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Abstract In the present work, the effect of wedge-shaped
tetrahedral vortex generator (VG) on a gas liquid finned
tube heat exchanger is experimentally investigated using irre-
versibility analysis. In this experiment, a wind tunnel sys-
tem is used for forcing ambient air with mass flow rates
of 0.047-0.072 kg/s across the finned tube heat exchanger.
Hot water with constant flow rate of 240 L/h is circulated
inside heat exchanger tubes at steady-state condition with
inlet temperature range of 45-73 °C. The tests are carried
out on the flat finned heat exchanger and then repeated on
the VG finned heat exchanger. The results show that using
mounted VGs lowered the air side irreversibility to heat trans-
fer ratio (ASIHR) of heat exchanger. It is mainly because; the
air side irreversibility decreases with heat transfer enhance-
ment associated with lower temperature differences between
air and water sides. To reveal the effects of these VGs on the
heat exchanger, the VG performance based on air side irre-
versibility is quantified by the improved air side irreversibil-
ity to heat transfer ratio (IASIHR). The results indicate that
the IASIHR is more than 1.05.
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List of Symbols

ASIHR Irreversibility to heat transfer ratio of air side

c Specific heat of water (J/kg K)

Cp Specific heat of air at constant pressure (J/kg K)

E Exergy transfer rate (W)

h Enthalpy (J/kg)

(ha — h3) Air side pressure drop (mm w.g.)

IASIHR  Improved irreversibility to heat transfer ratio
of air side

I Irreversibility rate (W)

m Mass flow rate (kg/s)

Q Heat transfer rate (W)

R Gas constant (J/kg K)

s Entropy (J/kg K)

T Temperature (K)

VG Vortex generator
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Greek Symbols

AE Change of exergy transfer rate (W)
AP Pressure drop (Pa)

AT Temperature difference (K)

Agp Change of specific flow exergy (J/kg)

Sexergy BXergy transfer effectiveness (%)

EHE Heat exchanger effectiveness (%)

v Specific volume of water (m3/kg)

@ Specific flow exergy (J/kg)

Subscripts

a Air

AS Air side

HE Heat exchanger

i Inlet

max Maximum possible

o Outlet

w Water

with VG Heat exchanger with mounted VGs on its
fin surfaces

without VG Flat finned tube heat exchanger

0 The surrounding state

1 Introduction

Finned tube heat exchangers are extensively used in different
fields such as power generation, refrigeration, air condition-
ing and automobile. For finned tube heat exchangers, the
prevailing thermal resistance is at the air side [1]. Thus, for
improving the performance of these heat exchangers, further
heat transfer improvement of the fin surface is necessary. In
order to decrease the thermal resistance on the air side, many
variants of the fin models like wavy, slit, serrated, discrete
ribs and louvered fins are commonly used. Junqi et al. [2]
investigated a total of 11 cross-flow heat exchangers hav-
ing wavy fin and flat tube experimentally. In their work the
effects of fin pitch, fin height and fin length on the thermal
hydraulic performance are examined. They found that the j
and f factors decrease with increasing Re, in the tested range
of Re, Re = 800-6,500. And the j and f factors increases
with fin space increasing at the same Re.

Tao et al. [3,4] performed three-dimensional numeri-
cal simulations for laminar flow of wavy fin-and-tube heat
exchangers by using body-fitted coordinates (BFC) method
with fin efficiency effect accounted. They found that the
local Nusselt number decreases along the air flow direc-
tion, but fin efficiency increases in general. They also found
that the effects of the four factors on the heat transfer per-
formance of the wavy fin-and-tube exchangers can be well
described by the field synergy principle. Li et al. [5] inves-
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tigated 3-D numerical simulation on laminar heat transfer
and flow characteristics of a slit fin and tube heat exchanger
with longitudinal vortex generators. They found that the
Colburn j-factor and friction factor f of the novel heat
exchanger with the novel slit fin is in between them under
the same Reynolds number, and the factor j/(f1/3) of the
novel heat exchanger increased by 15.8 and 4.2 %, respec-
tively.

