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ABSTRACT

This thesis investigated two-dimensional, viscous and incompressible boundary layer
flow models subject to different stream conditions. The nanoparticles such as copper
or a single-walled carbon nanotube are suspended in a base fluid-water, in order to
investigate heat transfer characteristics. The thermophysical properties such as
empirical nanoparticle shapes and nanoparticle volume fraction are utilized to examine
the nanofluid according to the Tiwari-Das approach in four problems. The governing
partial differential equations were transferred to the ODEs using similarity
transformations, solved by the Runge-Kutta-Fehlberg method and the shooting
technique programmed in Maple 18. Firstly thermal radiation and viscous dissipation
are modeled on the mixed convection heat transfer over a nonlinear moving sheet. The
stagnation point flow is considered in the presence of a magnetic field with a
permeable surface. It is found that the temperature for nanoparticle sphere shapes to
be the lowest compared to a cylinder and laminar shapes due to differences in internal
energy or kinetic energy and nanoparticle movement on the surface. Secondly is the
unsteady Carreau nanofluid model with the squeezed flow between two parallel flat
plates, including the sensor surfaces. It is found that the temperature profiles for non-
permeable surface is lower than permeable surface. Further, the temperature for
nanoparticle lamina shape is the lowest compared to sphere and cylinder shapes.
Thirdly is the Carreau nanofluid model on the nonlinear moving surface with variable
wall thickness. The electrical field impact with the magnetohydrodynamic flow is
scrutinized. It is found that an increase in volume fraction led to an increased heat
transfer rate in shear-thinning and shear-thickening. An increase in nanoparticle
volume fraction led to a slight increment of mass transfer. Finally, the Cattaneo-
Christov heat flux model on Maxwell nanofluid with suction/injection over a
stretching sheet was examined. An increase in nanoparticle volume fraction leads to

increased heat transfer rate and a slight decrease in mass transfer rate. Various
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dynamical parameters and physical properties were presented in graphical of velocity,

temperature, and concentration with heat and mass transfer analysis.
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ABSTRAK

Tesis ini mengkaji model aliran lapisan sempadan dua-dimensi, likat dan tak
termampatkan tertakluk kepada pelbagai syarat strim. Nanozarah seperti tembaga atau
nanotiub karbon dinding tunggal diampaikan di dalam bendalir asas-air, untuk
mengkaji pencirian pemindahan haba. Sifat termofizikal seperti bentuk empirikal
nanozarah dan pecahan isipadu nanozarah digunakan untuk mengkaji empat masalah
nanobendalir menggunakan pendekatan Tiwari-Das. Persamaan terbitan separa
menakluk ditukarkan kepada persamaan terbitan biasa menggunakan penjelmaan
keserupaan, kemudian diselesaikan menggunakan kaedah Runge-Kutta-Fehlberg dan
teknik tembakan yang diprogram didalam Maple 18. Pertamanya radiasi terma dan
pelesapan likat dimodelkan keatas pemindahan haba olakan campuran terhadap
kepingan bergerak taklinear. Aliran titik genangan dipertimbangkan dalam kehadiran
medan magnet dengan permukaan telap. Didapati suhu nanozarah bentuk sfera
terendah berbanding bentuk silinder dan lamina disebabkan perbezaan pada tenaga
dalaman atau tenaga kinetik dan pergerakkan nanozarah di atas permukaan. Keduanya
adalah model tak mantap nanobendalir Carreau dengan aliran terhimpit antara dua plat
rata selari termasuk sensor permukaan. Didapati profil suhu bagi permukaan tak telap
lebih rendah daripada permukaan telap. Selanjutnya, suhu nanozarah bentuk lamina
adalah terendah berbanding bentuk sfera dan silinder. Ketiga adalah model
nanobendalir Carreau terhadap permukaan bergerak taklinear dengan ketebalan
dinding pembolehubah. Kesan medan elektrik dengan aliran magnetohidrodinamik
diteliti. Didapati peningkatan pecahan isipadu meningkatkan kadar pemindahan haba
dalam ricihan penipisan dan ricihan penebalan. Peningkatan pada pecahan isipadu
nanozarah memacu kepada sedikit peningkatan pemindahan jisim. Akhirnya, model
fluks haba Cattaneo-Christov ke atas nanobendalir Maxwell dengan sedutan/semburan
terhadap regangan helaian dikaji. Peningkatan pecahan isipadu nanozarah

meningkatkan kadar pemindahan haba dan sedikit pengurangan pada kadar



viii

pemindahan jisim. Pelbagai parameter dinamik dan sifat fisikal telah dipersembahkan

secara graf halaju, suhu, dan kepekatan dengan analisis pemindahan haba dan jisim.
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Partial differential equations

Single-walled carbon nanotubes



REFERENCES

Abbasi, F. M., & Shehzad, S. A. (2016). Heat transfer analysis for three-dimensional
flow of Maxwell fluid with temperature dependent thermal conductivity:
Application of Cattaneo-Christov heat flux model. Journal of Molecular
Liquids, 220, 848-854.

