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Abstract  Experimental and numerical investigations have been conducted to study turbulent flow of water and 
heat transfer characteristics in a rectangular channel with discontinuous crossed ribs and grooves. The tests investi-
gated the overall heat transfer performance and friction factor in ribbed and ribbed-grooved channels with rib angle 
of 30°. The experimental results show that the overall thermo-hydraulic performance for ribbed-grooved channel is 
increased by 10%-13.6% when compared to ribbed channel. The investigation on the effects of different rib angles 
and rib pitches on heat transfer characteristics and friction factor in ribbed-grooved channel was carried out using 
Fluent with SST (shear-stress transport) k-ω turbulence model. The numerical results indicate that the case for rib 
angle of 45° shows the best overall thermo-hydraulic performance, about 18%-36% higher than the case for rib an-
gle of 0°. In addition, the flow patterns and local heat transfer characteristics for ribbed and ribbed-grooved chan-
nels based on the numerical simulation were also analyzed to reveal the mechanism of heat transfer enhancement. 
Keywords  heat transfer enhancement, rib, groove, rectangular channel, turbulent flow 

1  INTRODUCTION 

The increasing necessity for saving energy and 
material caused by the world resource shortage and 
environmental concerns has prompted to develop more 
effective heat transfer equipment [1]. The techniques of 
heat transfer augmentation attract the interests of scien-
tists [2]. Ribs are often used to enhance forced convec-
tive heat transfer between the wall and fluid because 
they cause flow separation and reattachment, conse-
quently resulting in destroying the laminar sublayer.  

In the past, investigations on turbulent flow and 
heat transfer enhancement in ducts or channels with 
rib, groove or rib-groove turbulators have been carried 
out extensively. Hu and Shen [3] measured detailed 
distributions of internal heat transfer coefficients in a 
convergent cooling passage with a staggered array of 
45° discrete ribs, and combination of ribs with 
grooves. The area-averaged enhancement factors of 
3-4 for discrete ribs and of 2.5-3.2 for the combina-
tion of discrete ribs with grooves have been obtained. 
Eiamsa-ard and Promvonge [4] performed experimen-
tal work on the turbulent forced convection heat 
transfer and friction characteristics in a rectangular 
duct with three types of rib-grooved turbulators   
(rectangular-rib and triangular-groove, triangular-rib 
and rectangular-groove and triangular-rib with trian-
gular-groove). They found that the use of turbulators 
at lower Reynolds number (Re) gives higher enhance-
ment index and in comparison with the smooth duct, 
all rib-groove arrangements significantly enhance the 
heat transfer up to 80%, 60%, and 46%, respectively. 
The friction factors are approximately 6.9, 5.5 and 4.8 
times above the smooth duct, respectively. Eiamsa-ard 

and Promvonge [5] reported the heat transfer enhance-
ment in a heat exchanger with delta-wing tape inserted. 
Kaewkohkiat et al. [6] experimentally studied on the 
heat transfer and friction characteristics in a rectangular 
channel with rib-groove turbulators and reported that 
both Nusselt number and friction factor increase with 
decreasing pitch ratio. Bilen et al. [7] experimentally 
studied heat transfer and friction characteristics of a 
fully developed turbulent air flow in different grooved 
tubes (circular, trapezoidal and rectangular) and reported 
that heat transfer enhancement is up to 63% for circular 
groove, 58% for trapezoidal groove and 47% for rectan-
gular groove, in comparison with the smooth tube at 
the highest Reynolds number of 38000. Layek et al. [8, 
9] experimented on Nusselt number and friction factor 
in a chamfered ribbed duct with V-groove having 
chamfer angles of 5°, 12°, 15°, 18°, 22°and 30°. They 
found that the performance parameter increases with 
increase in Reynolds number. Overall, the mechanism 
of heat transfer enhancement by the ribs is based on 
the flow separation, reattachment and secondary flow. 

