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Abstract The present paper reports a numerical investigation
of a forced convection water flow within a two-dimensional
ribbed channel. A uniform heat flux is applied on the external
walls. The flow regime is turbulent and Reynolds numbers are
in the range 10·103÷100·103. Square and chamfered rib shapes
with different arrangements are analyzed in terms of various
dimensionless heights and pitches of elements. The investiga-
tion is accomplished by using a CFD code and its aim consists
in finding of arrangements to obtain a high Performance
Evaluation Criterion (PEC). Results are presented in terms
of temperature and velocity fields, profiles of average
Nusselt number, average heat transfer coefficients and re-
quired pumping power. Heat transfer enhancement increases
with the ribs presence, but it is accompanied by an increasing
pumping power. In particular, the best performances in terms
of Nusselt are shown for p/e = 4 and 12 for both the square and
chamfered cases. The heat transfer improves as Reynolds
number raises, but a substantial increase of pumping power
is also observed. The utilization of chamfered ribs allows to
increase the PEC, especially at low Re. The maximum PEC is
equal to 1.3 and it is obtained for Re = 104 and p/e = 4.

Nomenclature
a thermal diffusivity, m2/s
cp specific heat, J/kg K
d diameter, m
e rib height, m
f friction coefficient Eq. (10)
H channel height, m
L length, m
k turbulent kinetic energy, m2/s2

Nu Nusselt number Eq. (9)
p rib pitch, m
P pressure, Pa
PEC performance evaluation criteria index Eq. (11)
PP pumping power, W
Pr Prandtl number
q heat flux, W/m2

Re Reynolds number Eq. (8)
s channel thickness, m
T temperature, K
T* dimensionless temperature, T* = T/Tbulk

u velocity component, m/s
W channel width, m
w rib width, m
x, y spatial coordinates, m
Greek symbols
δ Kronecher delta function
λ thermal conductivity, W/mK
μ dynamic viscosity, Pa s
ν kinematic viscosity, m2/s
ρ density, kg/m3

σ turbulent Prandtl number
τ wall shear stress, kg/m2

ω rate of dissipated turbulent kinetic energy
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Subscripts
a ambient
avg average
f fluid
in inlet section
m mass
out outlet section
s smooth
T turbulent
w wall

1 Introduction

The study of methodologies to enhance heat transfer repre-
sents a topic of relevant interest for many researchers engaged
in the study of heat exchange systems. This interest has been
emphasized in the last years due to the size reduction of com-
ponents and stricter temperature limitations of thermal
systems.

To this scope, different options are available. For example,
by installing fins it is possible to increase the heat transfer
area by achieving higher heat flows, or the heat exchange fluid
can be substituted with a more effective one in order to en-
hance the heat transfer, as might be the case of nanofluids [1].

Another ingenious way to increase the heat transfer coeffi-
cient is to install small ribs on the walls of a channel, so that
the mixing level of cooler and warmer fluids is increased. The
boundary layer near the walls is interrupted by the presence of
ribs (flow separation) and this avoid its development. As
known from basic heat transfer, the average value of heat
transfer coefficient in the development phase is higher than
that in the fully developed zone. Therefore, if the flow never
reaches the fully developed condition, a higher heat transfer
coefficient is detected.

It is to be mentioned that the enhancement of heat transfer
by flow separation and reattachment caused by ribs is signif-
icantly higher compared to that achieved by the increased heat
transfer area due to the fin effect of the ribs [2].

On the other hand, the installation of ribs introduces obsta-
cles to the flow, hence the friction factor increases as well as
the pumping power. For this reason, it is necessary to optimize
shape, dimensions and position of the ribs.

Rib-roughened walls are extensively applied for heat trans-
fer augmentation in different devices and have been largely
investigated by many researchers by developing both numer-
ical and experimental investigations.

