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ABSTRACT 

 

In the first part of the thesis, the hydrothermal flow and entropy generation properties of ferrofluid 
(water and Fe3O4) on a cylindrical body in the rectangular channel subjected to the non-uniform magnetic 
field going through current-carrying wires are numerically explored. The effect of various parameters, such 
as ferroparticle volume fraction, Φ the strength of the non-uniform magnetic field, Ha, and Reynolds 
number, Re on the flow characteristics, and forced convection heat transfer is investigated using finite-
volume based Ansys Fluent 20. Obtained results demonstrate that the applied magnetic field shortens the 
length of recirculating wake downstream of the cylinder at Re=25 and makes unsteady flow with alternate 
vortex shedding as a time-independent steady flow for Hartmann numbers greater than, Ha≥6 at Re=100. At 
Re=50, the total drag coefficient, CD gets higher by almost 20% when Ha increases from Ha=0 to Ha=6 and 
subsequently grows by 61% at Ha=10. The findings show that the average Nusselt number, Nuavg 
demonstrates monotonic behavior with the Ha and it augments when the strength of the non-uniform 
magnetic field increases. The Nuavg improvement is in the vicinity of 11.71% at Ha=10 and 23.26% at Ha=18 
for Re=25. The maximum value of entropy generation, SL reduces when the non-uniform magnetic field is 
applied. Moreover, increasing the Hartmann number, Ha influences the high levels region of entropy 
production by relatively extending this zone towards the downstream of the channel and covering more area 
around the cylinder. According to the outcomes of numerical simulation, there is an increase in Nuavg with 
3.98% and 3.88% for Ha=2 and 18 respectively when the ferroparticle volume fraction rises from Φ=0% to 
Φ=4% at Re=25. Finally, the optimum thermal performance criterion, ξ is obtained at Re=150 for Ha=0 and 
Φ=4%. 

In the second part of the thesis, the hydrothermal and entropy generation characteristics of nanofluid 
(water and CuO) in a rectangular grooved channel exposed to a uniform magnetic field in a transverse 
direction are numerically investigated. The influence of different parameters, such as volume fraction of 
nanoparticles, Φ Hartmann number, Ha indicating the intensity of the uniform magnetic field, and Reynolds 
numbers, Re on the flow behaviors and forced convection heat transfer is explored using finite-volume based 
Ansys Fluent 20. The acquired outcomes demonstrated that applying a uniform magnetic field in a 
rectangular grooved channel causes major variations in the streamline patterns and reduces the extent of the 
recirculation zone in rectangular grooves at both Re=250 and 1250. But the required Hartmann number, Ha 
for the beginning of recirculation region suppression increases with the rise in Reynolds numbers, from 
Re=250 to Re=1250. The Lorentz force resulting from the uniform magnetic field attenuates the velocity of 
nanofluid flow at the center of the channel and considering constant mass flow throughout the channel, the 
flow velocity remarkably augments near the heated walls. This situation increases the velocity gradient and 
temperature gradient near the hot walls and heat exchange between hot walls and nanofluid flow improves. 
According to the results of the numerical simulation, the average Nusselt number, Nuavg augmentation is in 
the vicinity of 9.08% for Ha=8 and 30.42% for Ha=24 at Re=250 and 0.087% for Ha=8 and 21.13% for 
Ha=24 at Re=1250 compared to the absence of uniform magnetic field application case, Ha=0. 

 

Keywords: Confined cylinder, Entropy generation, Forced convection, Hartmann number, Non-uniform 
magnetic field, Nusselt number, Rectangular grooved channel, Uniform magnetic 
field   
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ÖZ 

Tezin ilk bölümünde, akım taĢıyan tellerden geçen uniform olmayan bir manyetik alana maruz 
kalan, dikdörtgensel bir kapalı kanal içerisindeki silindirik bir cismin çevresinde akan bir ferroakıĢkanın (su 
ve Fe3O4) hidrotermal ve entropi üretimi özellikleri sayısal olarak incelenmiĢtir. Ferropartikül hacimsel oranı, 
Φ uniform olmayan manyetik alan Ģiddeti, Ha ve Reynolds sayısı, Re gibi çeĢitli parametrelerin akıĢ 
karakteristikleri ve zorlanmıĢ taĢınım ile ısı transferi üzerindeki etkisi sonlu hacim tabanlı Ansys Fluent 20 
kullanılarak araĢtırılmıĢtır. Elde edilen sonuçlar, uygulanan manyetik alanın, Re=25‘te silindirin arkasında 
oluĢan ölü akıĢ bölgesinin uzunluğunu kısalttığını ve Re=100‘de Ha≥6‘dan büyük Hartmann sayıları için 
periyodik girdap kopmalarından oluĢan daimi olmayan akıĢı, daimi bir akıĢ haline getirdiğini göstermektedir. 
Re=50‘de toplam sürükleme katsayısı, CD   Ha=0‘dan Ha=6‘ya yükseldiğinde yaklaĢık %20 artmıĢtır ve 
ardından Ha=10 değerinde %61 artmıĢtır. Sonuçlar, ortalama Nusselt sayısının, Nuavg Hartmann sayısı ile 
monoton davranıĢ gösterdiğini ve uniform olmayan manyetik alan Ģiddeti arttıkça ortalama Nusselt sayısının 
artığını göstermektedir. Nuavg iyileĢtirmesi, Re=25 için Ha=10‘da %11,71 ve Ha=18‘de %23,26 civarındadır. 
Entropi üretiminin, SL maksimum değeri uniform olmayan manyetik alan uygulandığında azalmaktadır. 
Ayrıca artan Hartmann sayısı, Ha silindir etrafında oluĢan yüksek entropi değerine sahip bölgelerin boyutunu 
etkilemektedir. Sayısal simulasyon sonuçlarına göre, Re=25‘te ferropartikül hacimsel oranı Φ=%0‘dan 
Φ=%4‘e yükseldiğinde Nuavg‘da Ha=2 ve 18 için sırasıyla %3,98 ve %3,88 lik bir artıĢ vardır. Son olarak, 
optimum termal performans kriteri, ξ Re=150‘de Ha=0 ve Φ=%4 değerlerinde elde edilmiĢtir. 

Tezin ikinci bölümünde, üniform manyetik alana maruz bırakılan dikdörtgen oluklu bir kanaldaki 
nanoakıĢkanın (su ve CuO) hidrotermal ve entropi üretimiz özellikleri sayısal olarak incelenmiĢtir. 
Nanopartiküllerin hacimsel oranı, Φ üniform manyetik alan Ģiddetini gösteren Hartmann sayısı, Ha ve 
Reynolds sayısı, Re farklı parametrelerin akıĢ karakteristikleri ve zorlanmıĢ taĢınım ile ısı transferi üzerindeki 
etkisi, sonlu hacim tabanlı Anys Fluent 20 kullanılarak araĢtırılmıĢtır. Elde edilen sonuçlar, dikdörtgen oluklu 
kanalda üniform manyetik alan uygulamasının akım çizgilerinin dağılımı üzerinde büyük değiĢimlere neden 
olduğunu ve hem Re=250 hem Re=1250‘de oluklar içerisinde oluĢan resirkülasyon bölgesinin boyutunu 
azalttığını göstermiĢtir. Ancak, oluklar içerisinde oluĢan resirkülasyon bölgesini baskılama baĢlangıcı için 
gerekli Hartmann sayısı, Ha Re=250‘den Re=1250‘ye yükselmesiyle artmıĢtır. Üniform manyetik alandan 
kaynaklı Lorentz kuvveti, kanalın merkezindeki nanoakıĢkan akıĢın hızını azaltır ve kanal boyunca sabit 
kütle düĢünüldüğünde, akıĢ hızı ısıtılmıĢ duvarların yakınında önemli ölçüde artar. Bu durum sıcak 
duvarların yakınında hız gradyanını ve sıcaklık gradyanını arttırır ve sıcak duvarlar ile nanoakıĢkan akıĢı 
arasındaki ısı alıĢveriĢini iyileĢtirir. Nümerik simülasyon sonuçlarına göre, ortalama Nusselt sayısı, Nuavg 
artıĢı manyetik alan uygulanmama durumu ile karĢılaĢtırıldığında, Ha=0 Re=250‘de Ha=8 için 9,08%, 
Ha=24 için 30,42%, Re=1250‘de Ha=8 için 0,087%, Ha=24 için 21,13% olarak gözlemlenmiĢtir.   
 
Anahtar Kelimeler: Entropi üretimi, Dikdörtgen oluklu kanal, Hartmann sayısı, Nusselt sayısı, 

SınırlandırılmıĢ silindir, Üniform manyetik alan, Üniform olmayan manyetik alan, 
ZorlanmıĢ taĢınım  
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EXTENDED ABSTRACT 

 

In the first section of the thesis, the flow, heat transfer, and entropy production 

characteristics of a ferrofluid with a mixture of water and Fe3O4 over a confined cylinder under the 

non-uniform magnetic field effect are numerically investigated.  After the industrial revolution, 

energy has become an essential requirement for human life. However, the efficiency of energy 

generation, utilization, and conversion processes has become more crucial because of the restricted 

sources, prices, ambient conditions, and growing requests with time. The quick increment in the 

universal market is the main inspiration for investigations on the efficiency of energy-including 

operations. Investigations aimed at increasing energy efficiency are within the extent of several 

various disciplines. However, attempts to enhance heat transfer have the main influence on energy 

efficiency from the generation stage to the end-user consumption stage because most of these 

operations include heat transfer in one way or another. The fluid flow on a circular cylindrical body 

is a widespread circumstance in great quantities of engineering practices. The occurrence of 

separated flow, wake region, and estimation of heat transfer from the circular cylindrical body has 

been extensively investigated for a long while since their essential importance in flow 

characteristics and practical significance in the field of heat transfer and aerodynamic applications. 

The flow on a circular body mainly depends on the Reynolds number independent of the confined 

or unconfined domain. If the fluid over the cylinder flows in an unconfined domain, the Reynolds 

number is the individual parameter. When the Reynolds number gets higher, the flow around the 

cylinder turns into firstly unstable case, later three-dimensional instability modes (Williamson, 

1996). For the Reynolds number smaller than Re≤46, the flow structure on the cylinder is time-

independent and the wake region includes two-counter rotating symmetric vortices with respect to 

the cylinder axis appended to the rear side of the cylinder. The periodic vortex shedding occurs 

from alternating sides of the cylinder which is also known as Karman vortex street, if the Reynolds 

number is bigger than Re>46. This flow phenomenon proceeds up to the Reynolds number, 

Re=180, beyond which three-dimensional flow occurs around the cylinder. The investigation of 

flow structure around the cylindrical body in a rectangular channel has an extensive application 

area such as heat exchangers, off-shore marines and heat sinks for electronic components. The 

structure and stability of fluid flow around the confined cylinder significantly alter from the fluid 

flow structure of an unconfined cylinder. Magnetic fields act as external body forces on the fluid 

flow. The flow control by magnetic forces is achieved by operating a magnetic field on electrically 

conductive liquids. In this active flow control technique, the flow control can be utilized to gain a 

greater flow mixing. Furthermore, the aim of the flow control is to remove the circumstances that 

can inversely impact heat transfer such as flow separation. Magnetic forces are more influential at 

low Reynolds numbers and natural convection states in which the influence of momentum forces is 

very weak. In the first part of the thesis, the effect of various parameters, such as ferroparticle 
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volume fraction, Φ the strength of the non-uniform magnetic field, Ha, and Reynolds number, Re 

on the flow characteristics, and forced convection heat transfer is investigated using finite-volume 

based Ansys Fluent 20. The results demonstrated that when the non-uniform magnetic field passing 

current carrying wires with Ha=2 is applied, the recirculation bubble length in the domain of the 

wake downstream of the cylinder is reduced. This recirculation region gradually weakens both 

longitudinally and laterally by strengthening the non-uniform magnetic field intensity from Ha=2 

to Ha=6. However, if the Ha further increased to a value Ha=10, the flow separation is suppressed, 

and the recirculation bubble like the wake region completely disappears. By intensifying the non-

uniform magnetic field strength, the unsteady attitude of the flow field diminishes, and the time-

independent flow is created. It was detected that the total drag coefficient, CD gets higher with the 

applied non-uniform magnetic field going through current-carrying wires for all examined 

Reynolds numbers, Re=25, 50, 100 and 150. Obtained results demonstrate that in steady flow cases 

at Re= 25 and 50, the Nuavg shows monotonic behavior with Ha and it enhances as the strength of 

the non-uniform magnetic field intensifies. Generally, the outcomes revealed that the maximum 

value of entropy generation grows significantly with increasing Re and relatively decreases with 

augmenting both Ha and Ф. 

In the second part of the thesis, the hydrothermal and entropy generation characteristics of 

nanofluid (water and CuO) in a rectangular grooved channel exposed to the uniform magnetic field 

in a transverse direction are numerically investigated. In passive techniques, heat transfer 

improvement is acquired by changing the shape of the surface or employing fluid additives. The 

purpose of the surface modification is to increase the surface area in which heat transfer takes place 

and to improve the convective heat transfer by growing the fluid mixing. Furthermore, the 

improvement of energy transfer is acquired by adding extended fins or baffles because of the 

increment in turbulence level within the flow domain. The most important drawback of the passive 

techniques which grow heat transfer rate is that they also cause the pressure drop to be increased. 

This pressure drop due to the surface modification leads to a rise in the required pumping power. 

So that reason, scientists have investigated optimum geometry configuration that supplies greater 

heat transfer improvement with lower pumping power. The area of expertise which investigates the 

structure and attitude of electrically conductive fluids in the existence of magnetic field defined 

magnetohydrodynamic (MHD) is a crucial scientific branch for a broad range of engineering 

applications such as microelectronic device cooling, turbulence control, liquid metal cooling, 

crystal growth, nuclear reactor cooling, heat and mass transfer control and so forth. A high number 

of studies have explored the influence of magnetic fields on convective heat transfer in corrugated 

or similar channels. In the second part of the thesis, the hydrothermal and entropy generation 

characteristics of nanofluid (water and CuO) in a rectangular grooved channel exposed to the 

uniform magnetic field in a transverse direction are numerically investigated. Obtained results 

demonstrated that applying a uniform magnetic field with different intensities induces major 
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changes in the streamline patterns. When the Hartmann number, Ha increases from Ha=0 towards 

Ha=24 progressively the extent of the recirculation region in the rectangular grooves diminishes. 

The velocity gradient near walls gets higher by increasing the Hartmann number, Ha so the extent 

of vortices close to the walls diminishes at both Reynolds numbers, Re=250 and 1250. Because the 

Lorentz force resulting from the magnetic field reduces the flow velocity at the center of the 

channel and with regarding constant mass flow throughout the channel, the flow velocity 

substantially enhances near the hot walls. This situation grows the velocity gradient and 

temperature gradient near the hot walls and heat exchange between heated walls and nanofluid flow 

enhances. It can be seen that when the Hartmann number progressively increases from Ha=0 

towards Ha=24, the thermal boundary layer in the rectangular grooves gets thinner at both 

Reynolds numbers, Re=250 and 1250. Furthermore, the applied uniform magnetic field in a 

transverse direction makes the temperature gradient in the vicinity of heated walls to increase. 

According to the results, the average Nusselt number, Nuavg augments by increasing uniform 

magnetic field intensity. Including CuO nanoparticles into the water with volume fractions, Φ=3% 

and 5% makes the Nuavg to be augmented for all examined Ha at Re=250. It is apparent in the 

figures, the NuL is enhanced when the uniform magnetic field is applied and its intensity gets higher 

along the rectangular grooved channel at both Reynolds numbers, Re=250 and 1250. When the 

Hartmann number progressively increases from Ha=0 towards Ha=24, the NuL is distributed with 

greater values along the grooved channel. 
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GENİŞLETİLMİŞ ÖZET 

 

Tezin birinci bölümünde su ve Fe3O4 karıĢımından oluĢan bir ferroakıĢkanın kapalı bir 

silindir etrafında üniform olmayan manyetik alan etkisi altında akı, ısı transferi ve entropi üretim 

özellikleri sayısal olarak incelenmiĢtir. Sanayi devriminden sonra enerji, insan yaĢamı için 

vazgeçilmez bir ihtiyaç haline gelmiĢtir. Ancak kısıtlı kaynaklar, fiyatlar, ortam koĢulları ve 

zamanla artan talepler nedeniyle enerji üretimi, kullanımı ve enerji dönüĢüm süreçlerinin 

verimliliği daha da önemli hale gelmiĢtir. Evrensel pazardaki hızlı enerji talebi artıĢı, enerji 

verimliliğine iliĢkin araĢtırmalar için ilham kaynağı olmuĢtur. Enerji verimliliğinin arttırılmasına 

yönelik araĢtırmalar birçok farklı disiplinin kapsamı içindedir. Bununla birlikte, ısı transferini 

arttırmaya yönelik giriĢimler, üretim aĢamasından kullanıcı tüketim aĢamasına kadar enerji 

verimliliği üzerinde ana etkiye sahiptir, çünkü bu iĢlemler bir Ģekilde ısı transferini içermektedir. 

Dairesel silindirik bir cisim üzerindeki akıĢkan akıĢı, mühendislik uygulamalarında yaygın olarak 

görülen bir durumdur. Silindir yüzeyinden akıĢ ayrılması, ölü akıĢ bölgesi ve silindir ile akıĢkan 

arasındaki ısı transferi, akıĢkanlar meaniği, ısı transferi ve aerodinamik alanlarındaki pratik önemi 

nedeniyle uzun bir süredir kapsamlı bir Ģekilde araĢtırılmaktadır. Dairesel kesitli bir silindir 

etrafındaki akıĢ, silindirin kanal içerisinde veya serbest akıĢ bölgesinde olmasına bakılmaksızın 

esas olarak Reynolds sayısına bağlıdır. AkıĢkan silindir üzerinde serbest bir akıĢ bölgesinde 

akıyorsa, Reynolds sayısı akıĢ karakteristiğini etkileyen tek parametredir. Reynolds sayısı 

yükseldiğinde, silindir etrafındaki akıĢ önce kararsız duruma, daha sonra üç boyutlu kararsızlık 

moduna dönüĢür (Williamson, 1996). Re≤46‘dan küçük Reynolds sayısı için, silindir üzerindeki 

akıĢ yapısı zamandan bağımsızdır ve silindir arka kısmındaki ölü akıĢ bölgesi, silindir eksenine 

göre simetrik ters yönde dönen iki çevrintiden oluĢmaktadır. Eğer Reynolds sayısı, Re˃46‘dan 

büyük ise silindirin alt ve üst yüzeylerinden periyodik olarak kopan Karman girdapları oluĢur. Bu 

akıĢ olayı, Reynolds sayısı, Re=180‘e kadar devam eder ve daha büyük Reynolds sayıları için 

silindir etrafında üç boyutlu akıĢ oluĢur. Kapalı bir kanaldaki silindirik cisim etrafındaki akıĢ 

yapısının araĢtırılması, ısı eĢanjörleri, açık deniz gemileri, elektronik bileĢenlerde yer alan ısı 

emicileri gibi geniĢ bir uygulama alanına sahiptir. Kapalı bir silindir etrafındaki akıĢın yapısı ve 

kararlılığı, serbest akıĢ bölgesinde yer alan silindirin etrafındaki akıĢın yapısından önemli ölçüde 

farklıdır. Manyetik alan, akıĢkan akıĢı üzerinde dıĢ cisim kuvveti olarak davranır. Manyetik 

kuvvetler ile akıĢ kontrolü, elektriksel olarak iletken akıĢkanlara bir manyetik alan uygulanmasıyla 

sağlanır. Bu aktif akıĢ kontrol tekniğinde, akıĢ kontrolü daha fazla akıĢ karıĢımı elde etmek için 

kullanılabilir. Ayrıca akıĢ kontrolünün amacı, akıĢ ayrılması gibi ısı transferini olumsuz yönde 

etkileyebilecek durumları ortadan kaldırmaktır. Momentum kuvvetlerinin etkisinin çok zayıf 

olduğu düĢük Reynolds sayılarında ve doğan taĢınım durumlarında manyetik kuvvetler daha 

etkilidir. Tezin birinci bölümünde, ferropartikül hacimsel oranı, Φ üniform olmayan manyetik alan 

Ģiddeti, Ha ve Reynolds sayısı, Re gibi çeĢitli parametrelerin akıĢ karakteristikleri ve zorlanmıĢ 
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taĢınım ile ısı transferi üzerindeki etkisi sonlu hacim tabanlı Anys Fluent 20 kullanılarak 

araĢtırılmıĢtır. Sonuçlar akım taĢıyan tellerden geçen üniform olmayan manyetik alan Ha=2 Ģiddeti 

ile uygulandığında, silindirin akıĢ yönündeki ölü akıĢ bölgesinde oluĢan resirkülasyon bölgesinin 

azaldığını göstermiĢtir. Bu resirkülasyon bölgesi, üniform olmayan manyetik alan Ģiddeti 

Ha=2‘den Ha=6‘ya arttırıldığında hem uzunlamasına hem de yanal olarak zayıflamıĢtır. Ancak, 

üniform olmayan manyetik alan Ģiddeti Ha=10 değerine daha da yükselirse, akıĢ ayrılması bastırılır 

ve resirkülasyon bölgesi tamamen ortadan kalkar. Üniform olmayan manyetik alan Ģiddeti arttıkça, 

daimi olmayan akıĢ yapısı ortadan kalkar ve zamandan bağımsız daimi bir akıĢ yapısı oluĢur. 

Ġncelenen tüm Reynolds sayıları için Re=25, 50, 100 ve 150, akım taĢıyan teller vasıtasıyla 

uygulanan üniform olmayan manyetik alan Ģiddeti arttıkça toplam sürükleme katsayısının, CD 

arttığı tespit edilmiĢtir. Elde edilen sonuçlar, Re=25 ve 50‘de oluĢan daimi akıĢ durumlarında 

ortalama Nusselt sayısının, Nuavg Hartmann sayısı, Ha ile monoton davranıĢ gösterdiğini ve 

uniform olmayan manyetik alan Ģiddeti arttıkça Nuavg‘in arttığını göstermektedir. Genel olarak 

sonuçlar, entropi üretiminin maksimum değerinin artan Reynolds sayısı, Re ile önemli ölçüde 

arttığını ve hem Ha hem de Φ arttıkça nispeten azaldığını ortaya koymuĢtur.  

Tezin ikinci bölümünde, üniform manyetik alan uygulanan bir dikdörtgen oluklu kanaldaki 

nanoakıĢkanın (su ve CuO) hidrotermal ve entropi üretim özellikleri sayısal olarak incelenmiĢtir. 

Pasif akıĢ kontrol tekniklerinde, ısı transferi yüzeyinin Ģekli değiĢtirilerek veya akıĢkana çeĢitli 

katkı maddeleri eklenerek ısı transferi iyileĢtirmesi sağlanır. Yüzey modifikasyonunun amacı, ısı 

transferinin gerçekleĢtiği yüzey alanını arttırmak ve akıĢkan karıĢımını arttırarak taĢınım ile ısı 

transferini iyileĢtirmektedir. Ayrıca, uzatılmıĢ kanatçıklar ve bölmeler eklenerek türbülans 

seviyesindeki artıĢ nedeniyle enerji transferinde iyileĢme meydana gelir. Isı transferini arttıran pasif 

tekniklerin en önemli dezavantajı ise basınç kaybının da artmasına neden olmalarıdır. Yüzey 

modifikasyonundan kaynaklanan bu basınç kaybı gerekli pompalama gücünde bir artıĢa yol açar. 

Bu nedenle bilim adamları düĢük pompalama gücü ile daha fazla ısı transferi iyileĢtirmesi sağlayan 

optimum geometri konfigürasyonu araĢtırmaktadır. Manyetohidrodinamik (MHD) olarak 

tanımlanan manyetik alanın varlığında elektriği ileten akıĢkanların yapısını ve davranıĢlarını 

araĢtıran uzmanlık alanı, mikroelektronik cihaz soğutması, türbülans kontrolü, sıvı metal 

soğutması, kristal büyümesi, nükleer reaktör soğutması, ısı ve kütle transferi kontrolü gibi çok 

çeĢitli mühendislik alanlarında uygulanan çok önemli bir bilim dalıdır. Çok sayıda çalıĢma, oluklu 

veya benzer kanallarda manyetik alan uygulamasının konvektif ısı transferi üzerindeki etkisini 

araĢtırmıĢtır. Tezin ikinci bölümünde, üniform manyetik alan uygulanan bir dikdörtgen oluklu 

kanaldaki nanoakıĢkanın (su ve CuO) hidrotermal ve entropi üretim özellikleri sayısal olarak 

incelenmiĢtir. Elde edilen sonuçlar, farklı Ģiddetlerde manyetik alan uygulanmasının dikdörtgen 

oluklu kanal içerisindeki akım çizgilerinde büyük değiĢikliklere neden olduğunu göstermiĢtir. 

Hartmann sayısı, Ha=0‘dan Ha=24‘e doğru kademeli olarak arttığında dikdörgen oluklardaki 

resirkülasyon bölgesinin boyutu küçülür. Isıtılan duvarların yakınındaki hız gradyanı Hartmann 
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sayısı, Ha arttıkça artar ve bu nedenle duvarlara yakın girdapların boyut, Re=250 ve 1250 

değerlerinde azalır. Çünkü manyetik alan uygulanması sonucu oluĢan Lorentz kuvveti, kanalın 

merkezinde akıĢ hızını azaltır ve kanal boyunca sabit kütle akıĢı dikkate alındığında akıĢ hızı 

ısıtılan duvarların yakın bölgesinde önemli ölçüde artar. Bu durum, sıcak duvarların yakınında hız 

ve sıcaklık gradyanını büyütür ve ısıtılmıĢ duvarlar ile nanoakıĢkan akıĢı arasındaki ısı transferini 

arttırır. Hartmann sayısı, Ha=0‘dan Ha=24‘e doğru kademeli olarak arttırıldığında dikdörtgne 

oluklardaki termal sınır tabakanın Re=250 ve 1250 değerleri için inceldiği görülmektedir. Ayrıca 

uygulanan üniform manyetik alan, ısıtılan duvarların çevresindeki sıcaklık gradyanının artmasına 

neden olur. Elde edilen sonuçlara göre, ortalama Nusselt sayısı, Nuavg üniform manyetik alan 

Ģiddetinin artmasıyla beraber artmaktadır. CuO nanoparçacıklarının suya Φ=%3 ve %5 hacimsel 

oranlarıyla ilave edilmesi, Re=250‘de incelenen tüm Hartmann sayıları için ortalama Nusselt 

sayısının, Nuavg artmasını sağlar. ġekillerde açıkça görüldüğü gibi, yerel Nusselt sayısı, NuL 

dikdörtgen oluklu kanal boyunca üniform manyetik uygulanmasıyla beraber Re=250 ve 1250 

değerleri için artmaktadır. Hartmann sayısı, Ha=0‘dan Ha=24‘e doğru kademeli olarak arttığında 

NuL oluklu kanal boyunca daha büyük değerlere sahip olur.  
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1. INTRODUCTION 

 

After the industrial revolution, energy has become an essential requirement for human life. 

