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This study highlights the hybrid Fe3O4-CoFe2O4/H2O ferrofluid flow and heat transfer 
with the effects of linear heat generation, magnetic field and suction on a rotating disk. 
Using the similarity transformation, the mathematical model is simplified and reduced 
to a similarity set of equations. The bvp4c solver is used for computational analysis as 
well as the stability analysis procedure. The present model is successfully validated 
with previous results, and also verified with the fulfillment of the asymptote profiles. 
Triple solutions are observed within a limited range of testing parameters. The flow 
progress of Fe3O4-CoFe2O4/H2O is reduced when some changes made by varying the 
magnetic and suction parameters while a reverse result is obtained for the third 
solution. Only the suction parameter boosts the thermal progress of Fe3O4-
CoFe2O4/H2O. The stability analysis surprisingly shows that two of the solutions have 
positive smallest eigenvalues and align with the physical results.  
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1. Introduction 
 

Ferrofluids or magnetic nanofluids have been applied in various applications such as computer 
drives, medicine delivery, vacuum chambers, amplifiers, revolving shaft seals and cell parting [1].  
Meanwhile, hybrid ferrofluids are the combination of two solid ferromagnetic particles with a 
conventional heat exchange fluid like water, ethylene glycol or their mixture (water-ethylene glycol). 
Several studies numerically demonstrated the development of heat transfer rate in ferrofluids (see 
Anuar et al., [2], Saranya et al., [3], Waini et al., [4] and Hamid et al., [5]). The heat generation 
physically affects the distribution of temperature in the engineering applications like semiconductor 
wafers, electronic chips and nuclear reactors [6]. In addition, nanorefrigerant (nanofluid based on 
the refrigerant) is also significant in the development of heat transfer efficiency. Few studies related 
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to the thermal progress of nanorefrigerant working fluid can be found in Halim and Sidik [7,8]. The 
unsteady flow with heat generation effect was analyzed by Zainal et al., [9] specifically for the hybrid 
nanofluid. Besides, Elbashbeshy et al., [10] showed that the Nusselt number decreased with the 
increment of heat generation parameter. Meanwhile, Khan et al., [11] demonstrated the reduction 
in temperature distribution with the upsurge of heat generation factor. Very recent, Khashi’ie et al., 
[12] analyzed and discussed the flow and thermal distributions of hybrid ferrofluid flow with thermal 
radiation subjected to a stretching/shrinking surface in a three-dimensional system. Many references 
highlighted the heat generation and thermal behaviour of the conducting fluids [13-18]. 

The unsteady flow has also fascinated the interest of researchers in fluid mechanics area. Vaidya 
et al., [19,20] studied the peristaltic flow of various fluids for the application of blood flow through a 
narrow arteries and chyme movement, respectively. Meanwhile, other studies regarding the non-
Newtonian fluids flow in a channel/tube were numerically conducted by Gudekote and Choudhari 
[21] and Divya et al., [22] for the Casson fluid model, Gudekote et al., [23] and Divya et al., [24] for 
the Herschel-Bulkley fluid model, and Vaidya et al., [25] and Gudekote et al., [26] for the 
Rabinowitsch liquid model. Normally, the ideal steady flow suits the environment/system, however, 
due to few cases related to non-uniformities, fluctuations and body induction, the unsteadiness of 
the surrounding fluid occurs [27,28]. Wang [29] being the first to introduce the research of the 
unsteady flow due to a stretching sheet. Other references for the unsteady and steady flow of 
nanofluids can be found here [30-38].  

Based on the above literature reviews, the current study is intended to carefully evaluate the 
multiple solutions of unsteady Fe3O4-CoFe2O4/H2O flow subjected to a rotating disk. Furthermore, 
the impact of heat generation on the hybrid ferrofluid flow is debatable and so the analysis of this 
effect is carried out. Final analysis results are portrayed in figures and tables form. These findings are 
significant as benchmark in the knowledge expansion regarding this prospect fluid. 
 