Tanda [3] proposed an experimental investigation to deter-
mine the distribution of the heat transfer coefficient in chan-
nels with ribs turbulators. He tested rectangular, squared and
V-shaped ribs and determined the increase of heat transfer
coefficient with respect to smoothed channels. Likewise,

Promvonge and Thianpong [4] conducted experiments to as-
sess turbulent forced convection heat transfer and friction loss
behaviors for air flow through a constant heat flux channel
fitted with different shaped ribs. They considered triangular
(isosceles), wedge (right-triangular) and rectangular shapes
ribs. They concluded that the wedge ribs pointing downstream
offer the highest heat transfer performances, but also the larg-
est increase in friction factor. The same research group also
proposed an experimental analysis of the effects of com-
bined ribs and winglet type vortex generators on forced
convection heat transfer and friction loss behaviors for
turbulent airflow through a constant heat flux channel
[5]. They investigated different arrangements and detected
the most convenient solution.

When it is considered the utilization of ribs, there is the
necessity to understand which is the optimal configuration to
adopt. To this aim Kim and Kim [6] proposed a numerical
procedure to optimize the shape of a two-dimensional channel
with periodic ribs mounted on both the walls to enhance tur-
bulent heat transfer. According to their procedure, they obtain-
ed the optimal channel shape, pitch-to-rib height ratio and
distance between opposite ribs. By employing a similar ap-
proach, Kim et al. [7] obtained the best rib geometry based on
three design variables, namely rib height, rib width, and rib
pitch. Xie et al. [8] employed square cross-section ribbed
channels with different arrangements of downstream half-
size ribs to determine the most optimal configurations for aug-
menting heat transfer rates with minimized pressure drop pen-
alties. They numerically analyzed six ribbed channels and the
results revealed that the usage of downstream ribs is a suitable
way to decrease the pressure loss and improve the flow struc-
ture, while keeping comparable enhancement in heat transfer.

Other authors performed numerical simulations of ribbed
channels in order to understand which is the best approach to
follow. Viswanathan and Tafti [9] proposed a numerical inves-
tigation of a hydrodynamic and thermally developed turbulent
flow for a stationary duct with square ribs aligned normal to
the main flow direction. They tested different turbulence
models and concluded that the DES model represents the best
compromise in terms of results accuracy and simulation time.
Instead, Labbè [10] proposed the utilization of LES turbulence
model to simulate the thermal and velocity fields in a ribbed
channel. He attempted to simulate a small section of the chan-
nel with one rib cell and applied a periodic boundary condition
on the streamwise direction. The results resulted to be very
close to the experimental measurements. Similarly, Dritselis
[11] tested LES model to simulate velocity and temperature
fields within a ribbed channels. He analyzed different subgrid-
scale turbulence models and concluded that all the considered
models are able to reproduce the relevant physics associated
with ribbed channels.

Ribbed surfaces have been proposed in a number of appli-
cations when there is the necessity to increase the heat transfer
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rate. Tan et al. [12] utilized a ribbed surface impinged by air
jets and observed an increase of heat transfer rate in various
configurations up to 30%. Similarly, Caliskan and Baskaya
[13] performed an experimental investigation of impinging
jets investing surfaces with V-shaped and convergent-
divergent ribs. They detected an increase of the heat transfer
rate from 4% to 27% with respect to the smooth plate. Yadav
and Bhagoria [14], Karwa et al. [29] and Layek et al. [30],
applied trapezoidal shaped ribbed surfaces to increase the heat
transfer in a solar heater. They optimized roughness and flow
parameters of the solar air heater by considering a thermo-
hydraulic performance parameter based on constant pumping
power requirements.

The aim of the present paper is to propose a new shape for
ribs, namely a square rib with chamfered corner in the stream-
wise direction, in order to decrease pressure losses, while
maintaining substantially unchanged the heat transfer en-
hancement within a channel composed by two parallel plates.
To the best of authors’ knowledge it is the first time that such
kind of ribs have been proposed and analyzed in a wide range
of turbulent Re numbers. A numerical simulation is performed
by using the commercial CFD software Ansys-Fluent to ana-
lyze five different values of the distance among the ribs and
Re number ranging from 10·103 up to 100·103.

The detailed characteristics in terms of velocity and tem-
perature fields, as well as the Performance Evaluation
Criterion (PEC) are analyzed and discussed in order to under-
stand the possible benefits deriving by chamfering the corner
in the flow direction.