Recently, in order to reduce the flow resistance in 
the channel with ribs, numerous investigations on the 
flow and heat transfer for the discrete inclined ribs 
have been carried out [10, 11]. In their work, the in-
clined discrete ribs have been used as longitudinal 
vortices generator and the heat transfer rate is in-
creased by 150%-300% over the plain duct with less 
pressure loss compared with transversal ribs. Inclined 
discrete ribs can generate longitudinal vortices and 
give less blockage of the channel, thus increasing the 
heat transfer rate of the channel with less pressure 
drop. Use of the artificial grooves is widely used in 
modern heat exchangers, because they are very effective 
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in heat transfer augmentation. In this work, the com-
bination of crossed and discontinuous ribs-grooves array 
was used to enhance heat transfer with less pressure 
loss and the better thermal performance is expected. 
The analysis pays particular attention to the effects of 
geometric parameters and complex flow structures on 
heat transfer enhancement based on the numerical 
simulation. 

2  EXPERIMENTAL MODEL AND PROCEDURE 

A ribbed channel without grooves and a 
ribbed-grooved channel with rib angle of 30°and rib 
pitch of 15 mm are tested and compared in the ex-
perimental work. For the ribbed-grooved channel, 
eight ribs and three grooves in rows are mounted on 
the flat plate, and grooves are set perpendicular to ribs, 
while only eight ribs are mounted on the plate in the 
ribbed channel. The positions of ribs and grooves are 
also shown in Fig. 1. The geometric dimensions of 
ribbed channel and ribbed-grooved channel are listed 
in Table 1 and Fig. 2. The parameters of ribbed chan-
nel without grooves [Fig. 2 (a)] are similar to the 
ribbed-grooved channel [Fig. 2 (b)]. In the rectangular 
channel, the ribs and grooves [Fig. 1 (b)] are oblique 
to the main flow direction. The physical model of rib 
used in this work is shown in Fig. 1 (a). The same 
sizes of the 3D ribs and grooves are used. The geo-
metrical parameters for the rectangular channel with 
discontinuous ribs-grooves are the rib height, e, rib 
length, l, rib width, w, rib longitudinal pitch, p, rib 
transverse pitch, c, and slope angle, α, and inclined 
angle for side wall of the rib, β. The cases with differ-
ent geometrical parameters are listed in Table 2.  

The experimental system shown in Fig. 3 consists 
of a cold water tank, settling chamber, test section, 
sensors and data collectors. The test section is a rec-
tangular duct with the cross section of 41 mm×20 mm 

and a length of 600 mm. The ribs and grooves were 
made by pressing on a sheet of stainless steel plate. 
The ribbed-grooved plate with 1 mm in thickness was 
manufactured by punch die forming technology with a 
machining precision of ±0.1 mm. Before the test section, 

Table 1  Summary of geometrical parameters of rectangular
channel with discontinuous crossed ribs-grooves 

Ribs-grooves geometry specification  

rib height, e/mm 3 

distance between side wall and central line, d/mm 20 

inclined angle for sidewall of rib, β/(°) 60 

longitudinal pitch of rib, p/mm 15 

rib length, l/mm 12.5 

rib width, w/mm 7 

transverse pitch of rib, c/mm 21 

distance between rib and groove, b/mm 7.5 

Rectangular channel geometry specification  

channel width, W/mm 41 

channel length, L/mm 165 

half of channel height, H/mm 10 

Table 2  Geometrical parameters for ribs-grooves cases 

Case No. α/(°) p b 

1 30 15 7.5 

2 45 15 7.5 

3 60 15 7.5 

4 0 15 7.5 

5 45 13 6.5 

6 45 17 8.5 

 

