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A B S T R A C T   

For sustainable low-carbon cities, using sustainable urban energy system solutions is imperative. 
CO2-based bionanofluid is one proposed energy system solution that is sustainable and envi
ronmentally friendly. This paper examines the thermal-hydraulic and entropy production prop
erties of mango bark/CO2 nanofluid for industrial-inclined gas cooling applications. The influence 
of gravitational force (in terms of tube inclination angle), volume fraction, and Reynolds number 
on the heat transfer, pressure drop, and entropy production of CO2-based mango bark nanofluids 
in laminar flow through a circular aluminum tube are numerically studied. The bionanofluid 
flows through a tube with an inner radius of 2.25 mm, a length of 970.0 mm, and an initial 
temperature of 320.0 K. A constant heat flux of − 10.0 W/m2 is applied to the flow at its walls. The 
laminar flow regime with Reynolds numbers of 100, 400, 700, and 1000 are subjected to flow 
inclinations of ±90◦, ±60◦, ±45◦, ±30◦, and 0◦ and bionanofluid volume fractions of 0.5%, 
1.0%, and 2.0%. Results show that ±45◦ tube inclination angle offers the optimal heat transfer 
coefficient, maximum pressure drop, and minimum total entropy production rates for Re > 100; 
however, for Re = 100, these occur at the inclination angle of − 30◦ and +60◦. The pressure drop 
shows less sensitivity to the inclination angle; however, it offers peak values at the same incli
nation angles as the heat transfer coefficient for the respective Reynolds number values. The 
maximum thermal enhancements due to gravitational effect are 42%, 93.98%, 121.28%, and 
150% for Reynolds numbers of 100, 400, 700, and 1000, respectively, while that due to nanofluid 
volume fraction are less than 16%.   

1. Introduction 

Energy is the driving force of development around the world. As advancements and breakthroughs are made in the realms of 
science and technology, and as the world population increases, energy consumption keeps growing per annum. The demand for air 
conditioners and refrigerators is rising in industrialized and developing countries, in tandem with the population and standard of 
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living. With exponential growth in the number of freezers and air conditioners, world energy consumption likewise rises [1]. This is a 
significant issue since excessive CO2 emissions into the atmosphere from fuel consumption and power generation directly contribute to 
global warming and the greenhouse effect. Asides from the warming effect of CO2, other environmental concerns are raised regarding 
the impact of heating, ventilation, air conditioning, and refrigeration (HVAC-R) equipment. The refrigerants used in this equipment are 
also harmful to the environment (Ozone layer depletion) and/or the personnel handling them (Refrigerant poisoning and flamma
bility) [2,3]. Many researchers have suggested the use of CO2 as the refrigerant in a vapour compression refrigeration cycle as a way to 
mitigate the harmful environmental effects that the aforementioned refrigerants have and to reduce the amount of CO2 in the at
mosphere [4]. This is sustainable as CO2 is naturally occurring, and its effects on the environment are minor compared to conventional 
refrigerants. Further research also showed that energy efficiency in a refrigeration system could be increased by improving the heat 
transfer coefficient of the refrigerant in evaporation, condensation, and gas cooling [5,6]. This could be achieved actively or passively 
by means of twisted tapes, wire coils, ribs, fins, and dimples; surface vibration, fluid vibration, extended surfaces, coiled tubes, and 
treated surfaces [7]; and nanoparticles [8], which is this study’s focus. 

Nanoparticles are materials with one of the dimensions in nanoscale, and nanofluids are nanoparticle suspensions in a base fluid. 
Nanoparticles may be made from metals, metal oxides, a combination of both, or bio-based materials. Compared to their base fluids, 
nanofluids have relatively better heat transfer characteristics; however, this is associated with increased thermal conductivity. The 
increased aggregate viscosity of the nanofluid is the reason for the pressure drop increase. Conventional nanoparticles (Metallic, metal 
oxide) pose a threat to the environment as they rarely decompose, hence giving rise to the research of bio-nanoparticles. The 
commonly used bio-nanoparticle materials include banana, coconut, mango bark, mango leaf, palm kernel, etc. 

