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ABSTRACT 


With over 50% of the world's population dwelling in 
 urban  areas,  responsible  for  75%  of  global  energy 
 consumption  and  70%  of  greenhouse  gas  emissions, 
 there is a need to ensure that urban energy systems are 
 sustainable.  One  way  to  achieve  this  is  to  develop 
 efficient energy systems that utilize captured and stored 
 CO2 as the working fluid. Also, the awareness of climate 
 change  and  the  environmental  impact  of  human 
 activities  has  necessitated  research  into  using  natural 
 refrigerants  and environmentally  friendly  nanoparticles 
 in the heating, ventilation, and air conditioning (HVAC), 
 process, chemical, nuclear, and energy sectors. Metallic 
 and  non-metallic  nanoparticles  have  been  studied 
 extensively in the  past few  decades. Though they have 
 improved  the  rate  of  heat  energy  transfer,  the 
 environmental  impact  assessment  is  questionable.  The 
 environmental  impact  of  the  common  nanofluids 
 necessitates  the  investigation  of  renewable  bio-
 nanoparticles  such  as  mango  bark.  The  present  study 
 investigates the thermal and hydraulic characteristics of 
 CO2-mango bark nanofluids for application in gas cooling. 


The Reynolds number of the nanofluid is varied between 
 100  and  1000;  nanoparticle  volume  concentration  is 
 between 0.5 and 2.0%, and the inclination angle is -90o
 to  +90o.  The  heat  transfer  coefficient  and  pressure 
 difference  show  a  significant  relationship  with  the 
 inclination  angle,  Reynolds  number  and  nanoparticle 
 volume  concentration.  However,  the  heat  transfer 
 enhancement due to the nanofluid is about 10%, and the 
 inclination  angle  is  up  to  40%.  The  inclination  angle  of 


±30o, ±45o, and ±60o consistently possess higher thermal 
 and hydraulic characteristics.       


       


# This is a paper for the 8th Applied Energy Symposium - CUE2022, Sept. 24-27, 2022, Matsue, Japan. 


Keywords: Heat transfer enhancement, CO2-mango bark 
 nanofluid, gas cooling, convective heat transfer, inclined 
 heat exchanger 


NOMENCLATURE 
 Symbols 


  ρ  density 


  k  thermal conductivity 


  Cp specific heat at constant pressure 


  T  temperature 


  μ  viscosity 


  q  heat flux 


  h  heat transfer coefficient 


  Nu  Nusselt number 


𝑣⃗  velocity vector 
 Subscripts 


  b  bulk 


  f  base fluid 


  in  inlet 


  nf  nanofluid 


out  outlet 


p  particle 


1.  INTRODUCTION 


Increased  rural-urban  migration  rates  and 
population expansion, especially in the low-income sub-
Sahara  Africa  and  Southeast  Asia,  can  enormously 
pressure basic infrastructure. On the global scale, urban 
energy systems account for about 75% of global energy 
consumption  and  70%  of  greenhouse  gas  (GHG) 
emissions [1]. Therefore, the urban energy systems need 
to  be  sustainable  given  the  climate  sustainable 
development goals. The most significant of these goals is 



(2)climate  neutrality,  i.e.,  the  mitigation  of  the  GHGs.  To 
 achieve this, it is to do away with fossil fuels, refrigerants 
 with high global warming potentials (GWP)  and ozone-
 depleting  potentials  (ODP),  capture,  store  and  utilize 
 CO2, develop efficient engineering systems, etc.     


The  re-visitation  of  CO2  as  a  refrigerant  was 
 addressed  by  Lorentzen  and  Pettersen  in  1992  [2]  to 
 tackle  the  above-mentioned  environmental  issues. 


However, a study by Brown et al. [3] confirmed that CO2


performs  worse  than  conventional  refrigerants  such as 
 R22 in vapour compression systems. The transcritical CO2


cycle  was  introduced,  but  it  has  also  been  associated 
 with  low  energy  performance  due  to expansion  losses, 
 according to Groll and Robinson [4]. 


