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Abstract

The improvement in the efficiency of the thermal system can be achieved by disrupting the laminar flow of fluid and boundary
layer separators. Passive techniques are already incorporated by industries because it increases heat transfer rate up to many
folds. The numerical investigation purpose is to find techniques for heat transfer augmentation in the square duct in the
laminar flow regime. The thermo-hydraulic characteristics of ribs and helical screw tape (HST) insert fitted in the square
ducts have been presented. The effect of rib orientations on the Nusselt number has been analyzed by the Finite volume-based
commercial software ANSYS “Fluent”. A SIMPLE algorithm has been used. The fluids having different Prandtl numbers
are investigated under an imposed uniform wall heat flux boundary condition. The combination performance is better than
the bare and ribbed square ducts. The 45° angled ribs with HST performance is better than the combination of transverse
ribs with HST. At Reynolds number 200, the Nusselt number achieved by 45° angled ribs with HST is 4.3% higher than the
30° angled ribs with HST, 22.26% higher than the 60° angled ribs, and 35.82% higher than the transverse ribs with HST.
Among the three working fluids, the Nusselt number for Servo-therm oil is the highest because Servo-therm oil minimizes
entropy generation. Also, the thermal enhancement factor is greater than one for all considered cases and it is the highest for
Servo-therm oil is the highest.

Keywords Ribs - Helical screw tape inset - Laminar flow regime - Entropy generation analysis - Thermal enhancement
factor - Heat transfer augmentation - Thermo-hydraulic characteristics
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1 Introduction

The researchers of the modern era know that energy sources
are limited, and we have to use them wisely. Energy con-
servation and conversion of unutilized energy are the future
of thermal science. Over the past 40 years, heat exchangers
have been extensively investigated (Both numerically and
experimentally). The outcomes of the research are already
incorporated into different types of industrial heat exchang-
ers. Typically, heat exchangers are used in most industries
like automotive, aviation, agricultural, dairy, process, etc.
The heat exchangers are used to increase the heat transfer
between two media [1].

Based on contact between working media, Heat Exchang-
ers are of two types, Direct contact (Recuperators) and indi-
rect contact (Regenerators) [2]. Technically, heat exchangers
are used for energy conservation, conversion, and recovery
of unutilized energy. The thermal and mechanical design of
any heat exchanger depends on the application and availabil-
ity of space. In industries, typically, circular, rectangular, and
hexagonal-shaped ducts and pipes are used. The combination
of transverse ribs with helical screw tape inserts in the square
duct has been numerically investigated in this research work.

More often than not, water is used as a working fluid in
heat exchangers. The flow regime (Laminar, Turbulent, and
Transition) of the working fluid depends on application and
conditions. A large number of engineering applications are
based on the laminar flow regime because the laminar flow is
predictable. In this research problem, the flow regime is the
laminar flow regime.

The heat transfer enhancement techniques are more useful
in the laminar flow regime because of the development of the
thicker thermal boundary adjacent to the wall. The higher
thermal resistance tends to minimize the heat transfer rate
and this becomes more severe with viscous fluids. There are
many passive techniques used for reducing thermal resistance
like wire coil, ribs, surface roughness, dimpled tube, etc. [3,
4]. Regularly spaced transverse ribs have been used in this
problem. Also, at the core of fluid flow, there is no proper
mixing of the fluid. The particles follow streamlines. This
generates thermal resistance and thus, the rate of heat transfer
decreases. A helical screw tape insert is placed at the center
of the square duct. This insert will provide better mixing and
increase the rate of heat transfer [5].

There are a large number of research available in open
literature where the combination of two passive heat trans-
fer enhancement techniques was used. Sivashanmugam and
Suresh [6] experimented with regularly spaced helical screw
tape inserts in a circular tube and presented the heat transfer
and friction factor characteristics. They observed a decrease
in Nusselt number of about 10% and about 5% in friction
factor for every 100 mm increase in spacer length. Also,
an increase in the twist ratio adversely affects the Nusselt

