International Journal of Energy and Environmental Engineering
ISSN: 2008-9163
Vol.2 /No.2 (pp.65-75) / Spring 2011

IJEEE

Numerical Investigation of Tub Side Heat Transfer and
Pressure Drop in Helically Corrugated Tubes

S. Hossainpour ' and R. Hassanzadeh’

'Department of Mechanical Engineering, Sahand University of Technology, Tabriz 51325-1996, Iran
2Department of Mechanical Engineering, Islamic Azad University Tabriz Branch, Iran

Received Date: 15 Jan.; 2011 Accepted: 25 Apr.; 2011

ABSTRACT

This paper presents a three-dimensional numerical investigation carried out in turbulent forced con-
vection in a tube with helical ribs. Enhancement of heat transfer using helically corrugated tubes has been
studied experimentally by many researchers but there exist a few published numerical analyses results.
The paper also introduces the results of heat transfer and friction factor data for incompressible fluid flow
in a tube with 24 mm inside diameter and Reynolds numbers between 25000-80000. The geometric pa-
rameters of single start internally ribbed tubes are, rib height to diameter ratio ranging from 0.02 to 0.06
and rib pitch to diameter ratio ranging from 0.6 to 1.2. The inlet water temperature is 10°C and tube wall
is at 80°C uniform temperature. Tube side, three-dimensional turbulent flow has been simulated using a
finite volume code and the results are compared with available experimental data. It has been shown that

the helical ribs have a significant effect on the heat transfer augmentation and pressure drop.
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1. Introduction