The first mention of nanofluids in open literature was 
 by Choi and Eastman [5]. Since then, numerous papers 
 have been written on the performative characteristics of 
 nanofluids in heat transfer applications. Leong et al. [6] 


reported that for a given air with Re = 6000 and coolant 
 (Re = 5000), the use of copper nanoparticles helped to 
 save 18.7% of frontal air area. Aktas et al. [7] found that
 when R600a/Al2O3  nanorefrigerant  was utilized instead 
 of R600a base refrigerant, there was a 43.93% increase 
 in COP. Henderson et al.  [8]  examined the  influence  of 
 SiO2 nanoparticles with a volume fraction of 0.02 - 0.08 
 percent on the boiling thermal performance of HFC-134a 
 and  R-134a/  polyolester  in  a  two-phase  flow.  When 
 nanoparticles were mixed with HFC-134a refrigerant via 
 direct dispersion, the heat transfer coefficient (HTC) was 
 reduced by 55% compared to pure HFC-134a refrigerant. 


Conventional  nanoparticle  materials  are  harmful  to 
 humans and the environment, and therefore, human and 
 environmentally benign bio-nanofluids are needed.     


On the study of bio-nanofluid characteristics, Ajayi et 
 al.  [9]  carried  out  energy  consumption  analyses  of 
 R290/Melon peel nanofluid as a replacement for HFC-22 
 refrigerant in air conditioning systems. The nanoparticles 
 were  dispersed  in  the  base  fluid  at  different 
 concentrations.  The  nanofluid  was  found  to  perform 
 better than HFC-22 in terms of energy consumption by 
 using 15.2% less energy. Yadav and Singhai [10] reported 
 that  Al2O3  nanoparticles  gave  a  higher  Nusselt  number 
 and  HTC,  up  to  5%  than  water-based  mango  bark 
 nanofluids.  Chen  et  al.  [11]  also  reported  that 
 mango/water  and  palm  kernel/water-EG  nanofluids 
 have  lower  thermal  conductivity  than  conventional 
 nanofluids. Furthermore, conventional hybrid nanofluids 
 were  noted  to  have  the  most  significant  thermal 
 conductivity  even  with  nanoparticle  concentrations  as 
 low as 0.1%. 


From  the  literature,  it  can  be  inferred  that  very 
 limited research has been done on using CO2-mango bark 
 nanofluid to improve the thermal performance of a heat 
 exchange system. To the best of the authors’ knowledge, 


studies on the influence of inclination angle on the CO2-
 mango  bark  nanofluid  are  rare  in  the  literature. 


Therefore,  this  study  aims  to  fill  this  gap  using  a 
 numerical simulation approach (ANSYS-Fluent software). 


2.  MATERIALS AND METHODS 
 2.1 Model representation 


CO2-mango bark nanofluid flows through a pipe with 
 an inner diameter d = 4.5 mm and length L = 970 mm at 
 an initial temperature of 320K. The pipe wall is subjected 
 to a heat flux 𝑞′′= -10W/m2, as shown in Fig. 1. The flow 
 is incompressible and laminar with Re = 100 - 1000. The 
 inclination angles (𝛽) are ±90o, ±60o, ±45o, ±30o, and 0o, 
 and  volume  concentrations  (𝜑)  are  0,  0.5%,  1.0%,  and 
 2.0%. 


Fig. 1 Model representation 


2.2 Governing differential equations 


The current study assumes a 3D one-phase, steady-
 state flow with the thermal properties of the fluid kept 
 constant. The conservations equations are given as: 


∇. 𝑣⃗ = 0      (1) 
 𝜌𝑓(𝑣⃗. ∇𝑣⃗) = −∇𝑝 + 𝜌𝑓𝑔⃗𝑐𝑜𝑠𝛽 + 𝜇𝑓∇2𝑣⃗       (2) 
 (𝜌𝐶𝑝)


𝑓(𝑣⃗∇𝑇) = 𝑘𝑓∇2𝑇      (3)
 The energy transfer equation in the pipe is: 


𝑘𝑠∇2𝑇 = 0      (4) 
 Where for copper pipe, ks = 398 Wm-1K-1. 