2 Model

2.1 Mathematical model

A computational fluid-dynamic analysis of a two-dimensional
channel model, as shown in Fig. 1, is considered in order to
evaluate its thermal and fluid-dynamic behaviors for different
Reynolds numbers and ribs pitch.

The channel is composed by two aluminum parallel plates
placed at a distance of 20 mm. The plates have a thickness of
3 mm, length of 250 mm and infinite width, with a constant
uniform heat flux applied on the external channel walls.
Different inlet velocities are considered in the range of turbu-
lent regime and the working fluid is water with constant
properties.

Five geometrical configurations are investigated: smooth
channel (Fig. 1a) and ribbed channel with pitch Bp^ 4, 8, 12
and 16 (Fig. 1b). The ribs shape are square and square with a
chamfered corner, with height Be^ andwidth Bw^ equal to 1mm.

A numerical analysis is developed by using the CFD solver
Ansys Fluent 14.0 in conjunction with Ansys ICEM CFD
Hexa Block meshing tool.

The governing equations of continuity, momentum and en-
ergy are solved for a turbulent flow in rectangular coordinates
under the hypotheses of steady-state, two-dimensional, in-
compressible, constant properties flow conditions with conju-
gate heat transfer, according to the following equations [28]:

Continuity:

∂ux
∂x

þ ∂uy
∂y

¼ 0 ð1Þ

Momentum:
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Energy:
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∂x

þ ∂ uyT
� �
∂y

¼ ∂
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ν
Pr
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PrT
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∂T
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The turbulence model adopted in this analysis is the Shear-
Stress Transport (SST) k-ω, reported below in the form orig-
inally developed by Menter [23] and implemented in Ansys
Fluent 14.0 in steady-state form:

∂
∂xi

ρkuið Þ ¼ ∂
∂x j

Γ k
∂k
∂x j

� �
þ ~Gk−Yk þ Sk ð5Þ

∂
∂xi

ρωkuið Þ ¼ ∂
∂x j

Γω
∂ω
∂x j

� �
þ Gω−Yω þ DωþSω ð6Þ

where Gk is the production of turbulence kinetic energy due to
mean velocity gradients, Gω represents the generation of ω,
Γkand Γωrespectively represent the effective diffusivity of k
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and ω due to the turbulence, Dω is the cross-diffusion term
and Sk and Sω are user-defined source terms (not implemented
in this case); for the calculations details see [24–26].

Moreover, a two dimensional conduction model is
employed in the heated walls and the equation for the
steady-state regime is:

∂
∂xi

λ
∂T
∂xi

� �
¼ 0 ð7Þ

The scheme adopted for interpolation is a second-order
upwind for all the discretized equations, namely the Green-
Gauss Node-based Gradients method. Finally, a coupled
pressure-based solver is utilized in order to obtain a faster
convergence with respect to the segregated SIMPLE/
SIMPLEC and PISO scheme [27].

The assigned boundary conditions, schematized in Fig. 2,
are the following:

– inlet section: uniform velocity, dependent on the consid-
ered Reynolds number, and temperature profile, set at
300 K;

– outlet section: pressure outlet conditions with relative
pressure set at 0 Pa;

– external wall surface: uniform surface heat flux, equal to
20 kW/m2 for all simulations.

On wall-fluid interface, a non-slip velocity condition and a
coupled heat transfer, with creation of the shadow surface for the
conjugate heat transfer problem calculations [27], are imposed.

The physical properties of the working fluid and solid walls
are determined at 300 K.

Calculations have been performed without any developed
velocity and temperature profile at the inlet of the channel,
because the particular geometry and the hypothesis of turbu-
lent flow, with the consequent formation of a quasi-flat input
profile, has no advantage in terms of convergence and do not
significantly improve the accuracy of the results. The flow
through the ribbed channel experienced anyway a develop-
ment phase.