The improvement of convective heat transfer
in thermal systems is needed in many engineering
applications in conjunction with reducing the
size, weight and cost of heat exchanger equip-
ment. In general, the heat transfer enhancement
techniques can be divided into two groups (active
and passive techniques). Tubes with helical rib
are one of the passive techniques for heat transfer
enhancement, and are the most widely used tubes
in several heat transfer applications, such as air
conditioning and refrigeration, chemical process
and recovery systems [1]. Spirally corrugated
tubes have become important in commercial ap-
plications for turbulent single phase flow due to
1- The pressure drop increment is generally com-
pensated by the heat transfer augmentation. 2-
The amount of tube material used in the tube
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manufacturing neither increases nor decreases. 3-
Manufacturing process is easy and cheap [2]. The
prospect of using the helically corrugated tube is
for reducing the thickness of the boundary layer
or thinning of the boundary layer which is aimed
at better fluid mixing near the tube wall caused
by the secondary flows from the wall to the core
flow. Corrugated tubes have been widely studied
during the last 35 years. Vicente et al. compared
spirally-corrugated tube correlations of 8 differ-
ent researchers and concluded that for the same
operating conditions differences in prediction of
friction factors and Nusselt numbers can be as
high as 231 and 167 percent, respectively [2].
Vicente et al. performed experiments on a family
of 10 helically corrugated tubes under the follow-
ing conditions: non-dimensional height ranging
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from 0.02 to 0.06, non-dimensional pitch from
0.6 to 1.2, Reynolds numbers from 2000 to
90000, and Prandtl Number from 2.5 to 100. Ra-
vigururajan and Bergles [3] used turbulent water
flow in a transparent plexiglass tube with a wire
coil insert and proposed general correlations for
prediction of heat transfer coefficient and friction
factor. The work of Li et al. [4] was the first
study that attempted to describe the mechanisms
of heat transfer in helically-finned tubes with vi-
sualization. Li et al., limited their analysis to sin-
gle-start tubes because, based on their flow visua-
lizations, single-start tubes achieve higher inten-
sities of boundary layer separation than multiple-
start tubes with the same parameters. Thus, ac-
cording to Li et al., single-start tubes are more
beneficial for heat transfer applications. Na-
kayama et al. [5] tested tubes with spiral ribs hav-
ing helix angles ranging from 0° to 80° and be-
tween 2 and 10 starts. Jensen and Vlakancic
tested fifteen helically-finned tubes with a wide
rang of helix angles (0°-45°), e/D ratios (0.0075-
0.085), number of starts (8-45), and fin widths
(0.62 mm -1.84 mm) [5]. An earlier study con-
ducted by Gee and Webb investigated tubes with
helical square-shaped ribs. The helix angle varied
between 30° and 70°, and the pitch was held con-
stant at 3.81 mm. They used air at Reynolds
numbers varying from 6000 to 65000 [6]. Mimu-
ra and Isozaki [7] studied the effect of the shapes
of corrugated tubes with different relative depths
and relative pitches on the heat transfer and pres-
sure drop characteristics. The tube side heat
transfer coefficient obtained from two start cor-
rugated tubes was slightly smaller than those
from single start tubes. Withers [8] tested four-
teen single-helix corrugated tubes at various
Reynolds and Prandtl numbers (10000< Re
<120000; 2.3< Pr< 10.4). A review of measure-
ments of global heat transfer coefficient and pres-
sure drop for various rib configurations (square
ribs) was given by Dalle Donne and Meyer [9].
Martin and Bates [10] presented velocity field
and the turbulence structure in an asymmetrically
ribbed rectangular channel with one rib configu-
ration (square ribs) and varying channel height.
Hong and Hsieh [11] investigated the influence
of rib alignment on forced convection in a chan-
nel at different rib alignments, either staggered or
in-line, on the internal surfaces of rectangular or
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square channels. Jaurker et al. [12] reported the
heat transfer and friction characteristics of rib
grooved artificial roughness on one broad heated
wall of a large aspect ratio duct. Numerical inves-
tigations on turbulent flow friction and heat trans-
fer enhancement in ducts or channels with rib,
groove or rib—groove turbulators have been car-
ried out extensively. Chaube et al. investigated
the flow and heat transfer characteristics of a two
dimensional rib roughened (rectangu-
lar/chamfered rib) rectangular duct with only one
principal heating wall by using the shear stress
transport k—w turbulence model [13]. Saidi and
Sunden studied the thermal characteristics in a
duct with rib turbulators using a simple eddy vis-
cosity model and an explicit algebraic stress
model and reported that the algebraic stress mod-
el has some superiority over the eddy viscosity
model for only velocity field structure prediction
[14]. Tatsumi et al. investigated numerically the
flow around a discrete rib attached obliquely to
the flow direction onto the bottom wall of a
square duct and found that noticeable heat trans-
fer augmentation was obtained downstream of
the rib, produced by a strong secondary flow mo-
tion [15]. Yang and Hwang numerically ex-
amined the heat transfer enhancement in rectan-
gular ducts with slit and solid ribs mounted on
one wall using the k—e turbulence model [16].
Luo et al. reported the turbulent convection be-
havior in a horizontal parallel-plate channel with
periodic transverse ribs using the standard k—¢
model and a Reynolds stress model [17]. Based
on the literature survey, there are few publica-
tions that present numerical solutions of laminar
or turbulent flow in helically ribbed tubes [5].
Numerical solutions of turbulent flows are com-
plex because turbulent fluid flow in helically
ribbed tubes is difficult to model and few at-
tempts have been made to obtain numerical solu-
tions. So, this study has been conducted to inves-
tigate numerically the flow characteristics in
tubes with helical ribs.

2. Mathematical model

Due to boundary layer displacement and exist-
ing of rotational layer, turbulent fluid flow beha-
vior in corrugated tubes with helical ribs is com-
plex. Some experimental attempts have been
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done for realization of flow behavior in these
tubes. Ravigururajan and Bergles drew the fol-
lowing conclusions from the photographs [5].

1. Flow visualization tests indicated the presence
of a rotational layer close to the wall and a
crossover layer in the core of the tube. The ro-
tational pattern dominated for helix angles
less than 30°and the crossover pattern domi-
nated for helix angles larger than 70°.

2. As the roughness height increased, the angle of
fluid rotation was increased.

3. Deceasing the helix angle decreased turbulence
and the transition Re.

4. The thickness of the rotational layer decreased
with increasing Re.

5. Rotational angles tended towards the helix an-
gle as Re was decreased.

Photographs taken by Li et al. showed that
spiral flow and boundary layer separation both
occurred in helical ribbed tubes, but with differ-
ent intensities in tubes having different configu-
rations [4]. Swirl of flow is known to augment
heat transfer.

