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Abstract. Tangent hyperbolic fluid is one of the non-Newtonian fluids in which the consti-

tutive equation is valid for low and high shear rates and used mostly in laboratory experi-

ments and industries. The Darcy-Forchheimer flow model is substantial in the fields where 

the high flow rate effect is the common phenomenon, for instance, in petroleum engineer-

ing. With these things in mind, in this article, we analysed the mixed convective dissipative 

Darcy-Forchheimer flow of tangent hyperbolic fluid by an inclined plate with Joule heating. 

Flow administering equations were altered as nonlinear ODEs and then resolved using 

shooting strategy. Pertinent outcomes are explained through graphs. It is discovered that 

fluid velocity minifies with the rise in the power law index parameter and Forchheimer 

number. It is detected that the thermal buoyancy parameter minimizes fluid temperature, 

and the magnetic field parameter ameliorates the same. What’s more, we noticed that 

Forchheimer number minimizes the skin friction coefficient, and the heat transfer rate is 

minified with the larger Eckert number. Furthermore, we have verified our results with 

former results for the Nusselt number and noticed a satisfactory agreement. 

 

MSC 2010: 76W05, 76E06, 76A05, 80A32 

Keywords: inclined plate, tangent hyperbolic fluid, Darcy-Forchheimer, Joule heating, 

shooting strategy, Eckert number 

1. Introduction 

Joule warming depicts the interaction where the energy of an electric flow is 

transformed into heat as it courses through an obstruction. Joule heating is utilized 

in the industrial process and in multiple devices, for example, in Laboratory water 
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bath (laboratory equipment utilized for reactions at warm temperature). Khader [1] 

considered Joule heating and quiescent (Newtonian) fluid flow through an expo-

nentially stretching sheet. He noticed that the Prandtl number meliorates the 

Nusselt number. Patel and Singh [2] and Mittal et al. [3] investigated micropolar 

fluid flow by a stretching surface with Joule heating and found that the temperature 

is minified by a larger magnetic parameter. Shamshuddin et al. [4] elucidated the 

squeezing flow of MHD fluid among riga plates with Joule heating. They observed 

the escalation in the temperature parameter with a larger solutal Biot number. 

Waqas et al. [5] emphasized that the Schmidt number is useful to ameliorate both 

transfer rates (heat, mass) in their scrutiny on thixotropic fluid flow with Joule 

heating. Kumar et al. [6] carried out an examination to elaborate the characteristics 

of entropy generation in Williamson (nano) fluid flow by a stretching sheet and 

remarked that the radiation parameter meliorates fluid temperature. Devi and 

Sharma [7] discovered that the temperature minifies with the larger mixed convec-

tion parameter in the scrutiny of MHD fluid flow with variable permeability 

through a cone. Alaidrous and Eid [8] considered Joule heating and higher order 

chemical reaction and studied three dimensional hyperbolic tangent fluid flow by 

an extending surface immersed in a porous medium. They detected that the porosi-

ty parameter decelerates the fluid velocity. Investigation of Carreau fluid flow by  

a slendering elongated sheet with Joule heating is done by Gayatri et al. [9] and 

acknowledged that the chemical reaction parameter slenderizes the fluid concentra-

tion. Shoaib et al. [10] implemented Lobatto IIIA methodology via MATLAB to 

inspect the dissipative hybrid nanofluid flow by a rotating disk with Joule heating. 

They observed that the porosity parameter minimizes both radial and azimuthal 

friction factor.  

A fluid in which viscosity is not constant and depends on shear rate is termed  

as non-Newtonian fluid. Non-Newtonian fluid flows are useful in several areas  

including mining, plastic processing and chemical processing industries. Tangent 

hyperbolic fluid is one of the non-Newtonian fluids in which the constitutive equa-

tion is valid for low and high shear rates and used mostly in laboratory experiments 

and industries. Examples of tangent hyperbolic fluids are blood, paint and ketchup. 