Ahmad Khan, J., Mustafa, M., Hayat, T., & Alsaedi, A. (2015). Numerical study of
Cattaneo-Christov heat flux model for viscoelastic flow due to an exponentially
stretching surface. PLOS ONE, 10(9), e0137363.

Ahmad, A. Flow and Heat Transfer Analysis for Arbitrary and Hyperbolic Stretching
Surfaces (Doctoral dissertation, COMSATS Institute of Information Technology
Islamabad-Pakistan); 2012.

Akbar, N. S., Nadeem, S., & Khan, Z. H. (2014b). Numerical simulation of peristaltic
flow of a Carreau nanofluid in an asymmetric channel. Alexandria Engineering
Journal, 53(1), 191-197.

Akbar, N. S., Nadeem, S., Hag, R. U., & Ye, S. (2014a). MHD stagnation point flow
of Carreau fluid toward a permeable shrinking sheet: Dual solutions. Ain Shams
Engineering Journal, 5(4), 1233-12309.

Alam, M. S., Rahman, M. M., & Sattar, M. A. (2007). Similarity solutions for
hydromagnetic free convective heat and mass transfer flow along a semi-infinite
permeable inclined flat plate with heat generation and thermophoresis. Nonlinear
Analysis: Modelling and Control, 12(4), 433-445.

Alam, M. S., Rahman, M. M., & Sattar, M. A. (2009). Transient
magnetohydrodynamic free convective heat and mass transfer flow with
thermophoresis past a radiate inclined permeable plate in the presence of variable
chemical reaction and temperature dependent viscosity. Nonlinear Analysis:
Modelling and Control, 14(1), 3-20.

Ali, B., Nie, Y., Hussain, S., Manan, A., & Sadigq, M. T. (2020). Unsteady magneto-
hydrodynamic transport of rotating Maxwell nanofluid flow on a stretching sheet



166

with Cattaneo—Christov double diffusion and activation energy. Thermal Science
and Engineering Progress, 20, 100720.

Ali, L., Ali, B., Liu, X., Ahmed, S., & Shah, M. A. (2022). Analysis of bio-convective
MHD Blasius and Sakiadis flow with Cattaneo-Christov heat flux model and
chemical reaction. Chinese Journal of Physics, 77, 1963-1975.

Abou-zeid, M. Y., & Ouaf, M. E. (2021). Hall currents effect on squeezing flow of
non-Newtonian nanofluid through a porous medium between two parallel plates.
Case Studies in Thermal Engineering, 28, 101362.

Anjali, S. P., & Ganga, B. (2010). Dissipation effects on MHD nonlinear flow and heat
transfer past a porous surface with prescribed heat flux. Journal of Applied Fluid
Mechanics, 3(1), 1-6.

Atif, S. M., Hussain, S., & Sagheer, M. (2019). Effect of thermal radiation and variable
thermal conductivity on magnetohydrodynamics squeezed flow of Carreau fluid
over a sensor surface. Journal of Nanofluids, 8(4), 806-816.

Azmi, H. M., Isa, S. S. P. M., & Arifin, N. M. (2020). The boundary layer flow, heat
and mass transfer beyond an exponentially stretching/shrinking inclined
sheet. CFD Letters, 12(8), 98-107.

Bahiraei, M., Monavari, A., Naseri, M., & Moayedi, H. (2020). Irreversibility
characteristics of a modified microchannel heat sink operated with nanofluid
considering different shapes of nanoparticles. International Journal of Heat and
Mass Transfer, 151, 119359.

Bejan, A. (2013). Convection heat transfer. Galati, John wiley & sons.

Bird, R. B. (2002). Transport phenomena. Appl. Mech. Rev., 55(1), R1-R4.

Bird, R. B., Stewart, W. E., & Lightfoot, E. N. (2006). Transport phenomena (Vol. 1).

John Wiley & Sons.

Blasius, H. (1908) Grenzschichten in Fllssigkeiten mit kleiner Reibung. Zeits. f. Math.
u. Phys, 56, 1-37.

Brinkman, H. C. (1952). The viscosity of concentrated suspensions and solutions. The
Journal of Chemical Physics, 20(4), 571-571.

Buongiorno, J. (2006). Convective transport in nanofluids. Massachusetts The
American Society of Mechanical Engineers(ASME)

Cattaneo, C. (1948). Sulla conduzione del calore. Atti Sem. Mat. Fis. Univ. Modena, 3,
83-101.

Cebeci, T., & Bradshaw, P. (1988). Boundary-Layer Equations. In Physical and



167

Computational Aspects of Convective Heat Transfer. Springer, New York, NY.

Chen, H., Witharana, S., Jin, Y., Kim, C., & Ding, Y. (2009). Predicting thermal
conductivity of liquid suspensions of nanoparticles (nanofluids) based on
rheology. Particuology, 7(2), 151-157.

