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Abstract

In the present study, a numerical study is performed to one plain and six circular tubes with discrete ribs in two
arrangements; in-line and staggered. Air is used as a working fluid at3,600 <Re <16,525. The number of ribs is

changed from 4 to 12 to study its effect on heat transfer rate (HTR) and pressure drop (AP). PEC is performed to estimate
the thermal hydraulic efficiency (THE) for the all test tubes. The flow phenomena and temperature contours are shown to

illustrate the temperature distribution and vortices.
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Nomenclature

A Tube inside surface area, m?. Re  Reynolds number.

Cp Air specific heat at constant pressure, J/kg. K. T Temperature.

d Tube inner diameter, m. u Average air velocity, m/s.

e Rib depth, m. AP Pressure drop, Pa.

f Friction factor. p Density, kg/m?.

h Heat transfer coefficient, W/m?K. n Air dynamic viscosity, Pa. s

L Tube length, m. Subscripts

m Air mass flow rate, kg/s. i Inlet.

N Peripheral ribs number 0 Outlet.

Nu Nusselt number. s Surface.

PEC Performance evaluation criteria. b Bulk.

p Rip pitch, m. 0 Reference tube (plain tube).

Q Heat transfer rate in the tube, W.

1. Introduction be performed by two methods; one by making
Heat exchangers can be found in a lot of engineering modifications in heat exchanger internal surface such as

applications; such as chemical industries and grooves, while the other is obtained by inserting different

refrigeration. So, the heat transfer enhancements are very
important to reduce their size and cost. Active and
passive techniques are a common technique that used in
heat transfer enhancement. Active technique depending
on the external power source while the passive one can

tape shapes inside the tube such as coiled-wires and
conical rings.

Naphon [1] experimentally, studied the effect of
inserting a twisted-tape inside double pipe heat
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exchanger on HTR and AP. Water was used as a working
fluid at 7,000 <Re <23,000. Results showed that

the HTR increased up to three than that for the plain tube.
Eiamsa-ard et al. [2] experimentally, studied the effect of
inserting full and short length twisted-tape on HTR and
AP by using air as a working fluid at

4,000 <Re <20,000. Results showed that the full-

length twisted-tape has a higher enhancement efficiency
(EE) than that for the short-length one.

Muioz-Esparza and Sanmiguel-Rojas [3]
numerically; investigated the effect of inserting a
helically coiled-wire inside the heat exchanger tube on
HTR and AP. Water and water-propylene glycol was
selected as a working fluid at 50 < Re <850. The

HTR increases by 2.5 times than that for the plain tube.

Pethkool et al. [4] experimentally; studied the effect
of using a helically-corrugated tube instead of a plain one
in the heat exchanger on HTR and AP. The air was

selected as a working fluid at5,500 < Re <60,000.

Nusselt number (Nu) and friction factor (f) increased up
to 3.01 and 2.14 times than that for the plain tube. Bilen
et al. [5] performed an experimental study by using air as

a working fluid at 10,000 < Re <38,000 for circular,

trapezoidal and rectangular groove shapes. Results
showed that the obtained HTR is up to 63%, 58% and
47% for circular, trapezoidal and rectangular groove,
respectively than that for the plain one.

Zdaniuk et al. [6] experimentally; studied eight
helically-finned tubes and one plain tube using water as a

working fluid at12,000 <Re <60,000. The HTR

increased by up to 2 times than that for the plain one.
Zheng et al. [7-11] numerically; studied the effect of
discrete ribs and grooves as inclined or straight

orientation on Nu and f at 6,800 <Re <20,340.

Several parameters for ribs/grooves were chosen to study
their effect on HTR and AP. This study showed that ribs
gave higher THE than that for grooves or ribs/grooves
combinations. Also, inclined ribs or grooves have better
THE than that for straight ones. The maximum THE is
2.3 for inclined ribs.

Huang et al. [12] studied, experimentally, the effect
of ring-type ribs on HTR and AP. Air and water were

selected as a working fluid at 3,601 <Re <16,525.

