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The article represents an experimental investigation on friction and turbulent flow
characteristics of free airflow through a rectangular duct fitted with semicircular
ribs of uniform height (e = 3.5 mm) on one principle wall. The aspect ratio of the
rectangular duct was AR= 5 where the duct height was 30 mm. Four different rib
pitches of 28 mm, 35 mm, 42 mm, and 49 mm were examined with constant rib
height to hydraulic diameter ratio (e/Dh = 0.07) and constant rib height to channel
height ratio (e/H = 0.116). The experimental results show some significant effects
of pressure drop as well as turbulent characteristics at various configurations
among different numbers of rib arrangements varying Reynolds number in the
range of 15000 to 30000. Experimental results have been compared with numerical
analysis and it can be seen a good agreement. The result explains the phenomena
elaborately between two periodic ribs and enables to optimize the rib pitch ratio in
terms of turbulence kinetic energy for maximum heat transfer.
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Introduction

Periodic ribs are often employed in design of heat exchangers. Artificial roughness in
the form of repeated ribs is considered as efficient method of augmentative heat transfer in a
duct with fully developed fluid flow. Roughness with wire form and different shapes of ribs has
been recommended by many researchers to enhance heat transfer in channel flow. The periodi-
cally arranged ribs in the channel interrupt hydrodynamic and thermal boundary layers. The
flow around the ribs creates more vortices, circulations which enable to enhance thermal effi-
ciency. The use of ribs not only works as a heat transfer enhancement rig but also creates huge
pressure drop. The flow field depends on rib geometry and the rib arrangement inside the chan-
nel. Generally the rib angle, rib cross-section, rib height to channel height ratio and rib pitch in-
fluence in a great scale to the channel flow characteristics. That is why the optimization of rib
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shape and angle, rib pitch to rib height ratio and flow around rib geometry are essential parame-
ters to get maximum efficiency from rib roughened heat exchanger.

This article focuses on pressure drop and turbulence characteristics to explain the phe-
nomena occurred around semicircular ribs fitted in a rectangular channel as well as to optimize
the rib pitch to rib height ratio in terms of turbulent kinetic energy. Several researches and in-
spections exist on pressure drop and heat transfer about rib roughened channel and still being
developed the concept of different type roughness application to enhance heat transfer. The ef-
fect of rib pitch to height variation in a tube was first introduced by Webb ez a/. [1] and the result
was formulated into a correlation. Most early researchers studied limited number of rib rough-
ness configurations where the field demands to study more about optimal rib configurations for
higher performance. Hanjalic and Launder [2] carried out detailed experiment of fully devel-
oped asymmetric flow in a plane channel. One of the surfaces was roughened by square silver
steel ribs with a pitch to height ratio 10. Tanda [3] shows that 90° transverse ribs provided the
lowest thermal performance and 60° parallel broken rib or 60° V-shaped broken ribs yielded a
higher heat transfer augmentation than 45° parallel broken ribs. Han and Zhang [4] also found
that 60° broken “V” ribs provide higher heat transfer at about 4.5 times than the smooth channel
and the channel fabricated with continuous ribs. Chandra ef al. [5] carried out measurements on
heat transfer and pressure loss behaviors in a square channel with continuous rib fabricated on
all four walls. They found the heat transfer augmentation increases with multiplying the number
of ribbed wall. Huh et al. [6] shows the effect of rib spacing into the channel with 1:4 aspect ra-
tio, where the rib pitch to rib height ratio were P/e =2.5, 5, and 10 with a constant blockage ratio
of e/D,=0.078. Mushatet [ 7] studied about the effect of a step height, the number of ribs and the
rib thickness on the flow and they also analyzed thermal field of the system. The study shows
that P/e = 10 provides the best heat transfer performance. Hwang [8] reported that turbulent flow
and convection heat transfer coefficients on variation of the radial component of hydrodynamic
turbulence were dependent on rib size. Wilcox [9] applied k-o turbulence model that considered
the effect of surface roughness by changing only the surface boundary conditions from smooth
to rough. The shear stress transport (SST) k-e turbulence model presented by Menter [10] is a
two-equation eddy-viscosity model. The SST formulation combines the better of two worlds.
The use of a k-w formulation in the inner parts of the boundary layer makes the model directly
usable all the way down to the wall through the viscous sub-layer, hence the SST k- model can
be used as a Low-Re turbulence model without any extra damping functions. Another numerical
approach introduced by Durbin [11] for alternative eddy viscosity formulation, the v2-f turbu-
lence model uses an imaginary turbulent normal stress component, v'2. This imaginary stress
component is always normal to the closest wall and represents the turbulent velocity scale.
Baki¢ et al. [12] investigated turbulent structures of flow around a sphere. The results of la-
ser-Doppler measurements are compared with results obtained by large eddy simulation. In this
paper also flow visualization around sphere has been done in the bigger wind tunnel and water
channel for Reynolds numbers between 22,000 and 400,000.

