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ABSTRACT

Flow through coiled tubes is associated with twin vortices in the flow cross section
(perpendicular to the local direction of mean flow), owing to centrifugal forces imposed by coil
curvature. This kind of flow pattern, known as Dean circulations, is believed to result in good
radial mixing. Studies have established that a narrower Residence Time Distribution (RTD) can
be achieved for fluid flow through a coiled path, as compared to a straight tube of equal length
and volume, even in laminar flow regime. For the processing of complex molecules or heat-
sensitive materials, much of which are usually rather viscous and tend to have a lower Reynolds
number of flow, the advantages of such efficient radial mixing (while being in the laminar flow
regime) are considerable.

Several literature contributions showed the benefits of coiled geometries (coiled tubes
and coiled flow inverters) in reducing axial dispersion, and thereby increasing heat and mass
transfer without any commensurate pressure drop penalty. However, these claims have been
based on overall measurements of the transport coefficients and behaviour of coiled geometries
as process units. Moreover, no direct measurements of velocity profile under Dean’s flow have
ever been reported; also, there is no clear picture as yet to show how the cross-sectional
circulation evolves with the addition of a second phase. The limited understanding of the
complex nature of two-phase flow resists its widespread applications in industries. Thus, the
motivation of this work has been to explore the performance of coiled geometries (coiled tubes
and coiled flow inverters) over a wide flow range (covering laminar as well as turbulent flow

regime) using single and multiphase flows (liquid only, gas-liquid and liquid-liquid).

In the first part of the study, Residence Time Distribution (RTD) and pressure drop
experiments were conducted on straight tubes and various coiled configurations (using different
geometrical parameters such as flow inversion (n) and curvature ratios (A)) of identical
volume, to examine the relative importance of these design parameters on flow. The outcome
of this study showed three distinct zones for the coiled flow over a large enough range of flow
velocities, clearly from laminar to turbulent flow regime. Besides these, this work has

established the trends for the extent of axial dispersion in terms of a “Master Plot”; and



identified a scaling relationship to consider the effect of varying fluid properties and coil

dimensions on the extent of axial dispersion.

In the second part of the study, two-phase experiments were performed to capture the
hydrodynamics of the complex nature of flow subjected to multiphase interaction on employing
a single radioactive particle for Time of Flight (TOF) measurements. To complement the results
from TOF analysis, pressure drop and holdup measurements were also conducted. This data has
been interpreted in a novel manner to discern the flow regimes that exist in two phase flow

through coiled geometries.

The most significant and challenging part of this work has been in the implementation
of novel flow imaging technique Radioactive Particle Tracking (RPT), arguably for the first
time on a coiled (non-regular) geometry. RPT is used to characterize the flow behaviour in a
coiled tube for investigating the hydrodynamics (single and two-phase flow) in terms of the
instantaneous, mean and fluctuating components of flow and thus provides insights of flow
therein. In case of multiphase flows, the data from tracer particle occurrence density was
interpreted to obtain volume fraction (VOF) distribution, which characterizes the flow patterns
for air-water and oil-water flow through coiled geometry. Aside from the actual implementation
of RPT technique and possibly the first complete experimental visualization of Dean
circulation, this work also discussed various implementation challenges for RPT in coiled
geometries, and the solution to such challenges (both theoretically, as well as through suitable

experimental implementation).

Finally, the vision to achieve further process intensification using coiled geometries
has resulted in novel designs of rectangular spiral pattern-compact coiled flow inverter (RSP-
CCFI) and crosshatch pattern-compact coiled flow inverter (CHP-CCFI). The CHP-CCFI
design, as presented in this work, gives more intensified mixing per unit occupied floor area in

comparison to existing coiled tubes and coiled flow inverter (CFI).
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Reynolds number (Nre) = 406 in: (a) radial (r)-direction; (b) axial (z°)-
direction; (c) azimuthal (6)-direction.

Mean velocity profiles of the liquid as a function of the radial location at
Reynolds number (Nre) = 3998 in: (a) radial (r)-direction; (b) axial (z°)-
direction; (c) azimuthal (#)-direction.

Mean velocity profiles of the liquid as a function of the radial location at
Reynolds number (Nre) = 9002 in: (a) radial (r)-direction; (b) axial (z°)-
direction; (c) azimuthal (6)-direction.
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Mean velocity profiles of the liquid as a function of the radial location at
Reynolds number (Ngre) = 15888 in: (a) radial (r)-direction; (b) axial (z)-
direction; (c) azimuthal (6)-direction.

