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Abstract The article presents an experimental investiga-  List of symbols

tion on turbulent heat transfer and friction loss behaviors A Heat transfer surface area (m?)

of airflow through a constant heat-fluxed solar air heater = AR  Aspect ratio of channel (=W/H)
channel fitted with rib turbulators. The experiment was By Rib blockage ratio (=e/H)
conducted for the airflow rate in terms of Reynolds num-  C Specific heat capacity of air (J/kg K)
bers based on the hydraulic diameter of the channel ina D, Hydraulic diameter (=4WH/p, m)

range of 5000-24,000. In the present work, a comparative ¢ Rib height (m)

study between square and thin ribs (90°-rib) with three  f Friction factor

rib arrangements, namely, one ribbed wall (or single rib), H Channel height (m)

in-line and staggered ribs on two opposite walls was first & Average heat transfer coefficient (W/m? K)
introduced. The study shows a significant effect of the pres- [ Current (A)

ence of the ribs on the heat transfer rate and friction loss & Thermal conductivity of air (W/m K)
over the smooth wall channel. The comparison made at a L Length of test channel (m)

single rib pitch and height also revealed that the thin rib Air mass flow rate (kg/s)

performs better than the corresponding square one. Among  Nu  Nusselt number (=hAD/k)

the three arrangements, the in-line rib array provides higher P Pitch (axial length of cycle, m)

heat transfer and friction loss than the staggered and the sin-  p Channel perimeter (=2 W + 2H)

gle one. However, the staggered thin rib provides the high- AP  Pressure drop (Pa)

est thermal performance. With this reason, only the stag- Py Rib pitch to channel height ratio
gered thin ribs at four different relative heights (B = 0.1,  Pr Prandtl number

0.2, 0.3 and 0.4) and three relative pitches (P = 0.5, 0.75 Re Reynolds number (=UD/v)

and 1.33) are investigated further. It is found that the stag- 0 Heat transfer (W)

gered rib at By = 0.4 and Py = 0.5 yields the highest heat T Temperature (K)

transfer and friction factor but the maximum thermal per-  TEF Thermal enhancement factor

formance is at By = 0.2 and Py = 0.75. t, Thickness of thin rib (m)
t, Thickness of square rib (m)
U Mean velocity (m/s)
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Subscripts

b Bulk

0 Smooth channel
conv Convection

i Inlet

o Out

PP Pumping power
S Channel surface

1 Introduction

The use of ribs/baffles placing in the cooling/heating
channels or solar air heater channel heat exchangers is
one of the commonly used passive heat transfer enhance-
ment technique in single-phase internal flows. Hence, the
research work on fluid flow and heat transfer in ribbed
channels has been abundant so far. This heat transfer
enhancement technique has been applied to various types
of industrial applications such as shell-and-tube type heat
exchangers, thermal power plants, chemical processing
plants, air conditioning equipment, refrigerators, radiator
for automobiles. Periodically positioned ribs/baffles in the
channels interrupt hydrodynamic and thermal boundary
layers. Downstream of each rib/baffle the flow separates,
re-circulates and impinges on the channel wall and these
effects are the main reasons for heat transfer enhancement
in such channels. The use of ribs/baffles increases not only
the heat transfer rate but also substantial the pressure loss.
The rib/baffle geometry and arrangement in the channel
also alter the flow field resulting in different the convec-
tive heat transfer coefficient and the overall thermal perfor-
mance. There have been many types of rib/baffle tabulators
[1-9] and the winglet vortex generators [10—12] employed
in the heat exchanger channels.

In general, the swirl/vortex flow generator is used in
augmentative heat transfer in several engineering applica-
tions to enhance the rate of the heat/mass transfer equip-
ment such as heat exchanger [13], drying process, vortex
combustor, refrigeration, gas turbine, etc. Several inves-
tigations have been conducted to study the effect of rib
parameters on heat transfer and friction factor for two
opposite roughened surfaces in channels. The perfor-
mance of square, triangular and semi-circular ribs was
experimentally investigated by Liou and Hwang [14] sing
a real time laser holographic in terferometry to measure
the local as well as average heat transfer coefficients. They
found that the square ribs give the best heat transfer per-
formance among them. This is contrary to the experimen-
tal result of Ahn [15] indicated that the triangular rib per-
forms better than the square one. Murata and Mochizuki
[16] studied numerically the heat transfer distribution in a
ribbed square channel with e/D = 0.1, P/e = 10 and 60°

@ Springer

orientation using large eddy simulation. Their numerical
result provided that the flow reattachment at the midpoint
between ribs caused a significant increase in the local heat
transfer. Taslim et al. [17] conducted a measurement of the
heat transfer in a square channel with three blockage ratios
(Bg = e/H = 0.083, 0.125 and 0.167) and a fixed P/e = 10
using a liquid crystal technique. Various staggered rib con-
figurations were studied, especially for the angle of 45° and
experimental data showed a significant increase in average
Nusselt number with increasing the By value.

