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Abstract: In this study, the flow and heat transfer of a Newtonian power fluid in a cavity square is 

discussed. The top and bottom walls of the cavity are well insulated. the left vertical wall is at a hot 

temperature, and the right wall is at a cold temperature. A flexible elastic fin is fixed in the middle of the 

wall in different positions (left, right). The fluid-structure interaction (FSI) in the cavity and the hot fins 

and Newtonian fluid are combined. The interaction of the flow with the fin leads to the deformation of the 

fin and the change of the fin position modifies the flow and the heat transfer. The arbitrary Lagrangian-

Eulerian (ALE) method with the moving mesh method is employed to model the deflection of the structure 

within the fluid domain. The finite element method is adopted to solve the governing equations, the 

parameters studied are the power law index, the Rayleigh number (103 < 𝑅𝑎 < 105) , the elasticity 

modulus(5. 109 < 𝐸𝑡 < 1011), Prandtl number (10).isotherms and streamlines and the average Nusselt 

number are studied.   Results obtained in this study that increasing the Rayleigh number leads to an increase 

in the average Nusselt number, which is associated with a higher Rayleigh number. Therefore, it was found 

that a square cavity can increase the heat transfer rate.  
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1. INTRODUCTION 

Due to uneven temperatures within enclosures and the 

presence of buoyancy forces, a process called natural 

convective heat transfer plays an important role in various 

fields such as electronic component cooling, double pane 

windows, and nuclear reactor cooling systems. This essential 

process enables the transfer of heat within engineering 

systems, and relies on the natural flow of buoyancy forces. 

Considering the natural convection of Newtonian fluids, many 

studies have investigated the transient natural convection of 

vibrating flexible fins, The effet of fluid-solid interaction on 

transient natural convection inside a square cavity is presented 

by “ Gangawane, K. M., & Manikandan, B. (2017) ” , It is 

found that the overall rate of heat transfer increases 

exponentially with the rise of the oscillation amplitude and an 

oscillation amplitude of 0.1 could result in 3.4 percent 

improvement in the heat transfer rate, the average Nusselt 

number is found higher for Darcy number compared with 

Darcy-Forchheimer model for all studied Rayleigh numbers. 

The natural convection heat transfer in a square cavity wherein 

the buoyancy-induced flow by a thin flexible heater-plate is 

generated by “Gilmanov, A., Le, T. B., & Sotiropoulos, F. 

(2015) ”. Therefore, the problem of unsteady fluid structure 

interaction inside different cavities have been investigated in 

many published works such as, square cavity (“Hakim, M. A., 

Ahad, A. I., Karim, A. U., Saha, S., & Hasan, M. N. (2022)”, 

“Ismael, M. A., & Jasim, H. F. (2018). ”, “ Jain, S. R., Subhani, 

S., & Kumar, R. S. (2022) ”.) , L-shaped enclosure “ Kebriti, 

S., & Moqtaderi, H. (2021) ”. It is observed that the 45° angle 

of rotation square cylinder provides the most optimum and 

efficient of heat transfer at higher Rayleigh number. The 

unsteady natural convection heat transfer inside an enclosure 

with a heated circular cylinder have been investigated in the 

literature (“Khanafer, K., & Vafai, K. (2020) ”, “ Loenko, D. 

S., Shenoy, A., & Sheremet, M. A. (2021) ”.) , In other studies, 

regarding the mixed convection of Newtonian fluid inside 

many enclosures such as, a square cavity having two inlet and 

outlet opening “Makayssi, T.,   Lamsaadi, M., & Kaddiri, M. 

(2021) ”, a square cavity having a flexible side wall “ Mehryan, 

S. A. M., Alsabery, A., Modir, A., Izadpanahi, E., & 

Ghalambaz, M. (2020) ”. rectangular enclosure (“Saleh, H., 

Naganthran, K., Hashim, I., Ghalambaz, M., & Nazar, R. 