However, the efficiency of energy generation, utilization, and conversion processes has become 

more crucial because of the restricted sources, prices, ambient conditions, and growing requests 

with time. The U.S. Energy Information Administration (2020) stated that the energy request of the 

world will grow by approximately 50% by 2050. The quick increment in the universal market is the 

main inspiration for investigations on the efficiency of energy-including operations. Investigations 

aimed at increasing energy efficiency are within the extent of several various disciplines. However, 

attempts to enhance heat transfer have the main influence on energy efficiency from the generation 

stage to the end-user consumption stage because most of these operations include heat transfer in 

one way or another. 

About 77 percent of world electricity generation in 2018 comprises operations that convert 

thermal energy into electrical energy (International Energy Agency, 2020). Thermal energy is a 

source that can be utilized directly in the chemical, manufacturing, and food sectors, as well as in 

electricity production. It is also a recoverable source in extreme heat industries such as cement and 

metal generation. Furthermore, the electrical consumption of house devices such as air conditioning 

and refrigerator is directly associated with their capability to transfer heat between source and sink. 

The working performance and efficiency of microprocessors are influenced by the temperature of 

these processors, thus they require to be cooled to use them with high performance and efficiency. 

As mentioned in all examples above, heat exchangers play a fundamental role and they are very 

effective in determining the overall efficiency and working performance of the thermal systems. As 

a result, improving the efficiency and thermal performance of heat exchangers is a topic that draws 

the attention of scientists and engineers for a long while. The flow control methods enhancing the 

heat transfer efficiency are composed of three essential methods which are the passive flow control 

method, active flow control method, and compound flow control method.  

The categorization is made concerning whether additional energy is necessitated or not. If a 

heat transfer improvement is obtained without using extra energy than pumping power, the 

technique is defined as a passive heat transfer enhancement method. However, if the external 

energy is used for heat transfer enhancement, the technique is defined active heat transfer 

enhancement method. Furthermore, sometimes, active and passive techniques are employed at the 

same time, and the combination of these techniques is called as compound heat transfer 

enhancement method.   

 

1.1. Passive Heat Transfer Enhancement Methods 

 In passive techniques, heat transfer improvement is acquired by changing the shape of the 

surface or employing fluid additives. The purpose of the surface modification is to increase the 
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surface area in which heat transfer takes place and to improve the convective heat transfer by 

growing the fluid mixing. Fig.1 demonstrates the many types of compact heat changers with 

different surface modifications. The most common instances of passive methods are adding 

obstacles (Al-Kouz et al., 2018; Siavashi et al., 2018), swirl generators (Jafari et al., 2017), rough 

surfaces ( A. Albojamal et al., 2017; H. Hamzah et al., 2020), porous structures (Feng et al., 2020; 

P. Hu and Li, 2020), coiled tubes (Janssen and Hoogendoorn, 1978; Naphon and Wongwises, 

2006), change cross-section or flow direction (Darr et al., 2016), using rectangular grooved 

surfaces (Tokgoz et al., 2017; Zontul et al., 2021), using sinusoidal grooved surfaces (Kurtulmus et 

al., 2020; Hamzah et al., 2022) and so forth. The surface modification improves the mixing of the 

flow between the core flow region and the thermal boundary layer near the surface, causing a high 

thermal transmission rate. Furthermore, the improvement of energy transfer is acquired by adding 

extended fins or baffles because of the increment in turbulence level within the flow domain. The 

most important drawback of the passive techniques which grow heat transfer rate is that they also 

cause the pressure drop to be increased. This pressure drop due to the surface modification leads to 

a rise in the required pumping power. So that reason, scientists have investigated optimum 

geometry configuration that supplies greater heat transfer improvement with lower pumping power.    

  

 

 

Figure 1.1.  (a) Plate-fin heat exchanger and its surface geometries, (b) plain rectangular fins, (c) 

plain triangular fins, (d) wavy fins, (e) offset strip fins, (f) perforated fins, and (g) 

louvered fins (Kotcioglu, 1998). 

  

 Several kinds of heat exchange systems provide diverse levels of thermal performance; 

their main role is to transfer heat at a low financial expense. The performance of heat exchangers 

can further be improved by raising the thermal conductivity of the base fluid. This can be achieved 

by inserting solid materials which have high thermal conductivity into the working fluid. The 

employment of nano-sized solid materials in the base fluid is a common technique to improve the 
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thermal efficiency of heat exchangers for a long while. However, there are not many application 

areas where the solid particles are added into the base fluid in practice since the employment of 

these particles has some drawbacks such as sedimentation, clogging, and corrosion. Progress in 

nanotechnology science makes it possible to fabricate solid particles in nanometer size so clogging 

and sedimentation issues have become less significant and the employment of fluid additives as a 

heat transfer enhancement attracts the interest of scientists and manufacturers. Nanotechnology is 

gradually thought of as an applicable strategy to remove energy storage dangers in the last two 

decades. In this respect, scientists have been effectively following several techniques in which 

nanotechnology can substantially enhance the performance of heat exchangers. Thus, 

improvements in nanotechnology in heat transfer applications demonstrated that the suspension of 

nano-sized particles (generally smaller than 100 nm) in a working fluid provides to produce a 

stable mixture describes as nanofluids.     

Nanofluid is an encouraging method for whole systems including heat transfer fluid and is 

further the key for the high efficient heat transfer applications because of the subsequent features:  

. The wide heat transfer area between working fluid and nano-sized solid particles and 

therefore substantially enhances the nanofluid‘s thermal capacity. 

. The great suspension stability with common Brownian motion of nanoparticle. 

. The great optical features than the base fluid and therefore appear poor emission and 

effective absorption in solar systems. 

 . Many types containing metallic or non-metallic nanoparticles can be suspended in 

working fluids to constitute nanofluids. 

. Adaptable properties like viscosity, density, thermal conductivity, and surface wettability 

by altering the solid volume fraction of nanoparticles to set for different heat transfer applications. 

. Usually, nanofluids possess higher thermal conductivity, density, and viscosity compared 

to base fluids. However, the thermal expansion coefficient and specific heat are lower than the base 

fluid. These situations provide higher heat transfer efficiency together with a higher pressure drop 

of thermal systems. 

. Nano-sized particles can remain dispersed in base fluids for an extended period compared 

to micro-sized particles. 

. Reducing erosion and clogging problems compared to micro-sized solid particles thus 

suitable for use in microchannels.  

The use of nanofluids has made an excellent improvement in the heat transfer rate for 

several engineering processes such as reactor-heat exchangers (Fan et al., 2008), cooling and 

heating equipment (Kulkarni et al., 2009), solar collectors (Taylor et al., 2011), solar stills 

(Gnanadason et al., 2012), energy storage tank (Thirugnanasambandam et al., 2010), refrigerator 

equipments (Bi et al., 2008), engine cooling system (Bai et al., 2008), automobile radiator (Zafar 

Said et al., 2019), hydraulic braking system (Popa et al., 2010), cooling of automatic transmission 
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(Tzeng et al., 2005), microelectronic structures (Tsai et al., 2004), magnetic sealing (Kim and Kim, 

2003), optical filters (Philip et al., 2003), medical applications (Jalal et al., 2010), nuclear reactors 

(Boungiorno et al., 2008), plasma charging arc system (Kao et al., 2007), the lubricating 

mechanism (J. Zhou et al., 2000), grinding process of cast iron (Shen et al., 2008) and so forth. For 

more comprehensive knowledge of nanofluid applications, examine the subsequent references 

(Devendiran and Amirtham, 2016; Saidur et al., 2011). 

As seen the employment of nanofluids provides a remarkable improvement in heat transfer, 

but this situation does not mean they supply heat transfer enhancement without any cost. The 

inserting of nano-sized solid particles into the base fluid grows the shear stress which increases the 

pumping power requirement. As a result, attention must be taken during the determination of 

nanoparticle volume fraction in the working fluid (Gosselin and Da Silva, 2004). Figures 1.2 and 

1.3 demonstrate various types of working fluids and nano-sized solid particles, which are generally 

employed by scientists during the comparison of nanofluids. Hwang et al. (2006) revealed that the 

thermal conductivity improvement of nanofluids including CuO nanoparticles suspended in 

distilled water and ethylene glycol are 3% and 9%, respectively. Sivakumar et al. (2016) 

experimentally investigated forced convection heat transfer of CuO-water and Al2O3-water 

nanofluid, separately in the microchannel heat sink. According to the authors, the employment of 

nano-sized solid particles considerably augments the heat transfer efficiency of the working fluid. 

Moreover, obtained experimental results demonstrate that CuO-water nanofluid has a greater 

forced convection thermal coefficient than Al2O3-water nanofluid. Wang et al. (2006) have 

theoretically explored the effect of particle dimension and temperature on the specific heat of CuO 

nanoparticles. The main observation from their study is that the suggested theoretical model is 

coherent with corresponding experimental results. In the investigation of Saeedinia et al. (2012), it 

was revealed that the reducing specific heat value of CuO-oil nanofluid with volume fraction of 

solid particles Φ=2% at a temperature of 40 ºC is up to 22%. As revealed by Hanley et al. (2011), 

the specific heat values of Al2O3-water, CuO-water, and SiO2-water nanofluids with particle 

diameters, dp=50,30 and 32 nm, respectively augment with increasing the temperature of the 

nanofluid.  Albojamal et al. (2017) carried out a numerical investigation on the prediction of the 

thermal transmission of Al2O3-water and CuO-water nanofluids in a channel with wavy walls. 

According to the obtained results, the transmission rate enhances by 20% compared to the single 

use of working fluid. But this enhancement is accompanied by an increment in pressure drop 

values. Bahiraei (2016) investigated the effect of CuO-water nanofluid use for volume fraction 

within the range of 0.3≤Φ≤3% on the laminar heat transfer performance in a straight tube at 

Re=1350. They found that the highest variation of local heat transfer coefficient with the 

corresponding experimental results is observed by 2 % with the discrete phase model and 10% with 

the single-phase model. Nada et al. (2010) carried out heat transfer improvement investigations 

utilizing Al2O3-water and CuO-water nanofluids in a heated enclosure. The mean Nusselt number, 
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Nuavg deteriorates as the nanoparticles volume fraction, Φ was higher than 5%. Mousavi et al. 

(2016) carried out 2D numerical simulations to discover the impact of the applied non-uniform 

magnetic field on the heat transfer characteristics of a nanofluid (mixing of water and 4% Fe3O4) in 

a sinusoidal channel. According to the acquired findings, the applied non-uniform magnetic field 

raises the possibility of eddy generation in the cavities and thus improves the heat transfer by more 

than 200% in a close region where the magnetic field is applied at a small Reynolds number, 

Re=50. In the numerical study of Ghasemian et al. (2015), laminar forced convection heat transfer 

of a ferrofluid with a mixture of water and Fe3O4 in the existence of constant and alternating 

magnetic fields is investigated. According to them, while a constant magnetic field enhances the 

heat transfer mechanism by 16.48% at Re=25, this enhancement grows up to 27.72% when the 

alternating magnetic field is applied with the same magnetic field strength at magnetic field 

frequency, f=4 Hz. Sheikholeslami and Vajravelu (2017) investigated the flow and heat transfer 

characteristics of Fe3O4-water nanofluid with a non-uniform magnetic field. The simulations 

demonstrate that the increase in the magnitude of Lorentz forces augments the heat transfer rate 

and induces the vortex core to be moved downward direction.          

 

 

Figure 1.2. Various kinds of nanofluids. 

 

 

Figure 1.3. Various kinds of base fluids. 

 

1.2. Active Heat Transfer Enhancement Methods 

 The active flow control method needs external power input to supply heat transfer 

augmentation. It supplies greater flow mixing and heat transfer improvement. These techniques can 
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be further aggressive compared to passive techniques in terms of flow mixing and disturbance. The 

most popular active heat transfer improvement techniques employed in investigations are as 

follows; 

 Mechanical Aid: Increasing heat transfer by mechanical aids is based either on the motion 

of the heat transfer surface or the motion/rotation of other objects near the heat transfer surface. 

Rotating cylinders in close regions of the heat transfer surface or cooled rotating tubes are very 

familiar examples of this technique. 

 Pulsating Flow: Periodic change of the flow velocity with time is a situation that 

substantially influences flow mixing. The pulsation frequency and amplitude are two essential 

factors in the heat transfer enhancement level. Furthermore, the flow velocity variation with time 

can be in sine waveform or square waveform. Pulsating flow is more influential in improving heat 

transfer as it is employed together with corrugated surfaces than flat surfaces.  

Acoustic Waves: Acoustic waves improve heat transfer in two manners: they generate 

acoustically induced streams and create acoustic cavitation. Acoustically induced stream is just 

influential at low Reynolds numbers and natural convection. In acoustic cavitation, bubble bursting 

generates a disturbance in the flow and improves the flow mixing. But this technique also induces 

the erosion of surfaces. 

Synthetic Jets: Synthetic jets are produced by absorbing surrounding the fluid in the flow 

field and ejecting it from the compact cavity. 

Magnetic Fields: Magnetic fields act as external body forces on the fluid flow. The flow 

control by magnetic forces is achieved by operating a magnetic field to electrically conductive 

liquids. In this active flow control technique, the flow control can be utilized to gain a greater flow 

mixing. Furthermore, the aim of the flow control is to remove the circumstances that can inversely 

impact heat transfer such as flow separation. Magnetic forces are more influential at low Reynolds 

numbers and natural convection states in which the influence of momentum forces is very weak.  

Magnetohydrodynamics (MHD) flows are carried out in extensive engineering and 

industrial applications such as in the field of materials science, flow meters, metallurgical 

processes, and casting that comprise the interaction of conducting fluid with an external magnetic 

field. Another effective application of MHD flow is the cooling circuits of fast fission reactors and 

self-cooled blankets of fusion reactors as stated by Morley et al. (2000). The MHD flow problems 

are attractive and demanding due to the combination of Maxwell equation with common 

hydrodynamics of the flow and then Lorentz force in the hydrodynamic momentum equation 

submitted a variety of nonlinearities. 

 

1.2.1. Magnetic Field Effect on a Confined Cylinder 

The research of conducting fluid flow on a confined cylinder located in a straight channel 

with the impact of the magnetic field attracts much practical attention (Kanaris et al., 2013). The 
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nanofluid flows in the closed channels with the existence of a magnetic field play an essential role 

in extensive engineering and industrial applications such as the stirring of melts in the metallurgical 

industry and cooling of liquid metal blankets in fusion reactors. Placing the circular cylinder in a 

channel can cause the occurrence of vortices and augment thermal performance favoring these 

processes (Lahjomri et al., 1993; Mutschke et al., 2001; Dousset and Pothérat, 2008; Hussam et al., 

2011). Thus, understanding the augmentation of heat transfer by induced vortices or suppression of 

instabilities in the fluid flow can supply beneficial information of practical significance. The effect 

of the magnetic field may contribute or hamper the convective heat transfer depending on its 

magnitude and direction. Mostly, heat transfer augmentation arises from forcing the flow to interact 

with wake flow regions and heat transfer deterioration which occurs because of suppression of flow 

instabilities, increasing the size of the wake region or slowing down the flow velocity components 

in critical regions. Therefore, the application direction and magnitude of the magnetic field should 

be wisely chosen. There are several studies in the literature about the influence of uniform 

magnetic field in streamwise or transverse directions on the hydrothermal features of a confined 

cylinder such as Selimefendigil and Oztop (2018), Sekhar et al. (2007), Nikelham et al. (2022), 

Dousset and Potherat (2008). The major outcome of these investigations is that the shed of vortices 

from the alternate sides of the cylinder in the wake region gets weaker and beyond, if the strength 

of the magnetic field surpasses the critical value, the unsteady flow structure turns into a steady 

one. The major outcome of these investigations is that the shed of vortices from the alternate sides 

of the cylinder in the wake region gets weaker and beyond, if the strength of the magnetic field 

surpasses the critical value, the unsteady flow structure turns into a steady one. Udyakumar et al. 

(2016) revealed that the drag coefficient, CD augments by 37% if the magnetic field is imposed 

parallel to the fluid flow and it substantially grows by 390% if the magnetic field is imposed 

perpendicularly to the fluid flow at Re=40 and lower strengths of the applied magnetic field. 

According to Tassone et al. (2018), due to the increment of the mass flow rate under an applied 

magnetic field, the mean Nusselt number is detected to enhance by Ha and this increment is nearly 

20% for the Hartmann number of Ha=50. Sheikholeslami et al. (2014) numerically investigated the 

thermal and flow characteristics of Al2O3-water nanofluid in a square cavity in the existence of a 

magnetic field utilizing the lattice Boltzmann technique. According to the authors, the heat transfer 

enhancement gets higher by increasing the Hartmann number, Ha except the Rayleigh number, 

Ra=104. Furthermore, they stated that the Nusselt number, Nu augments with an increasing volume 

concentration of nanofluid and Rayleigh number, Ra.  

 

1.3. Compound Heat Transfer Enhancement Methods 

Combining passive and active flow control techniques yields better outcomes in improving 

heat transfer efficiency. Since they are simpler to apply, passive techniques are more favored. 

However, their heat transfer improvement capability is restrained. For instance, in corrugated 
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channels, the surfaces of corrugations are weak positions for heat transfer because of the low flow 

velocity. Utilizing an active flow control technique enables the interaction between the high flow 

velocity region and corrugations surface area thus the weakness of corrugated channels is 

eliminated and heat transfer efficiency is improved compared to the single employment of the 

passive method. 

 

1.3.1. Magnetic Field Effect on Corrugated Channels 

The area of expertise which investigates the structure and attitude of electrically conductive 

fluids in the existence of magnetic field defined magnetohydrodynamic (MHD) is a crucial 

scientific branch for a broad range of engineering applications such as microelectronic device 

cooling, turbulence control, liquid metal cooling, crystal growth, nuclear reactor cooling, heat and 

mass transfer control and so forth. A high number of studies have explored the influence of 

magnetic fields on convective heat transfer in corrugated or similar channels.  

Aminfar et al. (2013) conducted numerical research on the impact of the nonuniform 

magnetic field of hydrothermal characteristics of a Fe3O4-water ferrofluid in a corrugated channel. 

Obtained results show that the applied magnetic field with a negative gradient enhances heat 

transfer performance and coefficient together with reducing wall temperature. According to the 

authors, the recirculation region in corrugations disappears with the applied non-uniform magnetic 

field. Sachica et al. (2020) carried out unsteady numerical simulations to observe the influence of 

Al2O3-water nanofluid on the mixed convection with the magnetohydrodynamic flow in a vertical 

channel. According to them, the vorticity characteristics, heat transfer rate, and amount of 

irreversibility during the entropy production are highly influenced by the intensity of the applied 

magnetic field and volume concentration of the nanofluid, Φ. In the investigation of Blischchik et 

al. (2021), the influence of magnetohydrodynamic (MHD) laminar duct flow including finite 

conductivity of surrounding walls, turbulent duct flow, a shallow 2D multi-phase cavity, and finally 

a rising bubble in the liquid metal was analyzed. According to their results, when the intensity of 

magnetic induction increases, the length of the recirculation bubble attenuates, and much more 

uniform flow occurs. Mei et al. (2019) conducted an experimental investigation to explore the 

hydrothermal performance of Fe3O4-water nanofluid in a corrugated tube with various magnetic 

field strengths. According to the presented results, the Nusselt number, Nuavg enhances with 

increasing magnetic induction intensity and volume fraction of nano-sized solid particles, Φ in the 

base fluid. Gurdal et al. (2021) studied the influence of the external magnetic field on the 

hydrothermal characteristics of a dimpled tube. The 3D visual of the studied geometry, magnetic 

field application, and boundary conditions are demonstrated in Figure 1.4. The findings showed 

that the convection heat transfer augments due to the corruption of the boundary layer as a result of 

dimpled fin induced flow area narrowing. According to the authors, the maximum thermal 
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performance factor acquired under magnetic field intensity, Ha=75, the volume fraction of solid 

particles, Φ=0.025 and pitch ratio, P/d=7.5 

 

 
Figure 1.4. Nanofluid flow in the dimpled tube with the influence of the magnetic field (Gurdal et 

al., 2021). 
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2. LITERATURE SURVEY 

 

2.1. Preliminary Studies About Effect of Uniform Magnetic Field on Hydrothermal 

Characteristics of Nanofluid Flows over Cylindrical Bodies 

The fluid flow on a circular cylindrical body is widespread in great quantities of 

engineering practices. The occurrence of separated flow, wake region, and estimation of heat 

transfer from the circular cylindrical body has been extensively investigated for a long while since 

their essential importance in flow characteristics and practical significance in the field of heat 

transfer and aerodynamic applications. 

The flow on a circular body mainly depends on the Reynolds number independent of the 

confined or unconfined domain. If the fluid over the cylinder flows in an unconfined domain, the 

Reynolds number is the individual parameter. When the Reynolds number gets higher, the flow 

around the cylinder turns into the firstly instable case, later three-dimensional instability modes 

(Williamson,1996). For Reynolds numbers smaller than Re≤46, the flow structure on the cylinder is 

time-independent and the wake region includes two-counter rotating symmetric vortices with 

respect to the cylinder axis appended to the rear side of the cylinder. The periodic vortex shedding 

occurs from alternating sides of the cylinder which is also known as Karman vortex street, if 

Reynolds numbers are bigger than Re>46. This flow phenomenon proceeds up to the Reynolds 

number, Re=180, beyond which three-dimensional flow occurs around the cylinder. For detailed 

information please refer to Williamson (1996) and Zdravkovich (2009). 

The investigation of flow structure around the cylindrical body in a rectangular channel has 

an extensive application area such as heat exchangers, off-shore marines, and heat sinks for 

electronic components. Having such significant practices, the confined flow around bluff bodies 

has been the topic of extensive investigations from the past to the present (Prasad et al., 2011; 

Paramane and Sharma, 2009; Sahin and Owens, 2004).  

The structure and stability of fluid flow around the confined cylinder significantly alter 

from the fluid flow structure of an unconfined cylinder. The influence of confinement 

characteristics, stability of flow, and flow parameters such as Nusselt numbers, Nu lift, CL and drag 

coefficients, CD have been studied by Coutaanceau and Bouard, 1977; Chen et al., 1995; Behr et 

al., 1995; Anagnostopoulos et al., 1996; Zovatto and Pedrizzetti, 2001;  Khan et al., 2004; 

Chakraborty et al., 2004; Sahin and Owens, 2004; Cliffe and Tavener, 2004; Mettu et al., 2006). 

The blockage ratio, β which is the proportion of the diameter of the cylinder, D to the width of the 

channel, is an extra control parameter for the flow structure around the confined cylinder compared 

to the unconfined one. Because of the extra dissipation at the walls of the confined channel, the 

transition from time-independent to time-dependent flow is postponed and takes place at a higher 

Reynolds number, Re than the Reynolds number, Re that the steady flow turns into unsteady flow 

in unconfined flow.  
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Magnetohydrodynamics (MHD) flows are carried out in extensive engineering and 

industrial applications such as in the field of materials science, flow meters, metallurgical 

processes, and casting that comprises the interaction of conducting fluid with the external magnetic 

field. Another effective application of MHD flow is the cooling circuits of fast fission reactors and 

self-cooled blankets of fusion reactors as stated by Morley et al. (2000). The 

magnetohydrodynamic (MHD) flow problems are attracting and demanding due to the combination 

of Maxwell‘s equation with common hydrodynamics of the flow and then Lorentz force in the 

hydrodynamic momentum equation submitted a variety of nonlinearities. In the existence of 

topologically complex boundaries, amazing flow phenomena may occur as improvement or 

repression of the stability of the flow (Müller and Büller, 2001), the occurrence of secondary flow, 

and increased or decreased heat transfer rates (Moreau, 1990). A classical instance is the 

employment of the cylindrical obstacle to improve heat transfer performance and cause the 

occurrence of vortices that has been studied numerically (Mück et al., 2000; Mutschke et al., 1997; 

Sekhar et al., 2017; Mutschke et al., 1998; Dousset and Potherat, 2008) and experimentally 

(Papailiou, 1985; Kolesnikov and Tsinober, 1976; Lahjomri et al., 1993). The major outcome from 

these investigations is that the shed of vortices from the alternate sides of the cylinder in the wake 

region gets weaker and beyond if the magnitude of the magnetic field surpasses the critical value, 

the unsteady flow structure turns into a steady one.  

Sommeria and Moreau (1982) demonstrated that the velocity components normal to the 

direction of the magnetic field are distributed by the dissipation of intense joule heating with the 

exception of in the Hartmann layer where the turbulent fluctuations are poorly absorbed.  Frank et 

al. (2001) experimentally studied the effect of Hartmann numbers within the range of 

50≤Ha≤1200, on the wake region of the cylinder in a rectangular channel for Reynolds numbers of 

100≤Re≤10000. The employed Hartmann numbers correspond to Stuart numbers within the range 

of 10≤N≤576. The blockage ratio, β which is the ratio of cylinder diameter to the channel height, 

was adjusted to β=0.1. One of the most important outcomes of this study is the existence of linear 

dependence between the critical Reynolds number, Re and the Hartmann number, Ha at which the 

shed of unsteady vortices begins. They revealed that the vortical energy dissipation induces a 

continuous reduction of the magnitude of vorticities in the direction of free-stream flow.  Muck et 

al. (2000) numerically investigated three-dimensional liquid-metal flows on a square cylinder in a 

rectangular channel. In this study, the Hartmann number was changed within the range of 0≤Ha≤85 

corresponding to Stuart numbers of 0≤N≤36 at two constant Reynolds numbers, Re=200 and 250. It 

was stated that the acquired results are in good agreement with the study of Frank et al. (2001). 

Kim and Lee (2000) performed research on the impact of the local electromagnetic force on the 

flow characteristics of a circular cylinder. This force was locally applied on the various locations of 

the cylinder surface. Also, they conducted experimental studies to validate numerical studies. The 

numerical results revealed that the applied Lorentz force causes the separation point to move 
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rearward direction and decreases the drag force on the cylinder. The Lorentz force greater than the 

critical value hinders the periodic vortex shedding phenomena and reduces the length of the wake 

region, drastically, ending up with just a little separation bubble. But for a negative Lorentz force, 

the width of the wake region enlarges, and flow physics described for positive Lorentz forces 

reverse. Furthermore, the positive Lorentz force, LF>0 causes the separation point to move the 

rearward side of the cylinder drastically but the negative Lorentz force, LF<0 quickens the flow 

separation. Bramley (1975) investigated the time-independent 2D-incompressible MHD flow over 

a circular cylinder with imposed magnetic field in parallel to the mainstream flow by employing 

numerical and analytical methods. He revealed that the applied magnetic field enables the flow to 

remain attached to the cylinder surface for a larger time and in some cases, the flow did not 

separate from the surface of the cylinder up to the stagnation point on the rear side of the cylinder. 