Choi, S. (1998). Nanofluid technology: current status and future research. Energy
Technology Division Argonne National Laboratory Argonne, 26, (United States).

Choi, S. U. S. (1995). Enhancing thermal conductivity of fluids with nanoparticles.
American Society of Mechanical Engineers, Fluids Engineering Division
(Publication) FED. 8 (United States)

Christov, C. 1. (2009). On frame indifferent formulation of the Maxwell-Cattaneo
model of finite-speed heat conduction. Mechanics Research
Communications, 36(4), 481-486.

Cortell, R. (2007). Viscous flow and heat transfer over a nonlinearly stretching
sheet. Applied Mathematics and Computation, 184(2), 864-873.

Chu, Y. M., Bashir, S., Ramzan, M., & Malik, M. Y. (2022). Model-based comparative
study of magnetohydrodynamics unsteady hybrid nanofluid flow between two
infinite parallel plates with particle shape effects. Mathematical Methods in the
Applied Sciences.

Daniel, Y. S., Aziz, Z. A., Ismail, Z., & Salah, F. (2018). Thermal stratification effects
on MHD radiative flow of nanofluid over nonlinear stretching sheet with variable
thickness. Journal of Computational Design and Engineering, 5(2), 232-242.

Das, K., Duari, P. R., & Kundu, P. K. (2014). Nanofluid flow over an unsteady
stretching surface in presence of thermal radiation. Alexandria engineering
journal, 53(3), 737-745.

Das, S., & Jana, R. N. (2015). Natural convective magneto-nanofluid flow and
radiative heat transfer past a moving vertical plate. Alexandria Engineering
Journal, 54(1), 55-64.

Efstathios, E. (2014). Michaelides Nanofluidics Thermodynamic and Transport
Properties/E.(Stathis) Michaelides Efstathios.-Springer International Publishing
Switzerland.

Eid, M. R., Mahny, K. L., Dar, A., & Muhammad, T. (2020). Numerical study for
Carreau nanofluid flow over a convectively heated nonlinear stretching surface
with chemically reactive species. Physica A: Statistical Mechanics and its
Applications, 540, 123063.



168

Elayarani, M., Shanmugapriya, M., & Kumar, P. S. (2021). Intensification of heat and
mass transfer process in MHD carreau nanofluid flow containing gyrotactic
microorganisms. Chemical Engineering and Processing-Process Intensification,
160, 108299.

Eid, M. R., Mahny, K. L., Muhammad, T., & Sheikholeslami, M. (2018). Numerical
treatment for Carreau nanofluid flow over a porous nonlinear stretching
surface. Results in Physics, 8, 1185-1193.

Eldabe, N. T., Abo-Seida, O. M., Abo-Seliem, A. A., EIShekhipy, A. A., & Hegazy,
N. (2017). Peristaltic transport of magnetohydrodynamic carreau nanofluid with
heat and mass transfer inside asymmetric channel. American Journal of
Computational Mathematics, 7(01), 1-20.

Eldabe, N. T., Moatimid, G. M., El-Shekhipy, A. A., & Aballah, N. F. (2018).
Peristaltic blood flow with gold nanoparticles on a carreau nanofluid through a
non-darcian porous medium. Journal of Biomaterials and
Nanobiotechnology, 9(4), 290-306.

Elias, M. M., Miqdad, M., Mahbubul, I. M., Saidur, R., Kamalisarvestani, M., Sohel,
M. R., & Amalina, M. A. (2013). Effect of nanoparticle shape on the heat transfer
and thermodynamic  performance of a shell and tube heat
exchanger. International Communications in Heat and Mass Transfer, 44, 93-99.

Elias, M. M., Shahrul, I. M., Mahbubul, I. M., Saidur, R., & Rahim, N. A. (2014).
Effect of different nanoparticle shapes on shell and tube heat exchanger using
different baffle angles and operated with nanofluid. International Journal of Heat
and Mass Transfer, 70, 289-297.

El-Kabeir, S. M. M., El-Hakiem, M. A., & Rashad, A. M. (2008). Lie group analysis
of unsteady MHD three dimensional by natural convection from an inclined
stretching surface saturated porous medium. Journal of computational and
applied mathematics, 213(2), 582-603.

Fang, T., Zhang, J., & Zhong, Y. (2012). Boundary layer flow over a stretching sheet
with variable thickness. Applied Mathematics and Computation, 218(13), 7241-
7252,

Farooq, M., Ahmad, S., Javed, M., & Anjum, A. (2018). Magnetohydrodynamic flow
of squeezed Maxwell nano-fluid with double stratification and convective
conditions. Advances in Mechanical Engineering, 10(9).

Fayyadh, M. M., Naganthran, K., Basir, M. F. M., Hashim, I., & Roslan, R. (2020).



