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ABSTRACT

Forced convection heat transfer in a high aspect ratio (5:1) rectangular channel with 45 deg angled ribs
has been investigated. The ribs are periodically positioned on one wall of the channel, heated at uniform
heat flux over each inter-rib region. In the pursuit of heat transfer enhancement, longitudinal ribs (termed
intersecting ribs), oriented parallel to the mainstream, have been added to the angled ribs. Friction and
heat transfer characteristics were determined for two values (10000 and 20000) of the Reynolds number.
Liquid crystal thermography was employed as diagnostic tool in heat transfer experiments. The study was
supplemented with CFD numerical calculations using the RNG k-& turbulence model. Local and regionally
averaged heat transfer and flow characteristics of the tested rib configurations have been presented and
compared. Both experimental and numerical results were able to capture the effect produced by the
intersecting ribs on vortices and their ability to locally increase the heat transfer coefficient and promote
its more uniform distribution. If the standard angled rib configuration is assumed to be the reference
condition, the thermal performance based on the same pumping power is increased in the case of the
insertion of one intersecting rib, while two intersecting ribs are unable to provide further enhancements.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Artificial roughened channels are considered to be an effective
way to improve the thermal performance in a large variety of engi-
neering applications such as internal cooling of gas turbine blades
[1], solar air heater ducts [2], microelectronic equipment cooling
[3], and high-temperature heat exchangers [4] and combustors [5].
The effect of rib turbulators has been studied by many scientists;
attention has been paid to many parameters of ribbed channel,
such as rib shape, channel aspect ratio, rib pitch-to-height ratio,
rib blockage ratio, rib angle of attack and so on. Since roughen-
ing the walls of a channel typically produces higher heat transfer
coefficients and higher pressure losses, the evaluation of advan-
tages of using rib-roughened channels must include not only the
heat transfer augmentation induced by ribs, but also the friction
factor increase and the thermal performance, which compares the
heat transfer augmentation, relative to a reference condition (e.g.,
a smooth channel), for the same pumping power. Based on the ex-
tended literature review performed by Han et al. [1], angled ribs
were found to provide higher thermal performance than the trans-
verse ribs due to the rib-angle-induced secondary flow. However,
angling the ribs is more effective for channels with a narrow as-
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pect ratio (e.g., AR = % or %), which provide similar or slightly
higher pressure drop as compared with transverse ribs but signif-
icantly higher heat transfer coefficients [6-10]. Conversely, when
the channel aspect ratio is relatively large (e.g., AR = 2 or more)
the effect of the secondary flow induced by the rib inclination
diminishes since the two opposite ribbed walls are too close to
each other, so that the heat transfer enhancement is limited; the
same considerations apply when ribs are deployed on one side
only. Thus, for high aspect ratio channels, the identification of
improved rib configurations able to significantly enhance thermal
performance is strongly desirable. The solutions investigated in the
literature to promote higher thermal performance in high aspect
ratio channels with angled ribs include: angled-crossed ribs, V-
shaped and W-shaped continuous, multiple, and broken (or dis-
crete) ribs, angled broken ribs, angled ribs with a gap, angled ribs
with longitudinal intersecting ribs. A pictorial top view of some of
these high-performance rib configurations is shown in Fig. 1.

1.1. Angled-crossed ribs

Han et al. [11] experimentally investigated heat transfer per-
formance, relative to that of a smooth channel, for several types
of ribs placed on two opposite walls of a square channel (AR=
1); they found that the crossed rib configuration had the lowest
heat transfer enhancement and the smallest pressure drop penalty.
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Nomenclature

AR channel aspect ratio (-)
channel hydraulic diameter (m)

e rib height (m)

f friction factor (-)

Iy friction factor for the baseline rib configuration (-)

H channel height (m)

h heat transfer coefficient (W m—2K-1)

k air thermal conductivity (W m~1K-1)

L ribbed channel length (m)

Nu Nusselt number (-)

Nuy, Nusselt number for the baseline rib configuration
)

Nu regionally averaged Nusselt number (-)

Nu, regionally averaged Nusselt number for the baseline
rib configuration (-)

P pressure (Pa)

p rib pitch (m)

Geonv convective heat flux (W m~2)

Re Reynolds number (-)

Tair air bulk temperature (K)

Tw wall temperature (K)

U mean air velocity (m s 1)

w channel width (m)

Xy streamwise and transverse coordinates (m)