The boundary condition for the fluid-solid interface is: 


𝑘𝑓𝜕𝑇


𝜕𝑛= 𝑘𝑠𝜕𝑇


𝜕𝑛       


(5) 
 No-slip condition is assumed at the channel wall:   


𝑣⃗ = 0       (6) 
 The boundary conditions for the temperature at the inlet 
 and pressure outlet are given as:     


𝑇 = 𝑇𝑖𝑛


       (7)
 𝑝𝑜𝑢𝑡=   𝑝𝑎𝑚𝑏       (8) 
 The solid external surface boundary,     


𝑞 = −10 𝑊𝑚2       (9) 
 2.3  Thermo-physical properties 


Maxwell’s  relations  are  used  to  calculate  the 



(3)properties of the nanofluid: 


𝜌𝑛𝑓= 𝜑 𝜌𝑝+ (1 − 𝜑)𝜌𝑓      (10) 
 𝜇𝑛𝑓 = 𝜇𝑓(1 + 2.8 𝜑)      (11) 
 𝐶𝑝 𝑛𝑓 =𝜑 𝜌𝑝 𝐶𝑝 𝑝+(1−𝜑)𝜌𝜌 𝑓  𝐶𝑝 𝑓


𝑛𝑓      (12) 


𝑘𝑛𝑓 = 𝑘𝑓(𝑘𝑝+2 𝑘𝑓 − 2 𝜑 (𝑘𝑓−𝑘𝑝)


𝑘𝑝+2 𝑘𝑓 + 𝜑 (𝑘𝑓−𝑘𝑝))        (13) 
 Where:   𝜌𝑓,  𝜌𝑝, 𝜌𝑛𝑓  are the densities of the base fluid, 
 nanoparticle,  and  nanofluid,  respectively.  𝜑  is  the 
 volume  concentration,  𝜇𝑓 ,  𝜇𝑛𝑓   are  the  dynamic 
 viscosities of the base fluid and nanofluid, respectively. 


𝐶𝑝 𝑓, 𝐶𝑝𝑝, 𝐶𝑝 𝑛𝑓  are  the  specific  heat  capacities  of  the 
 base  fluid,  nanoparticle,  and  nanofluid,  respectively. 


Similarly,  𝑘𝑓, 𝑘𝑝, 𝑘𝑛𝑓are  the  thermal  conductivities  of 
 the base fluid, nanoparticle and nanofluid, respectively. 


2.4 HTC calculations 


The  observed  thermodynamic  properties  are  the 
 HTC: 


ℎ = 𝑞;;


𝑇𝑤−𝑇𝑓      (14) 


where  Tf,  Tw,  and  𝑞′′ are  the  average  bulk,  wall 
 temperatures and heat flux, respectively. 


2.5  Pressure difference calculation 


The  difference  between  the  channel's  upstream  (𝑝𝑖𝑛) 
 and downstream (𝑝𝑜𝑢𝑡) pressures were used to compute 
 the pressure difference through the pipe. The following 
 is the relationship for the pressure difference: 


∆𝑝 =   𝑝𝑖𝑛−   𝑝𝑜𝑢𝑡       (15) 
 3.  VALIDATION OF MODEL   


3.1  Error calculation 


The  mean  absolute  deviation  (MAD),  root  mean 
 square error (RMSE) and mean square error (MSE) given 
 in Eq. (16-18) are used to compare numerical results with 
 experimental. 


𝑀𝐴𝐷 =  𝑁1∑ |xi−𝑥̂𝑖|∗100


𝑥̂𝑖


𝑁𝑖=1       (16) 


𝑅𝑀𝑆𝐸 =   √1


𝑁∑𝑁𝑖=1(𝑥𝑖− 𝑥̂𝑖)2       (17) 


𝑀𝑆𝐸 =  1


𝑁∑𝑁𝑖=1(𝑥𝑖− 𝑥̂𝑖)2       (18) 
 Where N is the number of data, Xi, the experimental 
 values from other investigations, and X̂i is the numerical 
 simulation. 


