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On the Fully-Developed Heat Transfer Enhancing Flow Field in Sinusoidally,
Spirally Corrugated Tubes Using Computational Fluid Dynamics

J. Heervig®*, K. Sgrensen®, T.J. Condra®

@ Aalborg University, Department of Energy Technology, Pontoppidanstrede 111, DK-9220 Aalborg, Denmark

Abstract

A numerical study has been carried out to investigate heat transfer enhancing flow field in 28 geometrically different
sinusoidally, spirally corrugated tubes. To vary the corrugation, the height of corrugation e/D and the length between
two successive corrugated sections p/D are varied in the ranges 0 to 0.16 and 0 to 2.0 respectively. The 3D Unsteady
Reynolds-averaged Navier-Stokes (URANS) equations combined with the transition SST turbulence model are solved
using the finite volume method to obtain the fully-developed flow field in a repeatable section of the heat exchangers at
a constant wall temperature and at Re = 10,000. By studying the wide range of geometrically different tubes, the flow
conditions vary significantly.

At low corrugation heights, only a weak secondary flow centred in the corrugated section is present. At higher
corrugations heights, the tangential velocity component increases and eventually exceeds the axial velocity component
causing the highest pressure to be located at the centre of the corrugated section. At these high corrugation heights,
a further increase in corrugation height will at best only result in a small increase in Nusselt number but at a
significantly higher pressure loss. To assess the performance as a heat exchanger, the ratio of enhanced Nusselt number
to enhanced friction factor n = (Nu/Nug)/(f/fs)'/? compared to the non-corrugated tube is used. Using this parameter,
the simulations show a decrease in performance at higher corrugation heights. To link the detailed flow fields to
the performance as a heat exchanger, non-dimensional correlations for heat transfer, pressure loss, and performance
parameter are given.

Keywords: Fully-developed flow, Heat transfer, Pressure loss, 3D CFD, Swirling flow, Re-circulation zones, Parameter
variation

1. Introduction geometry of the tube. Another method is to insert loose
or fastened geometrical inserts filling the cross-section of
the tube, thereby promoting mixing resulting in enhanced
heat transfer. These techniques do in general increase the
pressure loss as well, which results in the best geometry
having an optimal combination of increased heat transfer
at slightly higher pressure loss. As a result, numerous
studies have already been carried out to investigate the
effect of both spirally and transversely tube corrugation.
Therefore, the passive technique is commonly used where  Ganeshan and Rao [1] investigated the effect of Prandtl
the geometry is altered in a more of less sophisticated ) yher in seven different spirally corrugated tubes having
manner deforming the thermal boundary layer, creating  gifferent width and height of corrugation while suggesting
recirculating local flow structures, or larger secondary the ratio between heat exchanger capacity to pumping
flow structures flowing tangentially to the main flow. All power to be 100 to 150 % more efficient for Pr = 4.3
these phenomena affect both heat transfer and friction  t{p.0 for Pr = 109. As a result, this study suggests the
characteristics.

To enhance the forced convection inside a passive heat
exchanger tube, two different methods are typically used.
One method is to alter the flow by changing the inner

Transferring heat through a straight tube is used in
numerous applications. These applications include, but
are not limited to, power generation, air-conditioning,
petrochemical, and diary applications. Two distinct differ-
ent techniques for enhancing heat transfer are commonly
used; namely a passive or active, where the active requires
additional power input whereas the passive does not.

spirally corrugated tubes to be attractive especially for
fairly viscous fluids with high Prandtl numbers.

Zimparov et al. [2] conducted experiments on 25
spirally corrugated tubes having pitch heights e/D in the
range 0.017 to 0.046 and pitch length in the range 0.25 to
*Corresponding author: Tel.: +45 22 50 81 31 0.65. The study found heat transfer enhancement factors
Email address: jah@et.aau.dk (J. Heervig) ranging from 1.77 to 2.73 while the friction factor was
increased from 100 to 400 %.

While most studies focus on the region unaffected by
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entrance effects, Rainieri and Pagliarini [3] investigated
entrance for highly viscous fluids with Reynolds number
(90 < Re < 800) using experiments and found that even a
high swirl component does not always result in enhanced
heat transfer for 200 < Re < 800.