Josserand et al. (1993) investigated the influence of an aligned magnetic field in the liquid metal 

flow on a circular cylinder and discovered that the applied magnetic field can decrease the drag 

coefficient, CD on the cylinder and if this applied magnetic field is sufficiently high, it suppresses 

the Karman vortex street in the wake of the cylinder.  In the experimental investigation of Uda et 

al. (2001), it was pointed out by examining temperature fluctuations that the applied magnetic field 

in a transverse direction worsens the heat transfer rate in an annular channel. Mutschke et al. (1998) 

conducted an investigation into the control of cylinder wake induced instabilities in the conductive 

fluid flow past a circular cylinder through the application of external magnetic fields. The direction 

of the external magnetic field has caused the occurrence of many different flow configurations and 

thus the various transition flow regions. The two-dimensional flow can be stabilized and the vortex 

shedding can be suppressed by means of strong magnetic fields. The extent of recirculation length 

and separation angle reduces with an increase in the intensity of the applied magnetic field. 

Furthermore, the increasing magnitude of the external magnetic field may cause the time-

dependent flow turns into a steady flow with a lower drag coefficient, CD. According to them, at a 

critical value of the interaction parameter, N the Strouhal frequency, f of vortex street changed by 

the magnetic field reduces just weakly by increasing the Stuart number, N till the occurrence of 

steady flow. Although the flow is three-dimensional and unstable in the pure hydrodynamic flow, 

N=0 the extent of three-dimensional instability diminishes even at a weak magnetic field, N=0.05.  

Dousset and Potherat (2008) numerically investigated the influence of the strong magnetic 

field applied parallel through the cylinder axis on the 2-D liquid metal flow in a square channel. 

The blockage ratio was kept constant as β=0.25 with Hartmann numbers in the range of 

0≤Ha≤2160, for Reynolds numbers smaller than 6000, Re≤6000. This study demonstrated that the 

linear friction term which is proportional to the ratio of the Reynolds number, Re to the Hartmann 

number, Ha is a very effective parameter for the control of the transition of the flow region. 

Moreover, it has been stated that the 2D vortex street breakdown takes place at the Reynolds 

number of Re=5000.  Midya et al. (2003) explored the impact of magnetohydrodynamics on the 
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incompressible viscous flow in a channel including restriction. According to them, the applied 

magnetic field in the transverse direction decreased the extent of the separated flow region in the 

flow direction downstream of the constriction and if this applied magnetic field in the transverse 

direction is sufficiently large, the flow separation can be eliminated. They revealed that when the 

intensity of the applied magnetic field gets higher, the wall shear stress increases. Sekhar et al. 

(2006) conducted an investigation into the influence of an inclined magnetic field in the laminar 

flow over a cylinder and discovered that the applied magnetic field in a parallel direction with flow 

decreases the length of the wake region. Sekhar et al. ( 2007) presented a study about the influence 

of an aligned magnetic field on the time-independent incompressible viscous flow past to the 

circular cylinder. According to them, the downstream base pressure is more influenced than the 

upstream base pressure with the applied magnetic field.  Rashidi et al. (2015) observed the effect of 

the magnetic field applied both in streamwise and transverse directions on the flow and thermal 

characteristics of a porous obstacle. They revealed that the magnetic field applied in the transverse 

direction is more effective on the flow and heat transfer parameters than in the streamwise 

direction. Yu et al. (2013) numerically investigated the free conductive flow of conductive fluid in 

a rectangular cavity exposed to the uniform magnetic field in various directions. According to 

them, the direction of the applied magnetic field is also effective in heat transfer parameters as well 

as the intensity of the applied magnetic field. In the numerical investigation of Ishak et al. (2008) 

which is related to the effect of applied magnetic field on the flow and heat transfer properties in 

the region outside of a stretching cylinder, the value of the skin friction coefficient is found to grow 

by increasing the intensity of the magnetic field. In this study, the Laplace transfer method was 

utilized. Cuevas et al. (2006) have demonstrated that for a constant Reynolds number, Re the 

augmentation of the Hartmann number, Ha strengths, the breaking of fluid in the region of high 

magnetic field causing the occurrence of a quasi-stagnant zone either in the near cylinder wake or 

in the magnetic obstacle.  

In the study of Yoon et al. (2004) the Stuart number, N which is described as the proportion 

of electromagnetic forces to inertial forces, was altered between 0≤N≤10 for the Prandtl numbers of 

0.02, 0.7 and 7 corresponding liquid metal, air and water respectively at two different Reynolds 

numbers, Re=100 and 200. They revealed that when the severity of applied magnetic fields raises, 

the shed of vortices in the wake region gets weaker. Moreover, they stated that the oscillation 

amplitude of the lift coefficient, CL attenuates with increasing severity of magnetic fields. If the 

interaction parameter, N which depends on the Reynolds number, Re is higher than the critical 

value, the flow field around the cylinder becomes time-independent. Furthermore, the flow and 

thermal parameters on the circular cylinder such as the drag coefficient, CD the lift coefficient, CL 

and the Nusselt number, Nu alters with an increase or decrease in the Stuart number, N. The 

oscillation amplitude of flow and thermal parameters reduces with increasing Stuart parameter, N 

in the region where N<Ncr, eventuate in reducing the lift coefficient, CL and the Strouhal number, 
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St. Moreover, the separation point moves toward the rear side of the cylinder and the width of the 

wake region which gets narrower with a raising of the Strouhal number, St within the region N>Ncr. 

The wall vorticity throughout the cylinder surface which is very effective on the values of time-

averaged Nusselt numbers, Nuavg pressure, CP and drag coefficients, CD reduces in the neighboring 

of the front stagnation point and gets higher in flow direction by increasing Stuart numbers, N 

within the region of N>Ncr. Rashidi et al. (2015) employed a 2D numerical simulation related to 

time-dependent MHD flow past a square cylinder located in a rectangular channel. In this 

investigation, the time-dependent Navier-Stokes equations were solved by using the finite volume 

method (FVM). The numerical simulations were carried out for Reynolds numbers within the range 

of 1≤Re≤250, and Stuart numbers, 0≤N≤10. The impact of the magnetic field applied in a 

streamwise direction on the separated flow zone and vortex shedding was handled comprehensively 

for the Reynolds and Stuart numbers stated above. Moreover, new empirical equations were 

proposed for the Stuart number and length of the wake region. To be able to handle the effect of the 

magnetic field with the channel confinement, numerical simulations were also performed on a 

square cylinder in an unbounded flow region. According to Rashidi et al. (2015), a linear decrease 

in the Strouhal number, St was happened by increasing the Stuart number, N. This decrease is about 

80% for the Stuart numbers, N=0.14. Besides, the increase of the Stuart number, N changes the 

flow pattern from unsteady to a time-independent one. They claimed that the critical Stuart number, 

Ncr that changes unsteady flow structure with steady one increases by increasing the Reynolds 

number, Re.  Singha et al. (2006) simulated the 2D laminar flow of an electrically conducted fluid 

over a square cylinder located centrally in a rectangular channel exposed to the magnetic field in a 

transverse direction to investigate the impact of a magnetic field on the shed of vortices in varying 

Reynolds numbers changing from 50 to 250. According to them, the extent of the separated flow 

zone in a steady flow around a cylinder reduces when the intensity of the applied magnetic field 

grows. The applied magnetic field in a transverse direction is observed to have remarkable impacts 

on the characteristics of flow structure with slight augmentation of the Strouhal number, St and a 

substantial attenuation of the lift coefficient, CL amplitude, demonstrating a decrease in the vortex 

shedding strength. Furthermore, they observed that the periodic shed of vortices at higher Reynolds 

numbers can be entirely suppressed and the unsteady flow patterns can be turned into steady ones if 

the severity of the applied magnetic field is sufficiently strong. However, the required intensity of 

the applied magnetic field to convert the unsteady flow as a steady one depends mainly on the 

Reynolds number, Re and there is a direct proportion between the required magnetic field strength 

and the Reynolds number, Re for the transition of flow pattern. The increase in the Hartmann 

number reduces the length of wake in time-independent flow. With the increase in Hartmann 

number, Ha while a slight amount of reduction in the drag coefficient, CD was observed in the 

unsteady flow region, it remarkably increased in a steady flow regime. Finally, it was concluded 

that the fluid flows past the cylinder at a low Reynolds number is less susceptible to the change of 
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the Strouhal number, St per unit variation of the Hartmann number, Ha. The investigation of the 

free conductive flow of electrically conducting fluid emphasized that the applied magnetic field in 

radial direction influences the structures of streamlines as well as thermal boundary thickness with 

increasing patterns (Ashorynejad et al., 2013). Sathiyamoorrthy and Chamkha (2010) investigated 

the impact of magnetic field direction on the conductive heat transfer in the square cavity. 

According to them, a nonlinear reduction of the mean Nusselt number, Nuavg under imposed 

magnetic field which is consistent with the study of Teamah (2008). Udyakumar et al. (2016) 

studied the impact of a magnetic field on the 2D laminar, incompressible flow of conducting fluid 

past a circular cylinder under mixed convection heat transfer. The numerical simulations for flow 

and thermal characteristics are performed at a low Reynolds number, Re and the impact of the 

applied magnetic field on flow and thermal fields is examined. They stated that while there are two 

symmetrical vortex structures with respect to the axis of the cylinder in forced convection, the 

symmetrical flow structures disrupt mixed convection heat transfer without an applied magnetic 

field. But the imposed magnetic field enhances the symmetrical structure of the flow in mixed 

convection. According to them, the non-monotone increase in the total drag coefficient happens by 

increasing the Prandtl number. Furthermore, whereas the monotone in the mean Nusselt number, 

Nuavg was detected by increasing the Prandtl, Pr and Richardson numbers, Ri the applied magnetic 

field induced non-monotone behavior of the mean Nusselt number, Nuavg. They pointed out that the 

imposed magnetic field is beneficial in terms of suppressing flow separation and controlling heat 

convection. The inclined structure of streamlines in mixed convection reorients to the more 

symmetrical one with respect to cylinder axis by the applied magnetic field. A deterioration of 

absolute vorticity values in the cylinder surface with an applied magnetic field causes degradation 

of heat transfer. They finalized the study with the sentence that the applied magnetic field is a well-

active control flow control technique for the controlling of large mixed convection of 2D laminar 

incompressible flow of conducting fluid. Figure 2.1 demonstrates the effect of the magnetic field 

on the streamline and isotherm contours around the cylinder at Re=40 for the forced convection 

case, Ri=0. According to Figure 2.1, the flow separation on the cylinder surface is not completely 

removed despite the magnetic field strength, N=4. The length of the recirculation bubble and 

separation angle reduces quickly for initially applied lower magnetic field strength up to N=2. But, 

further augmentation of magnetic field strength does not provide flow suppression.  
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Figure 2.1.  The effect of the magnetic field on the streamline and isotherm contours around the 

cylinder at Re=40 for forced convection case, Ri=0 (Udyakumar et al., 2016). 

 

The immersed boundary method is an effective numerical simulation technique for 

analyzing simply hydrodynamic flows in flow domains of complex geometries. Soon Grigoriadis et 

al. (2009) suggested an expanding model of immersed boundary method that takes into account 

electromagnetic effects close to the non-conducting boundaries in MHD flows. Grigoriadis et al. 

(2010) used this extended immersed boundary method to investigate the effect of an applied 

magnetic field on flow and heat transfer characteristics of the magnetohydrodynamic flow of a 

conducting fluid past a circular cylinder. The comprehensive investigations, including 2D and 3D 

flows, the time-independent and dependent flow patterns with the value of Stuart numbers ranging 
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from N=0 to N=5 were conducted by using the highly accurate numerical scheme. The drag 

coefficient, CD and recirculation length vary non-monotonically in both two and three-dimensional 

flows under a magnetic field in a streamwise direction. They stated that the drag coefficient, CD 

was observed as lower under the applied magnetic field compared to the simple hydrodynamic 

flows. In the time-independent flow region, the drag coefficient was observed to change with 

respect to √(Nx+c)  where Nx is the magnitude of the applied magnetic field in a streamwise 

direction and c is a constant value. When the magnetic field is applied in a transverse direction, the 

vortex is suppressed more strongly compared to the streamwise magnetic field. Grigoriadis et al. 

(2010) dependent the drag attenuation under weak magnetic fields on the pressure force 

distribution near the cylinder. They determined the maximum values of streamwise and transverse 

interaction parameters, Nx=0.14 and Nz=0.07, respectively which the periodic shed of vortices was 

maintained.  Tassone et al. (2018) numerically investigated flow characteristics on a heating 

cylinder which electrically insulated under an applied magnetic field in a transverse direction. The 

three-dimensional flow domain was simulated at Reynolds numbers, Re=20 and 40, for the 

inclination angle of the magnetic field 0°≤ϒ≤32° and for the Hartmann numbers of 0≤Ha≤50. It 

was observed that the applied magnetic field suppresses the wake of the cylinder. The heat transfer 

was observed to augment with increasing the Hartmann number, Ha and inclination angle, ϒ. 

Moreover, pressure drag, as well as heat transfer in the channel, was detected to change non-

monotonically by increasing the inclination angle, ϒ of the applied magnetic field. According to the 

authors, the mass flow rate flowing through the sub-channel under cylindrical objects augments 

linearly by applied magnetic field strength. This augmentation is about between 3 and 5 times 

compared to the case of purely hydrodynamic flow. Due to the increment of this mass flow rate 

under the applied magnetic field, the mean Nusselt number is detected to increase by the Hartmann 

number. This increment is nearly 20% for the Hartmann number of Ha=50. Vimala et al. (2016) 

investigated the function of a magnetic Reynolds number, Re in magnetohydrodynamic forced 

convective heat transfer of a circular cylinder under an applied magnetic field by using a high-order 

compact scheme associated with the multigrid method. According to them, the average Nusselt 

number reduces up to the interaction parameter of N≤1 and later grows by further augmentation of 

the interaction parameter. It was also observed that the relatively weak intensity of applied 

magnetic fields can influentially control the flow of fluids with higher electrical conductivity. 

According to the authors, the average Nusselt number, Nuavg gets lower with Alfven and magnetic 

Reynolds numbers, Rem which is consistent with experimental studies findings. The 

implementation of Lorentz force in the fluid flow can be separated into situations. One of them 

which is extensively employed is the quasi-static approximation. It is known as the low magnetic 

Reynolds number approximation (Rem<<1) which the induced magnetic field is disregarded for 

very small Rem. In quasi-static approximation, the magnetic field turns out to be stationary thus a 

large number of non-linearities that occur because of Ohms Law can be removed.   
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Arjun and Rakesh (2020) carried out a nodal spectral element method based on the 

Eulerian-mixture model to investigate forced convective heat transfer and flow hydrodynamics 

under an applied magnetic field in a rectangular channel. In this study, various parameters were 

handled and the correlation between them was investigated such as the Reynolds number, Re 

volume fraction of nanoparticles, Φ the intensity of the applied magnetic field, Ha and Nusselt 

numbers, Nu. Nusselt numbers, Nu were observed to increase with Reynolds numbers, Re blockage 

ratio, BR which is the ratio of the cylinder diameter, D to the channel height, H and volume fraction 

of nanoparticles, Φ and Hartmann numbers up to the Ha=20. Nusselt numbers, Nu grow for the 

Hartmann numbers within the range of 0≤Ha≤20 with a substantial increase up to the Hartmann 

numbers, Ha=10, and a moderate increase for Hartmann numbers from Ha=10 to Ha=20. The 

important outcome of this study is that the applied magnetic field controls the flow past a circular 

cylinder, alters the structure of vortical flow in cylinder wake, attenuates the average drag, and the 

fluctuations of lift coefficient, and postpones the main flow separation which is effective in 

reducing of drag coefficient, CD and lift fluctuations. The Nusselt number, Nu augmentation was 

detected by increasing the nanoparticle volume fraction, Φ Reynolds numbers, Re, and cylinder 

diameter, D at a constant channel height, H while a reduction of the Nusselt number, Nu was 

noticed with the increase in the Hartmann number, Ha after a critical value. The Nusselt number, 

Nu augments by 163% when the gap ratio is 1, cylinder diameter, D=0.4H, and the Hartmann 

number is Ha=20 at the Reynolds number Re=3500 with 10D displacement of the cylinder 

diameter in a downstream direction. According to them, the vortices become strengthened by the 

increase in the Reynolds number, Re and they become weakened with the augmentation of the 

Hartmann number after Ha=20. Moreover, the size of the vortex reduces with the increase in 

Hartmann number after Ha=20. Figure 2.2 demonstrates the vorticity and temperature contours at 

Re=3500 the cylinder diameter, D=0.4H for the Hartmann number, Ha=0. According to the 

obtained results, a double-row vortex street is observable in the downstream region of the cylinder 

wake. The interaction of negative vortices that shed from the wall boundary layer and upper shear 

wall occurs on the cylinder. Figure 2.3 shows the vorticity and temperature contours at Re=3500 

cylinder diameter, D=0.4H for the Hartmann number, Ha=10. This figure reveals that there is a 

strong interaction between the top cold wall Shercliff layer and the cylinder wake.  

 

 

Figure 2.2.  The vorticity and temperature contours at Re=3500 cylinder diameter, D=0.4H for the 

Hartmann number, Ha=0 (Arjun and Rakesh, 2020). 
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Figure 2.3.  The vorticity and temperature contours at Re=3500 cylinder diameter, D=0.4H for the 

Hartmann number, Ha=10 (Arjun and Rakesh, 2020). 

 

Ghosh et al. (2018) explored the full magnetohydrodynamic flow, which includes the effect 

of the magnetic Reynolds number, Rem in constant quasi-static approximation around a circular 

cylinder regarding the magnetic field penetration inside the cylinder. According to Ghosh et al. 

(2018), the inwards bending of magnetic streamlines by the augmentation of the magnetic 

Reynolds number, Rem while the magnetic streamlines flatten by increasing the Stuart number, N. 

The contours of vorticity become denser by increasing the Stuart number, N or the kinematic 

Reynolds number. But when the interaction parameter, N increases beyond the contours of vorticity 

contracts close to the center of the cylinder which shifted toward the flow direction for greater 

values of the magnetic Reynolds number, Rem. The applied magnetic field grows the radial and 

transverse velocity gradient through the cylinder surface whereas the impact of fluid conductivity is 

just the contrary.  Ying and Hulin (2007) numerically investigated magnetohydrodynamic flow past 

a circular cylinder at various Reynolds and Hartmann numbers. According to them, the applied 

magnetic field could not just alter the flow pattern around the cylinder, it also suppresses the 

turbulent viscosity and renewal of the surface which diminish the heat transfer characteristics. They 

emphasized that the higher turbulent intensity and interaction of surface and cylinder wake were 

detected at higher Reynolds numbers compared to lower ones under the same magnitude of applied 

magnetic fields. According to them, with an increase in Reynolds number, the effect of the applied 

magnetic field on flow and thermal pattern around the cylinder weakens and Lorentz force contour 

gets less dense.  Chatterjee et al. (2013) conducted a 2D numerical simulation on forced convective 

heat transfer and magnetohydrodynamic flow past a square cylinder in a rectangular channel at 

weak Hartmann, Ha, and Reynolds numbers, Re. The streamwise and transverse magnetic fields 

were applied at Hartmann numbers within the range of 0≤Ha≤15, for Reynolds numbers, Re 

between 10 and 60, at various Prandtl numbers, Pr=0.02, 0.71, and 7. The blockage ratio, β was 

kept constant at β=0.25 throughout the simulation. As well as the channel wall, the magnetic field 

provides extra stability to the fluid flow as a result of shortening the recirculation length in the rear 

of the square cylinder by increasing the intensity of the magnetic field at constant Reynolds 

numbers, Re. While the heat transfer rate enhances reasonably under imposed magnetic field at 

higher Reynolds numbers, Re it remains nearly the same at lower Reynolds numbers, Re. General 

the heat transfer augments with an increase in the Reynolds number, Re at a given Hartmann 
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number, Ha. The hydrodynamic instability is noticed to be further prohibited for the applied 

magnetic field in the transverse direction compared to the streamwise direction. The quicker 

weakening of recirculating region for the applied magnetic field in the transverse direction 

compared to the streamwise direction is evidence of the previous sentence. The quicker increase in 

the drag coefficient, CD was detected at a relatively smaller Reynolds number, Re and this 

increment is large for the transversely applied magnetic field than in the streamwise direction. 

While direct proportion between Hartmann, Ha and Nusselt numbers, Nu were recorded, when the 

magnetic field is applied in the transverse direction, the change of the Nusselt number, Nu with the 

Hartmann number, Ha is not remarkable for the streamwise magnetic field. Furthermore, they 

emphasized that a stronger magnetic field is required for the suppression of cylinder wake when the 

shape of the cylinder is square other than circular form.  

Hussam and Sheard (2013) studied the impact of a strongly applied magnetic field in the 

transverse direction on the flow and heat transfer characteristics of an electrically conducting fluid 

flow past a circular cylinder. In this study, the various Reynolds numbers up to the Re=3000 were 

handled together with the blockage ratio within the range of 0.1≤β≤0.4, cylinder position ratio at 

the fixed Hartmann number, Ha=100. According to them, heat transfer improves by 48% when the 

cylinder offsets from the centerline of the cylinder wake compared to the centerline placement of 

the cylinder axis but just a moderate raise of pressure loss is observed due to the centerline 

displacement. Sivakumar et al. (2015) investigated the impact of an induced magnetic field on the 

forced convection heat transfer rate of the isothermal cylinder in the existence of an applied 

magnetic field. According to them, the applied magnetic field diminishes recirculation bubbles and 

alters the Nusselt number, Nu. They pointed out that while the Nusselt number, Nu enhances on the 

upper side of the cylinder, it attenuates in upstream and downstream zones. Magnetic Reynolds 

number, Rem was also observed to contribute to the attenuation of the Nusselt number, Nu. 

Furthermore, the influence of the magnetic Reynolds number, Rem vanishes on a flow of fluid 

having a low Prandtl number. According to them, the applied magnetic field decelerates the fluid 

flow. The implementation of a magnetic field brings about an effective decrease in the adverse 

pressure gradient. Thus, the extent of the separation bubble decreases.  Udhayakumar et al. (2016) 

utilized a type of high numerical scheme in a curvilinear coordinate system to reveal the effect of a 

magnetic field on the 2D laminar flow of electrically conducted fluid and thermal characteristics on 

a cylindrical geometry. The numerical simulations were performed for the range of Prandtl 

numbers 0.065≤Pr≤7, Reynolds numbers 10≤Re≤40, and Stuart numbers, 0≤N≤5. For lower 

strengths of applied magnetic fields, the drag coefficient augments by 37% if the magnetic field is 

imposed in the direction parallel to the fluid flow and it substantially grows by 390% if the 

magnetic field is imposed in the direction perpendicular to the fluid flow at the Reynolds number, 

Re=40. For higher strengths of the applied magnetic field, the drag coefficient, CD grows with the 

proportion of the square root of the Stuart number, N. According to the authors, the direction of the 
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imposed magnetic field impacts the heat transfer characteristics on the cylinder. They emphasized 

that although the mean Nusselt number, Nuavg attenuates because of the aligned magnetic field, the 

applied magnetic field in a transverse direction enhances heat transfer parameters. They pointed out 

that while wake length is not completely suppressed for the magnetic field applied in a streamwise 

direction, the wake length entirely disappears for any other orientation of the applied magnetic 

field. It was reported that when the magnetic field inclination angle, ϒ is greater than 0, the flow 

symmetry with respect to the cylinder axis disappears and upward movement of the reattachment 

point is observed. On the other hand, the downward movement of the reattachment point was 

detected for negative magnetic field inclination angle, ϒ. The drag coefficient, CD changes as the 

square root of the Stuart number , N for the Stuart number, N is bigger than or equal to 1. 

Furthermore, the drag coefficient, CD goes up monotonically with increasing inclination angle, ϒ of 

the applied magnetic field. The influence of imposed magnetic field on the flow of fluid with a 

higher Prandtl number is greater than a fluid flow with a lower Prandtl number. Hence mean 

Nusselt number is detected not to be a monotone function of the imposed magnetic field. The 

orientation of imposed magnetic field changes the location of maximum heat convection on the 

surface of the cylinder. Finally, it was concluded that the applied magnetic field in a transverse 

direction, ϒ=90° provides a maximum improvement of heat transfer for a constant intensity of the 

magnetic field. Figure 2.4 demonstrates the change of an angular Nusselt number on the cylinder 

surface for the various magnetic field strengths and directions. According to the authors, when a 

streamwise magnetic field, ϒ=0° is employed the single maxima is bifurcated into two smaller 

maxima and the minimum heat transfer occurs at θ=180º. In the wake region of the cylinder 

0º≤θ≤40º, the heat transfer rate is attenuated to approximately 50% of its value for the case of no 

magnetic field application. Similarly, a 50% heat transfer reduction is detected in the region close 

to the front stagnation point of the cylinder upon the employment of a proper streamwise magnetic 

field. In the cylinder surface except the regions mentioned above, heat transfer augmentation is 

detected with the application of a streamwise magnetic field, ϒ=0°.  
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Figure 2.4.  The change of angular Nusselt numbers on the cylinder surface for various magnetic 

field strengths and directions at Re=40 (Udyakumar et al., 2016). 

 

According to the study of Krasnov et al. (2012) even at high Reynolds numbers, Re the 

unsteady flow pattern turns into a steady one due to the damping effect of the applied magnetic 

field if the Hartmann number, Ha is sufficiently high. In the study of Dousset and Potherat (2008) 

which the applied magnetic field aligned with the axis of the cylinder, it was demonstrated that the 

beginning of the shed of vortices is delayed until greater Reynolds numbers, Re at Hartmann 

numbers greater than 320, Ha>320. For a specific Hartmann number, Ha a linear relationship 

between the Hartmann number, Ha, and the corresponding critical Reynolds number, Re was 

observed.  Rezaie and Norouzi (2018) employed the Lattice Boltzman model to investigate the 

effect of an applied magnetic field on the flow of a non-newtonian fluid past a circular cylinder 

confined with the 2D rectangular channel. In this study, the change of the Strouhal number, St and 

the drag coefficient, CD by the Stuart number, N is demonstrated at various power law indexes. 
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According to them, the magnetic field should be strongly applied to be able to control the shed of 

vortices in a shear-thinning fluid. They emphasized that the extent of the wake region downstream 

of the cylinder weakens when the Stuart number, N grows for both Newtonian and non-Newtonian 

fluids in the time-independent flow region at Re=50. The linear increase in the drag coefficient, CD 

was detected when the intensity of the applied magnetic field enhances at various power law 

indexes and time-independent flow regions. When the Reynolds number was set to Re=250 in the 

time-dependent flow region, the linear reduction of the Strouhal number, St was recognized with 

the increase in the Stuart number, N. Moreover, the amplitude of drag, CD and lift coefficients, CL 

attenuates as the magnitude of the applied magnetic field gets reduced.  They pointed out that 

contrary to the steady flow region, in the unsteady flow region, the mean drag coefficient reduces 

with the increase in applied magnetic field strength. When the Stuart number, N continues to 

increase beyond a certain value, the unsteady flow behavior turns into a steady one. Shahri and 

Nezhad (2017) investigated the MHD flow and heat transfer characteristics of a liquid metal flow 

past a square obstacle in a channel by employing a quasi two dimensional model which is known as 

SM82 equations. The influences of Hartmann, Ha and Reynolds numbers, Re and blockage ratio on 

the length of wake region, mean Nusselt number, Nuavg and iso-contours were discussed. When the 

Hartmann number grows to, Ha=1200 the shed of vortices entirely vanishes and the time-

dependent flow structure turns into a steady one. According to them, the increase in blockage ratio 

usually increases the Strouhal number which may increase or decrease with the change of Reynolds 

numbers, Re, and Hartmann numbers, Ha. The mean Nusselt number, Nuavg worsens when the 

Hartmann number goes up from Ha=300 to Ha=1200. At fixed Hartmann numbers, Ha the mean 

Nusselt number substantially increases when the blockage ratio is increased from β=0.1 to β=0.4. 