Khan et al. [11] scrutinized the Casson fluid flow by a stretched surface with  

homogeneous-heterogeneous reactions and observed that the homogeneous reac-

tion heat parameter ameliorates the fluid temperature. Nayak et al. [12] and Khan 

and Alzahrani [13] considered stretching surface and discussed the entropy genera-

tion on the dissipative flow of various non-Newtonian fluids with thermal radia-

tion. They found that the transverse and axial wall shear stress ameliorates with  

the larger Weissenberg number. Later, various researchers [14-18] considered  

activation energy and analysed different non-Newtonian fluid flows over distinct 

geometries. 

The Darcy-Forchheimer flow model is substantial in the fields where a high 

flow rate effect is the common phenomenon, for instance, in petroleum engineer-

ing. Ibrahim and Khan [19] used the finite difference method to investigate the 

Darcy flow of CNT mixed nanofluid flow with viscous dissipation. They noticed 



Heat transfer in Darcy-Forchheimer flow of tangent hyperbolic fluid over an inclined plate … 33

that the porosity parameter minimizes the fluid velocity. Khan and Alzahrani [20] 

elucidated the Darcy-Forchheimer flow of hybrid nanofluid among two stretchable 

revolving disks with second order velocity slip and remarked that the Forchheimer 

number minimizes the axial velocity. Recently, Khan [21] and Khan and Alzahrani 

[22, 23] considered the Darcy-Forchheimer model and scrutinized various nano- 

fluid flows with viscous dissipation and thermal radiation. 

After careful observation of the aforementioned literature, we noticed that  

no study is reported on the Darcy-Forchheimer flow of tangent hyperbolic fluid  

by an inclined plate. To fill this gap, we have examined a MHD mixed convec- 

tive flow of tangent hyperbolic fluid through an inclined plate with Joule heating. 

The Runge-Kutta fourth order based shooting technique is applied to resolve  

the transmuted equations. Outcomes are exhibited via graphs for two instances i.e., 

suction and injection. 

2. Formulation 

In this work, we took mixed convective tangent hyperbolic fluid flow via an in-

clined plate with Joule heating and viscous dissipation. The Darcy-Forchheimer 

model is used in the momentum equation. We presume that the plate is inclined 

with an angle   and elongated with velocity .wu cx  The flow pattern is displayed 

in Figure 1. Temperatures of the surface and ambient are denoted by wT  and .T
 

Additionally, we neglected the induced magnetic field. 

 

 

Fig. 1. Flow form of tangent hyperbolic fluid by an inclined plate 
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Equations describing the flow are [24, 25] 
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where: ,u v  are velocity constituents in two directions ( , ),x y    fluid density,  

   kinematic viscosity,    electrical conductivity, T   thermal expansion  

volumetric coefficient, g   gravity acceleration, K   permeability of porous me- 

dium, bC
F
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  inertia coefficient, 0B   magnetic field intensity, bC   drag 

coefficient,    time dependent material constant, m   power law index parameter, 

T   fluid temperature, k   thermal conductivity, pC   specific heat capacity,  

*Q   (dimensional) heat source parameter,    dynamic viscosity, wv   permea-

bility of the porous surface. 

Using the similarity transformations 

      , ' , , ,w
w

w

u T T
y u u f v c f

x T T
     







    


 (5) 

continuity equation (1) is satisfied and equations (2)-(3) are changed as: 
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The Weissenberg number ,We  local Reynold’s number Re ,x  local thermal 

Grashoff number ,Gr  mixed convection parameter ,  Eckert number ,cE  Prandtl 

number Pr,  porosity parameter ,  heat source parameter ,H  Forchheimer number 

,Fr  and suction/injection coefficient S  are indicated as: 
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The Nusselt number ,xNu  surface friction drag xCf  are defined as: 
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By using (5), we can write (9) in a non-dimensional form as 

            21/2 1/2
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3. Results and discussion 

We used the Runge-Kutta 4th order based shooting technique to solve transmut-

ed equations (6)-(7) with the conditions (8). Results are exhibited via graphs in two 

instances i.e., suction and injection. Figure 2 exhibits that the power lax index  

parameter reduces the thickness of the hydrodynamic layer. Therefore, it lowers  

the velocity profile. Generally, the larger Forchheimer number produces the drag 

force, which causes the fluid flow to slow down. That means, resistive force is  

enhanced for the fluid with the rise in the Forchheimer number. Therefore, the rise 

in the Forchheimer number diminishes the fluid velocity (Fig. 3). When we raise 

the thermal buoyancy parameter, more buoyancy forces rise in the fluid. So, escala-

tion in fluid velocity occurs with the larger thermal buoyancy parameter (Fig. 4). 

