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Abstract: This research considered the utilization of revised heat and mass fluxes to study the 

mass, heat transport in Carreau Yasuda model past over a vertical Riga plate in the presence of 

heat generation /absorption and chemical reaction. Thermal and mass transportation also engaged 

the involvement of variable diffusion coefficient and thermal conductivity. The characteristics of 

Hamilton crosser and Yamada Ota models for the study of hybrid nanoparticles are discussed. 

The considered model is developed under boundary layer approach in Cartesian coordinates 

which results nonlinear coupled PDEs. The derived PDEs has been reduced to corresponding 

ODEs with the help of an appropriate transformation. Afterwards, transformed ODEs are solved 

numerically via finite element (FEM) procedure. The authenticity of FEM is shown with the help 

of grid independent survey and comparative study. The obtained results are in excellent 

agreement with the previous published data. The utilized approach is effective and highly 

recommended for the nonlinear problems arising in the modeling of several phenomena. 

Keywords: Vertical Riga plate; Carreau Yasuda liquid; Electromagnetic force; Hybrid 

nanoparticles; Non-Fourier’s theory; Chemical reaction. 
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1. Introduction 

Due to the huge practical applications and industrial utilization in different mechanisms the 

study of nanoparticles and nanofluids got much attraction by the researchers and scientists. The 

mixture of nanoparticles is an important agent to boost and for the improvement of thermal 

performance. Several theoretical, numerical and experimental studies have been established to 

study the inclusion of nanoparticles mixture. For instance, Merabia et al. [1] presented the 

experimental investigation to monitor the thermal performance with the addition of nanoparticles 

of different shapes. Madhukesh et al. [2] studied the heat transport in hybrid nanofluid past over 

a curved elongating sheet. They considered the generalized heat flux for energy transfer. They 

have solved the resulting nonlinear ODEs numerically and plotted numerous graphs against 

involved parameter in order to monitor their comportment. They monitor the increase in velocity 

gradient against curvature parameter. Moreover, heat transfer rate varies directly against thermal 

relaxation parameter and curvature parameter. Shafiq et al. [3] modelled the viscoelastic second 

grade fluid with bio-convection phenomenon and with the involvement of chemical reaction for 

two dimensional flow. They utilized boundary layer theory to develop the model and solved the 

transformed nonlinear equations numerically. They expressed the solution against numerous 

parameter in the form of contour plots. They observed the decline in motile density profile 

against thermophoresis parameter and Pecelt number. Nisar et al. [4] examined the involvement 

of gold nanoparticles for the micro-polar radiative flow past over a shrinking/stretching curved 

surface. They computed the solution for governing modeled equation numerically in MATLAB 

symbolic package. They notice the increase in fluid temperature against radiation parameter. 

Waqas et al. [5] numerically studied the inclusion of gyrotactic microorganism in modified 

viscoelastic two dimensional nonlinear flow past over a stretching sheet. They disclosed the rise 

in concentration field against Prandtl number and reverse behavior is reported for temperature 

profile. Swain et al [6] studied heat and mass transfer in MHD flow of radiated hybrid nanofluid 

past over an experimentally stretching sheet. They considered the involvement of chemical 

reaction; slip conditions and heat generation. They converted the derived PDEs into ODEs with 

the help of similarity transformation and then approximated the converted ODEs numerically. 

They notice the decline in fluid concentration against Schmidt number and chemical reaction 

parameter. Moreover, they presented the comparison for the temperature field for three different 
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cases. They recorded the increase in fluid temperature against radiation parameter. Also, they 

presented that the temperature for hybrid nanofluid is higher than nanofluid which is higher than 

pure water. Gul and Firdous [7] experimentally presented their survey on dispersion of grapheme 

nanoparticles to investigate thermal transmission for the flow between rotating disks. They 

handled the develop nonlinear ODEs via OHAM scheme coded in MATHMATICA 15.0 

package. They recorded the decrease in thermal conductivity of nanofluid which varies linearly 

against flow temperature. Tassaddiq et al. [8] presented the analytical solution for the flow 

between rotating disk having CNTs mixed particles. They presented the error analysis for used 

scheme. They observed that due to mixing of nanoparticle in carrier liquid the skin friction 

coefficient depreciates. Iacovita et al. [9] presented the study on augmentation of nanoparticle 