(2022)”, “Salehpour, A., Abdolahi Sadatlu, M. A., & Sojoudi, 

A. (2019)”) it is found that as flow behaviour index increases 

for a flow with a given Rayleigh number, average Nusselt 

number at hot wall and the rate of melting decrease. The heat 

transfers and flow characteristics of natural convection from a 

hot cylinder body in a square enclosure is investigated by 

“Subhani, S., & Kumar, R. S. (2022)”. The compressible B-

spline material point method (WC-BSMPM) to resolve the 

complicated free surface flow of non-Newtonian fluid with a 

power law rheology model is provided and extended by 

“Shahabadi, M., Mehryan, S. A. M., Ghalambaz, M., & 

Ismael, M. (2021)”.  
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1.1 Modelling approach 

 

2. FUNDAMENTAL RELATIONS 

2.1 Governing equations 

Continuity equation: 

𝛁∗  𝒖∗ = 0                                    (1)  
 

Momentum equations: 

 

𝜌𝑓 [
𝜕𝑢∗ 

𝜕𝑡
+ (𝒖∗ − 𝒘∗)𝛻∗ 𝑢∗] −

𝛻∗[−𝑃∗𝐼 + 𝑢(𝜵∗𝒖∗ + (𝜵∗𝒖∗)𝑡𝑟)] −

𝜌𝑓𝛽𝒈(𝑇∗ − 𝑇𝑐
∗) = 0               (2)

 

   

 

 

The energy equation for the fluid: 

(𝜌 𝑐𝑝)
𝑓

[
𝜕𝑇∗

𝜕𝑡
+ (𝒖∗ − 𝒘∗) ∙ 𝛁∗𝑇∗] −

𝑘𝑓𝛁∗2𝑇∗ = 0  
(3) 

 

For elastic structure domain: 

The equations of the nonlinear elastic displacement and the 

energy of the fin can be written as: 

𝜌𝑠

𝑑2𝒅𝑠
∗

𝑑𝑡2
− ∇∗𝜎∗ = 𝑭𝑣

∗ (4) 

 

The energy equation for the flexible fin: 

(𝜌𝑐𝑝)
𝜕𝑇∗

𝜕𝑡
− 𝑘𝑠∇∗2𝑇∗ = 0 (5) 

and   as the pressure of the fluid and temperature 

of the solid/ fluid, respectively, g the gravity acceleration. 

shows the solid stress tensor. denotes the 

displacement vector of the fin so that  and  

indicates the body force imposed on the flexible fin. 

indicates the density where f and s mention to the fluid and 

solid, respectively. 𝛼𝑓 is thermal diffusivity of the fluid, 

thermal diffusivity of the solid,  𝛼𝑠is the kinematic viscosity, 

and 𝛽  shows the volumetric thermal expansion coefficient of 

the fluid.  The Neo-Hookean solid model is applied to express 

the stress tensor of Eq. (4): 

𝝈∗ = 𝐽−1𝐹𝑆𝐹𝑡𝑟|𝐹 = (𝐼 + 𝛁∗𝒅𝑠
∗), 𝐽 

= 𝑑𝑒𝑡(𝐹) & S= 𝜕𝑊𝑠 𝜕𝜀⁄ (6)
 

  

𝑊𝑠 =
1

2
𝑙(𝐽−1𝐼1 − 3) − 𝑙 ln(𝐽) +  

1

2
𝜆(ln(𝐽))2

𝑙 = 𝐸/(2(1 + 𝑣))

𝜆 = 𝐸𝑣/((1 + 𝑣)(1 − 2𝑣)) (7)

 

𝜀 =
1

2
(𝛁∗𝒅𝑠

∗ + 𝛁∗𝒅𝑠
∗𝑡𝑟 + 𝛁∗𝒅𝑠

∗𝑡𝑟𝛁∗𝒅𝑠
∗) (8) 

 

 

 

2.2 Boundary conditions 

The boundary conditions useful to the external walls and the 

interface of the flexible fin can be written as:  

at the hot wall: 

𝑇∗ = 𝑇ℎ
∗ , 𝑢∗ =  𝑣∗ = 0 (9) 

at the cold wall: 

𝑇∗ = 𝑇𝑐
∗ , 𝑢∗ =  𝑣∗ = 0 (10)  

at the interface of the flexible fin: 

𝑘𝑓

𝜕𝑦

𝜕𝑥
|

𝑓
= 𝑘𝑠

𝜕𝑦

𝜕𝑥
|

𝑠

(11) 
 

Also, the Rayleigh and Prandtl numbers and the Elasticity 

modulus are introduced as: 

𝑅𝑎 =
𝜌0

2 𝑐𝑝𝑔𝛽∆𝑇𝑑3

𝜇𝐵𝑘
(12) 

𝑃𝑟 =
𝑐𝑝𝜇𝐵

𝑘
(13) 