         
(a) Single rib                                              (b) Boundary 

Figure 1  3-D views of rectangular channel with ribs and grooves 
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there is a 300 mm-long entrance section of the channel. 
A flow straightener was installed in the settling 
chamber to reduce the vortices and align flows. The 
flow rate in the rectangular duct was measured by 
volumetric flow meter with an accuracy of 3% and 
controlled by a valve installed on the pipeline. The 
pressure drop was measured by a differential pressure 
transducer with an accuracy o f 1 Pa and the full scale 
range of 1000 Pa. Both the inlet and outlet temperatures 
of the water were measured by using four calibrated 

chromel-alumel Type-K thermocouples with accuracy 
of ±0.1 °C. Fifteen thermocouples were attached to 
the bottom wall of test section. The data were col-
lected by data acquisition system (34970A, Agilent). 
Temperatures measured for 10 s intervals were col-
lected, stored in a PC and then analyzed. In order to 
obtain constant heat flux, an electrical heating plate 
was tightly attached to the bottom and upper surface 
of the test section by using the silicone greases. The 
test plate and the heating plate were pressed tightly on 

 
(a) Ribbed channel (Units: mm) 

 
(b) Ribbed-grooved channel (Units: mm) 

Figure 2  Structure and layout of the rectangular channel with discontinuous crossed ribs and grooves 

 
Figure 3  Experimental system 
1—flow straightener; 2—settling chamber; 3—water pump; 4—valve; 5—cold water tank; 6—cooling system; 7—volumetric flow 
meter; 8—data acquisition system; 9—computer system; 10—heat exchanger; 11—differential pressure transducer; 12—
thermocouple 
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the test section. The heating plate with 1.5 mm in 
thickness was connected with a DC power supply and 
power output controller. A digital multimeter with ac-
curacy of ±1% for voltage and ±1% for resistance was 
utilized. The side surfaces were adiabatic. The test 
section was wrapped with a layer of insulated material 
made by plastic foam. 

For each test run, steady state conditions were 
assured by checking both temperature and differential 
pressure readings. The outflow water was cooled by a 
cooling system. The inlet water temperature was 
maintained at 20 °C by a temperature controller. All 
temperatures, volumetric flow rate and pressure drop 
were collected after conditions had been steady. 

3  MATHEMATICAL DESCRIPTION 

The numerical simulations were performed using 
the CFD software package Fluent 6.3. The general 
forms of the governing equations are: 

continuity equation: 
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Transport equations for the SST (shear-stress 
transport) k-ω model: 
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where Gk represents the generation of turbulent kinetic 
energy due to the mean velocity gradients, Gω repre-
sents the generation of ω, Yk and Yω represent the dis-
sipation of k and ω due to turbulence, and Dω repre-
sents the cross-diffusion term. 

4  DATA REDUCTION 

The net heat transfer rate from the wall is calcu-
lated as  

( )net e loss o ipQ Q Q Gc T T= − = −       (7) 

where Qloss is the rate of heat loss, G is the mass flow 
rate of water through the test section and electrical 
power Qe is calculated as 

eQ VI=                 (8) 
From the calculation of the heat balance at the 

steady state flow condition, Qloss is found to be about 
7%-12% of the input electrical power. With the rise of 
Reynolds number, Qloss is decreased because the ther-
mal resistances in convective heat transfer are reduced. 
Based on the thermal balance calculation, it is found 
that Qloss can’t be negligible.  

The average Nusselt number Nuave for the chan-
nel in the experiment is defined based on the net heat 
transfer rate Qnet as 

( )
net h

ave
w b

Q DNu
A T T λ

=
−

          (9) 

Here A is the heating area of test plate, Dh is the hy-
draulic diameter of channel, which is calculated from 
Dh = 4Ac/P, where Ac is the cross-sectional area of the 
flow and P is the wetted perimeter. λ is the fluid ther-
mal conductivity, Tb is bulk mean temperature of the 
fluid, which is calculated as 

( )b i o / 2T T T= +             (10) 

wT  is the average wall temperature of the test section, 
which is computed by taking the average temperatures 
of 15 test points as 

( )w w1 w2 w15 /15T T T T= + + ⋅ ⋅ ⋅ +∑     (11) 

The overall average Nusselt number, friction 
factor and Reynolds number are 

hhDNu
λ

=               (12) 

 h /Re uDρ μ=             (13) 
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22 Dpf

L uρ
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where u is the bulk mean channel velocity over the 
channel cross section. 