Peng and Ling [6] investigated the steady-state three-
dimensional numerical models for predicting the thermal
hydraulic performance for transverse direction (TD) and lon-
gitudinal direction (LLD) flow through the serrated fins. They
found that the local Nu values are greatest near the channel
inlet and decrease rapidly through the flow directions shows
the entrance effect in the LD and TD flow region.

Song et al. [7] investigated the flow and heat transfer in a
finned flat tube heat exchanger with crossed discrete double
incline dribs (CDDIR) numerically. They found that both the
Nusselt numbers and friction factors increase with the rib
height and decrease with the increase in grib pitch and the
Nusselt number for the attack angle of « = 45 is larger than
for « = 30 and o = 60.

Nuntaphan et al. [8] investigated the effect of inclination
angle on the louver finned tube heat exchanger subject to
natural convection condition. They found that the inclination
angle plays an importance role on the performance of the
louver finned heat exchanger and the performance of the heat
exchanger is associated with the interactions between fin,
louver, tube, and inclination angle.

Dong et al. [9] investigated the air side heat transfer and
pressure drop characteristics for 20 types of multi-louvered
fin and flat tube heat exchangers. They found that at the
same frontal velocity, heat transfer coefficients decrease with
fin length and fin pitch increasing and fin height decreas-
ing. The pressure drop decreases with fin length decreasing
and fin pitch and fin height increasing at the same frontal
velocity.

T’Joen et al. [10] investigated the flow within an inter-
rupted fin design, the inclined louvered fin, experimentally
through visualization. They found that the fin geometry had a
very large impact on the transitional flow behavior, especially
on vortex shedding.

One recently used approach for heat transfer improvement
of the air side is to apply different VG patterns on the fin
surfaces for inducing longitudinal vortices in the main flow.
There are three mechanisms for heat transfer improvement of
enhanced surfaces: developing boundary layers, swirling and
flow destabilization. Applying VG has the important advan-
tage of low cost and ease of achievement, with a typically
modest pressure drop penalty [11-15].

In earlier studies, Chen et al. [11,12] investigated the
effects of in-line and staggered punched longitudinal VGs
on a finned oval tube. They found that staggered arrange-
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ment brought larger heat transfer enhancement than in-line
arrangement since the longitudinal vortices influenced a
larger area and intensified the fluid motion normal to the flow
direction. Tian et al. [13] numerically investigated the effect
of punched VGs on a wavy fin and tube heat exchanger with
tubes in staggered and in-line arrangements. Their results
showed that for in-line array the vortices developed down-
stream of VGs for a longer distance than the staggered array.
There are some concerns about punched VG, for example the
punched VG will cut the conduction paths in the fin. Zhang
et al. [14] compared the heat transfer performance of finned
tube bank with mounted and punched VGs. Their results
declared that both of them had almost the same heat transfer
and pressure drop results. Lei et al. [15] numerically inves-
tigated the effects of VGs on a novel heat exchanger. Their
results indicated that the enhanced configuration produced
the longitudinal vortices and accelerated the flow, which
resulted in significant augmentations of heat transfer with
modest pressure drop penalties.

In a recent study in 2010 Zeng et al. [16] numerically
compared the influence of many parameters on the fin per-
formance of a finned tube heat exchanger with delta winglet
type VGs. They also optimized the effective parameters by
Taguchi method. Their results confirmed that the factors
related to the turbulence of air flow are very important para-
meters in the design of heat exchangers with the VG fin.
They showed that the fin material and fin thickness have
insignificant effect on the fin performance. Sanders and Thole
[17] presented an experimental study on augmenting the heat
transfer along the tube wall of the compact heat exchanger
through the use of delta winglet type VGs placed on the
louvers. In their attempt to optimize the winglet parame-
ters, tube wall heat transfer augmentation as high as 39%
were achieved with associated friction factor augmentations
as high as 23 %.