The intensity of mixing of hot and cold fluids enhances with the increase in heat transfer rate by 

decreasing Hartmann number, Ha, and increase in blockage ratio. Kanaris et al. (2013) performed 

three-dimensional numerical simulations about MHD flow over a confined circular cylinder under 

various magnetic field strengths. This simulation was performed for Reynolds numbers within the 

range of 0≤Re≤5000 and for Hartmann numbers within the range of 0≤Ha≤1120. In this study, a 

non-monotone attitude of a critical Reynolds number, Re for the beginning of the shed of vortices 

in accordance with the Hartmann number, Ha has been demonstrated. A linear dependency 

between the critical Reynolds number, Re and Hartmann number, Ha was discovered for the 

Hartmann number, Ha greater than 80, Ha>80. They revealed that for a high Reynolds number, 

Re=5000 even at a greater value of Stuart numbers, N i.e. up to 16, inertia effects close to the wake 

region, demonstrate a substantial role in the occurrence and movement of vorticities. For the 

Hartmann number, Ha=320 which corresponds to the interaction parameter of nearly 1, N=1, 

inertial forces give rise to the formation of instabilities that break up the energy into small scales, at 

last decreasing the energy of vortex shedding. Figure 2.5 (a) displays the critical Reynolds number, 

Recr for the beginning of the vortex shedding as a function of the Hartmann number, Ha. In this 
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figure, the lower end of the bar demonstrates the numerical simulation with the greatest Reynolds 

number, Re in which the flow is steady, whereas, the upper end of the bar demonstrates the 

simulation with the smallest Reynolds number, Re in which the flow is time-dependent. According 

to observed results, the critical Reynolds number, Recr increases with increasing Hartmann number, 

Ha. In Figure 2.5 (b), one can observe that the required Hartmann number, Ha that turns the 

unsteady flow with periodic vortex shedding into time-independent flow gets higher with 

increasing Reynolds number, Re.  

 

Figure 2.5.  (a) The effect of magnetic field strength on the critical Reynolds number, Recr for the 

beginning of the vortex shedding (b) Enlarged demonstration in the region of the low 

Hartmann number, Ha (Kanaris et al., 2003). 

 

Singha and Sinhamahapatra (2011) simulated a conducting fluid flow around a circular 

cylinder located on a rectangular channel exposed to a magnetic field in a transverse direction to 

investigate the impact of a magnetic field on the shed of vortices at Reynolds numbers within the 

range of 50≤Re≤250. They revealed that the applied magnetic field in a transverse direction 

substantially decreases the time-dependent amplitude of the lift coefficient, CL remarking an 

attenuation of vortex shedding strength. It was reported that the periodic shed of vortices at greater 

Reynolds numbers, Re can be entirely eliminated if an adequately strong magnetic field is applied. 

The intensity of the magnetic field required to eliminate vortex shedding augments with increasing 

Reynolds numbers, Re. According to their simulation, the width of the wake region on the rear side 

of the cylinder decreases when the magnitude of the applied magnetic field increases. The drag 

coefficient, CD was observed to substantially increase in the time-independent flow field whereas it 

was found to slightly attenuate in the time-dependent flow field. For example, the time-averaged 

drag coefficient decreases by 4% when the Hartmann number alters from Ha=0 to Ha=2.5 whereas 

it increases by 48% when the Hartmann number alters from 0 to 6.5. According to them, the drag 

coefficient goes up more quickly at greater Hartmann numbers. Figures 2.6 (a-g) demonstrate the 

instantaneous vorticity contours at various Hartmann numbers, Hm for Re=250. According to 

Figure 2.6 (a-g), the flow remains time-dependent for the Hartmann number, Hm≤50 and turns into 

a steady state for the Hartmann number within the range of 5≤Hm≤5.5.  
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Figure 2.6.  The effect of transverse magnetic field on the instantaneous vorticity contours around 

the cylinder at a) Hm = 0, b) Hm = 1.0, c) Hm = 2.0 d) Hm = 3.0, e) Hm = 4.0, f) Hm = 

5.0, g) Hm = 5.5 (Singha and Sinhamahapatra, 2011) 

 

 Bovand et al. (2015) studied the influences of Stuart, N Darcy, Da and Reynolds numbers, 

Re on the flow characteristics of a 2D porous cylinder by employing the finite volume method 

(FVM). The conclusions demonstrated that the critical Stuart number, N which the shed of vortices 

suppressed reduces by growing Darcy numbers, Da. According to them, the Stuart number, N in 

which the cylinder wake disappeared gets higher by the augmentation of the Reynolds number, Re 

independent of the porosity of the cylinder. They revealed that the width of the cylinder wake 

reduces by raising the Darcy number, Da and the unsteady flow pattern distribution becomes a 

time-independent flow pattern by increasing the Darcy number, Da. The impact of the magnetic 

field intensity on the time history of the drag coefficient, CD is represented in Figure 2.7. This 

figure reveals that for lower magnetic field intensities, N˂0.22, the drag coefficient, CD attenuates. 

The fluctuations of drag coefficient, CD are diminished with the applied magnetic field and the 

diagrams have a monotonic behavior. Furthermore, for strong magnetic field strengths such as 

N=5, the drag coefficient, CD grows. It is reported that the drag coefficient, CD of a solid cylinder is 

higher than a porous cylinder.   
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Figure 2.7.  The time history of drag coefficient, CD at various Stuart numbers, N for solid and 

porous cylinders (Bovand et al., 2015). 

 

 Rashidi and Esfahani (2015) aimed to demonstrate the impact of the applied magnetic field 

in a transverse direction and channel wall confinement on flow characteristics and forced 

convective heat transfer on a square cylinder. The numerical solutions were carried at a fixed 

Prandtl number, Pr=0.71, and for Reynolds numbers, Re within the range of 1 and 250 for 

interaction parameters, N within the range of 0 and 10. The acquired outcomes demonstrated that 

the presence of channel walls reduces the impact of the applied magnetic field on the heat transfer 

parameters such as the Nusselt number, Nu. According to them, the boundary layer thickness grows 
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and the rate of convective heat transfer attenuates by increasing interaction parameters. The 

reduction of the average Nusselt number, Nuavg is about 12.5% for interaction parameters within the 

range of 0.001<N<10 at Reynolds number, Re=100. The influences of the applied magnetic field 

were found to be negligible in the time-independent flow field. Figure 2.8 presents Iso-Lorentz 

force contours superimposed on isotherm contours for various Stuart numbers, N=0, 0.15, 5, and 8 

at Re=100. In this figure, while the solid line represents the force in the y direction, the dashed line 

presents the force in opposite direction. As seen in this figure, the flow pattern changes its 

distribution from an unsteady state to a steady state by increasing the Stuart number, N. There is no 

Lorentz force when the Stuart number is zero, N=0. It is detected that the Lorentz force direction 

alters continuously for a small Stuart number, i.e., N=0.15, where the flow structure is still time-

dependent with a periodic vortex shedding mechanism. When the Stuart number is increased N=5 

or 8, the Lorentz force becomes symmetric with respect to the centerline since the flow pattern 

becomes time-independent with a symmetric form by applying a strong magnetic field. According 

to Figure 2.8, the Lorentz force at a high Stuart number, N=5 is positive at the upper part of the 

centerline (x=0) and is negative at the lower part of the centerline for the upstream of the obstacle. 

On the other hand, the reverse behavior is detected for downstream of the obstacle. This situation 

occurs because of the different velocity component directions of these zones.  
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Figure 2.8.  Iso-Lorentz force contours together with isotherm contours for various Stuart 

numbers, N=0, 0.15, 5 and 8 at Re=100 (Rashidi et al., 2015). 

 

2.2. Preliminary Studies About Effect of Non-Uniform Magnetic Field on Hydrothermal 

Characteristics of Nanofluid Flow in Various Kinds of Heat Transfer Channels 

Larimi et al. (2016) studied hydro-thermal behaviors of a ferrofluid, with a mixture of 

water and Fe3O4, in a ribbed channel subjected to many non-uniform transverse magnetic fields 

going through current-carrying wires perpendicularly positioned in the flow and between ribs. They 

revealed that the applied non-uniform magnetic field is very effective in increasing the Nusselt 

number, Nu in the channel, moreover, the maximum and minimum local Nusselt numbers, NuL in 

the rib region enhance with the increase in the intensity of the non-uniform magnetic field. 

According to them, the non-uniform magnetic field causes the skin friction coefficient to be 

increased particularly in the situation in which all magnetic wires are positioned on only one side of 

the channel. Sheikholeslami et al. (2015) investigated forced convection heat transfer in a lid-

driven semi-annulus enclosure filled with a ferrofluid in the existence of a non-uniform magnetic 
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field. They revealed that while the Nusselt number enhances by increasing the Reynolds number, 

Re, and ferroparticle volume fraction, Φ it attenuates with the augmentation of the Hartmann 

number, Ha. In the investigation of Sheikholeslami and Vajravelu (2017), the impact of a variable 

magnetic field on a ferrofluid (water and Fe3O4) flow and thermal characteristics in a cavity is 

studied. Obtained results showed that the temperature gradient augments with increasing volume 

fraction of the ferrofluid and it deteriorates when Lorentz forces increase. Furthermore, increasing 

Lorentz forces induce the heat transfer rate to be augmented and the thermal plume to be 

diminished. Gerdroodbary et al. (2018) investigated the hydrothermal characteristics of a ferrofluid 

inside a T-junction in the presence of a non-uniform magnetic field. In this study, the ferrofluid 

flow inside the T-junction is modeled as a time-independent and single phase with the application 

of constant heat flux on the channel walls. On the other hand, three wires are used as a non-uniform 

magnetic field source. According to the authors, the application of a non-uniform magnetic field 

has caused the average heat transfer to augment by more than 64% and the local heat transfer to 

enhance by more than 200% in the close region where the magnetic field is applied. They revealed 

that the non-uniform magnetic field substantially strengthens the skin friction in close regions to 

the magnetic source. They mainly attributed the skin friction increment to the vorticities formation 

in the T-junction. Mousavi et al. (2016) numerically investigated the impact of the variable 

magnetic field on the ferrofluid flow in the sinusoidal two-tube heat exchanger. According to the 

obtained results, when the strength of the variable magnetic field enhances, the diffusion of the 

cold boundary layer elevates. Thus, the heat transfer rate and Nusselt number, Nu improve and this 

improvement grows at high Re numbers. Aminfar et al. (2013) numerically investigated the impact 

of the non-uniform transverse magnetic field on the flow and thermal characteristics of a ferrofluid 

with water and 4% Fe3O4 in a vertical rectangular duct. According to the authors, the non-uniform 

magnetic field generated by an electric current going through a wire improves the Nusselt number, 

Nu and friction factor and it causes the occurrence of a pair of vorticities that augments heat 

transfer. Obtained results demonstrate that the influence of transverse non-uniform magnetic field 

on the local Nusselt number, NuL attenuates by increasing Re number. In the numerical study of 

Ghasemian et al. (2015) laminar forced convection heat transfer of a ferrofluid with a mixture of 

water and Fe3O4 in the existence of constant and alternating magnetic fields is investigated. 

According to them, while constant magnetic field enhances the heat transfer mechanism by 16.48% 

at Re=25, this enhancement grows up to 27.72% when the alternating magnetic field is applied with 

the same magnetic field strength at magnetic field frequency, f=4 Hz. The numerical simulations 

have demonstrated that the heat transfer augmentation due to the applied magnetic field worsens 

with increasing the Reynolds number, Re. It should be noted that the vortices corrupt the thermal 

boundary layer and this situation provides heat transfer enhancement. This enhancement is more 

substantial as the magnetic field is settled in the fully developed region. Lee and Kim (2020) 

studied the impacts of non-uniform magnetic fields on the natural convection heat transfer of a 
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ferrofluid-filled enclosure. They revealed that the natural convection heat transfer performance of 

the ferrofluid inside the enclosure is improved with the applied non-uniform magnetic field due to 

the occurrence of the vorticities in the enclosure to create a recirculation zone. Malgir-Chegini and 

Amanifard (2019) numerically studied the effects of the non-uniform magnetic field on the 

hydrodynamic and hydrothermal characteristics of laminar nanofluid flow in the horizontal semi-

insulated tube. Numerical simulations demonstrated that the existence of non-uniform magnetic 

field makes the heat transfer the existence of non-uniform magnetic field makes the heat transfer 

and pressure drop to be higher than 3.7 and 1.8 times for those obtained in the non-magnetic case at 

Re=500 and Mn=5.7e8. Obtained results revealed that the non-uniform magnetic field entirely 

controls the fluid flow and the entrance length shortens by increasing the intensity of non-uniform 

magnetic field strength at several Re numbers. The location of the wire which is a source of the 

non-uniform magnetic field has a vital influence on the Nusselt number, Nu. Izadi et al. (2019) 

aimed to numerically search the natural convection heat transfer of a hybrid nanofluid into a porous 

cavity subjected to a variable magnetic field. According to the authors, at greater Rayleigh 

numbers, Ra a substantial reduction in Nusselt number, Nu is detected when the Ha number grows, 

which can be interpreted as the attenuated power of the flow. They revealed that the distortion 

isothermal lines weaken, they seem in a straighter form when Ha number enhances. Hariri et al. 

(2017) performed a three-dimensional numerical simulation to investigate the impact of a non-

uniform magnetic field in the heat transfer of a ferrofluid (water and 0.86% Fe3O4) inside a tube. 

According to them, the existence of a non-uniform magnetic field substantially augments the 

Nusselt number, Nu by more than 300% inside the tube. They revealed that the magnetic field 

induced by the parallel wire influences the mean velocity of the ferrofluid and constitutes two 

vigorous eddies inside the tube and these two vigorous eddies are very effective on the heat transfer 

characteristics of ferrofluid flow inside the tube. Mousavi et al. (2016) conducted a two-

dimensional numerical simulation to investigate the influence of a non-uniform magnetic field in 

the heat transfer of a ferrofluid (water and 4% Fe3O4) inside a sinusoidal channel. Obtained results 

demonstrate that the application of a non-uniform magnetic field enhances the possibility of eddy 

occurrence inside the cavities and thus augments the heat transfer by higher than 200% in the 

vicinity of the magnetic field at a low Re number, Re=50. Furthermore, skin friction is observed to 

increase by more than 600% with the application of a non-uniform magnetic field inside the 

sinusoidal channel. According to the results, a large eddy is clearly recognized at low Re numbers 

when the non-uniform magnetic field is employed in the orthogonal direction of the sinusoidal 

channel. They revealed that the non-uniform magnetic field strengthens the adverse pressure 

gradient which augments the possibility of the eddy occurrence. Their findings show that the non-

uniform magnetic field increases the velocity gradient in the vicinity of the channel wall and thus 

ends up with an increase in the Nusselt number. Since a large eddy is created in the cavity near the 

magnetic field application point, the temperature substantially attenuates in this region compared to 
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the case of no magnetic field application. When the ferrofluid flow velocity gets higher, the 

influence of the non-uniform magnetic field on the temperature weakens. 

 

2.2.1. Significance and novelty of the current study 

Magnetohydrodynamics (MHD) flows are employed in widespread engineering and 

industrial fields such as materials science, flow meter, metallurgical processes, casting, and cooling 

circuits of fast fission reactors. Locating a circular cylinder in the rectangular duct can induce 

vortices and improve heat transfer characteristics in the channel. It is of practical interest to 

investigate the hydrothermal characteristics of circular cylinders in a rectangular duct under the 

influence of a homogenous magnetic field. Even though it is possible to find many studies in 

literature related to the influence of the uniform magnetic field on hydrothermal characteristics, the 

research on the impacts of the non-uniform magnetic field is extremely restricted. Moreover, there 

are a few investigations related to the application of non-uniform magnetic field effects on various 

geometries such as semi-annulus enclosure, T-junction, sinusoidal double pipe heat exchanger, 

semi-insulated horizontal pipe, sinusoidal channel, and ribbed channel whereas no work has been 

documented related to the impact of the non-uniform magnetic field on the circular cylinder placed 

in a rectangular channel. In addition, this work regards the influences of thermal, frictional, and 

non-uniform magnetic sources on the irreversibility process through the studied channel. The 

present study becomes the first report on the non-uniform magnetic field effect on the flow and 

thermal characteristics of a ferrofluid on a confined cylinder with comprehensive analysis including 

the effects of together Re, Ha, and Φ. 

 

2.3. Preliminary Studies About Effect of Uniform Magnetic Field on Hydrothermal 

Characteristics of Nanofluid Flow in Various Kinds of Corrugated Heat Transfer Channels 

Asadi et al. (2019) studied the influence of the nonuniform magnetic field on the 2D 

laminar forced convection of heat transfer of a ferrofluid in a channel having sinusoidal corrugated 

walls. The findings show that the applied negative magnetic gradient augments the average Nusselt 

number, Nuavg, and also increases the pump work with a higher influence at a smaller Reynolds 

number, Re.  In the investigation of Heidary et al. (2017) the hydrothermal characteristics of a 

channel with wavy walls were studied in the presence of the magnetic field applied in a transverse 

direction to the mainstream flow. Their computational results showed that the existence of a 

magnetic field and wavy wall at the same time is not appropriate for heat transfer improvement, 

any one of these flow control techniques is suitable for heat transfer augmentation. According to 

the authors, the applied magnetic field highly enhances flow velocity in the vicinity of hot walls 

and the intensity of vortex attenuates with the Hartmann number, Ha. With increasing magnetic 

field intensity, the velocity gradient grows in the vicinity of channel walls and results in increased 

friction coefficient and pressure drop. They concluded that the thickness of the thermal boundary 
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layer reduces by the presence of a magnetic field which enhances the heat transfer rate. Figure 2.9 

demonstrates non-dimensional isotherm lines for Hartmann numbers, Ha=0 and 30 at Reynolds 

numbers, Re=25 and 250 in a wavy corrugated channel. As it is clear in this figure, the thickness of 

the thermal boundary layer reduces when the magnetic field is applied with Ha=30. Furthermore, 

when the Reynolds number increases from Re=25 to Re=250, the thermal boundary layer shrinks in 

size thus isotherm lines gravitate toward the channel walls. This situation makes the temperature 

gradient in the vicinity of the channel wall to be enhanced, so the Nusselt number, Nu and heat 

exchange augments.  Sachica et al. (2020) carried out unsteady numerical simulations to observe 

the influence of Al2O3-water nanofluid on the mixed convection with the magnetohydrodynamic 

flow in a vertical channel. According to them, the vortex characteristics, heat transfer rate, and 

amount of irreversibility during entropy production are highly influenced by the intensity of the 

applied magnetic field and volume concentration of the nanofluid, Ф. Furthermore, according to 

their results, the asymmetry of the flow structure is deteriorated and the symmetric flow structure is 

enhanced with magnetic field application. Furthermore, they stated that the modulation impact of 

the exerted magnetic field can play a significant part in practical implementations for entropy 

production minimization. In the investigation of Blischchik et al. (2021) the influence of 

magnetohydrodynamic (MHD) laminar duct flow including finite conductivity of surrounding 

walls, turbulent duct flow, a shallow 2D multi-phase cavity, and finally a rising bubble in the liquid 

metal was analyzed. According to their results, when the intensity of magnetic induction increases, 

the length of the recirculation bubble attenuates, and much more uniform flow occurs. Mei et al. 

(2019) conducted an experimental investigation to explore the hydrothermal performance of Fe3O4-

water nanofluid in a corrugated tube with various magnetic field strengths. According to the 

presented results, Nusselt number, Nuavg enhances with increasing magnetic induction intensity and 

volume fraction of nano-sized solid particles, Φ in the base fluid. Nusselt number, Nuavg is 

improved by 17.6% and 10% with the use of the nanofluid compared to the water in smooth and 

corrugated tubes, respectively. Furthermore, the simultaneous applications of a nanofluid, magnetic 

field, and corrugated tube grow heat transfer remarkably at the little expense of increasing the flow 

resistance.  
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Figure 2.9.  Non-dimensional isotherm lines for Hartmann numbers, Ha=0 and 30 at Reynolds 

numbers, a) Re=25 b) Re=250 (Heidary et al., 2017). 

 

Larimi et al. (2016) studied hydro-thermal behaviors of a ferrofluid, with a mixture of 

water and Fe3O4, in a ribbed channel subjected to many non-uniform transverse magnetic fields 

going through current-carrying wires perpendicularly positioned in the flow and between ribs. They 

revealed that the applied non-uniform magnetic field is very effective on increasing the Nusselt 

number in the channel, moreover, the maximum and minimum local Nusselt numbers, NuL in the 

ribbed region enhances with the increase in the intensity of the non-uniform magnetic field. 

According to them, the non-uniform magnetic field causes the skin friction coefficient to be 

increased particularly in the situation in which all magnetic wires are positioned on only one side of 

the channel. Mousavi et al. (2016) numerically investigated the impact of the variable magnetic 

field on the ferrofluid flow in the sinusoidal two-tube heat exchanger. According to the obtained 

results, when the strength of the variable magnetic field enhances, the diffusion of the cold 

boundary layer elevates. Thus, heat transfer rate and Nusselt number, Nuavg improves and this 

improvement grows at high Reynolds numbers, Re. Mehrez et al. (2015) carried out numerical 

research into the magnetic field effect on the entropy production and heat transfer characteristics of 

Cu-water nanofluid flow in an open cavity. This work has been performed for a broad variety of 

solid-particle volume fractions, 0≤Φ≤0.06, Hartmann numbers, 0≤Ha≤100, Reynolds numbers, 

10≤Re≤500, and Richardson numbers, 0.001≤Ri≤1 for three magnetic field inclination angles as 

ϒ=0º, 45º and 90º. The findings demonstrate that flow characteristics, temperature distribution, 

entropy production, and heat transfer rate are profoundly influenced by the existence of the 

magnetic field. The average Nusselt number, Nuavg, and entropy production which grows by the 

increment in volume fraction of solid particles, Φ depends primarily on the Hartmann number, Ha, 

and magnetic field inclination angle, ϒ. According to the authors, at a magnetic field inclination 

angle of ϒ=45º, the recirculation bubble diminishes with increasing the Hartmann number, Ha. 

Furthermore, the average Nusselt number, Nuavg, and entropy production grow with increasing 

magnetic field intensity. Rashidi et al. (2016) carried out numerical work on the mixed convection 

heat transfer of Al2O3-water nanofluid flow in a vertical channel having sinusoidal walls. The 



 

35 

hydrothermal characteristics of Al2O3-water flow under a magnetic field are examined for 

Reynolds numbers within the range of 500≤Re≤1000, Grasshof number, Gr in the range of 

5×104≤Gr≤106, and three different Hartmann numbers Ha=0, 5 and 10. The main observation from 

this study is that the mean Nusselt number, Nuavg and Poiseuille number augment with growing the 

Hartmann number, Ha. Furthermore, obtained results demonstrate that the velocity profile in the 

channel becomes flatter, and the velocity gradient raises in the vicinity of the wall with a growing 

Hartmann number, Ha thus the vortices near the wall diminish. Figure 2.10 demonstrates the effect 

of the magnetic field on the streamline patterns for three Hartmann numbers, Ha=0,5 and 10 at 

Re=900 and Al2O3 nanoparticle volume fraction, Φ=4%. According to this figure, the vortices 

appear near the channel wall at Ha=0 while these vortices vanish and streamlines become regular 

by increasing the Hartmann number, Ha.  

 

 

Figure 2.10 The effect of magnetic field on streamline patterns for three Hartmann numbers, 

Ha=0, 5, and 10 at Re=900 and Φ=4% (Rashidi et al., 2016). 

 

Hussain et al. (2019) developed a numerical study to investigate the effect of the magnetic 

field on the ferrofluid flow and heat transfer rate in a channel with non-symmetric cavities. The 

simulations have been performed for governing parameters such as Reynolds numbers in the range 

of 1≤Re≤200, Hartmann numbers in the range of 0≤Ha≤100, the volume fractions of the solid 

particle, Φ in the range of 0≤Φ≤0.15, cavity aspect ratios in the range of 0.2≤h/H≤1 and 

Richardson numbers in the range of 0.01≤Ri≤10. They concluded that the heat transfer rate is 
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diminished when the magnetic field is applied with very high intensity. According to the presented 

results, the change in volume fraction of nano-sized solid particles, Φ causes little impact on the 

ferrofluid flow and heat transfer rate, particularly for the lower values of Richardson numbers, Ri. 

Selimefendigil and Oztop (2015) numerically studied the laminar forced convection of Cu-water 

flow on a backward-facing step at various magnetic field inclination angles, ϒ. The hydrothermal 

characteristics of Cu-water flow under a magnetic field are examined for Reynolds numbers within 

the range of 20≤Re≤200, Hartmann numbers in the range of 0≤Ha≤50, and volume fractions of 

nano-sized solid particles between 0≤Φ≤0.04. According to the results of the article, the average 

heat transfer improves with increasing Reynolds number, Re and this improvement is more visible 

at greater values of magnetic field inclination angle, ϒ. When the Hartmann number, Ha for 

horizontally oriented magnetic field and nanoparticle volume fraction, Φ increase, the local, NuL 

and the average Nusselt number, Nuavg increment is observed. The finding shows that for the 

magnetic field in a vertical direction, the recirculation zone downstream of the step is suppressed 

when the magnetic field strength intensifies which ends up with heat transfer improvement. 

Furthermore, they reported that the entropy production rate gets higher with the increment in the 

Reynolds number, Re the volume fraction of solid particle, Φ, and decrement in the Hartmann 

number, Ha for the magnetic field in a horizontal direction. Figure 2.11 displays the entropy 

generation ratio with the Hartmann number, Ha for various magnetic field inclination angles, ϒ. 

One can observe from this figure that the total entropy generation ratio attenuates for the 

horizontally oriented magnetic field, ϒ=0º which can be attributed to the suppression of convection 

and slowing down the fluid motion with growing Ha values. For the magnetic field inclination 

angles, ϒ=45º and 90º, the entropy generation ratio get higher with increasing Ha values. 