In addition, the use of ribs completely makes the
change of the flow field and thus the distribution of the
local heat transfer coefficient. Periodically mounted ribs
in the absorber plate of solar air heater channels can help
to interrupt hydrodynamic and thermal boundary layers
leading to an increase in heat transfer rate. Several studies
have been carried out to investigate the effect of rib geom-
etry and arrangements on heat transfer and friction loss for
roughened surfaces of heat exchanger channels or solar air
heaters. Sahu and Bhagoria [18] examined broken trans-
verse ribs in solar air heaters, reported that the roughened
absorber plate yields the heat transfer rate at 1.25-1.4 times
over the smooth rectangular duct and the maximum thermal
efficiency is in the range of 51-83.5 %. Mittal et al. [19]
studied and compared the absorber plate with six differ-
ent types of roughness elements. Their results showed that
the channel with inclined ribs including V-shaped ribs per-
forms better heat transfer rate than others. An experiment
of Aharwal et al. [20] was conducted to study heat transfer
behaviors of a solar air heater channel with inclined square
split-rib with a gap on one wall and the results showed that
the gap in the inclined rib enhances the heat transfer of the
channel. The increase in Nu and f was, respectively, in a
range of 1.5-2.6 times and 2.3-2.9 times the smooth chan-
nel. Tamna et al. [21] studied experimentally and numeri-
cally on heat transfer and fluid flow in a solar air heater
channel fitted with V-baffle vortex generators (BVGs).
They found that at smaller pitch ratio (Py), the in-line array
provides the highest heat transfer and friction factor in
comparison with the staggered and the single BVG. Prasad
et al. [22] studied the effect of three sided artificially rough-
ened solar air heater. Yadav and Bhagoria [23] numerically
investigated the fluid flow and heat transfer characteristics
of fully developed turbulent flow in a solar air heater duct
with repeated transverse square ribs on the absorber plate
and the rib with P/e = 10.71 and e/D = 0.042 yielded the
best thermo-hydraulic performance parameter. The thermal
performance of double pass solar air heaters were reported
in Refs. [24, 25].

Chandra et al. [26] carried out measurements on heat
transfer and pressure loss in a square channel with continu-
ous ribs on one, two, three and four walls. They found that
the heat transfer augmentation increases with the rise in the
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number of ribbed walls. The effect of transverse, angled
ribs, discrete, angled discrete ribs, V-shaped, V-shaped bro-
ken and parallel broken ribs on heat transfer and friction
was studied by Tanda [27]. It was found that 90° transverse
ribs provided the lowest thermal performance while the 60°
parallel broken ribs or 60° V-shaped broken ribs yielded
a higher heat transfer augmentation than the 45° parallel
broken ribs or 45° V-shaped broken ribs. Parallel angled
discrete ribs were seen to be superior to parallel angled
full ribs and its 60° discrete ribs performed the highest
heat transfer. Chang et al. [28] investigated heat transfer
augmentation in a channel with deep dimples and scale-
roughened walls while theoretical and numerical work on
ribs was also reported by Katoh et al. [29]. Promvonge
et al. [30] investigated numerically the turbulent periodic
flows in a square duct with inline 60° V-shaped discrete
thin ribs placed on two opposite walls. Extensive litera-
ture reviews over hundred references on various rib turbu-
lators were reported by Hans et al. [31] and Saxena et al.
[32]. Promvonge et al. [33, 34] studied experimentally and
numerically the turbulent flow over 30° angle—finned tapes
inserted diagonally in a square duct and pointed out that the
smaller fin pitch spacing provided the highest heat transfer
and friction factor. The thermal performance of the finned-
tape turbulator was found to be much higher than that of
the wire—coil/twisted—tape turbulator alone.

