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1. Introduction

Many studies therefore have been carried out
for the heat fransfer in ribbed channels and
varions fypes of ribs have been fested. A
standard full-span attached
perpendicularly to the flow direction has heen the
first target and its friction and heat transfer
Further
studies were made for other cases of atfaching
oblique ribs and V-shaped ribs fo the channel
wall.
in the channel and enhances the fluid mixing

case of ribs

characteristics have heen reportedlj)‘

In these cases, secondary flow is incurred

between the near wall and core regions in the
channel, eventually resulting in the enhancement
of local heat transfer at the channel walls® ®

evaluation of heat loads in the
components of a gas—turbine engine is a key

Accurate

factor in the development of new and efficient
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engines. Common design  fechnigues utilize
experimental correlations to quickly estimate the
' These methods do not

reveal the underlying mechanism of turbulence

heat fransfer coefficients®

and heat fransfer for the device in question.
They often are inaccurate. Owing to advances in
available computer resources, an elaborate numerical
technigues, based on the solution of the full 3D
Reynolds averaged Navier-Stokes (RANS) equa-
tions, are now being used to shed light on the
flow phenomena and fo provide guidelines to
In the RANS
equations  are

improve design methodology.
approach,  the Navier-Stokes
averaged and the Reynolds Stresses are computed
with a turbulence model. The present model is
chosen the ¥ - & two equation turbulence model.

In the present article,
three-dimensional numerical computation using a
package of CFX code

(version 50) and the experiment conducted for

some results of the

commercial — software
flow and thermal fields over two types of array
of ribs attached fo a channel wall are presented;
one 15 of one-sided rnbs and the other is of
two-opposite-sided ribs, where hoth arrays are
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attached in a position 45° inclined to the flow
direction. The discussion are given fo the effects
of three-dimensionality and unsteadiness of the
thermal fields for twofold purposes, one to test
the applicability of numerical study to the type of
flow under concern and another to provide the
prove

experimental data fo the numerical

prediction.
2. Mathematical Formulation

The governing equations used in the present
numerical study are the three-dimensional, time
continuity, momentiun and

dependent Eenergy

equations employing a twbulence model for
unsteady Navier-Stokes eguation in CFX code
{(version B). The cwrent research utilizes the
k—& two equation turbulence model by Jones
and Launder® for the

eddy viscosity

Reynolds sfress based
upon  the mntroduced in the
Boussinesq approximation”.

In general, turbulence models seek to modify
the original unsteady Navier-Stokes equations by
the infroduction of averaged and fluctuating
quantities to produce the
Navier-Stokes (RANS) eqguations. These equa-
tions represent the mean flow quantities only,
while modeling turbulence effects without a need
for the resolution of the turbulent fluctuations. A
velocity U may be

component, 1, and a time varying component, 1.

Reynolds Averaged

divided into an average

U=U+u (1)
The averaged component is given by,

—_ 1 f+At
U=47l v @
where Atis a time scale that is large relative fo
the turtbadent fluctuations, but small relative fo the
time scale to which the equations are solved.
Two-equation turbulence model is very widely
used, as it offers a good compromise hetween
numerical effort and computational accuracy. Both
the velocity and length scale are solved using

separate fransport eguations. Then the contimuty
and momentum equations are as follows.

Bp

EREA 3
ag;j+v.(pU®U)—v.(yqva)
= Vp' +V (uyvU J+ 3 (4)

Here, B is the sum of body forces, #« is the
effective viscosity accounting for turbulence, and
?'is the modified pressure given by

—p+ 2k
P =P 3 P (5)
The k- model is hased on the eddy
viscosity concept, so that
Mg = H + H, (6)
where #.is the eddy viscosity. The k-—&

model assumes that the turbulence viscosity is
linked to the turbulence kinetic energy and
dissipation via the vrelation. Therefore in the

standard k—& model the eddy wviscosity is
specified by
_ pC Lk :
e Z 7™ 7

and the system is closed, provided equations are
known for gand 5 The model proposed by Jones
and Launder™ provides approximate equations for
pand 3 such that the system is closed. The
values of p and 3 come directly from the
differential fransport equations for turhulence
kinetic energy and furbulence dissipation rate as
follows.

8t .