In this article pressure drop and turbulent flow phenomena has been described elabo-
rately and in much more comprehensive way around semicircular ribs. Experimental results are
presented using four different rib configurations into turbulent channel flow under 15,000 to
30,000 Reynolds number. The principle aim of the experiment is to analyze the effect of semi-
circular ribs on friction and describe the flow characteristics as well as optimize rib pitch to rib
height ratio for maximum turbulence kinetic energy recorded between two ribs. Two different
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turbulence models have been chosen because of their good capability especially for near wall
treatment to make the study significant and comprehensive.

Experiment

The schematic diagram of the experimental apparatus is presented in fig. 1, where the
details of the rib arrangement mounted on one principle wall of the rectangular duct is displayed.
The measurement system of working fluid characteristics is also described.
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Figure 1. Schematic diagram of experimental set-up
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Figure 2. Small segment of ribbed test section with pressure taps

Experimental set-up

The rectangular duct is directly connected to a 0.5 kW low pressure blower. The chan-
nel geometry is characterized by the channel height (H) of 30 mm and 2500 mm axial length in-
cluding 900 mm test section with the channel width of 150 mm. The ribbed wall is copper plate
of 5 mm thickness on which several rib pitches of 28 mm and 35 mm, 42 mm, and 49 mm are
used to find the best configuration. The uniform rib height (e) and rib thickness (s) are 3.5 mm
and 7 mm, respectively. Air is tested fluid and the operating speed of the blower was varied by
using a regulator to provide desired air velocity. Orifice meter is connected to the end off chan-
nel to measure the flow rate. Flow rate is calculated by measuring pressure differential between
upstream and downstream of orifice. The diameter of orifice is 52.5 mm where the circular pipe
holding orifice is used having same cross-sectional area of rectangular channel. Two static pres-
sure taps are located at the bottom principle wall of channel to measure axial pressure drop
across the test section to evaluate friction factor. One of pressure tap is 45 mm upstream from the
leading edge of the test section and another is 45 mm downstream from the edge of test section.
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Digital manometer is used for recording static pressure magnitude and hot wire anemometer is
used to demonstrate near wall turbulence between two ribs.

Pressure drop measurement

The pressure drop investigation is performed at normal atmospheric condition. Static
pressure taps are equipped at eighty one locations over all along the test section (shown in fig. 2)
to measure adverse pressure gradient occurred by artificial roughness. Each of pressure tape is
11.25 mm apart from another along the centre of the channel having diameter of 1 mm. Short
copper tubes were used in every pressure taps and glued with plastic rubber tubes which is con-
nected to digital manometer to provide cross sectional average value of static pressure. During
the data recording through one of those pressure taps, the others were kept closed using glue
tape. In this way the whole 900 mm length of test sections static pressure were taken using digi-
tal micro manometer for both smooth and rib roughened surface. The difference of static pres-
sure between two ribs shows the pressure gradient at different pitch ratio. Total pressure drop
across entire test section is also demonstrated from two other pressure taps equipped at the inlet
and outlet of test section.

