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a b s t r a c t

The turbulent heat transfer and flow resistance in an enhanced heat transfer tube, the DDIR tube, were
studied experimentally and numerically. Water was used as the working fluid with Reynolds numbers
between 15,000 and 60,000. The numerical simulations solved the three dimensional Reynolds-averaged
Navier–Stokes equations with the standard k-e model in the commercial CFD code, Fluent. The numerical
results agree well with the experimental data, with the largest discrepancy of 10% for the Nusselt num-
bers and 15% for the friction factors. The heat transfer in the DDIR tube is enhanced 100 � 120% compared
with a plain tube and the pressure drop is increased 170 � 250%. The heat transfer rate for the same
pumping power is enhanced 30 � 50%. Visualization of the flow field shows that in addition to the front
and rear vortices around the ribs, main vortices and induced vortices are also generated by the ribs in the
DDIR tube. The rear vortex and the main vortex contribute much to the heat transfer enhancement in the
DDIR tubes. Optimum DDIR tube parameters are proposed for heat transfer enhancement at the same
pumping power.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Heat transfer processes are widely used in petroleum, chemical,
and power generation industries. Improved heat transfer perfor-
mance reduces the volume of heat exchangers and saves energy.
Since the heat transfer in the tubes determines the overall heat ex-
changer performance, the development of efficient enhanced heat
transfer tubes will significantly improve the heat exchanger effi-
ciency. Current enhanced heat transfer tube designs use twisted
tape inserts, wire coil inserts, internally finned tubes, transverse,
and helical ribs, transversely and helically corrugated tubes, etc.
[1]. These enhanced tubes usually result in substantially increased
pressure drops for the heat transfer enhancement, so the develop-
ment of new enhanced tubes with relatively lower pressure drops
is important.

Guo et al. [2] first proposed the field synergy (coordination)
concept that the heat transfer can be enhanced by improving the
coordination between the velocity and temperature fields. This
means the higher values of the integration of the dot product be-
tween the velocity vector and the temperature gradient in the area
will give higher heat transfer rates. Heat transfer enhancement can
be attained by increasing the magnitudes of the velocity vector and
the temperature gradient or by decreasing the included angle be-
tween the velocity vector and temperature gradient. The field syn-
ergy concept gives a better understanding of many heat transfer
phenomena [3–5]. More importantly, new enhanced heat transfer
ll rights reserved.
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techniques can be developed using the field synergy principle
[6]. Meng [7] analyzed the flow and temperature fields in circular
tubes from the point of view of field synergy and showed that mul-
tiple longitudinal vortices provide the optimum flow pattern for
heat transfer enhancement. Multiple longitudinal vortices can give
the maximum heat transfer enhancement with the same viscous
dissipation. The Discrete Double Incline Ribs (DDIR) tube was then
developed to generate multiple longitudinal vortices [8]. Previous
investigations showed that the DDIR tube has good heat transfer
performance for laminar and low turbulent flow regimes. However,
most working conditions for heat transfer tubes used in industry
are fully turbulent condition. This paper presents the average Nus-
selt numbers and friction factors measured for fully turbulent flow
in a DDIR tube. The flow structures and local heat transfer charac-
teristics were numerically investigated. A parametric study of the
DDIR tube performance was also conducted to improve the heat
transfer.

2. Experiments

2.1. Test tube

The DDIR tube is characterized by discrete double inclined ribs
on the inner tube surface as shown in Fig. 1. Discrete means that
the ribs are not continuous as in helically finned tubes, trans-
versely finned tubes, and spirally grooved tubes. Double inclined
means that the ribs are not parallel or perpendicular to the flow
direction but are at an inclined angle with alternating ribs inclined
in opposite directions. The geometrical parameters for DDIR tubes
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Nomenclature

