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Purpose: This study aims to investigate the heat transfer and fluid flow characteristics 

of alumina (Al₂O₃) based nanofluids under various convective conditions, with a 

particular focus on understanding the interplay between thermal performance and 

hydrodynamic costs. The primary goal is to elucidate the innovative aspect of using 

nanofluids in different flow regimes, addressing a fundamental question regarding their 

efficiency. 

Methodology: A numerical simulation approach was employed to analyze the behavior 

of the nanofluid. The simulations were conducted under specific boundary conditions, 

including a cold, rightward-moving top plate and a hot, leftward-moving bottom plate. 

The side walls were treated as adiabatic. The nanofluid, containing 5% by volume of 

Al₂O₃ nanoparticles, was modeled considering both forced convection due to the moving 

plates and natural convection driven by temperature differences. The Richardson 

number, representing the ratio of natural to forced convection, was systematically varied 

to cover a wide range of flow regimes. 

Main Findings: This study numerically investigates the thermofluid performance of 

Al₂O₃–water nanofluid (5% vol.) in a cavity across forced (Ri=0.1), mixed (Ri=1), and 

natural (Ri=10) convection regimes. While heat transfer shows modest gains (Nu 

increases from 13.67 to 13.77 at Ri=0.1, and 14.78 to 16.23 at Ri=1), the friction factor 

significantly rises (e.g., from 1.31 to 2.39 at Ri=0.1). The Thermally Enhanced 

Performance (TEP) index consistently remains below unity (approx. 0.82-0.84), 

indicating that increased viscous resistance outweighs thermal benefits. Consequently, 

the Al₂O₃–water nanofluid does not enhance overall system energy efficiency under the 

studied conditions, highlighting the need for holistic performance assessment in 

engineering applications. 

 

NOMENCLATURE 

A Area Pr Prandtl number 

C The volume fraction of nanoparticle u, v X, y velocity components 

Cp 
Specific heat in constant pressure 

(J/kg/K) 
t Time 

f Friction factor U, v Velocities 

𝑓 ̅ Mean friction factor x, y, r Coordinates 

Gr Grashof number Greek symbols 

k Thermal conductivity (W/m/K) β Thermal expansion coefficient (K-1) 

M Number of cells in x-direction μ Coefficient of viscosity (kg/m/s) 

N Number of cells in y-direction ω Rotational speed 

Nc Thermal conductivity parameter υ Kinematic viscosity (m2/s) 

Nu Local Nusselt number ρ Density (kg/m3) 

𝑁𝑢̅̅ ̅̅  Mean Nusselt number 𝜏 Shear stress 

Nv Dynamic viscous parameter ∈ Artificial compressibility 
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P Pressure Subscripts 

Re Reynolds number ref Reference 

Ri Richardson bf Body fluid 

T Temperature nf Nano-fluid 

  p Particle 

1. INTRODUCTION 

Driven by the increasing demand for efficient cooling 

systems[1, 2], the utilization of nanofluids as a novel 

approach in heat transfer has gained considerable 

attention[3-6]. Consequently, investigating the behavior of 

nanofluids under various flow conditions, including 

forced, free, and mixed convection, is of paramount 

importance[7-9]. This paper presents a numerical and 

simulation-based study of the behavior of Al2O3-Water 

nanofluid within a cavity, considering different flow 

regimes. 

Addressing air pollution[10-12], global warming[13, 

14], and environmental concerns, alongside reducing 

associated costs, necessitates the optimization of thermal 

systems[15, 16] and the integration of renewable energy 

sources. Enhancing heat transfer is a fundamental aspect 

of this optimization[17, 18]. Heat transfer enhancement 

techniques are broadly classified into active and passive 

methods [19]. Active methods utilize external energy 

sources, such as electric or magnetic fields, or acoustic 

forces, to manipulate fluid flow and boost heat transfer 

rates. Conversely, passive methods achieve enhancement 

through modifications to the system’s geometry or 

alterations to the working fluid [20]. Nanofluids, 

representing a relatively recent class of working fluids, fall 

under the category of passive methods. These are defined 

as stable suspensions of nano-sized particles within a base 

fluid. Due to the typically higher thermal conductivity of 

solid materials compared to conventional fluids, the 

incorporation of these particles can significantly improve 

thermal properties[21]. The promising characteristics of 

nanofluids have spurred considerable research and 

engineering efforts exploring their application in diverse 

fields, including micro electro-mechanical systems 

(MEMS), fuel cells, and metal heat treatment [22]. While 

a robust experimental database is crucial for developing a 

comprehensive theoretical understanding of nanofluids, 

conducting such research presents significant challenges. 