which was used to reduce the cells of cancer. Khan et al. [10] studied the hybrid nanofluid flow 

past over a slendring surface in the presence of radiation effect. They studied the assisting and 

opposing behavior of velocity graphically against numerous parameter. They found that higher 

values of slender surface parameter increase the fluid velocity and it is further expressed that 

dual behavior of velocity is noticed against volume fraction. Biswas and Wu [11] studied the 

involvement of nanoparticles on studying the impact of temperature on surroundings. Mohanraj 

and Chen [12] presented a comprehensive review of utilization of nanoparticles in different 

mechanism. Win-Shwe and Fujimaki [13] presented experimental survey of nanoparticles 

utilization in different industrial situations. Do et al. [14] analyzed the biomedical applications of 

nanoparticles and mentioned their use in different processes. Several important contributions 

have been made on nanoparticle utilization under different effects and are reported by [15-19] 

and references therein. 

Available studies show that no investigation on hybrid Nano fluid with generalized models in 

reported over a Riga plate. This contribution fills this gap. This report is organized as: literature 

survey is mentioned in section 1, modeling is covered in section 2, section 3 contains the 

methodology, solution is discussed in section 4 with physical interpretation, conclusion is 

reported in section 5.  

2. Preparation of model 

A vertical Riga plate is considered to visualize thermal and mass species effects in Carreau 

Yasuda liquid in the presence of mixture of nanoparticles. Electromagnetic force is considered 
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along with bouncy forces. Chemical species and heat source are inserted in non-Fourier’s law 

whereas motion into particles is developed with help of movement of wall. Temperature 

dependent mass diffusion and thermal conductivity are addressed in the presence of hybrid 

nanoparticles. Yamada Ota hybrid and Hamilton Crosser models are used. A Riga plate and 

stretching surface are sketched by Fig. 1 is sketched for geometrical behavior of flow situation. 

Boundary layer approximations are implemented to construct system of PDEs. Hence, a system 

of PDEs is  

 

 

Figure 1. Geometry and coordinates system. 

   𝜕𝑉1𝜕𝑥 + 𝜕𝑉2𝜕𝑦 = 0, 
𝑉1 𝜕𝑉1𝜕𝑥 + 𝑉2 𝜕𝑉1𝜕𝑦 = −𝐺𝛽1(𝐶 − 𝐶∞)𝜌ℎ𝑦𝑏𝑟𝑖𝑑 − 𝐺𝛽1(𝑇 − 𝑇∞)𝜌ℎ𝑦𝑏𝑟𝑖𝑑 + 𝑀0𝜋𝑗08𝜌ℎ𝑦𝑏𝑟𝑖𝑑 𝑒𝑥𝑝 (−𝜋𝑎 𝑦) 

(1) 
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+𝜈ℎ𝑦𝑏𝑟𝑖𝑑 𝜕2𝑉1𝜕𝑦2 + 𝜈ℎ𝑦𝑏𝑟𝑖𝑑Γ𝑑 (𝑛−1𝑑 ) (𝑑 + 1) 𝜕2𝑉1𝜕𝑦2 (𝜕𝑉1𝜕𝑦 )𝑑, 
𝑉1 𝜕𝑇𝜕𝑥 + 𝑉2 𝜕𝑇𝜕𝑦 + 𝛾1 [𝑉12 𝜕2𝑇𝜕𝑥2 + 𝑉22 𝜕2𝑇𝜕𝑦2 + 2𝑉1𝑉2 𝜕𝑇𝜕𝑥𝜕𝑦̇ + (𝑉1 𝜕𝑉1𝜕𝑥 + 𝑉2 𝜕𝑉1𝜕𝑥 ) 𝜕𝑇𝜕𝑥+(𝑉1 𝜕𝑉2𝜕𝑥 + 𝑉2 𝜕𝑉2𝜕𝑥 ) 𝜕𝑇𝜕𝑦 − 𝑄0(𝜌𝐶𝑝)ℎ𝑛𝑓 (𝑉1 𝜕𝑇𝜕𝑥 + 𝑉2 𝜕𝑇𝜕𝑦) ] 

