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Natural convective flow and heat transfer on unconfined isothermal zigzag-shaped
ribbed vertical surfaces

J. Heervig?, H. Sgrensen®

@ Aalborg University, Department of Energy Technology, Pontoppidanstrede 111, DK-9220 Aalborg, Denmark

Abstract

Natural convective heat transfer is commonly used as heat transfer mechanism in applications with low heat flux due
to its reliability and cost effectiveness. In this study, we introduce zigzag-shaped ribs to vertical, isothermal, heated
surfaces with the purpose of increasing natural convective heat transfer. The ribs are characterised by a rib height h,
rib length p and vertical pitch distance L. We perform numerical simulations using the Boussinesq approximation by
prescribing a linear density-temperature relation and investigate how changes in rib length p/L, rib height h/L affect
heat transfer at Gry, = 10° and Gry, = 10 at Pr = 0.71.

The results show how geometric variations affect heat transfer locally. Generally, local heat transfer increases along
each outward-facing section and peaks at the tip of each rib. In the limiting case when surface approaches a forward
facing step (e.g. p/L = 1), a significant decrease in heat transfer is observed on the horizontal section.

A peak in heat transfer is observed for geometries with high rib lengths p/L = 0.9, where the surface-averaged Nusselt
number is increased by 4.43% compared to the flat surface. This increases to 11.60% when correcting for the increase in

surface area.

Keywords: Heat transfer, Natural convection, Zigzag shaped surface, Laminar flow, Geometric variations, Isothermal
surface
1. Introduction 2 Park and Bergles [4], Joshi et al. [5] investigated

26
Natural convection as heat transfer mechanism has ,,

many uses because of its simplicity and lack of additional
components such as fan or pump, which ensures reliable
operation over extended periods. Even though much
research has been devoted to mixed convection [1-3],
relatively few studies focus solely on enhancing natural ,,
convection by geometrical changes in surface geometry. .,
Therefore further studies on pure natural convection .,
are essential for critical applications where the added ,
maintenance and risk of failure associated with a fan
or pump is crucial. Commonly, heat sinks that utilise ,
natural convection are designed with multiple straight .,
simple fins with the purpose of increasing the overall
surface area and therefore heat transfer rate. Relatively
few studies focus on how surface alterations and if,
such alterations actually the increase heat transfer rate ,,
remain relatively scarce. In some circumstances, such as
faces of buildings and electronic circuit boards, surface,,
protrusions exist naturally. In other applications such ,
as heat sinks, there are opportunities to alter surface
geometries for higher heat transfer rates. In either case a ,,
better understanding of surface alterations affect natural ,

convective heat transfer is therefore important. w0

50
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experimentally how heat-generating protrusions of various
size on vertical surfaces affect heat transfer characteristics.
Bhavnani and Bergles [6] used a Mach-Zehnder
interferometer (MZI) to experimentally investigate
natural convective heat transfer from isothermal square
ribs and steps on surfaces. Generally, square ribs were
shown to decrease heat transfer when compared to a
plain vertical surface, which was attributed the presence
of stagnation zones just up- and downstream the ribs,
which result in a thickening of the thermal boundary
layer. Instead, an outward step-like surface with a series
of vertical segments was introduced that successfully
increased heat transfer.

To decrease stagnation zones up- and downstream the
ribs, Bhavnani and Bergles [6], Aydin [7], Tanda [8] suggest
adding non-conductive square ribs to the heated surface.
In general, studies agree that stagnation zones can be
reduced in size but disagree on its effect on heat transfer.
While Bhavnani and Bergles [6] report surface-averaged
heat transfer enhancements up to 5%, the study by Tanda
[8, 9, 10] suggests that only local enhancements in heat
transfer can be obtained. As a result adding square ribs to
surfaces are commonly reported to decrease heat transfer
[11]. In all instances, the spacing between successive ribs
should be chosen carefully to ensure that the inter-rib
region with enhanced heat transfer is not offset by the
inherent stagnation zones.

@© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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Dating back to the study by Yao [12], a number of
studies on natural convection on vertical wavy surfaces
have been published. Moulic and Yao [13, 14] did
numerical simulations for wavy surface subject to a
constant heat flux and found an overall decrease heat
transfer compared to a smooth vertical surface. Molla
et al. [15], Molla and Hossain [16] investigated both
simple and more complex wavy surfaces with an additional
harmonic. By varying both the wave amplitude of the
fundamental wave and the harmonic, the study concludes
that the heat transfer is more sensitive to the amplitude of
the harmonic than the fundamental wave. In general the
study by Yao [17] suggests the average Nusselt number to
be lower for wavy surfaces than for vertical plane surfaces.
However, when correcting for the increment in surface
area, heat transfer rate is almost doubled compared to
a vertical plane surface.

The transition to turbulence in natural convective flows
may significantly change heat transferred. The studies by
Sharma et al. [18], Cimarelli and Angeli [19] and Qiao
et al. [20] all focus on the route to turbulence and map
the transition thoroughly but limit their studies to bare
channels without surface alterations. However, as outlined
by both Bhavnani and Bergles [21] and Yao [17] the
presence of ribs may trigger the transition to turbulence
to occur at lower Rayleigh numbers. 103

As previous studies suggest, the stagnation zones being,,
formed just up- and downstream ribs reduce local heat,,
transfer. In the present study, we study zigzag-shaped
surfaces (see figure 1), which have rib angles that are
different from 90°. As shown later, these zigzag shaped
ribs changes how the flow separates and reattaches to the
surface. Starting from a vertical plane surface, we show
how different surface perturbations affect the buoyancy-
driven flow and local heat transfer. It is worth noting
that in the limit of p/L = 1, the geometry reduces to theus
forward-facing step documented by Heervig et al. [22]. 1o
108
109

2. Numerical details
110

2.1. Governing equations and computational domain m

We limit our study to cases where B(Ty — Too) < 1"
so that the Boussinesq approximation is valid and™”
temperature variations only affect the governing equations114
through the gravity term in the y-momentum equation. In'"”
general, density-temperature relations can be described byi16

. 17
a series of n terms:

118
119

(1)120

Ap -

== =) BT - T’
po =1 121
to the density at the reference'™

In this study a linear density-**
124

where pg refers
temperature T..
temperature relation (LDT) is assumed throughout the
entire temperature range so that eq. (1) simply reduces®
to Ap/po=PB(Ts —T). Consequently, we treat the'®

127

2

h/L =1/20

h/L =1/10

h/L=1/5

Figure 1: Examples of zigzag ribbed surfaces (two successive ribs
shown) with increasing local rib length p/L from left to right and
increasing rib height h/L from top to bottom.

temperature T as a passive scalar and solve the time-
dependent, incompressible continuity, momentum and
temperature equations for buoyant flow:

V-u=0 (2)

) 1
8_1;+(U.V)’U::—;Vp—I—I/VQU‘Fgﬁ(T_Too) (3)
oT V o

where g is the gravity vector. The governing equations
are discretised using the finite volume method and the
second-order accurate Crank-Nicolson scheme is applied
for temporal discretisation while second-order accurate
central differencing is applied for spatial discretisation.
The coupling between velocity and pressure is handled
using the Pressure-Implicit with Splitting of Operators
(PISO) algorithm [23] with the time step size dynamically
being adjusted to ensure a maximum cell convective
Courant number Co = 1. Simulations are carried out
using OpenFOAM 6 using a custom-built version of the
buoyantBoussinesqPimpleFoam solver.

Figure 2 gives an overview of the computational
domain along with boundary conditions. In general, the
boundary conditions shown in the figure are carefully
chosen to ensure the buoyant flow being generated
resembles that for truly unconfined surfaces. The zigzag-
shaped ribbed surface is prescribed a constant wall
temperature T;. Below the heated wall, an adiabatic wall
section (0T'/On = 0) with length 2L is added to ensure the
boundary layer development on the heated section remains
unaffected by the presence of domain boundaries. For the
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same reason, an additional heated section with surfaceis
temperature Ty is added above the heated wall of interest.s

T=Tx ifu, <0
T/on=0 ifu, >0
u=0 ifu, <0
ou/on=0 ifuy, >0
T="1T,s
u=0
T=T« g
du/On =0
oT/on =0
Symmertry for u
uy =0 ifuy, <0
ou/on=0 ifu, >0
T="T

A

2L

Figure 2: Overview of the geometry, computational domain and
boundary conditions. Results are reported for the wall section
coloured in light grey. The ribbed wall section is characterisedl
by pitch distance L, local rib length p and rib height h.
Furthermore, a local coordinate y* is defined along the surface so'6!
that y* = L* = \/p2 + h2 + /(L —p)2 + h2 at y = L.