Greek symbols

n thermal performance index, Eq. (5) (-)

v air kinematic viscosity (m?2 s=1)

0 air density (kg m~—3)

This result was confirmed by Won and Ligrani [12], who com-
pared the flow structure and local heat transfer coefficients in a
high aspect ratio channel (AR = 4) with parallel and crossed ribs,
inclined at 45 deg. When viewed in flow cross-sectional planes,
the secondary flow structure generated by the crossed ribs con-
tains a single cell of fluid, whereas the parallel-rib arrangement
induces two cells of large-scale motion. Heat transfer coefficients
were roughly the same for the crossed and parallel rib config-
urations for all locations along the test surface, except just up-
stream of the ribs, where the parallel rib configuration performed
better.

1.2. V-shaped and W-shaped ribs

The search for high-performance ribs included V-shaped and
W-shaped arrangements [13-19]. The effects of V-shaped contin-
uous ribs pointing upstream and downstream [13,14,16], V-shaped
continuous, multiple or discrete ribs [15,17-19], and W-shaped
continuous and discrete ribs [18] have been investigated, encom-
passing a range of channel aspect ratio from 1 up to 8. Superior
thermal performance of V-shaped ribs, relative to standard angled
ribs, is generally recognized. Gao and Sundén [16] found that,
for a high aspect ratio stationary channel (AR = 8), the V-ribs
pointing downstream produced higher heat transfer enhancement,
friction factors and thermal performance than the V-ribs pointing
upstream, over the tested Reynolds number range. Systematic
experiments performed by Wright et al. [18] on a large variety
of high-performance ribs, for a high aspect ratio stationary and
rotating channel (AR = 4), showed that the discrete V-shaped
ribs and the discrete W-shaped ribs provide the best thermal
performance.
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1.3. Angled broken ribs

An alternative strategy to improve the thermal performance of
standard angled ribs consists in truncating the ribs to induce more
local wall turbulence. Han and Zhang [20] investigated the ther-
mal performance of angled broken and V-shaped broken ribs in-
side square channels (AR = 1). The Nusselt number for 60 and 45
deg angled broken ribs or V-shaped broken ribs were much higher
than the corresponding 60 and 45 deg angled or V-shaped contin-
uous ribs, while the corresponding friction factors were compara-
ble with each other for broken and continuous rib configurations.
Discrete ribs obtained dividing each continuous, 45 deg, angled rib
into two, three, or five pieces were studied by Cho et al. [21], for
a channel aspect ratio of 2.04. Discrete ribs provided heat/mass
transfer performance lower or comparable with that of the angled
continuous ribs, regardless of the number of broken pieces, but
their use led to a uniformity of the heat/mass transfer coefficient
distribution that increases with the number of discrete ribs.

1.4. Angled ribs with a gap

Augmentation of thermal performance can be provided by con-
sidering a single gap in the inclined ribs, as reported in [22-24].
Cho et al. [22] examined the effect of a gap in ribs with an an-
gle of attack of 60 deg for a square channel (AR = 1). Two differ-
ent gap positions (upstream and downstream gaps) were consid-
ered. The gap was found to promote flow mixing and turbulence
with higher heat transfer coefficients and similar or slightly lower
friction losses than those for the continuous rib configurations;
the rib configurations with the gap located downstream showed
slightly higher heat transfer enhancements than the upstream gap
rib arrangements. Aharwal et al. [23] carried out a systematic study
aimed at optimizing the position and width of the gap for inclined
ribs. Experiments were performed in a rectangular channel with a
high aspect ratio (AR = 5.83) having the ribs installed on one side,
and for different values of Reynolds number, rib pitch-to-height ra-
tio, relative roughness height, and rib angle. The maximum bene-
fit was achieved at a gap position about one fourth of the duct
width, corresponding to the region of relatively low heat transfer
induced by the rib inclination: here the secondary flow carrying
relatively warm fluid along the rib is mixed with the main flow
passing through the gap, leading to a local heat transfer enhance-
ment. Chaube et al. [24] experimentally investigated heat transfer
and friction in a square channel (AR = 1) with angled ribs with
a gap, by varying the rib angle and the relative gap position and
width: the maximum heat transfer and friction factor enhance-
ment were found to occur at the relative gap position of one third
with relative gap width of one and for rib attack angle of 60 deg.