Turbulence test

Specific location of approximately 29 < X/D, < 32 has been selected from the inlet of
the duct to get the aerodynamic characteristics at various Reynolds numbers between two ribs.
Straight I-type probe has been calibrated and used carefully to get the stream wise flow charac-
teristics. FFT analysis of the hot wire signal shows that 512 samples per second can capture the
high amplitude fluctuations in the flow around the ribs. Only one direction velocity fluctuation
has been taken using I-type probe. In the direction of main stream, data has been taken between
two ribs in a distance of 5 mm apart. But vertically data was taken from very near to bottom wall
gradually step by step by the help of height gauge connected with hot wire anemometer stand,
for 1*t 1 mm from bottom wall was measured as 0.1 mm apart, 2" 1 mm was taken as 0.2 mm
apart, 3" I mm was as 0.5 mm apart, in this way the 30 mm channel height data was taken very
carefully using I-type probe with the help of digital height gauge. Turbulence kinetic energy has
been measured only for axial direction (#) of velocity. For every single position between two
ribs the mean velocity with time has been recorded. The fluctuation velocity along u component
has been recorded as RMS value and finally turbulent intensity is derived by dividing RMS
value by mean value. The average turbulent kinetic energy between two ribs are calculated us-
ing the data recorded moving the straight I-type probe in both of X- and Y-direction into the
channel.

Bulk velocity (v,) has been taken as arithmetic average velocity measured in both of
axial and vertical direction at equally spaced by hot wire anemometer with the help of I-type
probe over 29 < X/ D, <32 portion of test section. Specially fabricated the upper plate segment
of rectangular channel was equally perforated exactly 1 cm apart and could be glided along
stream wise direction by exchanging the position with another plate over the test section. By
changing the position of plate one after another with small part perforated plate the whole test
section has been measured for getting bulk velocity. While measuring velocity through a single
hole the other holes were sealed perfectly from inside to out to be ensured that there is no leak-
age. After measuring bulk velocity this special setting has been removed and a single smooth
part upper plate has been used for other measurement process to overcome unusual friction ef-
fect.
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Numerical model

The ability to predict the characteristics of turbulent flow and heat transfer in a rectan-
gular duct with artificial roughness ribs is investigated. Commercial computational fluid dy-
namics (CFD) software, FLUENT 6.3.26, was used to solve the equations.

SST k- model

The SST k- model combines the advantages of the k- and k-¢ turbulence models.
The k- model is well-suited for prediction in the vicinity of the wall, while the k- £ model is for
the remaining area near the boundary region. The SST k- model is known to be fairly effective
for better prediction of adverse pressure gradient and flow separation. The SST k- model has
been designed to promote turbulence in the congestion zone of fluid flow.

In general, the role of turbulence models is to determine the turbulent viscosity cor-
rectly. The SST & - w model can modify turbulent viscosity, calculating the impact of enhanced
shear stress within the boundary layer resulting from continuing fluctuation of turbulent kinetic
energy. This modification of turbulent viscosity improves the prediction of adverse pressure
gradient and flow separation.

v2 -f model

The v2-fmodel is also a two-equation turbulence model similar to the standard k-¢ tur-
bulence model. The standard k-¢ turbulence model is Reynolds stress approximate to the eddy
viscosity model. Eddy viscosity is represented by k and , and is based on “v, oc (turbulent veloc-
ity scale x turbulent length scale)”. Kinetic eddy viscosity v, is calculated using a turbulent ve-
locity scale (appearing from turbulent energy k) and turbulence length scale (appearing from
specific dissipation rate € of turbulent energy). But the k-¢ turbulence model needs to use the
wall function near the wall, which may result in inaccurate calculations, so the Low-Reynolds
number k-¢ model introduces an experiential damping function near the wall area that can calcu-
late the viscous sub-layer region. However, the v2-f model suggested by Durbin [11] uses an
imaginary turbulent normal stress component, v'? instead of turbulent kinetic energy, k. This
imaginary stress component is always normal to the closest wall and represents the turbulent ve-
locity scale.

The transport equation for the normal-to-wall fluctuation velocity can be derived from
the Reynolds stress equation with a linear pressure strain model and by simplifying the bound-
ary layer. Because the pressure in a fluid flow is elliptic in nature, the correlation of fluctuating
pressure and velocity gradient are also elliptic. The wall reflection (redistribution of normal
stresses near the wall) is considered by means of elliptic relaxation.

Boundary condition and grid generation

Commercial CFD software, FLUENT 6.3.26, was used to solve the equations. The in-
let and outlet boundary condition were set as mass flow rate using periodic condition. The mass
flow obtained by experimental orifice meter are 0.031863 kg/s, 0.035731 kg/s, and 0.038973
kg/s which are converted into a 2-D flow rate 0.18763 kg/s, 0.21042 kg/s, and 0.22951 kg/s for
numerical analysis. Main stream temperature is set 300 K.

