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ABSTRACT
Anumerical analysis for symmetrical unequal M-baffle inserts in a tube with constant temperature
is done to measure turbulence characteristics, heat transfer, pressure drop and efficiency for a
fully developed turbulent flow with Re ranging from 10600 to 53400. The increment of M-baffles
is remained 50 mm constant while the baffles height ratio (a/b) is chosen 0.2, 0.4 and 0.6. The
analysisis also done for reverse flow to measure turbulence effects on heat transfer augmentation.
It was seen that smaller height ratios within a reverse flow throughout the pipe, lead to higher
efficiency but with more pressure drop. It is found that the pressure drop is much higher than
previously investigated turbulators up to 260 timesand the overall efficiency is increased up to
240% inmaximum. In addition, three theoretical correlations are presented to estimate the Nusselt
number for the tube with suchbaffle inserts.
Key words:Turbulent flow, heat transfer, efficiency, pressure drop, M-baffle turbulator.

INTRODUCTION
In many of the structures and engineering facilities, increasing heat transfer rate plays a
significant role in the overall performance of the system. There are some equipment used to
increase heat transfer rate between the fluid and the solid surfaces. Turbulator is a stationary
mechanical device placed in the direction of the fluid to eliminate laminar flow and increase
turbulence by destroying boundary layer, prolonging fluid flow path throughout the channel
and hence making the turbulent flow to remain in contact with thermal transfer surface for a
longer time which yields to a higher heat transfer rate [1]. Turbulators increase heat transfer
rate, pressure drop and leads to higher efficiency and less energy consumption in comparison
to plain tubes throughout a passive method in which there is no any external power required.
These metal baffles are widely being used in variety of engineering applications including
shell and tube heat exchangers, plate heat exchangers, fire tube boilers, radiant heaters,
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immersion heaters, cast iron sectional boilers, hot water heaters, line heaters, airplane airfoils
to delay or eliminate the separation point, internal combustion engines and many gaseous
applications. They have also a wide range of application in solar energy equipment to
increase the efficiency in such systems.
There are several investigations conducted to measure the heat transfer rate, pressure drop
and efficiency in variety of turbulators. For instance, Promvonge and Koolnapadol[2]
experimentally investigated heat transfer and flow friction characteristics in a tube with 30 ̊
inclined vortex rings for a turbulent flow and announced of more Nusselt number when the
Re and the blockage ratio is risen. Promvonge and Tamna[3] conducted an experiment
investigation over heat transfer and friction loss in a tube with 20 ̊ inclined horse shoe baffles
and concluded that such baffles increased heat transfer about 92 – 208% in comparison to
plain tube and resulted in a much higher performance than previous inserted turbulators in
tubes. Noothong and suwannapan[4] did an experimental and numerical study for thermal
enhancement in a square duct with constant heat flux equipped with
45 ̊ discrete V-finned
tapes and conducted the study for diversity of fin heights and pitches and declared of more
heat transfer rate when blockage ratio is increased but decreased when fin pitch to duct height
ratio is risen. Liu and Xie[5] studied convective heat transfer in square cross section channels
with novel cylindrical grooves and declared of less pressure loss compared with square rib
values but with similar heat transfer enhancement. Buyukalaca and Ozceyhan[6] conducted
an experimental investigation to measure the thermal performance in circular ring turbulators
detached from the tube wall under a constant heat flux condition and concluded that the pitch
ratio is more dominant than distance on heat transfer rate and pressure drop. They declared
that Nusselt number and friction factor is increased when the pitch ratio is decreased.
Promvonge[7] did an experimental study over heat transfer behaviors in a tube with conical
ring inserts and declared that the efficiency is increased when the Re number and diameter
ratio is decreased. Saeedinia and Akhavan-Behabadi[8] did an experimental study over heat
transfer and pressure drop characteristics by considering a Nano fluid flow in a horizontal
coiled wire inserts under constant heat flux wall and declared of more heat transfer rate in
presence of Nano fluid with wire coils insert. Selvam and Thiyagarajan[9] also studied heat
transfer and pressure drop characteristics in a tube with wire coiled coil matrix turbulators
with and without center core rod and conducted that the maximum Nusselt number is
obtained for pitch ratio of 0.23 and the heat transfer coefficient and friction factor increases
with the decrease in pitch with the bonding of turbulator. Saha and Dutta[10] studied heat
transfer and friction characteristics for swirl flows in a pipe with twisted tape turbulator with
constant pitch. An experimental investigation for heat transfer and friction factor for
trapezoidal cut twisted tape for Re between 2000 – 12000 was conducted by Murugesan and
Mayilasamy[11].A review article regarding variety of turbulators and their characteristics is
also conducted by Alam and Saini[12].
In previously studied literatures, the impact of different baffles and winglets was investigated
and turbulent flow characteristics and its role on heat transfer as well as pressure drop
augmentation was studied; however, fewer investigations are done for a high turbulent flow
and its effects on turbulator efficiency and pressure drop. Therefore, in this study we are to
investigate the role of unequal M-baffle inserts in a tube with a high Re number to investigate
over fluid characteristics and turbulence role on heat transfer enhancement, pressure drop and
efficiency.
GOVERNING CORRELATIONS
The turbulator is inserted in a tube under constant temperature. It is assumed that pipe is fully
isolated; therefore, the convective heat transfer is equal with the heat quantity generated at
the tube wall. In this case, the governing correlations are defined as following:
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𝑄𝑎𝑖𝑟 = 𝑄𝑐𝑜𝑛𝑣 .