𝐸𝜏 =
𝐸 ∙ 2𝑅∗2

𝜌𝑓𝛼𝑓
2

(14) 

The non-dimensionless heat transfer rates through the fluid 

intimate to the hot wall with the flexible fin basis are, 

respectively: 

𝑁𝑢𝑓 = −
𝜕𝜃

𝜕𝑋
(15) 

𝑁𝑢𝑠 = −𝑘𝑟

𝜕𝜃

𝜕𝑋
(16) 

The average Nusselt number at the hot wall is also 

introduced as: 

𝑁𝑢̅̅ ̅̅ = ∫ 𝑁𝑢𝑓

𝑠1

0

 𝑑𝑦 + ∫ 𝑁𝑢𝑠

𝑠2

𝑠1

 𝑑𝑦 +

∫ 𝑁𝑢𝑓

1

𝑠2

 𝑑𝑦|
𝑠1 =

1

2
−

𝒕𝑓𝑖𝑛

2

𝑠2 =
1

2

𝒕𝑓𝑖𝑛

2

(17)
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Figure 1. Physical model of convection in a cavity with a 

flexible fin and coordinate system 
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2.3 Nomenclature 

𝐸 times 

𝑓 Frequency 

𝑭𝒗 vector of volume force 

𝒈 gravity vector 

𝑅 characteristic size (enclosure high  

and width) 

𝑃𝑟 Prandtl number 

𝑅𝑎 Rayleigh number 

𝑡 time in dimensional form 

𝑇 temperature field 

𝒖 velocity vector 

𝒘 the moving mesh velocity vector 

𝑥, 𝑦 Cartesian coordinates 

Greek symbols 

𝛼 coefficient of the thermal diffusivity 

𝛽 coefficient of the volumetric thermal expansion 

𝜇 the fluid’s dynamic viscosity 

ν  Poisson’s ratio 

𝜌 Density 

𝜌𝑅  the ratio of fluid to solid-structure density 

𝜏𝑜 Fluid yield stress  

  

  

Subscripts 

𝑎𝑣𝑟𝑔 the average property 

𝑐 the cold Wall 

𝑓 the fluid property 

ℎ the hot property 

𝑠 the flexible plate 

Superscripts 

𝑡𝑟 matrix transpose 

∗ dimensional for of variables and parameters 

 

3. FUNDAMENTAL RELATIONS 

3.1 Validation 

Another critical step in the simulation to ensure the 

accuracy and correctness of the obtained results is the 

validation through other studies. This work is validated on 

basis of a study done by Mohammad Shahabadi. 

First, the contours of isotherms reported by Mohammad 

Shahabadi when Pr=10 and Et=1010 have been used for the 

validation of this study. As showed in the Fig. 3, the present 

numerical results thoroughly competition with literature of 

Shahabadi. 

 

 

 

 

 

 

 

 

 

 

 

Second, streamlines reported by Mohammad Shahabadi when 

Pr=10 and Et=1010 are compared for different Rayleigh 

number with the present study Fig. 3, the obtained results of 

the chosen Ra of this study and Shahabadi are showed a 

suitable agreement. 

Finally, for validation of the natural convection mechanism of 

a Newtonian fluid within a cavity, the Shahabadi numerical 

modeling has been re-simulated by the code employed in the 

present study. The evaluation of the Nusselt number for 

different values of Rayleigh number is represented in the Table 

1, there exists suitable agreement between the results of the 

current model and the results found Shahabadi. 

Table 1. The average Nusselt (Nu) for different Rayleigh 

number at Pr =10 

Ra Nuavg 

Mohammad 

Shahabadi 

Present study Error % 

103 1.08949 1.12423 3,474 

104 1.93385 1.92536 0,849 

105 4.41245 4.41632 0,387 
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Figure 2.  Comparing between the results of the present study 

and the contours of isotherms reported by Mohammad 

Shahabadi when Pr=10 and Et=1010 
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4. RESULTS AND DISCUSSION 

Figures 4 and 5 show the contours of the isotherms and 

streamlines for different Rayleigh numbers (Ra) and elasticity 

at Pr = 10, position 1 (left). It can be seen that increasing the 

Rayleigh number has a significant effect on the flow 

configuration, notably by increasing recirculation. On the 

other hand, varying the elasticity has little influence on the 

flow configuration, but it does have a considerable impact on 

fin deformation, especially at low elasticity numbers.Note that 

maximum deformation is observed at Ra = 105 and Et = 5 × 

109; an increase in elasticity makes the fin stiffer, thus reducing 

deformation.                                                                                                          

 

  

Ra=103 Ra=104 Ra=105 

E
t=

5
×

1
0

9
 

   

E
t=

1
0

1
0
 

   

E
t=

1
0

1
1
 

   

Figure 5. Streamlines contours for various Rayleigh number (Ra) 

and different values of elasticity modulus (Et) at Pr=10. 