A few experimental and numerical studies have looked into how nanoparticles and inclination angles affect the thermo-hydraulic 
performance of conventional base fluids. By changing the tube inclination angle, volume fraction, and Reynolds number of a constant 
heat flux flow from − 90◦ to +90◦, 0.0%–2.0%, and 50 to 100, respectively, Uwadoka et al. [9] computationally examined the thermal 
and pressure drop properties of mango bark/CO2 nanofluid. They found that the heat transfer coefficient increased with respect to 
volume fraction and Reynolds number and was maximum at the inclination angles of − 30◦ and +60◦; however, the pressure drop 
increased as the volume fraction, and Reynolds number increased but exhibited minute sensitivity to inclination angle. Senthilkumar 
et al. [10] conducted an experiment to investigate the increase of the heat pipe’s efficiency using copper nanofluid and de-ionized 
water as the working fluids while altering the heat input and pipe inclination angle. Efficiency peaked at the inclination angle of 
45◦ for deionized water and copper nanofluid for all amounts of heat input under observation. The influence of tube inclinations and 
nanoparticle volume fraction on the thermodynamic parameters of the water-Al2O3 nanofluid was numerically investigated by Akbari 

Fig. 1. Schematic diagram of simulated model.  

Table 1 
Thermophysical properties of various volume fraction of mango bark/CO2 nanofluids.  

Volume fraction Thermal conductivity, knf Density, ρnf Heat capacity, Cpnf Viscosity, μnf 

[%] [W/m k] [kg/m3] [J/kg k] [Pa⋅s] 

0.0^ 0.059 461.35 5764.81 3.45 × 10− 5 

0.5 0.060 460.30 5755.60 3.58 × 10− 5 

1.0 0.061 459.24 5746.15 3.74 × 10− 5 

2.0 0.063 457.14 5727.13 4.12 × 10− 5 

Note: ^ 0.0% represents the properties of supercritical CO2. 
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Fig. 2. Meshed models showing a) front view and b) isometric view.  
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et al. [11]. At a 4.0% volume fraction, the heat transfer coefficient increased by 15%, reaching a peak at 45◦ inclination angle. 
Karimipour et al. [12] investigated the laminar mixed convection of water-Cu nanofluid in an inclined shallow lid-driven cavity (LBM) 
using the lattice Boltzmann method. They discovered that at larger Reynolds number and volume fraction values, the maximum heat 
transfer rate could be achieved at the cavity’s vertical position (inclination of 90◦) at free convection domination (Richardson number 
= 10). Izadi et al. [13] investigated the effects of inclination angle and nanoparticle volume fraction on mixed convection of a 
lid-driven cavity, using Al2O3-water nanofluid as the working fluid. It was concluded that for Ricardson numbers of 1 and 100, the 
greatest cooling was achieved at an inclination angle of 315◦. In order to examine the mixed convection of an Al2O3-water nanofluid 
inside a copper tube that had a uniform heat flux applied to its exterior, Mansour et al. [14] conducted an experimental study. The 
study’s findings indicated that when the volume fraction increased from 0.0% to 4.0%, the heat transfer coefficient fell. Using a 1.0% 

Table 2 
Grid independence test.  

Mesh No. No. of meshes Exit wall temperature Comparison with previous grid 

[− ] [− ] [K] [%] 

i 19,499 314.61  
ii 38,597 321.9 2.32 
iii 59,941 340.202 5.69 
iv 101,166 335.057 1.51 
v 234,971 329.626 1.62 
vi 301,534 327.024 0.79%  

Fig. 3. Plots of (a) Nusselt number against axial distance (b) Nusselt number against Reynolds number, comparing this study, Shah’s [29] equation, 
and Wen and Ding’s [30] study. 
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mass fraction of water/CuO, Liu et al. [15] conducted an experiment to examine how the inclination angle and operating pressure 
affected the thermal performance of a miniature inclined grooved heat pipe. According to experimental findings, the base fluid (water) 
and nanofluid exhibited optimal thermal performance at a temperature of 45 ◦C. Reji et al. [16] used deionized water and Al2O3-water 
nanofluid (with 1.0% volume fraction) as the working fluids to investigate a thermosyphon heat pipe in order to assess its thermal 
performance for various heat input values and angles of inclination. According to the study’s findings, using the nanofluid instead of DI 

Fig. 4. Plots of (a) heat transfer coefficient against Peclet Number (b) Nusselt number against Peclet number, (c) pressure drop against cube root of 
Peclet number, comparing this study, Noufrakan et al. [32] study, and Hagen-Pouiselle Equation. 
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water resulted in a 41.0% improvement in the heat pipe’s performance, and a peak efficiency of 88.0% was seen at a 60◦ inclination 
angle. Aly et al. [17] conducted an experiment employing distilled water and alumina/water nanofluid with a vol. proportion of 3.0% 
to determine the effects of tube inclination angle, filling ratio, and heat input on the heat transfer capabilities of a 
helically-micro-grooved heat pipe. They discovered that, either using water or a nanofluid, inclining the heat pipe at an angle of 60◦

produced the optimum thermal results. Bartelt et al. [18] examined the flow boiling of CuO nanoparticles distributed in a mixture of 
R134a/polyol/easter oil. They noted that a nanofluid with a 0.5% weight concentration had little impact on improving heat transfer, 
but one with a 1.0% mass fraction increased heat transfer by 42–82%. 