In the literature review above, most studies are mainly
focused on square or low aspect ratio channels, rib height
and pitch spacing ratios, and rib geometries. In solar air
heater systems, the investigation on rib arrangements and
sizes has rarely been reported, especially for thin ribs. This
is very fruitful for improvement of solar thermal systems.
Therefore, the main aim of the present work is to extend

Fig.1 Schematic diagram of
experimental apparatus

the experimental data available on various sizes of trans-
verse ribs with three rib arrangements, namely, one ribbed
wall, in-line and staggered arrays. In addition, the stag-
gered thin ribs with different By and Py values are further
investigated and the optimal staggered rib is also suggested.
Experimental results using air as the test fluid are presented
in turbulent channel flows for Reynolds number (Re) from
5000 to 24,000.

2 Experimental setup

The experiments were conducted to examine the effect of
using square ribs and thin ribs on heat transfer and flow
friction characteristics of airflow in a rectangular solar air
heater channel. A schematic diagram of the experimental
setup is illustrated in Fig. 1 and the details of 90° square
ribs and thin ribs placed on one wall and two opposite
walls with in-line and staggered arrays are depicted in
Fig. 2a, b, respectively. In the experimental setup, a circu-
lar pipe was used for connecting a high-pressure blower to
a settling tank, which an orifice flow-meter was mounted
in this pipeline while a channel including a calm section
and a test section was employed following the settling
tank.

The channel configuration was characterized by the
channel height (H) of 30 mm and the width (W) of 300 mm.
The overall length of the channel was 2000 mm which
included length of the test section (L) of 440 mm. The form
of the square-ribbed plate was accomplished by means
of wire-EDM machining. The test channel was mounted
repeatedly with square (f, = 6 mm) and thin (#, = 0.5 mm)
ribs having a single axial pitch, P = 40 mm (relative pitch,
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Fig. 2 Test section with trans-
verse a square and b thin ribs
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test section only to maintain uniform surface heat flux.
Air as the tested fluid, was directed into the systems by a
1.45 kW high-pressure blower. The operating speed of the
blower was varied by using an inverter to provide desired
air flow rates. The flow rate of air in the systems was
measured by an orifice plate. The pressure across the ori-
fice was measured using inclined manometer. In order to
measure temperature distributions on the principal upper
wall, twelve thermocouples were fitted to the wall. The
thermocouples were installed in holes drilled from the rear
face and centered of the walls with the respective junctions
positioned within 2 mm of the inside wall and axial separa-
tion was 40 mm apart. To measure the inlet and outlet tem-
peratures, two RTD (Pt100) thermocouples were positioned
upstream and downstream of the test channel. The thermo-
couple voltage outputs were fed into a data acquisition sys-
tem (Fluke 2650A) and then recorded via a personal com-
puter. Two static pressure taps were located at the top of the
principal channel to measure axial pressure drops across
the test section, used to evaluate average friction factor.
These were located at the centre line of the channel. One of
these taps is 120 mm downstream from the leading edge of
the channel and the other is 50 mm upstream from the trail-
ing edge. The pressure drop was measured by a digital dif-
ferential pressure and a data logger connected to the 2 mm
diameter taps and recorded via a personal computer.

The uncertainty in the data calculation was based on
Ref. [35]. The maximum uncertainties of non-dimensional
parameters were £5 % for Reynolds number, +£6 % for
Nusselt number and +8 % for friction factor.

3 Data processing

The aim of this work is to investigate the Nusselt num-
ber (Nu) in transverse-ribbed channels. The independent
parameters are Re and rib arrangements. The Re based on
the channel hydraulic diameter is given by

Re = UD;/v (1

The local heat transfer coefficients are evaluated from
the measured temperatures and heat inputs. The average
heat transfer coefficient due to heat added uniformly to
fluid (Q,;,) and the temperature difference of surface and
fluid (T, — T;), will be calculated from the experimental
data via the following equations:

Quir = Qconv = mCy(To — T) = VI — heatlosses )

Ocony = W/hx(Ts — Tpx) dx

= W(Tor = Tox) AL = (Ts — Tb)Ah

As found, the heat absorbed by the fluid for thermal
equilibrium test is within 4 % lower than the heat supplied
by electrical winding in the test channel due to convection
heat losses from the test section to surroundings. For data
analysis, only the heat transfer rate absorbed by the air is
taken for internal convective heat transfer coefficient cal-
culation. Thus, the average heat transfer coefficient can be
written as follows:

h= ’th(To —T)

a(ro-7y) ®
in which,
Ty = (To + T1)/2 )
and
T,=> T,/12 (5)

