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The welding of dissimilar materials is one of the challenging issues in the 
fabrication industry to obtain required quality welds using fusion welding 
methods. However, some processes recently improved interface bonding 
with low joint strength. Unfortunately, the major intermetallic compounds 
could not alleviate from the joint interface. Alternatively, solid-state 
welding methods revealed fewer intermetallics at the joint interface for 
dissimilar material welds. Among them, friction welding was chosen to join 
incompatible materials with the necessary properties successfully. Friction 
time is a critical parameter for obtaining strong welds through friction 
welding, apart from friction pressure, forging pressure, forging time, and 
rotational speed. Variability of friction time can change the strength of 
friction by changing mechanical properties such as tensile strength. This 
change of tensile strength is typically influenced by the intermixing region, 
dependent on friction time. In this experiment, carbon steel and stainless 
steel have been friction welded to test the impact of friction time on the 
joint interface where the substrate’s faying surface meets. This interface 
consists of the intermixing region of the two materials on which the friction 
welding is performed. The results showed an interesting variation in tensile 
strength, with varying friction time. The width of the intermixing zone 
increased gradually with friction time until and decreased with the further 
increasing. The strength of the welds obtained was the highest of 730 MPa 
at a friction time of 4 s and fell as friction time’s increased value after 4 s.

Keywords:
Friction welding
Microstructure
Dissimilar materials
Stainless steel
Mechanical properties

1. Introduction

Though heat generated during the relative movement 
of two parts is considered undesirable because of the wear 

it could cause, it is sometimes used for other applications 
such as friction welding. Friction welding is a popular 
welding method for dissimilar metals because of several 
advantages the welding method offers. Friction welding 
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is one of the solid-state welding processes like diffusion 
bonding, friction stir welding, etc. Solid-state welding 
processes are quite different from the fusion welding 
methods to produce the joints with quality. The quality of 
the joints is likely to depend on the heat input or the tem-
perature of the welds. The joint temperature of the friction 
welding method is much lower than the other welding 
processes [1-4]. Therefore, the quality of the welds is utter-
most for any kind of materials to be joined. The joining 
of a similar combination of materials revealed successful 
metallurgical bonding without defects. Similarly, dissim-
ilar combinations materials were obtained with excellent 
joint properties [5-8]. Due to the increase in demand for 
joining dissimilar material combinations in applications 
such as cryogenic fluids, power generation industries, 
and reactor cooling systems, solid-state welding is most 
suitable in the current scenario [9-14]. Friction welding 
happens due to the heat produced by friction during the 
movement of two parts. Friction welding (FW) is a class 
of solid-state welding process that generates heat through 
mechanical friction between a moving workpiece and a 
stationary component, with the addition of a lateral force 
called upset to plastically displace and fuse the materials 
[15-18]. Because of the nature of the process of welding, 
the strength of friction welding could vary on different 
factors. Some of the factors that need to be optimized for 
efficient frictional welding are friction pressure, friction 
time, rotational speed, forging pressure, forging time, and 
burn-off length [19-22].

In addition, some of the studies were identified the re-
lation between metallurgical properties and the mechani-
cal properties of the similar and dissimilar combination of 
friction welds [23]. It is important to note that the interface 
of the two joining materials, which is referred to as the 
intermixing region has an impact on the mechanical prop-
erties of the weld. The bonding line and intermixing zones 
play an important role in the mechanical properties of the 
joints [24]. Moreover, the welding parameters influence the 
formation of the weld interface with the necessary strength 
to attain excellent mechanical properties [25]. Some of the 
studies reported that the axial shortening of the materials 
at the interface is affected by the welding conditions [26]. 
Based on the axial shortening, the joint interface is varied 
with the presence of intermixing zone. In this experiment, 
we aim to find how the intermixing region is affected by 
the various factors involved in friction welding, and spe-
cifically, we consider the effect of friction time and how 
the tensile strength of this weld joint is affected by chang-
ing the friction time. It was also reported by some studies 

on the impact of friction time on the properties of friction 
welded YSZ-alumina composite and 6061 aluminum 
alloy, they found that the experimental results showed 
that the friction time has a significant effect on the joint 
structure and mechanical properties [27]. In particular, the 
effect of burn-off length reported being changed the inter-
mixing zone along with axial shortening. A large number 
of axial shortening joints were revealed with the hardened 
intermixing zone over the less axial shortening joints [28]. 
There are some incompatible dissimilar combinations that 
are unable to join them using fusion welding methods. 
Unfortunately, the same combination of materials was 
also not successful to obtain strong joint strength using 
friction welding [29]. However, the incompatible materials 
were joined using interlayer techniques inserting them in 
between the two substrates. For example, the joining of ti-
tanium to stainless steel was resulted in brittle joint failure 
due to the formation of brittle intermetallic layers. There-
fore, Ni, V, Ta, Al, and Cu interlayers were used to avoid 
direct contact between the two materials [30]. Whatever, the 
joint method either with interlayers or without interlayers, 
the effect of friction time remains valid to obtain the ex-
cellent joint interface to control the joint strength.

Similarly, the studies on the friction welding of AISI 
304 and the effect of friction time on microstructure, mi-
crohardness, and tension-compression properties were 
found that with increasing friction time, a hard zone was 
found at the interface of the welded joint because of ex-
tended high plastic deformation zone [31]. Also, in an ex-
periment conducted by Hakan Ates and Nihat Kaya on the 
effect of friction time on microstructure and mechanical 
properties of friction welded AISI 304 stainless steel to 
AISI 1060 steel, the experiment revealed that the tensile 
strength of friction-welded joints was not affected by 
friction time. The tensile strength of obtained weld joints 
can exceed AISI 304SS strength by 30% [32]. Moreover, in 
an experiment conducted by Ozdemir et al., on the effect 
of rotational speed on the interface properties of fric-
tion-welded AISI 304L to 4340 steel, it was found that the 
thickness of full plastic deformed zone (FPDZ) formed at 
the interface was reduced as a result of more mas discard-
ed from the welding interface with the increase of rota-
tional speed [33].

The aim of this study is to investigate the influence of 
friction time on the dissimilar materials of stainless steel 
to carbon steel friction weld’s tensile strength. The cor-
relation between metallurgical and mechanical properties 
was also determined and analyzed with the friction time to 
obtain the required joint strength. 
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2.	Experimental	Procedure

In this study, austenitic stainless steel and carbon steel 
materials with the dimensions of 14 mm in diameter and 
120 mm in length rods were used. The faying surfaces of 
the substrates were machined and cleaned before perform-
ing the welds. The weld surfaces were polished to get the 
required surface roughness, which has a more significant 
effect on the enhancement of joint strength. A continuous 
drive friction welding machine with a capacity of 200 kN 
of ETA make was used to make the friction welds. The 
process parameters have a more significant effect in the 
friction welding process to obtain the sound welds be-
tween dissimilar materials. The process parameters such 
as friction time, friction pressure, upset force, upset time, 
and rotational speed have a direct relation to the formation 
of joint and on its strength. To achieve the higher tensile 
strength of the welds, a new set of welding parameters 
were intended after the several experimental trails of the 
welds with varying the friction time from 1 s to 6 s, and 
other parameters were kept as constant with a friction 
pressure of 110 MPa, upset pressure of 240 MPa, upset 
time of 5 s and the rotational speed of 1500 rpm. Friction 
welded joints were cut into cross sections for metallo-
graphic sample preparations. To evaluate the mechanical 
properties of the joints, tensile and fatigue test samples 
were prepared as per the ASTM E8 standard. The tensile 
tests were performed on the universal testing machine of 
the TFUC-400 model. The joint interface microstructural 
observations were characterized by an optical microscope, 
scanning electron microscope (SEM). To reveal the mi-
crostructural features of the welds, polished surfaces were 
etched with 2% nital solution on the carbon steel side and 
an aqua-regia solution on the stainless steel side was used.