162

2.2. Non-dimensionalisation 163

For buoyancy driven flows with linear density-is
temperature relations, the problem is solely governed byies

the Grashof and Prandtl numbers: 166
T, — T, L3 167

Grp, = —gﬁ( 2 ) (5)168

v 169

Pr = a (6)170

where [ is the thermal expansion coefficient, Ty is surface
temperature, T, is the fluid temperature unaffected by
the presence of the wall and L is the vertical pitch distance
between two successive ribs. For a plane wall we insteadi
use the vertical coordinate y as reference length: 172

. 3
_ 9B (Ty V2Too) y )

Each rib is further geometrically characterised by a local
rib length p and rib height i (see figure 2) forming theirs
non-dimensional local rib length p/L and rib height h/L.in

Gry

3

Local heat transfer along the heated surface is reported by
the local Nusselt number:

or L

Nu, = 24~
R T T

(8)
where 9T/0On denotes the local wall normal temperature
gradient evaluated at the surface. For a plane wall it
is convenient to use the vertical coordinate as reference
length:

or vy

N, — 2~ 4
N T, — T

(9)
To compare different surface geometries in terms of their
enhancement of heat transfer mechanism, the surface-
averaged Nusselt number used. This is defined as follows:

fA NuLdA
J,dA

Heat transfer from ribbed surfaces can be increased
by either changing the flow field and Consequently the
temperature gradient at the surface or by increasing the
surface area. To compare the surface geometries account
for both factors when comparing the surface geometries,
Nusselt numbers based on projected surface length are
compared as well. The surface-averaged Nusselt number
corrected to account for the increase is surface area mL,C
is related to the surface-averaged Nusselt number Nuy, by:

Nug, = (10)

(11)

NllL’C = NuL —
P

where the actual surface area A is larger than the projected
surface area A, except for the plane wall where A = A,,.

3. Grid and time dependence analysis

To ensure the choice of boundary conditions resembles
a truly unconfined flow and to quantify the effect of
discretisation error, two measures are taken. First, the
numerical code is verified by comparing local heat transfer
on a vertical plate to the analytical solution by Ostrach [24]
and Fevre [25]. Next, the dependency of grid resolution is
examined for a ribbed surface. For a vertical plane wall
the analytical solution by Ostrach [24] is given by:

1/4
Nu, = (42) " gten

with the fit for g(Pr) proposed by Fevre [25] to account
for variations in Prandtl number:

(12)

0.75Pr'/?
g(Pr) =

13)
1/4 (
(0.609 4 1.221PrY/2 4 1.238131«)

Figure 3 shows how the numerical simulation from the
present study compares to the semi-analytical solution and
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Figure 3: Numerical prediction of local Nusselt number Nuy as
function of local Grashof number Gry at Pr = 0.71 compared to the
semi-analytical solution by Ostrach [24] and Fevre [25] (eq. (12) and
(13) respectively) and the experiments by Bhavnani and Bergles [21].

the experiment by Bhavnani and Bergles [21]. As figurexs
3 shows, the numerical results deviate slightly from theaw
semi-analytical solution at lower Grashof numbers. Thisau
can be explained by heat diffusing upstream the heatedz
section, which is not accounted for in the semi-analyticalzs
solution. As opposed to the semi-analytical solution,us
which assumes no heat diffuses upstream the heated plate,zs
the simulations are carried out in a domain that extends azs
distance of 2L upstream the heated plate, which is founda7
to be sufficient to make the results independent of domain
size. As the flow develops along the heated plate, the
local Nusselt number asymptotically approaches the semi-
analytical solution, and at Gry = 10® the deviation from
the semi-analytical solution is a mere 0.6%. To estimate
the exact solution for an infinite fine mesh, Richardson
extrapolation and the Grid Convergence Index (GCI)
are used as suggested by Roache [26]. Using the GCI
approach, an error band quantifying the uncertainty in
the estimated exact value is obtained. This error band is
given by Nur, ¢ &+ Nup, .GCl;2, where subscript e denotes
the estimated exact value and GCI;5 denotes the GCI
value obtained from the two finest meshes obtained from:

Fylel
7P —1

GCI = (14)
where Fy is a safety factor commonly chosen to be be
1.25 as suggested by Roache [26], € is the relative error
between the two grids, r is the refinement ratio and p is
the order of convergence. Figure 4 shows the sensitivity
of grid resolution on the surface-averaged Nusselt number
along with the extrapolated value for an infinite fine mesh.zz
The figure shows that asymptotic behaviour is observed
for grids with more than 141 cells along the surface of,
a rib. Furthermore, the figure suggests the grid with 141
cells to be within the error band while the surface—averaged223
Nusselt number deviates 0.3% from the extrapolated exact
value For this mesh, the wall-adjacent cells are placed at

N
(V)

— T
‘2 —&— Simulations

5 11.98 |- Extrapolated exact value ||
<L N —---- - - - Error band

2 11.96| |
=

g o194 .
Z.

- 11.92
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©

§ 11.9 a
QS

8 11.88 |- a
g .

I e e REEEE L EEP R
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50 100 150 200 250 300

Cells per rib along the surface

Figure 4: Sensitivity of changes in grid resolution on the surface-
averaged Nusselt number Nuy, for Gry, = 10 and Pr=0.71 on a
ribbed surface with p/L = 0.8 and h/L = 1/5. The error band is
based on a safety factor Fs = 1.25.

2.5-1073/L and successive cell layers grow with 2.5% in
the direction perpendicular to the the wall.

Furthermore, as pointed out in previous studies by
Bhavnani and Bergles [21] and Yao [17], ribbed surfaces
may trigger the transition to turbulence to occur at a
lower Grashof number. As such all simulations in the
present study are run as transient to resolve any transient
phenomenon in the flow. Figure 5 shows a typical example
of time convergence of the surface-averaged Nusselt
number. As figure 5 shows, the simulation converges

—_
~
|

Surface-averaged Nusselt number Nuy,

—_
[\]
|

—_
[en}
|

| | | |
0 0 10 20 30 40 50

Non-dimensional time t* = t(g3(Ty — Tno)/L)'/?

Figure 5: Time-history of the surface-averaged Nusselt number Nuy,
for Gry, = 10%, Pr = 0.71 with rib length p/L = 0.8 and rib height
h/L =1/8.

towards a steady solution where no transients are observed
in the flow field. In the remainder of this study, only time-
converged results are reported. Furthermore, a domain
independence analysis is carried out to ensure that the
width of the domain being 2L is sufficient to make the
results independent of the domain size.



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

4. Results and discussion 279

280
our

In this section results are presented.  First, -
discussion is focused on how geometric variations affect
the flow and temperature fields and consequently the local
Nusselt number along the ribbed surfaces. Next, the,,
surface-averaged Nusselt numbers are compared for the
different surfaces and compared to the flat vertical surface

which is used as reference geometry.

285
7286
287
288

4.1. Variations in rib length .

Figure 6 shows how streamlines (subfigure 1-4) and,,
the temperature fields (subfigure 5-8) are affected when,,
the rib length p/L is varied between 0.3, 0.6, 0.9 and,,
1.0. Figure 7 shows the corresponding local Nusselt,,
numbers as function of vertical coordinate y/L. For all rib,,
lengths a local decrease in heat transfer is observed at the,q
innermost points located at y/L =p/L, y/L=1+p/L
and y/L =2+ p/L explained by a thickening of the,
thermal boundary layer in these regions. As the ﬁgure o
shows, higher values of p/L cause this effect to become
increasingly more pronounced. In the limit of p/L = 1. 0
corresponding to a forward facing step similar to the one300
investigated by Heervig et al. [22], the horizontal section
causes the stagnation zone at the innermost point to_
significantly increase in size. After the innermost pomt .
at y/L=p/L (e.g. the outward-facing sections), local
heat transfer is increased compared to the plane Vertlcal
surface. In all cases local heat transfer peaks at the r1b s
tip, due to a significant thinning of the thermal boundary
layer. This is also evident from subfigure 4-6 in ﬁgure e
6, which shows the temperature fields. Again, this effect .
is more pronounced for higher p/L-ratios. For all p/L—
ratios investigated, local heat transfer peaks at the r1b
tips. After the rib tip, local heat transfer again attains
values below the plane vertical surface. The drop in local313
heat transfer right after the rib tip is more pronounced31
for higher rib lengths and the least pronounced for low rib
lengths. One exception is the limiting rib with p/L = 17316
which experiences a more significant drop in heat transfer w
at the innermost point. Figure 8 gives an overview of the »
local heat transfer using surface coordinates y* 1nstead
of vertical coordinates y. As shown in figure 8 for the
surface with p/L = 1, the local Nusselt number is lowest
at the innermost points and increases on horizontal section
towards the rib tip where the highest heat transfer is*