 

Figure 2.11.  The entropy generation ratio with Hartmann number, Ha for various magnetic field 

inclination angles, ϒ (Selimefendigil and Oztop, 2015). 
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According to Gurdal et al. (2022), the maximum heat transfer improvement was observed 

for a greater volume fraction of nanoparticles, Φ greater strength of magnetic field intensity, Ha, 

and complicated geometries for the flow in the channel. They stated that the maximum heat transfer 

augmentation is acquired for the MWCNT-water nanofluid flow with a percentage between 70% 

and 190%. When the Hartmann number is set to Ha=30 in the Cu-water nanofluid flow, a thermal 

recovery of 76% is obtained.  Ali et al. (2020) conducted research into the effect of the magnetic 

field on the natural convection in a grooved enclosure including CuO-water nanofluid. They 

employed the Galerkin finite element technique to resolve governing equations. The simulation is 

performed for a broad range of parameters such as magnetic field intensity, 10≤Ha≤100, the 

volume fraction of nano-sized solid particles, 0≤Φ≤0.05, and Rayleigh number, 103≤Ra≤106. 

According to the results of numerical simulation, the average Nusselt number, Nuavg and entropy 

production grow with increasing Rayleigh numbers, Ra, and volume fraction of solid particles, Φ 

while they attenuate with rising the Hartmann number, Ha. Furthermore, the findings show that the 

proper integration of governing parameters can provide maximum heat transfer efficiency and 

minimum entropy production.  Shaker et al. (2021) developed a numerical study to investigate the 

influence of the magnetic field on mixed convection heat transfer of a Fe3O4-water ferrofluid flow 

in an open cavity. In this study, the impact of changing different parameters such as Reynolds 

numbers in the range of 20≤Re≤600, magnetic numbers in the range of 0≤Mn≤5×107 and the 

location of current carrying wires on the flow structure and the average Nusselt number, Nuavg have 

been explored. They found out that the applied non-uniform magnetic field alters the flow 

characteristics and formed new vortices in the ferrofluid flow because of the impact of the Kelvin 

force. According to the authors, while the average Nusselt number, Nuavg reduces with poor 

magnetic field strength up to Mn=5×106, it substantially augments with the increment in magnetic 

field strength further. The maximum improvement in the average Nusselt numbers, Nuavg was 

acquired by 57.07% with the application of the non-uniform magnetic field.  In the investigation of 

Ma et al. (2019), a two-dimensional numerical study is represented to investigate the influence of 

magnetic field on the convection heat transfer of Ag-MgO/water hybrid nanofluid in a channel 

including active heaters and coolers. They systematically examine the impacts of different thermal 

arrangements, Case 1, 2 and 3 Reynolds numbers in the range of 50≤Re≤100, block side lengths in 

the range of 0.3≤h≤0.5 and volume fractions of solid particles in the range of 0≤Φ≤0.02 on the 

flow characteristics and heat transfer performance. According to acquired outcomes, the maximum 

value of the local Nusselt number, NuL takes place on the junction of the heater and cooler because 

of the great temperature gradient. Furthermore, they stated that the heat transfer rate is greater at 

the sharp corner of the heater than that of the sharp corner of the cooler. Their computational 

results demonstrated that the average Nusselt number, Nuavg or heat transfer rate augments with the 

increment in the volume fraction of nanoparticles, Φ, and the decrement in the Hartmann number, 

Ha. According to the presented results, when the Hartmann number enhances from Ha=0 to Ha=20 
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the flow structure alters slowly and the intensity of vorticities diminishes. But when the Hartmann 

number augments from Ha=20 to Ha=40, the flow structure remarkably alters and the form of 

vorticities varies from triangular to trapezoidal.  Gibanov et al. (2017) numerically investigated the 

influence of the variable magnetic field on the mixed convection of Fe3O4-water ferrofluid flow in 

a lid-driven cavity. In this study, numerical simulations have been performed for a broad range of 

magnetic numbers, volume fractions of nanoparticle, Φ and Hartmann number, Ha. According to 

the authors, the increment in the magnetic number makes the heat transfer rate to be augmented. 

They revealed that the increasing magnetic number grows the major circulation rate with more 

main streamlines distortion.   

Mousavi et al. (2019) conducted a 3D numerical investigation about the influences of a 

non-uniform magnetic field on hydrothermal characteristics of Fe3O4-water ferrofluid flow in a 

wavy channel. According to the results of the numerical simulation, the effect of the non-uniform 

magnetic field on the hydrothermal characteristics in the channel with wavy walls is higher than in 

the channel with straight walls. They attributed this situation to the diminishing of recirculation 

bubbles in the sinusoidal cavities of wavy walls by the applied magnetic field. The increment in the 

magnetic gradient value from 0 to 1.5×105 grows the skin friction factors on the bottom and top 

wavy walls with factors of 1.6 and 11, respectively. Furthermore, the variation in the Nusselt 

number, Nu on the bottom and top walls reduce by rising the magnetic gradient value.  

Selimefendigil and Oztop (2019) employed the Galerkin weighted residual finite element technique 

to investigate the forced convection of pulsating CuO-water nanofluid flow on corrugated parallel 

plate with the existence of the inclined magnetic field. In this investigation, effects of Reynolds 

numbers in the range of 100≤Re≤500, Hartmann numbers in the range of 0≤Ha≤15, inclination 

angles of the magnetic field, ϒ between 0º and 90º, corrugation wave number between 1 and 12, 

corrugation wave height between 0.05h and 0.35h, the volume fraction of CuO particles, Φ 

between 0 and 0.04, amplitudes of flow pulsation between 0 and 0.9 and Strouhal numbers, St 

between 0.25 and 2 on the forced convection heat transfer have been examined. Their 

computational results demonstrated that the magnetic field causes the redistribution of vortices 

between heated blocks of the corrugated plate and augments the heat transfer rate in time-

independent flow as well as pulsating flow. They revealed that when the magnetic field intensity 

gets higher, the fluid flow slows down and also the size of recirculation bubbles between hot blocks 

weakens. The average Nusselt number, Nuavg enhances when the Hartmann number, Ha increases 

for nanofluids at various volume fractions, Φ due to the suppression of vortices between heated 

blocks. Obtained results demonstrated that the flow symmetry and thermal structures in the channel 

alter with the magnetic field inclination angle, ϒ. The average Nusselt number, Nuavg augments by 

25% as the inclination angles of the magnetic field, ϒ increases from 0º to 90º. In the investigation 

of Hussain et al. (2019), the time-dependent MHD forced convection of Fe3O4-water ferrofluid 
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flow in the backward-facing step benchmark has been studied. In this work, broad ranges of 

governing parameters are reported such as Reynolds numbers in the range of 10≤Re≤200, 

Hartmann number in the range of 0≤Ha≤100, the angular velocities of a rotating cylinder in the 

range of -75≤Ω≤75, the inclination angles of the magnetic field, ϒ between 0º and 90º and volume 

fractions of Fe3O4 particles in the base fluid within the range of 0≤Φ≤0.15. According to the results 

of the article, the magnetic force reduces the motion of the ferrofluid flow, however, the drag 

coefficient, CD grows with applied magnetic forces. The average Nusselt number, Nuavg deteriorates 

by 53.12% when Hartmann numbers increase from Ha=0 to Ha=100. The findings demonstrated 

that the heat transfer rate is improved when the inclination angles of the magnetic field, ϒ increases 

from 0º to 90º progressively. Aminfar et al. (2013) conducted numerical research on the impact of 

the nonuniform magnetic field of hydrothermal characteristics of a Fe3O4-water ferrofluid in a 

corrugated channel. Obtained results show that the applied magnetic field with a negative gradient 

enhances heat transfer performance and coefficient together with reducing wall temperature. 

According to the authors, the recirculation region in corrugations disappears with the applied non-

uniform magnetic field. Their computational results revealed that the non-uniform magnetic field 

enhances the flow velocity near the wall of the channel and this situation leads to an increase in the 

heat transfer coefficient. Furthermore, applying a negative gradient magnetic field grows the local 

friction factor. Because magnetic field induced flattened velocity profile causes a rise in velocity 

gradient in the vicinity of walls and thus improvement in the friction factor and heat transfer 

coefficient. The influence of applying a magnetic field on the streamwise velocity component is 

demonstrated in Figure 2.12 at Re=100. According to this figure, the applying magnetic field 

disappears recirculation zones in corrugated surfaces thus the main flow penetrates the corrugated 

cavities so the flow rate increases in the vicinity of corrugated walls. The other conclusion that can 

be drawn from Figure 2.12 is that the streamwise velocity in the center of the corrugated channel 

attenuates with the applied magnetic field due to the effect of the Kelvin force.  

 

Figure 2.12.  The distribution of streamwise velocity component in the corrugated channel for the 

cases of a) without the magnetic field b) with the magnetic field (Aminfar et al., 

2013). 
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2.3.1. Significance and Novelty of Current Study 

Based on the literature survey above and to the best of the authors‘ knowledge, although it 

is possible to find a few studies about the magnetic field effect on hydrothermal characteristics in 

the sinusoidal and trapezoidal corrugated channels, the research on the influences of the magnetic 

field on the hydrothermal characteristics of the rectangular grooved channel has not been 

previously published. Furthermore, considering the importance of entropy generation in industrial 

and engineering applications, this study includes the magnetic field effect on the entropy generation 

of CuO-water nanofluid flow in the rectangular grooved channel, unlike the existing studies of 

magnetic field effect on the sinusoidal and trapezoidal corrugated channels. The aim of the current 

study is to investigate the effect of the uniform magnetic field on the hydrodynamic, thermal, and 

entropy generation characteristics of a CuO-water nanofluid flow in the rectangular grooved 

channel. In this context, the effects of the Hartmann number, Ha Reynolds number, Re and volume 

fraction of nanoparticle, Φ are discussed. 
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3. MATERIALS AND METHODS 

 

3.1. Materials and Methods for the Effect of Non-Uniform Magnetic Field on Hydrothermal 

and Entropy Generation Characteristics of Ferrofluid Flow Around a Confined Cylinder 

Using Wire Magnetic Sources  

3.1.1. Problem Definition and Governing Equations  

The problem domain consists of a straight channel and a heated cylinder which is 

positioned at 12D and 18D away from the channel inlet and channel outlet, respectively as shown 

in Figure 3.1. The cylinder is on the central axis of the channel and its diameter is three-tenths of 

the channel height (i.e. blockage ratio, BR = D/H = 0.3). Constant wall temperature, θh = 1 which is 

higher than inlet flow temperature, θc =0 defined for cylinder however, channel walls are adiabatic. 

Moreover, a no-slip condition is available for all solid surfaces (u = v = 0). The parabolic velocity 

profile that is defined by,        (     )  imposed at the channel inlet and pressure at the 

channel outlet is equal to zero, P = 0. 

The schematic representation of the flow domain is demonstrated in Figure 3.1 in which 

the flow is considered from left to right and φ=180º is taken as the front stagnation point, F 

whereas φ=0º is regarded as the rear stagnation point, A. On the other hand, E presents the 

reattachment point while S and P are the separation points. φ is the angle measured from the rear 

stagnation point, A thus Ls and φs define the separation length and separation angle respectively. 

The influence of the magnetic field produced by the two wires on the flow is defined by the 

mathematical expressions (Equations 3.1-3.5) used in the study of Sheikholeslamia and Vajravelu 

(2017). These expressions allow calculating the influence of magnetic force on the flow as a 

momentum source which is radially distributed with a decrease in intensity with distance from the 

epicenter. Variables a and b in equations represent the x and y coordinates of the magnetic source 

epicenters, respectively. The x coordinate of each source is the same and it is equal to 13.667D. 

However, the y coordinate of the source located near the top wall is 3.667D and it is equal to 

0.333D for the one near the bottom wall. The effect of Joule heating due to magnetic field is not 

considered in simulations. The constituents of the intensity of the magnetic field,        and 

       , the magnetic field strength,  ̄  and the magnetic field strength at the source (wire),   are 

regarded in the subsequent form; 
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Figure 3.1.  Schematic representation of the flow domain and the expression of essential geometry 

and flow parameters 

 

The flow in the domain is considered laminar and two-dimensional, thermo physical 

properties of the working fluid are considered constant and the effect of radiation is neglected. 

Under these conditions the continuity, x-momentum, y-momentum, and energy equations that 

govern the problem can be respectively demonstrated in the following forms: 
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In Equations 3.7 and 3.8, the terms of      ([  
     

 ] ̄  [           ] ̄) and 

     ([  
     

 ] ̄  [           ] ̄), respectively present the Lorentz force per 

unit volume towards x and y directions and appear because of the electrical conductivity 

of the fluid. These two terms are familiar in MHD flow applications.  

The equations above are normalized using the following expressions: 
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In the above equations, while    denotes the magnetic permeability,   ,   ,     and 

    are the magnetic inductions. 

Normalized forms of governing equations are as subsequent; 
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In this study, the physical quantity of interest is given by the Nusselt number. 

This number quantifies the heat transport that takes place between the hot circular 

cylinder and the working fluid via the cylinder. The local Nusselt number, NuL around 

the heated cylinder is determined in Equation 3.15 as: 
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 (3.15) 

where   and   indicate the direction perpendicular to the wall and the overall length of 

the wall cylinder, respectively. 

The average Nusselt number, Nuavg is computed by integrating Equation 3.16: 

      
 

 
∫    
 

 
   (3.16) (16)

The total drag coefficient, CD is calculated by the subsequent Equation 3.17 as: 

           
   

    
   (3.17)   

in which CDP and CDV indicate the drag coefficients caused by pressure and viscous 

forces, respectively, FD is the drag force acting over the surface of the cylinder. The total 

drag coefficient, CD caused by the pressure and viscous forces can be acquired from 

Equations 3.18 and 3.19: 
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The subscripts f, r, b and t present the front, rear, bottom, and top surfaces of the 

cylinder. 

Pure water and ferrofluid (Fe3O4-water) are used as the working fluid and the 

effect of two different volume fractions (2% and 4%) are investigated in ferrofluid cases. 

Ferrofluid is modeled as a single phase, it‘s thermophysical properties are considered 

constant and they are calculated as follows: 

The density and specific heat of the ferrofluid are given in Equations 3.20 and 3.21, 

respectively as (Ali et al., 2020): 

    (   )             (3.20) (20)
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(   )  
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In Equations 3.22 and 3.23, the thermal expansion coefficient and dynamic viscosity of 

the ferrofluid are expressed as (Selimefendigil and Oztop, 2020): 

(  )   (   )(  )    (  )  (3.22) 
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 (3.23) 

where the subscripts nf, bf, and np represent the nanofluid, base fluid and nanoparticle, 

respectively. 

The thermal conductivity and electrical conductivity of the ferrofluid are mathematically 

denoted in Equations 3.24 and 3.25 (Kefayati, 2016): 
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The thermophysical properties of the nanoparticle and pure water are given in Table 3.1. 

Table 3.1. Thermophysical properties of pure water and nanoparticles. 

  (kg/m3)    (J/kgK)   (W/mK)   (1/K)  (S/m)  

Pure Water 998.2 4182 0.6 2.1×10-4 0.05

Fe3O4 5200 670 6 1.3×10-5 2500

3.1.2. Solution Method 

Ansys Fluent 20 (Academic Version) is employed to simulate heat transfer, fluid flow, and 

entropy production. Momentum source terms in Equations 3.7 and 3.8 which represent the 

influence of the non-uniform magnetic field are included in the simulations by using the User 

Defined Functions (UDF) ability of the software. SIMPLE scheme is utilized for pressure velocity 

coupling and the second order scheme is chosen for interpolation of pressure at cell faces from the 

cell center value. Moreover, the second-order upwind method is employed for the discretization of 

convective terms, and temporal discretization is done by the second-order implicit model. The 

convergence criteria is 10-6 for continuity and momentum equations, while it is equal to 10-8 for the 
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energy equation. Additionally, the time step size is used as 0.001 s corresponding to the Courant 

number, Cr=0.015 which satisfies the Courant-Lewy-Friedrich (CFL) condition in the smallest cell 

of the mesh at every time step. The time step size independence has been performed at the largest 

Reynolds number studied, Re=150 before determining the time step size. Various time step sizes 

have been employed at a constant number of time steps. Afterward, the time step size in which the 

drag coefficient, CD, and the average Nusselt number, Nuavg do not change is determined, and then 

it is checked whether this time size satisfies the CFL condition. After it is observed that the CFL 

condition is met, the same time step size is used in all simulations. On the other hand, in this study, 

the number of the time step is not constant during simulations. The simulations are continued until 

the flow is time-periodic, i.e., the amplitude of fluctuations in the drag coefficient, CD, and average 

Nusselt number, Nuavg becomes constant. 

Computational mesh for the flow simulation on a confined cylinder and comprehensive 

mesh distribution in the close region of the cylinder and channel wall is demonstrated in Figure 3.2. 

As seen in this Figure, the mesh density is higher near the cylinder and channel wall. Number of 

elements given in Table 3.2 is tested for mesh independence study and it is seen that 63936 

elements provide the best result in terms of computational cost-accuracy balance. 

Table 3.2. Results of mesh independence study for Re = 100, BR= 0.3 and φ = 0.   

Element Number Nusselt Number, Nuavg Drag Coefficient, CD 

16302 6.5000 3.7120 

28416 6.4826 3.1659 

63936 6.4701 3.1318 

87024 6.4698 3.1295 

 

 

 

 

 

 

 

 

 

 



 

47 

 

Figure 3.2.  Mesh generation for the numerical analysis of fluid flow on a confined cylinder and 

comprehensive mesh distribution in the close region of the channel wall 

 

 The solution procedure presented above is validated by applying it to another heat transfer 

from a confined cylinder problem which is investigated by Prasad et al. (2011). Two blockage 

ratios BR = 0.1 and BR = 0.3 are tested and the results are presented in Table 3.3. As the results 

given in the table indicate the procedure employed in the current study is appropriate to simulate 

such problem. Moreover, the method used for the simulation of the magnetic field is also validated 

by testing it on the case presented by Sheikholeslamia and Vajravelu (2017) at Ha=10.  The results 

of this second validation study are shown in Figure 3.3. 

 

 

Figure 3.3. The comparison of the local Nusselt number, NuL in the case of non-uniform magnetic 

field application between present results and numerical results of Sheikholeslamia 

and Vajravelu (2017) at the Rayleigh number, Ra=105, and Prandtl number, Pr=6.2 

for Ha=10 and nanofluid volume fraction, Φ=4%. 
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Table 3.3. Results of validation study for the confined cylinder problem. 

 Current Study Prasad et al. (2011) 

 Nuavg CD Nuavg CD 

 

BR= 0.1 

Re = 40 3.88 2.93 3.89 3.03 

Re = 70 5.21 2.85 5.09 2.83 

Re = 100 6.29 2.82 6.25 2.75 

 

BR= 0.3 

Re = 40 4.24 4.36 4.35 4.35 

Re = 70 5.38 3.47 5.29 3.48 

Re = 100 6.47 3.13 6.46 3.12 

 

3.1.3. Entropy Production 

Estimating the production (or generation) of entropy is a promising way for optimizing the 

thermal performance of engineering systems. All irreversible processes produce entropy. 

Therefore, estimating the amount of entropy defines the thermal capacity during these processes. 

For the considered physical problem, the production of entropy within the forced convection flow 

occurs mainly due to the impacts of thermal transmission and fluid friction. In addition, due to the 

presence of wire magnetic sources, the production of entropy due to the impact of a magnetic field 

was also taken into account. The local total entropy generation due to these impacts in dimensional 

form is expressed in Equation 3.26 as follows: 

 ̅   ̅      ̅      ̅      
   

  
 [(

  

  ̄
)
 
 (

  

  ̄
)
 
]  

   

  
[ (

  ̄

  ̄
)
 
  (

  ̄

  ̄
)
 
 (

  ̄

  ̄
 
  ̄

  ̄
)
 
]  

   

  
([   ̄     ̄]

 
 [    ̄      ̄]

 
)                                  (3.26)  

where    
     

 
 

On the right side of Equation 3.26, the first, second, and third terms refer to the 

irreversibility of thermal transmission, fluid friction, and magnetic field, respectively. 

By using the group of dimensionless parameters in Equation 3.10, the non-dimensional 

form of the local total entropy generation is expressed in Equation 3.27 as follows: 
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In Equation 3.28,   refers to the irreversibility factor, which is the following expression: 
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                                                                                                                                         (3.28) 

The average value of the total entropy generation through the studied channel is obtained 

by integrating Equation 3.29 over the whole flow range: 

     
∫        

 
                                                                                                                                          (3.29) 

In addition, the Bejan number defines the impact of thermal entropy on total entropy. The 

local and average expressions of this number are given in Equations 3.30 and 3.31 as: 
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                                                                                                                                                (3.31) 

Furthermore, the criterion of thermal performance,   represents the ratio of the average 

value of the total entropy generation to the average value of the Nusselt number, Nuavg. For the 

current case study, this criterion is applied to illustrate the thermal characteristics within the 

considered channel, this gives the percentage of the process with lower reversibility to a higher rate 

of thermal transmission. Accordingly, it is given in Equation 3.32 as follow: 

  
    

     
                                                                                                                                                                   (3.32) 

 

3.2. Materials and Methods for the Effect of Uniform Magnetic Field on Hydrothermal and 

Entropy Generation Characteristics of Nanofluid Flow in a Rectangular Grooved Channel 

3.2.1. Problem Definition and Governing Equations  

This study numerically investigates heat transfer and fluid flow through grooved channels 

under the presence of a uniform magnetic field.  The problem domain comprises a channel with a 

phase angle of 180º having rectangular grooved upper and lower walls as demonstrated in Figure 

3.4. The grooved section of the channel includes seven grooves and there are straight sections with 

150 mm upstream and 250 mm downstream of it. The height of the channel is equal to H=16 mm. 

The aspect ratio which is the ratio of the groove depth, l to the channel height, H is used as 

l/H=0.4.The length of the grooved section is equal to Lg=60 mm and the ratio of the grooved 

section length, Lg to the straight section length, Ls is used as Lg/Ls=1.  Copper oxide (CuO)-water 

nanofluid is considered as a coolant and its thermophysical properties of it are assumed to be 

independent of temperature change.  The flow is assumed as two-dimensional, additionally, since 
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the Reynolds number is in the range of 250≤Re≤1250, it is accepted as laminar. Equations that 

govern the problem are given as follows; 

Continuity 
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The above equations are normalized by using the following expressions. During the Re calculation, 

twice the channel height, H is accepted as a reference length. 
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Therefore, the dimensionless form of governing Equations 3.33-3.36 are as follows; 
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Continuity 

 

  

  
 
  

  
   

 

 

(3.38) 

 

X-momentum 

  

  
  

  

  
  

  

  
  

   

   

  

  
 
   

   

 

  
.
   

   
 
   

   
/  .

   

   
/.
   

   
/
   

  
  

 

 

(3.39) 

 

Y-momentum 

  

  
  

  

  
  

  

  
  

   

   

  

  
 
   

   

 

  
.
   

   
 
   

   
/ 

 

 

(3.40) 

 

Energy 

  

  
  

  

  
  

  

  
 
   

   

 

    
.
   

   
 
   

   
/ 

 

 

(3.41) 

 
Figure 3.4.  Schematic demonstration of the problem domain and the indication of main geometry 

and flow parameters 

 

As shown in Figure 3.4 the magnetic field is applied in the vertical direction. Therefore, 

resulting Lorentz forces will occur in the x-direction. For this reason, the effect of Lorentz forces 

on the flow is included in the calculation by adding a source term to the x-momentum equation.  

Hartman number, Ha in source term is the ratio of magnetic force to the viscous force. Since the 

magnetic force is a function of magnetic field intensity, an increased Hartman number, Ha 

represents higher magnetic field strength. 

In the current work, the thermal quantity of interest is determined by the Nusselt number. 

The local Nusselt number, NuL along the heated wall of the rectangular corrugated channel can be 

given as: 
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The average Nusselt number, Nuavg is determined by integrating the above equation 

(Equation 3.42): 

      
 

  
∫    
  
 

                                                                                                              (3.43) 

where    represents the length of the rectangular corrugated wall. 

3.2.2. Boundary Conditions and Nanofluid Properties 

No-slip boundary condition is available for all channel walls (u = v = 0). Constant heat flux 

is applied on grooved walls but straight channels, located upstream and downstream of the grooved 

channel, are adiabatic (∂θ/∂y = 0). A fully developed velocity profile is defined at the inlet of the 

channel      (   ) and pressure at the outlet of the domain is set as zero (P=0). The 

thermophysical properties of the nanofluid are determined by the equations below. Nanoparticle 

volume fractions,   =0%, 3%, and 5% are tested in simulations. The properties of water and CuO 

nanoparticles used in the below equations are given in Table 3.4 (Ali et al., 2020; Selimefendigil 

and Oztop, 2020; Kefayati, 2016). 
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Table 3.4. Properties of solid particles and water. 

 ρ (kg/m3) Cp (J/kgK)  k(W/mK) σ 

Pure Water 998.2 4182  0.6 0.05 

 CuO 6500 540  18 2.7 ×108 
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3.2.3. Solution Method 

Ansys Fluent 20 (Academic Version) is carried out to simulate fluid flow, heat transfer, and 

entropy generation. Momentum source terms in Equations 3.34 and 3.35 which express the impact 

of the uniform magnetic field in the rectangular grooved channel are comprised in simulations by 

employing the User Defined Functions (UDF) module of Ansys Fluent 20. SIMPLE scheme is used 

for pressure velocity coupling and the second order scheme is selected for pressure interpolation at 

cell faces from cell center value. Furthermore, the second-order upwind scheme technique is 

utilized for convective terms discretization, and temporal discretization is employed with the 

second-order implicit model. The converge criteria is used as 10-8 for the energy equation and 10-6 

for momentum and continuity equations. Furthermore, the time step size is adjusted as 0.007 s 

which makes the Courant number Cr=0.6 providing Courant-Lewy-Friedrich (CFL) condition in 

the smallest cell of the mesh at every time step. The mesh structure in the rectangular grooved 

channel and detailed mesh distribution in the rectangular grooves and the close region of channel 

walls are displayed in Figure 3.5. As it is clear in Figure 3.5, the density of mesh distribution is 

greater near the upper and lower walls of the channels since velocity and temperature gradients are 

important in these regions. The element number denoted in Table 3.5 is used for the mesh 

independence study and it is observed that 147037 elements supply the best outcomes concerning 

computational cost-accuracy balance.  