3. Results and Discussion

Dissimilar materials of austenitic stainless steel to 
carbon steel have joined using friction welding by vary-
ing friction time. Friction time is a significant parameter 
for generating the required heat to weld the materials. 
The selected materials in this study are almost hard and 
need to produce sufficient heat at the interface to obtain 
the necessary joint properties. It has been identified from 
the experimental results that friction time is a dominant 
parameter compared to others for this combination of ma-
terials. The impact of friction time on the weld interface 
and weld flash are also determined. Figure 1 illustrates 
the macrostructure of the friction welded joint with an 
interface and weld flash. The weld flash on the carbon 

steel side is higher than the stainless steel. It is due to 
that the yield strength of the carbon steel is much lower 
than the stainless steel that too at high temperature, it is 
much lower than the room temperature. Therefore, the de-
formed weld flash on carbon steel is more extensive than 
stainless steel. In addition, the weld interface is slightly 
irregular on the carbon steel side with deformed notches. 
The detailed observations of the weld interface have been 
examined in microstructures. Figure 2 indicated the for-
mation of intermixing zone in with the carbon steel bands 
at different friction times. The dark-colored islands in the 
stainless steel matrix belong to the carbon steel, which is 
mixed during welding. The width of the intermixing zone 
was occupied with the more prominent bands of carbon 
steel. It is owing to the interchanging of softened metal at 
the interface during friction time with the rubbing action 
of faying surfaces. Figure 2b confirms that the weld inter-
face is strongly bonded metallurgically without defects. 
It is worth mentioning the effect of friction time on the 
weld interface. In Figure 2, it is clearly indicated that the 
increase of intermixing zone as increasing friction time. 
In general, the weld interface examines to conform to the 
interface bonding and other defects caused by insufficient 
heat and pressure. The quantitative analysis of the inter-
mixing zone between carbon steel and stainless steel has 
been determined according to the friction time depicted 
in Figure 3. It revealed that the remarkable trend between 
friction time and intermixing zone with the polynomial 
fitted curve R2 is 0.99. The width of the intermixed zone 
increases with the increasing friction time. The effect of 
friction time until 4 s is not dominant to produce a broad 
intermixing region.

In contrast, the intermixing zone increased drastically 
with increasing friction time by more than 4 s. In addition, 
the weld interface becomes asymmetrical if the friction 
time raises further to 7 s. Therefore, the maximum friction 
time of 6 s was used for the selected dissimilar combina-
tion of materials. Intermixing zone consisting of hard and 
soft layers which belong to stainless steel and carbon steel, 
respectively. During friction welding, due to the action of 
angular velocity, the softened material from the carbon 
steel tries to go away from the center to the periphery of 
the joint. At this instance, some of the material remains in 
the central region and is mixed with the opposite matrix. 
Therefore, the intermixing region is directly related to the 
friction time up to some level and it also depends on the 
certain combination of materials. 
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Figure	1. Macrostructure of the dissimilar friction welds with different amounts of weld flash.

Figure	2. Microstructures show the weld interface with intermixing zone at friction time of (a) 1 s, (b) 3 s (c) 6 s, and (d) 
enlarged view of (b).
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Figure	3. The relation between friction time and intermix-
ing zone with the polynomial fitting curve.

Figure	4. The effect of friction time on the tensile strength 
of the dissimilar friction welds

It is essential to analyze the intermixing zone and 
its characteristics with the mechanical properties of the 
welds. As mentioned earlier, the microhardness tests con-
firmed that the hard and soft later in the intermixing re-
gions. But the mechanical properties dramatically depend 
on the width of intermixing zone. Figure 4 represents the 
joint tensile strength according to the friction time. The 
strength of the welds increases gradually with the increase 
of friction time until 4 s, while the strength of the welds 
decreases with the further increase of friction time. In the 
correlation study between the intermixing zone and the 
tensile strength concerning friction time, the maximum 
tensile strength was obtained at a width of the intermixing 
zone is about 65 µm. Figure 5 illustrates the fracture mor-
phology of the tensile fractured surfaces with the ductile 
mode of fracture. The fracture surfaces confirmed that the 

welds were free from the cracks.

Figure	5. SEM analysis of the tensile fracture surface 
with ductile mode of failure.

4.	Conclusions

The dissimilar materials of stainless steel to carbon 
steel have been friction welded to study the effect of fric-
tion time on the tensile strength of the welds. Based on the 
presented results, the following conclusions are drawn:

• The range of friction time from 1 s to 6 s was deter-
mined as suitable for the friction welding of carbon 
steel to stainless steel welds.

• The width of the intermixing zone increased gradu-
ally with friction time along with the axial shorten-
ing.

• The strength of the welds obtained was the highest 
of 730 MPa at a friction time of 4 s. The further 
increase of friction time after 4 s resulted in decreas-
ing in joint strength.

• As a result of friction time the maximum tensile 
strength was obtained at a width of the intermixing 
zone is about 65 µm. 

• The softened carbon steel materials diffused toward 
the stainless steel within the intermixed zone during 
the friction stage.
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The efficiency and irreversibility defined based on the second law of 
thermodynamics provide a new path for heat exchangers design and make 
performance analysis more straightforward and elegant. The second law 
of thermodynamics is applied in a Straight Microchannel Printed Circuit 
heat exchanger to determine the thermal performance of different shapes of 
Boehmite Alumina compared to Al2O3 aluminum oxide. The various forms 
of non-spherical Boehmite Alumina are characterized dynamically and 
thermodynamically through dynamic viscosity and thermal conductivity, 
using empirical coefficients. The non-spherical shape includes platelet, 
cylindrical, blades, and bricks forms. Graphical results are presented for 
thermal efficiency, thermal irreversibility, heat transfer rate, and nanofluid 
exit temperature. The non-spherical shapes of Boehmite Alumina show 
different thermal characteristics concerning the spherical shape when 
there are variations in fluid flow rates and the nanoparticles fraction. 
Furthermore, it was theoretically demonstrated that non-spherical particles 
have higher heat transfer rates than spherical particles, emphasizing 
platelets and cylindrical shapes for the low volume fraction of nanoparticles 
and bricks and blades for high volume fraction.

Keywords:
Shapes of nanoparticles
Boehmite alumina
Straight microchannel
Printed circuit heat exchanger (PCHE)
Al2O3

1. Introduction

This work aims to theoretically analyze the thermal 
performance of a Straight Microchannel Printed Circuit 
heat exchanger when using non-spherical forms of Boe-
hmite Alumina, compared to the Al2O3 aluminum oxide. 
The methodology is based on thermal efficiency and 
effectiveness. Efficiency, in this case, is a function of a 
single dimensionless parameter called the fin analogy, 

which is like the efficiency of a fin constant-area with an 
insulated tip, and applies to parallel-flow, counter-flow, 
and crossflow heat exchangers.

A review of the second law of thermodynamics re-
garding heat and mass transfer was published during the 
1980s, where the fundamental mechanisms responsible 
for entropy generation were analyzed. It demonstrated 
how to balance the irreversibility of heat transfer versus 
the irreversibility of fluid flow and how the reduction in 

mailto:elcionogueira@hotmail.com
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irreversibility at the component level affects the entire 
system. Effectiveness, defined based on the second law, 
provides a new way to design and analyze heat exchang-
ers, as thermal performance is usually measured by the 
ratio of current heat transfer rate to ideal transfer rate. 
However, it does not provide information about efficiency 
and irreversibility, which measure the degree of entropy 
generation in a physical system [1-3]. Nogueira, E. applies 
the second thermodynamics law to analyze and design 
heat exchangers. For example, he uses this new way for 
studying a shell and tube and shell and helical coil tube 
heat exchangers [4,5].

Lei Chai and Savvas A. Tassou [6] state that printed cir-
cuit heat exchangers (PCHEs) are a promising technology 
due to their highly compact construction. They enable 
high heat transfer coefficients, withstand high pressures, 
and operate over a wide temperature range. They analyze 
relatively new heat exchangers and projects that are still in 
development. They argue that PCHEs are well established 
in the petrochemical industry. However, they say, it takes 
a lot of effort to increase the attractiveness of a market 
that includes a vast range of applications. They mention 
the need to develop empirical correlations better to predict 
the performance of the heat exchanger in general.

A printed circuit heat exchanger (PCHE) made of thin 
diffusion bonded metal plates is lightweight, has high 
structural strength, enables microchannel processing on 
the metal surface, is easy to produce, has high reliability 
and economic efficiency. Moreover, there is almost no 
thermal resistance between the microchannels to achieve 
excellent thermal performance. Thermal performance tests 
were performed for a PCHE for Reynolds numbers in 
100-850. It was found that the heat transfer rate increased 
with increasing Reynolds number in all experiments. 
Furthermore, empirical correlations were obtained for the 
heat transfer coefficient for PCHE applications in the ana-
lyzed Reynolds number range [7].

Salah Almurtaji et al. [8] argue that heat exchangers are 
essential in everyday applications. For example, they are 
used in land vehicles, oil refineries, air conditioning, and 
water heating. Their review presents state of the art in heat 
exchanger technology and the use of nanofluids in current 
devices. In addition, they discuss the development of na-
nofluids and their influence on the thermo-hydraulic per-
formance of heat exchangers and emphasize the important 
role of nanofluids in the thermal performance of current 
heat exchangers.

Iman Zahmatkesh et al. [9] indicate a growing num-
ber of published articles related to nanofluids in thermal 
systems, but there is no specific review on the forms of 
nanoparticles. The study carried out indicates a lack of de-

finitive conclusion on how the shape of nanoparticles af-
fects the performance of thermal systems. They report that 
the platelet-shaped nanoparticle enables the highest heat 
transfer rate in natural and forced convection. However, 
the best performance occurs for a lamina-shaped nanopar-
ticle in the mixed convection regime. They conclude that 
studies are needed to determine the effective contribution 
of nanoparticle forms to the thermal performance of ener-
gy systems.