The term A is the convective heat transfer area of the
upper channel wall whereas Ty is the average surface tem-
perature obtained from local surface temperatures along
the axial length of the heated channel. Then, average Nu is
written as:

Nu = % (6)
k
The friction factor (f) is evaluated by:
2 AP
~ (L/Dy) pU2 @

where AP is a pressure drop across the test section and U
is mean air velocity of the channel. All of thermo-physical
properties of the air are determined at the overall bulk air
temperature from Eq. (4)

For a constant pumping power,

(VaP), = (VAP) ®)

and the relationship between f and Re can be expressed as:

(rre’), = (r2e')
1/3
Reg = Re(f/fo) "
The thermal enhancement factor (TEF), defined as the

ratio of the heat transfer coefficient, 4 of an augmented sur-
face to that of a smooth surface, &, at a constant pumping

power:
_( Nu f -1/3
)G o
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Fig. 3 Verification of Nu and f for smooth channel

4 Results and discussion

The present work on both heat transfer and pressure loss
behaviors in a ribbed channel with aspect ratio AR = 10 is
presented.

4.1 Verification of smooth channel

The present experimental results on heat transfer and fric-
tion characteristics in a smooth wall channel are first vali-
dated in terms of Nusselt number (Nu) and friction factor
(). The Nu and f obtained from the present smooth chan-
nel are, respectively, compared with those from the correla-
tions of Dittus-Boelter and Blasius found in the open litera-
ture [36] for turbulent flow in ducts.

(a) 160
| A in-line, thin-rib
140 A in-line, square-rib
T @ staggered, thin-rib AL
O  staggered, square-rib a8 o®
L & - )
120 - sfngle, thin-rib A A A0 (¢} . 28
single, square-rib a0® 25 O
100 L X smooth channel a© Aé o a a®
A0 ,p80-8" g
8 5,0 g o
= 8 16) 6 s o
z. 80 6 mgpol
=]
6 6 m O o
60 - 6 6 8° X
6 B x X %
(o) X
40 s B x X
8 X
X
20 - X
0 11 11 1 11 1 1 1 F— 11 1 1 11 1
0 5000 10000 15000 20000 25000
Re

Fig. 4 Variation of a Nu and b Nu/Nu,, with Re
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4.2 Effect of rib size

The present experimental results on heat and flow friction
characteristics in a uniform heat-flux solar air heater chan-
nel fitted with different thickness of transverse ribs attached
repeatedly with the three rib arrangements over a range of
Re as mentioned earlier.

4.2.1 Heat transfer

The Nu for all the cases investigated is presented in Fig. 4a.
In the figure, both square and thin ribs yield considerable
heat transfer enhancement with similar trends in compari-
son with the smooth channel. The Nu is found to increase
with the increment of Re for both ribs. The thin rib provides
higher heat transfer rate than the square one, at a similar
operating condition. This is because the thin rib turbulators
interrupt the development of thermal boundary layer of the
fluid flow and increase the turbulence intensity of the flow.
It is interesting to note that the heat transfer in the form of
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Nu for the in-line thin rib is considerably higher than that
for the staggered one which performs better than the single
rib. This is because the in-line thin rib can strongly inter-
rupt the flow and divert its direction, promoting high levels
of mixing over the others. For the thin rib, the increases in
Nu for using in-line, staggered and single rib are in a range
of 213-216, 204-211 and 164-165 % over the smooth
channel, respectively.

The Nusselt number ratio, Nu/Nu,, defined as a ratio of
augmented Nu to Nu of smooth channel plotted against the
Re value is displayed in Fig. 4b. In the figure, the Nu/Nu,
tends to be nearly uniform with the rise of Re for all rib
arrangements. It is worth noting that the Nu/Nu, is high-
est for the in-line thin rib. The thin rib performs better than
the square one. The average Nu/Nu, values for the ribs with
in-line, staggered and single rib arrays are, respectively,
around 2.13, 2.05 and 1.64 for the thin rib and about 1.86,
1.81 and 1.52 for the square one.