Table 3.5. Results of mesh independency test 

Element Number Nuavg f 

29044 9.75 0.0681 

43566 9.559 0.06815 

65350 9.4178 0.06814 

98025 9.3246 0.06813 

147037 9.2552 0.06813 

220556 9.232 0.06813 
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Figure 3.5. Mesh structure for the numerical simulation of fluid flow in a rectangular grooved 

channel and detailed mesh distribution in the vicinity of channel walls 

 

The solution procedure given above is validated by employing it on another laminar 

convective heat transfer problem on a similar geometry studied by Wang and Chen (2002). The 

results shown in Figure 3.6 indicate solution procedures used in the current study are suitable to 

simulate such a problem. Furthermore, the method employed for the simulation of the uniform 

magnetic field is also validated by testing it on the problem represented by Ghasemi et al. (2011) at 

Ha=0 and 30. As seen in Figure 3.7, the perfect agreement is acquired for the local distribution of y 

velocity and temperature, θ at the middle of the square cavity under a uniform magnetic field.   
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Figure 3.6. The validation study represents the comparison of the local Nusselt number, NuL with 

similar geometry of current work‘s geometry and the study of Wang and Chen (2002) 

at Re=500 for a) the ratio of wavy amplitude to the wavelength ratio, α=0.1 b) α=0.2 
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Figure 3.7. The comparison of a) local y velocity distribution b) temperature, θ in the case of 

uniform magnetic field application between current outcomes and numerical 

outcomes of Ghasemi et al. (2011) at the middle of the square cavity for Ra=105 and 

Φ=3% 

 

3.2.4. Solution Method 

Calculating the generation (or production) of entropy is a beneficial method to optimize the 

performance of thermal systems. For the present study, the entropy generation due to the forced 

thermal convection of the nanofluid flow is determined by considering the effects of the thermal, 

viscous, and applied magnetic sources. Accordingly, the total entropy generation, SL results from 

the summation of these effects, which is written in a dimensional form as follows: 
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where     
     

 
 

On the right-hand side of the above equation (Equation 3.50), the first, second, and third terms 

represent the effects of thermal, viscous, and magnetic fields, respectively. 

With the help of dimensionless parameters listed in Equation 3.37, the dimensionless form of 

Equation 3.50 is described as follows: 
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where,   is an irreversible factor, and its definition is given as below: 
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The average value of the total entropy generation, SL through the considered channel is obtained by 

integrating Equation 3.51 over the entire flow domain: 
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4. RESULTS AND DISCUSSION 

 

4.1. Effect of Non-Uniform Magnetic Field on Hydrothermal and Entropy Generation 

Characteristics of Ferrofluid Flow Around a Confined Cylinder Using Wire Magnetic 

Sources 

4.1.1. Flow Pattern and Thermal Analysis 

Figures 4.1-4.4 demonstrate the variation of streamline patterns around the cylinder with 

the Ha which is an indicator of the influence of the applied non-uniform magnetic field at Re=25, 

50, 100 and 150, respectively for the ferrofluid volume fraction, Φ=0%. In Figure 4.1, in the lack 

of the non-uniform magnetic field application, Ha=0 the flow structure at Re=25 is a steady state 

with two symmetrical vortices in the closed wake connected to the back surface of the cylindrical 

object. As inferred from Figure 4.1, when the non-uniform magnetic field passing current-carrying 

wires with Ha=2 is applied, the recirculation bubble length in the domain of the wake downstream 

of the cylinder is reduced. This recirculation region gradually weakens both longitudinally and 

laterally by strengthening the non-uniform magnetic field intensity from Ha=2 to Ha=6. However, 

if the Ha further increased to a value Ha=10, the flow separation is suppressed, and the 

recirculation bubble like the wake region completely disappears. For Hartmann numbers, Ha≥10, 

the flow is completely attached to the circular cylinder surface of the cylindrical body and the 

separated flow and recirculation wake disappears at the back of the cylinder at Re=25.  

In Figure 4.3, the flow is time-dependent generating a very extended wake with periodic 

vortex shedding from the upper and lower surfaces of the cylindrical body at Re=100 and Ha=0. 

Furthermore, the flow remains unsteady with periodic vortex shedding at Ha=2, however, when the 

Ha increased from Ha=2 to Ha=6, the flow becomes time-independent with a closed wake. The 

further rise of the Ha causes the extent of recirculation wakes to be reduced. But even at Re=100 

and Ha=18, the recirculation bubbles in the closed wake region of the cylinder do not completely 

disappear unlike in the case of Re=25. The physical explanation of the reducing recirculation 

bubble length and flow pattern change from the unsteady state to a steady state that the Lorentz 

forces induced by the applied non-uniform magnetic field have a tendency to suppress the vortex 

diffusion, thus, the recirculation bubble length is reduced, and the shedding of the vortices is 

weakened. Furthermore, the applied non-uniform magnetic field through current-carrying wires 

supplies additional stability to the flow and behaves like a damping force that represses any 

instability in the flow domain. 

As seen in Figures 4.1 and 4.3, the applied non-uniform magnetic field induces two 

symmetrical vortices in the near region of the magnetic field application locations. These two 

vortices begin to appear at Ha=10 for both Re=25 and 100. The size of the non-uniform magnetic 

field induced vortices is larger at Re=25 compared to the Re=100 since the momentum of the 

mainstream flow is low at small Re and by enhancing the velocity incoming ferrofluid flow, the 
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extent of the non-uniform magnetic field induced vortices is attenuated because of the large 

momentum of inflow. The acquired outcomes demonstrated that the applied non-uniform magnetic 

field enhances the performance of heat transfer rate by forming a pair of vortices in the region close 

to the current-carrying wires. 

Figure 4.5 demonstrates the magnetic field effect on the streamline distribution around the 

cylinder for Re=25, 50, 100, and 150 when the volume fraction of ferrofluid (water and Fe3O4) is 

4%. In Figure 4.5, when the streamline patterns at Re=25 and 100 are carefully examined, it can be 

said that they are exactly the same as the streamline patterns at Φ=0% ferrofluid (water and Fe3O4) 

volume fraction. So, it can be concluded that the use of ferrofluid in the non-uniform magnetic field 

application has no clear effect on the streamline distributions around the cylinder. Here, the 

forming of a pair of vortices in the region close to the current-carrying wire may hinder the 

sedimentation of the nanoparticles. It should be noted that it is achievable to exactly remove the 

alternate shedding of vortices at the greater Reynolds number, Re=150, and to set time-independent 

flow if an adequately intense non-uniform magnetic field is applied. The required intensity of the 

non-uniform magnetic field depends on the Re and augments by the Re. For example, the unsteady 

flow patterns change to the steady one at Re=100 and Ha=6 whereas the flow is still time-

dependent at Re=150 and Ha=6, and it becomes time-independent beyond the rise in the Ha such as 

Ha=10.  

Figure 4.1.  The effect of the magnetic field on the boundary layer detachment around the circular 

cylinder at Re=25 and Φ=0% 
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Figure 4.2. The effect of the magnetic field on the boundary layer detachment around the circular 

cylinder at Re=50 and Φ=0% 

 

 

Figure 4.3.  The effect of the magnetic field on the boundary layer detachment around the circular 

cylinder at Re=100 and Φ=0% 
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Figure 4.4.  The effect of the magnetic field on the boundary layer detachment around the circular 

cylinder at Re=150 and Φ=0% 

 

Figure 4.5.  The influence of the magnetic field on the boundary layer detachment around the 

circular cylinder at Re=25, 50, 100, and 150 for Φ =4% 

 

The change of the normalized separation length, Ls/R (the distance in streamwise direction 

between the rear stagnation point and reattachment point) with non-uniform magnetic field 

intensity for different Re is demonstrated in Figure 4.6 (a). As seen in Figure 4.6 (a), the 

normalized separation length, Ls/R reduces with the rise in the Ha. In other words, the location of 

the separation point approaches the rear stagnation point of the cylinder because of the growing 

squeezing effect with the applied non-uniform magnetic field. This situation can be expressed by 

the following fact that an applied non-uniform magnetic field in the channel flow of a conducting 

fluid causes Lorentz forces that suppress the diffusion of vortices thus reduce the wake length. For 
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example, while the dimensionless separation length, Ls/R was detected as 1.566 and 3.573 at Re=25 

and 50 for Ha=0, it was reduced to the values of 0.4533 and 1.54 for Ha=6, 0.12 and 0.346 for 

Ha=14 at Re=25 and 50 respectively. While the flow separation and recirculation bubbles are fully 

suppressed at Re=25 and 50 for Ha=14 and Ha=18, they cannot be fully diminished at Re=100 and 

150 even at Ha=22. So, it can be concluded that the effect of the Ha flow characteristics over a 

confined cylinder attenuates by increasing the Re number. Since instabilities in the flow become 

larger with increasing the Re because of the large inertia effect, a stronger non-uniform magnetic 

field strength is needed to suppress the hydrodynamic instability. Furthermore, when the Re 

augments, the separation length gets higher due to the higher momentum of the conducting fluid 

flow. 

The quantitative variations of separation angle, φ on the cylinder surface with the 

Hartmann number are displayed in Figure 4.6 (b) for different Reynolds numbers, Re=25, 50, 100 

and 150. It has been detected that the separation angle, φ lowers when the Ha increases. In other 

words, the separation points on the cylinder surface move through the downstream direction or 

towards the front stagnation point by increasing the Hartmann number, Ha for all Re. For instance, 

when the flow of conducting fluid separates from the cylinder surface at angles of φ= 45º and 56º at 

Ha=0 for Re=25 and 50, respectively, it takes place on the location of φ= 27.5º and 46º for Ha=6, 

φ= 2.5º and 23.75º for Ha=14 at Re=25 and 50, respectively. As seen, the φ is higher at a greater Re 

which means the separation point over the cylinder surface proceeds in the upstream direction due 

to thinning of the velocity boundary layer thickness at greater Re. Furthermore, the φ lessens at a 

relatively faster rate with applying a non-uniform magnetic field at lower Reynolds numbers, 

Re=25 compared to the higher Reynolds numbers, Re=100 and 150. Thus, one can interpret that the 

application of a non-uniform magnetic field through current-carrying wires is very effective at a 

lower Re and this effectiveness attenuates by increasing Reynolds numbers, Re. 
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Figure 4.6.  The magnetic field effect on the a) dimensionless separation length, Ls/R b) separation 

angle, φ over the cylinder for Reynolds numbers Re=25, 50, 100, and 150 at 

ferroparticle volume fraction, Φ=0% 

 

The influence of a non-uniform magnetic field on the vorticity distributions around the 

confined cylinder at Re=25, 50, 100 and 150 for Φ=0% is demonstrated in Figures 4.7-4.10, 

respectively. According to Figure 4.7, the structure of vorticity is subjected to a continuous change 

because of the non-uniform magnetic field passing through a current-carrying wire. With 

increasing Ha, the vorticity concentration is elongated in a streamwise direction, and the size of 

these vorticity bubbles gets lower because of the non-uniform magnetic field application. The size 

of vorticity contracts near the middle of the cylinder when the magnetic field is applied, and the 

extent of vorticity contraction grows with a further increase in Ha. In other words, the non-uniform 

magnetic field going through a current-carrying wire causes the wake region downstream of the 
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cylinder to shrink in size. As demonstrated in Figure 4.7, the maximum value of normalized 

vorticity strength, ωzD/U∞ augments from the ωzD/U∞=20.68 at Ha=0 to the value of 

ωzD/U∞=22.28 at Ha=10 and ωzD/U∞=31.47 by a further rise of the Ha to the value of Ha=18. In 

summary, it can be said that there is a corresponding augmentation of heat transfer rate with the 

application of a magnetic field. Because the improvement in heat transfer can be associated with 

the increase in the vorticity intensity which is also stated by Arjun and Rakesh (2020).  

In Figure 4.9, as one can see, the Karman vortex street forms downstream of the circular 

cylinder due to the alternate positive and negative vortex shedding from the shear layers on either 

side of the cylindrical body. The flow is yet unsteady at the Ha=2. If the Ha is further augmented to 

the value of Ha=6, the ferrofluid flow is stabilized and alters its structure from the unsteady form 

with the shed of vortices in the wake of the cylinder at Ha=0 and Ha=2 to the time-independent 

one along with a symmetrical vorticity distribution according to the cylinder axis. The acquired 

outcomes demonstrated that the non-uniform magnetic field going through current-carrying wires 

suppresses and controls the vortex shedding events at the shoulders of the cylinder. By intensifying 

the non-uniform magnetic field strength, the unsteady attitude of the flow field diminishes, and the 

time-independent flow is created. The non-uniform magnetic field in a ferrofluid flow generates a 

resistant force which is called Lorentz force and this force is effective on a fluid carrying a current 

density in a magnetic field. The Lorentz force is prone to decelerate the movement of the fluid flow 

and it is an opposing body force that keeps down the shedding of vortices at downstream of the 

cylindrical body. The level of the flow structure variation under the influence of Lorentz forces 

becomes stronger when the strength of the non-uniform magnetic field grows. The Lorentz forces 

withstand the vortical motion, and at last, diminish the vortex shedding mechanism. Thus, one 

method to eliminate the shedding of vortices downstream of the cylindrical body in a channel is to 

apply the magnetic field passing through the current-carrying wire. It should be noted that the shed 

of vortices generates an unsteady periodic force that causes the vibration of the bluff body and may 

induce structural defects and therefore it is vital to remove or attenuate vortex shedding in some 

applications. When the Ha is further increased from Ha=6 to values of Ha=10,14 and 18, the 

vorticity bubbles are progressively less elongated in a streamwise direction with reduced size and 

narrower region. 

In Figure 4.11, the magnetic field influence on the vorticity patterns of the circular cylinder 

is shown at Re=25, 50, 100, and 150, for the ferrofluid volume concentration, Φ=4%. In this figure, 

one can conclude by looking at the magnetic field effect at Re=25 and 100 that increasing the 

ferrofluid volume concentration from Φ=0% to Φ=4% does not cause any significant effect on the 

vorticity distributions, structure, and strength around the confined cylinder. Furthermore, it should 

be reported that the required non-uniform magnetic field strength to convert the unsteady flow case 

into the steady flow case increases further with increasing Reynolds numbers, Re since the flow 

becomes time-dependent at Re=100 and Ha=6 and the flow is still unsteady at Ha=6 and the flow 
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pattern alters its structure from the unsteady state to the steady cases when the Ha further increases 

from Ha=6 to Ha=10 at Re=150. 

 

Figure 4.7.  The non-uniform magnetic field effect on the vorticity structure around the cylinder at 

Re=25 and Φ =0% 

 

Figure 4.8.  The non-uniform magnetic field effect on the vorticity structure around the cylinder at 

Re=50 and Φ =0% 
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Figure 4.9.  The non-uniform magnetic field effect on the vorticity structure around the cylinder at 

Re=100 and Φ =0% 

 

Figure 4.10.  The non-uniform magnetic field effect on the vorticity structure around the cylinder at 

Re=150 and Φ =0% 
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Figure 4.11.  The non-uniform magnetic field effect on the vorticity structure around the cylinder at 

Re=25, 50, 100, and 150 for Φ =4% 

 

The variations of CD with Re and Ha are demonstrated in Figure 4.12. From Figure 4.12, it 

was detected that the total drag coefficient, CD gets higher with the applied non-uniform magnetic 

field going through current carrying wires for all examined Reynolds numbers, Re=25, 50, 100 and 

150. For example, at Re=25, when the total drag coefficient, CD was observed as 5.513 at Ha=0, it 

increases to the values of 7.358 and 15.33 at Ha=6 and 14, respectively. In the same way, at Re=50, 

the total CD increases by almost 20% when Ha grows from Ha=0 to Ha=6 and subsequently 

increases by 61% at Ha=10. As seen, the total CD gets higher more quickly at greater Ha. The 

increasing trend of total CD with increasing Hartmann number, Ha might be associated with the 

enhanced value of Lorentz force which acts directly to suppress the mainstream flow velocity 

constituent. Therefore, an increase in non-uniform magnetic field intensity is always associated 

with an increasing difference between upstream and downstream pressures, resulting in an increase 

in total CD. This increase in the pressure drop because of the substantial rise in pressure on the 

forward region of the cylinder contributes to the increment of CDp over the cylindrical body for the 

time-independent flow which is also stated by Singha and Sinhamahapatra (2011), Rezaie and 

Norouzi (2018), Singha et al. (2006), Grigoriadis et al. (2010), Sekhar et al. (2006). At Re=150, it 

is detected that the total CD reduces slightly with the growth of the Ha provided that the flow stays 

time-dependent with a periodic shed of vortices alternately. This slight decline in the total CD can 

be interpreted as the diminished vortex shedding that invalidates the influence of augmented 

pressure drop. However, as soon as the flow turns into a time-independent pattern due to an 

adequately strong non-uniform magnetic field intensity, the total CD grows with a beyond 

increment in the Ha because of the augmented pressure drop. 
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Furthermore, one can observe from Figure 4.12 that the total CD attenuates with increasing 

Reynolds numbers, Re. Because the greater values of Re mean the higher flow velocity, the greater 

Re means the lower viscous drag coefficient, CD. In addition, it is known that the total CD for a flow 

with a larger wake, i.e., at higher Re, is lower than the flow with a smaller wake, i.e., at lower Re.  

Figure 4.13 shows the effect of a non-uniform magnetic field passing through current-

carrying wires on overall CD at Re=25 and 100 when volume fractions of ferrofluid are Φ=0%, 2%, 

and 4%. In Figure 4.13, one can interpret that increasing the volume concentration of the ferrofluid 

from Φ=0% to Φ=2 % and 4% does not cause any significant effect on the CD-Ha curve for both 

values of, Re=25 and 100. The trend and distribution of the CD-Ha curves are exactly the same for 

the examined Re independent of the ferrofluid volume concentration, Φ. 

The influence of the Hartmann number, Ha on the variation of drag coefficient, CD with 

time is demonstrated in Figure 4.14 for Reynolds numbers, Re=25 and 150, and Hartmann 

numbers, Ha=0 and 10. From Figure 4.14 (a) and (b), it is observed that when the Hartmann 

number increases from Ha=0 to Ha=10, the drag coefficient, CD substantially increases. As seen, 

the flow structure is a steady state at Re=25 for both Ha=0 and 10, because there is no fluctuation 

in drag coefficient, CD with time and it becomes completely constant after a while. However, the 

time required for the drag coefficient, CD to be completely constant is lower when the non-uniform 

magnetic field is applied with Ha=10 than no magnetic field application case, Ha=0 at Re=25. The 

progress of the drag coefficient, CD with time at various Ha reflects the changes in the flow pattern. 

As seen in Figure 4.14 (c) and (d), there are remarkable fluctuations in drag coefficient, CD when 

no magnetic field is acting on the flow domain of a confined cylinder. This means that the flow 

pattern is unsteady with a periodic shed of vortices from the upper and lower sides of the 

cylindrical body. In Figure 4.14 (d), when the Hartmann number is increased from Ha=0 to Ha=10, 

the fluctuations in drag coefficient, CD are eliminated and the flow structure becomes a steady state. 

Furthermore, when the flow pattern changes from an unsteady state to a steady state, the periodic 

vortex shedding and asymmetry of flow are diminished as evident from the drag coefficient, CD 

history in Figure 4.14 (c) and (d).  
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Figure 4.12.  The non-uniform magnetic field influence on the CD of  the cylinder  at Re=25, 50, 

100 and 150 for  Φ =0% 

 

Figure 4.13.  The effect Ha and Φ on the CD of the cylinder   at Reynolds numbers a) Re=25 b) 

Re=100 for Φ =0%, 2% and 4% 
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Figure 4.14.  Time history of drag coefficient, CD at Re=25 for a) Ha=0 b) Ha=10 and Re=150 for 

c) Ha=0 d) Ha=10 

 

4.1.2. Heat Transfer Analysis 

The change of isotherm distribution around the circular cylinder with the effect of the non-

uniform magnetic field at Re=25, 50, 100 and 150 for Φ=0% is demonstrated in Figures 4.15-4.18. 

The convected heat from the heated circular cylinder is detected by constructing heat contour lines, 

also referred to as plume formation. As seen in Figure 4.15, the implemented magnetic field going 

through current-carrying wires alter the plume formation since the extent of the plume formation 

region gets progressively narrower with the increase in Ha. The isotherm lines symmetrically occur 

with respect to the cylinder axis independent of the non-uniform magnetic field application. 

Because, at Re=25, the flow and thermal structures around the cylindrical body are time-

independent. From the isotherm plots, it is observed that when the Ha gets higher, the flattened or 

steeper temperature contours become like a wavefront structure. It is detected that the thermal 

boundary layer thickness progressively decreases as the Ha is gradually increased from Ha=0 to 

Ha=18 ending up with the increase in the heat transfer rate around the cylindrical body. 

Furthermore, the temperature gradient augments with the application of a non-uniform magnetic 

field since the crowding of isotherm lines gets denser over the surface of the cylinder. The reduced 

thickness of the thermal boundary layer and growing temperature gradient on the cylinder surface 

with the magnetic field application lead to an enhanced rate of heat transfer, thus an increase of the 

average Nusselt number, Nuavg which is also clearly seen in Figure 4.22. Besides, a gathering of 

isotherms is detected over those regions where the flow separation does not occur and the 

maximum gathering is observed on the forward face of the cylinder around the front stagnation 

point according to incoming flow, pointing out the highest NuL number at the front stagnation point 

which is also observed from Figure 4.20 (a).  
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 Figure 4.17 demonstrates the instantaneous isotherm contour for various Hartmann 

numbers, Ha=0, 2, 6, 10, 14 and 18 at Re=100 and Φ=0%. One can observe from Figure 4.17 that 

the isotherm contour is time-dependent at Ha=0 and 2 and show shedding phenomena in the wake 

region of the circular cylinder since the flow structure is unsteady at these values of Ha. As Ha is 

further increased from Ha=2 to Ha=6, the isotherm contour becomes time-independent since the 

flow is a steady state at Re=100 and Ha=6. The extent of the plume formation region contracts 

when the magnetic field intensity progressively augments from Ha=6 to Ha=18. Moreover, it is 

apparent that the thickness of the thermal boundary layer marginally gets thinner when the Ha is 

augmented from Ha=0 to Ha=18. 

Another important conclusion that can be drawn from Fig. 4.17 is that the crowding of 

isotherm lines in the region close to the rear stagnation point between -60º≤ φ≤60º gets less dense 

with the increase in the non-uniform magnetic field intensity, from Ha=0 towards Ha=18. It means 

the NuL attenuates with the rise in Ha in the region close to the rear stagnation point -60º≤φ≤60º 

because of the reduced crowding of isotherm lines in this region, which is also expressed in Figure 

4.20 (b).  

On the other hand, no significant variation is generally observed in the isotherm lines and 

temperature contours as Φ grows from Φ=0% to Φ=4% which is clear in Figure 4.19. Because the 

isotherm contours for Re=25 and Φ=0% in Figure 4.15 and for Re=100 and Φ=0% in Figure 4.17 is 

nearly the same with Re=25 and Φ=4% and Re=100 and Φ=4% cases in Figure 4.19.  

As seen in Figure 4.19, increasing Reynolds numbers, Re result in a decrease in thermal 

boundary layer thicknesses regardless of whether the non-uniform magnetic field is applied or not. 

This situation leads to heat transfer enhancement thus the average Nusselt number, Nuavg by the 

augmentation of Re as clearly shown in Figure 4.22. With increasing Re, the denser appearance of 

isotherm lines around the cylinder surface, especially in the rear stagnation point region between -

60≤ φ≤60 specifies the existence of great thermal gradients resulting in higher NuL in that zone. 

The reason for this situation can be explained by considering the fact that at a lower Re, heat is 

transferred overwhelmingly by means of diffusion, while at a greater Re the convective heat 

transfer becomes more dominant which results in a higher temperature gradient.  
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Figure 4.15.  The change of isotherm distribution around the cylindrical body with non-uniform 

magnetic field influence at Re=25 and Φ=0% 

 

Figure 4.16.  The change of isotherm distribution around the cylindrical body with non-uniform 

magnetic field influence at Re=50 and Φ=0% 
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Figure 4.17.  The change of isotherm distribution around the cylindrical body with non-uniform 

magnetic field influence at Re=100 and Φ=0% 

 

Figure 4.18.  The change of isotherm distribution around the cylindrical body with non-uniform 

magnetic field influence at Re=150 and Φ=0% 
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Figure 4.19.  The change of isotherm distribution around the cylindrical body with non-uniform 

magnetic field influence at Re=25,50,100 and 150 for Φ=4% 

 

Figure 4.20 (a) demonstrates the local Nusselt number, NuL distribution along the cylinder 

surface for various non-uniform magnetic field strengths, between 0≤Ha≤22 at Re=25 and Φ=0%. 

It is apparent in Figure 4.20 (a), the NuL distribution along the cylinder surface is symmetric 

according to the cylinder axis which is demonstrated by the patterns of symmetric streamlines and 

vorticity distributions at Re=25. For the lack of magnetic field, Ha=0 one maxima and two equal 

minima are detected for the NuL distribution over the cylinder surface. The maximum NuL, and thus 

the maximum heat transfer rate occurs at the front stagnation point of the cylinder (φ=180º) 

whereas the minimum NuL corresponds to the locations of fluid flow separation. Acquired 

outcomes show that because of the change in fluid velocity distributions with the applied magnetic 

field, the NuL distributions substantially alter over the cylinder surface. Fig. 4.20 (a) depicts that 

when the magnetic field passes through the current carrying wire is applied, the heat transfer profile 

on the cylinder surface varies substantially. As the magnetic field is employed and its strength rises 

from Ha=2 to Ha=18 gradually, the maximum NuL on the cylinder surface is reduced compared to 

the case of Ha=0. For instance, when the Ha grows from Ha=0 to Ha=10, the local Nusselt number 

deteriorates from NuL=14.13 to NuL=13.45 which corresponds to a 5% degradation in the heat 

transfer rate. It is apparent that the maximum NuL occurs at the front stagnation point, φ=180º at all 

values of Ha like no applied magnetic field case, Ha=0. Because, as already discussed in Figure 

4.15, the maximum crowding of isotherm lines takes place on the front stagnation point, φ=180º of 

the cylinder which means the highest temperature gradient and thus heat transfer on this location. 

In regions other than around the front stagnation point between 143º≤φ≤216º, there is a Nu 

enhancement with the applied non-uniform magnetic field. Obtained results demonstrate that the 

Nu augments by the non-uniform magnetic field over most regions of the cylinder surface which 

can be attributed to the decreasing thickness of the thermal boundary layer and growing 

temperature gradient with the applied magnetic field which is clearly seen in Figure 4.20 (a). 
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According to Figure 4.20 (b), essentially there are two regions where the rate of heat 

transfer degrades which are in the region around the wake, 0º≤φ≤40º and the front stagnation point 

of the cylinder, 130º≤φ≤230º in the existence of the magnetic field, especially for Ha greater than 

2. It is apparent that the NuL is greater in the region of 0º≤φ≤40º at Ha=0 and Ha=2 since the flow 

is time-dependent and shows vortex shedding phenomena in the wake region which is clearly seen 

in Figures 3 and 9. The alternate shed of vortices in the wake region enhances the NuL by 

transferring heat and momentum between the core and wake flow regions. Other than these two 

regions, the NuL enhances by the application of a non-uniform magnetic field over most regions of 

the cylinder surface. According to the obtained results in Figure 4.20 (b), one maxima and two 

minima occur on the distribution of NuL for all cases independent of non-uniform magnetic field 

application. The location of maxima takes place on the front stagnation point, φ=180º for all cases 

while the position of minima corresponds to the location of flow separation and shows that the flow 

separation point moves in a downstream direction on the cylinder surface with the application of 

the non-uniform magnetic field. In other words, the non-uniform magnetic field going through 

current-carrying wires induces delayed flow separation on the cylinder surface. 

