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Abstract Heat transfer rate augmentation in heat exchangers with least pressure
drop is one of the important fields for research in research fraternity. The different
types of inserts have been used in the tube to fulfill the objective. In the present
model, a conical-ring turbulators with protrusion and dimple roughness from inside
has been used as an insert. These turbulators were placed inside the heat exchanger
tube, and tube was applied with uniform heat flux condition. A parametric study has
been performed for different diameter (3, 6 and 9 mm) and pitch space (60 and
240 mm) of protrusion and dimple. The Reynolds number has been varied from
5000-30,000, and heat flux of 1200 W/m? was used. It was concluded that as pitch
space and Reynolds number increases, Nusselt number also increases. The pro-
trusion shaped roughness has better thermal performance factor than dimple shape.
The diameter of 6 mm has performed better than 3 and 9 mm for both the cases of
roughness.

Keywords Computational fluid dynamics - Dimple shaped roughness - Protrusion
roughness - Heat exchanger - Thermal performance factor

Nomenclature

¢, Specific heat

D  Diameter (mm)

Dy, Hydraulic diameter(mm)
k  Thermal conductivity
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P Pitch space

f  Friction factor
Nu Nusselt number
V' Velocity matrix

Greek

p Density (Kg/m®)
4 Dynamic viscosity (Kg/m-s)

Subscript

¢ Channel

Plain tube
Cu Copper
air Air

1 Introduction

The heating and cooling systems have one of the essential components, i.e., heat
exchanger. The application of heat exchanger are in various industries like oil
organizations, residential areas, and solar applications [1, 2]. While designing a
good heat exchanger, one has to analyze the parameters like heat transfer rate, fluid
flow, pressure drop, etc. The passive techniques for heat transfer augmentation in
heat exchanger have gained lot of attention nowadays because there is no extra
power needed in that. The passive techniques includes surface treatment, i.e.,
hydrophobic and hydrophilic surface, roughened the surfaces, use of extended
surfaces like fins and inserts, introduction of devices like displaced enhancement
devices, and vortex generation devices. Other methods are also used by researchers
like introducing foreign element in the coolant like nanofluids [3] and using phase
change material, etc.

There are various inserts used by different authors for heat transfer augmentation
in heat exchangers.

ThianPong et al. [4] uses insert in the form of twisted tape having perforations
(PTT) in their study for heat transfer rate improvement. They observed that heat
transfer rate has been significantly increased using PTT and also concluded with
decrease in pitch ratio and twisted-tape ratio, there is increase in heat transfer rate.

Promvonge and Eiamsa-ard [5] use conical-ring and twisted-tape insert in a
circular tube and concluded that this combination has over 10% enhancement in
heat transfer rate from conical-ring alone case.

Promvonge [6] uses heat exchanger tube fitted with arrays of following
conical-ring turbulator: Converging conical ring (CR), diverging conical ring (DR),
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and converging-diverging conical ring (CDR). He concluded that DR array has
highest efficiency, CR has least and while CDR has in between them. Many
researchers [5, 6] have performed studies on conical turbulator inserts in the heat
exchanger tube for improvement of heat transfer rate and hot shortness problem.

To further enhance the performance of heat exchanger having conical turbulator,
two different types of roughness has been investigated. The roughnesses imple-
mented in the present study are:

1. Conical ring with protrusion roughness
2. Conical ring with dimple roughness.

2 Simulation Model

In present work, a heat exchanger tube has been analyzed numerically. The present
heat exchanger tube model was modeled in commercial code ANSYS V14.0. The
fluent module has been used to solve the present problem. The presented model has
used conical ring with different roughness as a way to improve heat exchanger
thermal performance. The conical-ring roughnesses used were protrusion roughness
and dimple roughness.

The cone rings which were roughened with protrusion and dimple were shown
in Figs. 1 and 2, respectively. In Fig. la, b, the side and isometric view were
shown, respectively. These conical rings were placed inside the heat exchanger
tube. The heat exchanger tube was shown by light gray color in these figures. These
conical-ring roughnesses helps in heat transfer augmentation between tube surface
and working fluid because of formation of turbulent eddies in the tube and dis-
turbances in the boundary layer. The different type of protrusion roughness was
shown in Fig. 1c—e and while different dimple roughness in conical ring was shown
in Fig. 2a—c. In the present numerical study, k-e turbulence RNG- enhanced wall
treatment model has been used. Various researchers like Alam and Kim [7] and Li
et al. [8] have used similar models in their numerical study.

