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Abstract: - Heat transfer and turbulent nanofluid flow in a pipe with half circle ribs are numerically examined.
A finite volume method (FVM) based on shear-stress transport (SST) k-o turbulence model are adopted. The
Computational problem is solved for alumina—water (Al203-H20) nanofluid ranged from 1% to 4%, turbulent
regime Re = 10000 - 25000, step heights of ribs was 2.5mm and 5mm for pitch ratio changed from 5 to 40. The
numerical results indicated that the effects of Reynolds number, steps height, and pitch ratio of ribs on

enhancement of heat transfer.

Increase of volume fraction of Al203 nanofluids leads to increases in local heat

transfer coefficient and the highest local heat transfer coefficient observed with 4% volume fraction of Al203
nanofluids compared with others. It is also found that local pressure drop rises with Reynolds number and
volume fraction of AI203 nanofluids due to increases in flow rate and density of conventional fluid.
Recirculation flow observed after and before each rib which have major effect on thermal performance.
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Nomenclature

Cp Specific heat, J/kg k

dp Diameter of nanofluid particles (hm)
df Diameter of a base fluid molecule
H Diameter of pipe, m

h Rib height, m

Nu Nusselt number

P Pitch space , m

P/W Pitch ratio

Pr Prandtl number

Re Reynolds number

T Temperature, K

u, v Axial velocity

1 Introduction

In recent years, the request of energy is increasing
day by day with decreasing in resources of
nonreplenishable energy. Many techniques are
applied to improve the thermal performance in heat
exchanging equipment, among them, use of efficient
materials, regulating process factors, modifications
of design etc. Currently, the studies are further
included in exploration of enhanced heat
exchanging fluid where nanofluids are receiving
importance as heat exchanging liquid compared to
conventional liquid.

Durst et al. [1] presented study of turbulent fluid
flow of channel over two fences in tandem
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W Rib width, m
X, Y Cartesian coordinates, m
Greek symbols

o Kronecher delta function

i Dynamic viscosity. Pa s

peff  Effective dynamic viscosity

p Density, kg/m3

c Turbulent Prandtl number

T Wall shear stress, kg/m2

o) Rate of dissipated turbulent kinetic energy
[0} Volume fraction (%)

numerically and experimentally. The results showed
that the effects of Reynolds number and blockage
ratio on size and location of the primary and
secondary recirculation zones. Heat transfer and
pressure drop in a square channel with parallel,
crossed and V-shaped angled ribs studied by Han et
al. [2]. Nine rib shapes were concerned: 90° rib, 60°
and 45° parallel ribs, 60 and 45°crossed ribs, 60 and
45° v-shaped ribs, and 60 and 45° A-shaped ribs.
Highest heat transfer improvement observed at V-
shaped rib while the maximum pressure drop
occurred at A-shaped rib compared with others.
Tanda [3] presented numerically and experimentally
studied on heat transfer and fluid flow in rectangular
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channels with transverse and v shaped at angle of
45° or 60°. The maximum heat transfer enhancement
found at v- broken ribs compared to the continuous
ribs. Smulsky et al. [4] also conducted
experimentally studied on heat transfer and
separated flow through the channel with different
orientation of ribs varied from 50° to 90°. Highest
local heat transfer coefficient was about 40% at 50°
bigger than 90°. Impinging jet array heat transfer
from a surface with V-shaped and convergent
divergent ribs experimental studied by Caliskan and
Baskaya [5]. The augmentation of heat transfer was
varied from 4% to 26% for V-SR arrangement
compared to the smooth plate

Air flow and heat transfer in canal with half circle
ribs numerically investigated by Hussein et al. [6]
where SST k-o turbulence Model used in their
simulation. The findings leads to increase in heat
transfer coefficient occurred at increase both
Reynolds number and number of ribs. While Tuga
et al. [7] have numerical simulation on fluid flow
and heat transfer in a duct with triangular ribs where
seen that the highest thermal enhancement occurred
at triangular ribs of angel 60° with Reynolds number
of 60000 compared to ribs angle of 90° and 45°.

For more enhancement nanofluid used due to high
specific surface area and therefore further heat
transfer surface between particles and fluid.
Therefore there some researchers concerned
increase heat transfer by geometrical modifications
and using nanofluids such as Hussein et al. [8-10],
and Safeai et al., [11].

Fathinia et al. [12] performed numerical study on
turbulent heat transfer and nanofluid flow in a
channel over periodic grooves where used different
types of nanoparticles as represented by SiO2,
Al203, and ZnO, with volume fraction varied from
1% to 4%. The thermal performance was about
114% for SiO2 compared to the water in a grooved
channel.

