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ABSTRACT

This study pertains to the numerical investigation of the influence of V-nozzle turbulators on
thermal performance in a circular tube under uniform heat flux condition. The converging-
diverging nozzles as a venturi structure were located in the test tube in order to generate
turbulance/reverseflow. The computations were carried out by consideration of various pitch
ratios, PR = 2, 4, and 6 for Reynolds numbers between 5000 and 32000, using air as a
working fluid. The variation of Nusselt number (Nu) and friction factor (f) versus Reynolds
number (Re) were introduced for the obtained numerical results. The plain tube results were
compared with the works available in literature for confirmation of the used numerical
method. The rates of increase in Nusselt number over the smooth tube were presented as 159-
218 %, 144-201 % and 132-185 % in this study for PR=2, 4 and 6, respectively. In addition,
heat transfer coefficient ratio values for VV-nozzle turbulators with PR=2, 4 and 6 were around
1.77,1.61, and 1.50, respectively. Consequently, the results demonstrated that the usage of V-
nozzles at smaller pitch ratio yielded an increase in heat transfer rate and pressure loss.

Keywords: V-nozzle, Turbulent Flow, Thermal Performance.

V-liile Tiirbiilator Yerlestirilen Bir Borunun Termal Performansi

OZET

Bu calisma da sabit 1s1 akis1 uygulanan silindirik bir boru icerisindeki V-liile tiirbiilatorlerin

1s1l performansa etkisi sayisal olarak incelenmistir. Ventiiri yapisina benzer iraksak ve
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yakinsak liileler test borusu igerisine tlirbiilans/tersakis olusturmak amaciyla yerlestirilmistir.
Hesaplamalar PR=2,4 ve 6 Reynolds sayisinin ise 5000 ile 32000 araliginda degistigi farkl
degerlerde hava akigskani kullanilarak gergeklestirilmistir. Elde edilen sayisal sonuglar i¢in
Nusselt sayis1 (Nu) ve siirtiinme faktori (f) ile Reynolds sayisi (Re) arasindaki degisim ortaya
konulmustur. Bos boru sonuglari, kullanilan sayisal yontemin dogrulanmasi igin literatiirde
bulunan diger calismalar karsilastirilmistir.  Bos boruya oranla Nusselt sayisindaki artis
gerceklestirilen calismada PR=2, 4 ve 6 modelleri icin sirasiyla % 159-218, %144-201 ve %
132-185 olarak gergeklesmistir. Buna ek olarak, V-lile kullanimi ile birlikte 1s1 transfer
katsayis1 PR=2, 4 ve 6 modelleri icin sirasiyla 1.77, 1.61, ve 1.50 civarinda gergeklesmistir.

Sonug olarak, elde edilen sonuglar daha kiigiik hatve oraninda V-liile kullaniminin 1s1 transferi

miktarinda ve basing kaybinda bir artis sagladigini gostermistir.

Anahtar kelimeler: V-liile, Turbiilansli Akis, Isil Performans.

1. INTRODUCTION

Heat transfer is an important matter in thermal engineering and industrial applications,
such as solar air/water heater, refrigeration, air-conditioning, heat pump, petroleum, chemical
and electricity generation, etc. Several types of inserts such as fin, rib, baffle, coiled wire and
twisted tape, have been extensively utilized as the turbulators or passive heat transfer
enhancement devices in heat exchangers (Eimsa-ard and Promvonge, 2006; Sahin and Demir,
2008). The inserts can create one or more combinations of the following conditions that are
favorable for the increase in heat transfer rate: (1) disruption of the development of thermal/
velocity boundary layer and increase of the turbulence intensity, (2) increase in heat transfer
area, and (3) generation of swirling/rotating, vortexing and/or secondary flows. In common,
the use of inserts results in an increase flow resistance, thus a rise of the power requirement
for pumping the working fluids. The tradeoff between the enhanced heat transfer and
increased friction loss is strongly dependent on the insert geometries. The proper design of the

inserts is necessary for enhancing heat transfer with a reasonable friction loss.