2.2 Geometrical model and data reduction

The channel has square ribs on the walls (Fig. 1b-c) and, in
analogy with the analysis performed in [15], the roughness
parameters are determined by rib height (e), pitch (p), width
(w) and shape of turbulators. These parameters have been

Fig. 1 Schematic of the
geometrical conjugated thermal-
fluid model: (a) smooth channel,
(b) ribbed channel, (c) ribbed
channel detail and ribs shape. All
the dimensions are in mm

Fig. 2 Sketch of the boundary
conditions
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expressed as dimensionless roughness parameters: relative
pitch, p/e, relative height, e/d, and relative width, w/e.

In this work, only the shape of the turbulators and the pitch
was changed and all the calculations are conducted for
e/d = 0.05 and w/e = 1.

The considered dimensionless parameters are the Reynolds
number (eq. 8), the average Nusselt number (eq. 9), the fric-
tion factor (eq. 10) and the PEC index (eq. 11), expressed by
the following relations:

Re ¼ ρuinletdh
μ

ð8Þ

Nuav ¼ q
0 0dh

λ Tavg;wall−Tbulk

� � ð9Þ

where (Tavg ,wall−Tbulk) is the difference between the average
wall temperature and the average fluid bulk temperature.

f ¼ 2ΔP
dh
L

1

ρu2avg
ð10Þ

The PEC index is introduced in order to compare the ther-
mal performance with respect to the pressure drop [15, 28]:

PEC ¼ Nuavg=Nuavg;s
� �

f = f sð Þ1=3
ð11Þ

The two-dimensional channel, depicted in Fig. 1, has a
length, L, equal to 250 mm, the hydraulic diameter, dh, is
equal to 20.0 mm and the thickness of the wall, in aluminum,
is equal to 3 mm.

The range of dimensionless roughness parameters and
Reynolds numbers employed in this investigation are given
below:

– Reynolds number, Re, from 10·103 to 100·103;
– Relative roughness pitch (p/e) from 4 to 16 with a step

equal to 4;
– Shape of ribs: square and square with chamfer (Fig. 3).

The chamfered ribs (Fig. 3) are expected to provoke a low-
er pressure drop and, consequently, a reduction in the required
Pumping Power (PP), defined as

PP ¼ V˙ ΔP W½ � ð12Þ

The chamfered geometry is implemented for its construc-
tive simplicity, in terms of mechanical manufacturing. For
example, the processing technology required to implement a
rounded edge instead of the chamfered is much more compli-
cated and expensive.

2.3 Computational grid sensitivity analysis and results
validation

In order to perform the grid independence analysis to avoid
possible errors depending on the mesh resolution, four differ-
ent grids in terms of number of elements are tested on the
channel with square ribs, p/e = 8, for Re = 50·103 and water
as working fluid. The grids have about 1, 2, 4 and 8 million of
nodes, respectively. Moreover, on the basis of previous litera-
ture [29, 30], two turbulent models, namely k-ω SST and k-ε
RNG, are taken into account and compared.

The grid is fully structured in all the cases and configured
to achieve an y+ value lower than 1 for all of them. In fact,
taking as reference the worst case, i.e. Re in the order of 1·104,
the required wall distance for the first node near the wall,
computed as reported in [31], is about 3.5·10−6 m and the
proposed grid satisfies this requirement.

Tables 1 and 2 show how with both turbulence models, by
considering the low percentage deviation and the computa-
tional cost required, the 2 million nodes grid results the better
choice. On the other hand from the point of view of the tur-
bulence model, there is a considerable difference in terms of
pressure drop prediction, as shown in Table 3.

As reported in [32–34], in order to predict accurately
pressure drop, heat transfer coefficient and reattachment
length, the suggested turbulence model is k-ω SST, and

Fig. 3 Comparisons between the
two different ribs: (a) square ribs
geometry, (b) chamfered ribs
geometry. All the dimensions are
in mm
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for this reason it has been used for the simulations per-
formed in this work.

The selected fully structured grid has been built by means
of the Hexa blocking module of Ansys ICEM 14.0. It is con-
figured with multiple interconnected volumes, in particular for
the ribs, chamfer, wall and fluid volume, so that it can be
selected if they are fluid or solid zones (Fig. 4). Physical prop-
erties of fluid and solid zones are reported in Table 4.