Nanofluid flow and heat transfer in ribbed channel
numerically studied by Oronzio et al. [13] where
seen that the more augmentation of thermal
performance happens with using nanofluids through
ribbed channel. Mohammed et al. [14] have
numerically study on thermal and hydraulic
characteristics of turbulent nanofluids flow in a rib-
groove channel. In their study, four different types
of nanoparticles Al203, CuO, SiO2, and ZnO for
volume fractions varied from 1% to 4% and
different base fluids. It can be seen that increase in
volume fraction, Reynolds number, and aspect ratio
effect on Nusselt number. They found that the
increase in the Nusselt number with. The results
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showed that the maximum thermal performance
obtained with rectangular rib—triangular groove and
Si02 nanofluid compared with others.

Aim of the present study is to investigate the effects
of step height and pitch ratio of the ribs on thermal
performance as well as effects of volume fraction of
alumina—water (Al,03-H,0) nanofluid and Reynolds
number are considered.

2 Mathematical model

2.1 Problem statement

The pipe configuration with half circle rib is
presented schematically in Fig. 1. The dimensions
of the pipe were 1000 mm length and 40 mm
diameter while the dimensions of half circle ribs on
wall were step height of 2.5 mm and 5mm, width
changed from 5mm to 10 mm, pitch ratio (P/W)
changed from 10 to 40 for 2.5mm rib height, 5 to 20
for 5 mm rib height, for more details see Table 1.
Volume fraction of AI203 nanofluids was varied
between 1% to 4% with water as a base fluid. The
range of flow Reynolds number varied between
10000 to 25,000 at constant wall temperature of 320
K

v r
| |

|
H |=—p Flow
VA NEA
Fig. 1 Schematic diagram of a channel with half
circle ribs

Tablel: Dimensions of rib for six cases.

Case | h h/H P P/W
1 25 | 0.06 50 10

2 25 |0.06 100 20

3 25 |0.06 200 40

4 5 0.12 50 5

5 5 0.12 100 10

6 5 0.12 200 20

2.2 Governing equations
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FVM with Continuity, momentum, and energy
equations with are applied in this simulation. Two
dimensional domains, turbulent flow, steady state,
and the working fluid is pure water and Al203
nanofluids. The shear-stress transport (SST) k-
turbulence Model was adopted to solve the Navier
stokes equations (1-6).

%i(pui) =0 M
oy (i) @
aixi (ot Pl = 0671 [(A * %) g_z, T (Tij)eff] ®)
where

_pa;;jr = Mt (%:‘*‘%;) —ékgij @

The SST k-o turbulence Model is represented by the
two transport equations (5-6).
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3 Numerical procedure

The governing equations have been discretized by a
finite volume method within the computational
domain [15, 16] based on considered boundary
conditions. Second Order Central Difference and
Second Order Upwind differencing were used to
estimate the all terms in equations. The velocity-
pressure coupled equation is solved by using
SIMPLE  algorithm  [17,18]. Non-uniform
(unstructured) grids were employed for meshing the
solution domain. Increase mesh elements density
near the ribs of the pipe for obtains high accuracy in
numerical simulation.

In this simulation compute the residual sum for each
variable and sorted after each iteration, hence saving
the convergence history. The convergence criterion
was less than 107 for continuity, and smaller than
107 for the momentum and smaller than 10-8 energy
equations.

3.1 Grid Independent study and code
validation

Three sizes of meshing are used in order to obtain
grid independent and compared the results for pure
water at the boundary condition of h/H= 0.12, p/w=
10, and Re= 10000 where observed a little different
in value of average heat transfer coefficient between
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second and third grids then considered second grid
as a grid independent as shown in Table 2.

Due to experimental data for heat transfer and
turbulent nanofluids flow through the pipe with half
circle ribs has not been investigated in the available
literature, for validation of the current model, the
numerical results for air flow through the pipe with
semicircle ribs presented by Hussein et a. [6] are
used. The current model applied using water for
same geometry which studied by Hussein et a. [6] at
Re =25000. It is observed that same trends for local
heat transfer coefficient between current study and
Hussein et al. [6] as shown in Fig. 2.

Table 2: Grid independent

No. of grid | node Nave
1 40480 | 145751
3 165760 | 1602.178
Hussein et T: [zzjf;u(.-\lr WH 0,12, PAWw=10)
10000 — Present study (water /H 0.12, P/W=10)

;_ 1000 —

H 3

g 1

*i- A

é 100 —_\

E 1~

o [1 ] .4 0.6 0.8 i

Paosition

Fig.2 Comparison of trend of local heat transfer
coefficient with Hussein et el. [2013].

4 Thermophysical properties of the

nanofluid
Thermophysical properties of the nanofluid are
computed by particular correlations. The effective
density of nanofluid is reported as [19]
Pnf = (1 - q))pf + q)pnp (7)
where p¢ and p,, are term the density of base
fluid and the solid nanoparticles , respectively.
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The heat capacity of the nanofluid is presented
by [19]

(pcp)nf =1- d))(pcp)f + d)(pcp)np (8)

where (pCp,)¢ and (pCp),, are define the heat
capacities of the base fluid and the nanoparticles,
respectively.