Experimental investigations are often expensive and time-

consuming[23, 24], and working with nanoparticles can 

pose safety risks. Furthermore, obtaining precise data can 

be difficult, particularly when measuring temperatures at 

specific points within micro-channels[25, 26]. 

Measurement instrument uncertainties and potential 

errors—instrumental, environmental, procedural, and 

human—further complicate experimental approaches[25, 

27]. Numerical methods, however, offer a powerful 

alternative for analyzing physical phenomena, providing 

detailed insights at any desired location[28, 29]. 

Shahmohammadi  and Beiki[30]  numerically 

investigated the impact of γ-Al₂O₃ nanoparticles on heat 

transfer and pressure drop within the shell side of small 

shell-and-tube heat exchangers, operating under turbulent 

conditions. Using γ-Al₂O₃-water nanofluids in the shell 

and pure water in the tubes, the research found that both 

heat transfer and pressure drop increased with higher mass 

flow rates and more baffles. While nanoparticle addition 

didn’t significantly affect pressure drop, the optimal heat 

transfer performance was achieved with a 1 vol.% 

nanoparticle concentration. The study also determined a 

suitable baffle spacing of 43.4% of the shell diameter, 

consistent with the Bell-Delaware method. Raei et al. [31] 

experimentally measured the overall heat transfer 

coefficient and friction factor of γ-Al₂O₃/water nanofluid 

in a double-tube counterflow heat exchanger under 

turbulent flow conditions. To ensure nanoparticle 

dispersion, a magnetic stirrer and ultrasonic vibrator (240 

kW, 35 kHz) were used. The stabilized nanofluid, at 

concentrations of 0.05 and 0.15 vol.%, was tested with 

flow rates between 7 and 9 l/min, and inlet temperatures of 

45, 55, and 65 °C. Results showed that increasing 

nanofluid flow rate, concentration, and inlet temperature 

improved both the overall heat transfer coefficient and heat 

transfer rate. However, the ratio of the nanofluid’s heat 

transfer coefficient to that of pure water decreased with 

increasing flow rate. The maximum enhancements 

observed compared to distilled water were 19.3% for the 

heat transfer coefficient, 10% for the heat transfer rate, and 

25% for the friction factor, all occurring at a concentration 

of 0.15. Moravej [25] experimentally investigated a novel 

triangular flat plate solar collector, designed and built by 

the author according to ASHRAE93-2010 standards. The 

collector, featuring a riser-less design with spiral tubes, 

was tested using both water and Al₂O₃-water nanofluids at 

concentrations of 0.1%, 0.2%, and 0.3%, and flow rates 

ranging from 0.0063 to 0.0378 lit/s. Performance was 

evaluated based on environmental factors (temperature, 

radiation) and thermal parameters. Results demonstrated 

that the triangular design, due to its geometry and reduced 

tube length, offers suitable performance for water heating 

applications. The time constant ranged from 2.5 to 4.5 

minutes. Utilizing nanofluids resulted in an average 

efficiency increase of 12.4% compared to water, with a 

maximum efficiency exceeding 68.3% achieved at a 0.3% 

concentration and a flow rate of 0.0378 lit/s. Furthermore, 

the pressure drops across the collector remained minimal, 

below 0.1 bar. 

In cavity flows involving nanofluids, most existing 

studies primarily report heat-transfer enhancement while 

overlooking the coupled influence of viscous resistance 

and pumping-power demand, which ultimately governs 

the net energy efficiency of practical thermal systems. The 

present work addresses this gap by examining how the 

interplay between buoyancy forces and forced 

circulation—characterized through Ri = 0.1, 1, and 10—

influences both heat-transfer performance and the 

associated energy cost inside a closed cavity. The focus is 

placed on the fundamental question of whether 
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nanofluid-induced thermal enhancement can outweigh the 

hydrodynamic penalties in different convection regimes. 

By quantifying Nusselt number, friction factor, and 

energy-efficiency metrics (TEP/PEC) in a unified 

framework, this study provides a physics-based 

assessment relevant to applications such as compact 

cavity-based cooling units, small-scale thermal storage 

modules, and enclosure-type heat-management systems 

where both thermal and pumping demands are tightly 

coupled. 