observed. 22
323

324

4.2. Variations in rib height

Next, the variations in rib height are introduced for™
a constant rib length. Figure 9 shows how stream lines™”
(subfigure 1-4) and temperature fields (subfigure 5-8) are”
affected by variations in rib height from h/L = 1/32"
to h/L = 1/8. Subfigure 1-4 in figure 9 show how
streamlines are affected by variations in rib height. As330
the rib height increases from h/L = 1/32 to h/L = 1/8
the low velocity stagnation regions at the innermost p01nt

and just downstream the rib tip increase in size. This
is evident from subfigure 4-6, which shows a thickening
of the thermal boundary layer and in turn yields lower
local heat transfer rate in this region. Figure 10 shows
the effect on the local heat transfer of altering the rib
height for a fixed rib length. As seen in the figure, local
heat transfer decreases in the region around the innermost
point (in this case y*/L* ~ 0.8) and just downstream
the rib tip for higher rib heights. On the outward-facing
section between y*/L* ~ 0.8 and y*/L* = 1.0, local heat
transfer is significantly increased compared to the vertical
plate. This effect is again increasingly more pronounced
for higher rib heights. Downstream the rib tip, we again
observe a local decrease in local heat transfer caused by
a stagnation region. After a certain distance downstream
the rib tip, the boundary layer again reattaches to the
surface and the local heat transfer rate increases.

4.3. Variation in Grashof number

The Grashof number is varied to investigate the
relative importance of buoyancy and viscous forces when
introduction zigzag-shaped ribs. Two Grashof numbers of
10° and 10° are simulated, which both represent typical
values used for cooling applications. Figure 11 shows
how changes in rib length affect the local Nusselt number
along the surface. The tendency for the local Nusselt
number obtained along the ribbed surface for a higher
Grashof number of Gry, = 10° is similar to that obtained
for Gr;, = 10°. Again, stagnation regions are present
at the innermost points on the rib surface resulting in
a decrease in local heat transfer. On the outward-facing
section and at the rib tip, local heat transfer is significantly
increased compared to the flat vertical plate. Heat transfer
in the region downstream the rib tip is again dominated by
stagnation region causing a decrease in local heat transfer.
However, for Gry, = 10° compared to Gry, = 10°, we
observe an increase in local heat transfer at the location
where the flow reattaches to the surface. This effect is
even more pronounced after the second rib tip around
y*/L* = 2.4, where the surface with p/L = 0.9 shows
an increase of approximately 11% compared to the flat
vertical plate.

4.4. Surface-averaged heat transfer

Surface-averaged Nusselt numbers are compared for
the different geometric variations. All the numbers are
listed in table A.1 in Appendix A. Figure 12 gives an
overview of the results in terms of relative difference
compared to the flat vertical surface. As shown in
the figure, only small enhancements in surface-averaged
Nusselt number are generally obtained for the different
geometries. As expected, the increase in surface-averaged
Nusselt number approaches 0 as h/L approaches 0. In
general, for all rib heights the highest increase in surface-
averaged Nusselt number is observed for either a low rib
length or a rib length just below p/L = 1. In the limit
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with p/L = 0.3, p/L = 0.6, p/L = 0.9 and p/L = 1.0 for a fixed rib
Pr=0.71.
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Figure 7: Local Nusselt number Nuy, as function of vertical distance
for various rib lengths at Gry, = 10%, Pr = 0.71 and at a fixed rib
height h/L = 1/8.