Furthermore, a 2.0% mass fraction showed an increase in heat transfer of 50–101%. Henderson et al. [19] investigated the effect of 

Fig. 5. Plots of (a) Nusselt number against Peclet number (b) heat transfer coefficient against Peclet number, comparing this study and Heris et al. 
[31] study. 

Table 3 
Error Measurements between this study and the validated studies.  

Study validated Working fluid/ parameter MSE RMSE MAD 

nanofluid [− ] [%] [%] [%] 

Shah [29] Water Nu vs. x/D 2.745 1.657 31.450 
Wen and Ding [30] Water Nu vs. Re 3.412 1.847 13.990 
Heris et al. [31] 0.2% vol. Cu/water Nu vs. Pe 0.122 0.350 6.306 

2.0% vol. Cu/water Nu vs. Pe 0.084 0.290 5.181 
0.2% vol. Cu/water h vs. Pe 1440.526 37.954 4.110 
2.0% vol. Cu/water h vs. Pe 896.567 29.943 2.885 

Noufrakan et al. [32] 0.2% vol. CuO/water h vs. Pe 447.542 21.160 5.352 
0.2% vol. CuO/water Nu vs. Pe 0.139 0.373 5.614 
2.0% vol. CuO/water ΔP vs. Pe^1/3 112.883 10.620 19.953  
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Fig. 6. Heat transfer coefficient versus inclination angle for Re = 100.  

Fig. 7. Heat transfer coefficient versus inclination angle for Re = 400.  

Fig. 8. Heat transfer coefficient versus inclination angle for Re = 700.  
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Fig. 9. Heat transfer coefficient versus inclination angle for Re = 1000.  

Fig. 10. Pressure drop versus inclination angle for Re = 100.  

Fig. 11. Pressure drop versus inclination angle for Re = 400.  
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SiO2 nanoparticles on the boiling heat transfer coefficient of R-134a and R-134a/polyolester in a two-phase flow with a volume 
fraction of 0.02%–0.08%. In comparison to pure R-134a refrigerant, the heat transfer coefficient was reduced by 55% when nano
particles were combined with it through direct dispersion. 

On the subject of entropy production of nanofluids in refrigeration, Mah et al. [20] conducted an analytical investigation on the 
impact of viscous dissipation on entropy formation in water-alumina nanofluid forced convection in circular microchannels. In this 
study, mathematical models premised on the first and second laws of thermodynamics were developed. In both laminar and turbulent 
regimes, Moghaddami et al. [21] investigated the impact of increasing nanoparticles on the formation of entropy in a water/Al2O3 
nanofluid flowing through a circular pipe with a uniform wall heat flux boundary condition. In the laminar regime, it was found that a 
volume fraction of 1.0% for water-Al2O3 reduced entropy production by 3.6%, and the maximum entropy production reduction was 
approximately 18.0% for a volume fraction of 5.0% and Reynolds number of 853. Li and Kleinstreuer [22] used a computer-simulated 
model to examine the entropy production rates in laminar microchannel flow for the steady flow of pure water and CuO/water 
nanofluids. The results showed that system entropy production decreased as fluid inlet temperature increased, reducing local tem
perature gradients. The heat transfer-induced entropy production predominated under high heat flux conditions. Furthermore, 
nanofluids with extremely low volume fractions of metal nanoparticles were excellent coolants and further reduced system entropy 
production rates at lower Reynolds numbers due to their superior thermal properties. Ebrahimi et al. [23] evaluated conjugate heat 
transfer and flow performance for nanofluid in a rectangular-shaped microchannel heat sink with longitudinal vortex generators at 
various Reynolds numbers. It was discovered that for Al2O3/water and CuO/water nanofluids, respectively, total efficiency was 
increased by 2.55%–29.05% and 9.78%–50.64%. Heshmatian and Bahiraei [24] investigated the irreversibilities brought on by heat 
transport and fluid friction that cause entropy to be generated in water-TiO2 nanofluid. They noted that when the particle size and 
mean concentration increased, the particle migration also increased. 