1.5. Angled ribs with longitudinal intersecting ribs

A recent and innovative proposal to improve the thermal per-
formance of angled ribs in large aspect ratio channels consists
in applying one or more longitudinal ribs to intersect the angled
ribs. The main purpose of the intersecting rib is to promote addi-
tional vortices to be generated at the points of intersection with
the angled ribs. This type of enhanced rib configuration was first
documented by Chung et al. [25], who investigated the effect on
thermal performance of a longitudinal rib that bisects 60 deg an-
gled ribs. Experiments were performed for rectangular channels
(AR from 1 to 4) ribbed on two opposite channel walls, by using
the naphthalene sublimation technique. The most interesting find-
ing was that the installation of one longitudinal rib increases the
thermal performance, for any aspect ratio and Reynolds number.
The thermal performance enhancement, relative to the standard
angled rib configuration, was found to be larger, on percentage,
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Fig. 1. Top view of some high-performance rib configurations.

at the highest aspect ratios (AR = 2 and 4). According to Chung
et al. [25], further performance improvements for the largest chan-
nel aspect ratio (AR = 4) could be potentially expected by installing
more intersecting ribs. Recently, Afzal et al. [26] applied a neural-
network-assisted numerical optimization technique, coupled with
computational fluid dynamics, to identify optimal conditions for
rectangular channels with angled and intersecting ribs and aspect
ratios equal to 1, 2, and 4. Three design variables (rib angle of at-
tack, ratio of the intersecting rib location relative to the channel
center-line to channel width, and ratio of rib height to hydraulic
diameter) were selected for optimization to maximize the thermal
performance. A relative increase of 14.4, 12.8, and 16.2% in ther-
mal efficiency (compared to the standard angled ribs) was found
for AR =1, 2, and 4, respectively, with an optimal rib angle in the
38-50 deg range. As AR was increased from 1 to 4, the position of
the intersecting rib (relative to the channel center-line) and the rib
height-to-hydraulic diameter ratio varied from 0.21 to —0.11 and
from 0.049 to 0.085, respectively.

The present study focuses on heat transfer and friction charac-
teristics of a high aspect ratio (AR = 5) rectangular channel with
45-deg angled ribs, deployed on one side only, and coupled with
one or two longitudinal, intersecting ribs. The aim of this research
was to experimentally evaluate the potential for enhancing the
thermal performance of the ribbed channel provided by the in-
sertion of longitudinal ribs, taking the standard angled rib as the
baseline, reference configuration. Detailed local and regionally av-
eraged heat transfer coefficients, derived from liquid crystal ther-
mographic experiments, are presented and discussed. Experiments
have been complemented with numerical simulations and results
have been processed to obtain the thermal performance of the
channel, inclusive of the pressure drop penalties.

2. The experimental apparatus

Fig. 2 shows the sketch of the experimental apparatus. Air at
room temperature was drawn by a blower into a plenum, from
which it passed successively through a filter, a contraction, the en-
trance section, the test section (pictured in the insets of Fig. 2),
and a re-development section. From there, air is discharged out of
the laboratory room.

The entrance (or development) section, 0.02 m high and 0.1 m
wide, served to establish hydrodynamically fully developed flow
at the test section inlet. The test section was a rectangular chan-
nel, having the same cross section of the entrance channel (height
H = 0.02 m, width W = 0.1 m, aspect ratio AR = W/H = 5, hy-
draulic diameter D = 0.033 m) and a length L = 1.124 m. Square
ribs (height e = 0.003 m, rib height-to-hydraulic diameter ratio
e/D = 0.09), angled at a 45 deg angle with respect to the longi-
tudinal direction, were periodically glued on the lower wall of the
channel. The rib pitch p was 0.03 m, with a rib pitch-to-height
ratio p/e equal to 10. The opposite wall and the side walls were
smooth and made of Plexiglas. The first 18 inter-rib modules of
the ribbed wall were unheated, while the last 16 inter-rib mod-
ules were heated at uniform heat flux by means of a plane heater,
as indicated in Fig. 2.

The rib configurations tested in this study are shown in Fig. 3.
The baseline configuration consisted of ribs angled at 45 deg. The
second rib configuration was implemented by a longitudinal rib
positioned in the midline of the ribbed surface. In the last rib con-
figuration, two longitudinal ribs have been added to the ribbed
surface at one third and two thirds of its width, respectively. The
presence of the longitudinal ribs (also named intersecting ribs) was
expected to significantly affect the secondary flow and the distri-
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Fig. 2. Sketch and photographic illustrations of the experimental setup.
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Fig. 3. Test section with the three rib configurations: (a) standard angled ribs,
(b) angled ribs with one central intersecting rib, (c) angled ribs with two equally
spaced intersecting ribs. Unheated and heated ribbed regions are displayed with a
different grey scale (light grey is used for unheated regions).

bution of heat transfer coefficient with respect to the baseline rib
configuration.