The number of studies on corrugated tubes of different
shapes are increasing in literature. They range from
twisted square ducts (Bhadouriya et al. [4]), twisted oval
tubes (Tan et al. [5]), sinusoidal transversely corrugated
tubes (Zheng et al. [6]), to more commonly reported
corrugated tubes of different shapes. Agra et al. [7] does a
numerical study on two corrugated and two helically finned
tubes and while concluding that the helically finned tubes
generally have better heat transfer and higher pressure
loss, more studies should be carried out on a wider
range of geometrical parameters to investigate the detailed
flow. Han et al. [8] investigated convex corrugated tubes
using 2D axisymmetric CFD simulations. The study
concluded that asymmetric corrugated tubes exhibit an
increased heat transfer performance of 8-18% compared
to symmetric corrugated tubes. Mohammed et al. [9]
reported integral values of heat transfer and pressure
loss for tubes categorised by pitch height, rib height and
rib width. The study concluded that of the geometries
investigated, the highest Nusselt number was obtained
for the highest height and width and lowest pitch. Han
et al. [10] investigated opposite flow directions in the same
corrugated tubes and found that the larger corrugation
radius should be located in the upstream direction for
corrugations described by two corrugation radii.

The more recent study by Vicente et al. [11] presents
a systematic investigation where both the Reynolds and
Prandtl numbers are varied from 2000 to 90,000 and 2.9 to
92 respectively for ten different corrugated tubes. Further-
more, the study gives an overview of different correlations
presented in literature and concludes that for the same
corrugation type, the published results deviate by a factor
of 1.3 to 3 in friction factor augmentation and between
1.2 to 2 for Nusselt number augmentation. Likewise, the
literature overview by Kareem et al. [12] gives a great
overview of all the studies published in the period 1977
to 2015. The study clearly shows that the number of
publications on passive heat transfer enhancement has
increased in recent years, which is attributed an increased
awareness of energy savings. Furthermore, the study
concludes that even though quite a number of studies
already have been published, more parameters should be
investigated to cover larger design spaces.

While a large number of experimental studies on differ-
ent spirally corrugated tubes have been carried out, more
detailed studies on the flow field in various corrugations
are limited. This study presents a systematic approach
where geometrical changes are made to the sinusoidally,
corrugated tube by varying the corrugation height and
length. Furthermore, the effects of changing the geometry
are quantified by comparing to non-dimensional maps for
heat transfer and pressure loss.

2. Geometry and Parameters of Interest

2.1. Terminology and Representation of the Geometry

The geometry in this study is fully described by two
parameters; a corrugation height and a corrugation length.
Depending on the type of corrugated tube, different sets of
dimensionless numbers are typically used to describe the
geometry. For sinusoidally corrugated tube investigated in
this study, the geometry is fully described by two numbers;
a corrugation height and length defined as:

1. Corrugation length p: the corrugation length being
the stream-wise distance between two successive
points where the geometry repeats itself.

2. Corrugation height e: the corrugation height being
the constant distance between the surface of corru-
gated tube and the non-corrugated tube with same
diameter.

While including a lot of parameters defining the cor-
rugations, numerous studies have shown that two main
parameters are required to describe the performance;
namely corrugation height and length. The purpose of
this study is therefore to vary these parameters widely.
To make the results applicable to any size of corrugated
tube, the rest of the study reports corrugation heights
and lengths made non-dimensional with the tube diameter,
forming IT; and Ils:

I, =p/D (1)
M, = ¢/D 2)

The tubes in this study differ from other studies by having
a perfect circular cross-section. Corrugation is therefore
introduced by having a centre line that twists in the
stream-wise direction. The centre line section for one
repeatable part of heat exchanger geometry is described
by the sinusoidal function in (3) for ¢ € [0;1]:

z(t) = e - sin(27t)
y(t) = e - cos(2mt) (3)
2t)=p-t

Based on the parametric representation in (3), the geome-
tries will take the form shown in Fig. 1.

2.2. Normalisation and performance parameters

The quantities reported in this study are all made non-
dimensional. All velocities are normalised by the stream-
wise bulk velocity wp, and all temperatures by the bulk
temperature T},. The bulk velocity is based on the stream-
wise velocity component z of the velocity field. The bulk
velocity and temperature at position z along the tube
length are defined as:

w (2) = % / / wy (2,7, 0) drdd (4)
T, (2) = ;//T(Z’r’e)(i)(z’r’e)drde (5)
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Figure 1: Examples of spirally corrugated tubes having different
corrugations. From top to bottom: Tube 1: p/D = 0.5, ¢/D = 0.10;
Tube 2: p/D = 0.5, ¢/D = 0.05; Tube 3: p/D = 1.0, ¢/D = 0.10;
Tube 4: p/D = 1.0, ¢/D = 0.05.