Figure 5 depict that the Weissenberg number lowers fluid velocity (fluid thickness 

increases with the larger Weissenberg number). Typically, the Weissenberg number 

is a ratio between the shear rate time and the relaxation time. Hence, for the larger 

,We  the fluid becomes thicker, and consequently, the fluid velocity decreases.  
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Fig. 2. Consequence of m  on velocity profile Fig. 3. Consequence of Fr  on velocity profile 

 

Fig. 4. Consequence of   on velocity profile Fig. 5. Consequence of We  on velocity profile 

Figures 6-9 explain the impact of , ,cE M  and H  on the temperature profile. 

Amelioration in viscous dissipation adds additional heat (kinetic energy converts as 

a heat energy) to the fluid flow. So, temperature rises with the escalation in viscous 

dissipation (Fig. 6). Figure 7 displays the natural behaviour of thermal buoyancy 

parameter on fluid temperature (decrement). Due to the rise of Lorentz forces upon 

the impact of magnetic field parameter, temperature meliorates with bigger M  

(Fig. 8). Typically, larger heat source parameter causes proliferation of additional 

heat within the fluid and in turn, assists to enhance the thickness of the thermal 

boundary layer. So, the heat source parameter escalates fluid temperature (Fig. 9). 
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Fig. 6. Consequence of cE on temperature profile Fig. 7. Consequence of   on temperature profile 

 

Fig. 8. Consequence of M on temperature profile Fig. 9. Consequence of H on temperature profile 

Figures 10 and 11 showed the impact of Fr  and We on the skin friction coefficient. 

It is detected that Fr  lessens the skin friction coefficient and We  meliorates the 

same. It is evident from Figures 12 and 13 that the Eckert number minimizes  

the heat transfer rate (The Eckert number ameliorates the thermal boundary layer 

thickness) and   escalates the same (  minimizes the thickness of the thermal 

boundary layer). Table 1 exhibits the verification of the current results with earlier 

outcomes for the skin friction coefficient. We found an acceptable agreement. 
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Fig. 10. Consequence of Fr on xCf  Fig. 11. Consequence of We  on xCf  

 
Fig. 12. Consequence of cE on xNu  Fig. 13. Consequence of   on xNu  

Table 1. Comparison of the current results with earlier outcomes for skin friction coefficient 

m  M  We  
xCf  

Akbar et al. [24] Current result 

0 0 0.3 1 1 

1 0 0.3 0.94248 0.942481 

2 0 0.3 0.88023 0.880232 

3 0.5 0.3 0.98804 0.988047 

3 1 0.3 1.13454 1.134549 

3 1.5 0.3 1.26193 1.261933 
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4. Conclusions 

Tangent hyperbolic fluid is one of the non-Newtonian fluids in which the consti- 

tutive equation is valid for low and high shear rates and used mostly in laboratory 

experiments and industries. The Darcy-Forchheimer flow model is substantial in 

the fields where the high flow rate effect is the common phenomenon, for instance, 

in petroleum engineering. With these things in mind, in this article, we analysed 

mixed convective dissipative Darcy-Forchheimer flow of tangent hyperbolic fluid 

by an inclined plate with Joule heating. Primary findings of the current study are 

summarized as follows: 

 The Power lax index parameter lowers the velocity profile. 

 Escalation in fluid velocity occurs with the larger thermal buoyancy parameter. 

 Temperature rises with the escalation in viscous dissipation. 

 The thermal buoyancy parameter minimizes the fluid temperature. 

 The Forchheimer number lessens both fluid velocity and skin friction coefficient. 

 The heat source parameter escalates fluid temperature, and the Eckert number 

minimizes the heat transfer rate. 

 The Weissenberg number lowers the fluid velocity and meliorates the skin  

friction coefficient. 
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