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ABSTRACT

The main objective of this study is to determine the effect of vortex generators on a
friction factor for fully developed flow of a fluid such as air. Longitudina vortices can be
generated in a channel flow by punching or mounting protrusions in the channel wall. Such
vortex generators (VGs) can be classified into delta wing, rectangular wing, pair of delta-
winglet and pair of rectangular winglet. These longitudinal vortices disrupt the growth of the
boundary layer and lead to enhance the heat transfer rate between the working fluid and the
conductor channel wall, but this enhancement is associated with increasing in a pressure
gradient along the axial length of the channel. So, the friction factor for fully developed air
flow in an equilatera triangular duct is investigated experimentally with Reynolds number
ranging from (31,000) to (53,000) and the size of the generators was kept congtant for three
cases which are single, double, and triple pairs of delta-winglet type of vortex generators
embedded in the turbulent boundary layer for attack angle of generator of (30, 40, and 50 )
degree. The results show that the friction factor increases by about (43.5 %) when the angle
of attack is varied from (30 deg) to (50 deg) for the triple pairs case compared with the base
case (without VG).

KEYWORDS: Friction Factor, Vortex Generator, Triangular Duct, Fully Developed
Turbulent flow.

1. INTRODUCTION

Vortex generators are used to enhance the heat transfer rate of the contact surface
between the conductor channel walls and the working fluid as in the applications of compact
heat exchangers design. But the presence of the vortex generator as an obstacle in the flow
stream promotes the pressure drop losses at the trail of the generator and so the friction
factor, because the cross-sectional area of the flow stream decreases. The former researchers
investigated the pressure drop and heat transfer characteristics in a noncircular cross-section
duct have found that the pressure drop in fully developed turbulent flow can also be estimated
as a first gpproximation from turbulent flow correlation for circular duct if the diameter is
replaced by the hydraulic diameter (Dn) of the particular cross-section. This is particularly
true for fully developed turbulent flow in equilateral triangular ducts for which only minor
deviation from the circular tube correlation for friction factor has been reported [1].

Furthermore, significant deviation from the circular tube correlation have been
reported for the sharp cornered ducts such as isosceles triangular ducts with narrow apex-
angle [2]. It also seems that the deviation in a friction factor correlation decreases as an apex—
angle of triangular duct increases. But the main problem for the technique of heat transfer
augmentation between the working fluid and conductor surface of the channel wall liesin the
large additional pressure drop associated with increase in heat transfer rate, due to find a way
which increases the heat transfer rate with smaller losses in the power supply to force the
fluid inside the channel.
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At the early time, the fully developed axial pressure drop in an equilateral triangular
duct was studied experimentally and the results afforded that the deviation is ranged from (5
%) to (6.5 %) lower than values predicted by the Blasius correation® for friction factor in
smooth circular tubes. Hence the correlation for the deviation must include a geometrical
factor (hydraulic diameter) in the correation of friction factor and Reynolds number data
gives agood representation [3].

Also, Altemani and Sparrow [4] performed an experimental research in an equilateral
triangular duct, and found that the hydraulic diameter concept is not sufficient to rationalize
the difference between the tube and triangular duct geometries. Chegini et al. [1] studied the
pressure drop extensively in their experimental investigation with the isosceles and
equilateral finned triangular ducts. It seems that the hydraulic diameter rule for computing
friction factor carries a large and unacceptable uncertainty for laminar as well as turbulent
regimes. Moreover, the isosceles triangular data has much larger scatter compared to the
equilateral triangular duct. Carlson and Irvine [2] made experimentd tests and noted that the
turbulent friction factor for the circular tube correlation with the hydraulic diameter, predicts
values some (20 %) high for a (4 deg) apex-angle, and (5 %) high at a (38 deg) angle.

The delta-winglet pair causes lower pressure drop and gives higher heat transfer rate
than that of wing and winglet pair [5], seeFig(1).