Where A denotes the cross-sectional area of the tube.
To report flow velocities, the Reynolds number based
on the bulk velocity is used. To evaluate and compare
the performance of the different corrugated tubes, two
dimensionless quantities describing the heat transfer and
pressure loss are used. In the case of corrugated tubes, two
distinct different phenomena contributed to the pressure
loss; wall shear stresses related to the local velocity
gradients normal to the tube surface, and pressure drag
related to the local pressure distribution along the surface.
By integrating the two over the surface and averaging
yields a single friction factor parameter that takes both
into account and is a direct measure of the pressure loss in
the tube. The Darcy-Weisbach friction factor describing
pressure loss and Nusselt number describing heat transfer
are defined as:

2 D
— Ap—5= 6
f pui p ©
hD
Nu = —~ (7)

where dp is the pressure loss over the periodic section with
stream-wise length p. To evaluate the performance of the
corrugated tubes, numerous criteria have been proposed in
studies by Bergles et al. [13] and Webb [14]. In this study,
the purpose is to increase heat transfer performance while
maintaining the same pumping power power. In the case
of constant inlet temperature and no additional thermal
resistances due to for example fouling, Webb [14] suggests
the criterion given by eq. (8) for constant Re and Pr. This
criterion has been used in numerous studies to evaluate
changes in heat exchanger geometries [10], [15]:

Nu/Nu,
ENTISEE )

where subscript s denotes non-corrugated tubes (e/D = 0).
As reference for the non-corrugated tubes, the widely
accepted correlations for the straight tube suggested by
Gnielinski [16] and Filonenko [17] are used:

(fs/8) (Re — 1000) Pr D\
Nus = 1 il K 9
14127 (fs/8)<pr%_1) [ +<L> ] 9)
fs = (1.8 log;,Re — 1.5) 2 (10)

where tube diameter to total pipe length ratio D/L takes
entrance effects into account. In this study where the
fully-developed flow is investigated by using stream-wise
periodicity, this term equals zero. The correction factor
K used for this study is (1y,/Tyw)" with n being 0.45
as discussed by Hufschmidt and Burck [18] and Jakovlev
[19].

3. Numerical Setup

3.1. Governing equations

The governing equations being solved are the URANS
(Unsteady Reynolds-averaged Navier-Stokes) equations.
That is, the continuity (11) and momentum (12) equations
are solved respectively:

ou; _

oy (11)
0t 6(’[74’L_Lj) - 10p o Dt |
o oxy  pox * O v+ o) Ox; + 003,

(12)

where the last term in equation (12) is added to account
for the pressure loss in the periodic domain using the in-
built function in ANSYS Fluent. The § term is found
by iteration in Fluent to account for the pressure loss
over the small periodic section being modelled. To make
the temperature field periodic, the periodic heat transfer
model in Fluent is used where equation (13) is being

solved:
00 ou;0 0 a0 (v Vg
oo o g (mere)) @

where the eddy-viscosity v is the additional viscosity due
to the turbulent scales being modelled using the URANS
approach. In this study, the transition SST turbulence
model is used to model turbulence. The transition
SST turbulence model combines transition modelling by
Menter et al. [20] and the standard SST model by Menter
[21]. Using the transition SST turbulence model, the
boundary layer separation downstream a corrugation is
more accurately predicted. The following explains the

momentum source term 363 ; and the scaled temperature
field 6.



3.1.1. Stream-wise periodicity

As the flow in the majority of the heat exchanger tubes
is both hydro-dynamically and thermally fully developed,
focus will be on this part of the heat exchanger. Instead of
simulating the whole heat exchanger starting with a non-
developed flow and dealing with how the flow develops
hydro-dynamically and thermally, periodic boundaries are
utilised to couple the inlet and outlet. Using this approach,
the inlet and outlet are two-way coupled and therefore a
driving force is required to balance out the pressure loss to
keep the fluid flowing. Likewise, modifications are required
to keep the temperature from asymptotically approaching
the wall temperature. All turbulent properties used for
SST transition turbulence modelling are made periodic as
well, so that the values at the inlet and outlet boundaries
are obtained as the simulation converges. Therefore all
boundary values at the periodic inlet and outlet are
obtained during convergence. The approach suggested by
Patankar et al. [22] is used to make both the temperature
and pressure field repeat itself in a periodic manner.
Therefore the §d3,; term is added to eq. (12) to make
the pressure and velocity field periodic. When using this
approach, only the computational domain shown in Fig. 2
is used.

Figure 2: Overview of the computational mesh and the stream-wise
periodic boundaries used.

Assuming a constant wall temperature, the fully-
developed temperature field is obtained by solving for the
scaled temperature field 0 as suggested by Patankar et al.
[22]:

T(wvyvz) — TW

14
e (14)

0('77) Y, Z) =
where T'(x, y, z) is the temperature field, T, is the constant
wall temperature, and T, is a local reference temperature
profile at the inlet. The reference temperature 7, at
stream-wise position z is given by the following integral
over the cross-sectional surface A:

_ JaTlpt - d/_ﬂ

T.* —
fA lpti - dA]

(15)

That is, solving eq. (14) yields the stream-wise periodic
temperature profile, which is used directly to evaluate the
local heat transfer coefficient and consequently Nusselt
numbers.