2. METHODS AND MATERIAL 

In numerical simulations, nano-fluids are often treated as 

single-phase fluids, with their thermophysical properties 

determined by those of the base fluid and the dispersed 

nanoparticles. The following Navier-Stokes equations, 

incorporating heat transfer, govern the behavior of a two-

dimensional nano-fluid[9]: 
𝜕𝑢
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(1)  

The Chorin artificial compressibility method [32] was 

implemented by incorporating a pressure gradient term 

into the continuity equation, allowing for pressure 

determination through numerical solution. This 

modification alters the governing equations, enabling the 

application of a characteristics-based scheme developed 

by our team. This scheme effectively addresses the 

limitations of previous averaging schemes [33-35], 

specifically resolving the instability issues associated with 

those approaches[9]. 
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The governing equations were transformed into 

dimensionless form and expressed in matrix notation as 

follows:[9] 
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(3)  

Used dimensionless number are obtained by:  

𝑅𝑒 =
𝜌𝑟𝑒𝑓𝑢𝑟𝑒𝑓𝐿𝑟𝑒𝑓

𝜇
, 𝑃𝑟 =

𝑐𝑃𝜇

𝑘
,   𝐸𝑐

=
𝑢𝑟𝑒𝑓
2

𝑐𝑃(𝑇𝑟𝑒𝑓2 − 𝑇𝑟𝑒𝑓1)
,    

𝐺𝑟 =
𝛽𝑒𝑥  𝑔(𝑇𝑟𝑒𝑓2 − 𝑇𝑟𝑒𝑓1)𝐿𝑟𝑒𝑓

3  

𝜐2
, 𝑅𝑖 =

𝐺𝑟

𝑅𝑒2
 

(4)  

The reference length for a cavity flow is the width of 

the cavity. The Mach number of the flow is less than 0.3, 

hence, the flow is considered incompressible flow, but the 

Boussinesq assumption is applied for density change in the 

y-direction because of the temperature gradient in the flow 

field. Reference temperatures are the temperature of warm 

and cold walls for cavity. The properties of water, 

nanoparticles, and nano-fluids are extracted from Ref. 

[36]. The following equations are used for nano-fluids in 

order to find the thermodynamically characteristics of the 

nano-fluid [37]. 

𝜌𝑛𝑓

𝜌𝑏𝑓
= 1− 𝐶 + 𝐶

𝜌𝑝
𝜌𝑏𝑓
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𝜇𝑛𝑓

𝜇𝑏𝑓
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(𝜌𝐶𝑝)𝑛𝑓
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(𝜌𝐶𝑝)𝑝

(𝜌𝐶𝑝)𝑏𝑓

; 

𝑘𝑛𝑓

𝑘𝑏𝑓
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𝛽𝑛𝑓
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(𝜌𝛽)𝑝
(𝜌𝛽)𝑏𝑓

]. 

(5)  

The governing equations were discretized using the 

Finite Volume Method (FVM), and a fifth-order Runge-

Kutta scheme was employed for time discretization[9] 

( ) ( ) ( )-1 1 1 3 1
- ,  ,   ,  ,  ,1  ,      1,2, ,5 .

4 6
Z Z (Z

8 2
)

q n q

ijk ijk ijk qF q= = = 
 

(6)  

The time step is considered 10-4 for a stable solution. 

The usual upwind scheme can be used for time 

discretization but the Rung-Kutta method is more 

stable[38, 39]. The convective fluxes are calculated by the 
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characteristic-based scheme introduced by ourselves [33, 

34]. The first-order derivatives (convective fluxes) in cell 

centers are changed to normal parameters on cell 

boundaries by Green’s theorem. A simple method to 

calculate the convective fluxes is the averaging method. In 

this method, the convective fluxes are obtained by a simple 

average of cell center data. But this method is not stable. 

So, it is replaced by a characteristics-based method that 

was introduced by the authors. The introduced scheme is 

stable. The pseudo wave propagation is considered in this 

method and convective fluxes are calculated by the pseudo 

waves. This scheme is explained with details in [33, 34]. 

The viscous fluxes (The second-order derivatives) in the 

cell center are replaced by the first-order derivatives on the 

cell boundaries. Obtained first-order derivatives are 

replaced by normal parameters on the boundaries of 

secondary cells by the aim of the Green theorem (equation 

7)[9].  
𝜕𝜉

𝜕𝑥
|
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=
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𝐴
∬

𝜕𝜁
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𝐴𝐴
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=
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𝐴
∑𝜉𝛥𝑦𝑘

4

𝑘=1

, 𝜁 = 𝑢, 𝑣, 𝑇. 