The heater employed to provide uniform heat flux conditions
over each inter-rib surface region consisted of a properly designed
printed circuit board (a copper track deposited onto a Vetronite
thin sheet), composed by 16 rhomboidal modules connected in se-
ries leaving unheated the baseplate of each rib. This was made in
order to precisely estimate the heat flux effectively delivered to
each inter-rib region; on the other hand, tangential conduction to-
wards the unheated fiberglass strips covered by ribs probably may
lead to a local overestimation of heat transfer coefficient immedi-
ately upstream and downstream of each rib. Further details of the
printed circuit board adopted in the present experiments are given
in Ref. [27].

The steady-state, liquid crystal (LC) technique was chosen to
measure the local wall temperature and finally to calculate the
heat transfer coefficient, as it was successfully applied by this re-
search group in similar experimental studies [17,27-30]. A pre-
packaged LC sheet (R30C5W, Hallcrest), 0.15 mm thick, consisting
of a liquid crystal layer sandwiched between a thin Mylar film and
a black backing coating, was glued onto each inter-rib module of
the heated test section. The color distribution of the LCs was taken
by a Nikon D-70 camera through the Plexiglas wall opposite to
the ribbed heated surface. Four LED (light emitting diodes)-based

light sources (color temperature of 3000 K) were used to provide a
uniform lighting of the heated test section. The LC sheet was cali-
brated by a dedicated experiment in order to infer the relationship
between hue and temperature, as reported in Ref. [27]. LC images
gathered during the experiments in the ribbed channel were pro-
cessed to obtain the wall temperature from the hue distribution.
A convolution filter was used to minimize the effects of image de-
fects producing, in isolated pixels, values of hue not correlated to
the surface temperature. After resizing and filtering processes the
resolution was about 0.5 mm/pixel.

Several fine-gauge thermocouples were employed for measur-
ing the temperature of air entering the test section and controlling
the attainment of the steady-state conditions. The mass flow rate
was measured by means of a Venturi flowmeter, placed upstream
of the blower. Static pressure taps, distributed along the stream-
wise direction, provided pressure drop data.

3. The experimental procedure and data reduction

For a prescribed air mass flow rate, a given heat flux was in-
duced by adjusting the electric power supplied to the printed cir-
cuit board, until the colors exhibited by LCs were observed over
the area of interest. At thermal equilibrium, the LC image was
taken, stored, and processed to obtain the map of surface temper-
ature from values of hue. The local heat transfer coefficient h is
determined from

h = qeonv/ (Tw — Tair) (1)

where qcony is the convective heat flux, Ty, is the wall temperature
deduced from LCs (and corrected on the basis of the thermal re-
sistance introduced by the thin Mylar coating), and Ty, is the air
bulk temperature. The local bulk temperature of air T,; was calcu-
lated from the measured inlet temperature and the net heat input
to the air flow using the conservation of energy principle (the dis-
continuity in the heat input in correspondence to each unheated
rib was accounted for). The convective heat flux qcony Was evalu-
ated subtracting the heat flux losses by radiation and conduction
to the measured electrical heat flux (i.e., the input power delivered
to the heater divided by the heat transfer area). The radiative heat
losses were calculated by considering a diffuse gray-surface net-
work, while the conductive heat losses were calculated by using
a one-dimensional conduction analysis. The sum of radiative and
conductive losses has been estimated to be less than 9% of input
electrical power at the higher air flow rate and less than 14% at
the lower air flow rate.
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Tests were repeated, for the same air flow rate, changing the
input power such that the colors moved and other LC images were
captured and processed until the heat transfer coefficient was cal-
culated, through Eq. (1), over the entire heated surface.

Friction factor f was calculated from the conventional definition
[31]

f = dP/dx| D/ (2pU?) (2)

on the basis of pressure gradient dP/dx measured by performing
tests without heating. In Eq. (2), U is the mean air velocity and D=
2 W H /(W+H) is the hydraulic diameter of the channel.

Nusselt and Reynolds numbers were evaluated as

Nu = hD/k (3)

Re=UD/v (4)

where k and v are the thermal conductivity and the kinematic
viscosity of air, respectively. Experiments have been conducted
for two values of the Reynolds number, namely Re = 10000 and
20000.