%% @ Springer

number. They presented empirical correlations for both lam-
inar flow and turbulent flow regimes. Rout and Saha [7]
experimentally investigated heat transfer and pressure drop
characteristics of laminar flow through a circular tube fit-
ted with two passive heat transfer enhancement techniques,
wire-coil, and helical-screw tape inserts. They found an
increment of 45-78% in heat transfer for constant pump-
ing power. also, a significant 35-55% reduction in pumping
power for constant heat duty has been observed. Based on
performance evaluation, they claimed that the performance
of the combination of passive heat transfer enhancement
techniques is better than of a single passive heat transfer
enhancement technique and bare tube. They generated a cor-
relation for the Nusselt number and f Re which is based
on log-linear regression analysis. Ranjan et al. [8] presented
the results of different combinations of passive heat trans-
fer enhancement techniques in non-circular channels in the
laminar flow domain regime. This investigation covered a
wide range of Prandtl numbers. They claimed that there is a
31-52% increase in heat duty at constant pumping power and
a25-36% reduction in pumping power at constant heat duty.
Chaurasia and Sarviya [9] numerically and experimentally
studied the thermo-hydraulic performance of helical screw
tape insert in a circular tube in a transition flow regime. They
compared three twist ratios (1.5, 2.5, and 3) and discussed
the effect of the single-strip and double-strip helical screw
tape inserts on the Nusselt number and friction factor. Also,
there is an increase in the Nusselt number with a decrease
in the twist ratio. They achieved a maximum heat transfer
enhancement of 2.82 times that of the bare tube. Ranjan and
Saha [10] numerically investigated the transverse ribs and
helical screw tape inserts in the non-circular duct. Ribs are
mounted on four walls and they observed the heat transfer
augmentation. They compared five different liquids and pre-
sented a performance data evaluation table.

Han and Park [11] experimentally investigated rib turbula-
tors fitted with square channels in the turbulent flow regime.
Ribs were mounted on the two opposite sides of the rectan-
gular duct. They examined the rib angle-of-attack and found
the highest heat transfer and pressure drop for o = 60° in the
square channel. Also, they observed that the angled rib heat
transfer performance is about 30% higher than the transverse
ribs fitted for the square channel at a constant pumping power.
They presented empirical correlations for heat transfer and
friction factors. Similarly, Promvonge et al. [12] numerically
investigated the heat transfer and friction factor characteris-
tics in a square duct fitted with 45° inline baffles on two
opposite walls. Typically, researchers used single passive
heat transfer enhancement techniques but some researchers
used compound heat transfer enhancement techniques. Saha
et al. [13] examined axial corrugations and fitted them with
helical screw-tape inserts in a circular tube in a laminar flow
regime. Similarly, Saha and Saha [14] used integral helical rib
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roughness with helical screw tape inserts in a circular tube.
Moon et al. [15] numerically investigated different rib shapes
in the rectangular channel and proposed the new boot-shaped
design rib performance is the best among all. Similarly, Kek-
likcioglu and Ozceyhan [16] published a review report on
compound heat transfer enhancement techniques where they
focused on Wire coil inert and twisted tape Inserts. Sharma
et al. [17] experimentally investigated the pentagonal ribs in
the rectangular duct at Reynolds number ranging from 9400
to 58,850. They observed heat transfer augmentation at a low
heat transfer zone. The above-mentioned research ideas are
emphatic but there are not enough research ideas incorpo-
rating the compound heat transfer enhancement techniques
in square channels. In this research, transverse ribs are fit-
ted on the opposite walls of the square duct and a helical
screw tape insert is positioned in the center of the square
duct. The thermo-hydraulic characteristics of the compound
heat transfer enhancement techniques have been presented.

Also, modeling of non-Newtonian fluids in the case of
heat generation and absorption plays an important role in
heat transfer. Ali et al. [18], Ali et al. [19] and Rehman
et al. [20] examined numerically the flow field and tem-
perature characteristics of Carreau fluid around a wedge
and in a thermally stratified medium. Similarly, Rehman
et al. [21] investigated the heat transfer characteristics of
Williamson fluid under the imposed magnetic field and found
that Williamson fluid velocity decreases with an increase
in magnetic field parameters. Bibi et al. [22] worked with
two-dimensional unsteady solid-particle flow having variable
thermal conductivity. They found that the Nusselt number
decreases significantly with a collective increase in parame-
ters like thermal conductivity and power-law index. Acharya
and Oztop [23] investigated the hydrothermal characteristics
of magnetically driven buoyancy-induced hybrid nanofluids
(Al,O3-TiO;-water) through a semi-circular chamber hav-
ing a different aspect ratio of triangular size heater at the
bottom. They discussed the effect of aspect ratio on u and v
velocity. Similarly, Acharya [24] examined the hydrothermal
behavior of buoyancy-driven multi-walled carbon nanotube
(MWCNT)-Fe304-Water hybrid nanofluid equipped with T-
shaped fins. He discussed different cases and concluded that
Rayleigh number assist buoyancy-driven motion.