(#o2)ee]

CLa0E ) (3

2lek) o (pui)- v [[,u * ::’]Vk}* o (g

a(;: )+V-(pUs)= v

g
+ k_(cslpk -
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Here, to asswre results for flows in which no
wall

k—& model closure coefficients are utilized™.

inferaction is encountered, the standard

And the closure coefficients for the k—& are
also found by correlating with the experimental
results of different flow fields, including the far

wake, mixing layer and jetn)i

c, =0.0%

u

,Ca=18  C,,=19

T

And Fris the furbulence production due to
viscous and buovancy forces, which is modeled
by

P=u,vU (VU + vUT) (11)
The Reynolds-averaged energy eguation is
expressed by
api,, . _ — _ 8p
py + Vv (pUIm + pul AVT)— 2 (12)

in which A is thermal conductivity and et is
defined as the mean total enthalpy, which is

given in terms of the specific static enthalpy, 7,
by,

. .1
i =1+?U2 + i (13)

In addition to the mean flow kinetic energy, the
total enthalpy contains a confribution from the
turbulent kinetic energy, £, given by

1 : : :
k:?(u2+v2+w2) (14)

3. Experimental Apparatus and
Numerical Conditions

3.1 Experimental Apparatus and Procedure
Fig. 1 shows a schematic diagram of the test

apparatus. A 195W blower delivered laboratory air
through an 81.6mm diameter flexible tube at room

AED G

SLERNE L

termperature. The air then passed through an
orifice fo measure flow rates, thmough a long
straight square charmel with a hydraulic diameter
of Dy = 30 mm and length of £,= 900 mm, and
finally through the heated square fest channel
with Dy = 30 mom and length L = 1800 rmm. The
enfrance section was long enough fo ensure a
hydrodynamically fully developed flow just before
the heated test channel. The air was exhausted
into the aftmosphere at the end of the test
channel.

The test channel is shown in Fig. Z. It was
constriucted of four bh-mm-thick aluminum plates,
and it had a cross—section of 30x30 mm. The
alumimum plates were separated by 0.8-mm-thick
fiber to reduce the conduction heat loss and to
obtain an average heat transfer coefficient.
Square sharp-edged aluminum ribs with a height
of e = 2 mm (e/Dy = 0.067) and an equal spacing
of p = 16 mm {(p/e = &) were glued with silicone
adhesive onto the channel walls. As shown in
Fig. 3, the
inclination angle of 45°. The entire test section

ibs were positioned with an
was covered tightly with S0-mm-thick wood
insulation. The channel walls
individually with electric woven heaters that were
embedded and placed flat between the aluminum

and wood plates to ensure good thermal contact.

were heated

A fransformer confrolled the heaters indepen-
dently so that a constant heat flux thermal
boundary condition was creafted on
the channel walls.

Thermocouples embedded on the walls were
surface

termmperature at one downstream location in the

used to measure the rib spanwise
test section to examine the temperature unifor-
mity along the rib swface. The thermocouple
beads were carefully embedded into the wall and
then ground flat to ensure that they were flush
with the swface. Wall femperatures along the
axial direction of the fouwr channel walls were
meastwred using 40 copper constantan thermo-
couples. Five pressure taps were installed along
the axial cenferline of the walls fo determine the
pressure drop.

_2’7_
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Fig. 1 Schematic diagram of test apparatus

S0mm

30mm

D Rib type roughness (height: 2mm) & Fressure tap
@) Al plate (thickness: 5mm } {5 Gasket
3 Woven heater (Omega, USA) & Pine wood

Fig. 2 Details of the test section

..
(a) One 1ib arrangement (case A)

14
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(b) Two ribs arrangement (case B)

Fig. 3 Rib arrangements on the wall

The friction factor for a fully developed flow in
a square channel can be defined in terms of the
dimensionless channel length (normalized by the
hydraulic diameter, Dy), pressure drop, and air
velocity as follows!

J.= Ap L4(L /D) puy l2)] {15)

The average ribbed channel friction factor, f.,
is the weighted average of the four-sided smooth
channel friction factor, f,n, and the four-sided

ribbed channel friction factor, fz. If the total wall
area of the channel is C, the smooth wall area of
the channel is (i and the ribbed wall area of
the channel is &, then the average friction factor
for a ribbed channel can be expressed as follows:

Ja = T (Cp 1C)+ [, (C1C) (16)

The average ribbed channel friction factor was
normalized by the friction factor for a fully
developed furbulent flow in a smooth circular
channel {with the channel diameter replaced by
the hydraulic diameter of the square chanmel), as
proposed by Blasius in® for Re < 50,000

foa ! Fo = Fo /(0.079 Re "% (17)