The Nusselt number was locally evaluated or regionally aver-
aged (indicated as Nu) over the heat transfer area from the 10% to
the 13th heated module, significantly far from the entrance of the
heated test section. Since the aim of this research was to identify
an enhanced geometry able to increase the thermal performance of
standard angled ribs in a high aspect ratio rectangular channel, lo-
cal and averaged results obtained for the enhanced geometry (an-
gled ribs with one or two intersecting ribs) were normalized by
the values f,, and Nuy, (or Nuj,) obtained for the baseline rib config-
uration (the standard angled ribs).

In order to quantify the thermal performance based on both
the heat transfer coefficient augmentation and the frictional loss
penalty and expressing the increased heat transfer for constant
pumping power, a thermal performance index n has been intro-
duced according to the expression reported in Ref. [32]

(i,
f/f)"

where the exponent n is related to the structure of the power-
law representations giving the friction factor and the average Nus-
selt number for the baseline rib configuration as a function of the
Reynolds number (here not known since only two Re values were
explored).

The uncertainty estimation (at the 95% confidence level) of ex-
perimental measurements was performed according to the proce-
dure outlined by Moffat [33]. The uncertainty in the Nusselt num-
ber, performed by taking into account errors associated with tem-
perature (by LCs and thermocouples) readings, voltage and current
measurements, and calculation of conductive and radiative losses,
turned out to be + 9%. Effects of streamwise and spanwise heat
conduction, which could alter the UHF heating condition, were
not accounted for; however, they have been minimized due to the
small thickness (0.5 mm) and low thermal conductivity (0.30 W/m
K) of the Vetronite layer that separates the electric track of the
heater from the wall-to-fluid interface. The Reynolds number and
the friction factor had a calculated uncertainty of + 6% and + 14%,
respectively.

n= (5)

4. Computational simulations

Numerical simulations were performed with the main purpose
of gaining information about the flow field and vortex structure,
not investigated by experiments. The Fluent 16.2, finite-volume,
commercial CFD code [34]| was used for the numerical investiga-
tions. A structured grid has been created by a mesh generator in-
side the computational domain, encompassing the entire ribbed
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(unheated and heated) test section. The air flow was assumed to be
incompressible, steady, turbulent and with constant thermophysi-
cal properties (taken at the temperature of 27°C). Simulations have
been carried out by using the renormalization group (RNG) k-& tur-
bulent model. Two different Reynolds numbers were considered,
namely Re = 10000 and 20000. The inlet turbulence intensity up-
stream of the ribbed channel was set equal to 4%, consistent with
the mid-channel average axial turbulence intensity measured (by
a hot-wire single probe Dantec 55P11) 125 mm upstream of the
ribbed test section entrance.

The structured mesh of the domain was sufficiently refined in
the vicinity of the solid boundaries to make y* values lower than
1.0. A grid independence analysis was conducted for a represen-
tative case (the standard angled ribs at Re = 10000) by progres-
sively varying (along the three coordinates) the number of cells
inside each model (and in the entire computational domain). The
calculated Nusselt number averaged over a given repetitive mod-
ule (No.12) and over the entire heated surfaces (average among
all modules) showed a variation smaller than 0.6% passing from
9.3 x 10° to 1.3 x 106 cells inside the repetitive module; there-
fore, the mesh with 9.3 x 10° cells per module was selected in
this study. The adopted structured mesh around each rib (side and
top views) is shown in Fig. 4.

A uniform heat flux equal to 1000 W/m? was applied at the
wall-to-fluid interface over each inter-rib module in the ribbed
heated test section. Other solid boundaries, including rib surfaces,
smooth channel walls, and ribbed unheated test section were con-
sidered as adiabatic.

5. Results and discussion

Fig. 5 shows typical examples of LC images, taken for the three
rib arrangements, and the corresponding interpretation in terms of
dimensionless heat transfer coefficient (Nusselt number). Data re-
fer to a module sufficiently far from the entrance and Re = 10000.
As previously explained, more LC images, for the same surface
region and mass flow rate, were needed to reconstruct the heat
transfer coefficient map over the whole area of interest.

Experimental Nusselt number contours for the entire heated
section and all the three rib configurations are plotted in Fig. 6.
For the sake of brevity, experimental results are reported only for
Re = 10000, since results for Re = 20000 were qualitatively similar.