Figures 4.21 (a), (b), and (c) demonstrates the non-uniform magnetic field impact and 

ferrofluid volume fraction, Φ=0%, 2% and 4% on the NuL distribution for Ha=0, 6 and 14, 

respectively. It is clear in Fig. 4.21 that the NuL distribution on the whole surface of the cylinder 

augments when ferrofluid volume fraction, Φ increases for all examined Ha. For instance, on one 

hand, the maximum local Nusselt numbers are observed as NuL=14.13, 13.69 and 13.26 at Ha=0, 6 

and 14 respectively for Φ=0%, on the other hand, the NuL enhances to the values of NuL=14.65, 

14.19 and 13.74 at Ha=0, 6 and 14, respectively for Φ=4%. According to the results of numerical 

simulation, it can be said that the NuL augments by 3.67% at Ha=0, 3.63% at Ha=6 and 3.64% at 

Ha=14 when the ferroparticle volume fractions increase from Φ=0% to Φ=4%. The enhancement 

of NuL distribution on the cylinder surface with the increment in the ferrofluid volume fraction, Φ 

can be attributed to the mixing effect of particles near the cylinder surface, Brownian motion of 

particles, particle migration, aggregation, and dispersion of particles. Furthermore, Meyer et al. 

(2013) and Sundar et al. (2012) dependent the nanoparticle induced heat transfer enhancement to 

the acceleration of energy exchange processes in the fluid due to the chaotic movement of particles.  
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Figure 4.20.  The variation of  NuL  on the cylinder surface with the magnetic field effect at 

Reynolds numbers, a) Re=25 b) Re=100 for Φ=0% 
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Figure 4.21.  The variation of NuL on the cylinder surface with the magnetic field effect at 

Reynolds numbers, a) Re=25 b) Re=100 for Φ=0% 

 

Figure 4.22 demonstrates the variation of Nuavg with the strength of a non-uniform 

magnetic field at Re=25, 50, 100, and 150 for Φ=0%. On averaging the heat flux, at all points of 

the cylinder surface, the average Nusselt number, Nuavg is obtained as given in Equation 3.16. The 

change of Nuavg demonstrates different behavior at different Re and Ha since the flow and 

temperature fields have different distributions depending on Re and Ha numbers.  Obtained results 

demonstrate that in steady flow cases at Re= 25 and 50, the Nuavg shows monotonic behavior with 

Ha and it enhances as the strength of the non-uniform magnetic field intensifies. For instance, 
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when the average Nusselt number is detected as Nuavg= 7.637 for the absence of non-uniform 

magnetic field, Ha=0 it augments to values of Nuavg=8.532 and 9.414 for Ha=10 and 18, 

respectively at Re=25. On the other hand, at Re=50, while the average Nusselt number is observed 

as, Nuavg=10.52 at Ha=0, there is a marginal increment in heat transfer by observing the average 

Nusselt number as Nuavg=10.886 and 11.996, respectively when Ha is increased from Ha=0 to 

Ha=10 then Ha=18. According to the results of the numerical simulations for the variation of Nuavg 

it can be said that the Nuavg enhancement is in the vicinity of 11.71% at Ha=10 and 23.26% at 

Ha=18 for Re=25, and 3.47% at Ha=10 and 13.74% at Ha=18 for Re=50 compared to the absence 

of non-uniform magnetic field application. This result can be expressed by considering that the 

thermal boundary layer thickness gets thinner and the temperature gradient enhances with the 

magnetic field application at Re=25 which is apparent in Figure 4.15. Furthermore, the heat transfer 

augmentation with the employment of a magnetic field can be dependent on the formation of two-

symmetrical vortices in the channel close to the region where the non-uniform magnetic field is 

employed. In addition, one can infer by analyzing Figure 4.22 that the Nuavg augmentation 

deteriorates in the time-independent flow region by increasing Reynolds numbers, from Re=25 to 

Re=50. According to Figure 4.22, the non-monotonic behavior of Nuavg with the intensity of a non-

uniform magnetic field is detected at Re=100 and 150. As the Hartman number, Ha increases, the 

degradation of heat transfer is observed up to Ha=6, but beyond which there is an increase in the 

Nuavg. This outcome can be indicated by regarding that the flow structure is time-dependent at 

Ha=0 and 2 for Re=100 and at Ha=0, 2, and 6 for Re=150. The alternate shed of vortices from the 

upper and lower side of the cylinder in the unsteady flow regime enhances the heat transfer 

mechanism since these vortices transport mass, heat and momentum in the other points of the flow 

region. In the time-dependent flow regime, the strength of vortex shedding diminishes with the 

applied non-uniform magnetic field thus the Nuavg reduces. However, when the flow becomes a 

steady state, the further increase in Hartmann number, Ha>6 makes the Nuavg to be enhanced. The 

findings show that at Re=100 when Ha grows from Ha=0 to Ha=22, the average Nusselt number 

enhances from Nuavg=15.44 to Nuavg=15.933 which corresponds to 3.2% heat transfer enhancement. 

Because, as previously explained in Figure 4.20 (b), at Ha=22, the decrease of NuL in the front 

stagnation point and wake regions is smaller than the increasing rate of the NuL in most regions of 

the cylinder surface except these two regions compared to Ha=0. It should be noted that the 

employment of a magnetic field does not have a considerable influence on Nuavg at Re=100 and 150 

compared to Re=25 and 50. Because the ferrofluid passes over the wire with a greater velocity and 

the time that ferrofluid particles are affected by the non-uniform magnetic field is attenuated with 

the growth of Re. According to the obtained results, it is interpreted that the application of low Re 

and high Ha enables to achieve a better heat transfer improvement. The results demonstrate that 

Nuavg enhances as the Re number gets higher. For instance, according to Figure 4.22, the average 

Nusselt number is detected as Nuavg=10.52 and 12.476 at Re=50 for Ha=0 and 22 respectively, on 
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the other hand, it is increased to the values of Nuavg=18.69 and 18.42 at Re=150 for Ha=0 and 22, 

respectively. So, it percentage increases correspond to 77.66% and 47.64% at Ha=0 and 22, 

respectively, when the Reynolds number increases from Re=50 to Re=150. It is clear that the 

application of a non-uniform magnetic field deteriorates the heat transfer augmentation due to an 

increase in Re since the Nuavg considerably enhances at low Reynolds numbers, for example, Re=25 

and 50, and is not significantly affected at higher Re, Re=100 and 150 by the application of the 

non-uniform magnetic field. The improvement in Nuavg due to the rise in Re can be related to the 

higher fluid velocity and rate of convection heat transfer. The convective transport mechanism 

augments for the higher fluid velocities, especially in the improvement of the local fluid velocity 

around the cylindrical body. In addition, as depicted before in Figure 4.19, the thickness of the 

thermal boundary layer gets thinner with increasing Re which causes the temperature gradient on 

the cylinder surface to increase leading the Nuavg to enhance. 

In Figure 4.23, as expected, adding Fe3O4 nanoparticles into the water with volume 

fractions, Φ=2% and 4% makes the Nuavg to be enhanced at Re=25 and 100 for all considered Ha. 

According to the outcomes of numerical simulation, there is an increase in Nuavg with 3.98% and 

3.88% for Ha=2 and 18 respectively when Φ increases from Φ=0% to Φ=4% at Re=25. The heat 

transfer augmentation with ferrofluid fraction is also valid at Re=100. The Nuavg enhancement with 

increasing ferrofluid volume fraction, Φ. The Nuavg enhancement with increasing Φ is attributed to 

the increase in the thermal conductivity, k of the working fluid. An increase in k of the working 

fluid results in higher heat transfer from the cylinder surface in the channel and consequent higher 

heat transfer coefficient, h and Nuavg. The increasing rate of the convection heat transfer rate, h is 

greater than the increasing rate of thermal conductivity of the ferrofluid, k which enhances the heat 

transfer mechanism further. 

 

 

Figure 4.22. The non-uniform magnetic field effect on Nuavg at Re=25, 50, 100 and 150 and the for 

Φ =0% 



 

81 

 

Figure 4.23.  The influences of Ha and Φ on Nuavg at Reynolds numbers a) Re=25 b) Re=100 for 

the ferrofluid volume fractions Φ=0%, 2% and 4% 

 

4.1.3. Entropy Analysis 

Figures 4.24-4.27 display the magnetic field effect on the local distribution of the total 

entropy generation, SL at Reynolds numbers, Re=25, 50, 100 and 150, respectively for Ф=0%. As 

shown by the contour lines and color scale of data, the high levels of total entropy generation, SL 

are concentrated around the stationary heated cylinder with a nearly symmetrical arrangement, 

while the lower level (almost zero) of blue color covers the remaining regions of the considered 

channel. The main reason for this distribution is related to the high gradient values of both 

temperature and velocity around the heated cylinder. In addition, the magnitude of the total entropy 

generation, SL is also small on the right-hand side of the cylinder due to the relatively low value of 

the temperature gradient that formed on this side of the cylinder, as shown in Figures 4.15-4.19. On 

the contrary, the maximum values of the total entropy generation, SL are accumulated on the 

opposite side of the cylinder. The result of these figures exhibits that augmenting Re reduces the 
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thickness of the entropy generation that formed around the cylinder and increases the maximum 

value of the total entropy generation. However, it can be stated that increasing the Hartmann 

number, Ha affects the high levels zone of entropy generation by relatively extending this zone 

towards the downstream of the channel and covering more area around the cylinder as well as 

reducing the maximum value of the total entropy production, SL. 

The maximum value of the local total entropy production is documented in Table 4.1 for 

various Ha, Re and Ф. It is apparent in Figures 4.24-4.27 that the maximum value of entropy 

production is located at the front stagnation point of the heated cylinder. Generally, the outcomes 

revealed that the maximum value of entropy generation grows significantly with increasing Re and 

relatively decreases with augmenting both Ha and Ф. This is due to the distortion of isotherms at 

the front stagnation point of the cylinder with growing Re and accordingly leads to maximum 

improvement in convective heat transfer at this point (as shown in Figures 4.20 and 4.21) and a 

maximum value of the temperature gradient. Accordingly, it can be reported that the entropy 

production relies on the proportional contributions of the studied parameters (i.e., Re, Ha and Ф) as 

mentioned above. 
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Figure 4.24.  The magnetic field effect on the local total entropy generation, SL at Re=25 for Ф=0% 
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Figure 4.25.  The magnetic field effect on the local total entropy generation, SL at Re=50 for Ф=0% 
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Figure 4.26.  The magnetic field effect on the local total entropy generation, SL at Re=100 for 

Ф=0% 
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Figure 4.27.  The magnetic field effect on the local total entropy generation, SL at Re=150 for 

Ф=0% 

 

Table 4.1.  The influences of magnetic field intensity and ferrofluid volume fraction, Φ on the 

maximum value of local total entropy generation, Smax at Re=25, 50, 100, and 150 for 

Hartmann numbers,  Ha=0, 6 and 14 

 Ф=0% Ф=2% Ф=4% 

 Ha=0 Ha=6 Ha=14 Ha=0 Ha=6 Ha=14 Ha=0 Ha=6 Ha=14 

Re=25 196 185 173 186 175 164 177 166 156 

Re=50 391 373 320 370 352 320 364 342 318 

Re=100 785 759 694 743 718 656 706 683 624 

Re=150 1174 1112 1029 1115 1084 1005 1045 1019 978 
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Figures 4.28-4.31 portray the effect of the non-uniform magnetic field on the local 

distribution of the Bejan number, BeL at Reynolds numbers, Re=25, 50, 100 and 150, respectively 

for Ф=0%. As a reminder, from a thermodynamic point of view, the Bejan number represents the 

percentage of thermal irreversibility to the total irreversibility produced by the flow process. Thus, 

for BeL ≥ 0.5, the thermal entropy dominates the flow and for BeL ≤ 0.5 the frictional entropy 

dominates the flow. As shown, the local Bejan number, BeL distribution has an almost symmetrical 

arrangement around the heated cylinder. Note, that thermal irreversibility is the main concept 

around the cylinder and the zone behind it, which extends along the flow direction of the channel. 

The reason for this is the increase in the thickness of the thermal boundary layer within this region, 

as shown in Figures 4.15-4.19. Despite this, frictional irreversibility prevails at the channel inlet 

and near its walls, where there is a developing flow and there is no heat source. In the absence of a 

magnetic source, Ha = 0 the change in Re has little impact on the thermal irreversibility zone, while 

this impact increases relatively as the intensity of the magnetic wire source is increased. For a 

constant Re, as the Ha raises, the region of significant thermal entropy intensity behind the heated 

cylinder diminishes, especially for Re=150. This indicates that the wire magnetic source produces 

low irreversibility and reduces irreversibility due to thermal and frictional impacts by directly 

affecting both thermal transmission and fluid flow through the channel. 

 

 

Figure 4.28.  The influence of non-uniform magnetic field on the local Bejan number, BeL at 

Reynolds numbers, Re=25 for the volume fraction of, Ф =0% 
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Figure 4.29.  The influence of non-uniform magnetic field on the local Bejan number, BeL at 

Reynolds numbers, Re=50 for the volume fraction of, Ф =0% 

 

Figure 4.30.  The influence of non-uniform magnetic field on the local Bejan number, BeL at 

Reynolds numbers, Re=100 for the volume fraction of, Ф =0% 
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Figure 4.31.  The influence of non-uniform magnetic field on the local Bejan number, BeL at 

Reynolds numbers, Re=150 for the volume fraction of, Ф =0% 

 

Examination of the quantitative data offered in Figures 4.32 and 4.33 gives valuable details 

about the energy transport and irreversibility process from the considered physical problem, which 

is useful from a thermodynamic and design perspective. The findings of related parameters such as 

total average entropy generation, Save average Bejan number, Beavg and thermal performance 

criterion, ξ are presented in Figure 4.32 (a-c), respectively for the considered values of Reynolds, 

Re and Hartman numbers, Ha for ferrofluid flow at Φ=0%. For a fixed intensity of the magnetic 

source, Figure 4.32 (a) revealed that the total entropy production, SL rises significantly with 

increasing Re. For example, it is noted that the amount of generated entropy increased by almost 

84% by changing the Reynolds number from Re=25 to Re=150 at Ha=22. In addition, this increase 

was approximately 117% when no wire magnet source is present (Ha=0). This is due to the fact 

that an augmentation in Re induces an increase in velocity gradients within the flow domain of 

working fluid and, therefore, leads to additional production of frictional entropy. Regarding the 

change in the value of the magnetic source, it can be noted that there is a slight change in the total 

entropy production, SL for a given value of Re. For example, the maximum increment of about 26% 

was recorded by changing the Hartmann number from Ha=0 to Ha=22 for Re=25. This leads us to 

the fact that the entropy produced by applying a magnetic field is small compared to the entropy 

produced by thermal and frictional impacts. This is due to the limitation of the effect of the local 

magnetic field on the area that lies behind the fixed cylinder and whose intensity is close to the 

channel walls. This makes sense when the presented figures of the streamline distributions are 

examined (Figures 4.1-4.5), which show that the application of a magnetic source causes 

significant changes in these distributions near the channel walls. The curvature of total entropy 
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generation, SL has the same trend for Re=100 and 150 between Ha=0 to Ha=22. For these values of 

the Reynolds number, Re it is noted that the slope changes slightly with enhancing the magnetic 

field strength, while a distinct increase in slope begins for Ha>14. The reason for this is due to the 

fact that the higher strength of the magnetic field has a direct influence on the temperature 

distribution and subsequently causes an increase in thermal irreversibility. Accordingly, it can be 

inferred that within the considered range of Reynolds, Re and Hartmann numbers, Ha the Reynolds 

number, Re has more impact on the generation of the total entropy. It should be noted that for 

Beavg>0.5, the flow through the channel prevails by thermal irreversibility, while for Beavg<0.5 it 

means that the flow prevails by viscous reversibility. Figure 4.32 (b) reveals that the behaviors of 

the average Bejan number, Beavg for low Reynolds numbers of Re=25 and Re=50 show the same 

trends along with the corresponding values of Ha. For these Re, it is observed that the Bejan value 

is not impacted significantly by changing the strength of the applied magnetic field. Where thermal 

and frictional irreversibilities remain the main source of entropy production for Re=25 and Re=50, 

respectively. This is because the thickness of the thermal boundary layer around the heated cylinder 

is slightly affected by changing magnetic field strength compared to Re=100 and 150. In the 

absence of an applied magnetic field, Ha=0, the thermal impact is a significant cause of 

irreversibility generation within the flow domain for all values of Reynolds number except Re=50. 

Since Beavg<0.5 for Re=50, that denotes the entropy production is predominated by the frictional 

irreversibility. The deviations in average Bejan number, Beavg with the strength of magnetic source 

exhibit a unique trend for Re=100 and 150. Where there is a sharp drop in Beavg from the 

predominance of thermal irreversibility to the predominance of frictional irreversibility for Ha>2. 

For example, 200% and 300% decrements in Beavg are reported for Re=150 and 100, respectively 

within the considered values of Ha. As presented in Figure 4.22, the rate of energy transport 

enhances with an augment in Re. Therefore, this tends to make the temperature gradients more 

incremental within the fluid flow region and, as a result, causes a reduction in heat transfer 

irreversibility. Figure 4.32 (c) investigates the heat transfer performance of the considered channel 

by applying Equation 3.32, which represents the criterion of thermal performance. As the Reynolds 

number, Re increases, the magnitude of ξ reduces, showing an augment in the thermal performance 

of the channel. Therefore, for a given value of Ha, Re=150 always offers the best thermal 

performance corresponding to the lower value of ξ. For Re=20 and Re=50, the magnitude of the 

thermal criterion, ξ is unaffected by changing the intensity of the magnetic field, while a significant 

change in this criterion is indicated for Re=150 and Re=100. For example, about 8% and 7% 

increments in thermal criterion, ξ are detected for Re=150 and Re=100, respectively at Hartmann 

numbers between Ha=0 and Ha=22. The optimum thermal performance criterion, ξ according to 

the highest rate of thermal transmission and the lowest production of irreversibility, is discovered 

for Re=150 and Ha=0. 
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The findings of related parameters such as Save, Beavg and ξ are illustrated in Figure 4.33 (a-

c), respectively for the considered values of Hartman numbers, Ha and ferrofluid volume 

concentrations, Φ for Re=25. As shown in Figure 4.33 (a), increasing the concentration of Fe3O4 

nanoparticles gives a reduction in the total average entropy production, Save for a given value of the 

Hartmann number, Ha. Note that these reductions are almost constant along the considered range 

of the magnetic field intensity. Figure 4.33 (b) demonstrates that the dominance of thermal 

irreversibility along the flow field boosts by increasing the concentration of ferro-nanoparticles, Φ 

that is added to the base fluid for all the values of the Ha. For Ha<10, the total average entropy 

production, Save shows a decreasing trend for all volume fraction, Φ values. Nevertheless, there is 

an opposite behavior of the total average entropy production, Save for Ha>10. Consequently, the 

total average entropy production, Save has the lowest value at Ha=10 for all the presented volume 

fractions, Φ, and this particular Hartmann number, Ha represents the optimal value from the 

thermodynamics perspective. As a result, the contribution of the volume fraction, Φ in raising S is 

related to the strength of the magnetic source. As indicated in Figure 4.33 (c), the thermal criterion, 

ξ has decreased markedly by increasing the concentration of ferro-nanoparticles, Φ for all 

Hartmann number, Ha values. Eventually, the optimal thermal performance criterion, ξ in relation 

to the appropriate concentration of nanoparticles mixed with pure fluid is found for Φ=4% and 

Ha=22. 
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Figure 4.32.  The non-uniform magnetic field influence on a) the total average entropy generation, 

Savg b) the average Bejan number, Beavg c) the thermal performance criterion, ξ at 

Re=25, 50, 100, 150 for Φ=0% 
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Figure 4.33.  The impact of non-uniform magnetic field and the ferrofluid volume fraction, Φ on 

the a) Savg b) Beavg c) ξ at Re=25 for Φ=0, 2 and 4% 

 

4.2. Effect of Uniform Magnetic Field on Hydrothermal and Entropy Generation 

Characteristics of Nanofluid Flow in a Rectangular Grooved Channel 

4.2.1. Flow Pattern and Thermal Analysis 

Figures 4.34-4.36 show the influence of the magnetic field on the time-averaged streamline 

patterns in the rectangular grooved channel at Re=250,750 and 1250, respectively for Φ=3%. 

Obtained results demonstrated that applying a uniform magnetic field with different intensities 

induces major changes in the streamline patterns. In Figure 4.34, it can be seen that when the 
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Hartmann number, Ha increases from Ha=0 towards Ha=24 progressively the extent of the 

recirculation region in the rectangular grooves diminishes. At Re=250, although the recirculation 

region is not completely suppressed, it is restricted to a very small region in rectangular grooves for 

Ha=16 and Ha=24. The separated flow region in the rectangular grooves is the smallest for Ha=24. 

According to Figure 4.34, the recirculation region does not cover the whole gap in rectangular 

grooves at Re=250 and Ha=0 since the Reynolds number, Re is not great enough and the low-

pressure regions are small which causes the occurrence of small recirculation in rectangular 

grooves. But, in Figure 4.36, one can observe that the recirculation region occupies the whole gap 

in the rectangular groove, at Re=1250 and Ha=0 due to the increased inertia force at a higher 

Reynolds number, Re. Figure 4.36 depicts that when the Hartmann number, Ha enhances from 

Ha=0 to Ha=8, no considerable change is detected in the streamline patterns and the recirculation 

region covers the whole gap in the rectangular groove similar to the case of Ha=0 at Re=1250. But 

the further increment in Hartmann number to Ha=16 and then Ha=24 leads to the suppression of 

recirculation region in the grooves which let the flow penetrate the groove and leave the groove 

without rotation. It should be noted that the amount of flow penetrated the rectangular groove is 

higher at Ha=24 compared to Ha=16. So it is apparent that the flow rate will be increased near the 

corrugated walls with increasing Hartmann number, Ha. The one of main observations from 

Figures 4.34 and 4.36 is that the required Hartmann number for the beginning of recirculation 

region suppression increases with the rise in Reynolds number, Re. Because the extent of the 

recirculation region in the rectangular groove attenuates when the Hartmann number grows from 

Ha=0 to Ha=8 at Re=250 while there is almost no change in streamline pattern with increasing 

Hartmann number from Ha=0 to Ha=8 at Re=1250. At high Reynolds numbers, Re due to the 

strong inertia effect of main-stream flow, the uniform magnetic field has less influence on the flow 

characteristics in the rectangular grooved channel than at smaller Reynolds numbers, Re.  

The uniform magnetic field in a nanofluid flow produces a resistive force which is 

described as a Lorentz force and this force is influential on a fluid carrying current density in a 

magnetic field. The Lorentz force slows down the movement of nanofluid flow and it is an opposite 

body force. The weakening of the recirculation zone in the rectangular grooves with a uniform 

magnetic field can be attributed to the magnetic field induced Lorentz force which leads to the 

suppression of nanofluid flow, supplies stability to the flow, and behaves like a damping force that 

diminishes instabilities in the flow domain. As a result, one way to weaken the recirculation zone in 

the rectangular grooved channel is to apply a uniform magnetic field. The suppression of the 

recirculation zone in the rectangular grooved channel is an effective situation in terms of heat 

transfer and flow characteristics since it increases heat transfer due to the penetrating more cold 

fluid in the groove which will be discussed in the following sections.  
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Figure 4.34. The effect of the magnetic field on the time-averaged streamline patterns in the 

rectangular grooved channel for Groove 4 and Groove 6 at Re=250 and Φ=3% 

 

 

Figure 4.35.  The effect of the magnetic field on the time-averaged streamline patterns in the 

rectangular grooved channel for Groove 4 and Groove 6 at Re=750 and Φ=3% 
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Figure 4.36.  The effect of the magnetic field on the time-averaged streamline patterns in the 

rectangular grooved channel for Groove 4 and Groove 6 at Re=1250 and Φ=3% 

 

Figures 4.37 and 4.39 show the influence of the uniform magnetic field on the variation of 

normalized streamwise velocity contours at Re=250, 750 and 1250, respectively for nanoparticle 

volume fraction, Φ=3%. The results demonstrated that the velocity gradient near walls gets higher 

by increasing the Hartmann number, Ha so the extent of vortices close to the walls diminishes at 

both Reynolds numbers, Re=250 and 1250. Because the Lorentz force resulting from the magnetic 

field reduces the flow velocity at the center of the channel and with regarding constant mass flow 

throughout the channel, the flow velocity substantially enhances near the hot walls. This situation 

grows the velocity gradient and temperature gradient near the hot walls and heat exchange between 

heated walls and nanofluid flow enhances. An increase in the Hartmann number, Ha augments the 

mass flow rate and velocity gradient in the vicinity of hot walls providing greater heat diffusion 

throughout the wall and lower wall temperature which enhances heat transfer rate and Nusselt 

number. Furthermore, it can be observed that the velocity profile becomes flatter by amplifying the 

magnetic field intensity at both Reynolds numbers, Re=250 and 1250. The extent of the separated 

flow region in rectangular grooves reduces when the Hartmann number progressively augments 

from Ha=0 towards Ha=24. However, as the magnetic field strength increases, the situation that the 

separated flow region occupies a smaller zone within rectangular grooves is more effective at 

Re=250 than Re=1250. Because, at Re=1250, the uniform magnetic field is less effective on the 

flow structure in rectangular grooves due to the vigorous inertia effect of nanofluid flow compared 

to the Reynolds number, Re=250. 
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Figure 4.37.  The influence of the magnetic field on the variation of normalized streamwise 

velocity contours  in the rectangular grooved channel for Groove 4 and Groove 6 at 

Re=250 and Φ=3% 

 

 

Figure 4.38.  The influence of the magnetic field on the variation of normalized streamwise 

velocity contours  in the rectangular grooved channel for Groove 4 and Groove 6 at 

Re=750 and Φ=3% 
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Figure 4.39.  The influence of the magnetic field on the variation of normalized streamwise 

velocity contours  in the rectangular grooved channel for Groove 4 and Groove 6 at 

Re=1250 and Φ=3% 

 

The impact of the uniform magnetic field on the normalized temperature distribution, T/Tc 

in the rectangular grooved channel is demonstrated in Figures 4.40-4.42 at Re=250, 750 and 1250, 

respectively. These figures reveal that the applied uniform magnetic field in a transverse direction 

is very effective on the change of temperature distribution and isotherm lines in the rectangular 

grooved channel. It can be seen that when the Hartmann number progressively increases from 

Ha=0 towards Ha=24, the thermal boundary layer in the rectangular grooves gets thinner at both 

Reynolds numbers, Re=250 and 1250. Furthermore, the applied uniform magnetic field in a 

transverse direction makes the temperature gradient in the vicinity of heated walls to be increased. 