Reverse/swirl flow devices form an important group of the passive augmentation
techniques. The reverse flow, sometimes called ‘‘recirculation flow’’, device or the turbulator
is widely employed in heat transfer engineering applications. This is because the convection
heat transfer along the tube wall can be improved significantly by introducing the reverse/re-
circulation flow to increase the effective axial Reynolds number and decrease the cross-

sectional area of flow, leading to an increase in the mean velocity and temperature gradient.
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The reverse flow cannot only induce the higher heat fluxes and momentum transfer due to the
large effective driving potential force but also the higher pressure drop. The strength of
reverse flow and the reattached position are the main interest in many heat transfer
applications such as heat exchangers, combustion chambers, gas turbine blades, and electronic
devices. The methods of generating swirl can be classified into three main categories. The
first is the tangential flow injection to induce a swirling fluid motion along the tube (Dhir et
al, 1990; Son and Dhir,1993). The second is the guide vanes swirl generators (Yilmaz et al.,
1999; Yilmaz et al., 2003) classified into two types: the radial guide vane and the axial guide

vane. The last one is the direct rotation of the tube.

The primal aim of this study to investigate the effect of different pitch ratio of V-
nozzle turbulators on heat transfer rate and friction factor coefficient at different Reynolds
number. In this study, in contrast to the literature, the V-nozzle turbulators are inserted with
the constant and proportional pith ratios of 2, 4 and 6. This intervention helps to analyze the
variance of pitch ratio is proportional the increment of Nusselt number or pressure drop in the

tube with VV-nozzle turbulators.

In the present study, the VV-nozzles are placed inside the test tube at three pitch ratios
(PR), defined as a ratio of pitch length to tube diameter; PR=2.0, 4.0, and 6.0. All of the
numerical simulations are performed at the same inlet conditions with the Reynolds number,
based on the test tube diameter, in a range of 5000-32000. Consequently, the variation of
Nusselt number (Nu) and friction factor (f) versus Reynolds number (Re) were introduced for

the obtained numerical results.

2. NUMERICAL SOLUTION PROCEDURE
2.1. Solution domain

The physical properties of numerical study is illustrated in Fig. 1. As depicted in Fig.
1, the test-tube section is consist of copper having inner diameter of 47.5 mm (D;), outer
diameter (D,) of 50.5 mm, length of 1250 mm (L) and thickness of 1.5 mm. The V-nozzle
material is conducted as Aluminum with s=95 mm (2.0D) in length and its end and throat
diameters are 46mm (K3) and 26 mm (K3), respectively. In order to get fully developed steady
flow, the tube is arranged with entrance section having length of 10D. Besides, to prevent the

reverse flow error in CFD analyzes, exit section is placed as length of 5D. The V-nozzles are
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placed with three different pitch lengths, having p=95 mm (PR=2.0), p=190 mm (PR=4.0),
and p=285 mm (PR=6.0), for each experiment.
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Figure 1. Physical properties of solution domain.

2.2. Analysis method

Numerical calculations are performed to solve the problem depending on physical
model which consist three different pitch ratio for ten Re numbers ranging from 5000 to
32000.

A careful check for grid independence is required for ensuring the validity and
accuracy of numerical methodology. For this purpose, detailed grid independence tests are
conducted and according to the grid models. Mesh models of smooth tube are created for the
numbers of cells from 322,423 to 987,113 and are tested for three different (0.25, 0.35, 0.50)
cell sizes. After 0.35 cell size as given grid structure in Fig. 2, Nusselt number has increased

less than 2.3% conjunction with accrual of cells number.

Figure 2. Grid structure for 0.35 cell size.

The two-dimensional(axisymmetric) continuity, momentum and energy of Navier-

Stokes equations are solved by using finite volume method and the SIMPLE algorithm
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scheme is applied to examine the effects of turbulent flow on heat transfer and friction

characteristics. Given constant properties in Table 1 for air is used at 300 K inlet temperature.

Table 1. The thermophysical properties of the air at 300 K.

T(K) ptkg/m’)  cp(kJ/kgK)  px10~>(kg/ms)  k(W/m K)

300 1.225 1.0061 789 0.0242

In present study, GAMBIT 4.4.2 is used to plot and mesh the tube and V-type nozzle
turbulator. FLUENT 14.5 was preferred to analyze numerical model. Re number calculated
from Eqg. 11 with respect to thermophysical properties of air and given velocity. The
renormalization-group (RNG) which is obtained better agreement with validated model is
used. A pressure based, double-precision solver is selected to solve used equations. According
to the given assumptions the governing equations for present study are written as follows
(Menter,1994).