(7)  

where, friction factor and Nusselt number are 

calculated as[9]:  

𝑓 =
2
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(8)  

Also, mean friction factor and average Nusselt number 

are obtained as[9] 

𝑓 = ∫ 𝑓𝑑𝑥
1

0

=
1

𝑁
∑𝑓𝑗

𝑁

𝑗=1

; 𝑁̄𝑢 = ∫ 𝑁𝑢𝑑𝑥
1

0

=
1

𝑁
∑𝑁𝑢𝑗

𝑁

𝑗=1

; (9)  

The top surface of the cavity is cooled and moves to 

the right, while the bottom surface is heated and moves to 

the left. The side walls are insulated and stationary. The 

no-slip boundary condition is applied at all boundaries, 

resulting in the nano-fluid velocity and temperature 

matching the solid boundary values. Pressure at all 

boundaries was determined using a second-order 

extrapolation method. For the initial conditions, the nano-

fluid temperature and velocity were initialized to the 

average of the top and bottom plate temperatures and 

velocities, respectively. Given the use of dimensionless 

parameters at the boundaries, the maximum velocity and 

temperature are set to 1, and the minimum velocity and 

temperature are set to -1.  

The alumina (Al₂O₃) nanoparticles used in this study 

have a volume fraction of 5%. The stability of the 

nanofluid is a critical consideration. In this work, we 

assume a stable nanofluid suspension, where nanoparticles 

remain uniformly dispersed and do not agglomerate, which 

is a common assumption in many simulation studies of this 

nature. Factors such as surfactant addition or proper 

surface modification of nanoparticles are typically 

employed to ensure long-term stability in experimental 

settings, which we have implicitly considered by assuming 

a well-dispersed state. 

3. RESULTS AND DISCUSSION 

In numerical simulations, examining the convergence 

history is crucial for assessing the accuracy and stability of 

the obtained solutions. This analysis not only determines 

the necessary number of iterations to achieve an acceptable 

error level but also helps identify potential instabilities, 

numerical discrepancies, and the influence of model 

parameters (such as the Richardson number) on 

convergence speed. By tracking the reduction of residuals 

throughout the iterations, systematic adjustments to 

stopping criteria (e.g., error thresholds) can be made, 

preventing unnecessary computational expense. 

Therefore, presenting the convergence history in scientific 

publications ensures transparency in the performance of 

numerical algorithms and validates the final results. The 

error is obtained by[9]:  

𝐸𝑟𝑟𝑜𝑟 =
∑ ∑ (𝑢𝑖,𝑗

𝑘+1 − 𝑢𝑖,𝑗
𝑘 )𝑀

𝑖=1
𝑁
𝑗=1

𝑁𝑀
 (10)  

The convergence history of the simulations was 

obtained and is presented in Fig. 1. Simulations were 

conducted for both forced and mixed convection scenarios 

with Richardson numbers of 0.1 and 1. As shown in the 

figure, convergence in forced convection was significantly 

faster, reaching a residual error of 10⁻⁵ within 1067 

iterations. In contrast, achieving the same level of accuracy 

(error below 10⁻⁵) in mixed convection required 4580 

iterations, indicating a considerably slower convergence 

rate. 

 

Fig. 1. comparision of forced and mixed convection 

convergence history 

The accuracy of numerical simulations heavily relies 

on the quality of the computational mesh. In this study, 

quadrilateral grids were employed, recognizing their 

suitability for capturing the flow behavior within the 

cavity. To ensure the robustness and reliability of the 

results, a thorough grid independence study was 

conducted. Simulations were performed using three 

different grid sizes, corresponding to approximately 

10,000, 40,000, and 90,000 elements. The grid 

independence check for the cavity flow is illustrated in Fig. 

2, which compares the horizontal velocity variations along 

the vertical centerline of the cavity for each grid. The 
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results demonstrate that the differences in solutions 

between the grids with 40,000 and 90,000 elements are less 

than 1%, indicating that further refinement beyond this 

point yields negligible changes in the solution. 

Consequently, to optimize both simulation time and 

accuracy, a grid with 40,000 elements was selected for the 

subsequent simulations, providing a balance between 

computational cost and solution fidelity. 

