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6 z Specific heat GFQQQ 1z Radius at the base edge of the groove (m
‘Qz Tube diameter @) 'Y '@Z Reynolds number ¢)

‘Qz Groove depth (m) "Y z Wall temperature 0

"¢ Friction factor (-) L z Velocity a7i

"Q z Convective heat transfer w zWater

coefficient w¥& 0 0 z Groove width (m)

"O z Tube height (m)

kz Turbulent kinetic energy (& 71 ) Greek letters

0 z Thermal conductivity ¢ 7d Q " ZDensity (0 '@ )

Nz Number of grooves * Z Viscosity of fluid @ ¢b)

0 z Axial direction t z Shear stress Q'Th )

0 Zz Radial direction - Z Turbulent dissipate rate (@ 7i )

0 6z Nusselt Number ¢) 1 Z Turbulent dissipate rate (@ 71 )

fy z Groove pitch (m) n Z Shape factor of Nano particle

0 'z Peclet number ¢) » ZVolume concentration of Nano particle
0 iz Prandtl number (-)

'Y Z Tube radius @) Ratios

iz Radius at the top edge of the groove (m) B/H Z Aspect ratio of width ()
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e/d z Aspect ratio of depth €)

s/d z Aspect ratio of pitch ¢)

Subscripts

1 z Radius of the groove ¢ )
"Qz Actual rectangular groove
¢ Z Inlet of the tube

0 7OOAABO xAl I
b z bulk

w Z wall

p Z nanoparticle

0 z base fluid (water)

t z turbulence

Acronyms

¢ "Qz Normalised Turbulent Kinetic Energy

(@ 7i)

0 ‘O & Performance Evaluation Criteria )

SPM Single phase model

TPM Two phase model

RKEz Realizable kR | T AAI

SST Shear stressTransport k- 5

i AAI

TKE- Turbulent kinetic energy (& 7i )

GNPz Graphene nanoplatelets
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Figure 2.1: Corrugated tubes distribution of rectangular grooves ganward-Outward, bz inward,
c- outward arrangement)[54]
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Figure 2.2: Example of different groove shapesarcorrugated tube(a) Plain, (b) circular, (c)
rectangular, (d) trapezoidal) [12]
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Figure 2.3: Example oRectangular Groove parameters{depth, w width, and p- pitch) [18]
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Figure 2.6: Different types of Inward groovestructures
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Maiga et almodel [103]
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Maxwell - Brinkman model [87, 108]
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Table 2.1: Impact ofdifferent thermo-physical propertiesnodelcorrelationsi A& !-water/at)

300K

Volume Thermal Viscosity Prandtl

Model concentration conduc_:tivity ratio number ratio

v (%) ratio ”_ "i”’ .

H gH

Pak andCho 1.34 1.1012 1.6245 1.459
model{102] 2.78 1.2153 2.6304 2.115
Maiga et almodel 1.34 1.037 1.119 1.067
[103] 2.78 1.079 1.297 1.175
Chen et almodel 1.34 1.023 1.219 1.179
[104] 2.78 1.047 1.508 1.407
Ho et al.model 1.34 1.043 1.106 1.048
[105] 2.78 1.097 1.308 1.165
Reaet al.model 1.34 1.061 1.398 1.304
[106] 2.78 1.126 2.122 1.841
Azmi et al.model 1.34 1.067 1.135 1.012
[107] 2.78 1.088 1.221 1.194
Maxwell - 1.34 1.038 1.003 0.955
Brinkman model 2.78 1.082 1.007 0.911

[87, 108]
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Figure 2.7: Different hybrid nanoparticles used in experiments byarious researchers[146]
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Table 2.2: Different correlations to calculate the thermal propertiesf different hybrid nanofluids
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Where U j, is the relative velocity between the solidfluid phases Reis the Reynolds

number andd represents thedrag coefficientand defined as
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x EA©Ahande  are volume concentrations of nanoparticle 1 and 2and+ is thetotal
volume concentrationand represented ag e - 81 AAAEROERT PAOA OEA
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According to theMaxwell model [87], the thermal conductivity of the nanofluid is defined as:
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x E A O Aigthe dynamic viscosity of the base fluid.
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xE A& ande are volume concentrations of nanparticle 1 and 2.
The viscosity equationaccording to theEinstein [207] model, is
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Table 3.1: Physical properties of water andifferent nanoparticles ofaverage size less than 40n
at room temperature

Material o i Lk HLPD v
water [23] 997.01 4179 0.613 )LV VP T
11/ [102] 3880 773 36 -
Cu[157] 8940 390 400 -
CuO[155] 6930 550 32 -
TiO2[209] 3700 686 11.8 -
GO[210] 2700 710 0.3 -
Ag[166] 10490 235 429 -
MgO[166] 3580 940 45 -
Si02[167] 2220 703 1.4 -