Net velocity profile as a function of the radial location in the direction of
curvature diameter from this study, Kumar and Nigam (2005) (CFD
model), Austin and Seader (1974) (invasive experimentation).

RMS velocities of the liquid as a function of the radial location in: (a)
radial (r)-direction; (b) axial (z°)-direction; (c) azimuthal (6)-direction.

(@) Schematic of experimental setup for oil-water (two-phase) RPT
measurements when oil phase was being tracked; (b) schematic of
experimental setup for oil-water (two-phase) RPT measurements when
water phase was being tracked.

Reconstructed tracer particle occurrence density and volume fraction.

Variation in the oil volume fraction within one coil turn at Nre,o = 5, Nrew
= 406.

Water and oil volume fractions for coil cross sectional plane located at
90° position within the fifth coil turn by using water and oil phase
velocities: (a) 0.0095 m/s and 0.004 m/s; (b) 0.0934 m/s and 0.080 m/s;
(c) 0.2103 m/s and 0.004 m/s; (d) 0.2103 m/s and 0.558 m/s.

Water and oil volume fractions for coil cross sectional plane located at
180° position within the fifth coil turn by using water and oil phase
velocities: (a) 0.0095 m/s and 0.004 m/s; (b) 0.0934 m/s and 0.080 m/s;
(c) 0.2103 m/s and 0.004 m/s; (d) 0.2103 m/s and 0.558 m/s.

Flow regime measurement form RPT-TOF measurements and RPT-VOF
measurements for: (a) oil phase; (b) water phase.

Water and oil phase velocity vectors using water and oil phase velocities:
(@) 0.0095 m/s and 0.004 m/s; (b) 0.0934 m/s and 0.084 m/s; (c) 0.2103
m/s and 0.004 m/s; (d) 0.2103 m/s and 0.558 m/s.

Effect of water phase velocity on the oil phase velocity profiles at (a)
0.004 m/s; (b) 0.558 m/s.

Effect of oil phase velocity on the water phase velocity profiles at (a)
0.0095 m/s; (b) 0.2103 m/s.
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Schematic of experimental setup for air-water (two-phase) RPT
measurements.

Water volume fractions at water and air phase velocities of: (a) 0.0934
m/s and 0.105 m/s; (b) 0.0934 m/s and 5.296 m/s; (c) 0.2103 m/s and
24.713 m/s; (d) 0.2103 m/s and 0.105 m/s; (e) 0.2103 m/s and 5.296.

Flow regime identification for air-water flow through coiled geometry
using RPT-TOF measurements and RPT-VOF measurements.

Water phase velocity vectors using water and air phase velocities of: (a)
0.0934 m/s and 0.105 m/s; (b) 0.0934 m/s and 5.296 m/s; (c) 0.2103 m/s
and 24.713 m/s; (d) 0.2103 m/s and 0.105 m/s; (e) 0.2103 m/s and 5.296.

Effect of air phase velocity on the water phase velocity profiles at (a)
0.0934 m/s; (b) 0.2103 m/s.

Schematic of (a) Coiled Flow Inverter (CFI); (b) Rectangular Spiral
Pattern-Compact Coiled Flow Inverter (RSP-CCFI) within the square
frame of the CFI ( Ax A); (c) Crosshatch Pattern-Compact Coiled Flow
Inverter (CHP-CCFI) within the square frame of the CFI ( Ax A); (d)
Rectangular Spiral geometry within rectanular frame ( Ax B).

Schematic for mixing process by using three different coiled geometries
(CFI, RSP-CCFI and CHP-CCFI) within confined footprint (AxA).

Generalized design model of CHP-CCFI.

(a) Designs of the cubical blocks to join different helical arms of CHP-
CCFI; (b) designs of the triangular blocks to join different helical arms
of CHP-CCFI.

Schematic representation of experimental setup.

Typical step response curve for standard CFI, RSP-CCFI and CHP-CCFI
at Reynolds number (Nre) = 145.

Radial mixing behaviour of fluid (in terms of Peclet number (Npe))
through CFI, RSP-CCFI and CHP-CCFI.

Comparison of Peclet number per unit space occupied ((Npe) / surface
area) by CFl, RSP-CCFI and CHP-CCFI.

Coefficient of mixedness (Cmix) for different coiled geometries (CFl,
RSP-CCFI and CHP-CCFI) over variable Nre.
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