169

Radiative MHD Sutterby Nanofluid Flow Past a Moving Sheet: Scaling Group
Analysis. Mathematics, 8(9), 1430.

Feng, Z. Z., Luo, Z. Y., Zhu, H. T., Fang, Z. C., & Li, W. (2013). Thermophysical
property-based evaluation of mixed convection performance and criteria of
forced-mixed transition for nanofluids. International Journal of Heat and Mass
Transfer, 62, 214-222.

Fourier, J. B. J. (1822). Théorie analytique de la chaleur. Chez Firmin Didot, pere et
fils. Cambridge.

Frank, M. (2011)," Fluid Mechanics", University of Rhode Island, McGraw Hill.

Ganvir, R. B., Walke, P. V., & Kriplani, V. M. (2017). Heat transfer characteristics in
nanofluid—a review. Renewable and Sustainable Energy Reviews, 75, 451-460.

Gharagozloo, P. E., & Goodson, K. E. (2011). Temperature-dependent aggregation
and diffusion in nanofluids. International Journal of Heat and Mass
Transfer, 54(4), 797-806.

Gireesha, B. J., Mahanthesh, B., Shivakumara, I. S., & Eshwarappa, K. M. (2016).
Melting heat transfer in boundary layer stagnation-point flow of nanofluid toward
a stretching sheet with induced magnetic field. Engineering Science and
Technology, an International Journal, 19(1), 313-321.

Goud, B. S., Bindu, P., Srilatha, P., & Krishna, Y. H. (2020, December). The Joule
Heating Effect on MHD Natural Convective Fluid Flow In A Permeable Medium
Over A Semi-Infinite Inclined Vertical Plate In The Presence Of The Chemical
Reaction. In IOP Conference Series: Materials Science and Engineering (Vol.
993, No. 1, p. 012111). IOP Publishing.

Hamad, M. A. A., & Ferdows, M. (2012). Similarity solutions to viscous flow and heat
transfer of nanofluid over nonlinearly stretching sheet. Applied Mathematics and
Mechanics, 33(7), 923-930.

Hamilton, R. L., & Crosser, O. K. (1962). Thermal conductivity of heterogeneous two-
component systems, 1, 187-191.

Hamzah, N. S. bte A., Kandasamy, R., & Muhammad, R. (2016). Thermal radiation
energy on squeezed MHD flow of Cu, Al203 and CNTs-nanofluid over a sensor
surface. Alexandria Engineering Journal, 55(3), 2405-2421.

Han, S., Zheng, L., Li, C., & Zhang, X. (2014). Coupled flow and heat transfer in
viscoelastic fluid with Cattaneo—Christov heat flux model. Applied Mathematics
Letters, 38, 87-93.



170

Haqg, R. U., Nadeem, S., Khan, Z. H., & Noor, N. F. M. (2015). MHD squeezed flow
of water functionalized metallic nanoparticles over a sensor surface. Physica E:
Low-dimensional Systems and Nanostructures, 73, 45-53.

Hayat, T., Farooq, M., Alsaedi, A., & Al-Solamy, F. (2015). Impact of Cattaneo-
Christov heat flux in the flow over a stretching sheet with variable thickness. AIP
Advances, 5(8), 087159.

Hayat, T., Khan, M. I., Faroog, M., Alsaedi, A., & Khan, M. I. (2017b). Thermally
stratified stretching flow with Cattaneo—Christov heat flux. International Journal
of Heat and Mass Transfer, 106, 289-294.

Hayat, T., Khan, M. W. A., Alsaedi, A., Ayub, M., & Khan, M. 1. (2017c). Stretched
flow of Oldroyd-B fluid with Cattaneo-Christov heat flux. Results in Physics, 7,
2470-2476.

Hayat, T., Khan, S. A., Khan, M. I., Momani, S., & Alsaedi, A. (2020). Cattaneo-
Christov (CC) heat flux model for nanomaterial stagnation point flow of Oldroyd-
B fluid. Computer Methods and Programs in Biomedicine, 187, 105247.

Hayat, T., Qayyum, S., Imtiaz, M., & Alsaedi, A. (2016). Impact of Cattaneo-Christov
heat flux in Jeffrey fluid flow with homogeneous-heterogeneous reactions. PLOS
ONE, 11(2), e0148662.

Hayat, T., Ullah, 1., Ahmad, B., & Alsaedi, A. (2017a). Radiative flow of Carreau
liquid in presence of Newtonian heating and chemical reaction. Results in
Physics, 7, 715-722.

Hayat, T., Ullah, I., Faroog, M., & Alsaedi, A. (2019). Analysis of non-linear radiative
stagnation point flow of Carreau fluid with homogeneous-heterogeneous
reactions. Microsystem Technologies, 25(4), 1243-1250.

Heris, S. Z., Etemad, S. G., & Esfahany, M. N. (2006). Experimental investigation of
oxide nanofluids laminar flow convective heat transfer. International
Communications in Heat and Mass Transfer, 33(4), 529-535.