 

Fig. 2. grid independence (horizontal velocity versus vertical 

midline of cavity) 

To ensure the credibility and reliability of the 

developed numerical method for cavity flow, a rigorous 

validation process was undertaken. This involved 

comparing the simulation results with those reported by 

Muthtamilselvan et al. [40], a well-established study in the 

field. The comparison, presented in Table 1, was 

performed under identical boundary conditions as 

specified in the work by Muthtamilselvan et al. [40] at a 

Richardson number (Ri) of 1. Table 1 demonstrates a 

strong agreement between the present numerical approach 

and the published data. Specifically, the calculated Nusselt 

number (Nu) values closely match those reported by 

Muthtamilselvan et al. [40]  for various nano-fluid 

concentrations (2%, 4%, and 6%). The slight differences 

observed, such as 2.41 versus 2.40 for C=2%, 2.54 versus 

2.56 for C=4%, and 2.76 versus 2.73 for C=6%, are within 

acceptable limits and can be attributed to minor variations 

in numerical schemes or grid resolution. This validation 

confirms that the proposed numerical approach accurately 

predicts the Nusselt number for different nano-fluid 

concentrations, thereby establishing its validity and 

providing confidence in the subsequent results presented 

in this study. The successful validation underscores the 

robustness and accuracy of the implemented numerical 

framework 

Table 1 

Comparison of average Nu number for cavity flow obtained by 

the present numerical approach and Muthtamilselvan et al.[40] 

 C=2% C=4% C=6% 

Present work 𝑁𝑢̅̅ ̅̅ =2.41 𝑁𝑢̅̅ ̅̅ =2.54 𝑁𝑢̅̅ ̅̅ =2.76 

Muthtamilselvan 

et al.[40] 
𝑁𝑢̅̅ ̅̅ =2.40 𝑁𝑢̅̅ ̅̅ =2.56 𝑁𝑢̅̅ ̅̅ =2.73 

Figure 3 illustrates the horizontal velocity contours for 

free convection at a Richardson number of 10. As evident 

from the figure, the velocity magnitude is significantly 

higher in the upper region of the cavity and decreases 

towards the lower region. This behavior is a direct 

consequence of the top plate moving to the right and the 

bottom plate moving to the left. Velocity values near 1 are 

observed in the upper portion, while values approaching -

1 are seen in the lower portion, reflecting the 

dimensionless nature of the parameters. 

Notably, the velocity is close to zero near the left and 

right sidewalls, as well as along the vertical centerline of 

the cavity. This indicates regions of reduced flow activity 

and is consistent with the boundary conditions and the 

overall flow pattern established by the opposing plate 

movements. These contours provide a clear visualization 

of the velocity distribution within the cavity under free 

convection conditions. 

 

Fig. 3. Horizontal velocity contours at free convection (Ri=10) 

Figure 4 presents the vertical velocity contours for free 

convection at a Richardson number of 10. The vertical 

velocity varies between 0.85 and -0.85, indicating both 

upward and downward flow directions. Positive vertical 

velocity (upward flow) is observed on the left side of the 

cavity, while negative vertical velocity (downward flow) 

is present on the right side.” 

“The minimum vertical velocity, approaching zero, is 

located in the central region of the cavity. Consistent with 

the no-slip boundary condition, the vertical velocity is also 

zero at all four boundaries. A distinct pattern emerges: the 

velocity begins at zero near the left wall, increases to a 

maximum value, decreases to near zero at the center, 

becomes negative, reaches a minimum value, and then 

increases again to zero at the right wall. This cyclical 

behavior illustrates the vertical velocity profile within the 

cavity. 
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Fig. 4. Vertical velocity contours at free convection (Ri=10) 

Figure 5 displays the pressure contours for free 

convection at a Richardson number of 10. The pressure 

values range from +13 to -13, although over 90% of the 

cavity exhibits pressures close to zero. The four corners of 

the cavity experience significantly higher and lower 

pressure values. 

Specifically, the upper-right and lower-left corners 

demonstrate positive pressure, while the upper-left and 

lower-right corners exhibit negative pressure, consistent 

with the applied boundary conditions. It is important to 

note that this pressure is relative and dimensionless; 

therefore, while absolute pressure cannot be negative, the 

symmetrical distribution reflects the dimensionless nature 

of the analysis. 