Wang et al. [18] presented the flow visualization of
enlarged finned tube heat exchangers having in-line tube
arrangements with and without the presence of wave type
VGs. They showed that introducing the VGs brought about
much better mixing characteristic accompanied with the fric-
tional penalty of about 25-55 % higher than that of the plain
fin geometry. They found that the penalty of pressure drops
of the proposed VGs relative to plain fin geometry was rela-
tively insensitive to change of Reynolds number.

Leu et al. [19] studied the effect of inclined block shape
VGs mounted behind the tubes on the plate finned tube heat
exchangers by numerical and experimental analysis. Their
results indicated that the VGs enhanced the heat transfer by
generating longitudinal vortices and aiding the fluid into the
wake regions.

Tang et al. [20] experimentally investigated air side heat
transfer and friction characteristics of five types of fin

configurations of finned tube heat exchangers. They found
that crimped spiral fin provided higher heat transfer and pres-
sure drop than the other four fins. And also they presented
that the heat exchanger with mixed fin (front VG fin and rear
slit fin) had better performance than that of fin with delta wing
VGs.

In a recent work, Henze and Wolfersdorf [21] investigated
the influence of approach flow conditions on the heat transfer
behind wedge-shaped tetrahedral VGs on a rectangular plate
in a wind tunnel. Their results showed that the heat transfer
enhancement depends on how deep the VG penetrates into the
boundary layer. They confirmed that for regions which were
affected by vortices the effect of turbulence intensity was
less pronounced. They also found that increasing Reynolds
number led to increasing heat transfer coefficients, whereas
the heat transfer enhancement related to the smooth channel
flow was decreasing. They also identified a correlation of the
flow field and the heat transfer distribution.

In the present work, the experimental investigation of
wedge-shaped tetrahedral VGs effect on a gas liquid finned
tube heat exchanger is performed by irreversibility analysis.
The VGs are connected to the fin surfaces at the upstream
of air flow. The thermal performance of the original heat
exchanger is compared with the improved one after mount-
ing the VGs on its fin surfaces. To reveal the effects of these
VGs on the heat exchanger, the VG performance based on
air side irreversibility is quantified by the IASIHR which is
the ratio of ASIHR of original heat exchanger to that of with
mounted VGs.

2 Experimental Setup

Figure 1 shows a schematic sketch of the test facility used
in this work. It consists of a wind tunnel system forcing air
stream at room temperature flowing past the finned tube heat
exchanger by a variable speed suction fan. The air duct is
rectangular with 0.0317 m? cross-sectional area. Two differ-
ential micro-manometers are used; one for the measurement
of air mass flow rate through the calibrated diaphragm and the
other for the measurement of air pressure drop crossing the
heat exchanger tubes. Also it consists of a hot water circulat-
ing loop. The water is supplied from the water reservoir with
a float valve to the centrifugal pump for circulating through
the loop. Then, it is heated by resistor type electric heater
in the hot water accumulator. A rotameter is used for water
flow measurement with a precision of +5 L/h. There is a
bypass valve on the pump which is used to adjust and control
the desired water flow rate in the loop. A U type Mercury
differential manometer measures the pressure drop of water
flow through the heat exchanger. The inlet and outlet temper-
atures of the hot water and cold air were measured using four
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Fig. 1 Schematic sketch of the experimental setup (adopted from catalog of T60D-heat exchanger study unit of Didacta Italia co.)

Pt100 thermo-resistance thermocouples. The thermocouples
are connected to a digital temperature recorder with a 0.1 °C
resolution in the range 0.0-99.9 °C.

3 Test Section

The dimensions of the finned tube heat exchanger and the
place of VGs on its fin surfaces is depicted in Fig. 2. It con-
sists of 6 flat plate fins of 1 mm thickness and 16 copper pipes
in two rows with in-line arrangement as the heat exchanger
tubes. The tubes are of 1 mm thickness and outside diameter
of 12.8 mm. It also consists of three collectors made of cop-
per pipes of 28.7 mm outside diameter. It should be noted
that the VGs are made of plastic and are mounted on the both
sides of the fin surfaces.