With this mesh configuration, it is possible to perform all
the simulations by using the same grid, selecting the appro-
priate conditions for the zones, as reported in Table 5. In this
way, problems related to different nodes configurations or
wall treatment behavior are avoided.

A steady-state solution and a coupled solver are considered
to solve the governing equations, linearized implicitly with
respect to dependent variables. A second-order upwind
scheme for energy, momentum, turbulent kinetic energy and
rate of dissipated turbulent kinetic energy equations is select-
ed. The incoming flow is assumed turbulent with a turbulence
intensity of 1% and at ambient temperature and pressure.

To check the convergence of the solution the residuals of
mass, momentum, energy and turbulence equations are mon-
itored. Moreover, also the stabilization of the trend of pressure
drop and wall temperature within the channel are monitored.

Numerical results are validated by comparing with data
obtained from correlations available in literature in terms
of average Nusselt number and friction coefficient for a
smooth channel. The following correlations are adopted
for water flow:

– Dittus-Boelter correlation [16]:

Nuavg;s ¼ 0:024 Re0:8Pr0:4;

valid for 0.5 < Pr < 120, 6.0·103 < Re < 1.0·107, (L/dh) > 60

– Petukhov correaltions [17]:

Nuavg;s ¼ RePr f =8ð Þ
1:07þ 12:7 f =8ð Þ1=2 Pr2=3−1

� �

with fs = (1.84 log10 Re − 1.64)−2.

valid for 0.5 < Pr < 200, 1.0·104 < Re < 5.0·106

– Gnielinsky correlation [18]:

Nuavg;s ¼
Re−1000ð ÞPr f

.
8

� 	

1þ 12:7 f
.
8

� 	1.2
Pr

2

.
3
−1

 !

with fs = (0.79 ln Re − 1.64)−2

valid for 0.5 < Pr <160, 2300 < Re < 5.0·106

Fig. 5(a) shows the comparison between the correlations
and the numerically calculated Nusselt numbers. It can be
noticed a good agreement among the CFD values and the
correlations. CFD results are similar at the:

– Dittus-Boelter correlations in the interval 10·
103 < Re < 40·103;

– Petukhov correlation inside the interval 50·103 < Re < 70·
103;

– Gnielinsky correlations inside the interval 80·
103 < Re < 100·103;

Numerical results highlight a good agreement with the
proposed correlations, both in terms of Nusselt and fric-
tion factor (Fig. 5a-b), therefore it can be said that the
proposed approach is appropriate. Furthermore, a valida-
tion of the calculations for the ribbed channel is also pro-
posed. Comparisons with the data provided in [15] are
reported in terms of Nu ratio (e.g. the ration between the
Nu of the ribbed channel and that of the smooth channel).
The same geometry and flow conditions as in [15] are
considered and the results are in good agreement, as
shown by Fig. 5(c).

In light of this, it can be concluded that the proposed nu-
merical model is applicable to simulate ribbed channels with a
satisfactory accuracy.

Table 1 k-ω SST grid
sensitivity analysis
(p/e = 8, Re = 50·103)

Grid size [Mnodes] ΔNuavg Δf

1 - -

2 6.1% 0.1%

4 1.6% 1.4%

8 1.2% 0.1%

Table 2 k-ε RNG grid
sensitivity analysis
(p/e = 8, Re = 50·103)

Grid size [Mnodes] ΔNuavg Δf

1

2 1.3% 0.1%

4 2.8% 0.8%

8 1.1% 0.6%

Table 3 Turbulence
model sensitivity
analysis (p/e = 8,
Re = 50·103)

Turbulence model Nuavg f

k-ω SST 406.0 8.3·10−2

k-ε RNG 432.0 10.4·10−2

% diff. 1.3% 25.5%

3216 Heat Mass Transfer (2017) 53:3211–3223



3 Results and discussion

Results are reported in terms of average Nusselt number
ratio (ribbed vs. smooth channel), pressure drop and re-
quired pumping power profiles as a function of Reynolds
number and dimensionless roughness parameter. The re-
sults are presented at first by the point of view of ribbed
channel with and without chamfer and then by comparing
the performance according to the detected values of the
PEC index.

