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A Comparison Of Circular Duct And Real Hexagonal Duct Results
Using Hydraulic Diameter

Hidrolik Cap Kullanarak Dairesel Kanal ve Gergek Altigen Kanal
Sonuclarinin Karsilastirilmasi

Highlights
< A numerical study has been conducted whether the correlations derived for circular duct can be used for
hexagonal ducts or not.

% The effects of Reynolds number and side angle of the duct on heat transfer and flow characteristics have
been investigated.

«»  Minimum pressure loss and maximum heat transfer are obtained for regular hexagonal duct.
« General correlations are given for Nusselt number and friction factor.
Graphical Abstract

Turbulent flow in a hexagonal duct has been investigated numerically in order to see whether the correlations given
for circular ducts can be used for hexagonal ducts or not.
‘Which equations should be used

for the friction factor and heat
transfer?

//

Figure. Hexagonal duct

Aim
The aim of this study is to see whether the correlations given for circular ducts can be used for hexagonal ducts or
not.

Design & Methodology

A numerical study has been conducted using ANSYS Fluent 17.0 software. Study has been carried out for the Reynolds
number between 10x103<Re<50x1(° and side angle of the duct varying between 30° and 90°.

Originality

Novelty of this study is the examination of hydrodynamically fully developed, thermally developing turbulent heat
transfer and fluid flow in a hexagonal cross-sectional duct.

Findings

Itis found that using correlations of circular ducts for hexagonal ducts employing hydraulic diameter may be 5% and

14% higher than that of actual hexagonal cross-sectional channels for Nusselt number and Darcy friction factor,
respectively. Side angle of hexagonal duct affects the pressure drop along duct and heat transfer coefficient.

Conclusion

General correlations are given in terms of Reynolds number and side angle for Nusselt number within —10.8% and
+4.5% and Darcy friction factor within —6.0% and +0.2%. Minimum pressure drop and maximum Nusselt number in
hexagonal-shaped cross-sectional duct are obtained for regular hexagonal duct, 6=60°.
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ABSTRACT

To see whether the turbulent flow correlations derived for circular ducts can be used for hexagonal cross-sectional ducts using
hydraulic diameter, turbulent flow in hexagonal ducts is numerically investigated under constant wall temperature boundary
condition using ANSY'S Fluent 17.0 software. Investigated parameters are the Reynolds number between 10x10%<Re<50x10° and
side angle of the duct varying between 30° and 90°. Standard k-¢ model is used as turbulence model. General expressions are
proposed for fully developed dimensionless heat transfer coefficient Nusselt number and fully developed Darcy friction factor in
terms of Reynolds number and side angle for hexagonal-shaped cross-sectional duct. Results show that side angle of hexagonal
duct affects the pressure drop along duct and heat transfer coefficient in duct. Results point out that regular hexagonal duct, 6=60°,
gives minimum pressure drop and maximum Nusselt number. It is concluded that correlations given in the literature for circular
ducts in turbulent flow can give 14% higher dimensionless heat transfer coefficient, Nusselt number, than that of actual hexagonal
duct flow.

Keywords: Hexagonal duct, heat transfer, turbulent flow, numerical analysis.

Hidrolik Cap Kullanarak Dairesel Kanal ve Gergek
Altigen Kanal Sonuclarinin Karsilastirilmasi

oz

Dairesel kanallar i¢in tiiretilmis tiirbiilansli akis korelasyonlarimin hidrolik ¢ap kullanilarak altigen kesitli kanallar i¢in kullanilip
kullanilamayacagimi gormek icin ANSYS Fluent 17.0 yazilimi kullanilarak altigen kanallardaki tiirbiilansli akis sayisal olarak
incelenmistir. 30° ile 90° arasinda kanal yanal agilari ve 10x103<Re<50x 102 arasindaki Reynolds sayis1 parametreleri incelenmistir.
Tiirbiilans modeli olarak standart k-¢ modeli kullanilmistir. Altigen kesitli kanallar icin Reynolds sayisina ve yanal agiya bagl tam
geligmis boyutsuz 1s1 transfer katsayisi olan Nusselt sayis1 ve tam gelismis Darcy stirtinme faktorii i¢in genel ifadeler 6nerilmistir.
Sonuglar, altigen kanal yanal agisinin kanal boyunca basing diisiimiinii ve kanaldaki 1s1 transfer katsayisini etkiledigini gostermistir.
Ayrica sonuglar 6=60° olan eskenar altigen kanalin minimum basing diisiisii ve maksimum Nusselt sayis1 verdigini gostermistir.
Literatiirde tiirbiilansh akis kosullarinda dairesel kanallar i¢in verilen korelasyonlarin gergek altigen kanal akigina gore %14 daha
yiiksek boyutsuz 1s1 transfer katsayis1 olan Nusselt say1st saglayabilecegi sonucuna varilmistir.