Hossain, M. A., & Takhar, H. S. (1996). Radiation effect on mixed convection along
a vertical plate with uniform surface temperature. Heat and Mass Transfer, 31(4),
243-248.

Hosseinzadeh, K., Alizadeh, M., & Ganji, D. D. (2018). Hydrothermal analysis on
MHD squeezing nanofluid flow in parallel plates by analytical
method. International Journal of Mechanical and Materials Engineering, 13(1),
1-12.



171

Hsiao, K. L. (2010). Viscoelastic fluid over a stretching sheet with electromagnetic
effects and nonuniform heat source/sink. Mathematical Problems in Engineering,
20(10), 1-14.

Hsiao, K. L. (2017). Combined electrical MHD heat transfer thermal extrusion system
using Maxwell fluid with radiative and viscous dissipation effects. Applied
Thermal Engineering, 112, 1281-1288.

Hwang, Y. J., Ahn, Y. C., Shin, H. S,, Lee, C. G., Kim, G. T., Park, H. S., & Lee, J.
K. (2006). Investigation on characteristics of thermal conductivity enhancement
of nanofluids. Current Applied Physics, 6(6), 1068-1071.

Hwang, Y. J., Lee, J. K, Lee, C. H., Jung, Y. M., Cheong, S. I, Lee, C. G., & Jang, S.
P. (2007). Stability and thermal conductivity characteristics of nanofluids.
Thermochimica Acta, 455(1-2), 70-74.

Hwang, Y., Park, H. S., Lee, J. K., & Jung, W. H. (2006). Thermal conductivity and
lubrication characteristics of nanofluids. Current Applied Physics, 6, 67-71.
Ibrahim, W., & Gadisa, G. (2020). Finite element solution of nonlinear convective
flow of Oldroyd-B fluid with Cattaneo-Christov heat flux model over nonlinear
stretching sheet with heat generation or absorption. Propulsion and Power

Research, 9(3), 304-315.

Ibrahim, W., Shankar, B., & Nandeppanavar, M. M. (2013). MHD stagnation point
flow and heat transfer due to nanofluid towards a stretching sheet. International
Journal of Heat and Mass Transfer, 56(1-2), 1-9.

Ibrahim, W., Dessale, A., & Gamachu, D. (2021). Analysis of flow of visco-elastic
nanofluid with third order slips flow condition, Cattaneo-Christov heat and mass
diffusion model. Propulsion and Power Research, 10(2), 180-193.

Kakac, S., Yener, Y., & Pramuanjaroenkij, A. (1995). Convective heat transfer (\Vol.
2). Boca Raton: CRC Press.

Khaled, A. R., & Vafai, K. (2004). Hydromagnetic squeezed flow and heat transfer
over a sensor surface. International Journal of Engineering Science, 42(5-6),
509-519.

Khan, M., & Hashim. (2015). Boundary layer flow and heat transfer to Carreau fluid
over a nonlinear stretching sheet. AIP Advances, 5(10), 107203.

Khan, M., Azam, M., & Alshomrani, A. S. (2017c). On unsteady heat and mass
transfer in Carreau nanofluid flow over expanding or contracting cylinder with

convective surface conditions. Journal of Molecular Liquids, 231, 474-484.



172

Khan, M., Huda, N. U., & Hamid, A. (2019a). Non-linear radiative heat transfer
analysis during the flow of Carreau nanofluid due to wedge-geometry: A revised
model. International Journal of Heat and Mass Transfer, 131, 1022-1031.

Khan, M., Hussain, A., Malik, M. Y., Salahuddin, T., & Aly, S. (2019b). Numerical
analysis of Carreau fluid flow for generalized Fourier's and Fick's laws. Applied
Numerical Mathematics, 144, 100-117.

Khan, M., Irfan, M., Khan, W. A., & Alshomrani, A. S. (2017b). A new modeling for
3D Carreau fluid flow considering nonlinear thermal radiation. Results in
Physics, 7, 2692-2704.

Khan, M., Malik, M. Y., & Salahuddin, T. (2017a). Heat generation and solar radiation
effects on Carreau nanofluid over a stretching sheet with variable thickness: using
coefficients improved by Cash and Carp. Results in Physics, 7, 2512-2519.

Khan, M., Malik, M. Y., Salahuddin, T., & Khan, I. (2016a). Heat transfer squeezed
flow of Carreau fluid over a sensor surface with variable thermal conductivity: a
numerical study. Results in Physics, 6, 940-945.

Khan, M., Malik, M. Y., Salahuddin, T., & Khan, I. (2017d). Numerical modeling of
Carreau fluid due to variable thicked surface. Results in Physics, 7, 2384-2390.

Khan, M., Sardar, H., & Gulzar, M. M. (2018). On radiative heat transfer in stagnation
point flow of MHD Carreau fluid over a stretched surface. Results in Physics, 8,
524-531.