Figure 3 shows the geometry and dimensions of one
wedge-shaped tetrahedral VG used in this experiment. A
schematic of the expected flow structure is also shown in
this figure.

Springer

4 Testing Procedure

The ranges of the operating parameters are given in Table 1.
At each experimental run, firstly, the water was heated to a
desired temperature (in the range of 45—73 °C) in the heater
and then the centrifugal pump was used to drive the hot water
into the heat exchanger with fixed flow rate of 240 L/h. The
ambient air flow was forced across the test section with air
mass flow rates of 0.047, 0.060 and 0.072 kg/s. In general,
it took about 1 h for the system to become stabilized, which
was judged by the water inlet temperature fluctuation within
0.1 °C. After reaching the steady-state steady-flow condi-
tions, the experimental data were recorded for subsequent
test. In the present study, the water density was calculated at
the water inlet temperature just after the rotameter. These
experimental tests are carried out on the flat finned tube
heat exchanger and then repeated on that of with mounted
VGs.

All of the measurement apparatuses are operated under
the identical condition for the original heat exchanger and
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Fig. 2 The dimensions of the
finned tube heat exchanger and
the place of VGs oniits fin
surfaces

FX X X X X '3

FX X X X X '3
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185 mm

L 170 mm ;!
Fig. 3 Perspective and Wi
dimensions of tetrahedral _
wedge-shaped VG [21] ‘%nm‘ Main vortex
Flow
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/ vortex
Flow
Table 1 Summary of tests performed 5 Data Analysis
Experiment  ri,ir VGs Water flow Twi Tai ) ) ) ) )
code (kg/s) used rate (L/h) (°C) (°C) The air mass flow rate in the duct is measured with a differ-
ential micro-manometer and orifice system. The mass flow
wol 0.047- No 240 45-73 14-15 rate of air is determined by using the chart of calibrated
woz 0.060  No 240 45-73 14-15 diaphragm. The air side pressure drop A P, is also measured
w03 0072 No 240 45-73 135715 by another differential micro-manometer and is calculated
WI1 0.047 Yes 240 45-73 15.5-17 by:
WI2 0.060 Yes 240 45-73 15-16.5
WI3 0072  Yes 240 45-73 16-17 AP, = (hy — h3) x 9.80665 (1)

the enhanced one; therefore, the experimental data are
acceptable.

where (hy — h3) is the micro-manometer reading.

The air side and the water side heat transfer rates of
the heat exchanger can be evaluated by Eqs. (2a) and (2b),
respectively:
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Quir = titaircp(Tao — Tai) (2a)
Owater = Mwater¢(Twi — Two) (2b)

where m is mass flow rate; ¢ is specific heat of water; and Cp
is specific heat of air at constant pressure.

The heat transfer rate calculated by Eq. (2b) is not reliable,
because the digital temperature meters have 0.1° resolution.
This gives rise to 0.2° error of AT calculation. Although this
calculation error brings about an undesirable error for water
side heat transfer rate calculation, but it is acceptable for air
side heat transfer rate calculation. This may be explained asin
this experiment the temperature change of air stream is much
greater than temperature change of water stream because the
HairCp is much smaller than the rityaeerc. Therefore, the air
side heat transfer rate calculation (by Eq. 2a) is used here
rather than the water side.

The heat exchanger effectiveness eyg is defined as the
ratio of actual heat transfer to the maximum heat transfer
under idealized conditions which the outlet temperature of
air is equal to the inlet temperature of water.