Anahtar Kelimeler: Altigen kesitli kanal, 1s1 transferi, tiirbiilansh akis, sayisal analiz.

1. INTRODUCTION

Flow behavior in channels and the amount of heat
transfer between duct walls and fluid are the significant
topics of thermal engineering. Specifically, channel
geometry plays an important role for applications. Non-
circular ducts are preferred in compact heat exchangers
as they increase forced convection and thus heat transfer
coefficient. The turbulent flow correlations for circular
ducts are commonly employed in noncircular ducts
employing hydraulic diameter. However, the conclusions
of both heat transfer coefficient and friction factor
determined from circular duct expressions can be up to
35% higher than the results of real non-circular duct fluid
flow [1-2].

*Sorumlu Yazar (Corresponding Author)
e-posta : oturgut2006@gmail.com

Hexagonal-shaped cross-sectional channels are generally
encountered in nuclear engineering applications, waste
heat recovery, cooling systems of electronic devices and
lamella type compact heat exchangers used in many
industries such as paper, alcohol, petrochemical and food
[3].

Literature review shows that laminar [2-18] and turbulent
[19-29] heat transfer and fluid flow in hexagonal
channels are examined by some researchers. Rokni and
Gatski [19] predicted turbulent heat transfer and
turbulent fluid flow in non-circular channels including
rectangular cross-sectional duct with aspect ratio 2. Sari
[20] experimentally investigated steady-state both
thermally and hydrodynamically developing turbulent
fluid flow in a regular hexagonal-shaped cross-sectional
duct for the constant wall temperature boundary
condition at the Reynolds number range 2322<Re<8980.
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A numerical investigation was carried out by Can et al.
[21] for turbulent flow in hexagonal channels for the
Reynolds number of 20,000. Turgut and Sari [22]
experimentally and numerically investigated the
thermally and hydrodynamically developing turbulent air
flow in a regular hexagonal-shaped cross-sectional
channel for Reynolds number 2.3x103<Re<53x10° for
two different k-omega and three different k-¢ turbulence
models. Turbulent flow and heat transfer in non-circular
ducts including equilateral triangle, square, regular
hexagon, regular octagon, regular dodecanon were
numerically investigated by Wang et al. [23] using air as
the working fluid for the Reynolds number of 53,477. It
was concluded that standard k-¢ turbulence model gives
good aggreement with the available experimental data.
Opute [24] studied experimentally laminar and turbulent
flow and heat transfer in hexagonal tubes for SiO,-water
nanofluid in the Reynolds number range of
4000<Re<8000. Falih [25] examined the turbulent heat
transfer and turbulent fluid flow inside a horizontal
hexagonal-shaped cross-sectional channel fitted with
combined wire coil turbulators and a perforated twisted-
tape swirl generator. Marin et al. [26] numerically
investigated turbulent flow in hexagonal ducts using
large-eddy simulation and direct numerical simulation
models. Gunes et al. [27] performed a numerical study to
examine the heat transfer and fluid flow in a tube with
hexagonal cross-sectioned coiled wire for the Reynolds
number range of 5000<Re<17,000. Mahato et al. [28]
conducted a numerical study to investigate the turbulent
flow and heat transfer in hexagonal twisted duct.
Turbulent heat transfer and fluid flow in a hexagonal duct
with twisted-tape inserts were examined experimentally
by Yadav et al. [29].