Additionally, because friction, a primary factor in entropy formation in the microchannel, drops with increasing particle size, the 

Fig. 12. Pressure drop versus inclination angle for Re = 700.  

Fig. 13. Pressure drop versus inclination angle for Re = 1000.  
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total entropy production rate also decreases. Among other things, Yang et al. [25] investigated how the volume fraction and Reynolds 
number influenced the production of entropy of nanofluids in a trapezoidal microchannel. The results showed that while the system’s 
dimensionless thermal entropy production rate decreased with increasing Reynolds number, it increased with increasing friction 
entropy production rate. Using two operating fluids in the hot and cold channels (water and Al2O3/water nanofluid), Mohammadian 
et al. [26] numerically investigated the entropy production in a counterflow microchannel heat exchanger (CFMCHE). The findings 
demonstrated that the profiles for the frictional contribution of entropy production were opposite those for the heat transfer contri
bution of entropy production and that they increased with reduced particle size and increased volume fraction. Total entropy pro
duction declined as particle size and volume fraction increased, with the best performance occurring at smaller particle sizes and 
greater volume fractions. Sohel et al. [27] carried out an analytical study on the production of entropy in a turbulent flow employing 
two different base fluids (ethylene glycol and water) and two different types of nanoparticles (Cu and Al2O3). They came to the 
conclusion that as the volume fraction increased, entropy production decreased. They also found that the entropy production rate ratio 
in the microchannel was less than unity and reduced by the increasing volume fraction. In contrast, the entropy production rate ratio in 
the minichannel was greater than the unity for Al2O3/water and Al2O3/EG nanofluids. 

For a better understanding of the effect of gravitational forces on the performance of heat exchange systems for a sustainable urban 
environment, more research is needed on the heat transfer coefficient, pressure drop and entropy production rates of bionanofluids in 
inclined flow be it laminar or turbulent. To the best of the authors’ knowledge, studies on the influence of inclination angle (i.e. 
gravitational force) on CO2-based mango bark nanofluid flow inside in-tube heat exchanger is rare in the literature [9]. This paper, 
therefore, seeks to fill the gap by investigating the effect of inclination angle, Reynolds number, and volume fraction on the heat 

Fig. 14. Entropy production rates versus tube inclination angle for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various 
nanofluid volume fractions for Re = 100. 
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transfer, pressure drop, and entropy production properties of mango bark/CO2 nanofluid in a laminar flow regime. This study uses 
ANSYS Fluent as a computational fluid dynamics (CFD) simulation tool to carry out the investigation. 

2. Description of simulation parameters 

This study focuses on the flow of mango bark/CO2 nanofluid at 320.0 K through a tube with an inner radius of 2.25 mm and length 
of 970.0 mm. The tube is given a heat flux of − 10.0 W/m2 at its walls. The interest of the study is in the laminar flow regime with 
Reynolds numbers of 100, 400, 700, and 1000. The direction and inclination of flow are also considered for the following angles; ±90◦, 
±60◦, ±45◦, ±30◦, 0◦. Lastly, the volume fractions used are 0.5%, 1.0%, and 2.0%. Fig. 1 shows a schematic diagram of the simulated 
model. 

3. Mathematical models 

The bionanofluid is in a single phase, and the problem presented deals with flow and heat transfer, hence, the continuity, mo
mentum, and energy equations apply as given in Eqs. (1)–(5). 

∂
∂r

(rur) +
∂
∂θ

(uθ) + r
∂
∂z

(uz) = Sm

/

ρ (1)  

Fig. 15. Entropy production rates versus tube inclination angle for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various 
nanofluid volume fractions for Re = 400. 
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3.1. Thermophysical properties of the bionanofluid 

The physical properties of the bionanofluid studied at various volume fractions are computed using the following relations (Eqs. 
(6)–(9)) for each property obtained from the study done by Kakaç and Pramuanjaroenkij [28]. The computed thermophysical prop
erties are given in Table 1. 

ρnf =φ ρp + (1 − φ)ρf (6) 

Fig. 16. Entropy production rates versus tube inclination angle for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various 
nanofluid volume fractions for Re = 700. 