The total length (L) of heat exchanger tube is 1500 mm and is being divided into
three section (i) Entrance section (L; = 100 mm) (ii) test section (L, = 1300 mm)
where conical ring with roughness were inserted in the heat exchanger tube and
(iii) exit section (L3 = 100 mm). The conical-ring insert are having base radius of
15 mm, top radius of 12 mm, and length of 40 mm. These conical rings were of
same sizes and having same orientation, i.e., along the tube axis. The different
design and working parameters used in the present numerical study were shown in
the Table 1. The term pitch space (P) has been used to define the distance between
two consecutive inserts and pitch ratio (PR) was the ratio of pitch space to the
hydraulic diameter (Dy,). The two sets of pitch space has been used, i.e., PR = 2 and
PR = 8. The different inlet conditions were achieved by applying different
Reynolds number (Re). The Re has been varied from 5000 to 30,000.
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Fig. 1 Geometry of conical-ring insert roughened with protrusion inside of heat exchanger tube,
a side view, b isometric view, ¢ protrusion diameter d = 3 mm, d protrusion diameter, d = 6 mm,
e protrusion diameter d = 9 mm

Fig. 2 Geometry of conical-ring insert roughened with dimple inside of heat exchanger tube,
a dimple diameter, d = 3 mm, b dimple diameter, d = 6 mm, ¢ dimple diameter, d = 9 mm

2.1 Assumption

To further simplify the numerical simulation, the following assumptions have been
incorporated.

(1) Steady and incompressible fluid flows
(2) Pressure variation in Y direction is zero.
(3) Neglecting body forces like gravity forces.
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Table 1 Details of different geometric and working parameters of the present heat exchanger tube
model

S. No. Parameters Values

1 Inner diameter of the tube (D;) 30 mm

2 Outer diameter of the tube(D,) 35 mm

3 Thickness of cone roughness 2.5 mm

4 Protrusion and dimple diameter (d) 3, 6 and 9 mm
5 Hydraulic diameter (Dy,) 30 mm

6 Pitch space (P) 60 and 240 mm
7 Uniform heat flux (1) 1200 W/m?>

(4) There is no variation in properties of air and copper with pressure and tem-
perature, i.e., constant properties.

(5) At the wall of the tube, no slip boundary conditions prevail and turbulence
intensity was taken at 5%.

Based on the above listed assumptions, conservation of mass, momentum, and
energy (Egs. 1-3) equations have been solved.

vV =0 (1)
p(V-VV) = =Vp+ V- (,VV) (2)
pCog (V- VTy) = VT (3)

where V is the velocity vector matrix. The conical-ring insert and heat exchanger
tube have been made of copper because it has high thermal conductivity and
working fluid used is air. The thermos-physical properties of both tube and working
fluid are shown in Table 2.

Table 2 Thermo-physical properties of heat exchanger tube and working fluid air

Air Copper

Properties Value Properties Value

Density (0air) 1.225 kg/m® Density(pcy) 8978 kg/m’

Specific heat (cp,air) 1006.4 kl/kg Specific heat (¢, cu) 381 kl/kg

Viscosity(uyir) 1.7894e-05 kg/ Thermal conductivity 387.6 W/(m°
(ms) (kcw) K)

Thermal conductivity 0.024 W/(m°K)

(Kair)
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2.2 Mesh Generation and Grid Independence Test

The present model has been discretized in two different fashions. From outside of
the tube, coarse meshing while at inside, fine meshing has been used. The grid
independence test has been performed, and it was observed that after the 1,207,624
numbers of elements, Nusselt number does not increases much. Hence, in further
analysis, the same grid size has been used.

3 Results and Discussion

3.1 Validation

The smooth plain tube model has been compared to check the accuracy of present
model. On comparing the smooth tube model with Dittus-Boelter equation, the
variation in Nu number is in range of 1-7%. The trend is observed for friction factor
in smooth plain tube and Blasius friction equation. The present conical inserts
inside the tube are also compared with Promvonge [6]. Figure 3 shows the variation
plot of Nu with Re for present model and Promvonge [6]. It was founded that
deviation of Nu was in acceptable range (4—8%).

3.2 Heat Transfer

The Nusselt number (Nu) value gives a proper overview of heat transfer rate in any
heat exchanging device. The Nu number variation with Re for different protrusion
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Fig. 3 Validation of present numerical model with Promvonge [6]
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diameter was plotted in Fig. 4. The two sets of pitch have been used. In Fig. 4a, the
value of P is 60 mm while in Fig. 4b, P is 240 mm.