Literature study indicates a lack of knowledge about the
characteristics of turbulent heat transfer and turbulent
fluid flow in hexagonal-shaped cross-sectional channels.
Therefore, in this present study, hydrodynamically fully
developed and thermally developing turbulent fluid flow
and convective heat transfer in hexagonal-shaped cross-
sectional duct are numerically studied at constant wall
temperature boundary condition. Investigated parameters
are the Reynolds number ranging between
10x10°<Re<50%10%, and side angle varying from 30° to
90° with an incremental of 15°. ANSYS Fluent 17.0
software package is employed for the numerical studies.
Novelty of this present numerical study is the
examination of hydrodynamically fully developed,
thermally developing turbulent heat transfer and fluid
flow in a hexagonal cross-sectional channel for different
side angles and Reynolds numbers.

2. NUMERICAL STUDY
2.1. Mathematical Model and Governing Equations

Hydrodynamically fully developed and thermally
developing turbulent heat transfer and fluid flow inside a

hexagonal-shaped cross-sectional channel are studied
under constant temperature boundary condition. Flow
geometry consists of an entrance section duct and a test
section duct as seen in Fig. la. In order to obtain a
hydrodynamically fully developed flow regime at the exit
of the entrance section duct, entrance section length is
selected as 2.65 m. That is, hydrodynamically fully
developed fluid enters the inlet section of the test section
channel. That is, entrance duct has enough length to
obtain hydrodynamically fully developed condition at the
exit section. One side length of hexagonal duct is selected
as 0.030 m. In other words, heat transfer area is kept
constant when side angle is changed. Test section length
is taken as 2 m. Studies are performed for five different
channels with different edge angles 6 changing between
30° and 90° with an incremental of 15°. Channel with
06=90° corresponds to a rectangular-shaped cross-
sectional duct with aspect ratio 2, and hexagonal duct
with 6=60° is called regular duct. Air having a Prandtl
number 0.7 is employed as working fluid. Fluid flows in
the positive x-direction.

Since the model has a symmetry on x-y and x-z planes,
only a quarter of hexagonal cross-sectional duct is used
as computational domain as shown in Fig. 1b. The
Navier—Stokes equations have been employed in order to
model the heat transfer and fluid flow in the
computational region. Energy, momentum and continuity
equations are the governing equations in numerical study.
Fluid is modeled as incompressible, constant property,
steady state, and Newtonian. Buoyancy effects and
viscous dissipation are neglected. Using assumptions
stated above the governing equations are expressed as:

L. o ( —
Continuity: — pu; )=0 1
Y bur) @)
Momentum:
i) op o | [ou ouj
—pujui)=——+— | —+
oXj OXj  OXj OXj  OX @
a Lol
+—|—puiu’
8xj( pUi J)
0 (—\ o [pnoT| ——
Energy: — puiT )= —| — — |- pu;iT’ 3
ay 6xj(pj) 6xj(Pr6xj] PYj @)

!

Average Reynolds stress (—puiuj) in  momentum

equation and turbulent heat flux pufjT" in energy

equation are expressed by a suitable turbulence model.
The Reynolds stress is expressed as follows:
— 2 ou; ouj
Rii = —puUjui = —p=kdji + | — + — 4
ij pujuj P3 ij Ht(axj aXiJ (4)
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Figure 1. (a) Hexagonal duct used; (b) Computational domain and boundary conditions

Choosing of appropriate turbulence model is significant
in order to study the turbulent flow and heat transfer in
duct. Literature review showed that standard k-¢
turbulence model was proven to be the appropriate
turbulence model for the flow in non-circular ducts [23,
30-35]. Therefore, in this study, standard k-¢ turbulence
model was used due to its economy, robustness, and
reasonable accuracy [36].