Results obtained from Huang et al. showed that the THE
increased by up to 1.5 times than that for the plain tube.
Sayed Ahmed et al. [13] showed that the ring type ribs
gave higher THE than that for rectangular, triangular and
trapezoidal ribs. Results also showed that the ring type
ribs gave highest exergy efficiency.

Garcia et al. [14] studied the effect of coiled-wire
inserts, corrugated and dimpled tube to investigate its
effect on HTR and AP. They claimed that the plain tube

gave the highest THE at Re <200. The coiled wire
inserts were recommended at 200 < Re <2,000 while
the corrugated and dimpled tubes are recommended at
Re >2,000. Thianpong et al. [15] revealed that both

heat transfer coefficient (h) and f in the dimpled tube
fitted with the twisted tape, were higher than those in the
dimple tube acting alone and the plain tube.

2. Model description

The present numerical study is performed on six
ribbed tubes and one plain tube. The tested tubes are 1.08
m length (L), 13.8 mm inner diameter (d) and 2 mm rib
width. The rib-depth to tube-inner-diameter ratio (e/d) is
0.069 and pitch to tube inner-diameter ratio (p/d) is 1.45
while the peripheral ribs numbers (N) are 4,8,12. In-line
and staggered arrangements are used to arrange the ribs
along the tested tubes. Air is used as a working fluid and

entering the tube at 298k with 3,600 <Re <16,525.
A constant surface temperature equal to 373K is applied

to the surface of the tested tubes. Figure 1 shows the
schematic drawing of the tested tubes.

(a)

(b)
Fig. 1 schematic drawing for the test tube: (a) tube

dimensions (d) In-line arrangement (c) staggered
arrangement.

(c)

3. Data reduction
The correlations that used to obtain Re, h, Nu, fand
PEC are listed below:

~ Q B m¢, (T, -T,)
CA(T-T,)  (ndL)(T,-T, )

(1
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4. Numerical model

The commercial CFD software ANSYS Fluent 17.0
[16] is applied to perform this numerical analysis.
ANSYS design modular is used to generate a mesh for all
tested tubes. A mesh independence solution is performed
to ensure that the solution does not change with mesh
changing. Figure 2 shows the mesh shape for in-line
tested tube as a sample of mesh. Boundary layer mesh is
used near the tube wall and the tape inserts to confirm
that the dimension of the first cell next to the walls to get
high accuracy results as recommended in [17-18].

The selection of an appropriate turbulence model is a
serious part of the solution accuracy. The RNG k-¢
model and Realizable k-¢ model are two common
turbulence models in heat transfer applications. These
two models are considered to investigate the numerical
solution for Nu and f. Experimental results, obtained
from [12], are employed to make a comparison with
numerical ones obtained from these turbulent models.
Figure 3 illustrates the numerical and experimental
validation results for Nu and f It also shows that the
RNG k-¢ model gave an approximate result to
experimental ones.

Fig. 2 Mesh shape for the test tubes.
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Fig. 3 Experimental and numerical validation results for
Nu and f.

The flow field is governed by the 3D Reynolds
averaged Navier-Stokes (RANS) equations. There are
some assumptions are suggested to simplify these
equations. These assumptions are that the heat transfer
and fluid flow processes are steady-state and turbulent.
Also, the heat loss to the environment is neglected. The
governing equations are:

o  Continuity

o (PUi)=00 (©)

e Momentum

i) o, o [an p

+ 7 +

ox . ox. ox. ox . bx.
J i J J

e Energy equation

0 0 oT
. =—| k—
ij (u] (pe +p)) ox . ox .

where 1 is a tensor indication 1 and 2 and k is the
fluid effective thermal conductivity.

The k-& (RNG) turbulence model, where turbulent
viscosity L is predicted with enhanced wall functions for
the near wall treatment, is employed as following:
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where k and € represent as the fluid turbulent kinetic
energy and the dissipation rate of turbulent kinetic
energy, respectively

The boundary conditions applied to the all tested
tubes are shown in Fig. 4. Uniform velocity was applied
to the tube inlet based on 3601 < Re < 16523 and
pressure outlet is applied to the tube outlet. A constant
temperature is applied to the surface of the tested tubes.
The minimum convergence criterion is set to 107> for the
continuity, momentum and turbulence equations.
However, it is set to 1078 for the energy equation for
more accurate temperature calculations.