It has been observed that with increase in Re, heat transfer rate also increases and
highest Nu was achieved at maximum Re, i.e., (Re = 30,000). This was because as
Re increases, more fluid flows through the tube and heat carried by it increases. It
was also founded that higher pitch space has high heat transfer rate. The Nu value
for P = 240 mm was higher than P = 60 mm for all the cases. This may be because
more flow disturbance was created by pitch space of 240 mm. The d = 6 mm has
shown highest Nu than d = 3 mm and d = 9 mm. There was significant improve-
ment that can be seen in heat transfer rate in heat exchanger tube with conical ring
with roughness when compared with smooth tube.

The similar trend has been also observed for dimple shape roughness as can be
seen in Fig. 5. Here, also dimple diameter, d = 6 mm has shown highest value of
Nu than compared to d = 3 mm and d = 9 mm.

250 —+—d=3mmatP=60 ad=6mmatP=60 —+—d =3 mm at P =240 ~m-d=6mmatP =240
300 d=9mm at P =240 ——Smooth tube
200 d=9mmatP=60 ——Smoothtube 250
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= 100 = 150

4 100
50 /
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(a) (b)

Fig. 4 Variation of Nusselt number with respect to Reynolds number for heat exchanger tube
with conical-ring insert roughened with protrusion at a P = 60 mm, b P = 240 mm
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Fig. 5 Variation of Nusselt number with respect to Reynolds number for heat exchanger tube
with conical-ring insert roughened with dimple at a P = 60 mm, b P = 240 mm
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3.3 Fluid Flow

The variation of friction factor with Re for protrusion roughness in conical-ring
insert inside of heat exchanger tube at P = 60 mm and P = 240 mm was presented
in Fig. 6. The friction factor decreases with increases in Re. The maximum pressure
drop is obtained for d = 6 mm, while least is obtained in d = 9 mm. The pressure
drop was more for all the cases of inserts than compared to the smooth tube because
inserts present in the tube obstructs the fluid flow.

The similar trends can be seen in heat exchanger tube with dimple shape
roughness in conical inserts. Figure 7 shows that for both pitch space (P = 60 and
240 mm), the same trend has been observed for dimple roughness as it was
observed earlier for protrusion case.
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Fig. 6 Variation of friction factor with Re for heat exchanger tube with conical-ring insert
roughened with protrusion at a P = 60 mm, b P = 240 mm
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Fig. 7 Variation of friction factor with Re for heat exchanger tube with conical-ring insert
roughened with dimple at a P = 60 mm, b P = 240 mm
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3.4 Thermo-Hydraulic Factor

The thermo-hydraulic factor (THF) is a parameter which depicts the overall
working performance of the heat exchanger tube. Generally, different method
incorporated to enhance the heat transfer rate has an inherent disadvantage of
increased pressure drop. The parameter THF shows that whether the modification
done to achieve heat transfer augmentation was feasible or not. A particular design
was considered a good design when THF value was greater than 1. Its expression
was given by Webb and Eckert [9] which was shown in Eq. 4.

Nu/Nu,
THF = N/Nu, (4)

(/)"

The variation of THF with Re for all the case has been plotted in Fig. 8. The
protrusion roughness has shown higher value of THF than dimple roughness in
conical ring for all sets of diameters. The thermal hydraulic performance was found
highest for 6 mm diameter for both the roughnesses.
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Fig. 8 Variation of thermal hydraulic factor (THF) with Re
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4 Conclusion

The heat exchanger tubes with inserts in shape of conical ring were used, and these
conical rings are having roughness in the form of protrusion and dimples to further
enhance the heat transfer rate. In the present numerical study, two parameters were
studied, i.e., pitch space and protrusion/dimple diameter. The modification has been
done with the objective to enhance heat transfer rate without significant increase in
pressure drop. From the study, the following conclusion has been drawn:

1.

2.

With the increase in Re, heat transfer rate increases and friction factor decreases
for all the cases.

Nu numbers increases from 1.45 to 3.19 times and friction factors increase from
1.36 to 1.96 times of plain tube case in the Re ranging from 5000 to 30,000.

. The Nu number increases with the pitch space between the conical rings inserts

inside of the tube.
The highest Nu has been obtained for protrusion roughness in conical ring with
diameter of 6 mm.
The lowest friction factor was founded for dimple roughness case in tube with
diameter of 9 mm.
The protrusion shaped roughness has better thermal performance factor than
dimple shape for all the cases, and highest THF of 2.44 was obtained at
Re = 30,000 for protrusion roughness case having diameter of 6 mm and pitch
space of 240 mm.
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