= 1(𝜌𝐶𝑝)ℎ𝑛𝑓 𝜕𝜕𝑦 (𝑘ℎ𝑦𝑏𝑟𝑖𝑑𝑇 𝜕𝑇𝜕𝑦) − 𝑄0(𝜌𝐶𝑝)ℎ𝑦𝑏𝑟𝑖𝑑 (𝑇 − 𝑇∞), 
𝑉1 𝜕𝐶𝜕𝑥 + 𝑉2 𝜕𝐶𝜕𝑦 + 𝛾1 [   

 𝑉12 𝜕2𝐶𝜕𝑥2 + 𝑉22 𝜕2𝐶𝜕𝑦2 + 2𝑉1𝑉2 𝜕𝐶𝜕𝑥𝜕𝑦̇ + (𝑉1 𝜕𝑉1𝜕𝑥 + 𝑉2 𝜕𝑉1𝜕𝑥 )𝜕𝐶𝜕𝑥+ (𝑉1 𝜕𝑉2𝜕𝑥 + 𝑉2 𝜕𝑉2𝜕𝑥 )𝜕𝐶𝜕𝑦 − 𝐾𝑀 (𝑉1 𝜕𝐶𝜕𝑥 + 𝑉2 𝜕𝐶𝜕𝑦) ]   
 
 

= 𝐾𝑀(𝐶 − 𝐶∞) + 𝐷ℎ𝑦𝑏𝑟𝑖𝑑 𝜕𝜕𝑦 (𝑘ℎ𝑦𝑏𝑟𝑖𝑑𝑇 𝜕𝐶𝜕𝑦). 
Subjected to BCs 𝐶 = 𝐶𝑤, 𝑎𝑥 = 𝑉1, 𝑉2 = 0, 𝑇 = 𝑇𝑤, 𝑦 ∶= 0 𝐶 → 𝐶∞, 𝑉1 → 0, 𝑇 → 𝑇∞: 𝑦 → ∞, 
Desired similarity variables are 

𝜂 = 𝑦 ( 𝑢𝑤𝑥𝜈∞)12 , 𝑇−𝑇∞𝑇𝑤−𝑇∞ = θ,ϕ = 𝐶−𝐶∞𝐶𝑤−𝐶∞ , 𝑉1 = 𝑎𝑥𝐹′, 𝑉2 = −√𝑎𝜈𝑓𝐹, 
Temperature dependent mass diffusion and thermal energy are defined as 

𝑘ℎ𝑦𝑏𝑟𝑖𝑑𝑡 = 𝑘ℎ𝑦𝑏𝑟𝑖𝑑 [1 + 𝜖1 ( 𝑇−𝑇∞𝑇𝑤−𝑇∞)], 
𝐷ℎ𝑦𝑏𝑟𝑖𝑑𝑐 = 𝐷ℎ𝑦𝑏𝑟𝑖𝑑 [1 + 𝜖2 ( 𝑇 − 𝑇∞𝑇𝑤 − 𝑇∞)]. 

A system of ODEs is formulated as 

𝐹′′′ + (𝑑+1)(𝑛−1)𝑑 𝑊𝑒𝑑𝐹′′′(𝐹′′)𝑑 + 𝜈𝑓𝜈ℎ𝑦𝑏𝑟𝑖𝑑 (𝐹𝐹′′ − 𝐹′𝐹′) + 𝜈𝑓𝜈ℎ𝑦𝑏𝑟𝑖𝑑 𝜆1θ + 𝜈𝑓𝜈ℎ𝑦𝑏𝑟𝑖𝑑 𝜆2𝜑 

(2) 

(3) 

(4) 

(5) 

(6) 

(8) 

(7) 

(8) 
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+𝜔𝑒𝑥𝑝𝐴1 (−𝜂𝛽) = 0, 
(1 + 𝜖1θ)θ′′ + 𝜖1(θ′)2 − 𝛽𝑎𝑃𝑟 𝑘𝑓(𝜌𝐶𝑝)ℎ𝑦𝑏𝑟𝑖𝑑𝑘ℎ𝑦𝑏𝑟𝑖𝑑(𝜌𝐶𝑝)𝑓 (𝐹𝐹′θ′ + 𝐹2θ′′ + 𝐻𝑡𝐹θ′) + 𝑘𝑓𝑘ℎ𝑦𝑏𝑟𝑖𝑑 𝑃𝑟𝐻𝑡θ 