The
from the net heat fransfer rate per unit surface

heat ftransfer coefficient was calculated

area exposed to the cooling air(g ), the wall

termperature  (T,), and the bulk mean air
terperature (7%,
h=QINAT, -T,)] (18)

where A is the total heat transfer area of the
smooth walls {(i.e, excluding the surface area of
the ribs). The heat transfer rate (2 ) was defined
as

Q.:?T';icp(sz_rbl) (19)

The Nusselt number was defined using the
area—averaged heat fransfer coefficient and the
hydraulic diameter Dy for the square channel,

Nu :hth'{A, (20)

The Nusself number Tfor fully
turbulent flow in a smooth channel has been
correlated by Sieder and Tate'.

developed

Mu =0.027 Re"*Pr'"(u/p )" 21

3.2 Numerical Conditions

Two configurations are considered in this
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research. The dimension of square channel with
one or two ribbed walls is shown in Fig. 2 (a)
and (b}, and all the length scales are normalized
by the width of channel D,(=30mm ). For the
hydrodynamic and heat transfer caleulation, the
compufational domains are set for 0 = /Dy = 25 .0
0<y/D,<10 0<z/D,<10 yespectively.
Grids used consist of about 490,000 (case A) and
BE0,000 (case B) hexahedral elements.

At an Initial condition, air flows with , U, = 4
m/s713 m/s, comresponding to Re =7,60072500
hased on 2sat the ambilent femperature of
25" ¢ . No-slip boundary conditions are employed
on the walls and ribs, and an outflow condition is
on the
start with a uniform velocity

imposed outer far field houndary.
Computations

u, (Ut /Dy =0)=(U;,0,0) atthe channel inlef.

4. ResuUlts and Discussion

The
channel were determined hefore performing fests
in channels with ribbed walls for a benchmarking
purpose. Fig. 4 shows the fully developed Nusself
numbers in a smooth channel at various Reynolds

heat transfer coefficients for a smooth

numbers. The empirical correlation by Sleder and
Tate™ is also plotted for a comparison. It is
evident from Fig. 4 that there
agreement hetween the existing correlation and

is  excellent

our results.
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Fig. 4 Comparison of the Nusselt numbers in a

smooth channel
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Fig. 5 Friction factor variation for different ribbed
wall conditions
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Fig. 6 Local Nusselt number distributions in a

channel with a ribbed bottom wall

Fig.
factors by obtaining from numerical and experi-

b shows the channel averaged friction

mental data for one and two of ribbed walls at
four Reynolds numbers ranging from 7,600 to
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24900. The empirical equation by Blasius for a
smooth  circular  tube” is  also inchuded for
comparison. The present results for a smooth
channel agreed well with the Blasius correlation to
within 25%. The results also showed that the
friction factor decreased with increasing Reynolds
number since the relative increase in the magnitude
of the fhuid velocity squared was greater than the
ncrease In the wall shear stress with increasing
Reynolds number.  The friction factor increased
with the number of ribbed walls. In particular,
when two walls contained ribs, the maximum

friction factor was nearly 3.6 times greater than the
friction factor in the smooth chammel, /. at Re =
24900. This was due to the greater flow resistance
additional ribbed wall,
leading to higher friction values.

6 and 9 show the Nusselt number

experienced  with  each

Figs.
distributions in square channels with ribbed walls
as a function of the dimensionless axial location,

/Dy for one and two walls with 45° inclined
ribs oriented as shown in Fig. 3. The exact rib
locations on the chamnel walls are shown in the
square boxes. The letters B and T represent the
bottom and top walls, respectively.

Fig. 6 compares the computed streamwise
Nusselt number distributions with the experimental
results for the test section with ribs only on the
bottom wall. Computed results are observed to
agree fairly well the experimental data.

In general, the Nusselt mumbers
monotonically  from  its meximum value at  the

decreased

beginning of test section with increasing axial
distance, eventually reaching a constant value at
L/ D, =36 where the flow was fully developed for
the given Reynolds number. The results also
showed that for all cases the local Nusselt numbers
on both the ribbed and smooth walls increased
with the Reynolds number. Hu and Shen' reported
similar results in their study of square channel
walls with 45" inclined discrete ribs.

Fig. 6 indicates that the Nusselt numbers on
the ribbed bottom walls, M » [B], were 1.8 to 3.8
times greater than the fully developed Nusselt

numbers on a smooth wall correlated by Sieder
and Tate™ for Reynolds numbers ranging from
7600 to 24900, However, the Nusselt numbers on
the ribbed side [B] were b3% greater than those
on the opposite smooth side [T], respectively. The
higher Nusselt numbers on the ribbed wall [B]
were due to the increased level of turbulence
generated by the ribs, which broke up the growth
of the thermal houndary layer.