€HE = Qair/QmaX (3)

where O pax is maximum possible heat transfer rate under
limitations of the second law of thermodynamics and is cal-
culated as follows:

Omax = 1itairCp(Twi — Tai) 4)

Assuming that the heat transfer and flow processes are in
steady state and heat leakage to the surroundings is negligi-
ble. In addition, the fluid physical properties are assumed to
be constant. The specific flow exergy ¢ is calculated using
the following equation:

¢ = (h — hg) — To(s — s0) )

where £ is enthalpy; s is entropy; and O indexes refer to
the property at surrounding state. Then the change of exergy
transfer rate of air and water derived by Wu et al. [22] can be
calculated by Egs. (6) and (7), respectively:

AE‘air = Mair A@air (6)
A Ewater = Mwater APwater @)
where

Ayir = Cp(Tao — Tai) — To(Sa0 — Sai)
= Cp(Tao — Tai — ToIn(Tao/Tai)) — ToRA Py / Py (8)

in which AP,/ Py < 1, APy = Py — Py, and

Apwater = ¢(Two — Twi) — To(Swo — Swi)

= c(Two — Twi — To In(Tyo /Twi)) — VAP, 9

where R is gas constant; v is specific volume of water; and
A Py, is pressure drop of water flow which is positive value.
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It should be noted that in this calculations we consider the
laboratory temperature equal to ambient temperature (7 =
283 K).

The exergy transfer effectiveness gexeroy for this heat
exchanger is determined by Eq. (10) [22].

Eexergy = AE‘air/A Emax,air (]O)
where
AE‘max,air = mair [Cp(Twi —Tai—To ]n(Twi/Tai))] (11)

The irreversibility rate within the heat exchanger Iy is cal-
culated by following equation:

jHE = _Aéwater - AE‘air (]2)

The air side irreversibility rate i As due to heat transfer and
flow resistance can be calculated by Eq. 13:

Ias = Q(1 — Ty/Ty) — AEq (13)

where 77 = (Twi + Two)/2; and heat transfer rate Q is pos-
itive value.

The ASIHR is the amount of air side irreversibility rate
for the unit of heat transfer rate in the heat exchanger.

ASIHR = Ix5/0 (14)

The TASIHR is the ratio of the ASIHR of heat exchanger
without VGs to that of the heat exchanger with VGs.

TASIHR = ASIHRyjithout vG/ASIHRyith vG (15)

6 Uncertainty Analysis

Uncertainty analysis is the part of risk assessment that
focuses on the uncertainties in the assessment. Important
components of uncertainty analysis include qualitative analy-
sis that identifies the uncertainties, quantitative analysis of
the effects of the uncertainties on the decision process, and
communication of the uncertainty. The analysis of the uncer-
tainty depends on the problem. Uncertainty in a measurement
may be from the measurement module, measurement topics,
liable of measurement and surround and they are investigated
with statistical analysis. In this paper for uncertainty analy-
sis of the experimental results, we repeat the experimental
operation three times for each measuring parameters and use
the average of them for analysis.

The uncertainty of the experimental results calculated
from these equations:
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For statistical analysis on the experimental results, we found
that the average of percent of uncertainty for the 7, and Ty,
is 7.3 and 8.2 %.

7 Results and Discussion

In the present research, wedge-shaped tetrahedral VGs were
used to generate longitudinal vortices over the fins of a gas
liquid finned tube heat exchanger. Since for the finned tube
heat exchangers, the prevailing thermal resistance is at the
air side and the variation of the water flow rate has negligible
effect on the thermal performance of the heat exchanger, in
this experiment, the water flow rate is fixed.

Figure 3 shows a schematic of the expected flow structure
around VG. It is perceived that on both backsliding edges of
VG, two counter rotating longitudinal vortices are induced.
These vortices make an enhanced heat transfer region behind
the VG [21]. The flow around the rear edges of the VG leads
to the secondary vortex, rotating in opposite direction than
the adjacent main vortex. Finally, a smaller horseshoe vortex
occurs by flow towards the front corners of VG attachment
to the fin.