As observed by Koo and Kleinstreuer [20], the
effective of thermal conductivity of nanofluid
involves of static and Brownian effects, and could

be computed with the following empirical
correlations:
Keff = Kstatic (+ KBrov\)mian (9)
_ Kpp +2K¢) =2 (Ke—Kpp )
Koare = K|t md 2| (10)

KT
KBrownian =5Xx 104B¢pfcp,f mf(T, ¢) (11)

where k= 1.3809x10%°)/K is the Boltzmann
constant, and P is given as:

B = 8.4407(100¢) 107304 (12)

and f(T, ¢) is given as
f(T, $) = (2.8217 x 1072¢ + 3.917 X

10-3TT°+(—3.0669x10—-2¢—3.91123x10—-3)(13)

The effective dynamic viscosity for the nanofluid
could be computed by using the following equations
(Corcion [22]):

= u X
Heff = Hf (1—34.87(dp/df)_0'3*¢1'03)

oM \1/3
= () i
where d, and d are defined the diameter of the

nanoparticles and equal diameter of a base fluid

molecule , respectively; M is defined the molecular
weight; N is represented the Avogadro number =
6.022x10%°mol™; and py, is the density of the base
fluid found at Temperature=293K.

Table 3 shows the thermophysical properties of

the nanofluid [21] and water [22].

(14)

The Nusselt number is defined as:

hd
Nu ===
u k

where h is the heat transfer coefficient.

(16)

Table3:Thermophysical properties of
nanoparticles (Al203) and water at T = 300 K.

Thermophysical Al,O; Water
properties [21] [22]

p (kg/m°) 3600 996.5

Cp (J/kg k) 765 4181
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K (W/m k) 36 0.613

i (Ns/m®) - 1E-03

5 Results and discussion

5.1 Effect of Reynolds number

Different local heat transfer coefficient with
Reynolds number at step height of 5 mm for pitch
ratios (P/W) of 10 and 5 are presented in Figure 3
and 4, respectively. It can be seen that increase in
heat transfer coefficient with increased Reynolds
number for all cases due to increase the turbulent
and recirculation flow through the flow channel.
Generally, the higher local heat transfer coefficient
noticed with greater Reynolds number.

hH = 0,12, P'W =5

Re = 25000
Re = 20000
—— Re = 15000
—— Re = 10000

;

E
|

Surface heat transfer coefMicient (W/m2.k)

g
|

0 0.2 0.4 0.6 0.8 1
Position (m)

Fig. 3: Effect of Reynolds number on local heat
transfer coefficient for h/H=0.12 and P/W=5.

h/H = 0,12, PV =10
Re = 25000
Re = 20000
Re = 15000
Re = 10000

Surface heat transer coelMclent (Wim?.k)
»

Position (m)
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Fig. 4: Effect of Reynolds number on local heat
transfer coefficient for h/H=0.12 and P/W=10.

5.2 Effect of pitch ratio

Figures 5 and 6 show differences of local heat
transfer coefficient with pitch ratios (P/W) at step
height ratios (h/H) 0.06 and 0.12 for Re = 25000,
respectively. Augmentation of local heat transfer
coefficient can be seen clearly with decreased of
pitch ratio for all cases and that is because decrease
pitch ratio leads to increase of number ribs where
the number of peak in profile of local heat transfer
coefficient represented the number ribs which
induced turbulent augmentation heat transfer.

Re = 25000, h/H = 0.06
PAV = 40 case 3

PAW = 20 case 2

P = 10 case 1

§

I

g

L
__::>\

il

0.6
Position (m)

Fig. 5: Effect of pitch ratio on local heat transfer

L

Surface heat transfer coefMclent (W/im2k)

:

coefficient  for h/H=0.06 at Re=25000
Re = 25000, hH=0.12
8000 — P/W=20 Case 6
P/W= 10 Case 5
P/W=5 Case 4
z
:E-. 6000 —
g
,; 4000 —
g
g
1
E 2000 —
0 — T 1 T T 1
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Fig. 6: Effect of pitch ratio on local heat transfer
coefficient for h/H=0.12 at Re=25000.

5.3  Effect volume fraction of Nanofluids
Effect volume fraction of AI203 nanofluids on local
heat transfer coefficient at Reynolds number of
25000 for pitch ratio of 10 and step height ratio of
0.12 are presented in Figure 7. The results show that
increase volume fraction of AI203 nanofluids
producing increase in heat transfer coefficient and
the maximum value of heat transfer coefficient
found at 4% volume fraction of AI203 nanofluids
compared with others.

