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ABSTRACT

Process intensification for the development of
compact heat exchanger with small footprint is greatest
challenge of the heatexchanger technology today. In the
presentstudy, a heat transfer device, coiled flow inverter
(CFI) is revamped for the better heat transfer efficiency
with a smaller footprint. The proposed small foot-print
coiled flow inverter (SFCFI) is fabricated by bending of
helical coil at 90° with equal arm lengths before and after
the bend with variable curvature radius. In integration to
the improved centrifugal force due to variable curvature,
the SFCFI additionally offers a complete 90° flow
inversion caused by each 90° bend, which results in
higher radial mixing and heat transfer. The velocity and
temperature flow fields depict the improved radial
mixing under the laminar flow regime for the Dean
number ranges from 8 to 1581. The performance of
existing CFI of same heat transfer area (0.17 nm?) was
studied and compared with the novel SFCFI device. The
results suggest, the proposed SFCFI device provides
three-fold heat transfer enhancement as compared to the
straight tube of same heat transfer area at Dean number
400. Additionally, heat transfer coefficient in SFCFI
enhanced by 48 % as compared to helical coil.
Furthermore, SFCFI provides 18 % higher value of
Nusselt number as compared to the CFI. The reason for
improved heat transfer may be the enhanced centrifugal
force due to additional curvature effect provided in each
arm of SFCFI in the plane of vortex formation. It was
interesting to note that the proposed device provides 11
% lower pressure drop as compared to the CFl. The
present study may aids to the development of a novel
design of compact coiled and small footprint heat transfer
device.

INTRODUCTION

Heat exchangers are the integral part of the
various heat consuming processes in the different
industries such as automotive industries, oil and gas
industries, aerospace, biomedical, cement and chemical
industries.
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NOMENCLATURE

A [m4] Heat transfer area

Cp [kJIkgK] Specific heat

Dc [mm] Curvature diameter

di [mm] T ube diameter

k [W/mK] Thermal conductivity

No [-1 Number of 90° bends

h [W/m“K]  Heat transfer coefficient
Nu [] Nusselt number ( "T‘ﬁ)

p [N/m4] Pressure

Pt [m] Pitch

Q [W/m“] Heat flux

To [K] Temperature

Uo [m/s] Uniform axial velocity

Ui [m/s] Velocity component in i-direction (i =1,2,3)
g [m/s’] Gravitational acceleration
| [m] Length of geometry

f [-] Friction factor

u [kg/ms] Dynamic viscosity

A [-] Curvature ratio (ratio of Dc and d)
p [kg/m?] Density of fluid

Re [-] Reynolds number ( 2244 )
De ] g

Dean number(%)

Greek symbols

g [-]

Helical coordinate in the circumferential
direction

[0) [°1 Angle ( measure of axial position )
) [-] Dirac delta function

Subscripts

0 Inlet conditions

w Wall condition

The conventional heat transfer technologies such as
shell and tube, plate and frame and fin tube heat
exchangers have reached to its limitation of heat transfer
augmentation. The bent geometries suchas L, Y and T
bend provide better heat transfer as compared to
conventional straight tube technologies [1, 2].
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Furthermore, the curved geometries such as spiral,
helical pipes were found more effective than bent
technologies [3-9]. Though, the conventional heat
exchanger geometries provide good heat transfer but
require higher energy, material and space. Therefore, the
process intensification is today’s need to develop a heat
exchanger technology with the reduced cost, space and
material. The innovative work of Dean for conventional
size curved pipe leads to the severalinvestigations for the
fundamental understanding of heat transfer and flow
behaviour in curved channels such as bent, spiral and
helical coils [3, 4]. The curved channels results in the
better mixing as compared to the conventional channek
specifically when arranged in such a manner that chaotic
flow patterns are induced [5, 6]. In curved channels, the
secondary flow develops with increase in Dean humber
due to enhanced centrifugal forces, however the
secondary flow is insignificant at lower values of Dean
number [7]. The friction factor in curved channek
increases with the decrease in the curvature radius due to
enhanced centrifugal forces [8]. In curved channels, heat
transfer rate depends on Reynolds and Prandtl number
along with different geometrical design parameters [9]. It
was reported that better heat transfer performance can be
achieved by parting and redirecting the fluid in bent
geometries [10, 11]. The previous study for coiled flow
invertor (CFI) shows that CFI provides up to 13.7 %
increase in heat transfer coefficient as compared to the
straight tube [12]. CFI was fabricated by bending the

helical coils of equal arm lengths at 90°, emerged as a
new compact three dimensional device in the heat
exchanger technology [21]. In comparison to the helical
coil, CFI delivers enhanced mixing and much higher heat
and mass transfer with negligible increase in pressure
drop under laminar flow conditions [12-19]. MCFI offers
up to 14% higher conversion in comparison to other
capillary setups for a gas-liquid reaction system [22].
Micro-flow extraction process offers faster extraction,
higher extraction ability for Co, lower extraction for Ni,
and better selectivity between Co and Ni as compared to
batch extraction [23].