Results show significant spanwise variations of the Nusselt
number for the standard angled ribs. When only angled ribs are
present, vortices moving along the rib profiles (which will be
shown in the following figures) bring relatively fresh air from the
top to the bottom side wall, where the highest heat transfer coef-
ficients are recorded. Conversely, the opposite region, close to the
top side, is characterized by relatively low values of the heat trans-
fer coefficient. The presence of one longitudinal rib that bisects
the angled ribs leads to the breaking of the main secondary vortex
into two secondary vortices. As a consequence, relatively high heat
transfer coefficients are established in the bottom region of each
sub-module, immediately downstream of each angled rib, while
relatively low heat transfer coefficients persist over the opposite
top region. When two intersecting ribs are installed, three sub-
modules are originated and more secondary vortices are induced,
leading again to local heat transfer enhancement close to the bot-
tom region, downstream of the angled ribs, and to heat transfer
reductions as the top region, upstream of the angled ribs, is ap-
proached. The redistribution of local heat transfer coefficient due
to installation of intersecting ribs contributes to decrease spanwise
variations, as inspection of Fig. 6 reveals at glance. It is worth not-
ing that the iso-Nusselt contours over the two sub-modules orig-
inated from the installation of one intersecting rib and over the
three sub-modules originated from the installation of two inter-
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Fig. 4. The adopted structured mesh close to each rib (side and top views).

Table 1
Regionally averaged Nusselt numbers and friction factors obtained by experiments and numerical simulations.
Number of intersecting ribs  Re f(exp.) f(num.) Differences (3) Nu (exp.) Nu (num.) Differences (%)
0 10000 0.0288 0.0286 -0.7 82.5 78.0 -5.5
1 10000  0.0355  0.0348 -2.0 92.7 93.0 +0.3
2 10000 0.0425 0.0433 +1.9 97.1 94.5 2.7
0 20000 0.0269 0.0275 +2.2 127.2 126.2 -0.8
1 20000 0.0330  0.0325 -1.5 144.6 142.0 -1.8
2 20000 0.0425 0.0405 —-4.7 152.5 149.6 -1.9

secting ribs are similar in shape, but progressively higher values of performed only to infer information about flow field inside the
Nusselt number are observed moving from the top to the bottom channel; even though the comparison between numerical and ex-

submodule. perimental results is beyond the objective of this study, calculated
Numerical distributions of Nusselt number were very similar friction factor and regionally averaged Nusselt number show good
to those obtained by experiments; therefore, the comparison be- agreement with experimental data, with deviations within 5% for

tween experimental and numerical results is provided in terms of the friction factor and 6% for the Nusselt number, thus confirming
friction factor and regionally averaged Nusselt number, as reported the ability of CFD, using the RNG k-¢ model, to capture the features
in Table 1. As previously mentioned, numerical simulations were of flow and heat transfer inside the ribbed channels.
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Fig. 6. Experimental Nusselt number contours for the three rib configurations
(Re = 10000).

To further support the discussion above, and better explain the
effects of the three different rib configurations on heat transfer,
the flow field predicted by numerical simulations has been also
inspected and presented in Figs. 7-9, where iso-vorticity surfaces,
velocity vectors, and streamlines are reported, at Re= 10000, for
the standard angled ribs (a), angled ribs with one intersecting rib
(b) and with two intersecting ribs (c).

Fig. 7 shows an iso-vorticity surface properly selected for the
purpose of marking the vortex between two adjacent ribs, adopting
the same vorticity value for all of the cases considered. The config-
uration with only angled ribs installed clearly shows the presence
of one vortex originating downstream of each rib in correspon-
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dence of the bottom side wall of the channel, which travels the
inter-rib region reaching the downstream rib at larger y/W values.
As previously discussed, the vortex flow has the effect of bringing
cold air from the mainstream towards the heated wall in the re-
gion next to the bottom side wall of the channel, hence reducing
the wall temperature in that region and increasing the local Nus-
selt number. As the vortex travels through the inter-rib region, its
temperature is increased by the heated plate, with a consequent
reduction of the Nusselt number as y/W is increased. When the
inter-rib vortex encounters the top side wall, an upwash flow orig-
inates and a further motion travelling in the negative y/W direc-
tion near the wall opposite to the heated one occurs, followed by
a downwash flow next to the bottom side wall. Consequently, a
clockwise rotating (seen from upstream) streamwise helical vor-
tex extending over the whole channel height is induced. This main
flow secondary vortex can be clearly identified in Fig. 8, where the
secondary velocity vectors evaluated in a cross-plane at x/D = 8.6
have been superimposed to the vorticity color plots, as well as in
Fig. 9, where a limited number of streamlines properly selected to
highlight the main flow secondary flow are depicted.