The grid for the computations were consisted the number of 35,000-70,000 computa-
tional cells. Non-uniform structured grids are generated by Gambit shown in fig. 3 where the
grids near the walls are fine enough. An exponential function was used to concentrate the fine
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mesh near the wall and rib surfaces to reserve the
high-velocity gradients near the walls. The first grid
point from the wall was carefully adjusted to be lo-
cated in the linear region to ensure that non-dimen-
sional wall distance y* was less than 1.0 [13].

The criterion for the convergence of the numeri-
cal solution was based on the normalized residuals of
the equations which were summed for all cells in the
computational domain. The solutions were regarded
as converged when these normalized residuals were
less than 107 for all flow variables and 10~ for the
energy equation.

. . . In this study, to maintain better accuracy second
Figure 3. Numerical grid of the - . .
computational domain between two ribs orde.r upwmd difference scheme was applied thoggh
for Ple =8 upwind difference scheme is used a lot as convection

schemes difference. SIMPLE (semi-implicit method
for pressure-linked equation) algorithm was used to link to velocity and pressure terms. In this
treatment continuity equation is applied to find the correlation equations of pressure correction
in the pressure field. The pressure and velocity can be obtained by solving the correlation equa-
tion in control volume.

Data reduction

Reynolds number is an independent parameter to optimize pitch ratio and comparing
results with other characteristics. The Reynolds number (Re) based on the channel hydraulic di-
ameter and bulk velocity is defined as:
_ oDy _ PVeDy
v H
The dimensionless pressure drop characteristics are obtained by using Darcy-
-Weisbach equation which can be expressed by:

Re (M

2 AP

f== 2
L opry
Dh

The range of Reynolds number conducted by the experiment is from 10,000 to 25,000.
For the validation of smooth surface in this range for turbulent and fully developed flow Blasius
correlation can be used found in open literature [14] as mentioned in eq. (3):

£, =0316Re~925 (Re < 20,000)

3)
fo =0184Re "2 (Re > 20,000)
Turbulence kinetic energy has been measured only for ¥ component of velocity.
Mean velocity (U,,.,,) is defined by:
N
2 u(r)
Umean = = (4)

N
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where N is the total number of data recorded in a period of time (i =1, 2, 3, ... N)

Fluctuation velocity (U,,,,) or rms value of # component is expressed in:

N
— Z[U mean u(t)]2
U =VU~ =12 5)
N
Turbulent intensity (/) is:
7= Y 09 (©)

mean
The kinetic energy of turbulence is the energy associated with turbulent eddies in a
fluid flow. It can be defined as following equation for u velocity direction k=U 2 /2, for u com-
ponent only.
Average turbulent kinetic energy is calculated by using:

k=11 (7)

where 7 is the number of data taken from j number of position between two ribs to calculate av-
erage turbulent kinetic energy.
Average Nusselt number is defined as:

hD,

Nu = (8)
where £ is the convective heat transfer coefficient and K — the thermal conductivity of working
fluid.

The enhancement factor (77) can be defined as a ratio of the heat transfer coefficient of
an augmented surface to that of a smooth surface:

_h_ Nu

7 hy, Nu,

The estimation of experimental accuracy has been calculated following the method of

uncertainty described by Kline and McClintock [15]. Digital manometer (Dwyer-Series 477)

having tolerance +0.5% at 16.6 °C to 27.6 °C has been used for static and differential pressure

measurement. Calibration of I-type probe was done several times and it has been observed at

low velocity the voltage fluctuation was little bit more comparing higher air velocity dragged by

compressor. It has been found that the pressure fluctuation at a single point was £2 Pa for re-

peated experiment where that of velocity was £0.4 m/s. The overall uncertainty in friction factor
and Reynolds number were £8.54% and +5.46%, respectively.