O. Uwadoka et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e18694

13

μnf = μf (1+ 2.8φ) (7)  

Cp nf =
φ ρpCp p + (1 − φ)ρf Cp f

ρnf
(8)  

knf = kf

(
kp + 2 kf + 2 φ

(
kf − kp

)

kp + 2 kf − 2 φ
(
kf − kp

)

)

(9)  

3.2. Boundary conditions and setup 

At the inlet, the fluid temperature is set to 320.0 K, and velocity is determined by the Reynolds number Re using Eq. (10). A constant 
heat flux of − 10.0 W/m2 is applied on the wall of the tube, and the outlet is set to outflow in ANSYS-Fluent environment. The solution 
method is set to SIMPLE, and all residuals are set to 1× 10− 6. The discretized model fed to the simulation software is shown in Fig. 2. 
Re is related to the velocity and other properties of the fluid, as presented in Eq. (10) 

U=
Re μnf

Dρnf
(10)  

where ρnf , μnf , and D are the bionanofluid density, viscosity, and tube inner diameter, respectively. 

Fig. 17. Entropy production rates versus tube inclination angle for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various 
nanofluid volume fractions for Re = 1000. 
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3.3. Data processing 

Since this study relies on CFD simulation, raw data from the simulated scenarios are used to generate particulars on the fluid’s heat 
transfer coefficient, pressure difference, and entropy production rates. The pressure drop is calculated by finding the difference be
tween the inlet and outlet pressures as demonstrated in Eq. (11), and the heat transfer coefficient h is calculated using Eq. (12) 

ΔP=Pin − Pout (11)  

h=
q

Tw − Tb
(12)  

where q is the heat flux, Tw the wall temperature, and Tb the fluid bulk temperature. 
Entropy production rates, with regards to heat transfer, frictional pressure drop, the addition of the two, and Bejan number, can be 

calculated using Eqs. (13)–(16). 
The heat transfer contribution to entropy production is given as: 

Ṡgen,Q =
Q̇ΔT

T2
b

(13)  

where Q̇ = IvπDL and ΔT is temperature difference. The frictional pressure contribution to the entropy production rate is expressed as: 

Fig. 18. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = +30.o 
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Ṡgen,ΔP =
ṁΔPfric

ρnf Tb
(14)  

where ṁ is the mass flow rate. The total entropy production is: 

Ṡgen,T = Ṡgen,Q+Ṡgen,ΔP (15) 

The Bejan number is obtained by dividing the heat transfer entropy produced by the total entropy produced and it is expressed as: 

Be=
Ṡgen,Q

Ṡgen,T
(16)  

3.4. Grid independence study 

A grid analysis was done for a number of finite-volume meshes with various numbers of elements, with the deviation - 
⃒
⃒
⃒
Δhi − Δhi− 1

Δhi

⃒
⃒
⃒ ≤

1%. Table 2 displays the outcomes of the grid independence test. It can be observed from the data in the table that the difference 
between mesh numbers 5 and 6 is 0.79%. Due to this, the mesh smoothness of all simulations conducted for this study is the same as 
Mesh v. Furthermore, it was noted that increasing the number of meshes after mesh number vi results in divergence. 

Fig. 19. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = +45.o 

O. Uwadoka et al.                                                                                                                                                                                                     



Heliyon 9 (2023) e18694

16

4. Code validation 

The dependability of the simulation setup was ensured before starting a systematic investigation on the bionanofluid of interest. For 
ease of comparison, statistical analysis was done using the mean absolute deviation (MAD), mean square error (MSE), and root mean 
square error (RMSE). The results were also compared to the Shah [29] equation for laminar flows with a constant heat flux boundary 
condition shown in Eq. (17); experimental results of the investigation done on the heat transfer coefficient of water under laminar 
conditions [30], heat transfer coefficient of Cu/Water nanofluids through a circular tube [31], and experimental study of heat transfer 
coefficient and pressure drop of CuO/water nanofluid [32]. 

Nu=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1.935
(

Re.Pr
x
D

)1/3
(

Re.Pr
D
x

)

≥ 33.3

4.364 + 0.0722 Re.Pr
D
x

(

Re.Pr
D
x

)

< 33.3
(17) 

The plots in Fig. 3, Fig. 4 and Fig. 5 show a strong correlation between this current study and the validated studies. Table 3 provides 
these correlations in the form of error measurements. From Table 3, the largest mean absolute deviation is with Shah [29] equation at 
31.45%. Although the exact reason for this is unknown, this significant error could be due to the Shah [29] equation designed for tubes 
of bigger radii. The MAD for all other studies is within ±20%. 