2. Mathematical Formulation 
 

Consider the Fe3O4-CoFe2O4 (magnetite-cobalt ferrite) flow past a rotating disk geometry with 
water base fluid (H2O) as portrayed in Figure 1. The considerations for this model are 

 
i. The rotating velocity of the disk is ( )Ω 1s r ctv v = −= ;  , t  and c  is the angular velocity 

(constant), time, and unsteadiness strength (constant), accordingly. 
ii. The stretching/shrinking velocity for the rotating disk is defined as ( )Ω 1s tu cu r = = −  

where 0   (stretching case), 0 =  (static case) and 0   (shrinking case). 

iii. The mass flux velocity of the permeable disk is 
0 1s w ctw w = − −= ; 

0w  is a constant.  

iv. The magnetic field strength is *

0 1B B ct= − ; 
0B  is a constant.  
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Fig. 1. The physical model 

 
The equations which represent this two-dimensional system are given as (see Waini et al., [4]) 
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The  hybrid ferrofluid velocities are ,u v  and w , T  is the temperature, 0
1

1 ct

Q
Q =

−
 is the variable 

heat generation factor with constant 0Q  [36].  
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By substituting Eq. (7) into Eq. (2) to Eq. (6), the similarity ODEs are [4] 
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and the BCs are [4] 
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where the involving parameters are 
 

i. unsteadiness parameter ( )ΩS c= ,  

ii. suction/injection parameter ( )0 Ω fB w = ,  

iii. heat generation parameter ( )( )0 p f
Q Q C=  ,  

iv. Prandtl number ( )( )Pr p ff
C k= , and 

v. magnetic parameter ( )2

0 f fM B  =  .  

 
Tables 1 and Table 2 show the general correlations of hybrid nanofluid and thermophysical 

properties for the used nanoparticles and base fluid.  
 

   Table 1  
   Properties of the water, magnetite and cobalt ferrite 

Properties Base fluid Nanoparticles 

Water Magnetite Cobalt Ferrite 

𝐶𝑝 (J/kgK) 4179 670 700 

𝑘 (W/mK) 0.613 9.8 3.6 
𝜌 (kg/m3) 997.1 5180 4908 
𝜎 (S/m) 0.05 0.74 x 106 1.1 x 107 

Prandtl number, ( )Pr  6.2 - - 
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 Table 2 
 The hybrid ferrofluid’s correlations 
Properties Correlations 

Thermal conductivity 
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Meanwhile, the skin friction coefficients and local Nusselt number are defined as 
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Substituting Eq. (7) into Eq. (12), the following physical interests are obtained  

 

( )

( )

( )

1/2

1/2

1/2

Re 0   (radial direction)

Re 0   (azimuthal direction)

Re 0 ,

,    

,    

hff

r f

f

hff

r g

f

hff

r r

f

C f

C g

k
Nu

k









−

=

=

= −

                   (13) 

 
where the local Reynolds number is Re

r s f
u r = . 

 
3. Stability Analysis  
 

There are many papers reported the stability analysis of the dual or two solutions (Wahid et al., 
[39-41], Bakar et al., [42-44], Aladdin et al., [45-47] and Khashi’ie et al., [48]), however, for the 
multiple solutions (more than two), only few of references are accessible like Waini et al., [49] and 
Yahaya et al., [50]. Following Merkin [51], Weidman et al., [52] and Harris et al., [53], the suitable 
transformation for the unsteadiness case:  
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The following differential equations are obtained by substituting Eq. (14) into Eq. (2) until Eq. (5) 
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while the reduced boundary conditions are 
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The perturbation function is designed based on Weidman et al., [52] 
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The imposition of Eq. (19) into Eq. (15) to Eq. (18) leads to the linearized equations [4,49,52] 
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Following the judgment from Harris et al., [53], the boundary condition 
0
( ) 0F  →  is replaced 

with (0) 1F =  in order to get the smallest eigenvalue. 

 
4. Results and Discussion 
 

The results are obtained for the similarity solutions (Eq. (8) to Eq. (11)) and stability analysis (Eq. 
(20) to Eq. (23)) using the bvp4c. Also, the explanations of the flow and thermal behavior are 
discussed and presented in Figure 2 until Figure 12. Here, the validation of the current study is 
conducted by making a comparison with the previous studies. It is noted that the good agreement is 
attained between the results as given in Table 3.  

The present study highlights the existence of multiple solutions; first solution, second solution 
and third solution based on the fulfillment of the boundary condition (see Figure 9 until Figure 12) 
when the parameters are used within the range of 0 0.1M   (magnetic parameter), 0 0.1Q   

(heat generation parameter) and 0.2 0.3B   (suction parameter). The volumetric concentration of 
Fe3O4-CoFe2O4 is fixed as 2%

hff
 =  with water as the base fluid ( )Pr 6.2=  and 0 =  is also used in 

the entire computation. Table 4 shows the smallest eigenvalues against suction parameter. 
Obviously, the first and the second solutions give the positive values which means these solutions 
are stable as time evolves. However, the third solution shows the opposite behavior. 