+ 𝑘𝑓(𝜌𝐶𝑝)ℎ𝑦𝑏𝑟𝑖𝑑𝑘ℎ𝑦𝑏𝑟𝑖𝑑(𝜌𝐶𝑝)𝑓 𝑃𝑟Fθ′ = 0, 
(1 + 𝜖2φ)φ′′ + 𝜖2θ′𝜑′ − 𝛽𝑏𝑆𝑐(1−𝜙1)−2.5(1−𝜙2)2.5 (𝐹𝐹′φ′ + 𝐹2φ′′ + Υ𝐹φ′) + 𝑆𝑐(1−𝜙1)−2.5(1−𝜙2)2.5 Υφ 

+𝑆𝑐(1 − 𝜙1)−2.5(1 − 𝜙2)2.5 Fφ′ = 0, 
Boundary conditions in view of dimensionless form are 𝐹′(∞) = 0, 𝜃(0) = 1, 𝜑(0) = 1, 𝐹(0) = 0, 𝐹′(0) = 1, 𝜃(∞) = 0, 𝜑(∞) = 0. 
Hybrid correlations among nanoparticles are delivered as follows and their properties are 

mentioned in table 1. 𝜌ℎ𝑛𝑓 = [(1 − 𝜙2){(1 − 𝜙1)𝜌𝑓 + 𝜙1𝜌𝑠1}] + 𝜙2𝜌𝑠2(𝜌𝐶𝑝)ℎ𝑛𝑓 = [(1 − 𝜙2) {(1 − 𝜙1)(𝜌𝐶𝑝)𝑓+𝜙1(𝜌𝐶𝑝)𝑠1 }] +𝜙1(𝜌𝐶𝑝)𝑠2{𝑘𝑠1+(𝑛−1)𝑘𝑓−(𝑛−1)𝜙1(𝑘𝑓−𝑘𝑠2)𝑘𝑠1+(𝑛−1)𝑘𝑓−𝜙1(𝑘𝑠2−𝑘𝑓) } = 𝑘𝑏𝑓𝑘𝑓 }   
   

 

𝜇ℎ𝑛𝑓 = (1−𝜙2)2.5𝜇𝑓(1−𝜙1)2.5 , 𝑘𝑛𝑓𝑘𝑓 = {𝑘𝑠+(𝑛+1)𝑘𝑓−(𝑛−1)𝜙(𝑘𝑓−𝑘𝑠)𝑘𝑠+(𝑛−1)𝑘𝑓+𝜙(𝑘𝑓−𝑘𝑠) }𝑘ℎ𝑛𝑓𝑘𝑏𝑓 = {𝑘𝑠2+(𝑛−1)𝑘𝑏𝑓−(1−𝑛)𝜙2(𝑘𝑠2−𝑘𝑏𝑓)𝑘𝑠2+(𝑛−1)𝑘𝑏𝑓−𝜙2(𝑘𝑏𝑓−𝑘𝑠2) }{𝑘𝑠2+(𝑛−1)𝑘𝑏𝑓−(1−𝑛)𝜙2(𝑘𝑠2−𝑘𝑏𝑓)𝑘𝑠2+(𝑛−1)𝑘𝑏𝑓−𝜙2(𝑘𝑏𝑓−𝑘𝑠2) } = 𝑘ℎ𝑛𝑓𝑘𝑏𝑓 }  
  , 

𝑘ℎ𝑛𝑓𝑘𝑏𝑓 = {𝑘𝑠2𝑘𝑏𝑓+𝜔+𝜔𝜙2(1−𝑘𝑠2𝑘𝑏𝑓)𝑘𝑠2𝑘𝑏𝑓+𝜔+𝜙2(1−𝑘𝑠2𝑘𝑏𝑓) }  𝜔 = 2𝜙215 𝐿𝐷  for cylindrical particle𝜔 = 2𝜙21/5 for spherical particle }  
  

 

(10) 

(9) 

(12) 

(13) 

(14) 

(11) 
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𝑘ℎ𝑛𝑓𝑘𝑏𝑓 = {𝑘𝑠1𝑘𝑓 +𝜔+𝜔𝜙1(1−𝑘𝑠1𝑘𝑓 )𝑘𝑠1𝑘𝑓 +𝜔+𝜙1(1−𝑘𝑠1𝑘𝑓 ) }𝜔 = 2𝜙215 𝐿𝐷  for cylindrical particle𝜔 = 2𝜙21/5for spherical particles }  
  

 

 Table 1. Physical properties density, heat capacity and thermal conductivity. 