Equations given above are solved together with the
standard k-¢ turbulence model equations:

0 — 0 KLt | Oe

—\pkuj |=— +— |— |+ Gk —pe 5

axi(p I) 6Xj|:[H Gk\JGXj:| k=P ©®)

0 —\ 0 Rt | Oe €

—lpetj )= — || p+-+ | = |+ — G

OXj (ps I) 6Xj |:(H GSJ8Xj:| 18k K (6)
—ngpszlk

where G is the turbulence Kinetic energy generation and
given as:

——\9Yj

Gk ( puluj)axi (7
In Eq. (6), C.; and C,, are the turbulence model constants,
and their values are 1.44 and 1.92, respectively. These
equations are solved together with appropriate boundary
conditions. Boundary conditions employed in the
numerical studies are depicted in Fig. 1b. At x=0, air as
fluid goes into the entrance section channel at a uniform
velocity. Pressure outlet boundary condition is employed
at the exit of the entrance section channel, that is, at x=L1
[36]. No-slip velocity boundary condition is employed at
the entrance section channel walls. Symmetry boundary

condition is employed to y=0 and z=0 planes. The
turbulence kinetic energy k and the turbulence
dissipation rate € at x=0 are calculated from the following
equations:

k=0.005U;2 and & =0.1643k2/(0.07Dy,)  (8)

At the exit of the entrance section channel, the values of
necessary parameters attained from numerical study are
written in a file. Then, the knowledge in this file is read
at the inlet of the test section channel as input to reduce
the mesh number and save computational time. Air goes
into the hexagonal-shaped cross-sectional test section
channel at a uniform temperature 300K. To the walls of
the test section channel, constant temperature boundary
condition, T,=325K, is given. At the exit of test section
channel, pressure outlet boundary condition is employed
[36]. Fluid properties are taken at 300K and assumed as
constant in computational domain [37]. Turbulence
viscosity is indirectly solved by the transport equation of
the modified viscosity in single-equation models. In two-
equation models, the turbulence viscosity is associated
with the turbulence kinetic energy (k) and the turbulence
dissipation rate (&) and is expressed as follows:

2
pp =pCuk? /e ©
Reynolds number based on inlet velocity and hydraulic
diameter is given as:
Re = pUiDy, /u (10)

where Dy is the hydraulic diameter, and it is the ratio of
four times cross-sectional area to the wetted perimeter.
Local dimensionless heat transfer coefficient Nusselt
number is determined from:
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Here hyx is the local heat transfer coefficient and
determined as:

hx=Q'>'</(TW_Tb)x (12)
Mean Nusselt number is calculated as:
Nu =hDy, / k (13)

Here, h (W-m2-K™?) is the mean convection heat transfer
coefficient in the hexagonal-shaped cross-sectional
channel, and it is obtained as:

h=rhcy (To —T; )/ASATm (14)
where:

Tw -Ti )= (T =T,
gt =TT =T,) .

In[(T, =i )/(Tw —To )]
Here AT, is the logarithmic average temperature
difference. Ti, Tw, and T, (K) are the inlet, the wall, and

the outlet temperatures, respectively. The peripherally
mean local Darcy friction factor fy is expressed as:

fx :8TW,X/PUi2

where 1y is the peripherally averaged shear stress on the
wall at any axial location x. Mean Darcy friction factor is
calculated as:

D, AP
f=-b_=
L pui?/2

(16)

A7)

2.2. Numerical Procedure

Numerical study is implemented employing ANSYS
Fluent 17.0 software program which uses finite volume
approach to calculate the flow parameters. Standard k-¢
turbulence model, proposed by Launder and Spalding
[36], with enhanced wall treatment was used in the
numerical study. SIMPLE algorithm is employed to
resolve pressure—velocity coupling. Convective terms
have been discretized employing second-order upwind
scheme. Momentum, mass, energy, and turbulence
equations have been iterated until the residual drops
below 10 in order to obtain convergence. To obtain
mesh independency, mesh optimization is conducted.
The y+ value is taken about unity near the wall. For all
numerical solutions, non-uniform hexagonal meshes are
selected. A typical view of mesh distribution is given in
Fig. 2. As can be seen in Fig. 2, smaller meshes are used
towards the two edges (upper and right side walls) and
two symmetry planes (left and bottom planes) of
hexagon. That is, fine grids are employed on the two
walls of the computational domain as seen in Fig. 2a and
2b.