3.2. Numerical procedures

Simulations are carried out using the commercial AN-
SYS Fluent 16.2 software. The governing equations are
discretised using the finite volume method. The pressure
and temperature equations are discretised using a 2nd
order schemes, while the momentum equation is discretised
using a 2nd order upwind scheme. Turbulent kinetic
energy, specific dissipation rate, intermittency, and mo-
mentum thickness Reynolds number are all solved using
1st order upwind scheme. The transient term is discretised
using a 1Ist order implicit formulation. To couple the
velocity and pressure fields, the SIMPLE algorithm is used.

3.8. Mesh Topology

Structured meshes consisting of hexahedral elements
are formed using the meshing tool blockMesh. A quarter
of the cross-sectional mesh is shown in Fig. 3 while the
overall mesh is visualised in Fig. 2.
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Figure 3:

Overview of the computational mesh visualised by a
quarter of the cross-sectional mesh.

The cross-sectional mesh is extruded along the path
described by (3) resulting in a structured mesh having the
same cross-sectional mesh along the length of the tube.
The first cell normal to the wall is placed at y* ~ 1 to
resolve the viscous sub-layer part of the boundary layer.
Fig. 4 and 5 shows the quality of the mesh in terms of



cell angles defined by orthogonal quality and equiangular
skew quality defined as:

Omax — e O — Omin
180° — 6.’ 0.

A f A-c }
[ATA]" TATle

Equiangular skew = max {

| ao)

Orthogonal quality = min [ (17)
where 6, = 90° for the hexahedral elements in this study.
In (17), A is a face cell normal vector, f is vector from the
cell centroid to the face centroid and c is a vector between
two adjacent cell centroids.
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Figure 4: Overview of orthogonal quality for the mesh.
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Figure 5: Overview of equiangular skew quality for the mesh.

As shown in Fig. 4 and 5, 90.4% of the cells have
a high orthogonal quality above 0.84 and 98.2% have an
equiangular skew quality below 0.36. The first boundary
layer cells have a maximum aspect ratio of 24.

3.4. Validation of Results

To ensure the results reported in this study are reliable,
two measures are taken. First, the number of cells is
approximately doubled until the results are well within the
asymptotic range and close to the estimated true numerical
value. For all meshes, the first cell height is placed within
the viscous sub-layer at ¥ ~ 1 so that the transition SST
turbulence model is applicable. Fig. 6 shows the grid
convergence study in terms of average Nusselt number.

-)

(
3

0! I I I I . |
0 1 2 3 4 5 6 7

Number of cells n (-) x10°

Average Nusselt number Nu

Figure 6: Grid independence study to investigate the importance of
cell count for a corrugated pipe (II; = 1 and IIs = 0.1).

To estimate the numerical error, Richardson extrapola-
tion is used as suggested by Roache [23]. To check whether
the different meshes are within the asymptotic range of
the true numerical value for zero grid spacing, the order
of convergence p is estimated as:

p= Blasi] [%} (18)
In(r)
where f1, fo and f3 refer to values obtained by the finest,
second finest and third finest grids respectively while r
refers to grid refinement ratio between two successive grid
refinements. Using Richardson extrapolation, the true
value at zero grid spacing f is estimated as [23]:

-/
pr—1
To estimated the required grid resolution, the grid conver-
gence index (GCI) proposed by Roache [23] is used:

Fylel
rP —1
where Fy is a safety factor, € is the relative error between
two grids € = (f — fut+1)/fa. Using a safety factor of 3.0,
grid refinement factors GCl 2 = 0.037 and GClo3 = 0.067
are obtained. In this study, the Nusselt number obtained
by the mesh having 400,500 cells is within the error band
Nug + Nug - GCI;5 and therefore the mesh having 400,500
cells is used for the rest of the simulations.

The results obtained for a straight tube (II; = 1,
IT; = 0) are in Fig. 7 and 8 compared to eq. (9) and (10)
by Gnielinski [16] and Filonenko [17] for various Reynolds
and Prandtl numbers.

for f1+ (19)

GCI, = (20)
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Figure 8: Comparison to the Filonenko correlation (II; = 1 and
11> = 0).

The comparison suggests the CFD simulations to be
able to predict smooth pipe performance. For the results
in Fig. 7 and 8, the Nusselt numbers and friction factors
numbers are within a maximum deviation of 5.4 % and
8.6 % respectively.

4. Detailed Flow Field

To understand the mechanisms governing heat transfer
and pressure loss, the flow is visualised in a wide range of
geometrically different corrugated tubes. The flow fields
are plotted in the representative periodic region shown
with black in Fig. 9.