In order to compare the heat transfer performance 
of different channel at the same pumping power, the 
thermal enhancement factor (η) used to evaluate the 
overall performances is defined as [12]: 

( ) ( )1/ 3
0 0/ / /Nu Nu f fη =        (15) 

where 0Nu  and 0f  stand for Nusselt number and fric-
tion factor for the smooth channel, respectively. 

For the experimental results, the Nusselt number 
and friction factor correlations for the smooth channel 
are used as a benchmark to show the heat transfer en-
hancement factor and friction factor ratio of the ribbed 
and ribbed-grooved channels. The Nusselt number and 
friction factor for the smooth channel are calculated 
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using the correlations proposed by Gnielinski [13], 
Petukhov and Hartnett [14], respectively: 
Gnielinski correlation 

 
( )0 2 /3
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with        2(1.821lg 1.64)Reξ −= −         (17) 

Petukhov correlation 

 2
0 (0.79ln 1.64)f Re −= −          (18) 

5  NUMERICAL SIMULATION METHOD AND 
VALIDATION 

The grid with a million hexahedral elements is 
divided into three parts in the computational domain—
the near wall region, the extended region and the ribbed- 
grooved region. Mesh density in the vicinity of the 
ribbed-grooved wall and bottom wall are fine to ensure 
the accuracy of the numerical results, and the meshing 
follows a uniform distribution in the inlet and outlet 
parts. To ensure that the fully-developed flow is formed 
at the entrance of ribbed-grooved channel region and 
reversed flow does not appear at the outlet, upstream 
and downstream region are extended 3 times of chan-
nel height and 6 times of channel height, respectively. 

Figure 1 (b) shows a schematic of the boundary 
for the computation. The bottom wall was heated with 
isothermal wall temperature (Tw = 333 K), and side 
walls of the channel were set as adiabatic conditions. 
To reduce the computation effort the channel geome-
try was reduced and only half of the segment was in-
vestigated. The top wall of channel was set as a sym-
metry condition. All of the simulations were carried 
out with Reynolds number based on the hydraulic 
diameter (Dh), ranging from 5354 to 16063. The de-
tails of boundary conditions in the computation are 
listed in Table 3. The boundary conditions in the 
computation are identical to the experiments except 
thermal condition on the bottom wall. For turbulent 
flow with Pr > 0.7, the difference of the Nusselt num-
ber between the constant wall heat flux condition and 
isothermal wall temperature can be negligible due to 
the intense mixing between the fluids [15]. The SIM-
PLE algorithm was used for the velocity-pressure 
coupling. The second order upwind scheme was used 
for the discretization of the convective terms. The 
shear-stress transport (SST) k-ω model was adopted as 
turbulence model. This model used a low-Reynolds 
number approach for the description of the flow in the 
region near the wall, which allowed the resolving of 
details in the viscous sublayer by applying very fine 
mesh near the walls. Three dimensional and incom-
pressible Navier-Stokes equations were solved by the 
commercial software Fluent 6.3. The convergence 
criteria for the velocity, k and ω were less than 10−5 with 
being less than 10−8 for energy equation.  

Table 3  Boundary condition of the computation 

Hydraulic 
diameter, 
Dh/mm 

Flow inlet 
velocity,  
uin/m·s−1 

Inlet 
temperature 

of fluid, Tin/K 

Isothermal wall
temperature, 

Tw/K 

26.9 0.2-0.6 293 333 

6  RESULTS AND DISCUSSION 

6.1  Experimental uncertainty estimate and vali-
dation 

The uncertainty estimate was conducted with the 
method proposed by Kline and McClintock [16]. The 
maximum uncertainties for Nu and f were ±10.8% and 
±8.2% respectively, whereas the uncertainty in tem-
perature measurement on the plate wall was about 
±3%. The experimental validity was performed by 
comparing with the correlations on friction factor and 
Nusselt number for a smooth duct. Fig. 4 shows the 
variation of f and Nu with Re between experimental 
data and correlation in the smooth duct. The Nusselt 
number for the smooth duct is found to agree with Eq. 
(16) within less than 10% and the friction factor 
agrees well with Eq. (18) within less than 8% for the 
Reynolds number range of 5354-16063. Therefore, 
the pressure drop and heat transfer measurements in 
the experiment were reliable.  