Mostafa Monfared et al. [10] Study the effects of the 
shape of nanoparticles on the entropy generation charac-
teristics in a horizontal double tube heat exchanger. Nano-
fluids examined include cylindrical, brick, blade, platelet, 
and spherical nanoparticles. The effects produced by the 
concentrations of nanoparticles and the different forms of 
nanoparticles on the rates of thermal entropy generation 
were investigated numerically. Results indicate that nano-
fluid containing spherical and platelet-shaped nanoparti-
cles represent, respectively, the maximum and minimum 
thermal generation rates. Furthermore, it was observed 
that the rate of thermal entropy generation decreases with 
an increase in the concentration of nanoparticles, except 
for those with a spherical shape.

Behrouz Raeia and Sayyed Mohsen Peyghambarzadeh 
[11] experimentally determined the heat transfer coefficient 
and thermal efficiency of γ-Al2O3/water nanofluids in a 
double-tube heat exchanger. Nanoparticles dispersed in 
distilled water range from 0.05% to 0.15% volume frac-
tions. Fluid flows, in turbulent flow regime, show varia-
tions in the Reynolds number between 18,000 and 40,000. 
The addition of nanoparticles to the base fluid allowed 
an increase in heat transfer of up to 16%. The thermal 
performance factor reaches 1.11 for nanoparticles concen-
tration equal to 0.15 vol.% and Reynolds number equal to 
18,000.

Xiao Feng Zhou and L. Gao [12] estimates the effective 
thermal conductivity in non-spherical solid particle na-
nofluids through the differential effective medium theory, 
considering the interfacial thermal resistance between the 
solid particles and the host liquids. There was a high in-
crease in the effective thermal conductivity of non-spher-
ical nanoparticles, and the increase in interfacial thermal 
resistance results in appreciable degradation in the rise in 
thermal conductivity. The theoretical results agree with 
experimental data on nanofluids and show the non-linear 
dependence of the effective thermal conductivity with the 
volume fractions of non-spherical nanoparticles.

Elena V. Timofeeva et al. [13] investigated experimental-
ly and theoretically modeling the thermal conductivity and 
viscosity in a fluid consisting of equal volumes of ethyl-
ene glycol and water analyzed. They note that the increase 
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in effective thermal conductivity is greatly diminished by 
interfacial effects proportional to the total surface area 
of the nanoparticles and that the surface charge of nano-
particles plays a vital role in viscosity. They demonstrate 
that adjusting the pH of the nanofluid and reducing the 
viscosity of the nanofluid without significantly affecting 
the thermal conductivity. The efficiency of nanofluids the 
ratio between thermal conductivity and viscosity in both 
laminar and turbulent flow regimes are evaluated.

2. Methodology

The second law of thermodynamics is applied in a 
Straight Microchannel Printed Circuit heat exchanger to 
determine the thermal performance of different forms of 
Boehmite Alumina compared to Al2O3 aluminum oxide. 
The heat exchanger is represented in Figure 1 below [7]. 

Figure	1.	Straight Microchannel Printed Circuit Heat 
Exchanger [7]

The various forms of non-spherical Boehmite are char-
acterized dynamically and thermodynamically through 
dynamic viscosity and thermal conductivity, Equations 6 
and 9, using empirical coefficients, presented by Mostafa 
Monfared et al. [8]. Table 1 gives the properties of hot (Wa-
ter), cold (Ethylene Glycol) fluids, and nanoparticles of 
Al2O3 and spherical Boehmite Alumina. The non-spherical 
shape of Boehmite includes platelet, cylindrical, blades, 

and bricks forms. Table 2 presents the coefficients used to 
determine the dynamic viscosity and thermal conductivity 
for different shapes of Boehmite Alumina.

4 c c
c

c

Ac LfDh
As

=  (1)

cDh is the hydraulic diameter, 6 2=42.2 m10cAc −×  3=137 10 mcLf −× 
3=137 10 mcLf −× , 3=137 10 mcLf −× is the length of the cold flow 

stream, 3 2=34.716 10 mcAs −×  is the total cold area of the heat 
transfer area.
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hLf  is the length of the hot flow stream, 326.037 10hAs −= ×
326.037 10hAs −= × m2 is the total hot area of heat transfer area.
The properties of the nanofluids are:

(1 )nano Particle cρ ρ φ ρ= + −Φ   (4)

2.5(1 )
c

nano
µµ
φ

=
−

 (5)

2
1 2(1 )nano c A A for non spherical shapeµ µ φ φ= + + −  (6)

(1 )Particle Particle C
nano

nano

CpCp ρ φ φ ρ
ρ

+ −
=  (7)

3

2

[ 2 2( )(1 0.1) ][ ]
[ 2 2( )(1 0.1) ]

Particle c Particle c
nano c

Particle c Particle c

k k k kk k
k k k k

φ
φ

+ + − −
=

+ + − −
 (8)

(1 )nano c kk k C for non spherical shapeφ= + −  (9)

nano
nano

nano

µν
ρ

=  (10)

nano
nano

nano nano

k
Cp

α
ρ

=  (11)

Pr nano
nano

nano

ν
α

=   (12)

2
nano h

W
µ µµ +

=      (13)

μw is the assumed value for the fluid viscosity in the 
channel wall.

Table 1. Hot (Water), cold (Ethylene Glycol 50%) fluids and nanoparticles properties

ρ	kg/m3 k
W/	(m	K)

Cp
J/(kg	K)

µ
kg/(m	s)

ν	
m/s2

α	
m/s2 Pr

Hot 994 0.623 4178 0.72×10–3 7.24×10–7 1.5×10–7 4.83

Cold 1067.5 0.3799 3300 3.39×10–3 2.4045×10–5 1.08×10–7 0.02

Al2O3 3950 31.92 873.34 - - 9.25×10–6 -

B Alumina 3050 30 618.3 - - 1.59×10–5 -
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Table 2. Coefficients defined in Equation 6 and Equation 
9 for inclusion of nanoparticle shape in dynamic viscosity 

and thermal conductivity [8]

Type Ck A1 A2

Platelets
Blades

Cylindrical
Bricks

2.61
2.74
3.95
3.37

37.1
14.6
13.5
1.9

612.6
123.3
904.4
471.4

0.44 0.324 1/3 0.140.1706 6 Re Pr ( ) ( )nano nano
nano nano nano

W c

kh
Dh

µ
µ

=  (14)

0.44 0.324 1/3 0.140.1729 5 Re Pr ( ) ( )h h
h h h

W h

kh
Dh

µ
µ

=  (15)

The heat transfer coefficients of both fluids, cold nanoh
and hot hh , were obtained by regression fit [7].

2
h c

Med
As AsA +

=  (16)

The overall heat transfer coefficient is given by:

1
1 1O

h h nano C Metal Med

U A L
h As h As k A

=
+ +  (17)

16.2W/(mK)Metalk = is the thermal conductivity of the 
heat transfer plate and 30.4 10 mL −= ×  is the gap between 
the cold and hot channels. 

Reh h h
h

h

Acm
Dh
µ

=   (18)

Renano nano c
nano

c

Acm
Dh
µ

=   (19)

hm  and nanom  are the mass flow rates of the hot and 
cold fluid, respectively. 

h hC m Cp′=
  (20)

nano nanoC m Cp′=
         (21)

hC  and nanoC are the heat capacity of the hot and cold 
fluid, respectively.
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Where minC  is the minimum between  and nanoC .
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OU ANTU
C
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NTU  are the number of thermal units associated with 
the heat exchanger.

*(1 )
2

NTU CFa −
=     (24)

Fa  is the fin analogy for a counter-flow heat exchanger 
[2,3,14]. 

tanh( )
T
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Tη  is the thermal efficiency.

*
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Tε  is the thermal effectiveness.

min( )Max i iQ Th Tc C= −  (27)

MaxQ  is the theoretically possible maximum of the heat 
transfer rate for the situation in analysis.
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Q is the actual heat transfer rate. 
The outlet temperatures for both fluids, Th0 and Tc0, are 

given by:

o i
h

QTh Th
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= −

′   (29)

o i
nano

QTc Tc
m Cp

′
= +
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)

min min
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C Th C Tc
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Tσ  is the thermal irreversibility for the heat exchanger.

3. Results and Discussion 

Graphical results related to nanofluid properties, em-
phasizing momentum diffusivity and thermal diffusivity, 
are shown in Figures 1 to 4. Figures 6 to 10 show re-
sults for heat transfer rate and associated quantities for 
Reh=800 and Rec=200, and Figures 11 to 15 for Reh=800 
and Rec=600. Figures 16 and 17 show the hot fluid exit 
temperature with Reynolds numbers ranging from 200 to 
400 for hot fluid and cold nanofluid.