Skin friction coefficient including Carreau Yasuda fluids is  

𝑅𝑒1/2𝐶𝑓 = −(1 − 𝜙1)−2.5(1 − 𝜙2)−2.5 [1 + 𝑛−1𝑑 (𝑊𝑒𝑓′′(0))2] 𝑓′′(0). 
Rate of mass diffusion as well as rate of thermal energy transfer is obtained as 

𝑁𝑈 = 𝑒𝑄(𝑇−𝑇∞)𝑘∞ = − 𝑘𝑓𝑘ℎ𝑦𝑏𝑟𝑖𝑑𝑅𝑒−12 (1 + 𝜖1)θ′(0), 
𝑆𝐻 = 𝑒𝑚(𝐶 − 𝐶∞)𝐷∞ = − (1 − 𝜙2)−2.5(1 − 𝜙1)2.5𝑅𝑒−12 (1 + 𝜖2)φ′(0). 

3. Numerical Procedure and mesh-free analysis 

Weighted residuals: The governing problems are constructed into form of residuals while 

weight functions are multiplied with desired residuals. So, it gives the form of weighted residuals 

and this form is integrated over each elements. 

Developments of weak forms: The weak form of desired residuals is achieved through process 

of integration regarding second order terms. Hence, stiffness elements are developed.     

Approximations of Galerkin: This useful approximated is used in process of development 

regarding weak forms whereas element regarding stiffness are achieved.  

 𝐾 (thermal conductivity) 𝐶𝑝 (heat capicity) 𝜌 (desity) 𝐶2𝐻6𝑂2 0.253 2430 1113.5 𝑆𝑖𝐶 150 1340 3370 𝑇𝑖𝑂2 8.4 692 4230 𝑆𝑖𝑂2 1.4013 3.5 × 106 2270 

(17) 

(18) 

(15) 

(16) 
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Solution of algebraic equations and assembly process: The process of assembly procedure is 

used for development of system of algebraic equations while this system has been linearized 

using Picard linearization method. This system is iterative computed.  

Mesh free investigation: Convergence analysis of current problem is achieved using mesh free 

investigation which is performed in table 2. It is observed that problem domain is discretized into 

three hundred elements to achieve convergence analysis.    

Table 2. Grid indepenent analysis of concentration, temperature and velocity at mid of each 

300 elements. 

Number of elements 𝑓′ (𝜂𝑚𝑎𝑥2 ) 𝜃 (𝜂𝑚𝑎𝑥2 ) 𝜑 (𝜂𝑚𝑎𝑥2 ) 

30 0.5721974488 0.3921033142 0.5326877633 

60 0.5460428484 0.3836649886 0.5159889172 

90 0.5373843928 0.3808296144 0.5104234924 

120 0.5330677499 0.5076407203 0.3794064064 

150 0.5304818169 0.5059713564 0.3785500667 

180 0.5287599374 0.5048579897 0.3779786401 

210 0.5275304862 0.3775697622 0.5040635087 

240 0.5266088495 0.5034653655 0.3772636948 

270 0.5258925734 0.5030028093 0.3770243212 

300 0.5253200716 0.5026336120 0.3768329839 

 

4. Results and Discussion 

Rate of energy transfer and rate of mass diffusion in Carreau Yasuda liquid are measured 

towards a vertical heated Riga plate. Theory of non-Fourier’s law is implemented in the presence 

of chemical reaction and heat source. Temperature dependent mass diffusion and thermal 

conductivity are accumulated. Yamada Ota hybrid and Hamilton Crosser models are inserted to 

enhance thermal energy. Graphical results and numerical tables are tabulated versus various 

parameters on velocity, concentration and heat energy profiles.  Explanations of velocity profile, 

temperature profile and concentration profile are displayed below. 