Grid independence test at the Re = 16063 for 
Case 2 was conducted by varying the number of 
meshes. The results of grid independence test are 
shown in Table 4. The relative difference of the aver-
age Nusselt number between the two maximum grids 
is less than 1%. Therefore, the grid with 964573 ele-
ments was used for the simulations, considering the 
compromise of computational time and accuracy. 

Table 4  Grid independency test at Re = 16063 for Case 2 

Number of grid nodes Nuave 

642184 305.4 

745160 291.8 

845762 285.6 

964573 282.4 

1021542 281.5 

6.2  Comparison of experimental and numerical 
results 

The numerical results of ribbed and ribbed- 
grooved channel for the case of α = 30°, p = 15 mm 
were compared with the experimental data to validate 
the computational model. Fig. 4 shows that the nu-
merical results agree well with the experimental re-
sults for both the Nu and friction factor with relative 
differences less than 10% and 12% respectively. The 
relative differences may be caused by several reasons 
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as follows: (1) the assumption of turbulent model is 
different from the real flow; (2) the differences be-
tween experimental model and numerical model; (3) 
the relative errors in experimental measurement; (4) 
differences of inlet turbulent intensity between ex-
periment and simulation. Therefore, the computational 
model is reliable. 

In terms of experimental results, it is observed 
from Fig. 4 that the Nusselt number for ribbed-grooved 
channel is enhanced by about 16.2%-21.1%, and the 
friction factor is increased by about 17%-20.9%, 
compared with ribbed channel. The reason of heat 
transfer enhancement in the ribbed-grooved channel is 
that the presence of grooves distorts the flow field 
when compared to ribbed channel. The increase in 
flow resistance is induced by the flow separation and 
additional vortices in the flow field. 

The variation of the Nusselt number ratio (Nu/Nu0) 
and friction factor ratio (f/f0) obtained from the ex-
periments for ribbed channel and ribbed-grooved 
channel is presented in Fig. 5 (a). It is seen from the 
figure that the Nusselt number ratio tends to decrease 
with the rise of the Reynolds number for all channels. 
On the contrary, the friction factor ratio increases with 
the increasing Reynolds number. The Nusselt number 
ratios are found to be about 2.3-2.9 and 2.8-3.5 for 
ribbed channel and ribbed-grooved channel, respec-
tively. On the other hand, the friction factor ratios for 
ribbed-grooved channel are in the range of 4.0-4.6, 
higher than that for ribbed channel. 

Figure 5 (b) shows the overall thermal perform-
ance factors for ribbed and ribbed-grooved channel 
obtained from the experiments. It is observed that the 
thermal performance factors for ribbed channel and 

  
(a) Nusselt number 

△ numerical results for ribs-grooves; □ numerical results for ribs 
without grooves; ▲ experimental data for ribs-grooves; ■ ex-

perimental data for ribs without grooves;  Gnielinski correla-
tion for smooth duct; ● experimental data for smooth duct 

(b) Friction factor 
□ numerical results for ribs-grooves; ○ numerical results for ribs 
without grooves; ■ experimental data for ribs-grooves; ● ex-

perimental data for ribs without grooves;  Petukhov correla-
tion for smooth duct; ● experimental data for smooth duct 

Figure 4  Comparison of simulated results, experimental data and correlation 

  
(a) Nusselt number ratio and friction factor ratio 

■ Nusselt number ratio for ribbed-grooved channel; ▲ Nusselt 
number ratio for ribbed channel; □ friction factor ratio for ribbed- 

grooved channel; △ friction factor ratio for ribbed channel 

(b) Thermo-hydraulic performance ratio 
■ ribbed-grooved channel; ▲ ribbed channel 

Figure 5  Overall performance ratios for ribbed and ribbed-grooved channel in the experiment 
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ribbed-grooved channel are above unity and their  
values are in a range of 1.48-1.95 and 1.67-2.19, re-
spectively. Compared with ribbed channel, the overall 
thermal performance of ribbed-grooved channel is 
increased by about 10%-13.6%. 