Figure 1 presents results for dynamic viscosity for a 
variation of volume fraction between 0 and 15%. The 
highlighted figure represents the kinematic viscosity, 
representing the quantity of motion and having quantita-
tive similarity with the dynamic viscosity. The similarity 
demonstrates that dynamic viscosity is the main factor in 
determining the momentum, with specific mass (density) 
influencing only in the order of magnitude. Non-spher-
ical nanoparticles significantly increase the momentum 
of the nanofluid, with emphasis on platelets, cylindrical, 
and blades. The spherical nanoparticles, Al2O3 aluminum 
oxide, and Boehmite Alumina present lower values for the 
momentum for the entire range of volume fraction analyz-
ed and showed similar graphic results, as they have very 
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identical numerical thermodynamic properties (Table 1).
Figure 2 presents results for thermal conductivity for a 

variation of volume fraction between 0 and 15%. Non-spher-
ical Cylindrical Boehmite Alumina has a higher thermal con-
ductivity value than spherical nanoparticles, and Non-spher-
ical Platelets and Blades have lower values. On the other 
hand, non-spherical Bricks have values very close to spheri-
cal particles for a high volume fraction of nanoparticles.

Figure 3 represents the thermal diffusivity and has quanti-
tative similarity with the thermal conductivity. Figure 4 pre-
sents results for specific heat for a variety of volume fractions 
between 0 and 15%. The similarity demonstrates that thermal 
conductivity is the main factor in determining thermal diffu-
sivity, with specific mass (density) and specific heat influenc-
ing only in the order of magnitude. 

Figure 5 presents results for thermal capacity for cold and 
hot fluids as a function of the Reynolds number for a volume 
fraction equal to 0.05. The thermal capacity increases with 
increasing Reynolds number for all forms of nanoparticles. 
The highest values are associated with non-spherical platelets 
and cylindrical nanoparticles and the lowest in the hot fluid. 
This result obtained for the hot fluid is significant because the 
maximum heat transfer rate is theoretically possible, is asso-
ciated with the lowest thermal capacity between the fluids, 
and serves as a reference for current heat transfer rates. As 
the thermal capacity represents the amount of energy in the 

form of heat absorbed by the medium, by the different tem-
perature, the presented results will reflect on the heat transfer 
rate between the fluids.

Figure 6 presents results for heat transfer rate as a 
function of Reynolds number for volume fraction Φ=0.15. 
For smaller values of Reynolds numbers, the heat trans-
fer rate significantly approaches the maximum possible, 
preliminarily indicating that, in this case, the efficiency is 
relatively low and the irreversibility high. However, the 
inverse is expected for high Reynolds number values, as 
the current heat transfer rate is relatively low compared to 
the maximum possible. In the highlighted figure, the heat 
transfer rate is presented for the upper range of Reynolds 
number to better note the dispersion between the results 
related to the nanoparticle shapes.

Figure 7 presents results of heat transfer rate versus 
volume fraction for the nanoparticles, with Reh=800 and 
Rec=200 as parameters. For smaller volume fractions of 
the nanoparticles, it is observed that the platelet and cy-
lindrical particles have a higher heat transfer rate. How-
ever, the brick-shaped particles and blade surpass the two 
previously mentioned heat transfer rates for high volume 
fraction values. In the entire range of volume fractions 
analyzed, the lowest values for heat transfer rate are asso-
ciated with spherical particles.

Figure	1. Dynamic and kinematic viscosities versus nanoparticle volume fraction
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Figure	2. Thermal conductivity versus nanoparticle volume fraction

 

Figure	3. Thermal diffusivity versus nanoparticle volume fraction
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Figure	4. Specific heat and thermal diffusivity versus nanoparticle volume fraction

Figure	5. Thermal capacity versus Reynolds number



15

Journal of Metallic Material Research | Volume 05 | Issue 01 | April 2022

Figure	6. Actual and maximum heat transfer rate versus Reynolds number

Figure	7.	Heat transfer rate versus volume fraction of nanoparticles Reh=800 and Rec=200
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Figure 8 shows the heat transfer rate as a function 
of the Prandtl number. The highlighted figure presents 
Prandtl number versus volume fraction. The Prandtl 
number grows with the volume fraction similar to that 
obtained for the momentum diffusivity, and the highest 
values are obtained for the non-spherical cylindrical and 
platelet shapes in the entire volume fraction range. The 
relevant fact is that Prandtl decreases with the increase 
in volume fraction for the spherical nanoparticles. The 
central figure, heat transfer rate versus Prandtl, highlights 
this fact, demonstrating that the Prandtl number increases, 
the heat transfer rate decreases for spherical nanoparticles, 
which have relatively low values for the Prandtl num-
ber. The highest Prandtl number values are obtained for 
non-spherical cylindrical and platelet nanoparticles, which 
have a slightly lower thermal performance than non-spher-
ical blade and Brick type nanoparticles. Non-spherical 
particles have high values for heat transfer rates regarding 
spherical particles. It is noteworthy that the heat transfer 
rate goes through a maximum value with an increase in 
the Prandtl number, with the rise in the fraction in vol-
ume. Non-spherical Blade nanoparticles did not reach the 
maximum value for heat transfer for the maximum vol-
ume fraction under analysis equal to Φ=0.15, and, in this 
case, it is possible to increase the volume fraction until the 
maximum heat transfer rate.

Figure 9 presents thermal irreversibility results, rep-
resenting the generation of entropy, as a function of the 
volume fraction of the nanoparticles for Reh=800 and 
Rec=200. Values for thermal irreversibility are relatively 
low concerning total entropy, which considers the portion 
of entropy generation associated with the viscosity of 
the medium. Entropy generation grows with the volume 
fraction for all nanoparticles and is relatively high for 
non-spherical nanoparticles compared to entropy gen-
eration for spherical particles. The nanoparticle shapes 
affect the interaction between the base fluid and the nan-
oparticles, creating greater irreversibility. There is a clear 
relationship between the heat transfer rate exchanged 
between fluids and irreversibility (Figure 7). The greater 
irreversibility is achieved for non-spherical cylindrical 
and platelet nanoparticles. The entropy generation rate did 
not reach the maximum for the non-spherical nanoparticle 
Blade, within the volume fraction range equal to 0.0 and 
0.15. The maximum entropy generation for the non-spher-
ical nanoparticle Bricks is reached near the equal volume 
fraction to 0.15.

Figure 10 presents results for thermal efficiency as a 
function of the volume fraction of the nanoparticles for 
Reh=800 and Rec=200. Efficiency is low where irrevers-
ibility is high, when heat transfer rate is high, or when 
there is high entropy generation. In this sense, Figures 8 

Figure	8. Heat transfer rate versus Prandtl number and Prandtl number versus volume fraction Reh=800 and Rec=200
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Figure	9. Irreversibility versus volume fraction of nanoparticles and Prandtl number Reh=800 and Rec=200

Figure	10. Efficiency versus volume fraction of nanoparticles and Prandtl number Reh=800 and Rec=200
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and 9 complements each other and corroborate the results 
obtained for the heat transfer rate observed for the nano-
fluid through Figures 6 and 7.

Figure 11 shows the hot fluid outlet temperature as 
a function of the volume fraction of the nanoparticles 
and complements the information already obtained for 
Reh=800 and Rec=200. The lowest outlet temperature oc-
curs when irreversibility is high or greater heat exchange 
between the media, corresponding to non-spherical cylin-
drical and brick nanoparticles for different volume frac-
tions. Cylindrical nanoparticles reach a lower temperature 
in a volume fraction equal to 0.8 and the brick nanoparti-
cle close to 0.12. For blade nanoparticles, a lower output 
temperature can be reached for a volume fraction greater 
than 0.15.

Figure 12 presents results of heat transfer rate ver-
sus volume fraction for the nanoparticles, with Reh=800 
and Rec=600 as parameters. The absolute values of the 
heat transfer rate are significantly higher concerning the 
condition Reh=800 and Rec=200. For smaller volume 
fractions of nanoparticles, platelets and cylindrical par-
ticles increase the heat transfer rate and higher value. In 
these cases, when the volume fraction increases, they go 
through a maximum heat transfer rate between 0.4 and 0.8 
and decrease until the heat transfer rate is below the value 
obtained for the spherical nanoparticles for volume frac-
tions above 0.10. For volume fractions above 0.8, Blades 

and Bricks nanoparticles show better thermal performance 
than others. The non-spherical blade nanoparticle has a 
higher heat transfer rate than spherical nanoparticles in the 
entire range of analyzed volume fraction.