:beutlel

Fig. 4 Boundary conditions applied for the all tested
tubes.

constant surface temprature

=> inlet

5. Results and Discussion

Numerical data obtained from simulation is
validated with experimental ones obtained from [12].
Figure 5 shows the experimental and numerical
validation data for Nu and f. This figure shows that
numerical results are agreed with the experimental ones,
within +3% and +6% for Nu and f, respectively. As
shown in this figure, with increasing in Re the Nu
increases but f decreases.
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Fig. 5 Validation between experimental [12] and
numerical data for plain tube.

The first numerical study is performed in an in-line
arrangement for the ribs. Figure 6 shows the variation of
Nu and f'against Re. As shown in this figure Nu increases
but the f decreases with Re increasing. The highest Nu
and fare occurring for the tube with N=12 that mean the
higher HTR and AP. So, the PEC is obtained for the
tested tubes to assign the tube with higher THE. Figure 7
shows the variation of PEC with Re. The tube with N=4
has a higher THE. The PEC value decreases with
increase in Re.
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Fig. 6 Validation of Nu and f against Re for the in-line

arrangement.
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Fig. 7 The PEC values at different Re for the in-line
arrangement.

The second numerical study is performed in a
staggered arrangement for the ribs. Figure 8 shows the
variation of Nu and f'vs Re. As shown in this figure Nu
increases but f/ decreases with Re increasing. The highest
values of Nu and f are occurring for the tube with N=12
that mean the higher HTR and AP. So, PEC is obtained
for the tested tubes to determine the tube with higher
thermal hydraulic efficiency. Figure 9 shows the
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variation of PEC with Re. The tube with N=4 has a
higher thermal hydraulic efficiency and the PEC value
decrease with increase in Re.
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Fig. 9 The PEC values at different Re for staggered
arrangement.

After performing the numerical study for two
discrete ribs arrangements and obtaining the THE. It is
important to determine which arrangement gives the
highest THE. Figure 10 shows which arrangement gives
the highest THE. As shown from this figure the staggered
arrangement gives slightly higher PEC than that for the
in-line one.
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Fig. 10 Comparison between in-line and staggered
arrangements at N=4.

Temperature and velocity contours with flow
streamlines are represented for the tested tubes. All
temperature and velocity contours as well as streamlines
represented at Re=12,833. Figures 11 and 12 show the
temperature contours for in-line and staggered
arrangements at N=4, respectively. It is clear from these
figures that the temperature increases from the tube
surface to the tube core. Ribs cause flow disturbance that
enhances the mixing between the cold and hot fluid.
There is no huge difference between in-line and
staggered arrangements in temperature contours.

Fig. 11 Temperature contours for the tube with the in-
line arrangement at inlet, outlet and mid-sections.
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Fig. 12 Temperature contours for the tube with the
staggered arrangement at inlet, outlet and mid-sections.
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Figure 13 shows the velocity contours at two
arrangements. As shown in this figure there are a lot of
vortices. These vortices cause disturbance to the flow and
discontinuity in the hydraulic boundary layer. This leads
to the enhancements in HTR but increase AP.
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Fig. 13 Velocity contours for the two arrangements.

6. Conclusions

In the present work, a numerical study is performed
on a plain tube, three in-line discrete ribbed tubes and
three stagger discrete ribbed tubes using the RNG k-¢
turbulence model with enhanced wall treatments. The
Nu, f and PEC characteristics of all tested tubes are
investigated. Temperature and velocity contours are
presented.

Results of this work are summarized as: -

Nu and f'increase with increasing in ribs number.

e The increasing in Re led to increase in Nu but decrease
inf.

e The tubes with N=4 in staggered or
arrangements have a higher PEC.

e The heat transfer increases up to 150-200% and
friction factor increase up to 190-250%.

e Max PEC is 1.4 for stagger arrangement.

e Stagger arrangement better than in-line arrangements.

in-line
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