A grid independence study is conducted by varying mesh
(cell) size within the numerical computational region for
Reynolds number 50x10* until the variation in mean
Darcy friction factor and mean Nusselt number are less
than 1%. Typical variation of mean Nusselt number and
mean Darcy friction factor with different mesh numbers
at Re=50x10?* are given in Table 1 for hexagonal duct
with side angle 60°, regular hexagonal duct.

W

...

Figure 2. (a) Isometric and (b) side view of grid structure of hexagonal duct

Table 1. Mean Nusselt number and mean Darcy friction factor values for hexagonal-shaped cross-sectional channel with 60°

side angle
Mesh number | 45x10% | 100x103 | 250x10° | 510.3x10% | 998.4x103
Nu 110.59 | 109.49 | 106.49 | 106.02 106.27
f 0.0211 | 0.0202 | 0.0206 | 0.0205 0.0206
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As can be seen in Table 1, mean Nusselt number and
mean Darcy friction factor values change 0.02% and
0.0%, respectively, when the number of cell changes
from 250x103 to 998.4x103. Since the change is less than
1%, the optimum mesh number for the hexagonal duct
with 60° side angle is chosen as 250x10°. Similarly, mesh
optimization studies are conducted when side angle of the
hexagonal duct is changed.

3. RESULTS AND DISCUSSION

3.1. Validation

To validate the solution of numerical study, turbulent flow
in hexagonal duct with side angle of 90°, corresponding
to rectangular channel with aspect ratio 2, is conducted.
Local Darcy friction factor is given along the entrance
and test sections of hexagonal cross-sectional channel in
Fig. 3a. Fig. 3a shows that local Darcy friction coefficient
initiates with a high value at the inlet of the entrance
section channel, reduces along the hexagonal-shaped
cross-sectional channel. It approaches to fully developed
value, that is, constant value. Results indicate that the
length of the entrance section channel is enough to obtain
hydrodynamically fully developed flow conditions at the
exit section. Results point out that local Darcy friction
factor reduces with enhancing Reynolds number.
Similarly, peripherally averaged local Nusselt number for
test section is shown in Fig. 3b as a function of
dimensionless duct length x/Dy for various Reynolds
numbers. Results show that Nusselt number starts with a
high value, decreases along the test section channel. Then
it remains constant, that is, fully developed value. As
expected, results indicate that Nusselt number enhances
with rising Reynolds number.

At the fully developed conditions, Darcy friction
coefficient and Nusselt number for hexagonal-shaped

cross-sectional duct with 6=90° are depicted as a function
of Reynolds number and shown in Fig. 4. Fully developed
values of Nusselt number and Darcy friction factor for
0=90° are correlated in terms of Reynolds number and
given as:

Nugg =0.0336Re® 7421 (18)

frq =0.4676Re 0218 (19)
Fully developed Fanning friction factor in a rectangular-
shaped cross-sectional channel with aspect ratio 0.5 or 2.0
is given as [38-39]:

105 = 4|og(1.029 ReCy 0-5)— 0.4 (20)
Here Cs is the Fanning friction factor and f=4C:. Darcy
friction factor values obtained from Eq. (20) are also
shown in Fig. 4a. The difference between the Eq. (19) and
Eg. (20) is 3.6% and 4.3% for Re=10x10° and
Re=50x10°, respectively. Fully developed Nusselt
number value for turbulent fluid flow in an isothermally
heated rectangular cross-sectional channel is given by
Rokni and Gatski [19] as Nuz=30.4 for Re=9397. As seen
in Fig. 4a, fully developed Darcy friction factor reduces
with enhancing Reynolds number. However, Nusselt
number enhances with enhancing Reynolds number as
seen in Fig. 4b. Fully developed Nusselt number of
present study (i.e. Eq. (18)) for Re=9397 is 29.83. Results
indicate that fully developed Nusselt number value of
present study is about 1.9% less than that of the Rokni and
Gatski [19]. That is, present numerical study is well agree
with the literature results. In other words, numerical
results obtained using standard k-¢ turbulence model are
in good agreement with the literature results.