 
Table 3  

Model validation when 
1 2

0Q M B = = = = =  and various S  

S  Present Waini et al., [4,49] Fang and Tao [54] 

 ( )0g  ( )0f   ( )0g  ( )0f   ( )0g  ( )0f   

-1 −0.236575 0.719787 -0.2366 0.7198 -0.2366 0.7198 
-2 0.154981 0.931507 0.1550 0.9315 0.1550 0.9315 
-5 1.360850 1.562797 1.3609 1.5628 1.3609 1.5627 
-10 3.413860 2.600801 3.4139 2.6008 3.4139 2.6008 

 
Table 4  
Smallest eigenvalues of the multiple solutions when 

2%,
hff
 = 0.2,B =  0.1M =  and 0.05Q =  

S  Smallest Eigenvalues 
 First Solution Second Solution Third Solution 

-1.11 5.8746 12.1600 -0.6953 
-1.12 6.2075 12.2104 -0.6973 
-1.13 6.4807 12.2178 -0.6991 
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The impact of the magnetic parameter on the flow and thermal behaviour can be observed in 
Figure 2 until Figure 4. The reductions of the physical quantities ( 1/2Re

r f
C , 1/2Re

r g
C , 1/2Re

r r
Nu− ) for the 

first and the second solutions are noticed when the magnetic parameter increasing, whereas the 
reverse trend is shown by the third solution. From the stability analysis results in Table 4, it is 
concluded that, the first and second solutions are more stable than the third solution, hence the 
stable behaviours of the first and second solutions are taken into account. The Lorentz force is well 
known to be developed in the resonance of magnetic field. This force usually decelerates the fluid 
motion to maintain the laminar boundary layer and at the same time, develops the thermal progress 
of the working fluid. However, the present finding contradicts with the natural behavior of magnetic 
flow [49].  The unsteadiness phenomenon in fluid flow affects the natural progress of magnetic field 
and obstructs the enhancement of the heat transfer progress. 

Apart from that, Figure 5 to Figure 7 are provided to get clear insight of suction effect on the 
physical quantities. Higher suction rate has the tendency to improve the values of 1/2Re

r r
Nu− , 

however, it reduces the values of 1/2Re
r f

C , 1/2Re
r g

C  for the first and the second solution. The 

respective profiles of the impact of suction parameter are presented in Figure 9 to Figure 11. All the 
solutions asymptotically fulfilled the far field boundary conditions up to boundary layer thickness 

(blt) 20,

=  which affirms the results’ validness. However, in Figure 9 to Figure 12, the blt is shown 

up to 7,

=  so that the different profiles for all the similarity solutions can be highlighted. Besides, 

the influence of heat generation parameter Q  on 1/2Re
r r

Nu−  is also presented in Figure 8. The 

imposition of Q  in the boundary layer leads to decrease all the physical quantities. Meanwhile, the 

impact of this parameter on the temperature profile is given in Figure 12. From this figure, it is noted 
that the temperature is increased with the rise of Q . The profiles for the third solution shown an 

abnormal behaviour which proves it instability. 
 

 
Fig. 2. 1/2Re

r f
C  for various 𝑀 

 

 
Fig. 3. 1/2Re

r g
C  for various 𝑀 
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Fig. 4. 1/2Re

r r
Nu−  for various 𝑀 

 

 
Fig. 5. 1/2Re

r f
C  for various 𝐵 

 
Fig. 6. 1/2Re

r g
C  for various 𝐵 

 

 
Fig. 7. 1/2Re

r r
Nu−  for various 𝐵 

 
   

 
Fig. 8. 1/2Re

r r
Nu−  for several 𝑄 

 

 
Fig. 9. Velocity (radial) with different 𝐵 
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Fig. 10. Velocity (azimuthal) with 
different 𝐵 

 

 
Fig. 11. Temperature with different 𝐵 

 
Fig. 12. Temperature with different 𝑄 

 

5. Conclusion 
 

The case of unsteady flow of a magnetic hybrid nanofluid/ hybrid ferrofluid is considered 
subjected to a rotating disk with heat generation. The Fe3O4-CoFe2O4 hybrid nanoparticles are 
considered with water/H2O as the base fluid. The bvp4c solver is used in the generation of similarity 
solutions including the stability analysis procedure. The results are as follows 

 
i. Three solutions are obtained within the specific intervals of the physical parameters.  
ii. The first and second solutions with similar physical behaviors have positive smallest 

eigenvalues. Meanwhile, the third solution with a contradict flow and thermal behaviors 
has negative smallest eigenvalues which represents an unstable solution. 

iii. The flow behavior of Fe3O4-CoFe2O4/H2O is reduced with the increment of magnetic and 
suction parameters while a reverse result is obtained for the third solution.  

iv. Under the unsteadiness flow case, the heat generation parameter does not develop the 
flow and thermal progress. 

v. Only suction parameter boosts the thermal progress of Fe3O4-CoFe2O4/H2O. 
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Meanwhile, the recommendation for future studies is as follows 
 

i. Researchers can observe other physical parameters which can develop thermal progress 
like thermal radiation, electromagnetohydrodynamics (EMHD) and viscous dissipation 
effects. 

ii. The present work only highlights the solution based on the numerical approach. The 
researchers also can conduct statistical data analysis for the obtained results like 
sensitivity analysis and response surface methodology in investigating the significant 
factors which contribute to the development of flow and thermal progression of the 
working fluid. 