Fig. 20. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = +60.o 
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5. Results and discussion 

This section discusses how the tube inclination angle, volume fraction, and Reynolds number affect the mango bark/CO2 nano
fluid’s heat transfer, pressure drop properties, and entropy production rates. The Reynolds number is changed from 100 to 1000; the 
volume fraction of nanoparticles in the sample from 0.0% to 2.0%; and the inclination angle from − 90◦ to +90◦. Positive angles denote 
upward flow (against gravity), and negative angles indicate downward flow (in the direction of gravity). An inclination angle of 
0◦ represents horizontal tube orientation. The overview of the result shows that the inclination angle significantly impacts the rate of 
entropy formation and heat transfer coefficient, while the pressure drop is barely affected. The minute effect of the inclination angle on 
the pressure drop could be due to the comparatively small change in the static pressure with the inclination angle. 

5.1. Thermal performance: effects of tube inclination angle and volume fraction 

Figs. 6–9 provide charts illustrating the variation in the heat transfer coefficient with respect to the inclination angle for different 
volume fractions and Reynolds numbers. It is clear that for all Reynolds numbers, the heat transfer coefficients and inclination angle 
have a similar relationship. The results further show that the thermal performance significantly rises with the nanofluid volume 
fraction, primarily due to increased particle intercollision forces brought about by the Brownian motion and inertia force. Other studies 
reported the increase in the thermal performance of different nanofluids, for instance, Onyiruika et al. [33,34] mango bark-water, and 
Omosehin et al. [35,36] alumina and Cu hybrid in water suspension. As expected, the greatest heat transfer coefficient is often given at 
a volume fraction of 2.0%. Furthermore, at a high volume fraction, the thermal boundary layer is reduced, the axial conduction 
increased, and thermal resistance decreased. The heat transfer coefficient rises with inclination angle starting from − 90◦ for all 

Fig. 21. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = +90.o 
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Reynolds numbers. For Reynolds number greater than 100, it reaches its highest point at the angle of − 45◦, dips to a low at 0◦, rises 
once more to peak at +45◦, and then drops to another low at +90◦ (Figs. 7–9). The oscillatory tendency remains true for Reynolds 
numbers of 100, but the peaks are rather at the angles of − 30◦ and +60◦ (Fig. 6). The heat transfer coefficient’s lowest values typically 
occur at the inclination angles of 0o and ±90◦. As the inclination angle changes between − 90◦ and − 45◦ and 0◦ and +45◦ and peaks at 
±45◦, the increase in the heat transfer coefficient could be due to the reduced thermal boundary layer by the gravitational force [37]. 
Beyond the peak, the impact of the gravitational force on the thermal boundary layer degrades and the temperature difference between 
the surface and bulk fluid increases thereby increasing the thermal resistance [37,38]. Uwadoka et al. [9], Senthilkumar et al. [10], and 
Akbari et al. [11] also reported a peak value at an inclination angle of +45◦, while Uwadoka et al. [9] also noted a peak at the 
inclination angle of − 30◦, − 45◦, and +60◦ depending on the Reynolds number. The percentage thermal enhancements are 42%, 
93.98%, 121.28%, and 150% for Reynolds numbers of 100, 400, 700, and 1000, respectively. 

5.2. Pressure drop: effects of tube inclination angle and volume fraction 

Plots of the pressure drop change with respect to tube inclination angle for different volume fractions and Reynolds numbers are 
shown in Figs. 10–13. The results show a distinct relationship between the pressure drop and volume fraction of the bionanofluid. In all 
cases, the pressure drop increases as the volume fraction increases, with the maximum pressure drop corresponding to 2.0% and the 
minimum to 0.0% volume fraction. The increased viscosity caused by an increase in volume fraction could be the cause of this profile/ 
behavior (Figs. 10–13). Table 1 shows that viscosity increases with an increase in volume fraction, hence an increase in the flow 
frictional losses. Apart from the dynamic viscosity, flow inertia, and boundary layer rupturing influences pressure drop [39]. 

Fig. 22. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = 0.o 
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Moreover, a correlation occurs between the pressure drop and the Reynolds number, with the pressure drop increasing with the 
Reynolds number due to increased inertia force. In response to the inclination angle, the profile is sinusoidal in shape and the 
amplitude increases with Reynolds number. 