Continuity equation:

ou v
axtay =0 W

Momentum equation:

__1lor (a_ i)
+ ay o ox +v P + 377 (2a)
__lop (_ i)
stV ay Sy TV ez T oy (2b)
Energy equation:
oT oT %t  a%T
ua+v5—a(ﬁ+ﬁ) (3)

where u and v are the velocities in the x and y directions, respectively, v, p, «, and T are the
kinematic viscosity, the density, the thermal diffusivity and the temperature of the air,

respectively.
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The RNG k-¢ turbulent model is selected for the analyzing of numerical models. This
turbulent model uses two transport equations for turbulence kinetic energy (k) and

dissipation rate (g). The equations can be written as below:

9 9 3 ok

5. (k) + P (pku;) = o (ak,ueff a_x]) + Gy — pe + S (4)
9 9 9 9 2

5. (pe) + P (pew;) = o, (a&“eff a_;]) + C1eGk£ — Cyep % — R+ S (5)

where C;, = 1.42, C,, = 1.68 are the model constants, Gis the generation of the
turbulent kinetic energy, aiyand a, refer to turbulent Prandtl number in k and € equations,

respectively. Additionally R; is given by

n
B Cupn3(1—%)82
€ 1+Bn3k

(6)

wheren = 2% 5, = 4.38, § = 0.012.

&

2.3. Boundary conditions

Determining boundary conditions are so important to be able to get a good
agreement with experimental results. In this study, values of thermophysical properties of
air have been given in Table 1 for 300 K. The turbulent flow is Reynolds number ranging from
5000 to 32000.At the inlet velocity inlet is normal to boundary and uniform and pressure
outlet boundary condition is specified with gauge pressure of 0 Pa at the exit. The
turbulence intensity has been estimated tube flow from the Eq. 7 and the hydraulic diameter
has been given at numerical model as 47.5 mm. A horizontal plane that is parallel to the x-
axis and connected with numerical model was preferred axis as shown in Fig. 1. Uniform
heat flux (constant g=1000 W/m?) is applied outer surface of the tube. The walls in contact

with the fluid have no-slip boundary condition.
I =0.16(Re)"Y/8 (7)

2.4. Calculation heat transfer and friction factor
The uniform heat flux applied to the tube can be written as;

g=2 ®)

DL
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The convective heat transfer coefficient through the tube is defined as;

h=—1 (9)

Tiw=Tp

Here, T;, and T, represent inner wall temperature of the numerical method and bulk

temperature of fluid.

The Nusselt and Reynolds numbers can be calculated from;

Nu =— (10)

where D is hydraulic diameter, U is velocity, v is kinematic viscosity.

The friction factor is defined as;

AP
f=1— (12)
U5

The overall enhancement efficiency () at constant pumping power is the ratio of the
convective heat transfer coefficient of the tube with V-nozzle turbulators to the plain tube
which can be written as follows
n = (13)

~ hy
Plpp

3. NUMERICAL RESULTS
The effect of V-type nozzle turbulator on heat transfer and pressure drop in a tubular
flow numerically investigated in the present study. Three different pitch ratios and ten

different Reynolds number are examined and obtained results are presented in this section.

3.1. Calculation heat transfer and friction factor
In this present work, in order to demonstrate the accuracy of the numerical results on
Nusselt number and friction factor are compared with a previous study which carried out by

Eiamsa-ard and Promvonge (2006) and, as shown in Figs. 3 and 4, respectively.

48



Giines, S., Keklikcioglu, O., Dagdevir, T., & 0zceyhan, V.

100

® Experimental Study [J
95 4| © Numerical Study e O

90 A
°
85 A o

80 A

Nu
°
o

75 A
70 A [ ]

654 @

60 T T T T
8000 10000 12000 14000 16000 18000

Re
Figure 3. Comparison of Nusselt number results with experimental study for PR=4.
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Figure 4. Comparison of friction factor results with experimental study PR=4.

Both Nusselt number and friction factor values were validated in the turbulance flow
conditions. As shown in these figures, for all of the Reynolds numbers examined, the results
of the numerical study in good agreement with the results obtained from the experimental
study. It is found that the maximum deviations between the given results are 9.76% and
4.91% for Nusselt number and friction factor, respectively. This observation demonstrates the

accuracy of the numerical procedure.