This tends to increase the effective flow
length of the fluid through the tube, which in-
creases heat transfer and pressure drop. Boundary
layer separation is also known to augment heat
transfer. Periodic boundary layer separation
causes that turbulence intensity to increase. So
Heat transfer rate and pressure drop will be in-
crease. Flow governing equations based on as-
sumptions that flow is incompressible and steady
in the Cartesian coordinates are:

Continuity equation
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Where I'" and I’y are molecular thermal diffu-
sivity and turbulent thermal diffusivity, respec-
tively and are given by:

r=* and r = A

o o @)

Reynolds stresses are related to the mean ve-
locity gradients using Boussinesq assumption.

- ou; auj
—pui; = Hy +

ox. Ox; (5)

J i

The turbulent viscosity term py is computed
from well-known standard k-¢€ turbulence model.
The expression for the turbulent viscosity is giv-
en as:

2

k
M= pc,u?

(6)

Heat transferred to water at constant wall
temperature, Qy, can be calculated from:

0, =hA(T, ~T

(7

The heat transfer is measured by local Nusselt
number, which can be obtained by:

hdy
Nu=—% (®)

The friction factor for the tube with helical
rib, fre » CAN be calculated from:

A
f,l(’ :7p
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Where Ap is pressure drop between inlet and
outlet of tube, p is density of water, u is average
velocity at center line, L is tube length and dg is
hydraulic diameter of the tube.

Nusselt number and friction factor in plain tube
can be calculated from Gnielinski correlations
[18]:

)
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In contrast to the molecular viscosity, the ed-
dy viscosity depends strongly on the flow proper-
ty. Therefore, selecting the turbulence model, to
accomodate the flow behavior of each applica-
tion, is very important.
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The standard k—¢ turbulence model is used in
this investigation. The steady incompressible
Navier—Stokes equations and the turbulence clo-
sure equations were solved using the finite vo-
lume code.

3. Investigated helical tube geometry

The system of interest is a horizontal tube
with helical ribs at two categories. One category
is to analyze the effects of rib height on the heat
transfer and friction factor at the constant rib
pitch and another is to analyze the effects of rib
pitch on the heat transfer and friction factor at the
constant rib height. Fig. 1 shows a schematic fig-
ure of a single-start corrugated tube, where p
stands for helical pitch, e for height of the rib,
and P for helical angle.

Fig. 2 shows a view of computational mesh
used in this investigation and Table. 1 shows de-
tails of two cases consisting of 6 models used in
this study. A composite mesh such as shown in
Fig. 2 is used for all cases to resolve some flow
details near ribs. The length of all tubes is 500
mm and the inside diameter of tubes is 24 mm. A
finite volume based CFD code that use SIMPLE
algorithm for pressure coupling was used to solve
governing flow equations with associated boun-
dary conditions.

4. Numerical results

Predicted results are reported for fully devel-
oped flow through the tube with helical ribs at
Reynolds numbers between 25000-80000. Fig-
ures 3-5 show the temperature, total relative pres-
sure and velocity magnitude contour plots for
e/D=0.04, p/D=0.6 at Re=52893, respectively.
Mesh independency for all of the results were
controlled and Table 2 shows the final grid size
for each case. In order to clarify mesh indepen-
dency, one of the cases (e/D=0.06,p/D=0.8) is
selected and studied.

Table 3 shows the details of grid refinement
results for selected case. The velocity compo-
nents in second corrugated rib tip is used for this
propose. This table shows that our numerical re-
sults are grid size independent. The comparison
between numerical result of present work and
experimental results of Ravigururajan and Ber-
gles [3] shows total agreement between them.
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Fig. 6 shows sample comparisons for Nusselt
number where e/D=0.02, p/D=0.8 and ¢/D=0.04,
p/D=1.2.

Figures 7 and 8 show the variation of Nusselt
number with Reynolds number for two catego-
ries. As shown in this figures, the heat transfer
coefficient increases with increasing Reynolds
number. However, this effect tends to deduct as
the Reynolds number increases. Fig. 7 also shows
the effect of helical rib depth on the Nusselt
number in different Reynolds number. It can be
clearly seen that the Nusselt number increases
with increasing helical rib depth in fix Reynolds
numbers.