Figure 9: Region outlined with black is used for visualisation of the
flow field. Note the upper half shows the exact same flow field but
is shifted half a period.

The region outlined in Fig. 9 gives a complete overview
of the three-dimensional fully-developed flow field. That
is, all quantities of interest such as velocity, pressure and
temperature at z = 0 for positive y-values are the same
at z = D -II;/2 (middle of periodic section) for negative
y-values.

To generalise the observations, all quantities of interest
are reported in dimensionless quantities. The position in
the tube is made non-dimensional by the tube diameter
D. The static pressure in the tube is reported using
the pressure coefficient C},, which is the ratio between
static pressure and the dynamic pressure based on the bulk
velocity in:

Cylay, ) = A0 2 2 (21)
2PU,

Where the free stream pressure po, is taken at the centre
of the tube at (z,y,z) = (0,0,0). The swirling flow is
quantified by the ratio of absolute tangential velocity |usan]|
to bulk velocity up:

|utan (2, Y, 2)|
Using this ratio, 1) = 0 corresponds to a purely axial flow,
while values ¢ > 1 shows regions where the tangential
velocity locally exceeds the local axial flow. To quantify
the re-circulation zones, a re-circulation factor is defined
as the ratio of stream-wise velocity u, to bulk velocity:

uZ (x’ y? Z)
up(2)

¢(x,y,z) = (23)
Using this dimensionless number, re-circulation zones are
visualised as having ¢ < 0. In the following section,
the corrugation height and length are varied and the
corresponding changes in flow fields are reported using the
above mentioned dimensionless numbers.

4.1. Effect of corrugation height on the flow field

In the following, changes in flow field caused by varying
corrugation height from e/D = 0.01 to e/D = 0.16 are
reported.

4.1.1. Pressure field
Fig. 10 to 13 show how changes in corrugation height

affects the pressure field visualised by pressure coefficient
given by (21).
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Figure 10: Pressure field visualised by the pressure coefficient

Cp = (p—poo)/ (1/2pu}) in a corrugated tube with corrugation
height and length of e¢/D = 0.01 and p/D = 1.0 respectively at
Re = 10, 000.
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Figure 11: Pressure field visualised by the pressure coefficient
Cp = (pfpoo)/(l/2pu12)) in a corrugated tube with corrugation
height and length of e/D = 0.05 and p/D = 1.0 respectively at
Re = 10, 000.
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Figure 12: Pressure field visualised by the pressure coefficient
Cp = (p—poo)/ (1/2pu?) in a corrugated tube with corrugation
height and length of ¢/D = 0.10 and p/D = 1.0 respectively at
Re = 10, 000.
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Figure 13: Pressure field visualised by the pressure coefficient
Cp = (p—poo)/ (1/2pu?) in a corrugated tube with corrugation
height and length of e¢/D = 0.16 and p/D = 1.0 respectively at
Re = 10, 000.

At a low corrugation e¢/D = 0.01, the point of maxi-
mum pressure is located close to the centre of corrugation
z/D =~ 0.55 but with low pressure coefficients C}, <
0.1. At a slightly higher corrugation height of e/D =
0.05, the point of highest pressure coefficient is moved
further downstream to z/D = 0.7, while the pressure
coefficient is increased to 0.25. At both e¢/D = 0.01
and e/D = 0.05, the pressure contours are orientated
normal to the stream-wise direction. Increasing the
corrugation height to e/D = 0.10 results in the point of
highest pressure coeflicient to move further downstream
to z/D = 0.75, while pressure contours changes direction
to be mostly stream-wise oriented revealing a significant
swirl component, which is described below. At a extreme
corrugation height of e/D = 0.16, the point of highest
pressure coefficient is moved upstream again to the centre
of corrugation e/D = 0.5 where the pressure coefficient
obtains values C, > 2.6. To explain the sudden change
in orientation of pressure coefficient contours from e/D =
0.05 to e/D = 0.10, the swirling flow fields are presented
in the following.

4.1.2. Swirling flow field

Fig. 14 to 17 show how changes in corrugation height
from e/D = 0.01 to ¢/D = 0.16 affect the flow field in
terms of swirl defined by (22).
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Figure 14: Swirling flow field visualised by contours of ¢ = |utan|/ut
in a corrugated tube with corrugation height and length of
e/D = 0.01 and p/D = 1.0 respectively at Re = 10, 000.
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Figure 15: Swirling flow field visualised by contours of ¢ = |utan|/ub
in a corrugated tube with corrugation height and length of
e/D = 0.05 and p/D = 1.0 respectively at Re = 10, 000.
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Figure 16: Swirling flow field visualised by contours of ¢ = |utan|/ut
in a corrugated tube with corrugation height and length of
e/D = 0.10 and p/D = 1.0 respectively at Re = 10, 000.
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Figure 17: Swirling flow field visualised by contours of ¥ = |utan|/up
in a corrugated tube with corrugation height and length of
e/D = 0.16 and p/D = 1.0 respectively at Re = 10, 000.