 
Acknowledgement 
We acknowledge the grants JURNAL/2020/FTKMP/Q00050 and FRGS/1/2021/STG06/UTEM/03/1 
from Universiti Teknikal Malaysia Melaka and Ministry of Higher Education (Malaysia). 
 
References 
[1] Tlili, Iskander, M. T. Mustafa, K. Anantha Kumar, and N. Sandeep. "Effect of asymmetrical heat rise/fall on the film 

flow of magnetohydrodynamic hybrid ferrofluid." Scientific reports 10, no. 1 (2020): 1-11. 
https://doi.org/10.1038/s41598-020-63708-y 

[2]  Anuar, Nur Syazana, Norfifah Bachok, and Ioan Pop. "Influence of MHD Hybrid Ferrofluid Flow on Exponentially 
Stretching/Shrinking Surface with Heat Source/Sink under Stagnation Point Region." Mathematics 9, no. 22 (2021): 
2932. https://doi.org/10.3390/math9222932 

[3] Saranya, Shekar, Qasem M. Al-Mdallal, and Shumaila Javed. "Shifted legendre collocation method for the solution 
of unsteady viscous-ohmic dissipative hybrid ferrofluid flow over a cylinder." Nanomaterials 11, no. 6 (2021): 1512. 
https://doi.org/10.3390/nano11061512 

[4] Waini, Iskandar, Najiyah Safwa Khashi’ie, Abdul Rahman Mohd Kasim, Nurul Amira Zainal, Khairum Bin Hamzah, 
Norihan Md Arifin, and Ioan Pop. "Unsteady Magnetohydrodynamics (MHD) Flow of Hybrid Ferrofluid Due to a 
Rotating Disk." Mathematics 10, no. 10 (2022): 1658. https://doi.org/10.3390/math10101658 

[5] Hamid, Rohana Abdul, Roslinda Nazar, Kohilavani Naganthran, and Ioan Pop. "Dusty ferrofluid transport 
phenomena towards a non-isothermal moving surface with viscous dissipation." Chinese Journal of Physics 75 
(2022): 139-151. https://doi.org/10.1016/j.cjph.2021.11.002 

[6] Chamkha, Ali J., and Camille Issa. "Effects of heat generation/absorption and thermophoresis on hydromagnetic 
flow with heat and mass transfer over a flat surface." International Journal of Numerical Methods for Heat & Fluid 
Flow (2000). https://doi.org/10.1108/09615530010327404 

[7]  Halim, Nur Fazlin Che, and Nor Azwadi Che Sidik. "Mixing Chamber for Preparation of Nanorefrigerant." Journal of 
Advanced Research in Applied Sciences and Engineering Technology 21, no. 1 (2020): 32-40. 
https://doi.org/10.37934/araset.21.1.3240 

[8]  Halim, Nur Fazlin Che, and Nor Azwadi Che Sidik. "Nanorefrigerants: A Review on Thermophysical Properties and 
Their Heat Transfer Performance." Journal of Advanced Research in Applied Sciences and Engineering 
Technology 20, no. 1 (2020): 42-50. https://doi.org/10.37934/araset.20.1.4250 

[9] Zainal, Nurul Amira, Roslinda Nazar, Kohilavani Naganthran, and Ioan Pop. "Stability analysis of unsteady MHD rear 
stagnation point flow of hybrid nanofluid." Mathematics 9, no. 19 (2021): 2428. 
https://doi.org/10.3390/math9192428 

[10] Elbashbeshy, Elsayed MA, Hamada Galal Asker, and Betty Nagy. "The effects of heat generation absorption on 
boundary layer flow of a nanofluid containing gyrotactic microorganisms over an inclined stretching cylinder." Ain 
Shams Engineering Journal 13, no. 5 (2022): 101690. https://doi.org/10.1016/j.asej.2022.101690 

