., et al. (2011). A review on applications and challenges of nanofluids. 

Renewable and Sustainable Energy Reviews, 15(3), 1646-1668.  

 

http://dx.doi.org/10.1016/j.icheatmasstransfer.2012.07.011


© C
OPYRIG

HT U
PM

108 

 

Sano Masatoshi, S. I., Sakuraba Kenichiro,. ( 2009). Control of turbulent channel flow 

over a backward-facing step by suction. Journal of Fluid Science and 

Technology, 4(1), 188-199.  

 

S.P. Jang, S.U.S. Choi, ―Effects of various parameters on nanofluid thermal 

conductivity‖, J. Heat Transf., 129, 2007, pp. 617-623. 

 

Santosh Christopher, D., et al. (2012). Numerical Investigation of Heat Transfer from a 

Two-Dimensional Sudden Expansion Flow Using Nanofluids. Numerical Heat 

Transfer, Part A: Applications, 61(7), 527-546.  

 

Sarafraz, M. M., & Hormozi, F. (2014). Scale formation and subcooled flow boiling heat 

transfer of CuO–water nanofluid inside the vertical annulus. Experimental 

Thermal and Fluid Science, 52(0), 205-214.  

 

Seban, R. A. (1959). Heat Transfer to Separated and Reattached Subsonic Turbulent 

Flows Obtained Downstream of a Surface Step. Journal of the Aerospace 

Sciences, 26(12), 809-814. doi: 10.2514/8.8324. 

 

Seban, R. A. (1964). Heat Transfer to the Turbulent Separated Flow of Air Downstream 

of a Step in the Surface of a Plate. Journal of Heat Transfer, 86, 259-265. 

  

Seban, R. A. (1966). The Effect of Suction and Injection on the Heat Transfer and Flow 

in a Turbulent Separated Airflow. Journal of Heat Transfer, 88(3), 276-282. 

 

Shah, S. N., Singhal, N. and Jain, S. (2004). Determination of Friction Pressure Losses 

in Straight and Coiled Tubing by CFD Simulations. AIAA / ASME symposium 

held in Oklahoma City.  

 

Shakouchi, T., & Kajino, I. (1994). Flow and forced-convection heat transfer over 

forward-facing double steps (effects of step ratio). Journal Name: Heat Transfer - 

Japanese Research; (United States); Journal Volume: 22:7, Medium: X; Size: 

Pages: 716-730.  

 

Shisnov, E. V., et al. (1988). Heat transfer in the recirculating region formed by a 

backward-facing step. International Journal of Heat and Mass Transfer, 31(8), 

1557-1562.  

 

Sogin, H. H. (1964). A Summary of Experiments on Local Heat Transfer From the Rear 

of Bluff Obstacles to a Low Speed Airstream. Journal of Heat Transfer, 86(2), 

200-202. doi: 10.1115/1.3687094. 

 

Stüer, H., et al. (1999). Laminar separation on a forward facing step. European Journal 

of Mechanics - B/Fluids, 18(4), 675-692.  

 



© C
OPYRIG

HT U
PM

109 

 

Suzuki, H., K. Suzuki, S. Kida and T. Nakamae. (1991). Heat transfer augmentation in 

the region downstream of a backward-facing step (Effects of a cylinder mounted 

near the top comer of the step). Trans JSME, S7B, 1410-1415.  

 

T. Lee, D. M. (1998). Experimental and numerical investigation of 2-d backward-facing 

step flow. Journal of Fluids and Structures, 12(6), 703-716.  

 

T. Shakouchi, I. K. (1994). Flow and forced-convection heat transfer over forward-

facing double steps (effects of step ratio). Heat Transfer - Japanese Research; 

(United States) 22(7), 716-730.  

 

Tani, I., M. Iuchi, and H. Komoda. Experimental investigation of flow separation 

associated with a step or a groove. Aeronautical Res. Inst. Univ. of Tokyo, Rept, 

1961. 364.  

 

Tavman, I., & Turgut, A. (2010). An Investigation on Thermal Conductivity and 

Viscosity of Water Based Nanofluids. In S. Kakaç, B. Kosoy, D. Li & A. 

Pramuanjaroenkij (Eds.), Microfluidics Based Microsystems (pp. 139-162): 

Springer Netherlands. 

 

Teng, T.-P., et al. (2010). The effect of alumina/water nanofluid particle size on thermal 

conductivity. Applied Thermal Engineering, 30(14–15), 2213-2218.  

 

Terekhov, V. I., N.I. Yarygina and R.F. Zhdanov. (2003). Some features of a turbulent 

separated flow and heat transfer behind a step and a rib 2-Heat transfer in a 

separated flow. Journal of applied Mechanics and Technical Physics, 44, 522-

531.  

 

Thiruvengadam, M., et al. (2006). Three-Dimensional Mixed Convection in Plane 

Symmetric-Sudden Expansion: Bifurcated Flow Regime. Journal of Heat 

Transfer, 129(7), 819-826.  

 

Tinney, C. E., & Ukeiley, L. S. (2009). A study of a 3-D double backward-facing step. 

Experiments in Fluids, 47(3), 427-438. doi: 10.1007/s00348-009-0675-9. 