Although, a large number of published research work
based upon laminar flow is available in open literature, but
introduction of combined heat transfer enhancement tech-
niques in square duct in laminar flow regime has not been
numerically investigated. The Industries have incorporated
rib turbulators in circular tubes for a long time ago, but
according to requirement and space constraints, square ducts
could be incorporated in different industries. The major
advantage of the square channel is that the ribs can be easily
and precisely installed at respective positions. The above-
proposed combination in a square duct is new to all. The

effect of rib angles in the presence of HST, reduces the bound-
ary layer thickness effectively and provides effective mixing
of the working fluid. The novelty in the study is the bulk fluid
mixing and effective reduction in boundary layer thickness
with the combined passive heat transfer enhancement tech-
niques in a square duct. Also, the fluid particle motions at
different cross sections have been presented which enables
a researcher to visualize the effect of ribs and HST work-
ing in tandem. Additionally, the use of different working
fluids facilitates us to know the effect of combined tech-
niques on thermal diffusivity and momentum diffusivity.
This study is important for transportation of viscous fluids,
highly flammable fluids through pipes/ducts where heat dis-
sipation is more important than loss in pressure. The heat
transfer enhancement techniques are known to most ther-
mal science professionals and are not new, nevertheless,
industries-oriented positioning and placement of heat trans-
fer techniques always have novelty.

2 Mathematical Modeling

The advancement in computational power and availabil-
ity of high-end computers are making numerical analysis
more useful in the thermal field. Nowadays, commercially
packaged solvers are frequently used in research work
because it is accurate, save time, are cost-effective, and
are reliable. ANSYS Fluent has been used for solving the
above-mentioned problem because it works on Finite Volume
Method. The FVM is a discretization technique. The beauty
of FVM is that the numerical flux is locally conserved at each
cell and each cell (Control volume) follows local balance.
Thus, FVMs are frequently used in Aerospace engineering,
fluid engineering and heat, and mass transfer [25].

2.1 Problem Description

The square duct fitted with ribs and HST is designed in
ANSYS Design Modeler. The heat transfer and pressure drop
calculations are the objective of the present study, thus, only
the fluid domain has been created in Design Modeller. This
idea reduces the number of elements in meshing and reduces
elapsed time.

The combination of two passive heat transfer enhancement
techniques, transverse ribs with helical screw tape (HST)
inserts in a square duct has been presented in Fig. la. Sim-
ilarly, the angled ribs with HST inserts in a square duct has
been shown in Fig. 1b.

The flow is in a positive z-direction. The transverse ribs
are mounted on the two opposite walls of the square duct.
The helical screw tape insert is placed at the center of the
square duct. The configuration of the angled ribs is the same
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(b)

Fig. 1 a Transverse ribs in combination with HST fitted in a square duct,
and b Angled ribs in combination with HST fitted in a square duct

as shown in Fig. 1, except the inclination of ribs. The angle
has been measured from the flow direction of the fluid.

Additionally, the geometrical parameters are presented in
the Fig. 2. The green-colored geometries are representing the
inserts used.

The hydraulic diameter (Dy, =4 A/ Pw) of the square duct
is 13 mm and length to diameter ratio (L/Dy,) is 70. A denotes
cross-sectional area and Py, denotes wetted perimeter. The
non-dimensional rib height (e/Dy) is 0.1026 and the non-
dimensional rib pitch (P/e) is 5.6481. e denotes the rib height.
The helical screw tape pitch is defined as p = WDy,/d where
W is the transverse distance covered by screw tape insert
upon completing a pitch, mm. The helical screw tape pitch
insertis 52 mm. The core rod diameter d is 2 mm. The helical
screw tape thickness § is 0.5 mm.

2.2 Problem Formulation

In the internal flow conditions, the heat transfer rate can be
increased by either increasing the flow rate or by decreasing
the boundary layer thermal resistance. Surface roughness,
ribs, and wire coils may be used but, in this investigation,
transverse ribs and angled ribs are mounted on the opposite
side of the walls of the square duct. Typically, the manufactur-
ing process of transverse ribs is easy and economical. Also,
bulk mixing is generally provided by twisted tape, screw tape,
vortex generator, etc. Out of these, a Helical screw tape insert
with a center rod is used and it is positioned at the center of the
duct. The thermo-hydraulic characteristics of different fluids
should be different. The research aims to know the thermal
performance of different working fluids.

@ Springer

Three working fluids are Water (Pr = 5.89), Ethylene Gly-
col (Pr = 150.45), and Servo-therm oil (Pr = 443.117). The
properties have been presented in Table 1

The following assumptions are imposed on the numeri-
cal model. This assumption decreases the computation time
without affecting the accuracy.

e The working fluid is incompressible.

Laminar flow regime, Steady-state fluid flow and heat
transfer

Fluid properties are constant except viscosity.

Body forces and viscous dissipation are ignored.

Heat flux is directly applied to the working fluids.

The helical screw tape wall is adiabatic.

The Duct surface is smooth and the walls are impermeable.

2.3 Governing Equations

The fluid dynamics is based on three fundamental physical
principles “Mass Conservation, Newton’s second law and
energy conservation”. The mathematical statement for the
fluid flow and heat transfer problem are Continuity equation,
momentum equation, and energy equation [29].