Figure 13 shows heat transfer rate versus Prandtl num-
ber, and highlighted figure presents Prandtl number versus 
volume fraction, for Reh= 800 and Rec=600. The Prandtl 
number decreases with increasing volume fraction for 
spherical nanoparticles. Heat transfer rate versus Prandtl 
demonstrates that when the Prandtl number rises, the heat 
transfer rate decreases for spherical nanoparticles, which 
have relatively low values for the Prandtl number. The 
highest Prandtl number values are obtained for cylindri-
cal and non-spherical platelet nanoparticles, with slightly 
lower thermal performance than the non-spherical blade 
and Brick-type nanoparticles. Non-spherical particles have 
high values for heat transfer rates relative to spherical 
particles. The heat transfer rate goes through a maximum 
value as the Prandtl number increases, that is, as the vol-
ume fraction increases for all non-spherical nanoparticles. 
All non-spherical nanoparticles have a maximum value 
for the heat transfer rate for a volume fraction between 
0.4 to 0.6, with nanoparticle bricks with a higher absolute 
value. Platelets and cylindrical nanoparticles have lower 
heat transfer rates than those obtained for spherical nano-
particles for high volume fractions.

Figure 14 presents thermal irreversibility results, rep-

Figure	11. Fluid hot exit temperature versus volume fraction of nanoparticles number Reh=800 and Rec=200
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resenting the generation of entropy, as a function of the 
volume fraction of the nanoparticles for Reh=800 and 
Rec=600. Values for thermal irreversibility are relatively 
low concerning total entropy, which considers the portion 
of entropy generation associated with the viscosity of 
the medium. Entropy generation grows with the volume 
fraction for all nanoparticles and is relatively high for 
non-spherical nanoparticles compared to entropy genera-
tion for spherical particles. The results, in this case, show 
numerical values   more elevated than the situation already 
analyzed, Reh=800 and Rec=200, and reflect the higher 
heat transfer rate. The nanoparticle shapes affect the in-
teraction between the fluid base and the nanoparticles. 
Greater irreversibility is achieved for non-spherical cylin-
drical and platelet nanoparticles for volume fraction small 
and medium values. The entropy generation rate did not 
reach the maximum for the non-spherical nanoparticles 
blade and brick, within the volume fraction range equal to 
0.0 and 0.15. The maximum entropy generation for these 
non-spherical nanoparticles is reached at a volume frac-
tion equal to 0.15. 

Figure 15 presents results for thermal efficiency as a 
function of the volume fraction of the nanoparticles for 
Reh=800 and Rec=600. Efficiency is low where irrevers-
ibility is high, when heat transfer rate is high, or when 
there is high entropy generation. 

Figure 16 shows the hot fluid outlet temperature as 

a function of the volume fraction of the nanoparticles 
and complements the information already obtained for 
Reh=800 and Rec=600. The hot fluid outlet temperatures 
are always lower than Reh=800 and Rec=200. The lowest 
outlet temperature occurs when irreversibility is high or 
greater heat exchange between the media, corresponding 
to non-spherical cylindrical and brick nanoparticles for 
volume fractions between 0.4 to 0.6. For blade and nano-
particles bricks, lower output temperature can be reached 
for a volume fraction between 0.6 to 0.15. The relevant 
fact is that the hot fluid exit temperature may be lower for 
spherical nanoparticles for high volume fractions.

Figures 17 and 18 present the hot fluid exit tempera-
ture values of the two different volume fractions. For a 
volume fraction equal to 0.05, the exit temperatures for 
non-spherical nanoparticles are, in all cases, lower than 
the exit temperatures for spherical nanoparticles. As al-
ready observed, for a fraction in a volume equal to 0.15, 
the only nanoparticle that present exit temperatures lower 
than those obtained for spherical nanoparticles are those 
that have the shape of the blade. The lowest exit temper-
atures for all nanoparticles are obtained for Reh=200 and 
Rec=200.

In summary, the results highlight platelets and cylin-
drical nanoparticles for Reynolds numbers Reh=800 and 
Rec=200 and demonstrate a higher heat transfer rate for 
low volume fractions. On the other hand, the brick and 

Figure	12.	Heat transfer rate versus volume fraction of nanoparticles Reh=800 and Rec=600
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Figure	13.	Heat transfer rate versus Prandtl number and Prandtl number versus volume fraction Reh=800 and Rec=600

Figure	14. Irreversibility versus volume fraction of nanoparticles and Prandtl number Reh=800 and Rec=600
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Figure	15. Efficiency versus volume fraction of nanoparticles and Prandtl number Reh=800 and Rec=600

Figure	16. Fluid hot exit temperature versus volume fraction of nanoparticles Reh=800 and Rec=600
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Figure	17.	Fluid hot exit temperature versus Reynolds number for Φ=0.05

Figure	18. Fluid hot exit temperature versus Reynolds number for Φ=0.15
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blade-shaped particles outperform the previous two for 
high volume fraction values. The non-spherical blade nan-
oparticle does not reach the maximum heat transfer value 
for the higher volume fraction under analysis equal to Φ = 
0.15.

For Reynolds numbers, Reh=800 and Rec=600 brick 
and blade nanoparticles have better thermal performance 
for volume fraction above 0.8, and non-spherical blade 
nanoparticle has a higher heat transfer rate than spherical 
nanoparticles across the entire volume fraction range ana-
lyzed. For a volume fraction above 0.10, platelets and cy-
lindrical particles present the transfer rate below the value 
obtained for spherical nanoparticles. The lowest hot fluid 
exit temperature for brick and blade nanoparticles occurs 
for volume fractions between 0.6 to 0.15. Still, the hot flu-
id exit temperatures are always lower than Reh=800 and 
Rec=200 conditions.

4.	Conclusions

The thermal performance of a printed circuit heat ex-
changer (PCHE) was determined using non-spherical nan-
oparticles compared to spherical nanoparticles. The anal-
ysis covered Reynolds values equal to 200 and 800 for 
the hot fluid and 200 and 600 for cold fluid, with volume 
fractions for the nanoparticles ranging from 0.05 to 0.15. 
The spherical particles are Al2O3 and Boehmite alumina, 
and the non-spherical particles of Boehmite alumina are 
platelets, blades, cylindrical, and bricks.

It was demonstrated that non-spherical particles have 
higher heat transfer rates than spherical particles. Ap-
plying the second law of thermodynamics methodology 
makes thermal performance analysis straightforward and 
elegant.

In specific terms, the work highlights:
- The nanoparticles’ shapes affect the interaction be-

tween the fluid base and the nanoparticles, creating greater 
thermal irreversibility.

- Thermal entropy generation grows with the volume 
fraction for all nanoparticles and is relatively high for 
non-spherical nanoparticles than thermal entropy genera-
tion for spherical particles.

- The maximum theoretically possible heat transfer rate 
is associated with the hot fluid and serves as a reference 
for current heat transfer rates.

- Spherical nanoparticles present very close graphic 
results, as they have similar numerical thermodynamic 
properties.

- For volume fraction equal to 0.05, the hot fluid exit 
temperatures for non-spherical nanoparticles are in all 
cases lower than the hot exit temperatures for spherical 
nanoparticles.

- For a volume fraction equal to 0.15, the only nanopar-
ticles that present lower hot fluid exit temperatures than 
those obtained for spherical nanoparticles are those that 
have the shape of a blade.

- For all nanoparticles under analysis, the lowest hot 
fluid exit temperatures are obtained for Reh=200 and 
Rec=200.
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Oman Sea is connecting belt between the Indian Ocean and Persian 
Gulf. Because it strategic and environmental aim, presence of natural 
radionuclide 226Ra, 232Th, 40K and 137Cs as man-made element is considered. 
Water samples were taken from 36 marine spots at the coastal strip from 
Hormoz canyon to Goatr seaport in the northern coast of Oman Sea. 
Correspondence analysis is used to identify variation and relationship 
between samples (Q-mood analysis) and variable (R-mood analysis) based 
on approximate 2χ  distances. Radioactive elements (226Ra, 232Th and 40K), 
physical (temperature, pH, turbidity, conductivity, special density) and 
chemical (salinity, oxygen and chlorophyll) parameters of water for 36 
samples handled by correspondence analysis, there are two outstanding 
result, 1) Radioactive elements show high correlation in factors by greater 
eigenvalue, and 2) some of the samples such as W13, W24 and rather W02, 
W05 and W12 show highest activity from Radioactive elements and also 
temperature and conductivity show nearest relation with them in many 
factors.

Keywords:
Hormoz canyon
R-mood analysis
Correspondence analysis
Radioactive elements
Marine spot samples

1. Introduction

The radionuclides are the source of natural radioactivi-
ty in earth [1,2]. Some effective dose of natural radioactivity 
received by human acts in the world. Large amounts of ra-
dionuclides have been released into the environment after 
the Fukushima and Chernobyl nuclear accidents [3]. The 
current research tries to create a reference value to future 
investigation. Therefore, the data can be basic values in 
the region, while the results always are comparable data in 

each. It was necessary to mention that this the same type 
of this research was published for many countries, such as 
Ireland, Egypt [4,5], India [6], China [7], America [8], Turkey [9] 
and Mexico [10]. According to the International Atomic En-
ergy Agency (2003) [11], the standard systematic sampling 
was taken at the northern coastline of Oman Sea.