In Figs. 10–12, it should be noted that for Re = 100–700, there is a slight drop in pressure as the inclination angle changes from 
− 90◦ to − 60◦. This is due to the strong effect of gravitational force and momentum at − 90◦ compared with the opposing frictional 
force. As the inclination angle changes, the gravitational force and momentum are reduced and the opposing frictional effect becomes 
significant until at the angle of − 45◦ when the resultant force becomes maximum giving rise to the maximum pressure drop. As the 
inclination angle increases further from − 45◦, the forces due to gravity and momentum continue to reduce until at the horizontal 
orientation when the gravitational force effect is negligible. On the upward movement of the flow (against gravity), the gravitational 
force starts to become relevant (build-up), the frictional force changes direction and the momentum reduces because the flow is 
moving against gravity until at β = +45◦ when the maximum pressure drop is attained. Beyond this angle, the pressure drop due to 
fluid momentum continues to decrease and the resultant between the frictional and gravitational forces is reduced until β = +90◦. For 
Re = 1000, the effect of shear stress is large and the opposing frictional force causes a drastic reduction in the effective pressure drop at 
β = 0◦, and ±90◦ especially for higher volume fractions of 1.0% and 2.0% (Fig. 13). The maximum pressure drop is noted at the 
inclination angle of ±45◦. These trends were also reported by Uwadoka et al. [40]. 

5.3. Entropy production rates: effects of tube inclination angle and volume fraction 

Entropy production rates are a measure of irreversibility in a thermal flow system. For an optimum design of a heat exchanger, it is 

Fig. 23. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = − 30.o 
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desired that the level of irreversibility is small. This section and the next will focus on the effects of inclination angle (i.e. gravitational 
force), volume fraction, and Reynolds number on the entropy production rates for the evaluation of a bionanofluid heat exchange 
system. 

Figs. 14–17 display the results of the entropy production rates as a function of inclination angle for various volume fractions and 
Reynolds numbers. The thermal contributions to the total entropy production Ṡgen,Q dominates the flow, and it is a lot greater than the 
Ṡgen,ΔP. The figures of thermally induced entropy, Ṡgen,Q, against inclination angle generally indicate an inverse correlation between the 
volume fraction and Ṡgen,Q; that is, the larger the volume fraction, the lesser the Ṡgen,Q, with a few exceptions (Figs. 14a–17a). For all Re, 
the trend for Ṡgen,Q and Ṡgen,T are similar and show oscillatory profiles with respect to the inclination angle because of the dominance of 
the heat transfer entropy production over the frictional component. For Re = 100, the minimum values are seen at the angles of − 30◦

and +60◦, while the maximum is observed for horizontal and vertical orientations (0◦ and ±90◦). For Re > 100, the minimum values 
occur at the inclination angles of ±45◦, while the maximum values are still observed for horizontal and vertical orientations. This trend 
can be attributed to the large difference between the fluid bulk and the wall temperature during the horizontal and vertical tube 
orientations and the impact of the gravitational field and other forces interplaying during the flow. 

The values of Ṡgen,ΔP, in contrast to that of Ṡgen,Q, increases with respect to the volume fraction (Figs. 14b–17b). For Re = 100, for 
each volume fraction and inclination angle, the Sgen, ΔP, displays a relatively smaller variation compared with the thermal contribution. 
For Re = 400, the same relationship holds, except for the abrupt drop in the Ṡgen,ΔP for β = 0◦ (horizontal orientation), when φ = 1.0%. 
This trend was noted by Chinakwe et al. [41] and was attributed to a large temperature difference between the wall and the bulk fluid 
as the inclination angle changes from horizontal to upward or downward flow. For Re of 700 and 1000, the variations in Ṡgen,ΔP 

Fig. 24. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = − 45.o 
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increases and are maximum for β = ±45◦. 
The Bejan number and volume fraction appear to have an inverse correlation, meaning that as the volume fraction rises, the Bejan 

number decreases (Figs. 14d–17d). For Re = 100, the minimum Bejan numbers are obtained at the inclination angles of − 30◦ and 
+60◦, while the maximum corresponds to the horizontal and vertical (Fig. 14d). For Re = 400–1000, the minimum Began number 
corresponds to β =±45◦ for φ = 2.0% vol. while the maximum occurs for φ = 1.0% vol. for Re = 400 and φ = 0.5% vol. for Re = 1000. 
Furthermore, the Bejan number tends to decrease as the Reynolds number rises. This could be attributed to the increased shear hence, 
frictional entropy production. 

In summary, irreversibility varies with inclination angle, Reynolds number, and volume fraction, and it is minimal at the incli
nation angle of − 30◦ and +60◦ for Re = 100 and ± 45◦ for Re > 100. It, therefore, implies that the optimum operational performance 
of the system can be obtained at these tube orientations. There are other studies on the influence of inclination angle (i.e. gravitational 
force) on entropy production rates [41,42]. 