Wroblewski et al. [6] and Dep et a. [7] studied anaytically the laminar and turbulent
boundary layer in a rectangular channel with a single-pair of delta-winglet type vortex
generator. The results of ref. [6] show that the increase in peak values of the average skin
friction coefficients are (33%) and (27%) for (Re) numbers of (5,000) and (15,000)
respectively.

An extension of earlier work is made by Biswas et a. [8] and Biswas et. al. [9] who
performed an analytical research to study the effect of the built-in delta-wing and winglet—
pair type vortex generators in a rectangular channdl. It is shown that the frictional loss for the
built-in delta-wing in the channel is about (79%) more than that of a plane channel flow,
while it is nearly (65%) for the delta-winglet pair at the same location, with the size of
generatorsis kept constant and the angle of attack is (26deg).

Other researchers studied the effect of exist of arow (array) of a winglet-type vortex
generator organized in such a way that periodically mounted in a one wall of a rectangular
channdl. Zhu et a [10] studied numericaly four angles of attack from (15) deg to (45) deg
and found that the increase in flow loss is much larger than the enhancement in (Nu) number
when the vortex generators are used. Ketcioglu et a. [11] arranged the arrays periodicaly
interrupted divergent and convergent in the channel. The results show that the dependence of
(Re) number on the friction factor is strong. An increase of heat transfer coefficient is
observed with accompanying large pressure drop increasing with the inclination angle.

In a recent investigation, Zangana [12] studied experimentaly the effect of delta-
winglet type of vortex generator on a pressure head losses and heat transfer rate in an
equilateral triangular duct. He studied a single, double, and triple pairs of generators
embedded in the turbulent boundary layer. A (6 — 24) degree of angle of attack of generators
was studied for two different sizes of generators. The study shows that the friction factor is
directly proportional with the size of generators, number of generators and the angle of attack
and inversely proportional with the flow rate. Moreover, he found that the friction factor
increases slightly with the size of generators compared with Reynolds number as well as with
the angle of attack of generator.
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mixing of the fluids close to and far from the wall. If the fins are selected in the form
of longitudina vortex generators, then the additional heat transfer benefit coming from
turning of the flow may exceed the benefit of increasing the heat transfer surface by fins.

The deta-winglet type of vortex generators was employed in this work for its
advantages aforementioned in this paper. The angle of attack of the vortex generator can be
varied to verify the effect of angle change on the friction factor values. The geometry of
vortex generator was (5.0mm height, 27.5mm length). The location of the vortex generators
isat (2.8 Dp) downstream wise of the static pressure drop taps from the test section inlet, and
the space between the pair of vortex generator is held constant at (35 mm).

2. MEASUREMENT SYSTEM

The quantities measured in an experimental run are the volumetric air flow rate and the
pressure drop between the pressure taps located in the fully developed region of the test
section. The measurements and instrumentation are:

2.1. Airflow M easurement

The volumetric air flow rate was measured by an orifice plate flow meter whose
pressure taps were located one diameter upstream and half diameter downstream [13]
according to the 1SO 5167 orifice plate. The orifice plate was placed at a sufficient distance
from the blower due to the fluctuation in the flow. The two taps of the upstream and
downstream wise of the orifice plate were connected with the accurate inclined manometer
by (PVC) tubes.

2.2. Static Pressure Measur ement

The friction factor can be estimated using the head loss measurements through the test
section. To estimate the static pressure drop through the test section, the upstream and
downstream ends were drilled at midway of the side of each wall and then connected with an
inclined manometer by (PVC) tubes. The static pressure holes are shown in Fig (2).

3. RESULTSAND DISCUSSION

Augmentation in heat transfer rate depends upon the value of increasing pressure
drop. As it has been mentioned earlier, when the delta-winglet type vortex generator is used
(to enhance heat transfer coefficient) the increase in pressure drop is relatively low. The
experiments are carried out using one size of vortex generator embedded in the turbulent
boundary layer through triangular duct. In addition, three groups of tests namely single ( | ),
double ('11'), and triple ( 111') pairs of generators with three attack angles of generators were
studied while Reynolds number ranges from (31,000) to (53,000). Parameters such as
Reynolds number, number of vortex generators, and the angle of attack of generator are
studied in the current investigation.