 

Fig. 5. Pressure contours at free convection (Ri=10) 

Figure 6 presents the temperature contours for free 

convection at a Richardson number of 10. The temperature 

distribution clearly reflects the imposed boundary 

conditions, with temperatures approaching +1 near the 

lower boundary (heated plate) and -1 near the upper 

boundary (cooled plate). This establishes a strong thermal 

gradient within the cavity, driving the convective heat 

transfer process. 

The vertical sidewalls, designated as insulated 

boundaries, are characterized by isotherms that are 

perpendicular to the wall. This orientation signifies a zero-

temperature gradient at these boundaries, indicating no 

heat flux through the sidewalls. The consistent alignment 

of the isotherms with the insulated walls provides visual 

confirmation of the applied boundary conditions and 

reinforces the validity of the numerical model in accurately 

representing the physical system. 

 

Fig. 6. Temperature contours at free convection (Ri=10) 

Figure 7 illustrates the streamlines for free convection 

at a Richardson number of 10, revealing the complex flow 

patterns within the cavity. A prominent, large vortex is 

clearly visible in the central region, indicating a significant 

rotational flow component. This vortex is a direct 

consequence of the opposing temperature gradients 

established by the heated lower plate and the cooled upper 

plate, leading to a circulating flow pattern. 

The streamlines demonstrate a distinct upward flow 

along the heated left sidewall, converging towards the 

center of the cavity where they form the core of the vortex.  

Subsequently, the flow descends along the right 

sidewall, completing the circulation loop. It should be 

noted that although the side walls are adiabatic, the fluid 

near the right wall experiences lower temperatures as it 

transitions from the cooled top wall toward the heated 

bottom wall, maintaining the thermal gradient imposed by 

the moving and differentially heated boundaries.  The 

density and organization of the streamlines provide 

valuable insight into the fluid dynamics and heat transfer 

mechanisms occurring within the cavity under free 

convection conditions, highlighting the influence of the 

boundary conditions on the overall flow structure. 
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Fig. 7. Streamlines at free convection (Ri=10) 

Figure 8 illustrates the variation in Nusselt number for 

Al₂O₃-water nanofluid and pure water as a function of 

Richardson number (Ri). The plot reveals a general trend 

of increasing Nusselt number from left to right, indicating 

a higher heat transfer rate on the left side of the cavity. Six 

lines are presented, with three representing pure water and 

three representing the nanofluid, each corresponding to Ri 

values of 0.1, 1, and 10, effectively encompassing a range 

of heat transfer regimes. 

The minimum Nusselt number observed is 26, 

corresponding to pure water at Ri = 0.1. In contrast, the 

maximum Nusselt number is 32.2, achieved by the 

nanofluid at Ri = 1. This represents a significant 

enhancement of approximately 24% in heat transfer when 

using the nanofluid compared to pure water under these 

conditions. The simulations were conducted with a 

Reynolds number of 20 and Grashof numbers of 40, 400, 

and 4000, ensuring a predominantly convective heat 

transfer regime. 

It is important to note that the location of maximum 

and minimum Nusselt numbers does not consistently align 

with the center of the upper cavity boundary due to the 

intersecting streamlines. This highlights the complex and 

non-uniform heat transfer distribution within the cavity. 

Overall, Figure 8 demonstrates the potential of nanofluids 

to enhance heat transfer in cavity flows, particularly at 

moderate Richardson numbers. 

 

Fig. 8. Nusselt number variation for Al2O3-Water and pure 

water at different Ri 

Figure 9 illustrates the variation in friction factor for 

Al₂O₃-water nanofluid and pure water as a function of 

position within the cavity at different Richardson numbers 

(Ri). The friction factor exhibits a distinct pattern, with 

maximum values observed near the left and right 

sidewalls, likely attributable to the influence of the solid 

boundaries. Conversely, the minimum friction factor is 

found in the central region of the upper cavity surface. A 

notable difference in friction factor is observed between 

the nanofluid and pure water. The nanofluid consistently 

demonstrates a higher friction factor across all Ri values, 

with an average value of approximately 7.3, compared to 

4.0 for pure water. This suggests that the presence of 

nanoparticles introduces increased viscous drag within the 

fluid, leading to a higher resistance to flow. 

Beyond the sidewalls, the friction factor values for the 

different Ri conditions vary considerably. The minimum 

friction factor, approaching zero, is observed for pure 

water at Ri = 10, while the maximum friction factor is 

associated with the nanofluid at Ri = 0.1, reaching a value 

of 1.2. These variations underscore the complex interplay 

between fluid properties, nanoparticle concentration, and 

heat transfer conditions in influencing the frictional 

behavior within the cavity. 