3.2. Effect of pitch ratio on heat transfer and pressure drop

This experimental study investigated V-type nozzles with three different pitch ratios to

determine the heat transfer enhancement and flow friction characteristics of a tube with a V-
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nozzle type insert. The variations in Nusselt numbers and friction factors related to different

pitch-to-tube diameter ratios (PR=2, 4 and 6) are presented in Figs. 5 and 7.

It is clear that the heat transfer rate increases with a decrease in pitch ratio as shown in
Fig. 5. It can be seen in from Fig. 5, that an increase in Nusselt number is obtained when the
pitch ratio decreases; therefore, for all Re numbers, the greatest heat transfer enhancement

occurred for the V-nozzle insert with PR=2.
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Figure 5. Results of Nusselt number versus Reynolds number for different pitch ratios.
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Figure 6. Total temperature contours (K) for all cases at Reynolds number of 20000.

The rates of increase in Nusselt number over the smooth tube are presented as 159-218
%, 144-201 % and 132-185 % in this study for PR=2, 4 and 6, respectively. The highest
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Nusselt number is obtained for the configuration of PR=2 model at the highest Reynolds
number of 32000.

The friction factors for the tube with the V-nozzle turbulators having the ratios PR=2,
4, and 6 are plotted against the Reynolds numbers in Fig. 7. As expected, the friction factor
decreases with increasing pitch ratio. The highest friction factor can be seen for the ratio of
PR= 2. This means that as the number of VV-nozzle fitted into the test section increases and as
the disturbance of the flow field increases, the Nusselt number and the friction factor

simultaneously increase.
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Figure 7. Results of friction factor versus Reynolds number for different pitch ratios.
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Figure 8. Total pressure contours (Pa) for all cases at Reynolds number of 20000.
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3.3. Performance evaluation

Overall enhancement ratios are used to evaluate the performance of the tube fitted
with V-nozzle turbulators. As shown in Fig. 9, the convective heat transfer coefficient ratio
that describes the ratio of the convective heat transfer coefficient of the tube with V-nozzle
turbulator (hy) to that of the smooth tube (hp,) tends to decrease with increasing Reynolds
number for all cases. The variation of the convective heat transfer coefficient ratio with the
Reynolds number is presented in Fig. 9. The V-nozzle turbulators in the tube cause not only
an increase in Nusselt number but also an increase in the friction factor. For all cases, the

convective heat transfer coefficient ratio tends to decrease with increasing Reynolds number.
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Figure 9. Results of convective heat transfer coefficient ratio values versus Reynolds number

for different pitch ratios.

The average convective heat transfer coefficient ratio values for VV-nozzle turbulators
with PR=2, 4 and 6 are around 1.77, 1.61, and 1.50, respectively.

4. CONCLUSIONS

The primal aim of study is to investigate the heat transfer and pressure drop in a tube fitted
with V-nozzle turbulators. The investigations carried out the range of 5000-32000 Reynolds
number by a CFD program, after the numerical model had been plotted and meshed in
GAMBIT. In this study totally three different pitch ratios were evaluated for the performance

evaluation. The following conclusions can be derived as:
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1- The V-nozzle turbulators result in a significance increase in both heat transfer rate and
friction factor when compared to the smooth tube.

2- For all cases, Nusselt number increases and friction factor decreases with increasing
Reynolds number. The highest Nusselt number and friction factor is obtained for
PR=2 model. Decreasing pitch length enhance the heat transfer in the tubular flow.
The rates of increase in Nusselt number over the smooth tube are presented as 159-218
%, 144-201 % and 132-185 % in this study for PR=2, 4 and 6, respectively.

3- The friction factor is also affected from nozzle pitch length and Reynolds number.
Increasing the amount of the pitch length between turbulators, friction factor is getting
reduced. The maximum pressure drop introduced for PR=2 model as expected.

4- The results show that not only is an increase in heat transfer obtained, but friction
factor is also increased. Especially at low Reynolds numbers, the system achieves
higher.

5- The overall enhancement ratio increases with decreasing pitch length of the V-nozzle
turbulator. As a consequence of this, the average convective heat transfer coefficient
ratio values for V-nozzle turbulators with PR=2, 4 and 6 are around 1.77, 1.61, and

1.50, respectively.
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