(b)
(8008 300
250 A
0.06 0 |
=
004 | > 150 A
o 100 1
0.02 i T T
50 4
000 - , : : , , 0 : x w : :
0 20 40 60 80 10 120 60 70 a0 ] 100 110 120

Figure 3. Local Darcy friction factor (a) and local Nusselt number at different Reynolds numbers along channel for 6=90°
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Figure 4. Darcy friction factor (a) and Nusselt number (b) values in terms of Reynolds number for 6=90°

3.2. Results

After validation of numerical solution method, numerical
study is carried out for the hexagonal cross-sectional ducts
with 8=30°, 45°, 60° and 75°. Fig. 5a shows the pressure
drop along the hexagonal cross-sectional channel in terms
of Reynolds number at different side angle 6 values.
Results indicate that the pressure drop along the duct rises
logarithmically with enhancing flow velocity (therefore
Reynolds number). Data provided in Fig. 5 reveal that
regular hexagonal duct with the lateral angle of 6=60° has
the lowest pressure drop along the duct while maximum

@) M
o= 6=3P 6=
250 - 6450
o 660 6=90°
| > =T
@200 o G=90°
15
9:450
% O=75
100 0=60°
50 ]
0

10x108  20x108 30x10° 40x10° 50x10 60x108
Re

pressure drop is obtained for the hexagonal cross-
sectional duct with 6=30°. These results suggest that with
minimum pressure losses, both pump operation head and
shaft power will also be minimum for regular hexagonal
duct with the lateral angle of 6=60°. Similarly, fully
developed Darcy friction factor in a turbulent flow of
hexagonal cross-sectional channel is depicted in terms of
Reynolds number at five different side angle 6 values in
Fig. 5b. As expected, it is examined that peripherally
averaged local Darcy friction coefficient reduces with
rising Reynolds number.

0018 -— , , : ;
10x10° 20x10° 30x10° 40x10° 50x10°  6OX10F
Re

Figure 5. Pressure drop and (b) Darcy friction factor at different 6 values
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Fully developed Darcy friction coefficients for
hexagonal cross-sectional duct with different side angles
are correlated in terms of Reynolds number in the form
of fr;=aRe®. The values of a and b correlation constants
are given in Table 2. A general expression is given for
Darcy friction coefficient between 30°<6<90° and
10x103<Re<50x10? as:

frq = 0.4684Re 021 21)

Equation (21) represents the numerical values between -
3.4% and + 2.5%. The values obtained from Eg. (21) is
also plotted in Fig. 5b.

Table 2. The values of a and b constants for Darcy friction
coefficient fri=aRe®

0 | 30° 45° 60° 75° 90°
a | 04432 | 0.4736 | 0.4824 | 0.4756 | 0.4676
b | -0.2881 | -0.2914 | -0.2924 | -0.2919 | -0.2918

Convection heat transfer coefficient is shown in Fig. 6a
in terms of Reynolds number at different side angles 6. As
expected, convection heat transfer coefficient rises with
enhancing Reynolds number. Nusselt number values for
fully developed fluid flow are given in Fig. 6b in terms of
Reynolds number at five different side angles 6. As can
be seen from Fig. 6b, maximum Nusselt number is
obtained for hexagonal cross-sectional channel with side
angle 6=60°, i.e. regular hexagonal duct.

Fully developed Nusselt number values are correlated in
terms of Reynolds number in the form of Nu=cRe¢, and
the values of ¢ and d correlation constants are given in
Table 3.

@ g

70 =3

6=90

~ 60 0
2 ek
g 50
2 10
=

30

20

10

Re

10x10° 20x10° 30x10° 40x10° S0x10°  6OX10F

Table 3. The values of ¢ and d correlation constants of Nu=cRe¢

0 | 30° 45° 60° 75° 90°
c | 0.0303 | 0.0350 | 0.0365 | 0.0354 | 0.0336
d | 0.7490 | 0.7400 | 0.7374 | 0.7393 | 0.7421

A general correlation is given for Nusselt number
between 30°<0<90° and 10x10°<Re<50x10® as:

Nugg = 0.0341Re% 7414 (22)

Equation (22) represents the numerical values studied
between —4.7% and +4.1%. The values obtained from
Eqg. (22) are also shown in Fig. 6b.