 

Figures 6 and 7 show the contours of the isotherms and 

streamlines  for different Rayleigh and elasticity numbers at Pr 

= 10, position 2(right) ., where the fin is moved from the hot 

to the cold wall. Several significant differences can be 

observed: firstly, the variation in Rayleigh number does not 

appear to be as critical as for the previous position (position 1). 

As far as fin deformation is concerned, it is remarkable that the 

direction of deformation changes as a function of position. 

Specifically, when the fin is attached to the hot wall, it deforms 

upwards, whereas when it is attached to the cold wall, it 

deforms in the opposite direction, i.e. downwards. 

Nevertheless, maximum deformation is always observed at   

Ra = 105 and Et = 5 × 109. 
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Figure 3. Comparing between the results of the present study 

and the contours of isotherms reported by Mohammad 

Shahabadi when Pr=10 and Et=1010 

 

Figure 4. Isotherms contours for various Rayleigh number (Ra) 

and different values of elasticity modulus (Et) at Pr=10. 

 

Figure 6. Isotherms contours for various Rayleigh number (Ra) and 

different values of elasticity modulus (Et) at Pr=10 (position 2). 
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The figure 8 shows the variation of the Nusselt number as a 

function of time for different Rayleigh numbers (Et = 1010). It 

can be seen that an increase in the Rayleigh number leads to 

an increase in the Nusselt number, indicating an increase in 

heat transfer. 

 

 

 

 

 

 

The figure 9 also shows the variation of the Nusselt number as 

a function of time for different elastic numbers (Ra = 105). It 

can be seen that the variation in elasticity has a negligible 

influence on the variation in Nusselt number, and therefore on 

heat transfer. 

 

 

The figures 10-11 show the variation of the Nusselt number as 

a function of time for different Rayleigh numbers (Et = 1010) 

and elasticity numbers (Ra = 105), by changing the position of 

the fin. It can be seen that the variation in Rayleigh number 

and elasticity number becomes negligible compared with the 

previous fin position. 

 

 

 

 

6. CONCLUSIONS 

Numerical simulations were conducted to study natural 

convective flow of Newtonian fluids in a square enclosure 

using the finite element method. The study investigated the 

influences of Rayleigh number (Ra) and Elasticity modulus 

(Et) on convective flow and heat transfer. The key findings are 

summarized as follows: 

Figure 8. The variation of Nusselt number along the hot wall 

with for different Rayleigh number at Et=1010 and Pr=10 

 

 

Figure 9. The variation of Nusselt number along the hot wall 

with time for different Elasticity modulus at Ra=105 and Pr=10 

 

 

 

Figure 10. The variation of Nusselt number along the cold wall 

with for different Rayleigh number at Et=1010 and 

Pr=10(position 2). 

 

 

 

 

Figure 11. The variation of Nusselt number along the cold wall 

with time for different Elasticity modulus at Ra=105 and Pr=10 

(position 2). 

 

 

 

Figure 7. Streamlines contours for various Rayleigh number 

(Ra) and different values of elasticity modulus (Et) at Pr=10 

(position 2). 
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- Initially, heat transfer is primarily through conduction in the 

early stages, transitioning gradually to natural convection. 

Buoyancy forces significantly affect the vortices formed 

within the cavity, particularly at higher Rayleigh numbers. 

- The fin exhibits maximum deformation at steady state when 

elasticity modulus is low, although the average Nusselt 

number on the hot wall remains unaffected by elasticity 

modulus. 

- Higher Rayleigh numbers correlate with increased intensity 

of convective flow, heat, and mass transfer due to reduced 

viscosity effects outward. However, this influence is more 

pronounced at high Rayleigh numbers and diminishes at 

extreme values. 

- The square shape of the enclosure appears to enhance the 

overall heat transfer rate. 

These results underscore the complex interplay between 

Rayleigh number, elasticity modulus, and heat transfer 

mechanisms within the square enclosure, highlighting the 

importance of geometric factors in enhancing heat transfer 

efficiency. 
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