 

Togun, H., et al. (2014). Numerical simulation of laminar to turbulent nanofluid flow 

and heat transfer over a backward-facing step. Applied Mathematics and 

Computation, 239(0), 153-170. doi: http://dx.doi.org/10.1016/j.amc.2014.04.051 

 

Tseng, Y. S., et al. (2014). Investigating flow and heat transfer characteristics in a fuel 

bundle with split-vane pair grids by CFD methodology. Annals of Nuclear 

Energy, 64(0), 93-99. doi: http://dx.doi.org/10.1016/j.anucene.2013.09.037 

 

Tsou, F. K., S.J. Chen and W. Aung. (1991). Starting flow and heat transfer downstream 

of a backward-facing step. Journal of Heat Transfer, 113, 583-589.  

 

http://dx.doi.org/10.1016/j.amc.2014.04.051
http://dx.doi.org/10.1016/j.anucene.2013.09.037


© C
OPYRIG

HT U
PM

110 

 

Uruba, V., et al. (2007). Control of a channel-flow behind a backward-facing step by 

suction/blowing. International Journal of Heat and Fluid Flow, 28(4), 665-672.  

 

V Scherer, S. W. (1991). The influence of the recirculation region: a comparison of the 

convective heat transfer downstream of a backward facing-step and behind a jet 

in a cross flow. J. Eng Gas Turbines and Power, 113, 126-134.  

 

V. De Brederode, P. B. (1972). Three-Dimensional Flow in Normally Two- 

Dimensional Separation Bubbles I, Flow Behind A Rearward-Facing Step, . I. C 

Aero Report #72-9.  

 

Vajjha, R. S., & Das, D. K. (2009). Experimental determination of thermal conductivity 

of three nanofluids and development of new correlations. International Journal of 

Heat and Mass Transfer, 52(21–22), 4675-4682.  

 

Velazquez, A., et al. (2008). Laminar heat transfer enhancement downstream of a 

backward facing step by using a pulsating flow. International Journal of Heat and 

Mass Transfer, 51(7–8), 2075-2089.  

 

Vogel, J. C. a. J. K. E. (1985). Combined heat transfer and fluid dynamic measurements 

downstream of a backward–facing step. J. of heat transfer ASME Trans., 107, 

922-929.  

 

Wilhelm, D., & Kleiser, L. (2002). Application of a Spectral Element Method to Two-

Dimensional Forward-Facing Step Flow. Journal of Scientific Computing, 17(1-

4), 619-627. 

 

Wolfshtein, M. (1969). The velocity and temperature distribution in one-dimensional 

flow with turbulence augmentation and pressure gradient. International Journal 

of Heat and Mass Transfer, 12(3), 301-318.  

 

Wongcharee, K., & Eiamsa-ard, S. (2012). Heat transfer enhancement by using 

CuO/water nanofluid in corrugated tube equipped with twisted tape. International 

Communications in Heat and Mass Transfer, 39(2), 251-257. 

 

Yu, D.M. France, E.V. Timofeeva, D. Singh, and J.L. Routbort, ―Thermophysical 

property-related comparison criteria for nanofluid heat transfer enhancement in 

turbulent flow‖, Appl. Phys. Lett., 96, 2010, 213109. 

 

Xuan, W. , Y., & Roetzel, W. (2000). Conceptions for heat transfer correlation of 

nanofluids. International Journal of Heat and Mass Transfer, 43(19), 3701-3707.  

 

Yang, Y-T , M. L. H. (1998). Numerical studies of heat transfer characteristics by using 

jet discharge at downstream of a backward-facing-step. J. Acta Mechanica, 128, 

29-37.  

 



© C
OPYRIG

HT U
PM

111 

 

Yin, Y , Y. N., M Tagawa. (1992). Numerical prediction of turbulent heat transfer in 

high-Prandtl-number fluids. Trans JSME, B58, 2254-2260. 

  

Nagano, Y. , M. T. a. T. T. (1991). An Improved Two-Equation Heat Transfer Model for 

Wall Turbulent Shear Flows. Proceedings of 3rd ASME/JSME Thermal 

Engineering Joint Conference, 3, 233-240.  

 

Tsay, Y.L., T. S. C., J.C. Cheng. (2005). Heat transfer enhancement of backward facing-

step flow in a channel by using baffle installation on the channel wall. Acta 

Mechanica, 174, 63-76.  

 

Yılmaz, I. l., & Öztop, H. F. (2006). Turbulence forced convection heat transfer over 

double forward facing step flow. International Communications in Heat and 

Mass Transfer, 33(4), 508-517. doi: 

http://dx.doi.org/10.1016/j.icheatmasstransfer.2005.08.015 

 

Zemanick, P. P. a. R. S. (1970). Local heat transfer downstream of abrupt circular 

channel expansion. J. Heat Transfer, 92, 53-60.  

 

Zouhaier Mehrez, M. B., Afif El Cafsi, Ali Belghith, Patrick LE Quere. (2010). Heat 

transfer control of separated and reattaching flow by local forcing – effect of 

Richardson number. Journal of applied science in the thermodynamics and fluid 

mechanics, 4, 1802-9388.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/10.1016/j.icheatmasstransfer.2005.08.015

	NUMERICAL AND EXPERIMENTAL ANALYSIS OF HEAT TRANSFER ANDNANOFLUID FLOW THROUGH AN ANNULAR PIPE WITH ABRUPTCONTRACTION
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERS
	REFERENCES