The variation of the heat transfer rate with water inlet tem-
perature for different air mass flow rates is presented in Fig. 4
for the flat finned tube heat exchanger and VGs mounted on
fin surfaces. It can be seen that the heat transfer rate increases
with water inlet temperature due to higher temperature dif-
ference of air and water sides. Also, higher air mass flow
rate results in greater heat transfer rate. This is due to the
fact that larger air mass flow rates results in greater convec-
tive heat transfer coefficient of air side. In a word, air side
Nusselt number is greater at higher air side Reynolds num-
bers. Furthermore, although the VGs are made of roughly
insulated material, but using VGs increased the heat transfer
rate for all the air mass flow rates. This may be explained

Fig. 4 The variation of heat transfer rate with water inlet temperature
for flat finned heat exchanger and that of with mounted VGs at different
air flows

as the heat transfer enhancement of fin and tube surfaces by
longitudinal vortices generated by VGs connected to the fin
surfaces at the upstream of air flow. The down sweep of these
longitudinal vortices creates a secondary flow and disturbs
the boundary layer growth, thereby results in heat transfer
enhancement between the flowing fluid and fin surfaces. Fur-
thermore, these vortices delay the boundary layer separation
behind the tubes and remove the zones of poor heat transfer
from the near wake of the tube which results in heat transfer
enhancement of tube surfaces.

Figure 5 represents the rate of exergy destruction or irre-
versibility rate within the heat exchanger boundaries. From
this figure, it is seen that the higher air mass flow rate results
in greater irreversibility rates in comparison to the lower air
mass flow rates; mainly because of increasing mean temper-
ature differences between air and water sides. Also it is seen
that the irreversibility rates are descended by using VGs, this
is mainly due to heat transfer enhancement (as Fig. 4 shows)
at lower temperature difference between air and water sides
in the heat exchanger.

The prime cause of large temperature differences in this
finned tube heat exchanger is the inertia of heat transfer to
air side. Therefore normalizing the air side irreversibility rate
with the heat transfer of the heat exchanger (i.e., ASIHR
value) is an effective quantity to investigate the effect of VGs
on the finned tube heat exchangers based on irreversibility
analysis. Figure 6 represents the ASIHR variation for the flat
finned heat exchanger and after using VGs on its fin sur-
faces. As is observed from this figure, the ASTHR increases
with increasing water inlet temperature. This clarifies that
although the heat transfer rate of heat exchanger increases
with increasing water inlet temperature, its associated irre-
versibility rate increases much greater than its heat transfer
augmentation. Also, it is perceived that the ASIHR value

@ Springer



2114

Arab J Sci Eng (2014) 39:2107-2116

120 7 o ma=0.047 kg/s, without VGs; (14<Tai<15)
1104 ®ma=0.047 kg/s, with VGs; (15.5<Tai<17)
Ama=0.060 kg/s, without VGs; (14<Tai<15) &0

1003 4 ma=0.060 kg/s, with VGs; (15<Tai<16.5) et
903 ©ma=0.072 kg/s, without VGs; (13.5<Tai<15) o %ﬁ;ﬁ
#ma=0.072 kg/s, with VGs; (16<Tai<17) W&MI A 'Y

e (W)

Fig. 5 The variation of irreversibility rate inside the heat exchanger
with water inlet temperature for flat finned heat exchanger and that of
with mounted VGs at different air flows
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Fig. 6 The variation of ASIHR with water inlet temperature for flat
finned heat exchanger and that of with mounted VGs at different air
flows

is approximately irrespective of the air mass flow rate. Fur-
thermore, using mounted VGs lowered the ASIHR of heat
exchanger. It is mainly because the air side irreversibility
decreases with heat transfer enhancement associated with
lower temperature differences between air and water sides.
Although, the VG makes special stream irreversibility due
to inducing vortices in air flow, but the temperature differ-
ence of air and water sides is predominant factor for air side
irreversibility.