Geometry perturbation is one of the promising and

radical

technology to augment the heat transfer

coefficient. In the presentstudy, CFI is revamped for the
higher heat transfer efficiency and smaller foot print. The
proposed device small footprint coiled flow invertor
(SFCFI) is provided with extra curvature in each of its

equal arms as shown

in Figure 1(a). Numerical

investigation has been performed for heat transfer
performance of both the devices, CFl and SFCFI with
tube diameter 10 mm and curvature diameter 100 mm
under laminar flow conditions. The Dean number is
varied from 8 to 1581 (Re =26 to 5000). The heat transfer
performance of the four different geometries i.e. straight

tube, helical coil, CFl and SFCFI

of the same heat

transfer area (0.17 m?) have been investigated and
compared. The details of all geometries have been shown

in Figure 1.
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Figure 1. The geometries (a) SFCFI (b) the systemof coordinates considered for numerical simulation (c) CFI and (d) Helical

coil (e) Straight tube
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MATHEMATICAL FORMULATION

In the present study four different geometries of
same heat transfer area have been considered to
investigate the simultaneous effect of flow inversion and
centrifugal force. Four different geometries are shown in
Figure 1(a),(c),(d),(e). The coordinate systemis shown in
Figure 1(b). To discretize the computational domain a
structured non-uniform grid is considered as shown in
Figure 2. SIMPLEC scheme is used for pressure-velocity
coupling, where as asecond order upwind method is used
for the diffusive and convective terms. Different grid
sizes have been used to assure the grid independency of
the results as shown in Figure 3. The optimized grid size
is selected for the presentcalculations. The selected grid
independent solution was observed at mesh size of
2868627 hexahedral cells as shown in Figure 3.

Figure 2. Grid topology used to discretize the model
equations.

Stainless steel was taken as the material of construction
for the tube. Control volume finite difference method
(CVFDM) was used for the numerical analysis of all four
geometries.

0 5 10 15 20 25 30
No. of Hexahedral Cells x 10°

Figure 3. Variation of Nu with the number of hexahedral
cells for grid optimization in SFCFI.

The mesh configuration and geometric details are given
in Table 1 and Table 2 respectively. Fluid properties are
assumed to be independent of thermophysical properties.
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Laminar flow model is considered. The absolute
convergence criterion is taken as follows,

Rm

£ <10¢

R

Where, R;} represents the maximum residual value of ¢

variable after n iterations and is applied for p, ui T and
the residual summed up over all computational nodes at
the m" iteration is RY'.

Table 1. Details of mesh configuration
Nodes 3017322
Hexahedral cells 2868627

Table 2. Details of the geometries

CFI SFCFI
di (mm) 10 10
D¢ (mm) 100 100
A 10 10
I (m) 5.34 5.34
Pt (mm) 20 24
Total no. of turns 16 16
Nb 3 3
A (m?) 0.17 0.17

GOVERNING EQUATION

The governing equations of mass, momentum,
energy were solved by using commercial software
ANSYS Fluent 12.1. The steady state flow has been
considered. The governing Navier—Stokes and energy
equation for the laminar flow and heat transfer in a coiled
configuration [13] are given below.

Continuity equation for constant density

du;

x;
Momentum equation

0|, (2, % 5yp|+pgi=0
axl_ll ox, | ox; YL yP| TPYi =

Energy equation

0 k or C,T |+ =0
6xj axj pY;Ly ﬂ¢v -

Where pgy is the viscous heating term and ¢v is given by

_Ou (0w 0% 2 0w
¢V_6xj 6x,- ax]‘ 3’uaxj v

BOUNDARY CONDITIONS

Uniform heat flux (qw = 5000 W/nm?) and no slip
condition were imposed on the tube wall. Fully
developed velocity profiles at the tube exit were
employed. The uniform axial velocity uo, and temperature
To (300 K) were assumed at the tube inlet. Zero diffusion
flux in the axial direction was assumed.



40
—>—CFI [21] | =534m
35 | —8—CFl in present study di=10mm
—a&— SFCFI A=10

30 || —@—Helical Coil [21]

Nu

13th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics

RESULTS AND DISCUSSION

The present computation technique was
checked and validated for its accuracy and reliability by
regenerating the results for CFl in the available literature
[21] as shown in Figure 4. The all four considered
geometries viz. straighttube, helical coil, CFl and SFCFI
are of same heat transfer area (0.17 m?).

|| —#—Straight Tube [21]

ZOS 300 400

0 100
e
Figure 4. Comparison of present computed results with

numerical results available in the literature for CFI,
Helical coil and Straight tube.