Re =25000
WH = 0.12, /W
AlLO,
AL,
ALO,
ALO,

10

4%

R
2%

1%

B000

6000 —

4000 —|

Surface heat transfer coelMicient (W/mZk)

2000

]
e
b

Position (m)

Fig. 7: Variations of local heat transfer coefficient
with different volume fraction of Al,O; nanofluids
at h/H=0.12 and P/W=10.

5.4 Effect of step height

Figure 8 present the effect of step height of ribs on
local heat transfer coefficient for pitch space of 50
mm and Reynolds number of 25000. It can be seen
that increase in step height leads to increase in heat
transfer coefficient where the largest heat transfer
coefficient happens with step height ratio of 0.12
which denote the heat transfer improvement.
Comparison all cases of present study for different
step height of ribs and pitch space at Reynolds
number of 25000 are summarized in Figure 9. Local
heat transfer coefficient with step height of 5 mm
observed bigger than at step height of 2.5 mm for all
pitch spaces due to the size of rib has significant
effect on thermal performance by created
recirculation flow after and before each rib.
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8000 — Re=25000, P=S0mm

WH=0.12, PPW=5

W/H=0.06, P/W=10

3
g
]

Surface heat transfer coelMicient (W/(m2K)
&
2
l

s
g
|

| ' | ' I ' | ' |
0 0.2 0.4 0.6 0.8 1
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Fig. 8: Variations of local heat transfer coefficient
with different step height of ribs at P=50 mm and Re
=25000.

16000 —| Re = 25000

Case 6, h=5mm, P=200mm
Case 5, h=5mm, P=100mm
Case 4, h=5mm, P=50mm
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=

= Case 2, h=2.5mm, P=100mm
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=

E

H
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-

:
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F
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Position
Fig. 9: Comparison all cases of present study for

different step height of ribs and pitch space at Re=
25000.

5.5  Pressure drop

Variation of pressure drop for different Reynolds
number and volume fraction of Al203 nanofluids at
step height ratio (h/H) of 0.12 and pitch ratio (P/W)
of 10 are plotted in Figure 10 & 11 respectively. As
shown, the local pressure drop increases with
increased of both Reynolds number and volume
fraction of Al203 nanofluids as results to increase
of both flow rate and density of conventional fluid.
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h/H = 0,12, PAW =10

Re = 25000
Re = 20000
Re = 15000
Re = 10000

£

400 —

200 —

Pressure drop
=
I

-200

~400

| ' | ! | ! |
o 0.2 0.4 0.6 0.8 1
Position (m)

Fig. 10: Variation of pressure drop for different
Reynolds number at h/H=0.12 and P/W= 10

Re=25000
WH = 0.12, P/'W =10

490
395
204
125

ALO,
ALO,
ALO,
ALO,

800 -

400 -

Pressure drop
=

-400

-800 ' I ' | ' T ' T ' T

(-]
o
i
(=]
=

0.6 0.8 1
Position (m)

Fig. 11: Variation of pressure drop for different
volume fraction of AI203 nanofluids at h/H= 0.12
and P/W= 10.

56  Flow Visualization

Figure 12 (a, b, c) shows that the contour of
streamline velocity for different pitch ratios (P/W)
at step height ratio of h/H 0.12 and Reynolds
number of 25000. Generally, recirculation regions
are observed after and before each rib where it rises
with increase of step height and Reynolds number.
It is also clearly seen that increase in the number of
ribs on walls with decrease of pitch ratio hence
increases in created recirculation regions which
demonstrate augmentation in heat transfer rate.
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e — g
(b) P/W= 10
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g I
- Wi
(c) P/W= 20

Fig. 12: Contour of streamline velocity at h/H 0.12
and Re=25000 for (a) P/W= 5, (b) P/W= 10, (c)
P/W= 20.

6. Conclusions

Numerical simulations of heat transfer and Al203
nanofluid flow in channel with different Reynolds
number and dimension of half circle ribs were
conducted and discussed. Six cases with different
step height and pitch space of ribs were considered
in this research. FVM with shear-stress transport
(SST) k- turbulence model wused to solve
continuity, momentum, and energy equations in two
dimensional domains. The main results revealed that
the increases in local heat transfer coefficient with
the reduction in pitch space between the ribs due to
increase in number of ribs. It is also observed that
increase of Re number influence on heat transfer
coefficient where the maximum of heat transfer
coefficient detected at Re = 25000. Effect volume
fraction of Al203 nanofluids on local heat transfer
coefficient was concerned where increase volume
fraction of AI203 nanofluids creating increase in
local heat transfer coefficient. It is also showed that
increase of both Reynolds number and volume
fraction of AI203 nanofluids leads to increases
pressure drop. Contour of streamline velocity
presented to clarify the recirculation zones as
formed after and before each rib.
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