At a low corrugation height e/D = 0.01, there is an
insignificant swirl which is maximum at the centre of
corrugation at z/D = 0.5. Increasing the corrugation
height from e/D = 0.01 to ¢/D = 0.05 causes the swirl
to increase by a factor 10, while still being located close
to the corrugation centre at z/D = 0.5. Introducing more
severe corrugation heights of e/D = 0.10 and e/D = 0.16,
increases the swirl while moving the point of maximum
swirl upstream. At an extreme corrugation height of
e/D = 0.16, the point of maximum swirl is located in
the first part of the corrugated section at z/D = 0.25.
Furthermore, at this corrugation height, swirl numbers
above 1 suggests that the tangential velocity exceeds the
bulk velocity in most of the corrugated section of the tube.
The result is a flow field that differs significantly from the
flow field in tubes having lower corrugation heights with
insignificant swirl.

4.1.8. Re-circulating flow field

Fig. 18 to 21 show how changes in corrugation height
from e/D = 0.01 to ¢/D = 0.16 affect the flow field in
terms of re-circulating flow field defined by (23).



02+ 4

-0.3 + -

Position y/D (-)

04—} ]

-0.5F ———————— ([ U

Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Position z/D (-)

Figure 18: Re-circulation zones visualised by axial flow component
normalised bulk velocity waxiai/up in a corrugated tube with
corrugation height and length of e¢/D = 0.01 and p/D = 1.0
respectively at Re = 10, 000.
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Figure 19: Re-circulation zones visualised by axial flow component
normalised bulk velocity waxial/up in a corrugated tube with
corrugation height and length of e¢/D = 0.05 and p/D = 1.0
respectively at Re = 10, 000.
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Figure 20: Re-circulation zones visualised by axial flow component
normalised bulk velocity waxial/up in a corrugated tube with
corrugation height and length of e/D = 0.10 and p/D = 1.0
respectively at Re = 10, 000.
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Figure 21: Re-circulation zones visualised by axial flow component
normalised bulk velocity waxial/up in a corrugated tube with
corrugation height and length of e/D = 0.16 and p/D = 1.0
respectively at Re = 10, 000.

At a low corrugations height of ¢/D = 0.01, the flow
stay attached to the surface and no re-circulation zone
is formed. At a slightly higher corrugation height of
e/D = 0.05, the strong adverse pressure gradient causes
the flow to separate and form a re-circulation zone in
the first part of the corrugation section. At a higher
corrugation height of e/D = 0.10 with a significantly
higher swirl, the re-circulation zone is almost eliminated
compared to the lower corrugation height of e/D = 0.05.
That suggests the high swirl to suppress the re-circulation
zone. At a even higher corrugation height of e/D = 0.16,
the re-circulation zone is completely eliminated as a result
of highest pressure being located at the centre of the
corrugation as already shown in Fig. 13.

4.2. Effect of corrugation length on the flow field

In the following, changes in flow field as a result
of varying the corrugation length from p/D = 0.5 to
p/D = 2.0 are reported.

4.2.1. Pressure field

Fig. 22 to 24 shows how lowering and increasing the
corrugation length from p/D = 0.10 affects the pressure
field in the corrugated tubes. The case with p/D = 0.10 is
already presented in Fig. 12. Increasing the corrugation
length from p/D = 0.5 to p/D = 1.5 causes the the
maximum pressure coefficient to increase (Fig. 22, 12 and
23). Furthermore, the location moves towards the centre of
the corrugated section. Increasing the corrugation length
further to p/D = 2.0, causes a slight decrease in maximum
pressure coefficient. This can be explained by the tube
approaching a non-corrugated tube as p/D — co.

4.2.2. Swirling flow
Fig. 25 to 27 show how the swirling flow field is altered
as the corrugation length is changed from a corrugation
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Figure 22: Pressure field visualised by the pressure coefficient
Cp = (p—poo)/ (1/2pu?) in a corrugated tube with corrugation

height and length of e¢/D = 0.10 and p/D = 0.5 respectively at
Re = 10, 000.

length of p/D = 1.0 to p/D = 0.5, p/D = 1.5 and p/D =
2.0.
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Figure 25: Swirling flow field visualised by contours of ¢ = |utan|/ut
in a corrugated tube with corrugation height and length of
e/D = 0.10 and p/D = 0.5 respectively at Re = 10, 000.