3.1. Duct Friction Factor

To check the validity of the experimental apparatus in laboratory, pretests were
performed without using vortex generators (standard case) and the data obtained from these
tests was compared with the experimental data of the previous investigations to verify the
amplitude of coincidence between them. This comparison is represented schematically in Fig
(3). The Blasius [14], Petukhov—Popov and Prandtl [4] correlations deal with circular tubes,
whereas the Altemani—Sparrow [4] and Chegini—-Chaturvedi [1] correlations deal with
equilateral triangular ducts. The blackened circles represent the present results. The Blasius,
Petukhov—Popov, Prandtl, and Chegini correlations are shown to over predict the present data
by about (9.7, 8.8, 7.6, and 6.5) percent, respectively, whereas the present data over predicts
the data of Altemani—Sparrow by about (1.7) percent. The deviation of the present data gives
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a reasonable agreement with the data particular for circular tubes and as well as with the data
of atriangular duct.

In each case, the measured axial pressure gradient yielded, a straight line on a
pressure versus (x) axial coordinate where it was computed from the following dimensionless
form viathe friction factor (f):

DP

f=—— (1)
el G u’o
&0, % 2 5

The Reynolds number is defined as:

Re:DhU:m D, ©

n mA

Utilizing the relationship between the friction factor and Reynolds number, a
correlation is determined and compared with the previous experimental results. The
smplified form of the present correlationis:

f =f (Re) (3)
The equation formulathat is used in previous investigations can be written as follows:

f =c/(Re)° (4)

The data of the standard case follows the corrdation:
f =0.285/ Re®® %)

Whereas the Blasius [14] and Chegini [1] correlations for smooth tubes and equilateral
triangular ducts are respectively as follows;:

f =0.316/ Re*® (6)

f =0.305/ Re®® (7)

The deviation between Eq.(5) and Eq.(6) and (7) is about (9.96%) and (6.61%),
respectively. Thisresult shows a good agreement.

3.2. Effect of Vortex Generator Number on the Duct Friction Factor

It seems clearly that the friction factor is inversely proportional with (Re) number and
directly proportional with the vortex generators number. The latter relationship can be
attributed to the decrease in cross-sectional area of the flow at the vortex generators location.
A high pressure drop occurs in the immediate neighborhood behind the winglet—body
junction which eventually causes promotion of friction factor downwise of that location. The
effect of Reynolds number on the friction factor is also clearly evident. A higher Reynolds
number appears a higher mass flow rate, a higher turbulent flow and a higher penetration of
ar in the hydraulic boundary layer (i.e., less thickness of the boundary layer). The friction
factor increases by about (25 %), (37.5 %), and (41 %) for the cases of (I, II, IlI) for
inclination angle of (30, 40, and 50) degree, respectively as shown in Fig (4), (5), and (6).
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3.3. Effect of the Attack Angle of Generatorson the Duct Friction Factor:

The angle of attack of generator is one of the mgor influencing factors which affects
on the pressure head loss. The friction factor is promoted by about (30%), (35%), and
(39.5%) for the case of (1) at the inclination angle of (30, 40, and 50) degree respectively.
Fig (7), (8) and (9) reveal the effect of varying of the angle of generators on the friction factor
for cases (I, II, and I11) respectively, keeping the size of generators constant. For each case,
the (Re) number was kept congtant and the angle of attack was varied for the three values.
The results shows explicitly that the friction factor is affected greatly with the changing of the
inclination angle because the cross-sectional area of the channel flow at the location of the
stick of the generators decreases with the angle of attack. In other wards, the increase in the
area of the vortex generator across the flow direction increases serves as an obstacle in the
flow direction. This leads to an increase in pressure drop between the leading edge and the
trail of the generator. Increasing the angle of attack effect in increasing the vortex circulation
and a higher value of friction factor is attained. Of course, this is associated with a high rate
of heat transfer. The friction factor correlation as effected by the angle of attack is:

C b
f = — (8)

The values of the variables (C, d) in Eg. (8) are tabulated in Table (1).