4.2.2 Friction factor

The effect of the 90°-ribs or transverse ribs on the isother-
mal pressure drop across the tested channel is depicted
in Fig. 5a. The variation of the pressure drop is shown in
terms of f with Re. In the figure, it is apparent that the use
of the rib turbulators leads to a substantial increase in f over
the smooth channel. This can be attributed to flow block-
age, higher surface area and the act caused by the reverse
flow due to the presence of the ribs. Also, the thin rib gives
rise to higher pressure drop than the square one for all simi-
lar cases. As expected, the f from the thin rib with in-line
array is substantially higher than that with staggered array
while the one ribbed wall yields the lowest f. The mean
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Fig. 5 Variation of a fand b f/f, with Re

25000

increase in f of the ribs is in a range of 3.1-7.1 times the
smooth channel. The f value of the in-line thin rib is found
to be about 17 % above the staggered one and about 36.5 %
over the single rib.

Figure 5b presents the variation of the friction factor
ratio, fIfy, with Re values. It is visible that the f/f;, tends to
increase with the increment of Re, especially for the in-line
thin rib. The in-line rib provides a considerable increase
in the fif, over the staggered and the single ribs under the
same conditions. The f/f;, values for the in-line, staggered
and single ribs are, respectively, about 5.2-7, 4.4-5.7 and
3.3-4.4 for the thin ribs and about 4.1-5.5, 3.6-4.7 and
3.1-4.1 for the square ribs, depending on Re values. This
suggests that the employ of staggered ribs can help reduce
the pressure loss considerably.

4.2.3 Thermal performance

Figure 6 shows the variation of the thermal enhancement
factor (TEF) with Re for all rib arrangements. The data
all obtained by measured Nu and f values are compared
at a similar pumping power. In general, the TEF tends to
decrease with the rise of Re for all rib cases. It is worth not-
ing that the TEF values of the staggered thin ribs are high-
est. The TEF of the staggered thin rib is found to be the
best among all rib turbulators applied and is about 1.3 at
the lowest Re while that of the in-line one is slightly lower.
For thin ribs with single wall rib, in-line and staggered
ribs, the maximum TEF values are, respectively, about 1.1,
1.25 and 1.3. It is seen that the staggered thin rib gives the
highest TEF at lower Re. At a given rib, the use of thin rib
yields the TEF around 3-7 % higher than that of the square
one. Because of considerably higher Nu and TEF, only the

(b) 10
L A in-line, thin-rib
9| A in-line, square-rib
[ © staggered, thin-rib
8| O staggered, square-rib
@  single, thin-rib
L O  single, s -rib AA
7 single, square-ri A anha
N
or 4 R/
A
00g %R
< st A o ©99%9R%aa 28
= ° a b o
r o a & o © %o (IZI) 298 89.:
4+ 2 o ° SDDSEDDDDDDD
o 5]
i g 80 °°
3k o
2k
1k
ol v v v e e e e e ey
0 5000 10000 15000 20000 25000
Re

@ Springer



1482

Heat Mass Transfer (2015) 51:1475-1485

1.8
3 A in-line, thin-rib
A in-line, square-rib
16 O  staggered, thin-rib
| O  staggered, square-rib
B  single, thin-rib
14 O  single, square-rib
B o
A 0O
oo
@ 12} A R o9
[ 8 g A A 2 2 o) 2 2
I . R g gggas2i22ef
08 g o AR aRRRRR
10 _,,,,,,,,,,,,,EL,,n,%,g,n,gﬂu;uﬂ,ggg,,,,
BB gooogo
0.8 |-
0.6AAAA'AAAA'AAAA'AAAA'AAAA
0 5000 10000 15000 20000 25000
Re

Fig. 6 Variation of TEF with Re

staggered thin ribs will be further investigated in the subse-
quent section.

4.3 Effect of staggered thin rib turbulators
4.3.1 Heat transfer

Figure 7a, b, respectively, present the Nu and Nu/Nu, in
a solar air heater channel mounted periodically with stag-
gered thin ribs at various By and Py values. It is visible in
Fig. 7a that the Nu for the staggered ribs increases with the
rise of Re and of By values. The smaller Py provides higher
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Fig. 7 Variation of a Nu and b Nu/Nu,, with Re for staggered thin ribs

@ Springer

heat transfer rate than the larger one at a given By. The heat
transfer rates of the staggered ribs with By = 0.4, 0.3, 0.2
and 0.1, are, respectively, around 402, 383, 360 and 310 %;
370, 348, 316 and 276 %; and 265, 245, 205 and 177 %
above the smooth channel for P = 0.5, 0.75 and 1.33. This
is because the turbulence promoter by the staggered ribs
with larger By, is sufficiently strong to yield a mixing inten-
sity of flow between the wall and the core regions while the
larger Py gives an opposite trend as can be seen in Fig. 7b.
A close examination reveals that the Nu/Nu, of the stag-
gered ribs is nearly independent of Re.