Fig. 7 shows the conmpuied isothermal distribu-
tions in the charmel with 45° inclined ribs only on the
bottom wall &t */D» =10 and 23 The contours of
isothermal  distributions  at
strongly concentrated to the position lower than those

x/ D10 are more

at x/ D, =23 It is supposed that the homogeneous
flow at entrance is produced a turbulent flow at a
restricted region by the secondary flow farmed in the
neighbaurhood of the ribs at x / D, =10, however, the
turbulent flow is diffused to the whole region inside
the chammel at */ D, =23.

AR
E=ITT

El
#® v

(b) */Dx =23 (690 mm)

Fig. 7 Temperature contours at y-z cross section of
one-ribbed wall channel
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Fig. 8 shows the streamwise Nusselt number
distributions in the charmnel with ribs on two
opposite sides the wall. The Nusselt numbers on
the ribbed walls [T/B] were greater than those
on the smooth walls [L/R], consistent with the
behavior observed in Fig. 6.

The local Nusselt mumbers in the channel with
ribs on two opposite walls indicate the larger heat
transfer enhancement.

This additional heat transfer enhancement is
due to the larger increase in turbulence intensity
resulting from more active mixing of the flow
caused by the additional ribs.

800

B Exp. Num
mr % — — — — Re=7,600
I @ ———-— Re=13400
[ Re=19,100
600 A ——— Re=24,200
500
300
200 &
$ o &
100 * & o
D 1 1 1 1 1 1 1 1 1 1 1
a 10 20 30 40 50 &0

Axial distance, x/Dy

(a) Left and right side

- Exp. Num.
& ~— — — — Re=7,600
® ———— Re=13400
u Re=12,100
A ————— Re=24,900
A & ry F N
u u u
e o o 4
L J * L 2 L 4
0 . L L L . . . L L . L
o 10 20 30 40 a0 B0

Axial distance, x/D,
() Top and bottom side
Fig. 8 Local Nusselt number distributions in a
channel with two opposite ribbed walls

Fig. 9 represents the contours of computed
isothermal distributions in the channel with ribs
on two opposite walls at x/ D, =10 and 23. On
the contrary to Fig. 7, the isothermal distributions
is almost unchanged along the axial distance

8- ARE Y

between */ D, =10 and 23. It is supposed that a
turbulent flow is formed from the second flow
generated by two opposite ribbed walls.

Figs. 10 and 11 show the contours of computed
pressure distributions in the channels with ribs on
one and two walls at */ D, = 23 Fig. 11 shows
the diagonally concentrated isobaric distributions,
though Fig. 10 represents that the isobaric distribu-
tions are concentrated to the left hand side.
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(b) 4/, =23690mm)
Fig. 9 Temperature contours at y-z cross section of
two-opposite wall channel

Fig. 10 Pressure contours at y-z cross section of

one-ribbed wall channel
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two-ribbed wall channel

Fig. 11

These trends may be attributed to the fact that
the ribbed walls of the chamnel have the inclined
ribs of attack angle of 45° as shown in Fig. 3.

6. Conclusion

The effects of the nmumber of ribbed walls on
the distribution of the heat transfer coefficients
and friction factars in a square chammel were
numerically and experimentally  investigated for
Reynolds numbers ranging from 7,600 to 24,900
The following conclusions were drawn.

(1) In the channel with one ribbed wall, the
Nusselt numbers on the ribbed side [B] were
B3% greater than those on the opposite
smooth side.
the ribbed side [B] were due to the increased
level of turbulence intensity generated by the
ribs.

(2) The average friction factar increased with the

The friction factors
obtained with ribs on two-opposite walls was
nearly 3.6 times greater than those measured
i a smooth chammel at Re = 24900

(3) The contours of isothermal distributions at
x/D,=1( @re more strongly concentrated to

The higher Nusselt numbers on

mumber of ribbed walls.

the position lower than those at ,/p, =23 In
the channel with 45° inclined ribs only on the
bottom wall It is  supposed that the
homogeneous flow at entrance is produced a

turbulent flow at a restricted region by the
secondary flow formed in the neighbourhood
of the rbs at %/ D= 10
turbulent flow is diffused to the whole region
inside the chamnel at ,/p, = 23.

however, the
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