Ai inside tube surface area (m2)
Ao outside tube surface area (m2)
Aw nominal inside tube area, pdiL (m2)
C1 coefficient for tube side heat transfer correlation,

dimensionless
C2 constant for annular side heat transfer correlation

(m2 KW�1)
cp specific heat (J kg�1 K�1)
di inside tube diameter (m)
do outside tube diameter (m)
Dh hydraulic diameter (m)
e rib height (m)
f friction factor, dimensionless
h heat transfer coefficient (W m�2 K�1)
K overall heat transfer coefficient based on outside tube

area (W m�2 K�1)
L tube length or rib length (m)
m prandtl number exponent, dimensionless
mi tube side mass flow rate (kg s�1)
n number of fins or Reynolds number exponent, dimen-

sionless
Nu nusselt number, dimensionless
p rib pitch (m)
Pr prandtl number, dimensionless

q local heat flux (W m�2)
Q total heat transfer rate (W)
Re reynolds number, dimensionless
Rw tube wall thermal resistance (K W�1)
T temperature (�C)
U volume averaged tube side flow velocity (m s�1)
Vo annular side volume flow rate (m3 s�1)
w rib width (m)
X wilson plot function (K m2 W�1)
Y variable of Wilson plot function or total thermal resis-

tance (K m2 W�1)

Greek symbols
a rib inclined angle (�)
Dp pressure drop (Pa)
DTm logarithmic mean temperature difference (K)
k thermal conductivity (W m�1 K�1)
l dynamic viscosity (kg m�1 s�1)

Subscripts
f working fluid
i inside
o outside
w wall

Table 1
Geometric parameters of the DDIR tube

e (mm) a (�) p (mm) L (mm) w (mm) di (mm) do (mm) n

0.5 45 8.0 5.1 2.0 25.0 25.8 12

Fig. 1. Structure of the DDIR tube.
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are the rib height, e, rib length, L, rib width, w, rib pitch, p, and
inclination angle, a. The DDIR tube can be manufactured by press-
ing the discrete double inclined ribs on a plain seamless tube or by
stamping the DDIR ribs on a plate and then rolling the plate into a
tube and welding. The DDIR tube used in this study, which is
shown in Fig. 2, was manufactured from a copper plate by stamp-
ing and rolling. The DDIR tube parameters are listed in Table 1. The
tube was 2 m long.
Fig. 2. Pictures of a manufactured DDIR tube. (a) DDIR plate (b) DDIR tube.
2.2. Experimental set-up

The experimental system shown in Fig. 3 included a hot water
tank, a cold water tank, and the test section. The tube and annular
side flow rates were measured using two flowmeters. The tube side
pressure drop was measured with a differential pressure trans-
ducer. Four thermocouples were used to measure the tube and
annular side inlet and outlet temperatures. The data were collected
Fig. 3. Experimental system 1. cold water tank 2. auxiliary heater 3. hot water/oil
tank 4. heater 5. power supply 6. computer 7. data acquisition system 8. pump 9.
valve 10. Coriolis mass flow meter 11. test tube 12. test section 13. thermocouple
14. differential pressure transducer 15. turbine flow meter 16. refrigerator.
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by a computer based data acquisition system. The experimental
system was the same as the one used by Meng et al. [9]. The work-
ing fluid was deionized water. The tube side inlet temperature was
30 �C and the annular side inlet temperature was 15 �C.

2.3. Data reduction

The inlet and outlet temperatures and the flow rates in the tube
and the annulus were used to calculate the tube side heat transfer
performance. The tube side heat transfer coefficient was calculated
by subtracting the annular side convective thermal resistance and
the tube wall conduction thermal resistance from the total thermal
resistance:

1
hiAi
¼ 1

KAo
� 1

hoAo
� Rw ð1Þ

where K is the overall heat transfer coefficient based on the outside
tube area Ao, Rw is the tube wall thermal resistance, and ho is the
annular side heat transfer coefficient.