 

Fig. 9. Friction factor variation for Al2O3-Water and pure water 

at different Ri 

The Richardson number (Ri) is defined as the ratio of 

Grashof number (Gr) to the square of the Reynolds number 

(Re²). In this study, the Reynolds number (Re) is 

maintained constant, while the Grashof number (Gr) is 

varied to achieve Richardson numbers of 0.1, 1, and 10. 

An increase in Grashof number, representing a greater 

temperature difference across the cavity (while 

maintaining dimensionless boundary temperatures of -1 

for the top and +1 for the bottom), signifies a stronger 

influence of natural convection. The movement of the top 

and bottom walls introduces forced convection. As the 

Grashof number increases (leading to higher Ri), the 

relative contribution of forced convection diminishes 

compared to the increasingly dominant natural convection 

effects. 
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While enhanced heat transfer is a desirable outcome, a 

comprehensive assessment of the thermo-hydraulic 

performance in this cavity configuration requires careful 

consideration of the force required to maintain the motion 

of the plates. In this scenario, where the bottom plate is 

heated, the top plate is cooled, and the side walls are 

insulated, the driving force needed to move the top plate to 

the right and the bottom plate to the left becomes a critical 

factor. A configuration that significantly improves heat 

transfer but necessitates a substantially increased driving 

force may not be practically feasible. To quantify the net 

benefit of different configurations, a Performance 

Evaluation Criterion (PEC) is employed. The PEC is 

defined as the ratio of the heat transfer enhancement to the 

force required to maintain plate motion, normalized by a 

reference case. For scenarios where a constant pumping 

power (or equivalent force input) is desired, the PEC 

provides a valuable metric for evaluating the overall 

efficiency of the system. The PEC is obtained by [41]: 

𝑇𝐸𝑃 =

𝑁𝑢

𝑁𝑢0

(
𝑓

𝑓0
)

1
3

    (6) 

where Nu is the average Nusselt number for the 

configuration under consideration, Nu0 is the average 

Nusselt number for the reference case, f is the friction 

factor for the configuration under consideration, and f0 is 

the friction factor for the reference case. A PEC value 

greater than unity indicates that the configuration provides 

net thermo-hydraulic benefit compared to the reference 

case. 

The table above presents the simulation results of 

mixed convection (combined forced and natural 

convection) of Al₂O₃-water nanofluid inside a closed 

cavity at three different Richardson numbers (Ri = 0.1, 1, 

and 10). The Richardson number (Ri) represents the ratio 

of buoyancy forces (natural convection) to inertial forces 

(forced convection), thus indicating the relative 

dominance of natural versus forced flow mechanisms. The 

average Nusselt number (Nuₐᵥ) and average friction factor 

(fₐᵥ) are reported for both the Al₂O₃-water nanofluid and 

the base fluid (pure water). Finally, the Thermal Efficiency 

Parameter (TEP) is calculated as a comprehensive metric 

to evaluate the overall system performance by balancing 

heat transfer enhancement against the increased pumping 

power requirement. 

• In all cases examined (Ri = 0.1, 1, and 10), the TEP 

value is less than 1  ,indicating that the enhancement in 

heat transfer due to the addition of Al₂O₃ nanoparticles 

is insufficient to compensate for the increased energy 

consumption caused by higher fluid friction and 

pumping power. 

• At Ri = 0.1 (dominant forced convection regime), the 

nanofluid shows a marginal improvement in Nuₐᵥ 

(13.77 vs. 13.67 for pure water), but this is 

accompanied by a significant increase in fₐᵥ (2.39 vs. 

1.31). This indicates that the added resistance to flow 

outweighs the minor gain in heat transfer, resulting in 

no net benefit in terms of energy efficiency. 

• At Ri = 1 (balanced mixed convection), the nanofluid 

achieves a higher Nuₐᵥ (16.23 vs. 14.78), suggesting 

better heat transfer performance. However, this 

improvement comes at the cost of a substantial rise in 

fₐᵥ (2.97 vs. 1.25), which significantly increases the 

required pumping power. As a result, the TEP 

decreases to 0.82295, confirming that the energy 

penalty exceeds the thermal gain. 