At a low corrugation length of p/D = 0.5, an almost
swirl with almost constant magnitude is present in the
corrugation section. When the corrugation length is
increased from p/D = 0.5 to p/D = 1.0, the maximum
swirl is increased from % ~ 0.3 to ¥ ~ 0.9. With a further
increase in corrugation length to p/D = 1.5, there is a
minimal increase in swirl from ¥ ~ 0.9 to ¥ ~ 0.95, while
the point of maximum swirl moves towards the centre of
the corrugated section. Increasing the corrugation length
further to p/D = 2.0 results in decrease in swirl. This
can be explained by the fact that the corrugated tube
approaching a non-corrugated tube as p/D — oo, where
no swirl is present.
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4.2.8. Re-circulating flow field

Fig. 28 to 30 show how the stream-wise flow field
is altered as the corrugation length is changed from a
corrugation length of p/D = 1.0 to p/D = 0.5, p/D =1.5
and p/D = 2.0. Decreasing the corrugation length from
p/D = 1.0 to p/D 0.5 causes the flow to separate
and form a large re-circulation zone filling up most of the
corrugation section. This can be explained by significantly
lower swirl velocity at the low corrugation length of p/D =
0.5 compared to p/D = 1.0. Increasing the corrugation
length to p/D = 1.5 and p/D = 2.0 eliminates the re-
circulation zone present at lower corrugations lengths of
p/D = 0.5 and p/D = 1.0.

In the following section, the flow field presented in
this section are linked to heat transfer and pressure loss
characteristics.

5. Link Between Flow Field and Heat Exchanger
Performance

Heat transfer and pressure loss are reported by the
dimensionless Nusselt number defined by (7) and friction
factor defined by (6). Fig. 31 and 32 show how changes in
corrugation height and length affect the Nusselt number
and Darcy-Weisbach friction factor.
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Figure 31: Nusselt number as function of dimensionless corrugation
length p/D and height e/D at Re = 10,000 and Pr = 1.0.
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Figure 23: Pressure field visualised by the pressure coefficient Cp = (p — poo) / (1/2pul2)) in a corrugated tube with corrugation height and
length of e/D = 0.10 and p/D = 1.5 respectively at Re = 10, 000.
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Figure 24: Pressure field visualised by the pressure coefficient Cp = (p — poo) / (1/2pu%) in a corrugated tube with corrugation height and
length of e/D = 0.10 and p/D = 2.0 respectively at Re = 10, 000.
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Figure 26: Swirling flow field visualised by contours of ¥ = |utan|/up in a corrugated tube with corrugation height and length of e/D = 0.10
and p/D = 1.5 respectively at Re = 10, 000.
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Figure 27: Swirling flow field visualised by contours of ¢ = |utan|/up, in a corrugated tube with corrugation height and length of e/D = 0.10

and p/D = 2.0 respectively at Re = 10, 000.
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Figure 28: Re-circulation zones visualised by axial flow component
normalised bulk velocity waxial/up In a corrugated tube with
corrugation height and length of e¢/D = 0.10 and p/D = 0.5
respectively at Re = 10, 000.
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Figure 32: Darcy-Weisbach friction factor as function of dimension-
less corrugation length p/D and height e/D at Re = 10, 000.

At sufficiently low corrugation heights e/D = 0.01, the
performance in terms of Nusselt number approaches the
non-corrugated tube as the flow fields are only affected to
a minor degree. That is, the flow stay attached to the
surface and only a small insignificant swirl is induced by
the corrugation. At a slightly higher corrugation height
e/D = 0.05, the Nusselt number is increased significantly.
At this corrugation height, the flow separates and a higher
swirl is induced. The result is an increased heat transfer at
an increased pressure loss. At an even higher corrugation
height, the swirl is increased even further and the swirling
velocity eventually exceeds the stream-wise velocity. The
result is steeper velocity gradients at the surface resulting
in both higher heat transfer and pressure loss. When the
corrugation height is increased beyond a certain point,
the Nusselt number is expected to decrease as the heat
transfer area increases without any additional increment
in heat transfer. This point depends on the corrugation
length. At a lower corrugation length p/D = 0.5, the
decrease in Nusselt number happens between e/D = 0.03
and e/D = 0.07. At higher corrugation lengths p/D = 1.0,
p/D = 1.5 and p/D = 2.0, the decrease in Nusselt number
takes place at e/D > 0.16. At this point, a large re-
circulation zone with low swirl velocities is present in the
corrugation section. Here the flow is dominated by core
flow with a high stream-wise velocity. Fig. 32 shows that
the friction factor in general increases with corrugation
height. However, the friction factor increases slower above
the point where the Nusselt number begins to decrease.