K was deduced from the total heat transfer rate and the loga-
rithmic mean temperature difference. Rw was calculated from the
geometric parameters and the thermal conductivity of copper.
The annular side heat transfer coefficient, ho, was attained using
the Wilson plot technique by changing the annular side flow rate
with the tube side flow rate fixed at its maximum. The annular side
heat transfer coefficient can be represented by:

ho ¼ C1
ko

Dh;o
Rem

o Prn
o ð2Þ

where the Reynolds number dependence, m, is 0.8 according to Dir-
ker and Meyer [10] and Vilemas et al. [11]. The Prandtl number
dependence, n, is 0.4 according to the popular Dittus–Boelter equa-
tion for heating. Then, the Wilson plot technique for the annular
side heat transfer coefficient can be written as:

1
Ko
¼ 1

C1

1
ko

Dh;o
Re0:8

o Pr0:4
o

þ C2 ð3Þ

where C1 is the coefficient in Eq. (2) and C2 is the sum of the tube
wall thermal resistance and tube side convective thermal
resistance.

Then Eq. (3) can be written as:

Y ¼ 1
C1

X þ C2 ð4Þ

where X ¼ 1=½ðko=Dh;oÞRe0:8
o Pr0:4

o �, Y = 1/Ko.
Then C1 can be calculated from the slope of the Wilson plot line.

After determination of the coefficient in the annular side heat
transfer correlation, the tube side heat transfer coefficient for var-
ious Reynolds numbers can be calculated from Eq. (1) by changing
the tube side flow rate with the annulus side flow rate fixed at its
maximum. The Nusselt number is then:

Nu ¼ hidi

k
ð5Þ

The friction factor is defined as:

f ¼ Dp

1=2qU2

di

L
ð6Þ

The uncertainty of the measured Nusselt number was 1.8 � 4.4% for
Reynolds numbers of 15,000–60,000, with larger uncertainties for
higher Reynolds numbers due to the relatively smaller temperature
differences. The uncertainty of the measured friction factor was
0.8 � 7.3% for Reynolds numbers of 15,000–60,000. For the low Rey-
nolds number flow region, the uncertainty was larger due to the rel-
atively lower flow rates.
3. Numerical simulations

3.1. Numerical model and grid distribution

As shown in Fig. 4, only one twelfth of the periodic segment
was meshed for the simulations due to the symmetry of the
flow. Fig. 5 shows the grid distribution, with the computational
domain divided into bottom and central regions to generate a
high quality grid using hexahedral elements. The grid in the bot-
tom part containing the rib was generated along the y direction
while that in the central part was generated along the x direc-
tion. An interface was used to connect the two parts where
the grids are not consistent. The data were transferred by inter-
polation between the two regions. The elements near the walls
and the ribs were smaller to insure that y+ was below 1. The
grid was generated using Gambit 2.0. The geometric parameters
in the numerical model were the same as for the tested tube
listed in Table 1.

Three sets of grids with different sizes were used for the sim-
ulation to insure that the results were grid independent. The
average Nusselt numbers and friction factors for the three sets
of grids at a Reynolds number of 10,000 are listed in Table 2.
Richardson extrapolation was used to estimate the numerical er-
rors [12,13]. The relative difference between the estimated Nus-
selt number using Richardson extrapolation and the Nusselt
number from the simulation using the grid with a size of
663,353 elements is 0.27%, with a relative difference for the fric-
tion factor of 0.12%. Therefore, the grid is fine enough for the
simulations at Re = 10,000. The grid arrangement with 660,000
elements was used for the simulations with Reynolds numbers
between 15,000 and 30,000. Simulations with higher Reynolds
numbers between 40,000 and 60,000 use a grid with 1,300,000
elements.

3.2. Governing equations and turbulence modeling

The governing equations are the three-dimensional incom-
pressible steady-state Reynolds-averaged Navier–Stokes equations
and the energy equation:
Continuity:

o

oxj
ðqujÞ ¼ 0 ð7Þ

Momentum:

o

oxj
ðquiujÞ ¼ �

op
oxi
þ o

oxj
l oui

oxj
þ ouj

oxi

� �
� ðqu0iu

0
jÞ

� �
ð8Þ
Fig. 4. One segment of the DDIR tube and the computational domain.