(1)

𝑄𝑎𝑖𝑟 = 𝑚𝐶𝑝 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛

(2)

𝑄𝑐𝑜𝑛𝑣 = ℎ𝐴 𝑇𝑠 − 𝑇𝑚

(3)

Where

For which
𝑇𝑚 =

𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡
2

(4)

Based on the correlations of (2) and (3), the average heat transfer coefficient is estimated as:
ℎ=

𝑚𝐶𝑝,𝑎𝑖𝑟 𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛
𝐴(𝑇𝑠 − 𝑇𝑚 )

(5)

Therefore, the average Nusselt number is defined as:
𝑁𝑢𝐷 =

ℎ𝐷
𝐾

(6)

𝑅𝑒 =

𝑉𝐷
𝜐

(7)

128𝜇𝐿∀
𝜋𝐷4

(8)

Where the Reynolds number is:

The overall pressure drop in a pipe is defined as:
∆𝑃 =
MESH INDEPENDENCE STUDY
In any numerical analysis, grid independence study is the most significant step toward
reaching correct and reliable results. In this direction, several models are first created in
ANSYS 14.5 design modeler and were meshed to investigate the independency of results
from grid. The number of elements for such investigation is varied from almost 40000 to
2300000 considering tetrahedral geometry for cells. It was seen that the results were not
found with any significant change after almost 290000 elements. Therefore the analysis is
performed based on this quantity of cells.
DISCUSSION AND RESULTS
A numerical study for a tube with inner 52 mm diameter under a constant temperature surface
of 100̊ C equipped with symmetrically placed unequal M-baffle inserts is performed for a
fully turbulent flow of air for a reverse flow and non-reverse flow considering parallel high
performance computing. The schematic of the tube and turbulator is shown in fig.1.
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Fig1: Schematic diagram of tube with M-baffle inserts
The analysis is done using K-ɛ Realizable RANS turbulence model in fluent 6.3.26. The
target is to determine the effect of height ratio (a/b) in boosting heat transfer rate, pressure
drop and efficiency in such turbulators. The distance between the M-baffles is remained
constant with 50 mm increment.
Before performing the simulation, to consider fluid characteristics and heat transfer rate for
M-baffle inserts, the simulation results regarding Nusselt number found for the plain tube are
considered with one defined by Dittus and boelter correlation [13] defined as:
𝑁𝑢 = 0.023𝑅𝑒 0.8 𝑃𝑟 0.4

(9)