when p/L 1 a significant drop in surface-averagedsa
Nusselt number is observed. The drop becomes moress.
significant for higher values of rib height and the surface-ss
averaged Nusselt number is decreased compared to the flatsa
vertical surface. s

The ribbed surfaces have a higher surface area thanss
the plain surface. Figure 13 shows the relative differencess
in surface-averaged Nusselt number when the results aress
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length h/L = 1/8, Grashof number Gry, = 10° and Prandtl number
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Figure 8: Local Nusselt number Nuy, as function of local coordinate
along the wall (see figure 2) for various rib lengths at Gry, = 105,
Pr =0.71 and at a fixed rib height h/L = 1/8.

scaled according to (11) to account for the difference in
surface area. As shown in the figure, the peaks observed
at low and high rib heights of p/L = 0.3 and p/L =
0.9 respectively become even more pronounced when the
correction for the increase in surface area is applied. The
highest increase in surface-averaged Nusselt number after
correcting for the increase in surface area is observed for a
surface with a combination of high rib length and height
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Figure 9: Subfigure 1-4 show streamlines and subfigure 5-8 show the temperature field 6 = (T — T )/(Ts — Teo) and isotherms for surfaces
with h/L =1/8, h/L = 1/16, h/L = 1/24 and h/L = 1/32 for a fixed rib length p/L = 0.8, Grashof number Gry, = 10% and Prandtl number

Pr=0.71.
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Figure 10: Local Nusselt number Nuj, for various rib heights at
Grp, = 10%, Pr = 0.71 and at a fixed rib length p/L = 0.8.

of p/L = 0.9 and h/L = 1/8 respectively. Here the zigzag-
shaped shaped surface perform 11.60% better than the
vertical flat plate. As figure 13 shows, the heat transfer

rate is significantly increased just upstream the rib tip.

360
5. Conclusions 361
362
The possibility of enhancing natural convective heatsss

transfer on vertical isothermal surfaces was examined.

I
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Figure 11: Local Nusselt number Nuy, = (07/0n)L/(Ts — Teo) for
various rib lengths at Gry, = 10%, Pr = 0.71 and at a fixed rib height
h/L =1/8.

Unlike previous work dealing mostly with sinusoidal
surfaces or square ribs, we introduce zigzag-shaped
surfaces to circumvent some of the drawbacks mentioned
in previous work. After validating the numerical results
obtained in the limiting case of a vertical flat plate, we
varied the rib length p/L, rib height h/L for Grashof
numbers Gry, = g8 (Ts — Two) L3 /2 of 10° and 10° at Pr =
0.71. Summing up, the main findings in this study were:
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similar conditions.
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Figure 13: Relative difference in surface-averaged Nusselt numberyg
corrected for the increase in surface area for ribbed surfaces at Gry, =419
10° and Pr = 0.71 compared to the flat vertical surface under similars;,

conditions. Refer to equation (11) for the correction.

412
413
414

e Natural convective heat transfer may be increased by*®

adding zigzag-shaped ribs to vertical surfaces. Forjij
a rib with p/L = 0.9 and h/L = 1/8 an increase,;
in surface-averaged Nusselt number of 4.43% and#o
4.94% is observed for Gr;, = 10° and Gry, = 1004
respectively. These numbers increase to 11.60% and:;
12.15% when the total heat transfer is considered.os
by correcting for the increase in surface area for thess

ribbed surfaces. 425
426

e The selection of rib length p/L and rib height h/L isﬁ;

critical and if not chosen carefully the zigzag shaped,,,
ribs may eventually decrease the overall heat transfersso

on the surface compared to a plane vertical surface.**
432

e Ribs with horizontal sections (e.g. p/L = 1) shouldzzj

be avoided due to the inherent stagnation regions
that limit heat transfer in these regions. Instead,

‘We

horizontal sections should at angled slightly (e.g.
p/L = 0.9) to circumvent the decrease in local heat
transfer in these regions.

e A local peak in surface-averaged Nusselt number is

observed for either a low rib length of p/L = 0.3 or
a high rib length p/L = 0.9. The ribs having lengths
between p/L = 0.3 and p/L = 0.9 are shown to
perform worse in terms of heat transfer than either
limit of p/L = 0.3 and p/L = 0.9.