[11] Khan, M. Riaz, Shipeng Mao, Wejdan Deebani, and Awatif MA Elsiddieg. "Numerical analysis of heat transfer and 
friction drag relating to the effect of Joule heating, viscous dissipation and heat generation/absorption in aligned 
MHD slip flow of a nanofluid." International Communications in Heat and Mass Transfer 131 (2022): 105843. 
https://doi.org/10.1016/j.icheatmasstransfer.2021.105843 

[12] Khashi'Ie, Najiyah Safwa, Iskandar Waini, Nur Syahirah Wahid, Norihan Md Arifin, and Ioan Pop. "Radiative Hybrid 
Ferrofluid Flow Over a Permeable Shrinking Sheet in a Three-Dimensional System." CFD Letters 14, no. 11 (2022): 
9-21. https://doi.org/10.37934/cfdl.14.11.921 

https://doi.org/10.1038/s41598-020-63708-y
https://doi.org/10.3390/math9222932
https://doi.org/10.3390/nano11061512
https://doi.org/10.3390/math10101658
https://doi.org/10.1016/j.cjph.2021.11.002
https://doi.org/10.1108/09615530010327404
https://doi.org/10.37934/araset.21.1.3240
https://doi.org/10.37934/araset.20.1.4250
https://doi.org/10.3390/math9192428
https://doi.org/10.1016/j.asej.2022.101690
https://doi.org/10.1016/j.icheatmasstransfer.2021.105843
https://doi.org/10.37934/cfdl.14.11.921


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 102, Issue 1 (2023) 59-72 

70 
 

[13] Bakar, Norhaliza Abu, and Rozaini Roslan. "Mixed Convection in a Lid-Driven Horizontal Cavity in the Presence of 
Internal Heat Generation or Absorption." Journal of Advanced Research in Numerical Heat Transfer 3, no. 1 (2020): 
1-11. 

[14] Eid, Mohamed R., and Mohamed A. Nafe. "Thermal conductivity variation and heat generation effects on magneto-
hybrid nanofluid flow in a porous medium with slip condition." Waves in Random and Complex Media 32, no. 3 
(2022): 1103-1127. https://doi.org/10.1080/17455030.2020.1810365 

[15] Zainal, Nurul Amira, Roslinda Nazar, Kohilavani Naganthran, and Ioan Pop. "Heat generation/absorption effect on 
MHD flow of hybrid nanofluid over bidirectional exponential stretching/shrinking sheet." Chinese Journal of 
Physics 69 (2021): 118-133. https://doi.org/10.1016/j.cjph.2020.12.002 

[16] Wahid, Nur Syahirah, Norihan Md Arifin, Najiyah Safwa Khashi’ie, and Ioan Pop. "Hybrid nanofluid slip flow over an 
exponentially stretching/shrinking permeable sheet with heat generation." Mathematics 9, no. 1 (2020): 30. 
https://doi.org/10.3390/math9010030 

[17] Ali, Usman, M. Y. Malik, A. A. Alderremy, Shaban Aly, and Khalil Ur Rehman. "A generalized findings on thermal 
radiation and heat generation/absorption in nanofluid flow regime." Physica A: Statistical Mechanics and its 
Applications 553 (2020): 124026. https://doi.org/10.1016/j.physa.2019.124026 

[18] Hafeez, Abdul, and Masood Khan. "Flow of Oldroyd-B fluid caused by a rotating disk featuring the Cattaneo-Christov 
theory with heat generation/absorption." International Communications in Heat and Mass Transfer 123 (2021): 
105179. https://doi.org/10.1016/j.icheatmasstransfer.2021.105179 

[19]  Vaidya, H., C. Rajashekhar, K. V. Prasad, S. U. Khan, F. Mebarek-Oudina, A. Patil, and P. Nagathan. "Channel flow of 
MHD bingham fluid due to peristalsis with multiple chemical reactions: an application to blood flow through narrow 
arteries." SN Applied Sciences 3, no. 2 (2021): 1-12. https://doi.org/10.1007/s42452-021-04143-0 

[20] Vaidya, Hanumesh, C. Rajashekhar, K. V. Prasad, Sami Ullah Khan, Arshad Riaz, and J. U. Viharika. "MHD peristaltic 
flow of nanofluid in a vertical channel with multiple slip features: an application to chyme 
movement." Biomechanics and Modeling in Mechanobiology 20, no. 3 (2021): 1047-1067. 
https://doi.org/10.1007/s10237-021-01430-y 

[21]  Gudekote, Manjunatha, and Rajashekhar Choudhari. "Slip effects on peristaltic transport of Casson fluid in an 
inclined elastic tube with porous walls." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 43, 
no. 1 (2018): 67-80. 