This equation is valid for Re equal to or higher than 10000 for the Pr varying within the range
of 0.6 – 160.
As it is seen in fig.2, the results found from numerical calculation are within 10% deviation
from Dittus and Boelter correlation.
Numerical plain tube data
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Fig. 2:validation of average Nu with Re for plain tube
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In a turbulent flow, the random and erratic motion of particles lead to fluctuations resulting in
generation of eddies. Eddies are masses of fluids that are always being generated and
dissipated and are the specification of a turbulent flow regime.
As it is seen in fig. 3, for Re=53400 and the height ratio (a/b) of 0.2, the Nusslet number is
found the maximum about 240% and 222% in comparison to the plain tube for the reverse
flow of air and non-reverse flow in the pipe respectively, while this amount of rise is found
around 222% and 208% when the height ratio is 0.6.These results depict of more
appropriateness in the use of lower height ratiosin such tabulators. In the non-reverse flow, as
the air passes throughout the pipe, due to the increase in Re, higher magnitude of oscillations
lead to the generation of large eddies in high shear regions including a zone in the center of
the pipe close to the higher peak after the fluid passes it, and in a region at the contact surface
of the fluid and the solid surface due to a large pressure gradient. These eddies are the masses
of fluid that have a high quantity of momentum having a great potential to carry energy and
increase mass transfer rate. In a close distance after the second peak, larger eddiesare formed
in the counter direction of the stream at the contact surface of air and the tube wall having
higher level of oscillations and momentum than the small lethargic eddies close to the wall
boundary layer but with less momentum and energy than powerful eddies generated at the
center of the tube. This concept is well apparent in velocity contours of flow throughout the
pipe in both reverse and non-reverse flow seen in figures 4 to 9.
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Fig 3: variation of average Nu with Re
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Fig 4:Schematic of velocity contours for
height ratio of 0.2for Re numbers of
10680, 17800, 35600and 53400 from A to
D respectively for the non-reverse flow.
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Fig 5: Schematic of velocity contours for
height ratio of 0.4 for Re numbers of
10680, 17800, 35600 and 53400 from A to
D respectively for the non-reverse flow.
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Fig 6:Schematic of velocity contours for
height ratio of 0.6 for Re numbers of
10680, 17800, 35600and 53400 from A to
D respectively for the non-reverse flow.
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Fig 7:Schematic of velocity contours for
height ratio of 0.2 for Re numbers of
10680, 17800, 35600 and 53400 from A to
D respectively for the reverse flow.
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Fig 8:Schematic of velocity contours for
height ratio of 0.4 for Re numbers of
10680, 17800, 35600 and 53400 from A to
D respectively for the reverse flow.
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Fig 9: Schematic of velocity contours for
height ratio of 0.6 for Re numbers of
10680, 17800, 35600 and 53400 from A to
D respectively for the reverse flow.
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As it is seen in figure 3, the average Nusselt number is decreased as the height ratio is risen in
a constant Re number. For instance, when Re= 10680, this decrease is about 183%, 177% and
173% for height ratios of 0.2, 0.4 and 0.6 respectively for a non-reverse flow, while this
abatement is found about 195%, 189% and 183% for the reverse flow. This is because, in
reverse flow, the core of the powerful eddies adjacent to the wall are in contact with more
surface leading to more absorption of heat. On the other hand, in the reverse flow direction,
the shorter peak of the baffle repowers the eddies close to the wall, leading to more
momentum at the region between the two peaks, and therefore leads to higher heat transfer
rate and more Nusselt number. As the flow passes in a non-reverse direction, the shorter peak
does not make any considerable change in powering low energy level eddies close to the
wall. on the other hand, the higher momentum level eddies formed after the higher peak close
to the tube wall do not have as extent core as the reverse flow direction has and therefore
leads to lower heat transfer rate. In addition, as it is seen in fig. 3, in a non-reverse flow, for
Re= 17800, this decrease is about 196%, 190% and 184% for height ratios of 0.2, 0.4 and 0.6
respectively. This is because low level energy eddies creates a vacuum like region between
two peaks that contain very low momentum eddies and act as an obstacle in heat transfer rate.
Since the large eddies generated close to the wall are having their core nearer to the pipe wall,
This vacuum like region is due to local lower energy eddies formed as getting farther from
the tube wall almosthaving no propensity toward higher perturbation levels after the short
peak.
Based on figure 10, for a constant Re number, the pressure drop is decreased as the height
ratio increases. The reason for this phenomenon is that larger eddies having higher level of
momentum, lead to higher shear stress close to the wall due to their high velocity gradient.
This velocity gradient then increases pressure drop for lower height ratios leading to higher
vorticity magnitude. For instance, for Re= 10680, this increase is 173, 166 and 153 times
more than the plain tube throughout the reverse flow and 133, 131 and 125 times more for the
non-reverse flow.
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Fig 10:variation of average pressure drop with Re throughout the pipe
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As it can be seen in figure 11, reverse flow streams lead to higher outlet temperature than
non-reverse flows generated after the higher peak, and this amount is decreased as the Re is
increased. This is because powerful eddies generated in higher Re amounts are more unstable
and have a propensity toward reaching to their equilibrium state. Therefore, the core of the
large eddies having the maximum energy and momentum at the center of the tube,has less
extent domain due to their transient nature. For instance, for the height ratio of 0.2, the outlet
temperature is found 357K, 355K, 352K and 348 K for Re amounts of 10682, 17800, 35600
and 53400 respectively.
As it is apparent in figure 12, higher Re amounts with lower height ratios lead to more
efficiency. The efficiency of a pipe equipped with turbulator is defined as the ratio of Nu
number for the tube with turbulator to the Nu number of the plain tube. This concept is
correlated in following:
𝜂=