4.1. Fluid particles motion and variation in parameters 
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Figures 2, 3 and 4 are plotted discussion about velocity profile versus variation in 

Weissenberg number (𝑊𝑒), heat source parameter (𝐻𝑡) and (𝜔). It is noticed that dot curves are 

prepared for representation of Yamada-Ota model and dash dot curves are sketched to predict an 

impact of Hamilton crosser model. Comparative performance among Yamada-Ota model and 

Hamilton crosser model using variable thermal properties. Figure 2 is prepared to conduct 

simulations regarding motion of fluid particles versus the variation of 𝑊𝑒. Mathematically, it is 

noticed that non-Newtonian model based on Carreau Yasuda fluid is utilized in current flow 

model. Therefore, an involvement of 𝑊𝑒 is appeared due to Carreau Yasuda fluid model. It is 

observed that the motion of particles is slow down when 𝑊𝑒 is increased. Physically, it is 

noticed that 𝑊𝑒 is appeared using concept of viscous force and elastic force. Fluid becomes 

significantly viscous using higher impact of 𝑊𝑒. Furthermore, curves based on Yamada-Ota 

model are higher than curves based on Hamilton crosser model. The present model is reduced 

into Newtonian model when 𝑊𝑒 is taken as 0. Flow of fluid particles for case Newtonian model 

is higher than flow for the case of non-Newtonian model. An involvement of heat source 

parameter on velocity curves are captured by Fig. 3. Two types of heat source are observed based 

on heat generation and heat absorption on velocity profile. Negative values of 𝐻𝑡 are known as 

heat absorption whereas positive values of 𝐻𝑡 are called heat generation. Fluid particles absorb 

more heat energy and heat energy of fluid particles are boosted when heat source parameter is 

increased. Therefore, motion of fluid particles is boosted versus higher impact of heat source 

parameter. Moreover, curves for Yamada-Ota model are higher than curves for Hamilton crosser 

model.  Figure 4 reveals behavior of 𝜔 on velocity profile.  

4.2. Thermal energy of fluid particles and variation in parameters 

In this subsection, graphs of thermal energy are plotted against variation in heat source 

parameter, time relaxation parameter and variable thermal conductivity number. It is noticed that 

dot curves are prepared for representation of Yamada-Ota model and dash dot curves are 

sketched to predict an impact of Hamilton Crosser model. Figure 5 is plotted to represent 

relationship among thermal energy and heat source parameter considering Yamada-Ota and 

Hamilton crosser hybrid models. It is observed that temperature into fluid particles is boosted 

when heat source parameter is enhanced. Physically, an external heat source is placed at surface 

of wall. Hence, temperature of fluid particles is controlled by using positive and negative values 
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of heat source parameter. Heat generation phenomenon is occurred when positive values of heat 

source parameter are used while heat absorption phenomena are happened when negative values 

of heat source parameter is implemented. Figure 6 is prepared to sketch behavior time relaxation 

parameter on temperature profile. Time relaxation parameter is generated because of non-

Fourier’s law is utilized in mass diffusion and energy equations. Temperature into fluid particles 

is enhanced when time relaxation parameter is increased. The capacity of restore of heat energy 

is enhanced versus argument values of time relaxation parameter. An effect of variable thermal 

conductivity number on temperature curves is carried out by figure 7. It is observed that 

occurrence of 𝜖1 is generated using concept of variable thermal conductivity in energy equation. 

Mathematically, temperature dependent thermal conductivity number is dependent on 

temperature difference. So, an increment in 𝜖1 results heat energy of fluid particles is boosted. 

Moreover, thermal performance of Yamada-Ota hybrid model is better than thermal performance 

of Hamilton Crosser hybrid mode.  

4.3. Mass diffusion of fluid particles and variation in parameters 

Figures 8, 9 and 10 are prepared to visualize variation of thermal energy versus change in 

Schmidt number, variable mass diffusion parameter and time relaxation parameter inserting 

Yamada-Ota and Hamilton Crosser hybrid models. Mass diffusion performance is measured 

among Yamada-Ota and Hamilton Crosser hybrid models. Figure 8 is prepared to capture effect 

of Schmidt number on concentration profile. Diffusion of mass species is slow down using 

argument numerical values of Schmidt number. From physically point of view, Schmidt number 

is ratio among mass diffusivity and momentum diffusivity. An inclination in Schmidt number 

reveals reduction into mass diffusion. Moreover, Performance in mass diffusion rate for 

Yamada-Ota hybrid model is better than performance in mass diffusion for Hamilton Crosser 

hybrid model. Role of time relaxation parameter on concentration profile is carried out by figure 

9 whereas role of 𝜖2 on concentration profile is captured by figure 10. It is investigated that 

maximum production of mass diffusion is generated when time relaxation and variable mass 

diffusion parameters. Further, concentration curves for Hamilton Crosser hybrid model are less 

than concentration curves for Yamada-Ota hybrid model.  