Continuity equation:

—_ 0p
V(pV)+E:0 (H

Since the fluid is in a steady-state condition. So, the
applied continuity equation will be

— duy Oduy duy
V(ipV)=0orp +—+—]=0 2)
ax ay 0z

Navier stoke equation
a a ap a ou;
oy i) ox; (puiuj) = =30 ox; (“ ax‘,>

9 ouy
— | (x X b;
et [T RN

On imposing above mentioned assumption and consider-
ing mechanical pressure is equal to thermodynamic pressure,
the momentum equation is reduced as

ou ou ou ap 2u  %u  0%u
plu—+v—+w— | =——+ul —S+—+—
ox  dy 0z 0x 0x2  9y? 972

“)

av av av ap %v  9%v 9%
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Helical screw tape
width W =8

Uniform wall heat flux
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Fig.2 The transverse ribs positioned on opposite faces and helical screw tape at the center of the square duct

Table 1 Working fluids and their

properties Working Fluids Density (Kg/m®)  Specific heat Thermal Viscosity
(KJ/kg K) conductivity (Kg/ms)
(W/m K)
Water [26] 996.59 4.179 0.606 0.000852
Ethylene glycol [27] 1111.4 2.415 0.252 0.0157
Servotherm oil [28] 805.386 1.768 0.1424 0.03569
Jw . Sw . Sw ap . 22w . 52w . 32w means Gauge pressure = 0. The center point of duct is coin-
ul sl sl = JwL v 9w . . .. o
P o 3y 9z 9z 12 a2 oy a2 ciding with origin and duct has been extruded along z-axis. In

Q)
Energy equation

aT 8T+ aT 32T 92T
dx ay 9z

+ + + T @)
U— +v— —t—t+—

axZz  3yr 972
2.4 Boundary Conditions
The flow regime is laminar and the Reynolds number is vary-
ing from 200 to 1000. At the inlet of the testing section, a fully

developed velocity profile is introduced [30] and at the out-
let section, the pressure outlet boundary condition is chosen

{1—1/2

cosh(2n+l)(%)aX
cosh2n+1) (% )«

=D"
Z 4 (2n +1)3

Cartesian co-ordinate system, under the steady laminar flow
condition and applying boundary layer approximation, one
can write the equation of motion as

gV W, e oW
— a — —
X dY 2Re 9Z*
o dp* 4 Pw 92
=% +a
4Re dz*  (a+1)Re | X2 3Y2 ®)

For uniform flow W =1, and at the end of cross section Z*
= Z1* and applying the boundary condition for incompress-
ible flow, the equation for fully developed profile a square
duct reduced as

cos(2n + 1)%Y}

3
W = z
{1 -2 2 (2n+1)5 tanh(2n + ) Za }

&)

.

o
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Fig. 3 Residual versus iterations i
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In CFD, the fully developed profile of any section can
be found easily in two steps. First, take a bare geometry
having same section and provide enough length so that flow
become fully developed (Inlet velocity should be in laminar
regime). Second step, the profile obtained at the outlet of bare
geometry gives the fully developed profile. Copy the velocity
profile and paste it at the inlet of the testing section.

Also, uniform wall heat flux has been imposed on the two
opposite ribbed walls. The heat flux is directly introduced
to the working fluid. The helical screw tape boundary wall
is assumed to be adiabatic (Q = 0) because no heat flux
is applied to it. No slip boundary condition has been imple-
mented over the channel walls as well as ribs and helical
screw tape inserts.

3 Numerical Solution Approach

The Finite Volume Method based solver Fluent has been
used to solve the equation [31]. The partial differential
equations are discretized first and then the equations are
solved by software-based programs. Although, there are four
algorithms (SIMPLE, SIMPLEC, PISO, Fractional Step)
in Fluent for Pressure—Velocity coupling but each of them
has its own advantage. The semi-implicit pressure-linked
equation (SIMPLE) algorithm [32] is best for steady state
problems and it is a pressure-based solver. PISO and Fraction
Step are used for transient problems. It should be noted that
between the SIMPLEC and SIMPLE algorithm, the SIMPLE
algorithm takes less computational time without affecting the
results.