It is due to the direct contact of heated walls with the main cold flow which induces a high-

temperature gradient near the heated walls. This situation also augments the heat transfer rate and 

Nusselt number, Nu in the rectangular grooved channel by the presence of the uniform magnetic 

field. For the absence of the uniform magnetic field, Ha=0 at both Reynolds numbers, Re=250 and 

1250, the recirculation zone in the rectangular grooves obstructs the direct contact of the main cold 

with heated walls. The greater magnetic field strength is associated with smaller wall temperature 

because of the rise in mass flow rate and velocity gradient in close regions to the wall thus heat 

diffusion enhances in the vicinity of the heated wall. This observation (reduction in temperature of 

the wall) can be employed in the cooling of the industrial equipment and sensitive electronic 

components. As it is clear from Figures 4.40 and 4.42, when the Reynolds number is increased 
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from Re=250 to Re=1250, the thickness of the thermal boundary layer attenuates in the rectangular 

grooves for the same Hartmann numbers, Ha which points out increasing Nusselt number, Nu and 

heat transfer rate with increasing Reynolds number, Re.  When these two figures are carefully 

examined, especially in Figure 4.42, one can say that the normalized temperature distribution, T/Tc 

in Groove 6 is higher than in Groove 4. Because the temperature of the nanofluid enhances after 

passing through each groove due to the direct contact of the nanofluid with the heated wall in each 

groove.   

 

Figure 4.40.  The impact of the magnetic field on the variation of normalized temperature contours 

and isotherm lines in the rectangular grooved channel for Groove 4 and Groove 6 at 

Re=250 and Φ=3% 
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Figure 4.41.  The impact of the magnetic field on the variation of normalized temperature contours 

and isotherm lines in the rectangular grooved channel for Groove 4 and Groove 6 at 

Re=750 and Φ=3% 

 

 

Figure 4.42.  The impact of the magnetic field on the variation of normalized temperature contours 

and isotherm lines in the rectangular grooved channel for Groove 4 and Groove 6 at 

Re=1250 and Φ=3% 
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4.2.2. Heat Transfer Analysis 

 In Figure 4.43, the uniform magnetic field effect on the variation of the average Nusselt 

number, Nuavg at Reynolds number, Re within the range of 250≤Re≤1250 for Φ=3% is 

demonstrated. According to the results, the average Nusselt number, Nuavg by increasing uniform 

magnetic field intensity. For example, whereas the average Nusselt number is observed as Nuavg= 

4.976 at Ha=0 it enhances to values of Nuavg=5.428 and 6.49 for Ha=8 and 24, respectively at 

Re=250. On the other hand, when the average Nusselt number is detected as Nuavg=9.328 for Ha=0, 

there is a slight augmentation in heat transfer rate by observing Nuavg= 9.336 for Ha=8 and it 

remarkably increases to Nuavg=11.3 for Ha=24 at Re=1250. Obtained results demonstrated that 

Nuavg augmentation is in the vicinity of 9.08% for Ha=8 and 30.42% for Ha=24 at Re=250 and 

0.087% for Ha=8 and 21.13% for Ha=24 at Re=1250 compared to the absence of uniform magnetic 

field application case, Ha=0. It can be said that in greater Reynolds number, Re because of the high 

inertia effect of the main flow, the uniform magnetic field has less influence on the average Nusselt 

number, Nuavg since Nuavg enhancement ratio due to the rise in the Hartmann number, Ha is higher 

at Re=250 compared to Re=1250. Nuavg augmentation with a uniform magnetic field can be 

attributed to the situation that applying a uniform magnetic field suppresses the recirculation zones 

in the rectangular grooves and thus main cold flow can penetrate the rectangular grooves. As a 

result, the velocity gradient and temperature gradient increase, and the thermal boundary layer gets 

thinner in the vicinity of heated walls in rectangular grooves which enhances heat transfer rate and 

average Nusselt number, Nuavg by increasing Hartmann number, Ha. The other important 

observation from Figure 4.43 is that the average Nusselt number, Nuavg augments when the 

Reynolds number, Re increases. For example, in Fig.7, the average Nusselt number is observed as 

Nuavg=6.235 and 8.430 at Re=500 for Ha=0 and 24, respectively, on the other side, it is enhanced to 

the levels of Nuavg=8.584 and 10.587 at Re=100 for Ha=0 and 24, respectively. Thus, the 

percentage enhancement of Nuavg corresponds to 37.66% and 25.58% at Ha=0 and 24 respectively, 

as the Reynolds number gets higher from Re=500 to Re=100. The enhancement of Nuavg because of 

the increment in Re can be attributed to the greater fluid velocity and convection heat transfer rate. 

The convective transport structure enhances for the greater nanofluid velocities. Additionally, as 

explained in Figures 4.40-4.42, the thermal boundary layer thickness decreases with an increment 

in Re which makes Nuavg to be enhanced.  
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Figure 4.43.  The magnetic field effect on the variation of the average Nusselt number, Nuavg at 

Reynolds number in the range of 250≤Re≤1250 for the volume fraction of 

nanoparticle, Φ=3% 

 

In Figure 4.44, as expected, including CuO nanoparticles into the water with volume fractions, 

Φ=3%, and 5% makes the Nuavg to be augmented for all examined Ha at Re=250. Obtained results 

demonstrated that in the absence of the magnetic field, Ha=0 increasing volume fraction of 

nanoparticles from Φ=0% to Φ=5% gives rise to 3.71% average Nusselt number, Nuavg 

augmentation while this value is 3.13 %, 2.3% and 2.09% when the Hartmann number increases to 

Ha=8, 16 and 24, respectively. On the other hand, in Figure 4.46, there is an enhancement in Nuavg 

with 3.48%, 3.01% and 2.1% for Ha=8, 16 and 24, respectively when the volume fraction of 

nanoparticles increases from Φ=0% to Φ=5% at Re=1250. The Nuavg improvement with the 

increment in nanoparticle volume fraction, Φ can be attributed to the increasing thermal 

conductivity, k of the nanofluid and more intense Brownian motion of CuO nanoparticles compared 

to the pure water. The weakening thermal resistance induced by enhancing the volume fraction of 

nanoparticles (growing thermal conductivity) is useful for heat transfer and average Nusselt 

number, Nuavg improvement. Furthermore, the Brownian motion of CuO solid particles can 

attenuate the thermal resistance of heat transfer between heated walls in the channel and water-CuO 

nanofluids which is effective in the Nuavg improvement.  
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Figure 4.44. The influences of Hartmann number, Ha and nanoparticle volume fraction, Φ on 

average Nusselt number, Nuavg at Reynolds numbers Re=250 for the nanoparticle 

volume fractions, Φ=0%, 3% and 5% 

 

 

Figure 4.45. The influences of Hartmann number, Ha and nanoparticle volume fraction, Φ on 

average Nusselt number, Nuavg at Reynolds numbers Re=750 for the nanoparticle 

volume fractions, Φ=0%, 3% and 5% 
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Figure 4.46. The influences of Hartmann number, Ha and nanoparticle volume fraction, Φ on 

average Nusselt number, Nuavg at Reynolds numbers Re=1250 for the nanoparticle 

volume fractions, Φ=0%, 3% and 5% 

 

Figures 4.47-4.49 depict the influence of the magnetic field on local Nusselt number, NuL for the 

ferrofluid volume fractions, Φ=3% in the rectangular grooved channel at Re=250, 750 and 1250, 

respectively. As it is apparent in the figures, the NuL is enhanced when the uniform magnetic field 

is applied and its intensity gets higher along the rectangular grooved channel at both Reynolds 

numbers, Re=250 and 1250. When the Hartmann number progressively increases from Ha=0 

towards Ha=24, the NuL is distributed with greater values along the grooved channel. Furthermore, 

the value of NuL is always higher at Re=1250 compared to Re=250 for the same case of all 

examined Hartmann numbers, Ha. It should be noted that the value of NuL is greater on the straight 

section of the heated wall compared to the grooved section of the heated wall for all examined Ha. 

It occurs due to the direct contact of the straight section of the heated wall with the main cold flow 

which induces a higher temperature gradient thus heat transfer rate and Nusselt number. On the 

grooved section of the heated wall, the recirculation zone restrains the contact of the wall surfaces 

with the main cold flow. Furthermore, the NuL deteriorates in the downstream direction due to the 

increasing temperature of the main flow after passing each groove. Increasing the temperature of 

the main flow deteriorates the heat transfer rate since heated walls contact with high temperature 

main flow instead of a cold one. The findings show that the difference in the distribution of NuL 

between grooves in the flow direction diminishes due to the developing thermal boundary layer in 

the flow direction for all examined Ha and Re. 
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Figure 4.47.  The influence of the magnetic field on local Nusselt number, NuL at Reynolds 

number, Re=250 for the nanoparticle volume fraction, Φ=3% in the rectangular 

grooved channel 

 

 

Figure 4.48.  The influence of the magnetic field on local Nusselt number, NuL at Reynolds 

number, Re=750 for the nanoparticle volume fraction, Φ=3% in the rectangular 

grooved channel 
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Figure 4.49.  The influence of the magnetic field on local Nusselt number, NuL at Reynolds 

number, Re=1250 for the nanoparticle volume fraction, Φ=3% in the rectangular 

grooved channel 

 

4.2.3. Entropy Analysis 

As already mentioned, analytical quantification of entropy production determines 

irreversible processes. A reduction in entropy production corresponds to an increase in thermal 

performance. Therefore, the characterization of irreversible processes through the investigated 

channel points directly to a precise statement of hydrothermal performance. 

Figures 4.50-4.52 display the impact of various intensities of magnetic field on the thermal 

entropy generation contour lines for the Groove 4 and Groove 6 of the considered channel at 

Re=250, 750 and 1250, respectively for nanoparticle volume fraction, Φ=3%. As can be seen from 

these contour lines, in all cases shown, the high level of thermal entropy production spreads along 

the solid walls of the channel. This is due to the high-temperature gradients in these regions, as 

demonstrated in Figures 4.40-4.42. It is noted that the entropy generation resulting from the heat 

transfer effect is almost non-existent along the center flow region of the channel. This is directly 

related to the uniform temperature distribution within this region, as presented in isothermal 

contours. Further, a low level of thermal entropy is shown in each rectangular groove along the 

corrugated channel. As portrayed in Figures 4.34-4.36, the flow recirculation zone is emerged 

within each groove. This flow recirculation precludes the connection between the cold fluid and the 

heated walls, thus reducing temperature gradients. Accordingly, the generation of thermal entropy 

drops significantly in these regions. Furthermore, the maximum amount of thermal entropy is 

generated near the left sharp edge of each groove. Regardless of the intensity of the applied 

magnetic field, it is clearly indicated that the regions of high thermal entropy generation levels 

shrink as the Reynolds number changes from Re=250 to Re=1250. As mentioned earlier, increasing 

the Reynolds number makes the temperature gradients more gradual and consequently, the entropy 



 

107 

generation due to the thermal impact decreases. For a given Reynolds number, Re the thermal 

entropy production inside the channel diminishes as the intensity of the uniform magnetic field 

increases (i.e., increases the Hartmann number, Ha). This implies that the applied magnetic source 

reduces the generation of thermal irreversibility in corrugated channels. 

 

Figure 4.50.  The effect of the magnetic field on the contour of the thermal entropy generation, Sth 

at Reynolds number, Re=250 for nanoparticles volume fraction, Φ=3%. 
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Figure 4.51.  The effect of the magnetic field on the contour of the thermal entropy generation, Sth 

at Reynolds number, Re=750 for nanoparticles volume fraction, Φ=3%. 

 

 

Figure 4. 52.  The effect of the magnetic field on the contour of the thermal entropy generation, Sth 

at Reynolds number, Re=1250 for nanoparticle volume fraction, Φ=3%. 
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Figures 4.53-4.55 present the impact of various intensities of magnetic field on the 

variation of viscous entropy, Svis generation contour lines for the Groove 4 and Groove 6 of the 

considered channel at Re=250, 750 and 1250, respectively for the nanoparticles volume fraction, 

Φ=3%. These contours clearly revealed that the high level of viscous entropy, Svis generation 

extends alongside the straight walls of the convergent sections. This behavior is associated with 

high values of velocity gradients in these regions, as shown in Figures 4.37-4.39. In addition, it is 

worth noting that the entropy production due to the frictional effect of the working fluid flow is 

almost not generated within the remaining flow domain of the channel. This is directly related to 

the low-velocity gradients within these regions. As expected, the maximum level of viscous 

entropy, Svis generation appears close to the right sharp angle of each groove of the tested channel, 

where the sudden contraction leads to the highest values of velocity gradients. As can be seen from 

the color bar values, regardless of the intensity of the applied magnetic field, it is found that 

viscous entropy values augment significantly with an augmentation in Reynolds number from 

Re=250 to Re=1250. This augment in the Reynolds number directly affects the flow velocity of 

nanofluid as explained in figures of velocity contours and thus leads to further production of 

frictional entropy. At a fixed value of Reynolds number, Re the production of viscous entropy, Svis 

gradually increased with an increase in the intensity of a uniform magnetic field. For Re = 250, the 

high-level friction entropy distribution is more affected by changes in the magnetic field strength 

than for Re = 1250. As a result, it can be stated that applying a uniform magnetic field does not 

have much influence on the frictional irreversibility through the rectangular corrugated channel. 

 

 

Figure 4.53.  The effect of the magnetic field on the contour of the viscous entropy generation, Svis 

at the Reynolds number, Re=250 for the nanoparticles volume fraction, Φ=3% 
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Figure 4.54.  The effect of the magnetic field on the contour of the viscous entropy generation, Svis 

at the Reynolds number, Re=750 for the nanoparticles volume fraction, Φ=3% 

 

 

Figure 4.55.  The effect of the magnetic field on the contour of the viscous entropy generation, Svis 

at the Reynolds number, Re=1250 for the nanoparticles volume fraction, Φ=3%. 
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Figures 4.56-4.58 depict the effect of the uniform magnetic field on the change in the 

magnetic entropy, Smag generation contours at Re=250 and 1250, respectively, for the nanoparticle 

volume fraction, Φ=3%. As written in the last term of the total entropy generation equation 

(Equation 3.51), the magnetic entropy is an increasing function of both the velocity magnitude and 

the Hartmann number, Ha. Therefore, for all the introduced cases, there is no entropy generation 

due to the magnetic impact adjacent to the solid walls of the channel where the no-slip boundary 

conditions are assumed for these walls. Moreover, the results revealed that the production of the 

entropy, Smag due to the magnetic impact significantly increased by increasing the value of the 

Hartmann number, Ha for both Reynolds numbers. For Re= 250 and 1250 at Ha=8, the high-level 

zone of magnetic entropy, Smag generation occurs within the core flow of the convergent and 

divergent sections. By increasing the Ha to the value of 16, the high level of magnetic entropy, Smag 

spreads to half of the divergent grooves for Re=250, while remaining within the mainstream of 

divergent grooves for Re=1250. At the highest intensity of the applied magnetic field (Ha=24), this 

level of entropy extends to cover most regions of divergent grooves for Re=250 and almost half of 

the regions of divergent grooves for Re=1250. As already mentioned, this type of entropy is 

directly related to the velocity distribution of the flow region. Accordingly, these behaviors are 

consistent with those shown in the velocity contours in Figures 4.37-4.39. In addition, the 

magnitude of the magnetic entropy, Smag increased with increasing the Reynolds number, Re as 

demonstrated in the color bar of these contours. 

 

Figure 4.56.  The effect of the magnetic field on the contour of the magnetic entropy generation, 

Smag at the Reynolds number, Re=250 for the nanoparticles volume fraction, Φ=3% 
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Figure 4.57.  The effect of the magnetic field on the contour of magnetic entropy generation, Smag at 

the Reynolds number, Re=750 for the nanoparticles volume fraction, Φ=3%. 

 

 

Figure 4.58.  The effect of the magnetic field on the contour of magnetic entropy generation, Smag at 

the Reynolds number, Re=1250 for the nanoparticles volume fraction, Φ=3%. 
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Figures 4.59-4.61 display the local production contours of the total entropy, SL under 

different intensities of the uniform magnetic field at Re=250,750 and 1250, respectively, for the 

nanoparticles volume fraction, Φ=3%. For the current corrugated channel, the generation of 

entropy by the nanofluid flow happens mainly due to the effects of heat transfer, frictional flow, 

and magnetic source. Therefore, Figures 4.59-4.61 define the summation of thermal, Sth viscous, 

Svis and magnetic entropy, Smag generation contours for Re=250 and 1250, respectively. The patterns 

and values of the total entropy, SL generation contours showed that there is a high degree of 

coincidence with the thermal entropy, Sth generation contours shown in Figures 4.50-4.52. This 

indicates that the total irreversible process through the considered channel is mainly due to thermal 

effects. In other words, the thermal entropy, Sth generation is dominant over the considered entropy, 

SL generations. 

 

Figure 4.59.  The effect of the magnetic field on the contour of the total entropy generation, SL at 

the Reynolds number, Re=250 for the nanoparticles volume fraction, Φ=3% 
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Figure 4.60.  The effect of the magnetic field on the contour of the total entropy generation, SL at 

the Reynolds number, Re=750 for the nanoparticles volume fraction, Φ=3% 

 

Figure 4.61.  The effect of the magnetic field on the contour of the total entropy generation, SL at 

the Reynolds number, Re=1250 for the nanoparticles volume fraction, Φ=3% 

 

Figure 4.62 exhibits the influence of the magnetic field on the average thermal entropy 

generation, ˂Sth˃ viscous entropy generation, ˂Svis˃ magnetic entropy generation, ˂Smag˃ and total 
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entropy generation, Savg at Reynolds numbers, Re=250, 750 and 1250 for nanoparticles volume 

fraction, Φ=3% The results of this figure provide useful details for understanding the basic effects 

of fluid flow situations and magnetic fields on the overall entropy, Savg production within 

rectangular corrugated channels. It can be clearly seen that the total entropy, Savg increases as the 

Reynolds number, Re increases. For instance, in the absence of an applied magnetic field (i.e., 

Ha=0), the amount of total entropy, Savg increases by about 31% by increasing the Reynolds 

number from Re=250 to Re=1250. In addition, this increment was found to be 103% when the 

uniform magnetic field has an intensity of Ha=8. This is owing to the fact that the increment in Re 

causes an increase in both velocity and temperature gradients through the flow field and, thus, leads 

to further generation of entropy. For a given value of Re, it can be seen that the total entropy, Savg 

decreases sharply after Ha>8. This is due to the significant effect of high magnetic field intensity 

on both flow and thermal distributions. 

 

Figure 4.62.  The influence of the magnetic field on the average a) thermal entropy generation, 

˂Sth˃ b) viscous entropy generation, ˂Svis˃ c) magnetic entropy generation, ˂Smag˃ d) 

total entropy generation, Savg at Reynolds numbers, Re=250, 750 and 1250 for 

nanoparticles volume fraction, Φ=3% 

 

Figures 4.63-4.65 demonstrate the effects of the magnetic field and volume fraction of the 

nanofluid, Φ on the average thermal entropy generation, ˂Sth˃ viscous entropy generation, ˂Svis˃ 

magnetic entropy generation, ˂Smag˃ and total entropy generation, Savg at Reynolds numbers, 

Re=250, 750 and 1250, respectively for nanoparticles volume fractions, Φ=0%, 3% and 5%. 

Numerous investigations have informed that there is little variation in the hydrothermal features 

between host fluids and nanofluids (Hamzah and Sahin, 2023). They attributed this to the 
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insignificant effect of changing thermophysical properties on hydrothermal behavior compared to 

changing operating and boundary conditions. Accordingly, this figure revealed that the average 

value of the total entropy, Savg decreases slightly with increasing CuO concentration in the base 

liquid. In Figure 4.63 for Re=250, it is possible to detect a difference in Savg value with a change in 

the CuO concentration, but this difference fades with an increase in the intensity of the magnetic 

field subjected to the channel. This is because increasing the strength of the magnetic field reduced 

the difference in temperature gradients, thereby reducing the influence of the thermal properties. In 

Figure 4.65 for Re=1250, no clear difference can be determined by changing the nanoparticles 

concentration. This is due to the dominance of a high Reynolds number on both velocity and 

temperature gradients rather than the change in thermophysical properties. 

 

Figure 4.63.  The impacts of the magnetic field and volume fraction of the nanofluid, Φ on the 

average a) thermal entropy generation, ˂Sth˃ b) viscous entropy generation, ˂Svis˃ c) 

magnetic entropy generation, ˂Smag˃ d) total entropy generation, Savg at Reynolds 

numbers, Re=250 for nanoparticles volume fractions, Φ=0%, 3% and 5% 
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Figure 4.64.  The impacts of the magnetic field and volume fraction of the nanofluid, Φ on the 

average a) thermal entropy generation, ˂Sth˃ b) viscous entropy generation, ˂Svis˃ c) 

magnetic entropy generation, ˂Smag˃ d) total entropy generation, Savg at Reynolds 

numbers, Re=750 for nanoparticles volume fractions, Φ=0%, 3% and 5% 

 

Figure 4.65.  The impacts of the magnetic field and volume fraction of the nanofluid, Φ on the 

average a) thermal entropy generation, ˂Sth˃ b) viscous entropy generation, ˂Svis˃ c) 

magnetic entropy generation, ˂Smag˃ d) total entropy generation, Savg at Reynolds 

numbers, Re=1250 for nanoparticles volume fractions, Φ=0%, 3% and 5% 
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5. CONCLUSION 

 

In the first part of the thesis, a numerical simulation has been performed to investigate the 

influences of the non-uniform magnetic field on the laminar forced convection heat transfer and 

flow characteristics of a ferrofluid (water and Fe3O4) inside a channel with a circular cylinder. In 

this investigation, the ANSYS Fluent software with a UDF module is employed to simulate MHD 

laminar forced convection heat transfer in a channel with ferrofluid with a circular cylinder under 

constant heat flux. The present study becomes the first report of the non-uniform magnetic field 

effect on the flow and thermal characteristics of a ferrofluid on the confined cylinder with 

comprehensive analysis including the effects of together with Reynolds numbers, Re ferrofluid 

volume fraction, Φ and magnetic field intensity, Ha. The most significant outcomes are highlighted 

as follows: 

The non-uniform magnetic field lessens the recirculation bubble length and alters the flow 

structure from the unsteady state to the steady state since the magnetic field induced Lorentz forces 

have a tendency to suppress the vortex diffusion, therefore, the length of the recirculation bubble 

lowers, and the alternate vortex shedding diminishes. 

The two symmetrical vorticity concentrations occur due to the applied non-uniform 

magnetic field in the channel close to the region where current-carrying wires are located. These 

vorticity bubbles improve the heat transfer mechanism. 

It has been detected that the separation angle, φ of conducting fluid flow from the cylinder 

surface declines with increasing the Ha. For example, when the flow of conducting fluid separates 

from the cylinder surface at angles of φ= 45º and 56º at Ha=0 for Re=25 and 50, respectively, it 

takes place on the location of φ= 27.5º and 46º for Ha=6, φ= 2.5º and 23.75º for Ha=14 at Re=25 

and 50, respectively. 

The increasing trend of the total CD with increasing Ha may be associated with an 

increased value of the Lorentz force which acts directly to suppress mainstream flow component 

and augmented variation between upstream and downstream pressures. At Re=50, the total CD 

increases by almost 20% when Ha grows from Ha=0 to Ha=6 and subsequently increases by 61% 

at Ha=10. 

Obtained results demonstrate that the thermal boundary layer thickness progressively 

decreases, and the temperature gradient gets higher as the Ha is gradually increased from Ha=0 to 

Ha=18 at Re=25 which means that the heat transfer rate around the cylinder is enhanced. 

When the average Nusselt number is computed as Nuavg= 7.637 for the case of no applied 

magnetic field, Ha=0 it enhances to the values of Nuavg=8.532 and 9.414 for Ha=10 and 18, 

respectively at Re=25 
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While increasing the ferrofluid volume fraction, Φ improves the Nuavg independent of the 

non-uniform magnetic field application, it has no substantial effect on patterns of streamlines and 

vorticity as well as the total CD. According to outcomes of numerical simulation, there is an 

increase in Nuavg with 3.98% and 3.88% for Ha=2 and 18 respectively when values of Φ increase 

from Φ=0% to Φ=4% at Re=25. 

It can be deduced that within the considered range of Reynolds, Re and Hartmann numbers, 

Ha the Re has a greater influence on the generation of the total entropy. 

The optimum thermal performance criterion, ξ according to the highest rate of heat transfer 

and the lowest production of irreversibility, is detected for Re=150, Ha=0 and Φ =4%.  

In the second part of the thesis, a numerical study has been carried out to explore the 

impacts of the uniform magnetic field on the hydrothermal characteristics of a nanofluid (water and 

CuO) inside a rectangular grooved channel. In this work, the ANSYS Fluent software with UDF 

module is used to perform numerical simulation of MHD laminar forced convection heat transfer in 

the rectangular grooved channel filled with nanofluid. The current investigation becomes the first 

study related to the uniform magnetic field effect on the hydrothermal behaviors of a nanofluid in 

the rectangular grooved channel with extensive analysis comprising the influences of together 

Hartmann number, Ha, Reynolds number, Re and volume fraction of nanoparticles, Φ. The most 

important results are demonstrated as follows: 

The size of the recirculation region in rectangular grooves diminishes with the application 

of a uniform magnetic field at both Re=250 and 1250. Furthermore, this uniform magnetic field is 

found to be more effective in the suppression of the recirculation zone in rectangular grooves at 

Re=250 compared to Re=1250. 

The Lorentz force resulting from the uniform magnetic field enhances the velocity gradient 

and temperature gradient near the hot walls which makes Nuavg to be augmented. 

When the average Nusselt number is observed as Nuavg= 4.976 at Ha=0 it enhances to 

values of Nuavg=5.428 and 6.49 for Ha=8 and 24, respectively corresponding Nuavg augmentation by 

9.08% for Ha=8 and 30.42% for Ha=24 compared to the absence of magnetic field, Ha=0 at 

Re=250 

The value of the local Nusselt number, NuL is greater on the straight section of the heated 

wall compared to the grooved section of the heated wall for all examined Ha due to the direct 

contact of the straight section of the heated wall with the main cold flow which induces a higher 

temperature gradient thus heat transfer rate. On the grooved section of the heated wall, the 

recirculation zone restrains the contact of the wall surfaces with the main cold flow. 

In the absence of the magnetic field, Ha=0 increasing volume fraction of nanoparticles 

from Φ=0% to Φ=5% gives rise to 3.71% average Nusselt number, Nuavg augmentation while this 

value is 3.13 %, 2.3% and 2.09% when the Hartmann number increases to Ha=8, 16 and 24, 

respectively at Re=250. 
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For a given Reynolds number, Re it can be observed that total entropy production reduces 

substantially after the Hartmann number, Ha>8 due to a significant influence of the high magnetic 

field intensity on the flow and thermal distributions together. 
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