e By carefully monitoring local quantities in the
present study, mno transient phenomena were
observed in the flow. Surfaces with slightly higher
Grashof number or rib heights are expected to trigger
the transition to turbulence.

suggest future studies on unconfined surface heat

transfer enhancement to follow the numerical approach by
Faghri and Asakot [27], Kelkar [28] and focus on a periodic
section of the geometry. Furthermore, ribs are expected
to trigger the transition to turbulence and hence mapping

the

transition to turbulence for a wide range of geometrical

parameters and Grashof numbers is important.
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Appendix A. Tabulated Data



Table A.1: Surface-averaged Nusselt numbers Nuy,, the relative difference from the flat surface and the relative difference from the flat surface
corrected for the area ratio. Refer to equation (11) for the surface area corrected Nusselt number Nuy, .

h/L p/L  Pr 5NUL . (Nug, — N;lLﬂat)/NuLﬁat é%) (Nup,c — é\IuLﬂat)/NuL,ﬂatG (%)
Grp, = 10 Grp, = 10 Grp, = 10 Grp, = 10 Grp, = 10 Grp, = 10
0 (flat surface) - 0.71 6.505 11.476 1.00 1.00 1.00 1.00
1/8 0.3 0.71 6.561 11.604 0.85 1.11 4.49 4.75
1/16 0.3 0.71 6.520 11.534 0.23 0.50 1.14 1.41
1/24 0.3 0.71 6.504 11.508 -0.02 0.28 0.40 0.70
1/32 0.3 0.71 6.498 11.499 -0.01 0.19 0.12 0.42
1/8 0.4 0.71 6.542 11.580 0.57 0.90 3.79 4.13
1/16 0.4 0.71 6.514 11.522 0.13 0.40 0.93 1.20
1/24 0.4 0.71 6.500 11.502 -0.08 0.23 0.28 0.59
1/32 0.4 0.71 6.495 11.493 -0.16 0.15 0.04 0.35
1/8 0.5 0.71 6.534 11.579 0.45 0.85 3.54 3.95
1/16 0.5 0.71 6.508 11.517 0.04 0.35 0.80 1.12
1/24 0.5 0.71 6.497 11.501 -0.13 0.20 0.22 0.55
1/32 0.5 0.71 6.494 11.493 -0.18 0.14 0.01 0.33
1/8 0.6 0.71 6.538 11.602 0.50 0.89 3.72 4.12
1/16 0.6 0.71 6.505 11.521 0.00 0.36 0.79 1.16
1/24 0.6 0.71 6.496 11.499 -0.15 0.21 0.22 0.58
1/32 0.6 0.71 6.492 11.493 -0.21 0.14 -0.01 0.34
1/8 0.7 0.71 6.546 11.602 0.63 1.09 4.26 4.74
1/16 0.7 0.71 6.507 11.521 0.03 0.39 0.93 1.30
1/24 0.7 0.71 6.495 11.499 -0.16 0.20 0.26 0.62
1/32 0.7 0.71 6.490 11.493 -0.23 0.14 0.00 0.37
1/8 0.8 0.71 6.588 11.674 1.27 1.72 5.89 6.35
1/16 0.8 0.71 6.512 11.534 0.10 0.50 1.28 1.69
1/24 0.8 0.71 6.496 11.507 -0.13 0.27 0.41 0.81
1/32 0.8 0.71 6.489 11.494 -0.24 0.15 0.06 0.45
1/8 0.9 0.71 6.793 12.044 4.43 4.94 11.60 12.15
1/16 0.9 0.71 6.549 11.609 0.67 1.16 2.67 3.16
1/24 0.9 0.71 6.511 11.532 0.09 0.48 1.03 1.43
1/32 0.9 0.71 6.496 11.506 -0.14 0.26 0.38 0.78
1/8 1.0 0.71 5.641 9.926 -13.28 -13.51 -1.77 -2.03
1/16 1.0 0.71 6.091 10.662 -6.37 -7.10 -0.38 -1.16
1/24 1.0 0.71 6.262 10.981 -3.74 -4.32 0.38 -0.22
1/32 1.0 0.71 6.354 11.167 -2.33 -2.69 0.75 0.37
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