Khan, W. A., Khan, M., & Alshomrani, A. S. (2016b). Impact of chemical processes
on 3D Burgers fluid utilizing Cattaneo-Christov double-diffusion: applications of
non-Fourier's heat and non-Fick's mass flux models. Journal of Molecular
Liquids, 223, 1039-1047.

Krishnamurthy, M. R., Prasannakumara, B. C., Gireesha, B. J., & Gorla, R. S. R.
(2016). Effect of chemical reaction on MHD boundary layer flow and melting
heat transfer of Williamson nanofluid in porous medium. Engineering Science
and Technology, an International Journal, 19(1), 53-61.

Kumar, K. G., Gireesha, B. J., Krishanamurthy, M. R., & Rudraswamy, N. G. (2017).
An unsteady squeezed flow of a tangent hyperbolic fluid over a sensor surface in
the presence of variable thermal conductivity. Results in Physics, 7, 3031-3036.

Kuo, B. L. (2005). Heat transfer analysis for the Falkner—Skan wedge flow by the
differential transformation method. International Journal of Heat and Mass
Transfer, 48(23-24), 5036-5046.



173

Khashi'ie, N. S., Arifin, N. M., & Pop, I. (2022). Magnetohydrodynamics (MHD)
boundary layer flow of hybrid nanofluid over a moving plate with Joule heating.
Alexandria Engineering Journal, 61(3), 1938-1945.

Kutateladze, S. S., & Leont’ev, A. 1. (1990). Heat transfer, mass transfer, and friction
in turbulent boundary layers.

Lahmar, S., Kezzar, M., Eid, M. R., & Sari, M. R. (2020). Heat transfer of squeezing
unsteady nanofluid flow under the effects of an inclined magnetic field and
variable thermal conductivity. Physica A: Statistical Mechanics and its
Applications, 540, 123138.

Lee, E., Chen, C. T., & Hsu, J. P. (2005). Electrophoresis of a rigid sphere in a Carreau
fluid normal to a planar surface. Journal of Colloid and Interface Science, 285(2),
857-864.

Li, W., & Feng, Z. Z. (2013). Laminar mixed convection of large-Prandtl-number in-
tube nanofluid flow, Part II: Correlations. International Journal of Heat and Mass
Transfer, 65, 928-935.

Liu, F., Cai, Y., Wang, L., & Zhao, J. (2018). Effects of nanoparticle shapes on laminar
forced convective heat transfer in curved ducts using two-phase
model. International Journal of Heat and Mass Transfer, 116, 292-305.

Maxwell, J. C. (1904). A Treatise on electricity and magnetism second ed. Oxford
university press, Combridge, 435-441.

Megahed, A. M. (2019). Carreau fluid flow due to nonlinearly stretching sheet with
thermal radiation, heat flux, and variable conductivity. Applied Mathematics and
Mechanics, 40(11), 1615-1624.

Meraj, M. A., Shehzad, S. A., Hayat, T., Abbasi, F. M., & Alsaedi, A. (2017). Darcy-
Forchheimer flow of variable conductivity Jeffrey liquid with Cattaneo-Christov
heat flux theory. Applied Mathematics and Mechanics, 38(4), 557-566.

Michaelides, E. E. S. (2014). Nanofluidics. Cham: Springer International Publishing.

Minkowycz, W. J., Sparrow, E. M., & Abraham, J. P. (Eds.). (2012). Nanoparticle
heat transfer and fluid flow (Vol. 4). CRC press.

Mohammad, R., & Kandasamy, R. (2017). Nanoparticle shapes on electric and
magnetic force in water, ethylene glycol and engine oil-based Cu, Al,O3 and
SWCNTSs. Journal of Molecular Liquids, 237, 54-64.

Mondal, H., Pal, D., Chatterjee, S., & Sibanda, P. (2018). Thermophoresis and Soret-

Dufour on MHD mixed convection mass transfer over an inclined plate with non-



174

uniform heat source/sink and chemical reaction. Ain Shams Engineering
Journal, 9(4), 2111-2121.

Muhammad, K., Hayat, T., Alsaedi, A., & Ahmad, B. (2020). Melting heat transfer in
squeezing flow of basefluid (water), nanofluid (CNTs+ water) and hybrid
nanofluid (CNTs+ CuO+ water). Journal of Thermal Analysis and Calorimetry,
1-18.

Munson, Okiishi, Huebsch, and Rothmayer, Fundamentals of Fluid Mechan-ics. Jhon
wiley and sons,inc., seventh ed., 2013.

Mushtaq, A., Abbasbandy, S., Mustafa, M., Hayat, T., & Alsaedi, A. (2016).
Numerical solution for Sakiadis flow of upper-convected Maxwell fluid using
Cattaneo-Christov heat flux model. AIP Advances, 6(1), 015208.

Mustafa, M. (2015). Cattaneo-Christov heat flux model for rotating flow and heat
transfer of upper-convected Maxwell fluid. Aip Advances, 5(4), 047109.