Water quality assessment studies, especially in coast-
al seas from natural radionuclides have been frequently 
conducted in many countries at the last years [12,13]. The 
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variables and samples analysis were done by Correspond-
ence Analysis (CA) according to covariance and distance 
parameters from R-mode and Q-mode analysis respec-
tively [14-16]. Accordingly, indicator samples were adjust-
ed in the spatial neighborhood of related variables [17]. 
Monitoring of the radioactivity for all radionuclides is the 
main environmental aim at each country. Besides these 
data could be considered as reference data to check the 
radioactivity changes during too many years. During this 
study, the interaction effect of conductivity, temperature, 
special density, salinity, chlorophyll, oxygen, turbidity and 
pH parameters against 226Ra, 232Th and 40K radionuclides 
has been considered using multivariate analysis. Some of 
these parameters show best similarity to detect radionu-
clide concentrations. 

2. Materials and Methods

The total number of 36 marine spot was designed in the 
northern coast of Oman Sea. The first related sample was 
taken from the Hormoz canyon and it continued by coastal 
strip to Goatr seaport. The sampling project was done in 
May 2011 and covered an area between 56° 30′ to 61° 30′ 
in longitude and 25° to 26° in latitude. Figure 1 shows the 
location of sampling spots, afterward the sample code and 
location of each sample represented in Table 1. A hand-held 
EXPLORANIUM spectrometer was applied to monitoring 
and detect the environmental changes [18,19]. By using the 
CTD system could record conductivity (MS/cm), temper-

ature (°C), special density (gr/cm3), salinity (PSU), chlo-
rophyll (mgr/m3), oxygen (PPM), turbidity (NTU) and pH 
of water. A suitable pump was used to suction about 100 
liters of surface water from the Oman gulf. A container 
applied to minimize the absorption of activity. According-
ly, the pH of water solution decreases to 1.5 and High-Pu-
rity Germanium (HPGe) are used to detect of high-preci-
sion digital electronics of all parameters [6-20]. The portable 
HPGe detector positioned vertically inverse at center of 
the water sample [21,22]. All samples were taken from the 
nearest coastal strip and each spot designed which could 
probe possible polluting sources. All the statistic and mul-
tivariate analysis are done using Minitab 19.2020.1 (64-
bit) and SPSS Statistics 17. 

Figure	1. Locations map of the sampling spots consist of 
water samples

Table 1. The location of water samples in Oman Sea

Sample code location Sample code location

W01 Chabahar Seaport (Pasabandar) W19 Pi Bashk (Karti)

W02 Chabahar Seaport (Baris Bala) W20 Pi Bashk (Lirdaf)

W03 Chabahar Seaport (Baris Bala) W21 Pi Bashk (Sadich)

W04 Chabahar Seaport W22 Pi Bashk (Sadich)

W05 Chabahar Seaport W23 Pi Bashk (Kentaki)

W06 Chabahar Seaport (Konarak) W24 Pi Bashk (Kentaki)

W07 Chabahar Seaport (Konarak) W25 Pi Bashk (Kentaki)

W08 Chabahar Seaport (Konarak) W26 Jask Seaport

W09 Chabahar Seaport (Konarak) W27 Jask Seaport

W10 Chabahar Seaport (Konarak) W28 Jask Seaport

W11 Chabahar Seaport (Gordim) W29 Jask Seaport

W12 Pi Bashk (Tong Seaport) W30 Jask Seaport

W13 Pi Bashk (Hoomadan) W31 Jask Seaport

W14 Pi Bashk (Derak) W32 Taherooi (Serich)

W15 Pi Bashk (Derak) W33 Taherooi (Mashi)

W16 Pi Bashk (Derak) W34 Taherooi (Mashi)

W17 Pi Bashk (Karti) W35 Taherooi (Sirik Seaport)

W18 Pi Bashk (Karti) W36 Gheshm
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3. Results

3.1 Statistical Analysis 

The minimum and maximum, mean and median, stand-
ard deviation, variance, values of 226Ra, 232Th and 40K are 
showed in Table 2. The boxplot that displays the distribu-
tion of median confidence interval box, outlier symbols, 
median symbol and the minimum and maximum, mean 
for Ra, Th, and K (Figure 2). 

3.2 Correspondence and K-means Analysis 

Correspondence Analysis (CA) method is a useful meth-
od in order to geochemical classification of variables [23,24].  
By application of this method could reduce high-dimen-
sional data into subset of data which have low-dimension. 
These data could easily interpret and show effective and 
simple dimension. The subspaces reveal the main vari-
ances between variables [25-28]. R-mode and Q-mode are 
the two main branches of CA method [28,29]. The Q-mode 
(represented as sample-to-sample analysis) and R-mode 

(represented as element-to-element) are the two main 
results of the CA analysis. The results of R-mode and 
Q-mode matrix are combined as F-matrix while the dis-
tances are 2χ  distances between the respective modes [30,25]. 
Therefore, the CA could easily indicate the similarity or 
association between variables (R-mode, which represent-
ed by loadings or blue vectors in Figure 3) derived from 
data samples (Q-mode, which represented by scores or 
red symbols in Figure 3). The first (82% of Inertia) and 
second (9.6% of Inertia) CA factors with the highest ei-
genvalue are the stronger factors. The cumulative propor-
tion of inertia for the first and second factor consists of 
91.5% of total variation in the whole samples (Table 3). 
The symmetric with combination of the first and second 
factor is displayed in Figure 2. Both row and column prin-
cipal coordinate overlaid in new dimensions. This method 
could ease difficulty between variables while there are not 
of primary interest in data (for columns and rows). There-
fore, columns (variables) and rows (samples) plotted in 
new dimension.

Table 2. Descriptive statistics of water samples for 226Ra, 232Th and 40K activity concentration.

Variable Minimum Maximum Mean Median St.Dev. Variance

water sample (Bq/Lit)

226Ra 2.19 2.82 2.4917 2.555 0.1794 0.0322

232Th 1.66 2.17 1.9031 1.885 0.1514 0.0229

40K 132.6 148.87 141.48 144.42 5.87 34.51

Figure	2. The boxplot of Ra, Th and K for water samples
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Table 3. The Contingency table from CA analysis

Axis Inertia Proportion ratio Cumulative

1 0.0094 0.8190 0.8190

2 0.0011 0.0961 0.9151

3 0.0007 0.0629 0.9780

4 0.0001 0.0125 0.9906

4.	Discussion

A set of samples in a K-means cluster are more similar 
to each other according to some similarity or dissimilarity 
measures. Therefore, it was used and revealed that sam-
ples show different properties due to their parameters. All 
samples were categorized in 4 groups (Figure 4), while 
the first group (which have 13 observations) shows higher 
value for Ph, K, Ra, Th. The second and the third group 
have 7 and 8 samples, respectively. They are more impor-
tant for temperature, conductivity, salinity. Parameters. 
The fourth group by 8 samples show higher turbidity and 
sigma-T. The first dimension of CA indicates maximum 
variance between 226Ra, 232Th and 40K parameters and 
temperature, sigma-T, oxygen, conductivity. On the oth-
er hand, the second dimension of CA analysis indicates 
different Eigenvector for pH, turbidity, chlorophyll, and 

salinity parameters. 
The sample numbers of W13, W18 and W24 are 

strongly, in which W12, W05 and W02 are moderately 
concentrated from 226Ra, 232Th and 40K radionuclides (Fig-
ure 4). According to the Figure 2 it would have revealed 
that sample W13 and W18 (Eigenvalues distinguished by 
black circles, Figure 4) have been concentrated from 226Ra,  
232Th and 40K radionuclides (shown by blue eigenvectors, 
Figure 3), whereas, W26 and W03 show at least values. 
On the other hand, W26 and W35 sample numbers consid-
ered as the highest values of salinity and chlorophyll. All 
the water variation from radionuclides indicated by the 2D 
graphical representation of eigenvalues and eigenvectors 
(Figure 3), simultaneously in the correspondence (CA) 
and factor analysis combination. The sample numbers of 
W18, W34, W21, W08, W04, W13 and W24 can straight-
en this idea. Also, the second dimension of variation in 
CA indicates that turbidity, chlorophyll, and salinity have 
the minimum similarities with 226Ra, 232Th and 40K radi-
onuclides and it is indicated according to W26 and W35 
samples. During this paper concluded that Sigma-T and 
pH considered as best indicator for radionuclides concen-
tration. Higher concentrated values for salinity and con-
ductivity may be originated from at least values for 226Ra, 
232Th and 40K radionuclides.

Figure	3.	The 2-D symmetric plot from multivariate CA analysis for the first and second dimensions in the water samples.