3.2 Grid independence test 


Finite  volume  meshes  with  different  numbers  of 


grids  were  computed  to  find  the  best  mesh.  The  fluid 
 used in the pipe for this experiment was pure water with 
 Re = 1050. To verify the grid independence of the various 
 mesh  element  sizes,  the  outlet  temperature  was 
 measured,  as  indicated  in  Table  1.  The  test  was 
 continued until the|𝑇𝑖−𝑇𝑖−1


𝑇𝑖 | ≤ 1%. Between mesh with 
 serial numbers 5 and 6, there is a 0.79% difference. The 
 mesh consistency used across all simulations conducted 
 for this investigation is serial  number 5. Additionally, it 
 was  found  that  adding  additional  meshes  after  serial 
 number 6 caused the results not to converge. 


Table 1 Grid independence test 
 S/N 


Number 
 of 
 Meshes 


Outlet Wall 
 Temperature 


(K) 


Percentage 
 deviation 


(%) 


1  19,499  314.61  --- 


2  38,597  321.90  2.32 


3  59,941  340.20  5.69 


4  101,166  335.06  1.51 


5  234,971  329.63  1.62 


6  301,534  327.02  0.79 


3.3 Validation 


Before  beginning  the  analysis  utilizing  the  CO2-
 mango bark nanofluid, the dependability and accuracy of 
 the simulation code and setup were verified. Shah's [12] 


equation, Wen and Ding's [13] experimental studies on 
 water  heat  transfer,  Heris  et  al.  [14]  convective  heat 
 transfer studies on Cu/Water nanofluids, and Nourafkan 
 et  al.  [15]  convective  heat  transfer  and  pressure 
 difference of Cu/Water nanofluid were used to validate 
 the model. 


The  errors  between  the  current  and  validated 
 studies are displayed in Table 2. Shah's equation shows 
 that the mean absolute deviation has a maximum value 
 of 31.45%.  The  fact  that  Shah's  equation was  modeled 
 for pipes with bigger diameters may be the source of the 
 considerable  deviation.  For all other investigations, the 
 mean  absolute  deviation  is  less  than  20.0%.  Figs.  2-4 
 show the graph plots comparing the results of this study 
 and the validated studies. 


4.  RESULTS 


4.1 Thermal performance 


Plots of the HTC versus 𝛽  for various volume fractions 
at Re = 100, 400, 700, and 100 are shown in Figs. 5-8. It 
can  be  seen  that  for  all  Re,  there  is  a  comparable 
relationship between HTC and β. The results show a clear 
increase  in  HTC  with  nanofluid  volume  concentration, 
primarily  due  to  increased  particle  collision.  Other 
researchers have  also reported increases in the  HTC  of 
various nanofluids. For example, for mango bark water, 



(4)Fig. 2 Comparison of current study for HTC with experimental data of 
 a) Heris et al [14], and b) Noufrakan et al [15]


Fig. 3 Comparison of current study for Nusselt Number with   
 experimental data of a) Heris et al [14], and b) Noufrakan et al [15] 


Fig. 4 Comparison of current study for pressure difference with the 
 experimental data of Noufrakan et al [15] 


Onyiruike et al. [16, 17], the hybrid of Alumina and Cu in 
 water  suspension  [18,  19].  As  expected,  the  2.0%  vol. 


fraction  nanofluid  exhibits  the  maximum  HTC  in  most 


instances. For all values of Reynolds number except 100, 
 the HTC rises with β from -90o. It peaks at -45o, falls to a 
 low at 0o, and rises again at +45o before falling to another 
 low at +90o.However, for Re = 100, the oscillatory trend 
 still  applies,  but  the  peaks  occur  at  -30o  and  +60o.  The 
 minimum values for the HTC mostly occur at ±90o. This 
 variation might result from the thermal boundary layer 
 being affected by gravitational force as the angle varies. 


The  HTC  also  increases  with  respect  to  the  Re.  This 
 relationship  is  due  to  the  fact  that  since  velocity  is 
 directly related to the Re, an increase in the latter allows 
 for an increase in mass transfer and convection rate in 
 the  fluid.  A  peak  β  of  +45o  was  also  noted  by 
 Senthilkumar et al. [20] and Akbari et al. [21]. For very 
 low mass fluxes, Uwadoka et al. [22] reported peak β of 
 -45o and +60o.   