Figure 7 shows the effectiveness of heat exchanger for the
flat finned tube heat exchanger and after using VGs on its fin
surfaces. It can be seen that the heat exchanger effectiveness
ascended by using VGs due to increment of heat transfer rate
to the air side of heat exchanger under the same inlet tem-
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Fig. 7 The variation of heat exchanger effectiveness with water inlet
temperature for flat finned heat exchanger and that of with mounted
VGs at different air flows
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Fig. 8 The variation of exergy effectiveness of heat exchanger with
water inlet temperature for flat finned heat exchanger and that of with
mounted VGs at different air flows

peratures of air and water (i.e., by increasing of heat transfer
rate under the same maximum possible heat transfer rate).
Also, it is perceived that reduction of air mass flow rate leads
to higher values of heat exchanger effectiveness. This may
be explained as in smaller air mass flow rates, inlet air has
more chance to close to the water inlet temperature. In other
words, the temperature change of air stream and therefore
outlet temperature of air will increase due to decreasing the
heat capacity of air stream by decreasing air mass flow rate.

Figure 8 shows the exergy transfer effectiveness of heat
exchanger. It can be seen that the values of exergy effective-
ness have the similar trends with the heat exchanger effec-
tiveness. The figure declared that the exergy transfer effec-
tiveness ascended by using VGs. The main reason is that the
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Fig. 9 The variation of IASIHR with water inlet temperature at differ-
ent air flows

exergy transfer rate to the air side increases due to lower irre-
versibility rate within the heat exchanger at constant water
inlet temperatures. In other words, under the same maxi-
mum possible exergy change of air, the exergy transfer rate
to the air side increases. Also, it is perceived that reduction
of air mass flow rate leads to higher values of exergy trans-
fer effectiveness. This may be explained as in lower air mass
flow rates, inlet air has more chance to close to the maximum
possible exergy where the outlet temperature of air is equal
to water inlet temperature.

To reveal the effects of these VGs on the heat exchanger,
the VG performance based on air side irreversibility is quan-
tified by the TASIHR which is the ratio of ASIHR of orig-
inal heat exchanger to that of with mounted VGs. Figure 9
shows the IASIHR against water inlet temperature for dif-
ferent air mass flow rates. The results show that the IASIHR
is greater than 1.05 for all air mass flow rates, which means
that ASIHR for the initial heat exchanger is higher than 5 %
greater than that of improved heat exchanger. This new para-
meter could be a useful interpretation of using VGs based
on the second law of thermodynamics. In other words, the
higher the amount of IASIHR more than unity shows better
performance of VGs.

8 Conclusions

In this work, the experimental investigation of the effect of

wedge-shaped tetrahedral VGs on a gas liquid finned tube

heat exchanger was studied using irreversibility analysis.
The major conclusions are summarized as follows:

1. Using VGs induce counter-rotating longitudinal vortices
on both backsliding edges. The down sweep of these lon-
gitudinal vortices creates a secondary flow and disturbs
the boundary layer growth, thereby results in heat transfer

enhancement between the flowing fluid and fin surfaces.
Furthermore, these vortices delay the boundary layer sep-
aration behind the tubes and remove the zones of poor
heat transfer from the near wake of the tube which results
in heat transfer enhancement of tube surfaces. Therefore,
although the VGs are made of insulated material, they are
beneficial to the heat transfer enhancement of finned tube
heat exchangers.

2. The exergy transfer effectiveness and the heat exchanger
effectiveness have similar trends. Both of them increased
on using VGs on the fin surfaces. Therefore, we conclude
that this heat exchanger has much higher performances
with VGs placed at the upstream of air flow.

3. Based on the irreversibility analysis, the amount of
TASIHR shows how does VG work good? In other words,
the amount of TASIHR shows the performance of a spec-
ified VG pattern used in the air side of a finned tube heat
exchanger.

4. In this work, the IASIHR of tetrahedral VG is >1.05 for
all operating conditions. This means that this enhance-
ment technique reduced the air side irreversibility per
unit heat transfer.
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