The parameters and radionuclides are plotted within new dimension according to Euclidian distances between observations by 
covariance-based and distance-based analysis. *Symbols are the special dispersion pattern of sample in the new dimension that 
represent amount of concentration in samples. 
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Activity concentrations of radionuclides of 40K, 226Ra and 
232Th were measured (Table 2) and results compared with 
international standard values and legal regulations (Table 
4). Maximum activity concentration of 226Ra and 40K was 
measured respectively 2.82 Bq/Lit and 148.87 Bq/Lit in sam-

ple number 13 at Pi Bashk (Hoomadan). Accordingly, the 
maximum value of 232Th was 2.17 Bq/Lit in sample number 
W34 at Taherooi (Mashi). The natural activity concentrations 
of radionuclides of 40K, 226Ra, and 232Th have been estimated 
below the significant values in the world.

Table	4. The compression of concentrations of K, Ra and Th northern coast of Oman sea with international standard 
values and legal regulations

Country 40K 232Th 226Ra References

Nigeria 7.51±0.56 1.78±0.14 2.99±0.57 [31]

Earth’s crust average 400 30 - [32]

Albania (minimum-maximum) 266-675 13-40 13-23 [33]

India, East coast of Tamilnadu (CSS) 360.23 14.29 - [34]

Saudi coastline, Gulf of Aqaba (CSS) 641.1 22.5 - [35]

Greateraccra, Ghana (CSS) 29.78 108.6 - [36]

Egypt red sea (Marine sediment) 330.70 ± 107 16.19 ± 8.68 - [37]

Iran (Anzali wetland) (minimum-maximum) 371.8-652.28 17.57-45.84 13.83-38.37 [38]

Iran (northern coast of Oman Sea, CSS) 141.48 1.9031 2.4917 Present study

Figure	4. The graphical combination plot of CA and K-means clustering.
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5. Conclusions

Correspondence analysis is applied to recognize water 
sample and analyzed variable (three radioactive element 
and eight physical and chemical properties of sample). 
In these surveys, variables of Ra, Th and K have differ-
ent specification from conductivity, temperature, special 
density, salinity, chlorophyll, oxygen, turbidity and pH 
of water. Accordingly, these radionuclides have same 
behavior (with high eigenvalue) and correlated in strong-
er factors. Therefore, samples such as W13, W24, W18 
(strongly) and W12, W05 and W02 (moderately) are con-
centrated from Th, Ra and K. By application of CA and 
factor multivariate analysis, the first dimension shows the 
conductivity, temperature, O2 and salinity parameters have 
distinctly different from 226Ra, 232Th and 40K according to 
covariance-based (R-mode) analysis. On the other hand, 
the second dimension indicates temperature, O2, and con-
ductivity and maybe pH have a high correlation with radi-
onuclides. Finally, after analysis, the values of the 226Ra, 
235U, 40K, 232Th, and 137Cs concentrations in water samples 
were lower than that value of the world. Therefore, the 
data can be basic values in the region and accepted as a 
reference and comparable data in each time. During this 
paper concluded that Sigma-T and pH considered as best 
indicator for radionuclides concentration. Higher concen-
trated values for salinity and conductivity may be origi-
nated from at least values for 226Ra, 232Th and 40K radionu-
clides. Regarding these parameters, all the data are below 
the significant values in the world but it suggested that Pi 
Bashk (Hoomadan) and Taherooi (Mashi) stations need to 
be studied in the future. 
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The hydrodynamic characteristics of bimetallic Ag/Cu and Co/Ag nanopar-
ticles stabilized by chitosan were determined. The polydispersity index 
and the diameter of nanoparticles were observed to decrease in contrast to 
the original polymer during the creation of chitosan stabilized bimetallic 
nanoparticles, decreasing from 0.342 to 0.12±0.04 and 2.5 micron to 180 
nm, respectively. However, the diffusion coefficient of chitosan was in-
creased from 0.2 cm2/s to 2.71 cm2/s during the production of stable bime-
tallic nanoparticles. The lack of absorption bands at 500 nm and 700 nm- 
900 nm in the UV spectra of the samples suggests that in the presence of 
a reducing agent, copper (II) and cobalt (II) ions undergo full reduction. 
The relationship between the synthesis conditions and the kind of structure 
of bimetallic nanoparticles “core-shell” has been discovered. Silver atoms 
have been shown to be both a core and a shell, depending on the synthesis 
conditions and chemical nature of metal ions.
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1. Introduction

Different metal atoms create bimetallic nanoparticles 
(BNPs) and/or heteronuclear metal complexes, which 
have better mechanical and catalytic performance than 
monometallic complexes due to their synergistic func-
tionalities and their intriguing biological and operational 
features, bimetallic complexes, particularly BNPs, have 
lately gained a lot of interest [1-4]. In this sense, there has 
lately been a trend toward using bimetallic compounds 
in relation to their potential in medicine. In a bimetallic 
complex, each metal center contributes according to its 

chemical characteristics, resulting in a boost in the com-
plex’s antibacterial capabilities above its monometallic 
counterpart. 

BNPs are complexes with qualities that are significant-
ly superior to those of their constituents. The usage of no-
ble metals and the first-row transition value, in particular, 
are gaining popularity for applications in catalysis, elec-
trocatalysis, and magnetism. Because of their capacity to 
form intermetallic phases, random alloys, and core-shell 
species, such objects have a diverse structural chemistry. 
Under impact on the surface, however, the nanostructure 
can be altered due to the observation, segregation, or 
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isolation of many atoms, resulting in the formation of a 
structure with higher catalytic activity [5]. 

In comparison to metallic nanoparticles, the produc-
tion, physicochemical characteristics, and uses of bimetal-
lic nanoparticles based on noble and transition metals are 
now intensively addressed. As a result, BNPs outperform 
their metallic counterparts in terms of biological, chem-
ical, and mechanical qualities. BNPs Au/Ag, Ni/Pd, Au/
Pd, and Au/Pt in the size range of 1 nm-100 nm have been 
reported to find specialized uses in diagnostics (bioimag-
ing), biosensors, treatment, and drug delivery systems as a 
result of these features [6-8]. The size and distribution of bi-
metallic nanoparticles, shape, the ratio of two metals, and 
the internal distribution of metals in individual nanopar-
ticles, for example, the presence of homogeneous alloys, 
core-shell systems, and other types of bimetallic nanopar-
ticles are all important parameters for characterization [6]. 

One of the most essential features of their utilization 
is the fabrication of nanostructure catalysts based on bi-
metallic nanoparticles. It’s probable that the synergistic 
impact of BNPs, in which they’re interlinked at the atomic 
level and create diverse structures like alloys, core-shells, 
heterodimers, and so on, is linked to the effectiveness of 
bimetallic catalysts. The kinetics of catalysis can be af-
fected by variations in the electronic state of metal centers 
in such materials [7].

As a result, BNP structure may be split into two cate-
gories: mixed structures and segregated structures. BNPs 
may be classified into four categories based on their atom-
ic ordering: alloys, intermetallic compounds, subclusters, 
and shell-cores (core-shells, materials with several cores 
covered with one shell). BNP structures are created when 
two distinct elements are combined with a random mech-
anism of dispersion or nuclear envelope creation, such as 
mixed and random alloys, subclusters with two, three, or 
a small number of A-B bonding interfaces, and core-shell 
type at others [8-10].

The researchers created spherical bimetallic Ag/Fe 
nanoparticles of the “core-shell” type with a diameter of 
136.3 nm that were bactericidal against multiresistant 
bacteria. It was discovered that BNPs Ag/Fe had better 
bioactivity against yeast and gram-positive and gram-neg-
ative bacteria than silver and iron mono-NPs. The link be-
tween “structure-bactericidal activity” and the prevention 
and treatment of infections caused by clinically important 
drug-resistant strains has been demonstrated [11].

Metal-containing nanomaterials, such as mono- and bi-
metallic nanoparticles, oxide nanoparticles with bioactive 
qualities that range in composition and properties, are cur-
rently in high demand in the nanoindustry [12-14]. BNPs ap-
pear to be crucial and promising nanomaterials in cataly-

sis, medicine, agriculture, photocatalysis, and other fields. 
They differ from one other in composition and structure, 
as well as core-shell type, composition and structural de-
pendent properties. Nanomaterials, including Pd/Co, Pd/
Ru, Pd/Au, Pd/Fe, Au/Pt, Au/Pd, Cu/Ag, Co/Rh, Pd/Pt, 
Cu/Fe, Ag/Fe, Ni/Cu, and others, have been obtained in 
this vein [15-23].

The impact of BNP structure on their physicochemi-
cal and operational qualities, as well as the creation of a 
link between the synthesis technique and structure, are 
both basic and practical research topics. In this context, 
the discovery of ways for producing bimetallic NPs and 
stabilizing them, as well as the identification of potential 
applications, is of critical practical importance.

2. Materials and Methods

ChS Bombyx mori, with a molecular mass of 200×103 
and a degree of deacylation of 70%, was employed to 
make stabilized bimetallic NPs. Metal salts such as CoCl2, 
CuSO4 and AgNO3 were utilized because they were 
“chemically pure”.