4.2  Pressure difference 


Plots  of  the  pressure  difference  versus  β  for  various 
 volume concentrations at Re = 100, 400, 700, and 1000 
 are  shown  in  Figs.  9-12.  The  plots  show  a  clear 
 relationship between the volume fraction and  pressure 
 difference  in  the  nanofluid.  As  the  volume  fraction 
 increases, the pressure difference increases in all cases, 
 with the highest values of pressure difference occurring 
 at 2% and the lowest at 0%. This phenomenon might be 
 as  a  result  of  the  increase  in  viscosity  as  the  volume 
 fraction increases. An increase in viscosity encourages a 
 higher  rate  of  friction  losses  in  the  flow.    There  also 
 exists  a  relationship  between  Re  and  the  pressure 
 difference because as Re increases, an apparent increase 
 is seen in the pressure difference as well. Lastly, it can be 
 seen  that  for  all  Re  values  except  100,  the  pressure 
 difference  rises  from  -90o,  increases  through  -60o,  and 
 peaks at -45o. Afterward, it drops back down through -
 30° to a low at 0°; it then rises to a new peak at +45° and 
 descends to a  low  at  +90°. For Re =  100, however, the 
 pressure difference at -90o is almost equal to that of -60o. 
 Table 2 Statistical analysis of validated data 


Studies  Plots  MSE  RMSE  MAD 


(%) 
 Shah [12]  H2O: Nu vs x/D  2.75  1.66  31.45 
 Wen  and 


Ding [13]  H2O: Nu vs Re  3.41  1.85  13.99 


0.2%  Cu/H2O  nanofluid: 


Nu vs Pe  0.12  0.35  6.31 


0.2%Cu/H2O  nanofluid: 


Nu vs Pe  0.08  0.29  5.18 


Heris  et  al. 


[14] 


0.2%  Cu/H2O  nanofluid: 


h vs Pe  1440.5  37.95  4.11 


0.2%  Cu/H2O  nanofluid: 


h vs Pe  896.6  29.94  2.89 


0.2%  Cu/H2O  nanofluid: 


h vs. Pe  447.5  21.16  5.35 


Nourafkan 
 et al. [15] 


0.2%  Cu/H2O  nanofluid: 


Nu vs Pe  0.14  0.37  5.61 


ΔP vs Pe1/3 112.88  10.62  19.95 


[14] 


[14] 


[15] 


[15] 


[14] 


[14] 


[15] 



(5)Fig. 5 HTC versus β for Re = 100 


Fig. 6 HTC versus 𝛽  for Re = 400 


Fig. 7 HTC versus 𝛽  for Re = 700 


Fig. 8 HTC versus 𝛽  for Re = 1000 


Fig. 9 Pressure difference versus 𝛽  for Re = 100 


Fig. 10 Pressure difference versus 𝛽  for Re = 400 



(6)Fig. 11 Pressure difference versus 𝛽  for Re = 700 


Fig. 12 Pressure difference versus 𝛽  for Re = 1000 


On the contrary, Uwadoka et al. [22] noted that 𝛽  did 
 not significantly influence the pressure gradient.   


5. CONCLUSION 


Mango  Bark/CO2  nanofluid  heat  transfer  and  hydraulic 
 properties  through  a  circular  pipe  are  investigated.  In 
 order to do the numerical simulation, ANSYS Fluent was 
 used.  On  the  thermal  and  hydraulic  properties,  the 
 impact  of  the  inclination  angle,  nanofluid  volume 
 concentration, and Reynolds number are examined. The 
 HTC and pressure difference are significantly affected by 
 the  Reynolds  number,  inclination  angle,  and  volume 
 concentration,  such  that  an  increase  in  the  Reynolds 
 number and volume concentration causes an increase in 
 the  heat  transfer  coefficient  (HTC)  and  pressure 
 difference. For the HTC and pressure difference, the peak 
 inclination  angles  occur  at  ±45o  for  Re  =  400  –  1000, 
 whereas for Re = 100, the peaks occur at -30o and +60o. 
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