Na, T. Y. (Ed.). (1980). Computational methods in engineering boundary value
problems. Academic press.

Nadeem, S. (2016). Single wall carbon nanotube (SWCNT) analysis on peristaltic flow
in an inclined tube with permeable walls. International Journal of Heat and Mass
Transfer, 97, 794-802.

Nagalakshm, P. S. S., & Vijaya, N. (2020). MHD flow of Carreau nanofluid explored
using CNT over a nonlinear stretched sheet. Frontiers in Heat and Mass
Transfer, 14(4), 1-9.

Noor, N. F. M., Abbasbandy, S., & Hashim, I. (2012). Heat and mass transfer of
thermophoretic MHD flow over an inclined radiate isothermal permeable surface
in the presence of heat source/sink. International Journal of Heat and Mass
Transfer, 55(7-8), 2122-2128.

Othman, N. A., Yacob, N. A., Bachok, N., Ishak, A., & Pop, I. (2017). Mixed
convection boundary-layer stagnation point flow past a vertical
stretching/shrinking surface in a nanofluid. Applied Thermal Engineering, 115,
1412-1417.

Pakdemirli, M. (1992). The boundary layer equations of third-grade fluids.
International Journal of Non-Linear Mechanics, 27(5), 785-793.

Pal, D., Mandal, G., & Vajravelu, K. (2013). MHD convection—dissipation heat
transfer over a non-linear stretching and shrinking sheets in nanofluids with

thermal radiation. International Journal of Heat and Mass Transfer, 65, 481-490.



175

Panton, R. L. (1985). Incompressible Flow. In J. Appl. Mech (Vol. 52, Issue 2).

Patrick, H. O., & David, N. (1999). Introduction to convective heat transfer analysis.
Mechanical Engineering Series, Mc Graw-Hill International Edition, 1-4.

Prandtl, L. (1904). Uber Flussigkeitsbewegung bei sehr kleiner Reibung. Verhandl.
I11, Internat. Math.-Kong., Heidelberg, Teubner, Leipzig, 1904, 484-491.

Rafique, K., Anwar, M. I., & Misiran, M. (2019b). Numerical study on micropolar
nanofluid flow over an inclined surface by means of keller-box. Asian Journal of
Probability and Statistics, 4(4), 1-21.

Rafique, K., Anwar, M. |., Misiran, M., Khan, 1., Alharbi, S. O., Thounthong, P., &
Nisar, K. S. (2019a). Numerical solution of Casson nanofluid flow over a non-
linear inclined surface with Soret and Dufour effects by Keller-Box
method. Frontiers in Physics. 139, 1-13.

Rahman, M. M., Aziz, A., & Al-Lawatia, M. A. (2010). Heat transfer in micropolar
fluid along an inclined permeable plate with variable fluid
properties. International Journal of thermal Sciences, 49(6), 993-1002.

Ramzan, M., & Yousaf, F. (2015). Boundary layer flow of three-dimensional
viscoelastic nanofluid past a bi-directional stretching sheet with Newtonian
heating. AIP Advances, 5(5), 057132.

Rana, P., & Bég, O. A. (2015). Mixed convection flow along an inclined permeable
plate: effect of magnetic field, nanolayer conductivity and nanoparticle
diameter. Applied Nanoscience, 5(5), 569-581.

Reddy, P. B. A. (2016). Magnetohydrodynamic flow of a Casson fluid over an
exponentially inclined permeable stretching surface with thermal radiation and
chemical reaction. Ain Shams Engineering Journal, 7(2), 593-602.

Rohsenow, W. M., Hartnett, J. P., & Cho, Y. 1. (1998). Handbook of heat transfer (\Vol.
3). New York: McGraw-Hill.

Saidur, R., Leong, K. Y., & Mohammed, H. A. (2011). A review on applications and
challenges of nanofluids. Renewable and Sustainable Energy Reviews, 15(3),
1646-1668.

Salahuddin, T., Malik, M. Y., Hussain, A., Bilal, S., Awais, M., & Khan, I. (2017).
MHD squeezed flow of Carreau-Yasuda fluid over a sensor surface. Alexandria
Engineering Journal, 56(1), 27-34.

Schlichting, H., & Gersten, K. (1979). Boundary-Layer Theory. MacGraw Hill. New
York.



176

Schlichting, H., & Gersten, K. (2000). Fundamentals of boundary-layer theory.
In Boundary-Layer Theory (pp. 29-49). Springer, Berlin, Heidelberg.

Schlichting, H., & Gersten, K. (2017). Exact solutions of the Navier—Stokes equations.
In Boundary-Layer Theory (pp. 101-142). Springer, Berlin, Heidelberg.

Shahid, A., Bhatti, M. M., Bég, O. A., & Kadir, A. (2018). Numerical study of
radiative Maxwell viscoelastic magnetized flow from a stretching permeable
sheet with the Cattaneo—Christov heat flux model. Neural Computing and
Applications, 30(11), 3467-3478.