Fully developed Nusselt number and Darcy friction
factor correlations for a regular hexagonal duct, i.e.
0=60°, were given by Turgut and Sari [22] for the
Reynolds number range 11x10%<Re<52x10° using
standard k-¢ turbulence model, respectively, as:

Nugq =0.034Re %47 (23)

frg =0.421Re 0277 (24)

To compare the present results with the literature results,
fully developed Nusselt number and Darcy friction factor
values of present study and the results of Turgut and Sari
[22] are shown in Fig. 7a and 7b, respectively, for a
regular hexagonal duct. Results show that the maximum
difference between present results and the results of
Turgut and Sari [22] for Nusselt number and Darcy
friction factor are 2.9% and, 1.9%, respectively. That is,
present results are in good agreement with the results of
Turgut and Sari [22].

by

100

20— : : : ,
10x10°  20x10° 30x10° 40x10° S0x10° GOX10F
Re

Figure 6. Fully developed heat transfer coefficient (a) and Nusselt number (b) at different side angles
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Figure 7. Comparison of present study results with literature (a) Nusselt number and (b) Darcy friction factor

To compare the present results with the literature results
obtained from correlations derived for circular cross-
sectional channels employing hydraulic diameter, the
correlations at turbulent fully developed conditions for
Nusselt number and Darcy friction factor expressions at
fully developed flow are given in Table 4.

In order to see whether the correlations given for circular
ducts in turbulent flow can be used for hexagonal cross-
sectional ducts or not, fully developed Darcy friction
factors obtained from Petukhov (Eq. (25)), Blasius (Eq.
(26)) and Karman-Nikuradse (Eqg. (27)) are plotted in
Fig. 8a in terms of Reynolds number using hydraulic
diameter of hexagonal cross-sectional channel. The
results obtained from general equation Eqg. (21) is also
plotted in Fig. 8a. Results show that correlations

obtained for turbulent flow in circular ducts can be used
within 5% to obtain Darcy friction factor for a hexagonal
cross-sectional duct using hydraulic diameter.

Likewise, fully developed Nusselt number values
obtained from Colburn equation (Eg. (28)), Gnielinski
equation (Eq. (29)) and Petukhov equation (Eq. (30)) are
indicated in Fig. 8b in terms of Reynolds number using
hydraulic diameter. Nusselt number values evaluated
from general equation obtained for hexagonal cross-
sectional channel, i.e. Eq. (22), are also sketched in Fig.
8b. As will be seen in Fig. 8b, correlations for circular
ducts give the Nusselt number values within 14%. In
addition, it is seen that Gnielinski correlation, i.e.
Eq.(29), gives the Nusselt number within 5%.

Table 4. Expressions for Nusselt number and Darcy friction factor in a circular duct at fully developed turbulent fluid flow

frq = (0.790In Re—1.64) 2

Petukhov (25)

frg =0.316Re 0%

Blasius (26)

1/c;05 =4|og(Re cf°-5)—0.4

Karman-Nikuradse | (27)

Nugq =0.023 Re0-8 Pr1/3 Colburn (28)
_ (f/8)(Re—1000)Pr Gnielinski (29)

1+127(/8)%5 [pr?3-1)
(f/8)RePr Petukhov (30)

Nufg =
1.07+127(7/8)5 [pr?/3-1]
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Figure 8. Comparison of Darcy friction factor (a) and Nusselt number (b)

General expressions in terms of Re and 0 for fully
developed Darcy friction factor and Nusselt number are
obtained, respectively, as

0.2911 (180 0.01028
91001108
Nugq = 0.03395 Re¥-7414 (@J (32)

Eq. (31) represents the numerical values studied between
—6.0% and +0.2%, and Eq. (32) represents between —
10.8% and +4.5%. In Egs. (31) and (32), the angle 6 is
in degrees. Egs. (31) and (32) are valid for 30°<6<90°
and 10x103<Re<50x10%.