This is because the helical rib depth has a sig-
nificant effect on the mixing of the fluid in the
boundary layer and increasing the turbulent in-
tensity of fluid flow. In addition, as seen from
Fig. 8 flow reattaches on the base wall and then
flows up over the next rib.

The reattachment length strongly depends on
to helical rib depth. Therefore, the heat transfer
coefficient increases with helical rib depth. Ac-
cording to Fig. 9, it can be seen that the heat
transfer coefficient tends to increase as the helical
rib pitch decreases. The reason for this can be
explained similarly as that for the depth men-
tioned above.

In general, the flow through the tube with hel-
ical rib is quite complex. However, the pressure
drop across the tube with helical rib is produced
by (1) drag forces exerted on the flow field by the
helical rib (2) flow blockage due to area reduc-
tion (3) turbulence augmentation and (4) rota-
tional flow produced by the helical rib [2]. Fig-
ures 10 and 11 show the variation of friction fac-
tor with Reynolds number for two categories.
According to these figures the friction factor de-
creases with increasing Reynolds number.

As expected, the friction factor obtained from
the tube with higher helical rib depth and lower
helical rib pitch are significantly higher than
those with lower helical rib depth and higher rib
pitch.

5. Conclusion

Numerical analyses on the heat transfer coef-
ficient and friction factor of horizontal tubes with
helical ribs are presented. The effects of the heli-
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cal ribs configuration on the heat transfer and
pressure drop characteristics are also considered.
The heat transfer and friction factor augmenta-
tions obtained from this study are compared with
those from the tube without helical rib (plain
tube). At the end, the comparison between nu-
merical data and Ravigururajan and Bergles [3]
experimental data showed that there are reasona-
ble agreement between them.

6. Nomenclature

A area, m’
Cy turbulence model constant
dy hydraulics diameter, m

helical rib depth, m

friction factor

heat transfer coefficient, w m?

K’l
k turbulence energy, m” s™
L length, m
7 mass flow rate, kg s
Nu Nusselt number

helical rib pitch, m

p pressure, Pa

Pr Prandtl number

Re Reynolds number

T temperature, °C

Q heat transfer rate, w

U mean velocity, m st

u; velocity component in I direc-
tion, m/s

uj fluctuation velocity compo-
nents, m/s

X Cartesian coordinate directions,
m

Greek letter

n kinematic viscosity, kg s ' m™
A thermal conductivity, w m" K™
Ly eddy viscosity, kg s "m™

€ turbulent dissipation rate m* s™
p density, kg m™

Subscripts

ava average

69

p
S

he
w

plain tube
surface wall
helical rib
water
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Table 1. Details of two cases consisting of 6 models used in this study

Case e/D p/D Number of starts Helix angle
0.02 75.7
0.04 . 75.7
1 0.06 0.8 single 757
0.6 79
0.8 . 75.7
2 0.04 12 single 69
Table 2. Mesh independent grid size for each case
No. e/D p/D Cells No. Faces No. Nodes No.
1 0.02 0.8 589384 1351190 221905
2 0.04 0.8 608886 1395686 227880
3 0.06 0.8 752445 1701659 261442
4 0.04 0.6 702480 1620276 273589
5 0.04 1.2 646009 1500868 261129
Table 3. Mesh independency study for e/D=0.06,p/D=0.8
Case 1 (Final mesh) 2 (more refined mesh)
Cells No. 752445 2812587
Faces No. 1701659 5706750
Nodes No. 261442 509468
U m/s 1.2316 1.2455
V m/s -0.01387 -0.01400
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p

Fig.1: Sketch of a single-start corrugated tube

Fig.2: A view of composite grid mesh
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Fig.6: Comparison of calculated Nusselt number and experimental values obtained by Ravigururajan and Bergles [3]
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Fig.7: Variation of Nusselt number with Reynolds number for p/D=0.8
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Fig.8: Dimensionless u-velocity contour and reattachment zones between ribs
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