Fig. 6(a) reports the average Nusselt number ratio for
squared and chamfered ribs. The ratio shows that the thermal
performance increases in both the cases and it is higher at low
Reynolds, whereas at higher Re the Nu ratio tends to decrease.
This is due to the fact that at higher Re the motion is, inde-
pendently from the presence of ribs, very turbulent; therefore
the additional effect of the ribs is more limited with respect to
the low Re cases.

The Nu ratio also varies according to the p/e ratio, in par-
ticular it decreases as p/e increases. This is due to the fact that
for high p/e there is a more extensive re-attachment of the
flow, as it will be shown in the following. This will reduce
the turbulence intensity and, consequently, the Nusselt num-
ber. Therefore, it can be said that as Re and p/e increases the
impact of ribs is heavily reduced.

The thermal performance is slightly influenced by the
chamfer in the flow impingement direction. At high

Reynolds number there are practically the same values of
Nu ratio for squared and chamfered ribs, whereas at low Re
some differences are highlighted.

For p/e = 4, 8, 12 and 10·103≤ Re ≤40·103, the ratio shows
the following trend: the chamfered edge case presents higher
values of the Nu ratio, but at Re = 30·103 it becomes lower in
all the three cases, and returns to be almost the same at
Re = 40·103. The same instability phenomenon persists at
Re = 60·103.

Generally, the presence of the chamfer is negligible in
terms of heat exchange performance. This is due to the fact
that it does not influence the global turbulence intensity within
the channel. On the contrary, there is a substantial local effect
in terms of energy dissipation, because the chamfered corner
introduces an energy loss which is much lower with respect to
a 90° corner, as shown in Fig. 6(b).

The effect of chamfer corners is very significant at high
Re in terms of reduction of pressure losses, because the
high velocity plays a substantial role in the vortex flow
detachment, as reported in the following where stream
functions are discussed. For p/e = 16, the chamfer causes
a significant decrease of the pressure drop with respect to
the square ribs configuration, with values lower than 25%
for Re greater than 70·103.

Fig. 4 Overview of the
computational grid: (a) zone
layout and (b) layering between
solid and fluid zone

Table 4 fluid properties evaluated at 300 K

ρ [kg/m3] μ [Pa·s] λ [W/m K] cp [J/kg K]

Water 998 998E-06 0.597 4182

Aluminum 2719 - 202.4 871

Table 5 mesh configurations for different considered cases

ZONES Smooth channel Ribbed channel Ribbed channel
with chamfer

Wall Solid solid solid

Fluid Fluid fluid fluid

Rib Fluid solid solid

Chamfer Fluid solid solid
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Figs. 6(c) and (d) show the average Nusselt number ratio
and the required pumping power profiles at constant Reynolds
number for different values of relative roughness, p/e. As

previously exposed, the influence of the chamfer related to
the Nusselt number is negligible.

The profile of the average Nusselt number ratio, reported in
Fig. 6(c), highlights that the trend at different p/e values is not
monotonic. There is a maximum value for p/e = 4, then an
oscillating behavior is detected, with a relative maximum for
p/e = 12. This oscillating behavior can be explained with the
fact that according to the p/e ratio, the interaction between the
fluid flow and the ribbed surfaces is largely affected. In fact, at
p/e = 4 the gap between two ribs has the minimum dimension,
this allows the formation of small and unstable vortex struc-
tures that tend to break up and new fluid is recalled from
outside the gap, Fig.7(a), by determining a high Nu value.

When p/e increases to the value of 8, it happens that larger
vortex structures can originate and, as shown in Fig. 7(b), they
tend to recirculate by worsening the heat exchange, in fact Nu
values are lower. Furthermore, for p/e = 12, Fig. 7(c) shows
that the vortex structure does not fill the gap completely and a
re-attachment of the flow is detected. This reduces the recir-
culation effect detected at p/e = 8 allowing a better heat ex-
change by recalling fluid from the main stream. Finally at
p/e = 16, Fig. 7(d), the re-attachment surface is more extended,
but the number of ribs present in the channel is substantially
lower with respect to p/e = 12, therefore the effect is more
limited, resulting in a lower Nu value. The illustrated mecha-
nisms justify the oscillating trend detected in Fig. 6(c), which
can be summarized as follows:

– p/e = 4: creation of unstable vortexes which break up and
recall fluid from the main stream;

– p/e = 8: creation of a stable vortex which recirculates and
determines a worsening of the heat exchange;

Fig. 5 Validation of the numerical results: (a) numerical Nu vs. analytical
correlations, (b) numerical friction factor vs. analytical correlations, (c)
ribbed channel at Re = 30·103 compared to the results presented in [22]

Fig. 6 Numerical results for
square and chamfered ribs: (a)
average Nu ratio profile as
function of Re, (b) pressure losses
as function of Re, (c) average Nu
ratio profile for different pitches,
(d) required pumping power for
different pitches
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– p/e = 12: creation of a vortex which does not occupy all
the space between the ribs, therefore a free zone is left

where fluid from the main stream is recalled. This pro-
vokes an improvement with respect to p/e = 8;

– p/e = 16: similar situation as p/e = 12, but the number of
ribs is lower, therefore a deterioration of the heat ex-
change is detected.

By analyzing the required PP, reported in Fig. 6(d), it can
be detected that the ribs with the chamfered corner necessitate
a lower pumping power, especially at high Re. Therefore, the
chamfer results to be an effective solution to decrease pressure
losses and the resulting PP.

At p/e = 12 the maximum pumping power is required,
because the reattachment of the flow in the gap allows the
interaction of the mainstream flow with the ribs, introducing
concentrated losses. This situation does not happen or is very
limited for p/e = 4 and 8, where the ribs do not act as concen-
trated losses. At p/e = 16, there is the interaction with the
mainstream flow, but the number of ribs is lower (25% less),
therefore the effect is limited.

Fig. 8(a) reports the friction-factor ratio profile. It is possi-
ble to observe that the case of square rib presents a regular
trend, whereas in the cases with the chamfer absolute maxi-
mum with local peaks are visible, in particular for p/e = 4.This
behavior is partially analyzed in Fig. 7 and it will be further
clarified in the following with the aid of more streamlines
fields.

Finally, Figs. 8(b) and 8(c) show the PEC index for the two
different shapes of considered ribs. As already noted, the best
performances are obtained at low Reynolds numbers and p/e
equal to 4 and 8. At low Re, the ribs contribution to the ther-
mal performance is relevant, instead at high-Re number the
pressure drop increment is dominant. The PEC index de-
creases both with Reynolds and p/e increase.

Fig. 7 Stream function at Re
=50·103 for the ribbed wall with
chamfered edge ribs at different
p/e, namely: (a) 4, (b) 8, (c) 12,
(d) 16, nearby the inlet of the
ribbed channel

Fig. 8 Comparison between square and chamfered ribs: (a) friction factor
ratio, (b) PEC index as function of Re, (c) PEC index as function of p/e
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When ribbed surfaces are considered, a general improve-
ment of thermal performances is detected, but due to the in-
creased pressure drop, the global efficiency of the system does
not improve for high Re and large p/e.

In general, from the analysis of Figs. 8(b) and 8(c), it is
concluded that it is better to employ the ribs when Re results
below 40·103 and the optimal dimensionless pitch could be
chosen between 4 and 12, according to the admissible pressure
losses with respect to the required thermal performance.

It should be also noted that Fig. 8(c) highlights the trend
already detected in Fig. 6(c). This is determined by the same
phenomenon, namely an alteration of the heat exchange due to
the variation of the vortex structures originated between two
consecutive ribs.

With the aim of analyzing in detail the fluid-dynamics be-
havior inside the ribbed pipe, contours of velocity, temperature

and stream-functions are shown for some of the analyzed
cases, with particular reference to the anomalous trend report-
ed in Fig. 8(a).

The physics of the fluid motion across the ribs could be
considered as a case of the BBackward-facing step^ (BFS)
problem, widely analyzed in literature [19–22]. However,
due to the presence of serial ribs, the reattachment length
results not comparable with the previously analyzed BFS
problems, and only a qualitative analysis of the shape of the
vortexes is preliminary conducted.