• At Ri = 10 (dominant natural convection), the heat 

transfer enhancement of the nanofluid is less 

pronounced (14.97 vs. 14.06), while the friction factor 

still increases (1.86 vs. 0.92). Although the TEP 

improves slightly (0.84205), it remains below unity, 

indicating that the use of nanofluid does not lead to a 

net improvement in system efficiency when both heat 

transfer and flow resistance are considered. 

Despite the potential of Al₂O₃-water nanofluids to 

enhance thermal conductivity and heat transfer , the results 

demonstrate that the added pumping power required to 

overcome increased viscous resistance negates any 

thermal benefits  .Therefore , the incorporation of 

nanoparticles into the base fluid does not improve overall 

system efficiency under the considered conditions  ,

especially when the total energy cost of fluid motion is 

taken into account. This highlights the importance of 

evaluating nanofluids not only based on heat transfer 

enhancement but also on their impact on fluid dynamics 

and energy consumption in practical applications. 

Table 2 

PEC for Al2O3-Water and Pure Water  

 Al2O3-Water Pure Water  

 Nuav fav Nuav fav TEP 

Ri=0.1 13.77 2.39 13.67 1.31 0.82438851 

Ri=1 16.23 2.97 14.78 1.25 0.82295193 

Ri=10 14.97 1.86 14.06 0.92 0.84205081 

4. CONCLUSION 

The present numerical study demonstrates that the use of 

Al2O3–water nanofluid inside a cavity yields nuanced 

thermofluid performance depending on the convection 

regime (Ri = 0.1, 1, 10). The main findings are organized 

to reflect the structure of the manuscript: 

Physical Model and Flow Regimes  

• Forced convection regime (Ri = 0.1): modest 

enhancement in Nu with nanofluid (Nu increases from 

13.67 to 13.77) but a substantial rise in friction factor 

(f increases from 1.31 to 2.39), indicating higher 

pumping power is required. 

• Mixed convection (Ri = 1): Nu improves (16.23 vs. 

14.78) but with a large friction factor increase (2.97 vs. 

1.25), leading to a clear energy penalty. Consequently, 

the thermo-hydraulic performance deteriorates when 

considered with pumping costs.  

• Natural/convection-dominated regime (Ri = 10): 

smaller incremental heat transfer gain (Nu ≈ 14.97 vs. 

14.06 for base fluid) accompanied by a persistent rise 

in friction factor (1.86 vs. 0.92), which yields limited 

or negative net benefits. 
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Energy Efficiency and Metric Interpretation 

• The Thermally Enhanced Performance (TEP) index 

remains below unity across Ri = 0.1, 1, and 10, with 

typical values around 0.822–0.84, indicating that the 

energy penalty from increased viscous resistance 

generally outweighs the thermal gains. 

• Specifically, at Ri = 0.1, the slight Nu improvement 

does not compensate the higher pumping power, 

yielding no net energy efficiency gain. At Ri = 1, 

although Nu is higher, the corresponding pump power 

demand more than offsets the thermal benefit, giving 

TEP < 1. At Ri = 10, the marginal heat-transfer 

enhancement fails to justify the frictional losses, and 

TEP remains below unity. 

Implications for Design and Application 

• Across the studied regimes, incorporating Al2O3 

nanoparticles in water within the cavity does not 

improve overall energy efficiency when both heat 

transfer and pumping power are considered. The 

observed trends highlight the necessity of evaluating 

nanofluids with a holistic metric that couples thermal 

performance to fluid-dynamic penalties.  

• The results emphasize that practical design decisions 

should weigh not only Nu enhancements but also 

friction-factor penalties and the resulting pumping 

demands. The potential for optimization exists in 

selecting targeted Ri ranges or nanoparticle fractions 

that could yield a net positive effect, but under the 

present conditions no such improvement is observed. 

Validation and Limitations 

• Validation against available benchmarks confirms the 

accuracy of Nu predictions and the reliability of the 

numerical approach.  

• Limitations include the specific nanoparticle volume 

fraction, particle type (Al2O3), cavity geometry, and 

boundary conditions. Extensions to other nanofluid 

compositions, geometries, or transient conditions may 

alter the conclusion. 

Overall Conclusion 

Under forced, free, and mixed convection inside a cavity, 

Al2O3–water nanofluid does not enhance global system 

efficiency due to the dominant energy cost associated with 

increased viscous resistance, except for narrowly defined 

and possibly optimized regimes. The study reinforces the 

need for comprehensive assessment criteria that integrate 

heat-transfer performance with energy expenditure in 

engineering applications. 
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