@ goas
0082
0080
0028

= 0026 |
0024
0022
0020
0018

—v— ffd:O.4824R60'2924

—o— Eq.(20)
—s— Eq.(31)

6=00°

10x10° 20x10° 30x10° 40x10° SO0x10° 6OXL0F
Re

To compare the general correlation results for Darcy
friction factor, i.e. Egs. (21) and (31), and Nusselt number,
i.e. Egs. (22) and (32), with the actual hexagonal duct
results obtained from Tables 2 and 3, Darcy friction factor
and Nusselt number results are plotted in Fig. 9a and 9b,
respectively, for 6=60°. It is seen that the results of general
correlation of Darcy friction factor in the form of aRe®,
Eg. (21), deviates maximum -4.7% from actual hexagonal
duct results. This deviation is -6.2% when the general
correlation involves 0 (please see Eq. (31)).

Similarly, it is concluded that the results of general
correlation of Nusselt number in the form of cRe?, Eq.
(22), deviates maximum -3.5% from actual hexagonal
duct results. This deviation is -3.1% when the general
correlation involves 0 (please see Eqg. (32)).

By,
—x— Nufd:0.0365Re°'7374
0] * @
s K ()
80
o
-
Z
60
40 4
0=60°
20 x : ; . x
10108 20108 30x10° 40x10° 50x10° GOX1CF
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Figure 9. Comparison of general correlations with actual hexagonal duct for Darcy friction factor (a) and Nusselt number (b)
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4. CONCLUSION

In this present study, the characteristics of turbulent heat
transfer and fluid flow in hexagonal-shaped cross-
sectional duct are numerically studied at constant wall
temperature thermal boundary condition to see whether
the fully developed turbulent flow correlations derived
for circular ducts can be used for hexagonal cross-
sectional ducts using hydraulic diameter. Reynolds
number and side angle of the duct are the investigated
parameters. Reynolds number changes between 10* and
5x10* Side angle of the hexagonal duct is varied from
30° and 90° with an incremental of 15°. Numerical study
is implemented employing ANSYS Fluent 17.0 software
program. The standard k-¢ turbulence model is selected
for numerical investigation. Based on the results of this
numerical investigation for 10x103<Re<50x10° and
30°<0<90°, general correlations in terms of Reynolds
number and side angle 6 are obtained for Nusselt number
within —10.8% and +4.5% and Darcy friction factor
within —6.0% and +0.2%. In order to see whether the
correlations obtained for circular cross-sectional ducts
can be used or not for hexagonal-shaped cross-sectional
ducts using hydraulic diameter, comparison of the
conclusions of present study are performed with the
results of literature for circular cross-sectional channels.
Results show that using the correlations of circular ducts
for hexagonal ducts using hydraulic diameter may be 5%
and 14% higher than that of actual hexagonal cross-
sectional channels for Nusselt number and Darcy friction
factor, respectively. It is found that Nusselt number
enhances with rising Reynolds number. However,
friction factor reduces with enhancing Reynolds number.
Minimum pressure drop and maximum Nusselt number
in hexagonal-shaped cross-sectional duct are obtained for
regular hexagonal duct, 6=60°.

NOMENCLATURE

a-d Correlation coefficients, -

As Heat transfer surface area, m?

Ct Fanning friction factor, -

Cp Specific heat, J’kgt-K?

Dn Hydraulic diameter, m

f Darcy friction coefficient, -

h Heat transfer coefficient, W-m2-K!
k Thermal conductivity of air, W-m.K
k Turbulence kinetic energy, m2s?

L Duct length, m

m Mass flow rate of air, kg's™

Nu Nusselt number, -

P Pressure, Pa

AP Pressure drop, Pa

Pr Prandtl number, -

Re Reynolds number, -

q" Heat flux, W-m

T Temperature, K

Ui i-direction velocity component, m-s

uj j-direction velocity component, m-s™
U Average velocity, m-s?

Xi Coordinate in the i-direction, m

Xj Coordinate in the j-direction, m

y* Dimensionless distance to the wall, -
Sij Kronecter delta, -

€ Turbulence dissipation rate, m?-s3

u Dynamic viscosity of air, kg'm™-s?
0 Side angle, ©

p Density of air, kg'm™

T Shear stress, N-m?2

Subscripts

b bulk

fd fully developed

i inlet

0 outlet

X local

w wall
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