[22]  Divya, B. B., G. Manjunatha, C. Rajashekhar, Hanumesh Vaidya, and K. V. Prasad. "Analysis of temperature 
dependent properties of a peristaltic MHD flow in a non-uniform channel: A Casson fluid model." Ain Shams 
Engineering Journal 12, no. 2 (2021): 2181-2191. https://doi.org/10.1016/j.asej.2020.11.010 

[23]  Gudekote, Manjunatha, Rajashekhar Choudhari, Hanumesh Vaidya, and Kerehalli Vinayaka Prasad. "Peristaltic flow 
of Herschel-Bulkley fluid in an elastic tube with slip at porous walls." Journal of Advanced Research in Fluid 
Mechanics and Thermal Sciences 52, no. 1 (2018): 63-75.  

[24] Baliga, Divya, Manjunatha Gudekote, Rajashekhar Choudhari, Hanumesh Vaidya, and Kerehalli Vinayaka Prasad. 
"Influence of velocity and thermal slip on the peristaltic transport of a herschel-bulkley fluid through an inclined 
porous tube." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 56, no. 2 (2019): 195-210.  

[25] Vaidya, Hanumesh, Rajashekhar Choudhari, Manjunatha Gudekote, and Kerehalli Vinayaka Prasad. "Effect of 
variable liquid properties on peristaltic transport of Rabinowitsch liquid in convectively heated complaint porous 
channel." Journal of Central South University 26, no. 5 (2019): 1116-1132. https://doi.org/10.1007/s11771-019-
4075-x 

[26] Gudekote, Manjunatha, Hanumesh Vaidya, Divya Baliga, Rajashekhar Choudhari, Kerehalli Vinayaka Prasad, and 
Viharika Viharika. "The effects of convective and porous conditions on peristaltic transport of non-Newtonian fluid 
through a non-uniform channel with wall properties." Journal of Advanced Research in Fluid Mechanics and 
Thermal Sciences 63, no. 1 (2019): 52-71. 

[27] Zaimi, Khairy, Anuar Ishak, and Ioan Pop. "Unsteady flow due to a contracting cylinder in a nanofluid using 
Buongiorno’s model." International Journal of Heat and Mass Transfer 68 (2014): 509-513. 
https://doi.org/10.1016/j.ijheatmasstransfer.2013.09.047 

[28] Waini, Iskandar, Anuar Ishak, and Ioan Pop. "Unsteady flow and heat transfer past a stretching/shrinking sheet in 
a hybrid nanofluid." International Journal of Heat and Mass Transfer 136 (2019): 288-297. 
https://doi.org/10.1016/j.ijheatmasstransfer.2019.02.101 

[29] Wang, C. Y. "Liquid film on an unsteady stretching surface." Quarterly of Applied Mathematics 48, no. 4 (1990): 
601-610. https://doi.org/10.1090/qam/1079908 

[30] Jahan, Sultana, M. Ferdows, M. D. Shamshuddin, and Khairy Zaimi. "Effects of Solar Radiation and Viscous 
Dissipation on Mixed Convective Non-Isothermal Hybrid Nanofluid over Moving Thin Needle." Journal of Advanced 
Research in Micro and Nano Engineering 3, no. 1 (2021): 1-11. 

https://doi.org/10.1080/17455030.2020.1810365
https://doi.org/10.1016/j.cjph.2020.12.002
https://doi.org/10.3390/math9010030
https://doi.org/10.1016/j.physa.2019.124026
https://doi.org/10.1016/j.icheatmasstransfer.2021.105179
https://doi.org/10.1007/s42452-021-04143-0
https://doi.org/10.1007/s10237-021-01430-y
https://doi.org/10.1016/j.asej.2020.11.010
https://doi.org/10.1007/s11771-019-4075-x
https://doi.org/10.1007/s11771-019-4075-x
https://doi.org/10.1016/j.ijheatmasstransfer.2013.09.047
https://doi.org/10.1016/j.ijheatmasstransfer.2019.02.101
https://doi.org/10.1090/qam/1079908


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 102, Issue 1 (2023) 59-72 

71 
 

[31] Roslan, Rozaini, I. R. Ali, Ammar I. Alsabery, and N. A. Bakar. "Mixed Convection in a Lid-Driven Horizontal 
Rectangular Cavity Filled with Hybrid Nanofluid by Finite Volume Method." Journal of Advanced Research in Micro 
and Nano Engineering 1, no. 1 (2020): 38-49. 

[32]  Akaje, Wasiu, and B. I. Olajuwon. "Impacts of Nonlinear thermal radiation on a stagnation point of an aligned MHD 
Casson nanofluid flow with Thompson and Troian slip boundary condition." Journal of Advanced Research in 
Experimental Fluid Mechanics and Heat Transfer 6, no. 1 (2021): 1-15. 