The numerically computed results are in good
agreement with the results reported in the literature [21].
The Dean number is in the range of 8 to 1581. The
Nusselt number for the present computational results are
compared with CFI, helical coil and straight tube,
available in the literature [21] and is shown in Figure 4.
Figure 4 clearly depicts that the heat transfer
enhancement in SFCFI is 186%, 48%, 18% higher as
compared to straight tube, helical coil and CFI
respectively. This may be due to the reason of extra
curvature effect in the SFCFI in each of its equal arms.
The Nu variation with change in the value of De is plotted
in Figure 5.

70

40 De=§-1581
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Figure 5. Variation of Nu with De (8 to 1581) in SFCFI

VELOCITY PROFILE

\elocity profiles at outlet of the SFCFI in X, y
directions for various values of De within therange of 8
to 1581 are shownin Figure 6. It may be observed from
Figure 6 thatthe centrifugal force increases with increase
in the value of De and also the outlet velocity is 62.3%
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(inlet velocity = 0.222423 m/s, outlet velocity =
0.36099 mV/s) higher as compared to inlet velocity. The
Dean vortices clearly appear at higher values of De.
The reason behind this is the reducing effect of the
centrifugal force at lower value of De. This is due to the
insufficient centrifugal force to overcome the stream
wise inertia. The movement of the fluid in the central
region of SFCFI appears to be enhanced with additional
development ofthe vortex towards the outerwall. Here,
the inner wall corresponds to the wall towards the
centre of curvature of geometry and the outerwall is the
wall of the tube opposite to the centre of curvature.
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Figure 6. Velocity profiles at the outlet of SFCFI at
different values of De.
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Figure 7. Velocity (m/s) distributions of water in
different axial planes of SFCFI at De =700. (a) before 15
90° bend (b) after 15t 90° bend.

The velocity contours of the SFCFI for De = 700 at
different values of the circumferential angle (¢), which is
a measure ofaxial position,are shown in Figure 7 (a), (b).
The axial length in SFCFI increases with increase in the
value of ¢. Figure 7 (a) shows that effect of secondary
flow is lower for the smaller axial length and increases
with increase in axial length. Figure 7 (b) shows the
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phenomenon of flow inversion caused by the 90° bend,
which results in higher radial mixing and heat transfer.

TEMPERATURE PROFILE

Temperature contours are plotted at different
angular planes (circumferential angle (¢)) of SFCFI at De
= 700 and are shown in Figure 8 (a), (b). Formation of
Dean \ortices are clearly visible as axial length
increases. Heat transfer rate increases with decrease in
the distance between the heat source and heat sink. Figure
8 (a) clearly depicts that high temperature zone shifts
towards the outer wall due to the action of centrifugal
force in the device which results into better heat transfer.
The thermal boundary layer develops with the increase of
axial length. Thus secondary convection drives the hot
material into the fluid core. Figure 8 (b) shows that plane
of vortex formation rotates to an angle of 90°. Reason
behind this is the change in the direction of centrifugal
force acting normal to the direction of fluid flow. Thus
dueto enhanced radial mixing high thermal performance

is achieved.
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Figure 8. Temperature (K) distributions of water in
different axial planes of SFCFI at De=700. (a) before 1%t
90° bend (b) after 15t 90° bend.

FRICTION FACTOR

Performance of the SFCFI is measured by
comparing the value of friction factor for fully developed
flow in CFI of equallength and diameter. Figure 9 shows
that the friction factor for SFCFI is in good agreement
with the numerical results of CFI, helical coil and straight
tube available in literature. Friction factor decreases with
increasing De for all four geometries [21] as shown in
Figure 9. This is due to decrease in shear stress as
velocity gradient increases with increase in Dean
number. The friction factor in SFCFI is marginally (upto
11 %) lower as compared to CFI for the De ranging from
8101581, atagiventube diameter (10 mm). The decrease
in friction factor may be due to the formation of weaker
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velocity gradients in each of its equal arms caused by
enhanced centrifugal force.

! —a&— Helical Coil

—&— CFI
—— Straight Tube
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Figure 9. Effect of De on f in geometries under
consideration.

CONCLUSION

The present study investigates the
hydrodynamics and heat transfer in a novel device
SFCFI, along with straight tube, helical coil and CFI heat
exchangers of same heat transfer area (0.17 m?). The
Dean number was in the range of 8 to 1581. The heat
transfer results revealed that the proposed SFCFI device
offers higher value of Nu as compared to all other three
geometries considered in the present study. The Nu in the
CFI was found to be three times to that of straight tube
for De = 400. The Nu further enhanced by 48% in SFCFI
as compared to helical coil at De =400, with relative 11%
decrease in the friction factor. In addition, the SFCFI
offers 18% enhancementin Nu as compared to CFl of the
same heattransfer area. Thus, the modelling efforts in the
present work should motivate to develop truly novel
three-dimensional devices for practical applications in
various fields.
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