4.4. Measurement of rate of heat transfer, Sherwood number and skin friction 

coefficient 



11 

 

In this subsection, performance of temperature gradient, skin friction coefficient and 

Sherwood number are accumulated versus higher numerical values of Weissenberg, heat source, 

Schmidt and variable thermal conductivity parameters. The behavior of temperature gradient, 

skin friction coefficient and Sherwood number versus Weissenberg, heat source, Schmidt and 

variable thermal conductivity parameters is tabulated in table 3. It is noticed that motion of fluid 

particles is boosted up against higher numerical values of Weissenberg number but temperature 

gradient is decreased. In case of heat source parameter, temperature gradient, skin friction 

coefficient and Sherwood number are augmented considering higher impact of heat source 

parameter. Sherwood number is inclined when Schmidt number is increased.   

 

 

Figure 2. Analysis of 𝑊𝑒  on velocity regarding fluid particles. 
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Figure 3. Analysis of 𝐻𝑡 on velocity regarding fluid particles. 

 

 

Figure 4. Analysis of 𝜔 on velocity regarding fluid particles. 
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Figure 5. Analysis of 𝐻𝑡 on temperature regarding fluid particles. 

 

 

Figure 6. Analysis of 𝛽𝑎 on temperature regarding fluid particles. 
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Figure 7. Analysis of 𝜖1 on temperature regarding fluid particles. 

 

 

Figure 8. Analysis of 𝑆𝑐 on concentration regarding fluid particles. 
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Figure 9. Analysis of 𝛽𝑏 on concentration regarding fluid particles. 

 

 

Figure 10. Analysis of 𝜖2 on concentration regarding fluid particles. 
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Table 3. Analysis of rate of mass diffusion, rate of heat energy and skin friction coefficient 

against variation in 𝑊𝑒,𝐻𝑡 , 𝜖1 and 𝑆𝑐. 
Variation in 

parameters 

 −𝑅𝑒1/2𝐶𝑓 −𝑅𝑒−12𝑁𝑈 −𝑅𝑒−12𝑆ℎ 

 0.0 0.04083083709 0.8718781018 0.2251503917 𝑊𝑒 0.4 0.04115641821 0.7608320013 0.1352215011 

 0.8 0.04548199932 0.5334280014 0.0221003319 

 -1.5 0.05842070236 0.6865965216 0.1251639536 𝐻𝑡 0.0 0.02884959667 1.023554468 0.1310202402 

 0.5 0.01075945969 1.268425453 0.1559011380 

 0.0 0.02606740874 2.133026234 0.7250871596 𝜖1 0.3 0.03568914202 0.687196814 0.4512924743 

 0.5 0.1784160787 0.169312154 0.3250943289 

 0.0 0.1398472497 0.887013278 0.3302441317 𝑆𝑐 0.4 0.2977235842 3.131272987 0.4135574081 

 0.8 0.3536165232 5.457159256 0.4536907398 

 

5. Conclusions 

Features of mass diffusion and heat energy in Carreau Yasuda liquid past a vertical heated 

Riga plate are visualized. Non-Fourier’s law is implemented along with temperature dependent 

mass diffusion and temperature dependent thermal conductivity. Models related to Yamada Ota 

hybrid and Hamilton Crosser has been carried out. Chemical reaction among mass species 

particles is occurred. A finite element scheme is utilized to construct numerical simulations. Key 

findings of present analysis are listed below.  

 Fluid particles are accelerated when heat source parameter and 𝜔 are increased but fluid 

particles motion is decreased versus higher values of 𝑊𝑒;  
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 Heat energy of fluid particles is boosted against argument values of heat source, time 

relaxation and variable thermal conductivity parameters; 

 Amount of mass diffusion is declined versus change in Schmidt number but amount of 

mass diffusion is enhanced versus higher impacts of variable mass diffusion and time 

relaxation parameters; 

 Thermal performance of Yamada-Ota hybrid nanofluid model is better than thermal 

performance of Hamilton Crosser hybrid nanofluid mode. 
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