When one intersecting rib is installed in the middle of the
channel, the secondary vortices (Fig. 7) in the inter-rib regions
have a traveling distance limited to the respective sub-module
width. The restarting of vortices at each junction between the
intersecting and angled ribs provides the locally enhanced heat
transfer coefficients previously noted. For this rib configuration, in-
stead of one single main secondary vortex as in the case with-
out intersecting ribs, a pair of counter-rotating streamwise helical
vortices appears, as shown by both secondary vectors (Fig. 8) and
streamlines (Fig. 9). In particular, Fig. 8 highlights the two down-
wash flows, one on the right and the other in the middle of the fig-
ure just on the left of the intersecting rib, which are the main re-
sponsible for the Nusselt number enhancement previously shown.

As the number of intersecting ribs has doubled, three differ-
ent inter-rib secondary vortices occur in the spanwise direction,
one for each sub-module created by the intersecting rib. In par-
ticular, the comparison of plots displayed in Fig. 7 shows that as
the number of intersecting ribs, and consequently of inter-rib sec-
ondary vortices, increases, a larger portion of the module is inter-
ested by larger vorticity values, as demonstrated by the shape of
the iso-vorticity surfaces, giving rise to a more uniform distribu-
tion of the vorticity in the spanwise direction. Moreover, for the
case with two intersecting ribs, three large-scale main flow sec-
ondary flows are evident throughout the duct (Figs. 8 and 9). Even
for this rib configuration, the downwash flows highlighted by the
flow field analysis explain the physics, which regulates the heat
transfer phenomena induced by the three different rib configura-
tions.

Figs. 10-13 show the experimental distributions of the lo-
cal Nusselt number ratio along the streamwise direction, for
Re = 10000 and 20000, from 9.5 to 13.0 hydraulic diameters
downstream of the entrance of the ribbed heated section. When a
single intersecting rib is inserted in the channel, the Nusselt num-
ber evaluated close to the bottom side (y/W = 0.25, Fig. 10) has
only limited variations (+10%) with respect to the baseline rib con-
figuration for both Re values, since the main secondary vortex has
not split into two secondary vortices yet. Conversely, close to the
top side (y /| W = 0.75, Fig. 11), significant heat transfer enhance-
ments (from +15 to +40%) are achieved due to the vortex duplica-
tion, shown in Fig. 8(b), induced by the intersecting rib. The sec-
ond vortex seems to produce, for both the investigated Re values,
the largest heat transfer augmentation at about one third distance
downstream of the inclined rib and the smallest augmentation as
the upstream rib is approached.

Local results obtained for two equally spaced intersecting ribs
are presented in Fig. 12 for Re=10000 and in Fig. 13 for Re=20000.
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Fig. 7. 3D visualization (by means of an iso-vorticity surface) of the secondary flows between the ribs for the three configurations: (a) standard angled ribs, (b) angled ribs

with one intersecting rib, (c) angled ribs with two intersecting ribs.

Vorticity Magnitude

T1is1 0.00e+00 1.58e+03

(@)

2.10e+03 262e+03 315e+03 3 50e+03

Fig. 8. Vorticity color plots in a cross-plane (x/D = 8.6) with secondary velocity vectors superimposed for the three configurations: (a) standard angled ribs, (b) angled ribs

with one intersecting rib, (c) angled ribs with two intersecting ribs.

Fig. 9. 3D visualization of selected streamlines for the three configurations: (a) standard angled ribs, (b) angled ribs with one intersecting rib, (c) angled ribs with two

intersecting ribs.

Nusselt number ratios for the two Reynolds numbers are quanti-
tatively and qualitatively similar; as for the previous case, limited
heat transfer coefficient variations, with respect to the standard
angled ribs, are found close to the bottom side (y / W = 0.16),
while a noticeable heat transfer enhancement is recorded in the
central region (y /| W = 0.50), due to the second secondary vortex,
and especially close to the top side (y / W = 0.84), where the ef-
fect of the three secondary vortices generated by the intersecting
ribs and observed in Fig. 8(c) is more pronounced. Again, the de-

gree of the heat transfer augmentation induced by the intersecting
ribs is sensitive to the streamwise position inside each inter-rib re-
gion, with peaks (up to +80% for y / W = 0.84) followed by a less
marked enhancement (+ 30% for y / W = 0.84) as the streamwise
coordinate increases.