[33] Khashi'ie, Najiyah Safwa, Norihan M. Arifin, and Ioan Pop. "Unsteady axisymmetric flow and heat transfer of a 
hybrid nanofluid over a permeable stretching/shrinking disc." International Journal of Numerical Methods for Heat 
& Fluid Flow (2020). https://doi.org/10.1108/HFF-07-2020-0421 

[34] Mabood, Fazle, G. P. Ashwinkumar, and N. Sandeep. "Simultaneous results for unsteady flow of MHD hybrid 
nanoliquid above a flat/slendering surface." Journal of Thermal Analysis and Calorimetry 146, no. 1 (2021): 227-
239. https://doi.org/10.1007/s10973-020-09943-x 

[35] Khashi'ie, Najiyah Safwa, Norihan Md Arifin, and Ioan Pop. "Unsteady axisymmetric radiative Cu-Al2O3/H2O flow 
over a radially stretching/shrinking surface." Chinese Journal of Physics (2022).  
https://doi.org/10.1016/j.cjph.2022.06.003 

[36] Kumbhakar, Bidyasagar, and Susmay Nandi. "Unsteady MHD radiative-dissipative flow of Cu-Al2O3/H2O hybrid 
nanofluid past a stretching sheet with slip and convective conditions: A regression analysis." Mathematics and 
Computers in Simulation 194 (2022): 563-587. https://doi.org/10.1016/j.matcom.2021.12.018 

[37] Lin, Jianzhong, and Hailin Yang. "A review on the flow instability of nanofluids." Applied Mathematics and 
Mechanics 40, no. 9 (2019): 1227-1238. https://doi.org/10.1007/s10483-019-2521-9 

[38] Nabavi, Majid. "Steady and unsteady flow analysis in microdiffusers and micropumps: a critical 
review." Microfluidics and nanofluidics 7, no. 5 (2009): 599-619. https://doi.org/10.1007/s10404-009-0474-x 

[39] Wahid, Nur Syahirah, Norihan Md Arifin, Najiyah Safwa Khashi'ie, Ioan Pop, Norfifah Bachok, and Mohd Ezad Hafidz 
Hafidzuddin. "Flow and heat transfer of hybrid nanofluid induced by an exponentially stretching/shrinking curved 
surface." Case Studies in Thermal Engineering 25 (2021): 100982. https://doi.org/10.1016/j.csite.2021.100982 

[40] Wahid, Nur Syahirah, Norihan Md Arifin, Najiyah Safwa Khashi'ie, and Ioan Pop. "Marangoni hybrid nanofluid flow 
over a permeable infinite disk embedded in a porous medium." International Communications in Heat and Mass 
Transfer 126 (2021): 105421. https://doi.org/10.1016/j.icheatmasstransfer.2021.105421 

[41] Wahid, Nur Syahirah, Norihan Md Arifin, Najiyah Safwa Khashi'ie, Ioan Pop, Norfifah Bachok, and Mohd Ezad Hafidz 
Hafidzuddin. "MHD mixed convection flow of a hybrid nanofluid past a permeable vertical flat plate with thermal 
radiation effect." Alexandria Engineering Journal 61, no. 4 (2022): 3323-3333. 
https://doi.org/10.1016/j.aej.2021.08.059 

[42] Abu Bakar, Shahirah, Norihan Md Arifin, Najiyah Safwa Khashi’ie, and Norfifah Bachok. "Hybrid nanofluid flow over 
a permeable shrinking sheet embedded in a porous medium with radiation and slip impacts." Mathematics 9, no. 
8 (2021): 878. https://doi.org/10.3390/math9080878 

[43] Abu Bakar, Shahirah, Norihan Md Arifin, Fadzilah Md Ali, Norfifah Bachok, Roslinda Nazar, and Ioan Pop. "A stability 
analysis on mixed convection boundary layer flow along a permeable vertical cylinder in a porous medium filled 
with a nanofluid and thermal radiation." Applied Sciences 8, no. 4 (2018): 483. 
https://doi.org/10.3390/app8040483 

[44] Bakar, Shahirah Abu, Norihan Md Arifin, Roslinda Nazar, Fadzilah Md Ali, Norfifah Bachok, and Ioan Pop. "The 
effects of suction on forced convection boundary layer stagnation point slip flow in a darcy porous medium towards 
a shrinking sheet with presence of thermal radiation: A stability analysis." Journal of Porous Media 21, no. 7 (2018). 
https://doi.org/10.1615/JPorMedia.2018019722 