Fig. 5. Numerical model of the DDIR tube. (a) grid and boundary conditions (b) grid arrangement.

Table 2
Grid independence test and error estimate for Re = 10,000

Grid size Nu f

41,386 168.56 0.06180
153,756 165.55 0.06107
663,353 164.36 0.06085
Richardson extrapolation 163.93 0.06078
Relative difference (%) 0.27 0.12
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Energy:

o

oxj
qujT
� �

¼ o

oxj

l
Pr
þ lt

rt

� �
oT
oxj

� �
ð9Þ

The standard k-e model was used for the closure of the Reynolds
stress term in Eq. (8). In the standard k-e model, the Boussinesq
hypothesis is used for modeling the Reynolds stress:

�qu0iu
0
j ¼ lt

oui

oxj
þ ouj

oxi

� �
� 2

3
kdij ð10Þ

where the eddy viscosity is lt ¼ qCl
k2

e .
The transport equations for k and e are:

o

oxi
qkuið Þ ¼ o

oxj
lþ lt

rk

� �
ok
oxj

� �
þ Gk � qe ð11Þ

o

oxi
ðqeuiÞ ¼

o

oxj
lþ lt

re

� �
oe
oxj

� �
þ C1eGk

e
k
� C2eq

e2

k
ð12Þ

where Gk ¼ �q�u0iu
0
j
ouj

oxi
represents the production of turbulent kinetic

energy, C1e = 1.44, C2e = 1.92, Cl = 0.09, rk = 1.0, re = 1.3 and the tur-
bulent Prandtl number, rt, in Eq. (9) is 0.85.

The governing equations were solved using the commercial CFD
code, Fluent 6.0. This program uses the finite volume method with
a cell centered grid. The SIMPLEC algorithm was used for the veloc-
ity–pressure coupling. The QUICK scheme was used for the discret-
ization of the convective terms. The grid was fine enough near the
tube wall that the two-layer zone model was used for the near wall
turbulence modeling.

3.3. Boundary conditions

As shown in Fig. 5 (a), the periodically fully developed condition
was used for the inlet and outlet cross sections with symmetry
used for the two sides. The non-slip condition with constant wall
temperature was used for the tube wall. The periodically fully
developed condition means that the pressure and the velocity
components repeat themselves in the stream wise direction as:

~uð~rÞ ¼~uð~r þ~LÞ ¼~uð~r þ 2~LÞ ¼ � � � ð13Þ
Dp ¼ pð~rÞ � pð~r þ~LÞ ¼ pð~r þ~LÞ � pð~r þ 2~LÞ ¼ � � � ð14Þ

The temperature was normalized as:

h ¼ Tðx;~rÞ � Twall

Tx;b � Twall
ð15Þ

where Tx;b ¼
R

Ax
Tjq~u�d~AjR

Ax
jq~u�d~Aj

.

Then the periodic condition for the normalized temperature
with constant wall temperature condition can be expressed as:

hð~rÞ ¼ hð~r þ~LÞ ¼ hð~r þ 2~LÞ ¼ � � � ð16Þ
The working fluid in the numerical simulation was constant prop-
erty water.

4. Results and discussion

4.1. Average Nusselt numbers and friction factors

The tube length average Nusselt numbers and friction factors in
the DDIR tube are shown in Fig. 6. The rectangular symbols repre-
sent the experimental results while the circular symbols represent
the numerical results. The average Nusselt numbers and friction
factors in plain tubes in Fig. 6 are calculated using Gnielinski [16]
and Filenenko [17] equations. The heat transfer coefficients from
the numerical simulation were defined as:

h ¼ Q
AwDTm

ð17Þ

q ¼ k
oT
or

����
w

ð18Þ

where Q ¼
R

A qdA is the total heat transfer rate, Aw is the nominal
inside tube area, DTm is the logarithmic mean temperature differ-
ence, and q is the local heat flux.