)

Result and discussion

Variation of dimensionless pressure drop with Reynolds number has been shown in
fig. 4 in terms of friction factor. In this figure, the friction factor of smooth channel has been
compared with Blasius correlation shown in eq. (3). The result from experiment shows good
agreement with correlation with maximum deviation of £8%. The axial pressure drop is affected
by different rib pitch under turbulent flow. The channel encounters much pressure drop at lower
rib pitch to rib height ratio. Friction factor reduces with increasing Reynolds number as well as
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Figure 4. Friction factor for smooth and rib Figure 5. Static pressure of experimental data
roughened surface over test section for P/e = 8 at Re 24,200

with the rise of rib pitch to rib height ratio. It happens because channel contains more periodic
rib at lower P/e ratio than fabricated by higher P/e ratio. So additional periodic ribs occur more
flow resistance and reverse flow in the channel. The dissipation and reattachment of flow occurs
between two ribs repeatedly which leads more friction loss and facilitates to enhance heat trans-
fer.

The magnitude of adverse pressure gradient (fig. 5) has been acquired experimentally
between two ribs by taking static pressure near the wall over whole test section. Adverse pres-
sure gradient occurs when static pressure increases in the direction of flow. The reason of ad-
verse pressure gradient is flow blockage by periodic ribs and it depends upon type of surface
roughness. Rib height and rib pitch greatly affects pressure gradient. Reverse flow may occur
because of high pressure gradient that makes flow separation. Experimentally evaluated pres-
sure gradient value is 9.89 Pa for P/e = 8 at Reynolds number 24,200. The pressure drop in every
single stage does not depend upon axial distance; the magnitude of pressure drop between two
ribs is almost equal all along the test section for a specific Reynolds number.

The experimental pressure gradient value (shown in fig. 5) can be compared with nu-
merical pressure gradient shown in fig. 6 where v2-fmodel is found very close to the value ob-
tained from experiment. It has been noticed that

12
- (U pressure drop across the length of 1 meter along
& iob o vt whole test section depends on the pressure
5 8.15Pa . . .
2 dropped at every single period of rib.
% 8 Figure 7 shows a mean velocity profile be-
s tween two ribs at P,/e = 1.86, P,/e =4.71, and
wagy P, /e =7.45 selected locations. The line probes
al / 557 Pa of velocity profiles were selected between two
— / ribs for P/e = 8, Re = 24,200 and mean velocity
2 was measured to create velocity profile by us-
ing a hot-wire anemometer. The velocity profile

resulting from CFD analysis was compared
with experimental results at the same position.
Figure 6. Static pressure predictions near the The v2-fmodel result is closer to that of the ex-

wall for P/e =8 at Re 24,200 perimental velocity profile.
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In fig. 8, SST k-® model shows the airflow

distribution around semicircular rib for Pe=8 77| * o

at Reynolds number 24200. There happens a %8 « Experiment
sudden expansion of fluid flow which makes a |

separation area at downstream the rib. After a 06| FwiBE
big separation occurred behind the rib, there |

creates re-attachment of flow just in front of the 0.4

next rib. The re-attachment and repeated circu- ,

lation of flow influenced by the main stream 02|

and impinges on the wall as a result there cre-
ates a second small vortex. The result shows
that the region “Y > 1.5¢” is not influenced by
the vortices or re-circulation zone.

Figure 9(a) shows line probes for measuring
stream wise fluctuation component which indi-

1.0 — 4 =

Figure 7. Mean velocity profile at various
cross-stations for semicircular rib with P/e =8
(for color image see journal web site)

cates the position Y/e =0.3 and 1.14. These two

positions have been chosen to know near wall turbulent characteristics between two ribs and ve-
locity fluctuation component at the flow separation zone. Stream wise fluctuation component
comparing different pitch ratio at aforementioned position is displayed in fig. 9(b). At Y/e=0.30
position, the fluctuation just after the rib gets pick, then gradually decreases until the middle of
rib pitch and finally it again gets another pick just before the ribs. It happens periodically for all
different rib pitch to rib height ratio (P/e =8, 10, and 12). The position Y/e = 0.30 shows maxi-
mum fluctuation about 70% to 80% in the zone of re-circulation. So the fluctuation decay rate is
independent of pitch ratio and it is amplified in second separation zone created just in front of
the rib. But the rib height region at Y/e = 1.14 shows comparatively less fluctuation than near
wall because the zone influenced by main stream does not get disturbed badly by flow separa-
tion. But more forwarding through this line increases turbulent intensity and again the intensity
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Figure 8. Velocity vectors (SST k-o model)
between two ribs with P/e =8
(for color image see journal web site)