To compare the various corrugated tubes at a constant
pumping power and taking both Nusselt number and
friction factor into account, the performance evaluation
criterion given by (8) is used. This criterion is shown in
Fig. 33 for the different corrugated tubes.
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Figure 29: Re-circulation zones visualised by axial flow component normalised bulk velocity waxial/up in a corrugated tube with corrugation
height and length of e/D = 0.10 and p/D = 1.5 respectively at Re = 10, 000.
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Figure 30: Re-circulation zones visualised by axial flow component normalised bulk velocity waxial/up in a corrugated tube with corrugation
height and length of ¢/D = 0.10 and p/D = 2.0 respectively at Re = 10, 000.

v ‘p/D=05‘ Fig. 33 shows that there is a corrugation height
—e—p/D =10 for every corrugation length that results in the highest
13k +g§g:§;g performance parameter. For lower corrugation lengths,

this point is found at lower corrugation heights. This
optimum condition is explained by the fact that the
friction factor continues to increase as the Nusselt number
only increases slightly for p/D = 1.0, p/D = 1.5, and

Lir p/D = 2.0 or even decreases for p/D = 0.5.

6. Conclusion

Performance parameter 7 (-)

0.9 In this study the fully-developed flow field in different
sinusoidally, spirally corrugated tubes is investigated by

08 | | | | | | | computational fluid dynamics for a Reynolds number of
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Figure 33: Performance parameter n = (Nu/Nus)/(f/fs)'/? as by the tubes having a centre-line described by a sinusoidal
function of dimensionless corrugation length p/D and height e/D  function. The investigated corrugations have corrugations
at Re = 10,000 and Pr =1.0. heights in the range 0 to 0.16 and corrugation lengths in
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the range 0.5 to 2.0. The results suggests that sinusoidally,
corrugated tubes of the sinusoidally, spirally type exhibit
significant heat-transfer enhancing flow characteristics. To
sum up, the major findings on how changes in corrugation
height affects the flow field are:

e At low corrugations heights e/D = 0.01, the flow
stay attached to the surface and only a small swirl
is present with maximum at the centre of the
corrugation.

e At slightly higher corrugations heights e/D = 0.05,
the increased adverse pressure gradient causes the

flow to separate resulting in a significant re-circulation

zone. The swirling magnitude is increased again but
is still centred at the corrugation centre.

e At a corrugation height e/D = 0.10, the swirling
flow begins to dominate with tangential velocities in
the order of the bulk velocity.

e At a high corrugation height e/D = 0.16, a strong
swirl with a tangential velocity component exceeding
the stream-wise velocity component is present in
almost all the corrugation section. The high swirl
eliminates re-circulation zones by a high pressure
centred in the corrugation section.

Likewise, major findings on how changes in corrugation
length affect the flow field are:

e At sufficiently low corrugation lengths (this corru-
gation length depends on the corrugation height), a
re-circulation zone filling up most of the corrugated
section is present.

e At a slightly higher corrugation length, the swirl
velocity is increased while the re-circulation zone is
decreased. The result is increased Nusselt number
and friction factor.

e When increasing the corrugation length further, the
re-circulation zone is completly eliminated while the
swirl is increased to its maximum. This is the point
resulting in the highest Nusselt number.

e As the corrugation length is further increased, the
swirl starts to decrease as the tube approaches the
non-corrugated tube.

By comparing the flow field to the Nusselt number and
Darcy-Weisbach friction factor, the results show that the
radically different flow field at high corrugations only
increases the heat transfer slightly at a significant increase
in pressure loss. In general, the tubes without stream-wise
re-circulating flow seems to be optimal for transferring
heat at constant pumping power when comparing to a non-
corrugated tube.

Furthermore, tubes having a high swirling velocity
combined with eliminated re-circulation zones are ex-
pected to be less prone to particulate deposition. There-
fore, further numerical or experimental studies could be

focused on investigating the optimal tube by a combina-
tion of Nusselt number, friction factor and tendency to
deposit particulate matter.
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Greek letters

LA I E I

Subscripts
b

S
w
Z

Acronyms
CFD

GCI

SST
URANS
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Cross-sectional area

Pressure coefficient

Pipe diameter

Corrugation height
Darcy—Weisbach friction factor
Convective heat transfer coefficient
Thermal conductivity

Length of pipe section
Pressure

Corrugation length

Prandtl number

Reynolds number
Temperature

Fluid velocity

Dimensionless wall distance

Thermal performance parameter
Dynamic viscosity

Kinematic viscosity

Density

Wall shear stress

Axial flow parameter

Swirling flow parameter

Bulk values

non-corrugated reference pipe
Wall values

Local coordinate along pipe length

Computational Fluid Dynamics
Grid Convergence Index
Shear-Stress Transport

Unsteady Reynolds-averaged Navier-Stokes