The kinetic parameters were investigated using a Lite-
sizer 100 device (Anton Paar GmbH, Austria), which is 
used to calculate particle size using the Einstein-Stokes 
equation’s diffusion coefficient. A single frequency laser 
diode with a 40 mW output produces a 658 nm laser.

The method of static and dynamic light scattering (pho-
ton correlation spectroscopy) - DLS - was used to measure 
the size of composites. The range of measured dimensions 
is in the range from fractions of nm to 5-10 microns. The 
power of the analyzer’s laser is in the range of 2 mW-35 
mW. Photocor analyzers have a mode of automatic meas-
urements, processing and presentation of analysis results.

A SPECORD 210 spectrophotometer was used to con-
duct UV spectroscopic experiments in the range of 190 
nm-1000 nm. Photometry UV accuracy using potassium 
dichromate according to Ph. Eur. 0.01.

3. Results and Discussion

The approach [14] was used to make chitosan-stabilized 
bimetallic nanoparticles (BNPs) in the presence of a reduc-
ing agent, NaBH4. Metal ions were totally reduced and their 
number was 5±0.5% for all samples, according to the find-
ings of spectral analysis of the mass fraction of metals.

3.1	The	Studies	the	Kinetic	Parameters	of	BNPs	-	
Cu/Ag	and	Co/Ag

The hydrodynamic dimensions, diffusion coefficients, 
and polydispersity index of chitosan stabilized bimetallic 
nanoparticles have all been determined (Table 1).
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The size of polymer-stabilized nanoparticles falls by 
around 10 times the size of polymer macromolecules 
during the synthesis of bimetallic nanoparticles in the 
presence of chitosan, according to studies of the hydrody-
namic diameters of BNPs. The data also show that BNPs 
develop quickly, since the particle diameter does not vary 
from 3 to 12 minutes in any of the systems studied, and 
the average particle diameter is 180 nm-270 nm. It should 
be mentioned that the polydispersity indices in all of the 
examined systems of polymer-stabilized Me2+/Ag+ BNPs 
are close to each other and, as a result, fall from 0.342 to 
0.12±0.04 (Table 2).

This might be attributed to the disruption of intramo-
lecular and intermolecular H-H and electrostatic bonds in 
chitosan solutions, as well as participation in metal nan-
oparticle stabilization. The data obtained from the DLS 
measurements are also close to the Litesizer results and 
range from 0.296 to 0.338.

As a result, it was discovered that the value of the 
diffusion coefficient of chitosan reduces by around 10 
times after the stabilization of bimetallic nanoparticles. 

Furthermore, it was shown that the diffusion coefficient 
of chitosan stabilized bimetallic NPs is inversely related 
to the polydispersity index and particle diameter. Over 
example, the results in Table 3 show that for 3-12 min-
utes, the values of the diffusion coefficient of the particles 
of the tested samples are almost the same. DC sample #2 
has a comparatively high flow rate of 2.71 cm2/s, and the 
IP=0.12±0.04 and d=180 nm particle sizes are tiny, re-
spectively.

The study of the prolongation effect of polymeric 
materials on drugs is of particular interest, which can be 
evaluated by modern physical methods [24]. The UV spec-
troscopy method has been used to study the kinetics of the 
release of ChS particles stabilized by BNP from the film, 
in which the absorption intensity is directly proportional 
to the number of electronic transitions or the concentra-
tion of the substance under study. The kinetics of this 
process can be considered as the diffusion of particles into 
an aqueous medium accompanied by conformational tran-
sitions of the polymer matrix leading to dissolution (Figure 
1a,b).

Table 1. The effect of synthesis time on the particle size of chitosan stabilized bimetallic particles. 2.5 micron d (ChS)

# BNPs samples [NaBH4]×10-4, mol
d, nm

Δd, nm
3 min 6 min 9 min 12 min

1 Cu2+/Ag+=2:1 1.3 227 235 231 224 230

2 Cu2+/Ag+=2:1 2.0 186 182 177 179 180

3 Cu2+/Ag+=2:3 2.0 246 264 267 260 260

4 Cо2+/Ag+=1:1 2.6 199 218 212 200 207

Table 2. The effect of synthesis time on the index polydispersity (IP) of chitosan stabilized bimetallic particles. 0.342 IP 
(ChS)

# BNPs samples
index polydispersity ΔIP

(by Litesizer)
IP

(by DLS)3 min 6 min 9 min 12 min

1 Cu2+/Ag+=2:1 0.25 0.16 0.18 0.21 0.20±0.04 0.314

2 Cu2+/Ag+=2:1 0.14 0.08 0.16 0.16 0.12±0.04 0.296

3 Cu2+/Ag+=2:3 0.23 0.19 0.26 0.26 0.22±0.03 0.326

4 Cо2+/Ag+=1:1 0.11 0.15 0.21 0.25 0.18±0.06 0.338

Table 3. The effect of synthesis time on the diffusion coefficient (DC) of chitosan stabilized bimetallic particles. 0.2 
cm2/s DC (ChS)

# BNPs samples
diffusion coefficient

ΔDC, cm2/s
3 min 6 min 9 min 12 min

1 Cu2+/Ag+=2:1 2.16 2.08 2.11 2.18 2.13

2 Cu2+/Ag+=2:1 2.63 2.70 2.76 2.73 2.71

3 Cu2+/Ag+=2:3 2.47 2.25 2.31 2.45 2.37

4 Cо2+/Ag+=1:1 1.99 1.85 1.83 1.88 1.90
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Based on the results of the study, the diffusion coeffi-
cient of the BNP release process from the film in a me-
dium of 2% CH3COOH was estimated. To estimate the 
diffusion coefficient, we used the formula described by 
Fick’s second law, which is given below:

2

2

dc d cD
dt dx

=  (1)

2

( , ) exp
4

A xc x t
Dtt

 −
=  

 
 (2)

where c is the concentration of the solution, t is time, and 
D is the diffusion coefficient.

It follows that during the diffusion of polymer-stabi-
lized BNP in an acidic medium there is a change in the 
intensity of the optical density of the solvent - CH3COOH, 
which is directly proportional to the concentration of 
the dissolved substance. Fixing the change in absorption 

intensity over time of diffusion into the solvent, we de-
termined the diffusion coefficients for samples #3 and #4, 
which are 2.723×10–7 cm2/s and 4.817×10–8 cm2/s, respec-
tively.

3.2 UV Spectroscopic Studies

In order to research the structure of chitosan stabilized 
BNPs, we carried out UV studies (Figures 2 and 3).

The absorption bands of copper (II) ions are entirely 
decreased at 700 nm-900 nm in the spectra of the samples 
ChS-Cu/Ag examined. Cu NPs, on the other hand, gen-
erate a wide absorption band at 200 nm-300 nm that co-
incides with the absorption bands of chitosan’s amin and 
acetamide groups. It’s worth noting that the absorption 
band at 425 nm, which is typical of Ag NPs, is only seen 
in the spectra of sample #1. This might imply that Ag NPs 
are on the exterior of the sample, acting as a shell, where-

Figure	1. UV spectra of the release kinetics of chitosan stabilised bimetallic nanoparticles from the  
film of samples 3 (a) and 4 (b) with an interval of 10 minutes
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as Cu NPs comprise the center. The absorption bands of 
Ag NPs are not evident in samples #2 and #3, despite 
the fact that the quantity of NPs is 5%. Ag NPs are most 
likely the center of these samples, with Cu NPs forming a 
shell around them.
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Figure	2. UV-spectra of ChS stabilized BNPs Cu/Ag: (1) 
Cu2+/Ag+=2:1, [NaBH4]: 1.3×10–4 mol; (2) Cu2+/Ag+=2:1, 

[NaBH4]: 2.0×10–4 mol; (3) Cu2+/Ag+=2:3, [NaBH4]: 
2.0×10–4 mol

Figure	3. UV-spectra of ChS stabilized BNPs Ag/Со: 
Cо2+/Ag+=1:1, [NaBH4]: 2.6×10–4 mol

There is no absorption band of cobalt (II) ions at 500 
nm in the spectra of sample #4, nor is there an absorption 
band of Ag NPs at 275 nm-600 nm. However, at 200 nm-
206 nm, a significant absorption band develops, which is 
characteristic of Co NPs. This is most likely owing to the 
fact that spherical BNPs are generated under the specified 
synthesis conditions, with Ag NPs in the core and Co NPs 
in the shell. The results are consistent with those seen in 
the literature [15].

4.	Conclusions

In conclusion, the hydrodynamic characteristics of chi-
tosan stabilized bimetallic NPs - Cu/Ag and Co/Ag - pro-
duced under different synthesis circumstances have been 
determined. It has been discovered that the hydrodynamic 
properties of BNPs do not change significantly between 

3 minutes to 12 minutes. A link has been established be-
tween the diffusion coefficient values and the polydisper-
sity index, as well as the diameters of stabilized bimetallic 
nanoparticles. 
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