Then the Nusselt number was calculated as in Eq. (5). The
friction factors were calculated as in Eq. (6). Fig. 6(a) shows
the Nusselt numbers for the DDIR tube, with the relative differ-
ences between the experimental and numerical results being



Fig. 6. Flow and heat transfer performance of the DDIR tube for Re = 15,000–60,000. (a) Nusselt number (b) friction factor.
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below 10%. The heat transfer in the DDIR tube is enhanced by
100 � 120% compared with a plain tube at Reynolds numbers
between 15,000 and 60,000. Fig. 6(b) shows the experimental
and predicted friction factors with relative differences below
15%. The friction factors in the DDIR tube are 170 � 250% higher
than in a plain tube at Reynolds numbers between 15,000 and
60,000. The roughness of the welding line on the tested tube
is a key reason for the differences between the numerical and
experimental results.

There are many types of enhanced heat transfer tubes, but
they generate large pressure drops while enhancing heat trans-
fer, which means large pumping powers. From the point of view
of energy saving, the performance evaluation criteria, PEC = (Nu/
Nu0)/(f/f0)1/3, is used to evaluate the enhanced heat transfer per-
formance at the same pumping power. Fig. 7 shows the PECs of
the DDIR tube and two other commonly used enhanced tubes at
Reynolds numbers between 15,000 and 60,000. The Nusselt
numbers and friction factors for the other two tubes were calcu-
lated from empirical correlations. The Nusselt number and fric-
tion factor correlations for the spirally corrugated tube are
given by Vicente et al. (e/di = 0.07, p/di = 2.68) [14]. The Nusselt
number and friction factor correlations for the wire coil inserts
are given by Garcia et al. (e/di = 0.06, p/di = 1) [15]. Fig. 7 shows
that the heat transfer enhancement at the same pumping power
for the DDIR tube is 30 � 50% higher than for a plain tube for
Reynolds numbers between 15,000 and 60,000. The PECs for
the DDIR tube are higher than for the spirally corrugated tube
and the tube with wire coil inserts.
Fig. 7. PECs for various enhanced tubes.
4.2. Flow structure and local heat transfer characteristics

The flow structure in the DDIR tube is visualized in Figs. 8 and 9.
Fig. 8 shows the streamlines around a rib in the DDIR tube, which
show two vortices around the rib. One is a vortex in front of the rib,
called the front vortex, while the other is a vortex behind the rib,
called the rear vortex. The helical streamlines show that the rear
vortex is much stronger than the front vortex. Fig. 9 shows the pre-
dicted tangential velocity vectors in the outlet cross section at a
Reynolds number of 30,000. The velocity vectors in Fig. 9 shows
a large vortex not shown in Fig. 8, called the main vortex. The vor-
tex core is near the tube wall and the tangential velocity magni-
tude is higher in the near wall region than in the central region
which will cause larger velocity gradients near the tube wall. The
maximum tangential velocity in the cross section is as much as
5% of the average main stream velocity. The right corner of Fig. 9
has a small induced longitudinal vortex beside the main vortex.
Thus the rib created four vortices, the front vortex, the rear vortex,
the main vortex, and the induced vortex. These vortices greatly en-
hance the heat transfer in the DDIR tube.

Fig. 10 shows the isotherms at the outlet cross section of the
DDIR tube and a plain tube at a Reynolds number of 30,000. The
continuous lines are the isotherms in the DDIR tube and the dotted
lines are the undisturbed isotherms in a plain tube. Comparison of
the two sets of temperature contours shows that the temperature
field in the DDIR tube is changed dramatically by the longitudinal
vortex. The temperature gradients are larger where the tangential
velocities flow towards the tube wall, while in the left corner
where the tangential velocity flows away from the tube wall, the
temperature gradients are small. Thus the main vortex in this cross
section greatly enhances the heat transfer.
Fig. 8. Streamlines around a rib.



Fig. 9. Tangential velocity vectors and streamlines in the outlet cross section at
Re = 30,000.