5.4. Entropy production rates: effects of Reynolds number and volume fraction 

The results of the entropy production rates with regard to the Reynolds number are shown in Figs. 18–26 for various inclination 
angles. The Ṡgen,Q and Ṡgen,T show a monotonically decreasing trend with Reynolds number while the converse is displayed by Ṡgen,ΔP. 
However, there are a few cases when the trends are at variance. For example, for inclination angles of − 30◦ and +60◦, in Figs. 20 and 
23, there is an increase in the Ṡgen,Q and Ṡgen,T as the flow transits from Re = 100–400, after which there is a fall as Re continues to 
increase. This could be because of the small temperature difference noted for Re = 100 at these orientations. For these cases, the heat 
transfer coefficients are significantly high (Fig. 6). Also, for the inclination angle of +90◦ (Fig. 21), the volume fraction of 0.0%, the 

Fig. 25. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = − 60.o 
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heat transfer contribution to and total entropy production increases as Reynolds number increases from 100 to 400 before reducing 
while for φ = 0.5–2.0% vol. there is a downward trend as Re increases. For horizontal tube orientations, there is a sharp rise in the heat 
transfer contribution and a notable decrease in the frictional pressure contribution for φ = 1.0% vol (Fig. 22). resulting in a noticeable 
change in the total entropy production and Bejan number. 

5.5. Temperature variation contours at the exit region 

Fig. 27 shows the profile of the flow’s total static temperature with respect to the inclination angle for Re = 100 and volume fraction 
of 2.0% vol. at the exit region (downstream) of the tube. The effect of gravitational force on the thermal boundary layer can be seen in 
the heat transfer coefficient in Fig. 6 as discussed in section 5.1. It shows that inclination angles of 0◦, and ±90◦ have a low heat 
transfer coefficient. While the effect of gravitational force is minimal on the flow for β = 0◦, it is maximum on the flow for β = ±90◦. It 
therefore implies that for β = 0◦, the gravitational effect is minimal and the thermal boundary layer is impacted only by the frictional 
force hence, the difference between the bulk and wall temperature is large resulting in a significant bulk temperature (Fig. 27e). For β 
= +30◦, the effect of gravity is only increased a little and does not change the bulk temperature significantly from when β =
0◦ (Fig. 27d). For other flow configurations, the temperature difference between the bulk and wall, hence the bulk temperature is small 
due to the gravitational effect on the thermal boundary layer. 

6. Conclusion 

The influence of the gravitational force (in terms of inclination angle), Reynolds number, and volume fraction of the bionanofluid 

Fig. 26. Entropy production rates versus Reynolds number for a) heat transfer, b) pressure drop, c) total, and d) Bejan number for various nanofluid 
volume fractions for β = − 90.o 
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on the heat transfer coefficient, pressure drop, and rates of entropy production in inclined tubes are investigated for the flow of the 
mango bark/CO2 nanofluid in a tube with constant heat flux. Using Reynolds numbers ranging from 100 to 1000, inclined tube flows of 
0◦, ±30◦, ±45◦, ±60◦, and ±90◦, and volume fractions of 0.0%, 0.5%, 1.0%, and 2.0% vol., the findings show that gravitational force 
along with other forces that interplay in the in-tube flow of bionanofluids impacts on the thermal boundary layer and can significantly 
reduce or increase the temperature difference between the bulk fluid and wall. The study variables have been found to significantly 
influence the thermal, hydraulic, and irreversibility parameters of a bionanofluid flow. The following are the key findings of the study:  

1). the optimal tube inclination angle that produces the highest heat transfer coefficients are − 30◦ and +60◦ for Re = 100 and ±
45◦ for Re > 100. These correspond to the nanofluid volume fraction of 2.0% vol. At these inclination angles, the thermal 

Fig. 27. Temperature variation at outlet for Re = 100, φ = 2.0% and β = a) +90◦, b) +60◦, c) +45◦, d) +30◦, e) 0◦, f) − 30◦, g) − 45◦, h) − 60◦, i) 
− 90 o 
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enhancements due to the gravity effect are 42.0%, 93.4%, 121.3%, and 150.0% for Reynolds numbers of 100, 400, 700, and 
1000, respectively, while the nanoparticles give less than 16.0%.  

2). maximum pressure drops correspond to ±45◦ for the volume fraction of 2.0% vol. meaning that the pressure penalty is highest 
at these inclination angles.  

3). while the heat transfer contribution to the total entropy production decreases with nanofluid volume fraction, the converse is 
the frictional pressure drop contribution.  

4). the minimum total entropy production rates which correspond to minimum irreversibilities are obtained for the volume fraction 
of 2.0%. They occur at the inclination angles of − 30◦ and +60◦ for Re = 100 and ± 45◦ for Re > 100. 

Fig. 27. (continued). 
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