ℎ𝑡 𝑁𝑢𝑡
=
ℎ 𝑁𝑢𝐷

2a=
4a=
6a=
Plain Tube

(10)
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Fig 11: variation of average outlet temperature with Re
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Fig 12: variation of efficiency with Re
Based on the analysis data derived from numerical simulation, we correlate the Nu number
for M-baffle inserts in a pipe as following:
For height ratio of 0.2
𝑁𝑢𝑡 = 0.0437𝑅𝑒 0.8 𝑃𝑟 0.4

(11)

𝑁𝑢𝑡 = 0.0423𝑅𝑒 0.8 𝑃𝑟 0.4

(12)

𝑁𝑢𝑡 = 0.041𝑅𝑒 0.8 𝑃𝑟 0.4

(13)

For height ratio of 0.4

For the height ratio of 0.6

The equations found above deliver a good estimation of average Nu within almost ±10 %
deviation to numerical results.
CONCLUSION
The effect of different height ratios (a/b) of 0.2, 0.4 and 0.6 for M-baffle type turbulator
placed symmetrically in a tube under constant temperature is conducted throughout a
numerical investigation. The main findings are drawn in following:


The overall efficiency and pressure drop is increased by increasing Re number for both
the plain tube and thetube with baffle inserts, while the average outlet temperature is

Page 10

RSPUBLICATION, rspublicationhouse@gmail.com

International Journal of Advanced Scientific and Technical Research
Available online on http://www.rspublication.com/ijst/index.html

Issue 5 volume 4, July-August 2015
ISSN 2249-9954

decreased due to unstable nature of high potential eddies leading to less extent in
theirhigh energy core.


Lower baffle height ratios lead to more efficiency, pressure drop and outlet temperature
due their positive effects for higher potential eddies close to the tube wall.



Reverse flow direction leads to higher heat transfer rate, pressure drop and efficiency due to the
generation of eddies with higher magnitude of momentum, more availability of contact surface
and the recirculation of eddies due to the existence of shorter peaks. This increase was found
around + 7.5% for each height ratio for different Re numbers in comparison to non-reverse flow.



Due to large initial consumption of energy and more pressure drop throughout the pipe,
the use of turbulator with height ratios greater than 0.4 for Re amounts more than 17800
is not recommended.

NOMENCLATURE
A Surface area, (m2)
𝐶𝑝 Specific heat transfer of fluid, (J/Kg.K)
D Pipe diameter, (m)
ℎAverage heat transfer coefficient, (W/m2.K)
ℎ𝑡 Average heat transfer coefficient of tube with turbulator, (W/m2.K)
K
Thermal conductivity of fluid, (W/m.K)
L
Pipe length, (m)
𝑚Mass flow rate, (Kg/s)
𝑁𝑢𝐷 AverageNusselt number in tube
𝑁𝑢𝑡 Average Nusselt number in tube equipped with turbulator
PrPrandtl number, (µCp/K)
∆𝑃 Pressure drop, (Pa)
Q Heat transfer rate, (W)
Re Reynolds number
T Steady state temperature, (K)
𝑇𝑚 Interior mean temperature of fluid, (K)
V
Average fluid velocity in tube, (m/s)
µFluid dynamic viscosity, (Kg/m.s)
υ
Kinematic viscosity of fluid, (m2/s)
∀Volumetric flow rate, (m3/s)
𝜂Efficiency factor
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