The flow behind the backward-facing step is complex and
involves various instability mechanisms. Some of the most
common features behind the step recognized in the literature
[19] are present in the current analysis.

The flow zone can be distinguished into three main regions
namely, the shear layer region, separation bubble or

Fig. 10 Stream function at
Re = 50·103 in the case of square
ribs for different p/e, namely: (a)
4, (b) 8, (c) 12, (d) 16, nearby the
inlet of the ribbed channel

Fig. 9 Detail of the stream
function for chamfered ribs at
p = 12 and Re = 50·103, in the
zone of developed flow
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recirculation zone and the reattachment zone. The general
characteristics of a BFS flow begins with an upstream bound-
ary layer separating at the step edge due to the adverse pres-
sure gradient that develops into a thin shear layer. As the flow
progresses downstream, the shear layer grows in size with the
amalgamation of the turbulent structures contained within.

In Fig. 9 the stream function across the ribs for the case
with p/e = 12 and Re = 50·103 is reported: the separation
bubble of recirculation, the secondary vortices and an aver-
aged shear layer, very smooth due to the steady solver and
RANS turbulence model used, are clearly visible.

A reattachment zone, clearly influenced by the consecutive
ribs presence and not comparable with BFS literature results,
is also detected. Then, the fluid-dynamic behavior of the pres-
ent case and the BFS is similar, but only the vortex-zone shape
is comparable.

Figs. 7 and 10 show the stream function in the initial
part of the ribbed channel for both chamfered edge and
square ribs.

The bubble separation zone and the secondary vortex are
present in all of the cases, but, by analyzing Fig. 7, it is clearly
noticeable that for p/e = 4 the vortex structure does not have
enough axial space for its development and, in particular be-
tween the first two ribs (Fig. 7a), the bubble of recirculation
results very large.

Comparing the same case with square ribs (Fig. 10a), the
recirculation zone result widely extended, with a double-eye
recirculation bubble zone including the following rib. The
nature of this double-eye bubble is due to the hard edge
against which the flow slams, whereas in the case with cham-
fered edge rib, the initial distortion of the streamlines is much
less pronounced.

Fig. 11 Non dimensional
temperature for square and
chamfered ribs for different Re
and p/e = 4
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At p/e = 8 (Figs. 7b and 10b), the bubble of recirculation
fills completely the gap between the ribs and, by increasing
the p/e value (Figs. 7(c-d) and 10(c-d)), the vortices structures
are fully developed.

Fig. 11 reports dimensionless contours of Temperature,
T* = T/Tbulk, near the ribbed wall for p/e = 4, with (a) and
without (b) chamfered ribs at different Reynolds number.

The contours of T* show a negligible influence of the
chamfer at low Reynolds number, with a wide diffusive ther-
mal boundary layer and with a marked diffusive layer in cor-
respondence of the secondary vortex zone. Instead, at high
Reynolds number, heat transfer is dominated by the convec-
tive effect and the recirculation zone in the chamfered ribs
case is wider with a lower mean temperature between the ribs
and inside the solid ribs zone.

4 Conclusions

In this work a 2-D ribbed channel with square and chamfered
ribs mounted on the principal walls and heated by a uniform
heat flux is considered. Turbulators have e/d values equal to
0.05, whereas different pitches and Reynolds numbers are
taken into account.

The fluid is water at ambient pressure and temperature.
Simulations have shown that the introduction of the ribs aug-
ments both the heat transfer coefficients and the pressure
drops. In the case of ribbed channel with chamfer there is a
decrement of the pressure drop and consequently an increment
of the PEC index. The highest Nusselt number values are
detected for p/e equal to 4 and 12, both for square and cham-
fered shapes. In terms of heat transfer, the ribs presence is very
influent at low Re number, while at high Re is more limited.

With reference to the required pumping power, maxima are
obtained at p/e = 12 for the square case and at p/e = 8 for the
chamfered case. The highest thermal performances are exhib-
ited by the square turbulators, which provide also the highest
losses. The Nusselt number rises as Reynolds numbers in-
crease as well as the pumping power. The highest values of
PEC index are detected at p/e = 4 and they increase as Re
decreases.
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