4. CONCLUSIONS
It isextracted that:
1.The existence of the vortex generators in the flow direction increases the turbulence of the
flowing fluid in the channel, and this turbulence is directly proportiona with the obstacle
area across the cross-sectional area of the flow direction. A large vortex generator area
gives a high turbulence flow, a great pressure head losses and a high power supply.

2.The vortex generator area across the flow direction increases as the friction factor
increases. The vortex generator area increases with angle of attack and the number of
generators.
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NOTATIONS
A: Cross-sectional area of the channel.
Dy : Hydraulic diameter.
L: Axial length of the test section.
f: Dimensionless Friction factor.
DP: Pressure gradient between the taps.
a: Average velocity of the air.
m': Air mass flow rate.
B : Angle of attack of generator.
p: Density of air.
m Absolute Viscosity of air.
n: Kinematic Viscosity of air.

Table (1): valuesof variables (C, d) in Eq.(8)
I I 11
30° 40° 50° 30° 40° 50° 30° 40° 50°
C | 904.65 | 612.06 | 219.14 | 35349 | 88.50 | 87.83 | 176.16 | 108.96 | 250.97
d| 129 | 1.284 | 1.204 | 1.198 | 1.089 | 1.1006 | 1.129 | 1.1038 | 1.196
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Figure (1): longitudinal vortex generators types, a-delta
wing, b-rectangular wing, c-deltawinglet pair,
d-rectangular winglet pair [10].
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Figure (2): static pressure hole [3].
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Figure (3): friction factor for the base case.
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Figure (6): friction factor at angle of Figure (7): friction factor for single
50 deg. pair of vortex generators.
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Figure (8): friction factor for double Figure (9): friction factor for triple
pairs of vortex generators. pairs of vortex generators.
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Figure (11): friction factor ratio for

Figure (10): friction factor ratio for the three cases at Re=53,000.

the three cases at Re=31,000.

Asiay) Jalra Ao Al gall calga il
&Mtx’\ éJMA &ulia 5 5 ‘”,A
daal cpall dles gaaa
LlGal) Al and V) daaladurigl) 45l

-

LAl
A lad AISiaY) Jdae e Al gl il ge a0 A 0 g8 Gandl 138 e (L) Cangd) ¢
Jid e s el gial o 356 IMA (e Oladl (5 e dala A ghall cild gall ad g oSy . sadl
it ) Zliall g oo Bl 2lall Y canal 5 el las 3 (VGS) A sall il s
i ealiad) Akl s A ghal) il sall (330 Caun L Jadaianall eiad) 535 eCbiall iall 2 53
38 o an ) all JBU (5 yaal phans (sokad el o Bl sl QU Jane gpend ) 53555
Jalre Al 52 8 12 3Ll Jgha e Jaiall Jagan 850l dualiay 5l pall Jlil & el
£ =Y (5l e e i jall dalibe (5 yma b saill ol el sell (sal L yad SlISAY)
= (31,000) 3o 3adsiy a8y 2 o) 5 Y il mall ¢ g3 el sl ol g e )53 Alasial,
g ezl 5 (Ol sy cashe z s Ih s Ve EBE Al 0 & Cua L(53,000)
o 5 A el gal) Al gal (Dl U5 Oy &y jlaadl) dedlial) didall 85 ) sakae daal
ALY Jabae o i) el | Llh 4d 50 alga aaa i 0 B 3a 3 (30, 40, 50)
i3 (50) (Y 32,2 (30) e Axal s M ge (Blae Ayg) 5 s e (43.5 90) Apwy N2l 8

(Ael 52 g Aoz o 5a) Al Al a4 le L) 52l Al s (e )55 O Al

- AT -

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com