The Least Squares Cell-Based gradient is used to dis-
cretize the equation. Although, Point linear interpolation is
also available for gradient discretisation, but it is used for
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Iterations

irregular o bad mesh where it reduces skewness error. The
Least Squares Cell-Based gradient method calculates the gra-
dientin a cell which, when used to extrapolate the cell value to
centers of all neighboring cells, minimizes the error between
extrapolated values and cell values. This method perfectly
supports SIMPLE scheme. The solution varies linearly. This
is accurate on unstructured mesh too and it is less expen-
sive. The second-order scheme for pressure, a second-order
upwind scheme for momentum and a second-order upwind
scheme has been used. The second-order schemes are bet-
ter than standard and linear schemes but they may give poor
results with bad mesh. The under-relaxation factors are 0.3
and 0.7 for pressure and momentum respectively. The solu-
tions are assumed to converge when the equation achieves
set residuals and values. The residuals vs iterations have
been shown in Fig. 3. In Fig. 3, the ribs are mounted on
the opposite walls whereas HST is placed at the center of the
square duct. The working fluid is water and velocity at the
inlet corresponds to Reynolds number 200. Although, for the
above-mentioned case, residuals are of the order of 1078, as
inlet velocity increases, the residuals are limited to the order
of 1077, In CFD, the residuals should be as low as possi-
ble. Thus, an average value applicable for all cases is 107,
1077, and 1077 for continuity, velocity, and energy equations,
which is good enough to get accurate results. As viscosity and
velocity increase, it is very hard to get residuals below 1077,
On average, a complete simulation takes 13—14 h.

4 Meshing

The numerical analysis credibility depends on the mesh qual-
ity. In this numerical investigation, the ANSYS Meshing
Module has been used. The research problem geometry is
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Fig. 4 Meshing of angled rib
geometry, transverse rib
geometry and only helical screw
tape insert with center rod model

not symmetrical about any plane or axis. Thus, Regular auto-
matic meshing, will not be able to handle this problem. Out
of different methods, sizing, inflations, and face meshing are
selected and imposed on the testing geometry. The mesh-
ing of the combination of passive heat transfer enhancement
techniques is shown in Fig. 4.

The element size and number of inflation layers are
decided by the Grid Independence test. Grid independence

002(m)
|

means that results do not depend on the meshing parameters.
The grid independence test results are presented in Figs. 5
and 6. Two output parameters, the average total pressure at
the outlet and the Nusselt number have been selected from
a list of output parameters. In Fig. 5 average total pressure
increases with an increase in the number of elements but after
the element size 0.0006 m, the average. total pressure at the
outlet became almost constant.
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Fig.5 Variation of average total pressure at outlet with element size

Similarly, the output parameter, Nusselt number decreases
with the decrease in element size. After element size
0.0006 m, only a 0.02% change in the Nusselt number has
been observed. From both graphs, we found the appropriate
element size is 0.0006 m. Additionally, 5 layers of inflation
and face meshing are imposed to reduce the maximum and
average skewness of elements. The total number of elements
is 5,760,737 at the element size of 0.0006 m. It should be
noted that by further reducing the element size to 0.0005,
there is an unacceptable increase in the number of elements
9,578,530 which will increase the simulation time up to many
folds.

Fig.6 Variation of Nusselt
number with element size

Nusselt number
w
T

o Plain duct (kays and Crawford)
* Plain duct

2 1 L L L
200 400 600 800 1000

Reynolds number

Fig.7 Comparison of Nusselt number (numerically) with exact Nusselt
number (experimentally and published) for the plain tube. (Kays and
Crawford)

5 Validation with the Smooth Wall

The numerically investigated plain tube Nusselt number and
friction factor (fRe) results are compared with the results
available in the open literature for plain ducts. The results
are in agreement with only a 0.9% error (Maximum) in the
Nusselt number and only a 1.3% error in the fRe value (Max-
imum). The Nusselt number and friction factor for plain tube
under uniform wall heat flux conditions [33]

Nu = 3.61 (10)

fRe = 57 (11)

—— Number of elements
—®— Nusslet number

1.0x107 +

8.0x10°

6.0x10°

4.0x10° |-

Number of elements

2.0x10°® |

Nusslet number

0.0 b——oI
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Fig. 8 Comparison of f Re value 60
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The Nusselt number is the ratio of convective heat transfer A 4 ; ; ® °
to conductive heat transfer and is expressed as i 8 ° ]
0 1 1 1 L 1 1

Nu =1L/, (14)
where
0 = hA(Ty — Tv) (15)

In the present problem, the numerical findings achieved by
simulations are validated with the experimental data of Saha
et al. [13]. They developed the correlations for the “Nusselt
number” and “friction factor f” of a tube fitted with a “helical
screw tape” insert and transverse ribs. The validation results
are presented in Fig. 9. The empty symbols are results cor-
responding to experimental results presented by Saha et. al.
[13] whereas the solid symbols are the results obtained by
mathematical modeling and simulations. Both experimental
and numerical results follow the same trend. The maximum
discrepancy between experimental and numerical findings is
nearly about fifteen percent [34].