[45] Aladdin, Nur Adilah Liyana, and Norfifah Bachok. "Duality Solutions in Hydromagnetic Flow of SWCNT-
MWCNT/Water Hybrid Nanofluid over Vertical Moving Slender Needle." Mathematics 9, no. 22 (2021): 2927. 
https://doi.org/10.3390/math9222927 

[46] Aladdin, Nur Adilah Liyana, and Norfifah Bachok. "Boundary layer flow and heat transfer of Al2O3-TiO2/water 
hybrid nanofluid over a permeable moving plate." Symmetry 12, no. 7 (2020): 1064. 
https://doi.org/10.3390/sym12071064 

[47] Aladdin, Nur Adilah Liyana, Norfifah Bachok, and Nur Syazana Anuar. "MHD Stagnation Point Flow in Nanofluid 
Over Shrinking Surface Using Buongiorno's Model: A Stability Analysis." Journal of Advanced Research in Fluid 
Mechanics and Thermal Sciences 76, no. 3 (2020): 12-24. https://doi.org/10.37934/arfmts.76.3.1224 

[48] Safwa Khashi’ie, Najiyah, Norihan Md Arifin, Ezad Hafidz Hafidzuddin, and Nadihah Wahi. "Dual stratified nanofluid 
flow past a permeable shrinking/stretching sheet using a non-Fourier energy model." Applied Sciences 9, no. 10 
(2019): 2124. https://doi.org/10.3390/app9102124 

https://doi.org/10.1108/HFF-07-2020-0421
https://doi.org/10.1007/s10973-020-09943-x
https://doi.org/10.1016/j.cjph.2022.06.003
https://doi.org/10.1016/j.matcom.2021.12.018
https://doi.org/10.1007/s10483-019-2521-9
https://doi.org/10.1007/s10404-009-0474-x
https://doi.org/10.1016/j.csite.2021.100982
https://doi.org/10.1016/j.icheatmasstransfer.2021.105421
https://doi.org/10.1016/j.aej.2021.08.059
https://doi.org/10.3390/math9080878
https://doi.org/10.3390/app8040483
https://doi.org/10.1615/JPorMedia.2018019722
https://doi.org/10.3390/math9222927
https://doi.org/10.3390/sym12071064
https://doi.org/10.37934/arfmts.76.3.1224
https://doi.org/10.3390/app9102124


Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 102, Issue 1 (2023) 59-72 

72 
 

[49] Waini, Iskandar, Anuar Ishak, and Ioan Pop. "Multiple solutions of the unsteady hybrid nanofluid flow over a 
rotating disk with stability analysis." European Journal of Mechanics-B/Fluids 94 (2022): 121-127. 
https://doi.org/10.1016/j.euromechflu.2022.02.011 

[50]  Yahaya, Rusya Iryanti, Norihan Md Arifin, Siti Suzilliana Putri Mohamed Isa, and Mohammad Mehdi Rashidi. 
"Magnetohydrodynamics boundary layer flow of micropolar fluid over an exponentially shrinking sheet with 
thermal radiation: Triple solutions and stability analysis." Mathematical Methods in the Applied Sciences 44, no. 13 
(2021): 10578-10608. https://doi.org/10.1002/mma.7432 

[51] Merkin, J. H. "On dual solutions occurring in mixed convection in a porous medium." Journal of engineering 
Mathematics 20, no. 2 (1986): 171-179. https://doi.org/10.1007/BF00042775  

[52] Weidman, P. D., D. G. Kubitschek, and A. M. J. Davis. "The effect of transpiration on self-similar boundary layer flow 
over moving surfaces." International journal of engineering science 44, no. 11-12 (2006): 730-737. 
https://doi.org/10.1016/j.ijengsci.2006.04.005 

[53] Harris, S. D., D. B. Ingham, and I. Pop. "Mixed convection boundary-layer flow near the stagnation point on a vertical 
surface in a porous medium: Brinkman model with slip." Transport in Porous Media 77, no. 2 (2009): 267-285. 
https://doi.org/10.1007/s11242-008-9309-6 

[54] Fang, Tiegang, and Hua Tao. "Unsteady viscous flow over a rotating stretchable disk with 
deceleration." Communications in Nonlinear Science and Numerical Simulation 17, no. 12 (2012): 5064-5072. 
https://doi.org/10.1016/j.cnsns.2012.04.017 

https://doi.org/10.1016/j.euromechflu.2022.02.011
https://doi.org/10.1002/mma.7432
https://doi.org/10.1007/BF00042775
https://doi.org/10.1016/j.ijengsci.2006.04.005
https://doi.org/10.1007/s11242-008-9309-6
https://doi.org/10.1016/j.cnsns.2012.04.017