Fig. 10. Isotherms in the outlet cross section at Re = 30,000.

Fig. 11. Local Nusselt numbers at Re = 30,000.

Fig. 12. Local Nusselt numbers on the tube surface at Re = 30,000.

X.-w. Li et al. / International Journal of Heat and Mass Transfer 52 (2009) 962–970 967
Figs. 11 and 12 show the local Nusselt numbers at the outlet
cross section and on the DDIR tube surface. The local Nusselt num-
bers are defined as:
hlocal ¼
q

Tw � T f
ð19Þ

Nu ¼ hlocaldi

k
ð20Þ

where q is defined as in Eq. (18).
Fig. 11 shows the local Nusselt numbers along the circumfer-

ence of the outlet cross section at a Reynolds number of 30,000.
The maximum heat transfer occurs where the flow is towards
the tube wall. The synergy between the velocity vector and the
temperature gradient is much improved in this area. The local heat
transfer is as high as 2.3 times that in a plain tube. The heat trans-
fer in the left corner is reduced as the fluid flows away from the
tube wall and the synergy between the velocity vector and temper-
ature gradient are poor. The average of the local Nusselt numbers
shown in Fig. 11 is 1.6 times that in a plain tube for the same con-
dition. Fig. 12 shows that the local Nusselt numbers on the DDIR
tube surface at a Reynolds number of 30,000 are much higher on
the front surface of the ribs. This is due to the fluid impacting
the front surface of the ribs, so that the included angle between
the velocity vector and temperature gradient is very small. The
local Nusselt numbers are also higher on the tube surfaces after
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the ribs where the rear vortex and the main vortex increase the
synergy between the velocity vectors and the temperature gradi-
ents in this region. The enhanced heat transfer area on the front
surface of the ribs is much smaller than on the tube surfaces after
the ribs, so the contribution to the total heat transfer enhancement
of the area on the front surface of the ribs is less than the tube sur-
face area after the ribs. Therefore, the heat transfer enhancement in
the DDIR tubes is mainly caused by the rear vortex and the main
vortex. In the enhanced heat transfer area after the ribs, the
enhancement is much higher right after the ribs than further
downstream from the ribs, which implies that the rib pitch influ-
ences the heat transfer in the DDIR tube.

4.3. Parametric study of the DDIR tube performance

Industrial applications need to know the optimum DDIR tube
geometric parameters and also the heat transfer and flow friction
performances for other tube parameters. The influences of the rib
height, e, the number of ribs around the circumference, n, and
the rib pitch, p, on the DDIR tube performance was studied numer-
ically. The Nusselt number ratios, friction factor ratios and PECs for
a Reynolds number of 20,000 are presented for various rib heights,
numbers of ribs around the circumference, and rib pitches in Figs.
13–15. Nue and fe represent the Nusselt number and friction factor
Fig. 13. DDIR tube performance with 12 rib around the circumference and a rib
pitch of 8 mm at Re = 20,000. (a) Nusselt number and friction factor ratios for
various rib heights (b) PECs for various rib heights.