4AAT AOBIBOBRZDAOCEDER @HUOBEAAD AODIEBLO Pt & AOAO EUA

TATT MBEEASAECEODR@RBT BUAGEA 1T AT T DABOOEAT A OOA,




Table 3.2: Thermo-physical properties of | 2Qu-yater hybrid nanofluids at 300H157]

v [%] po T L HLmo v
0.1 998.91 4163.53 0.619 Mo p T
0.5 1011.74 4106.58 0.633 P& p T
1 1027.78 4037.40 0.652 PHTICP T
2 1059.86 3905.30 0.685 PBC L P T
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Figure 4.1: 2D Cylindrical tube with different groove shapes
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Table 4.1: Different variations of hybrid groove combinations

Cases Combinations
Casel Triangular - Rectangular
Case2 Triangular - Trapezoidal
Case3 Triangular - Circular
Cased Circular - Rectangular
Caseb Circular - Trapezoidal
Case 6 Trapezoidal - Rectangular
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Figure 4.3: Variation of radial (a) velocity (b) temperature (c) turbulent kinetic energy at fully
developed region near the outlet at Re = 10,000.
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Table 4.2: Mesh Independeretest at Re=10,000 using water at 300K

S. no Cells(d, 4,) Nu Nu % Difference i f % Difference
1 80000 85.55741 1.94 0.03491 0.36
2 180000 87.25108 1.29 0.03479 0.23
3 280000 88.39197 0.62 0.03471 0.21
4 380000 88.94041 0.01 0.03463 0.04
5 480000 88.94962 - 0.03462 -
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Figure 4.4: Comparison o$imulated(a) Nusselt number (b) friction factor from the present study
with the selected correlations over a range of Re using two turbulent models.
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Figure 4.5: Comparisorof simulated(a) Nusselt numbel(b) friction factor with published data
using a circular groovedube with e/d=0.025 w/d=0.2and p/d=0.5
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Figure 4.13: Average vall shear stress distribution at different Reynolds numbers
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Figure 4.15: Effect ofhybrid groovecombinationson PEC
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Figure 4.16: Variation of (a) local Nusselt number and (KEof an axial lineplaced0.0045 m
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Figure 4.19: Comparison opressure coefficient distribution for the first two grooved Re=10,000




Table 4.3: Variation of Pressure drop at different Reynolds numbers

Case 3 Tri angular Smooth tube

Re 3P (Pa) 3P (Pa) 3P (Pa)
10000 314.2005 305.9005 126.9053
15000 311.2493 302.4954 111.5077
20000 300.6906 288.3388 101.4927
25000 287.3339 272.2212 94.29138
30000 273.6899 258.0085 88.80838
35000 260.7731 246.2114 84.4637
40000 249.0578 236.1785 80.9164
45000 238.6512 227.7113 77.952
50000 229.7635 220.4172 75.44623
55000 222.0996 214.0778 73.30487
60000 215.1289 208.611 71.4447
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Figure 4.20: Variation of fluid temperature of an axial linglaced0.0045 m away from wall across
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Table 4.4: Variation of wall shear stress at different Reynolds numbers

Case 3 Triangular Smooth tube
Re " (Pa) " (Pa) " (Pa)

10000 3.609636 3.547671 3.168857

15000 7.390477 7.389037 6.265159

20000 12.00836 12.07566 10.1412

25000 17.34022 17.47583 14.74301

30000 23.31582 23.50001 20.04415

35000 29.86806 30.07636 26.0219

40000 36.93173 37.1566 32.65408

45000 44.47667 4471728 39.92155

50000 52.49947 52.77173 47.81534

55000 61.00303 61.28846 56.32704

60000 69.9825 70.27152 65.44042
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Table 5.1: Rectangular Groove Radii Combinations

Combination Radius » (mm) Radius » (mm)
0.045 0
0.085 0
Sharp Edges 0.125 0
(» =0 or »=0) 0 0.045
0 0.085
0 0.125
0.045 0.045
Equal Radii 0.085 0.085
(»=») 0.125 0.125
0.045 0.085
0.045 0.125
Different Radii 0.085 0.045
(»>» or 0.085 0.125
><p) 0.125 0.045
0.125 0.085
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Figure 5.2: Visualisation of the 2D Mesh of a Rectangut@rooved Cylindrical Tubéa) Full
Geometry(b) Near Wall
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Table 5.2: Mesh Independence testthe rectangular groovedube at Re=10,000 using water at

300K
S.no Celsd@, 4, Nu Nu % f f %
Difference Difference

1 80000 124.2152 2.14 0.119681 451
2 180000 124.4816 1.43 0.114522 1.93
3 280000 124.6599 059 0.112346 0.87
4 380000 124.73351 0.02 0.111372 0.05
5 480000 124.7584 - 0.110817 -
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Figure 5.4: Variation ofheat transfer coefficientatio for different groove combinations (a) sharp
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Figure 5.5: Variation of pressure drop reductions for different groove combinations (a) sharp edges
(b) different radii (c) equal radii.
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Figure 5.8: Variation of streamlines for different groove combinations for the first groove near the
OOAAGO ETI1 ADqi AGIE3 0.85(0AZ5FakRd=j0.045, 0.85 0.185Jnm.
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Figure 5.9: Variation ofturbulent Kinetic Energy ratio for different groove combinations (a) sharp

edges (b) different radii (c) equal radii
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