The ribs and helical screw tape inserts are used in this
research work. The inserts are blocking the free flow of

100 200 300 400 500 600
Reynolds Number

Fig.9 The validation of numerical simulation results with the experi-
mental results of Saha et. al. [13]

working fluids, thus, a significant amount of pressure drop is
observed. The Darcy friction factor has been calculated for
all the considered cases and it is expressed as

_ 2ApDy

f= o102 (16)

The performance evaluation is essential in this case. There
are many performance evaluation criteria but we are using
“Thermal Enhancement Factor (TEF)” [35]. The thermal
enhancement factor is the Nusselt number to friction factor

@ Springer
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for thermally enhanced ducts to the bare duct. Mathemati-
cally, TEF is expressed as

_ (Nu/Nu,)

TEF = —
(f/f)033

a7

6 Entropy Generation Rate

Entropy is a measure of the disorder or randomness of a sys-
tem. Entropy generation represents a loss of available energy,
thus, it is important to minimize it. All the natural process
increases the entropy of system. In this heat transfer prob-
lem, the application of compound heat transfer enhancement
techniques can minimize entropy generation. The Eulerian
approach has been adopted for heat transfer augmentation
analysis. The approach for entropy generation analysis is,
first we calculate entropy generation for a cell or infinitesi-
mal control volume and integrate this for whole volume. The
cells are obtained by meshing the domain. In FVM meth-
ods, the flux is locally conserved at the surface of cell. We
can write the rate of entropy generation for an infinitesimal
control volume as
: 80
8S8gen = mds — ' (18)

w

where ds represent entropy change and Y0, represent heat
transfer rate transferred to fluid. Also,

C,dT  dP
ds = 2 — — — (19)
T pT
and
80 = mC,dT = q" pdx (20)

where g” = h(Ty, — T) is the heat flux and p is the perimeter.
Substituting ds and § O, we get

88 —'C1 ldTIhldP (21)
gen =M\ 7 T 7, o\ T

On doing mathematical substitutions and calculations, we
get

8S 11 U3
8en (L _ 1 JPUTN 4y 22)
mCp T T, 8q'T

where f is friction factor.
Considering the uniform wall heat flux boundary condi-
tion (¢” = constant) on the periphery of tube, we can write
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Fig. 10 Comparison of total entropy generation of water, ethylene gly-
col and servo-therm oil at different Reynolds number
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Fig. 11 Comparison of Nusselt number corresponds to ribs mounted at
different angles in synergy with Helical screw tape inserts at Reynolds
number 200

the

"

qp

mCp

T.=T + L (23)

On substituting proper conditions and doing some alge-
braic calculation, we obtained

88 1+6)(1+7
&% —In A+0)(1+ 1) + F,In(1+6) (24)
mC, l+7,+06

LT _4a'pL . _ ¢ fpU?
where = = —zc_l,jn’fq—%and Fq=1g7

The above mention procedure has been implemented for
45° inclined ribs and helical screw tape insert fitted in square
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Fig. 12 Streamlines and
temperature profile at Re = 500
for water (along the flow,
cross-sectional view)

Temperature NN
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Fig. 13 Streamlines and
temperature profile at Re = 500
for EG (along the flow,
cross-sectional view)

Fig. 14 Streamlines and
temperature profile at Re = 500
for servo-therm oil (along the
flow, cross-sectional view)
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channel. The total entropy generation is shown in Fig. 10. The
histogram shows that the working fluid water is generating
more entropy than others. The total entropy generation for
ethylene glycol is little higher than Servo-therm oil but at
Reynolds number 1000, the entropy generated by both fluids
are same. The viscosity of water is lower than the Ethylen
glycol and Servo-therm oil. Considering the case of angled
ribs with HST, the more the fluid is viscous, the more will
be residence time because of direction toward heated wall.
The high entropy generation means loss of efficiency. Thus,

Ethylene glycol and Servo-therm oil are better than water in
the laminar flow regime (Fig. 10).

7 Results and Discussion

The performance of angled ribs with HST and transverse ribs
with HST have been compared. In both the arrangements, the
helical screw tape with core rod is present at the axial location
and ribs are fitted on opposite faces. Apart from transverse

@ Springer
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Fig. 15 Streamlines and velocity
contours in a square duct fitted
with 45° angled ribs on two
opposite walls and HST, working
fluid water at Re = 750
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Fig. 16 Streamlines and velocity
contours in a square duct fitted
with 45° angled ribs on two
opposite walls and HST, working
fluid EG at Re = 750
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Fig. 17 Streamlines and velocity
contours in a square duct fitted
with 45° angled ribs on two
opposite walls and HST, working
fluid servo-therm oil at Re = 750