Fig. 14. DDIR tube performance for a rib height of 0.75 mm, a rib pitch of 8 mm at
Re = 20,000. (a) Nusselt number and friction factor ratios for various numbers of ribs
(b) PECs for various numbers of ribs.
in the DDIR tube. Nu0 is the Nusselt number in a plain tube calcu-
lated using the Gnielinski equation [16], while f0 is the friction fac-
tor in a plain tube calculated using the Filonenko equation [17].
The rib height is the most important parameter. Fig. 13(a) shows
the Nusselt number ratios and the friction factor ratios in the DDIR
tube with rib heights from 0.25 to 1.25 mm, corresponding to
1 � 5% of the tube diameter, for 12 ribs (or 6 pairs) around the cir-
cumference and a rib pitch of 8 mm. At rib heights less than
0.5 mm, the friction factor ratio is comparable to the Nusselt num-
ber ratio. The heat transfer rate and the pressure drop both in-
crease about 30% at a rib height of 0.23 mm. However, the heat
transfer is enhanced 95% while the pressure drop is increased
145% for a rib height of 0.46 mm. For rib height greater than
0.75 mm, the friction factor ratios increase much more rapidly than
the Nusselt number ratios with a Nusselt number ratio of 2.7 and a
friction factor ratio of 4.9 for a rib height of 0.75 mm. While the
Nusselt number ratio at a rib height of 1.25 mm is 3.3 while the
friction factor ratio is 10.9. Fig. 13(b) shows that the highest PEC
is 1.56 for a rib height of 0.75 mm. The PECs are lower at rib
heights higher than 0.75 mm due to the large pressure drop ratios
and are lower at rib heights less than 0.75 mm due to the relatively
small heat transfer enhancement. Therefore, the optimum rib
height for energy conservation is around 0.75 mm, which corre-
sponds to 3% of the tube diameter. Lower or higher rib heights



Fig. 15. DDIR tube performance for a rib height of.75 mm, 12 ribs around the
circumference at Re = 20,000. (a) Nusselt number and friction factor ratios for
various rib pitches (b) PECs for various rib pitches.
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can be used when aiming at reducing the pumping power or
increasing the heat transfer enhancement.

Fig. 14 shows the DDIR tube heat transfer and friction factor ra-
tios for 8, 10, and 12 ribs around the circumference for a rib height
of 0.75 mm and a rib pitch of 8 mm. From Fig. 14(a), the Nusselt
number ratios and the friction factor ratios both increase slightly
with increasing number of ribs since the total enhanced area is in-
creased by increasing the number of ribs. The PECs shown in
Fig. 14(b) increase from 1.42 to 1.56 as the numbers of ribs in-
creases from 8 to 12, so the DDIR tube performance is better with
more ribs. A maximum rib number of 12 is proposed for applica-
tions due to the difficulty of manufacturing DDIR tubes with many
ribs.

Fig. 15 shows the DDIR tube heat transfer and friction factor ra-
tios for rib pitches of 6, 8, and 10 mm for a rib height of 0.75 mm
and 12 ribs around the circumference. The Nusselt number ratios
and the fiction factor ratios both decrease with increasing rib pitch.
Fig. 15(b) shows that the PECs for the DDIR tube decrease with
increasing rib pitch. This is due to the heat transfer rate at the area
right behind the ribs is much higher than the average, so increase
in the rib pitch means increasing the more effective heat transfer
areas. The smallest ribs pitch of 6 mm is recommended for
applications.
5. Conclusions

The heat transfer and pressure drop in a DDIR tube were exper-
imentally and numerically studied for a range of geometries and
flow conditions. The average Nusselt numbers and friction factors
along the tube from the numerical simulations agree well with
the experimental data. The predicted flow fields were used to ana-
lyze the flow structures and the local heat transfer characteristics.
The influences of the rib height, the number of ribs and the rib
pitches on the DDIR tube performance were numerically investi-
gated. The main conclusions are:

1. Compared to a plain tube, the DDIR tube enhances the heat
transfer by 100 � 120% and increases the pressure drop by
170 � 250% at Reynolds numbers between 15,000 and 60,000.
The heat transfer rate for the same pumping power in the DDIR
tube is 30 � 50% higher than in a plain tube and is higher than
in commonly used enhanced tubes, such as, tubes with wire coil
inserts or spirally corrugated tubes.

2. The numerical results show four kinds of vortices in the DDIR
tube, a front vortex, a rear vortex, a main vortex, and an induced
vortex. It is these vortices that greatly increase the heat transfer
in DDIR tube.

3. The parametric study shows that there is an optimum PEC at a
rib height of 3% of the tube diameter, which is 0.75 mm for the
tube used in this analysis. The PECs increase with number of
ribs around the circumference and decrease with increasing
rib pitches. Practical tubes are recommended to have 12 ribs
and a rib pitch of 6 mm.
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