Shehzad, S. A., Abbasi, F. M., Hayat, T., & Ahmad, B. (2016a). Cattaneo-Christov
heat flux model for third-grade fluid flow towards exponentially stretching
sheet. Applied Mathematics and Mechanics, 37(6), 761-768.

Shehzad, S. A., Abbasi, F. M., Hayat, T., & Alsaedi, A. (2016b). Cattaneo-Christov
heat flux model for Darcy-Forchheimer flow of an Oldroyd-B fluid with variable
conductivity and non-linear convection. Journal of Molecular Liquids, 224, 274-
278.

Sheikh, M. (2017). Series and numerical solutions for flows of chemically reactive
fluids (Doctoral dissertation), The Islamia University Bahawalpur, Pakistan.

Siri, Z., Ghani, N. A. C., & Kasmani, R. M. (2018). Heat transfer over a steady
stretching surface in the presence of suction. Boundary Value Problems, 2018(1),
1-16.

Sobamowo, M. G., & Yinusa, A. A. (2018). Finite element analysis of flow and heat
transfer of dissipative Casson-Carreau nanofluid over a stretching sheet
embedded in a porous medium. Aeronautics and Aerospace Open Access
Journal, 2(5), 294-308.

Shahid, A., Bhatti, M. M., Ellahi, R., & Mekheimer, K. S. (2022). Numerical
experiment to examine activation energy and bi-convection Carreau nanofluid
flow on an upper paraboloid porous surface: Application in solar energy.
Sustainable Energy Technologies and Assessments, 52, 102029.

Taylor, R., Coulombe, S., Otanicar, T., Phelan, P., Gunawan, A., Lv, W., & Tyagi, H.
(2013). Small particles, big impacts: A review of the diverse applications of
nanofluids. Journal of Applied Physics, 113(1), 1.

Thumma, T., Beg, O. A., & Kadir, A. (2017). Numerical study of heat source/sink
effects on dissipative magnetic nanofluid flow from a non-linear inclined

stretching/shrinking sheet. Journal of Molecular Liquids, 232, 159-173.



177

Tiwari, R. K., & Das, M. K. (2007). Heat transfer augmentation in a two-sided lid-
driven differentially heated square cavity utilizing nanofluids. International
Journal of Heat and Mass Transfer, 50(9-10), 2002-2018.

uUddin, J., Marston, J. O., & Thoroddsen, S. T. (2012). Squeeze flow of a Carreau fluid
during sphere impact. Physics of Fluids, 24(7), 073104.

Vert, M., Doi, Y., Hellwich, K. H., Hess, M., Hodge, P., Kubisa, P., & Schué, F.
(2012). Terminology for biorelated polymers and applications (IUPAC
Recommendations 2012). Pure and Applied Chemistry, 84(2), 377-410.

Waini, 1., Ishak, A., & Pop, I. (2020). Squeezed hybrid nanofluid flow over a
permeable sensor surface. Mathematics, 8(6), 1-20.

Xuan, Y., & Li, Q. (2000). Heat transfer enhancement of nanofluids. International
Journal of Heat and Fluid Flow, 21(1), 58-64.

Yunus A. C. and Cimbala J. M., Fluid Mechanics Fundamentals and Applications, vol.
185201. International Edition, McGraw Hill Publication, _rst ed., 2006.

Yacob, N. A., Ishak, A., Pop, I., & Vajravelu, K. (2011). Boundary layer flow past a
stretching/shrinking surface beneath an external uniform shear flow with a
convective surface boundary condition in a nanofluid. Nanoscale Research
Letters, 6(1), 1-7.

Yaseen, M., Kumar, M., & Rawat, S. K. (2021). Assisting and opposing flow of a
MHD hybrid nanofluid flow past a permeable moving surface with heat
source/sink and thermal radiation. Partial Differential Equations in Applied
Mathematics, 4, 100168.

Zaimi, W. M. K. A. D., Bidin, B., Bakar, N. A. A, & Hamid, R. A. (2012).
Applications of Runge-Kutta-Fehlberg method and shooting technique for
solving classical Blasius equation. World Applied Sciences Journal, 17, 10-15.

Zaraki, A., Ghalambaz, M., Chamkha, A. J., Ghalambaz, M., & De Rossi, D. (2015).
Theoretical analysis of natural convection boundary layer heat and mass transfer
of nanofluids: effects of size, shape and type of nanoparticles, type of base fluid
and working temperature. Advanced Powder Technology, 26(3), 935-946.

Ziaei-Rad, M., Kasaeipoor, A., Mehdi Rashidi, M., & Lorenzini, G. (2017). A
similarity solution for mixed-convection boundary layer nanofluid flow on an
inclined permeable surface. Journal of Thermal Science and Engineering
Applications, 9(2), 1-9.