I

0.5 1.5 25 35 45

Fig. 18 Temperature distribution of water at Re = 500

ribs, three different rib angles are used to show the distinc-
tive effect of ribs angle on heat transfer rate. The simulation
results are revealing the fact that the performance of 45°
angled ribs are better than that of 30°, 60° and 90° angled
ribs. It should be noted that surface area is not changing.
The foremost work of the angled ribs is to separate boundary
layer and decrease the thermal resistance in the vicinity of
the boundary surface. Out of different configuration, the 45°
angled ribs from inlet is surpassing others. The 45° angled
ribs in synergy with helical screw tape inserts are maneuvring
the working fluids toward heated surface. The angled ribs are

mixing the bulk fluid effectively and increasing the residence
time. The above mentioned reasons support the heat trans-
fer augmentation. The Nusselt number for different angled
ribs in combination with HST at Reynolds number 200 is
presented in Fig. 11. The Nusselt number corresponding to
45° angled ribs is the highest among all. The heat trans-
fer enhancement techniques are not performing well below
Reynolds number 200. Below Reynolds number 200, the
velocity at the inlet is small and the swirling effect is not
prominent at low velocity.

.
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Fig. 19 Temperature distribution of ethylene glycol at Re = 500

Fig.20 Temperature distribution
of Servo-therm oil at Re = 500
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Fig. 21 Effect of rib angles (45° and 90°) on Nusselt number (helical
screw tape insert is present in each case)

The combination of above-mentioned passive techniques
actin different way with different working fluids. To visualize

.
£

(L)

&% @ Springer

the combined effect of passive techniques on heat trans-
fer rate, streamlines of different working fluids at a fixed
Reynolds number is presented in the Figs. 12, 13 and 14.
The streamlines are presented in YZ-plane. Additionally, the
temperature profile is shown with streamlines too. In the case
of water, there a number of eddies forming in the vicinity of
ribs whereas the eddies vanish with working fluids Ethylene
glycol and Servo-therm oil. This is happening due to viscos-
ity difference between water and Servo-therm oil. The eddies
increases the residence time and promote the bulk mixing.
Thus, in Fig. 12, the bulk temperature reached around 305 K
whereas for viscous fluids (Ethylene Glycol and Servo-therm
oil), the bulk temperature is nearly about the inlet temperature
and has been represented in Figs. 13 and 14.

Also, the velocity profile and the streamlines in XY plane
is essential to understanding the mechanism of heat transfer.
In all the cases, the working fluid is rotating around the core
rod, and directed toward the outer face. At the inlet section,
a fully developed velocity profile has been introduced. This
signifies that the maximum value of velocity should be at the
center but due to the positioning of the core rod and helical
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Fig. 22 Streamlines of water at Velocity
Reynolds number 500

Fig. 23 Streamlines of ethylene

Velocity
glycol at Reynolds number 500

Fig. 24 Streamlines of
servo-therm oil at Reynolds
number 500

Velocity
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Fig. 25 Comparison between bare duct, ribbed duct, HST with trans-
verse ribs and HST with 45° angled ribbed duct for water

fins, the velocity is maximum between the outer wall and
the central core rod. The velocity profile with streamlines for
three working fluids has been presented in Figs. 15, 16, and
17. The figure reveals that the proper mixing is occurring
because at the inlet position, the maximum velocity is con-
centrated near the core rod. At positions 0.260 m, 0.520 and
at the outlet, the velocity is not concentrated near the core
rod. The formation of eddies is visible too.

The full length model and their temperature distribution
throughout the length for working fluids water, EG and
Servo-therm oil have been represented in Figs. 18, 19, and
20 respectively. The two sides fitted with ribs are enhancing
the heat transfer rate. The remaining sides being affected by
the ribbed wall too. The temperature scale is on higher side
with the working fluid water because the specific heat capac-
ity of water is higher than the Servo-therm oil and Ethylene
Glycol. The temperature scale of the EG and Servo-therm
oil is almost same because there is not difference between
their specific heat. The temperature profile is generated at
Reynolds number 500.

The above-mentioned combination of techniques is prop-
erly mixing water whereas the effectiveness of compound
heat transfer enhancement techniques reduces with viscous
fluid (EG and Servotherm oil). The Servo-therm oil and EG
can produce high heat transfer at high Reynolds number
because more flux will enter and leave the control volume
in a fixed time.

The Nusselt number is increasing with the increase in
Reynolds number because the convective heat transfer rate
increases with an increase in velocity. The viscosity of Servo-
therm oil is higher than the other two and inserts are present
in the duct. The duct fitted with inserts are having high sur-
face area than the bare duct. Thus, viscous fluid is sticking

S @ Springer

to the wall surface more than the less viscous fluids, and so
the thermal resistances are higher in viscous fluids. Thus, the
same heat transfer enhancement combination will act more
effectively for high Reynolds number when the working fluid
is Servo-therm oil and EG. It should be noted that the heat
flux is applied on the two opposite faces only.