Fig. 14 shows the enhancement induced by one or two longi-
tudinal ribs in the normalized friction factor and in the normal-
ized, regionally averaged, Nusselt number, for both Re = 10000
and 20000. For the sake of clarity, only experimental results are
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Fig. 10. Experimental distributions of Nusselt number (normalized by that for stan-

dard angled ribs) along the streamwise coordinate y/W = 0.25 for the channel with
one intersecting rib (Re = 10000 and 20000).
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Fig. 11. Experimental distributions of Nusselt number (normalized by that for stan-
dard angled ribs) along the streamwise coordinate y/W = 0.75 for the channel with
one intersecting rib (Re = 10000 and 20000).
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Fig. 12. Experimental distributions of Nusselt number (normalized by that for stan-
dard angled ribs) along the streamwise coordinates y/W = 0.16, 0.50, and 0.84, for
the channel with two intersecting ribs; Re = 10000.

reported (numerical results similarly behave). Assuming the stan-
dard angled rib configuration to be the baseline condition, one in-
tersecting rib leads to about a 1.2-fold increase in pressure drop
penalty, while two intersecting ribs produce a larger (1.5—1.6-fold)
increase. At the same time, the intersecting ribs yield heat trans-
fer enhancement compared with the standard angled ribs; the in-
crease in normalized, regionally averaged, Nusselt number is about
1.15-fold for one intersecting rib and about 1.2-fold for two inter-
secting ribs.

When the frictional losses are coupled with the heat transfer
enhancement according to the constraint of the same pumping
power, the relative thermal performance can be evaluated accord-
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Fig. 13. Experimental distributions of Nusselt number (normalized by that for stan-

dard angled ribs) along the streamwise coordinates y/W = 0.16, 0.50, and 0.84, for
the channel with two intersecting ribs; Re = 20000.
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Fig. 14. Friction factor and regionally averaged Nusselt number (normalized by
those for standard angled ribs) with one or two intersecting ribs. Experimental re-
sults for Re = 10000 and 20000.
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Fig. 15. Thermal performance (relative to the baseline configuration of standard an-
gled ribs), based on Eq. (5), with one or two intersecting ribs.

ing to Eq. (5). As shown in Fig. 15, the thermal performance is sen-
sitive to the exponent n and, only in a minor part, to Reynolds
number. Generally speaking, the thermal performance, relative to
the standard angled rib configuration, turns out to increase, when
one intersecting rib is present, for both Re values with enhance-
ments up to +10%. When a second intersecting rib is installed,
thermal performance remains stable or even decreases, depending
on the assumed value of n. For n =1/3 (typical literature value,
e.g., Refs. [14,16,18], where a smooth, unribbed channel was taken
as reference configuration), Fig. 15 shows that inclined ribs with a
single intersecting rib perform better than the case with two inter-
secting ribs, for both Re values. It is conjectured that passing from
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one to two intersecting ribs leads to a slight increase in heat trans-
fer, which is counterbalanced by a larger increase in pressure drop
and a consequent slight reduction in thermal performance.

6. Conclusions

A rectangular channel (aspect ratio AR = 5) with 45 deg angled
ribs on one side has been experimentally and numerically investi-
gated in terms of heat transfer coefficients and friction factors. The
presence of one and two longitudinal ribs (intersecting ribs) has
been considered for the purpose of increasing the thermal perfor-
mance with respect to the standard angled rib configuration.

When one or two intersecting ribs are present, additional vor-
tices between ribs are generated at intersection points between the
angled and the intersecting ribs, as outlined by numerical simu-
lations. These additional vortices lead to increased values of both
friction and heat transfer coefficient with respect to the standard
angled ribs.

If the standard angled rib configuration is assumed to be the
reference condition, one intersecting rib leads to an increase in the
friction factor ratio of about 1.2-fold for one intersecting rib and
of 1.5-1.6-fold for two intersecting ribs; the Nusselt number ratio
enhancement due to the installation of intersecting ribs is about
1.15-fold for one intersecting rib and about 1.2-fold for two inter-
secting ribs.

The thermal performance based on the same pumping power is
maximized when only one intersecting rib is considered. The in-
stallation of two intersecting ribs yields a little heat transfer in-
crease, with respect to the case of a single intersecting rib, coun-
terbalanced by a larger increase in pressure drop.
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