Figure 9. Steam wise turbulent intensity at Re
24,200; (a) line probes for measuring steam
wise fluctuation component, (b) steam wise
fluctuation component comparing different P/e
ratio at ¥/e = 0.30, 1.14, and 4.30
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Figure 10. Comparison of vertically turbulent region. The figure shows two different patterns
intensity between rib downstream and rib Of measurement between downstream and up-
upstream stream of the rib. Just behind the rib a large
scale of measurement values having congestion
together at high turbulence intensity (70% to 80%) until reaching the rib height position. It hap-
pens because of large scale re-circulation and flow separation. Sometimes large adverse pres-
sure gradient causes back flow that leads the zone to more disorder flow. On the other hand after
a big separation the flow impinges on the wall just before the rib and gets influenced by main
stream though there creates a high pressure zone with little re-circulation. This primary part of
re-circulation zone shows more regular measurement value comparing secondary re-circulation
zone. So it is comprehensive to differentiate the performance of flow separation zone and re-at-
tachment zone from this graph.

From fig. 11, it is obvious that P/e = 10 shows higher turbulent kinetic energy because
the highest average turbulent intensity is derived from P/e = 10. The total average turbulent inten-
sity depends upon the total area percentage captured by re-circulation and re-attachment zone be-
tween two ribs. The rib pitch to rib height ratio can be optimized by the total average turbulent ki-
netic energy produced by re-circulation and re-attachment zone between two ribs. Thermal
enhancement has been numerically investigated and compared with experimental turbulent ki-

netic energy. The maximum thermal enhance-
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Figure 11. Left side — thermal enhancement drop E.mq aerodynamlc analy51ls. .

calcualted from numerical analysis vs. P/e; Friction factor is greatly influenced by rib
right side — average turbulent kinetic energy pitch to rib height ratio where with increasing
calculated from experiment vs. P/e the number of P/e ratio decreases additional
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pressure loss at the same Reynolds number. Adverse pressure gradient due to surface friction
around semicircular rib is well predicted by v2-f model, when compared with the experimental
results. The pressure drop in every single stage does not depend upon axial distance; the magni-
tude of pressure drop between two ribs is almost equal all along the test section for a specific
Reynolds number.

Turbulence phenomena at downstream and upstream of the rib are deferent in area of
re-circulation and pressure difference. The re-circulation area in flow separation zone (second-
ary circulation) is larger than the re-attachment zone (primary vortex zone).

Stream wise velocity fluctuation gives higher value at re-circulation zone near bottom
wall which is significant for heat transfer. The total average turbulent intensity depends upon the
total area percentage captured by re-circulation and re-attachment zone between two ribs.

Overall pressure drop and turbulent intensity are two major factors influencing the
heat transfer. P/e = 10 is found as optimal rib pitch to height ratio and described in terms of ex-
perimental turbulence kinetic energy and heat transfer enhancement. The heat transfer enhance-
ment is dominated by total turbulent transport.
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Nomenclature

AR — aspect ratio of rectangular channel P/e  — rib pitch to rib height ratio

D, — hydraulic diameter of duct, [mm] AP — pressure drop, [Pa]

e — rib height, [mm] Re — Reynolds number [(V,Dy/v)]

f — friction factor N — rib height, [m]

H — channel height, [mm)] t — time, [s]

h — convective heat transfer coefficient u(t)  — instantaneous velocity, [ms ']

1 — turbulent intensity, [%] Upean — mean velocity, [ms™']

K — thermal conductivity of working fluid, U.e — stream wise velocitPr fluctuation, [mm]|
[Wm 'K Vi — bulk velocity, [ms™]

k — turbulent kinetic energy, [m”s ] X — axial distance into channel, [m]

4 — average turbulent kinetic energy, [m?s ] Greek bol

L — length of calculation domain, [mm] reer Symoots

Nu — Nusselt number for rib roughened surface U — dynamic viscosity, [kgm™'s™]

Nu, — Nusselt number for smooth surface v — kinematic Viscositzy, [m%s™]

P — rib pitch, [mm] P — air density, [kgm ]

P, — axial distance between two ribs, [mm]
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