4.3.2 Friction factor

The variation of isothermal f and f/f, values with Re
for staggered thin ribs at four By and three Py values is
depicted in Fig. 8a, b, respectively. In Fig. 8a, the f for the
larger By is found to be considerably higher than that for
the lower one and tends to be almost free from Re. The
rise in f for the staggered ribs is much higher than that for
the smooth channel, especially for the ribs at By = 0.4 and
Pr = 0.5. The f for Py = 0.5 is found to be considerably
higher than that for P = 0.75 and 1.33. In Fig. 8b, the f/f,
is found to increase with the increment of Re and By while
it shows the reversing trend with increasing Pg. The mean
increases in f/f, at By = 0.4, 0.3, 0.2 and 0.1 are, respec-
tively, about 31.5, 25.8, 18.3 and 12.6; 22.1 17.4, 11.5 and
8.1; and 14.5 10.6, 5.3 and 3.7 times for P = 0.5, 0.75 and
1.33.

4.3.3 Thermal performance

Figure 9 displays the variation of TEF with Re and By
for using the staggered thin rib under a similar pumping
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Fig. 9 Variation of TEF a Re and b By, for staggered thin ribs

power. In Fig. 9a, the TEF tends to decrease with the
increase of Re. The rib at By = 0.2 and Py = 0.75 gives
the highest TEF around 1.53 at lower Re. The mean TEF
values with By = 0.4, 0.3, 0.2 and 0.1 are, respectively,
around 1.28, 1.3, 1.37 and 1.33; 1.32, 1.35, 1.4 and 1.38;
and 1.1, 1.12, 1.18 and 1.15 for P = 0.5, 0.75 and 1.33.
At a given By, the Py = 0.75 yields the TEF around 3 and
16 % higher than the Py = 0.5 and 1.33, respectively. The
maximum TEF is found for the rib with By = 0.2 and
Pr = 0.75 at the lowest Re, indicating the optimal point
for the staggered-ribbed channel should be in this region
as can be seen in Fig. 9b. The present TEF result is found
to be much higher than the square rib as reported in
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previous investigations [1, 6]. This is because it can gener-
ate reverse/recirculation flows along the test channel, lead-
ing to higher turbulence intensity and also heat transfer
coefficient.

4.4 Empirical correlations

More details for the establishment of empirical correla-
tions can be seen in Refs. [37-39]. In this research, the Nu
and f values for the staggered thin ribs correlated with Re,
Prandtl number (Pr), By and Py, as formulated in Egs. (13),
(14), are plotted against measured data as depicted in
Fig. 10a, b, respectively. Majority of the measured data
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Fig. 10 Predicted data of a Nu and b f versus experimental data

falls within £8 and £10 % for the predicted Nu and f,
respectively.

Correlations for Nu and f of the staggered thin ribs valid
for By =0.4,0.3, 0.2 and 0.1; Py = 0.5, 0.75 and 1.33; and
Re = 5000-24,000 are developed as follows:

Nu = 0.178Re? 731 pr04pg392p 0401

13)

f — 1.381Re_0'036B0R'784PE0'997 (14)

5 Conclusions

An experimental study has been carried out to investigate
airflow friction and heat transfer characteristics in a solar
air heater channel fitted with different rib geometry and
with staggered thin ribs at different By and Py for the tur-
bulent regime, Re of 5000-24,000. The summary results
can be drawn as follows:

e The use of rib turbulators with in-line array causes a
very high pressure drop, especially for the thin rib and
also provides considerable heat transfer augmentations,
Nu/Nuy, = 2.13-2.16.

e The thin rib provides higher heat transfer rate, friction
factor and thermal enhancement factor than the square
rib. Thus, the use of thin rib turbulator yields the TEF
around 3-7 % higher than that of the square rib, espe-
cially for the staggered thin rib.

e The Nu of the staggered thin rib shows the uptrend with
the rise in Re and By, but the downtrend with increasing
Py.

e In comparison, the staggered thin rib with By = 0.2 and
P = 0.75 provides the highest TEF.
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e The staggered square rib at By = 0.2 and Py = 1.33
yields the highest TEF of about 1.21 while the staggered
thin rib at By = 0.2 and Py = 0.75 provides the highest
TEF around 1.53 at lower Re, leading to more compact
heat exchanger.
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