The increase in Nusselt number is due to the combination
of passive techniques. The comparison of the Nusselt number
for 45-degre angled ribs and the transverse ribs is presented
in Fig. 21. The helical screw tape inserts are present in both
conditions. The Nusselt number corresponding to working
fluid servo-therm oil and 45° angle ribs with HST is the
highest among all. The helical screw tape inserts are gen-
erating the swirls. This increases the bulk mixing of the fluid
whereas angled ribs decrease the thickness of the boundary
layer. Bulk mixing means fluid will not flow in layers as typ-
ically occurs in the laminar flow regime. Also, the residence
time increases as a large number of fluid particles come in
direct contact with the heated surface. The boundary layer
thermal resistance is higher due to boundary layer forma-
tion. The boundary layers are taken care of by ribs. The ribs
act as obstacles and the fluid particles following a straight
line hit the ribs and change direction. The temperature gra-
dient is more prominent after helical fins. Although, there
is an increase in pressure drop but boundary layer thermal
resistance decreases significantly. Also, the swirling effect is
helping in reducing the boundary layer thermal resistance.

The 3D streamlines over the helical screw tape insert with
core rod are shown in Figs. 22, 23 and 24. The effect of
helical screw tape insert is producing swirls and the bulk
fluid is mixing with the fluids near the vicinity of heated
wall. The peripheral streamlines are converging toward the
center and some of streamlines has been vanished because of
ribs. Although, there is not a significant change in streamlines
for different working fluids, still the figures reveal that fluid
is rotating around the core rod.

The Nusselt number depends on the Reynolds number
and Prandtl number. The introduction of transverse ribs and
helical screw tape inserts is disturbing the flow. However,
at low Reynolds number, the periodic ribs are not perform-
ing well. The shape factor H plays an important role. The
boundary layers separate due to the introduction of blunt
bodies. In this research, the ribs are reducing the thickness
of the boundary layer and thermal resistance. It should be
noted that the maximum local heat transfer coefficient is at
the reattachment point. The more the reattachment point, the
more the heat transfer augmentation. Thus, ribbed wall duct
performance is better than the bare duct. The Nusselt number
versus Reynolds number for water has been shown in Fig. 25.

The combination is better than that of ribbed and bare
ducts. The heat transfer augmentation depends on the main-
stream fluid viscosity and the fluid viscosity near the wall.
The helical screw tape reduces the velocity gradient which
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verse ribs and HST with 45° angled ribbed duct for EG
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Fig. 27 Comparison between bare duct, ribbed duct, HST with trans-
verse ribs and HST with 45° angled ribbed duct for servo-therm oil

is always present in the laminar flow regime. The viscosity
of Servo-therm oil is higher than the other two working flu-
ids, so, the heat transfer augmentation of Servo-therm oil
is best among all. Figures 26 and 27 show the effect of
heat transfer augmentation techniques on Ethylene glycol
and Servo-therm oil under uniform wall heat flux condition.
The 45° angled ribs with HST performance is better in each
condition.

The passive heat transfer enhancement techniques
increase the friction factor too. Thus, performance evalua-
tion is essential in this case. Here, we are using “Thermal
Enhancement Factor”. The TEF for all three working fluids
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Fig. 28 TEF for water, ethylene glycol and servo-therm oil

are presented in the Fig. 28. The Servo-therm oil is per-
forming extremely good because of better mixing. The above
results are showing that the Servo-therm oil with transverse
ribs and helical screw tape inserts should be used in the square
duct. The combination will increase performance up to many
folds under uniform wall heat flux applied on two opposite
faces only.

8 Conclusions

e The Nusselt number is increasing with an increase in the
Reynolds number for the three working fluids for each
considered case.

e At Reynolds number 200, the Nusselt number achieved
by 45° angled ribs with HST is 4.3% higher than the 30°
angled ribs with HST, 22.26% higher than the 60° angled
ribs, and 35.82% higher than the transverse ribs with HST.

e The combination increases the heat transfer rate. The heat
transfer rate due to the combination of passive techniques
is greater than the bare duct and ribbed duct.

e The reason for heat transfer enhancement is the bulk mix-
ing of working fluid due to helical screw tape and increases
in local heat transfer rate due to periodic transverse and
angled ribs. The “Thermal Enhancement Factor” is greater
than 1 for all cases.

e The performance of Ethylene Glycol is between the two
other fluids because the viscosity of Ethylene Glycol lies
between the viscosity of Servo-therm oil and Water. Servo-
therm oil viscosity is the highest of all working fluids.

e In future, the above-mentioned configuration can be used
for turbulent flow because it reduces boundary layer
thickness effectively (Generation of eddies) and could be
advantageous for industries.
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o In future, the effect of different rib materials and work-
ing fluids on heat transfer characteristics can give a new
dimension to the present study.
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