6.3  Numerical simulations for different slope an-
gles and spacings of ribs-grooves 

Figures 6-8 show the variation of the three dif-
ferent thermo-hydraulic performance ratios such as f/f0, 
Nu/Nu0 and η, where the subscript (0) in the defini-
tions of each performance ratio denotes the smooth 
channel without the ribs and grooves. 

 
(a) Nusselt number ratio 

 
(b) Friction factor ratio 

Figure 6  Variations of the Nusselt number ratios and fric-
tion factor ratios as a function of slope angle 
■ α = 30° (Case 1); ● α = 45° (Case 2); ▲ α = 60° (Case 3);  
▼ α = 0° (Case 4) 

Figure 6 shows the Nusselt number and friction 
factor ratios for Cases 1, 2, 3 and 4, with slope angle 
from 0°-60° and a constant pitch d = 15 mm. Case 1 
shows the maximum value of Nusselt number ratio, 
probably because the flow is oriented by the ribs and 
more fluids travel to the grooves, inducing intense 
flow separation, flow attachment and flow ejection. 
The helical motion, induced by the inclined discrete 
ribs, is formed in the flow field. Therefore, the fluids 
near the ribs are wrapped into the mainstream and the 
fluid mixing is intensified, thus enhancing the heat 
transfer. With increasing slope angle, the heat transfer 
near the ribs is enhanced because the secondary flows 

induced by the rib-directed flow are intensified. The 
increasing slope angle of rib implies that the wind-
ward surface is enlarged and the Nusselt number on 
the windward surface is increased due to the mecha-
nism of flow impingement. For Case 4 of α = 0°, the 
Nusselt number is lower than other cases probably due 
to weaker secondary flow and shrunken windward 
surface of ribs. 

Figure 7 shows the variation of Nusselt number 
ratios and friction factor ratios with Reynolds number 
for different rib pitches. With the variations of rib 
pitches, the degree of heat transfer enhancement 
Nu/Nu0 is between 2.8-3.7, while the friction factor 
ratio varies from 4.4-5.2. The reduction of rib pitches 
increases the turbulent mixing in the duct, resulting in 
increasing the heat transfer rates. 

The variations of overall thermo-hydraulic per-
formance ratios are shown in Fig. 8. For the constant 
rib pitches, Case 2 shows the best overall performance, 
about 18%-36% higher than Case 4. For constant 
slope angle, the overall performance ratio is maxi-
mized at Case 5 among the present three cases with 
different rib pitches, and the increment is approxi-
mately 7.3%, compared to Case 6 with largest rib 
pitches. 

Figure 9 shows that the overall thermal-hydraulic 
performance ratio for Case 2 is about 1.7-2 times that 
for 90° ribs at Reynolds numbers between 5500 and 
14000. Furthermore, the overall thermal-hydraulic 

 
(a) Nusselt number ratio 

 
(b) Friction factor ratio 

Figure 7  Variations of the Nusselt number ratios and 
friction factor ratios as a function of rib pitch 
p/mm: ■ 15 (Case 2); ● 13 (Case 5); ▲ 17 (Case 6) 
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performance ratio for Case 2 is improved by about 
10.1%-19.4% compared with V-shape ribs, which 

indicates that the combination of ribs and grooves can 
improve the overall thermal-hydraulic performance 
ratio in the rectangular channel. The data of overall 
thermal-hydraulic performance ratio for the V-shape 
ribs and 90° ribs are given by Peng et al [17].  

6.4  Flow field and heat transfer characteristics 
from numerical results 

In this section, the numerical results of the flow 
pattern and the local heat transfer characteristics in the 
ribbed channel and ribbed-grooved channel are based 
on the Case 1 at Re = 8031, α = 30° and p = 15 mm. 

Figure 10 shows the streamlines near the ribs- 
grooves for Case 1 at Re= 8031. The flow-recirculating 
regions widely generated inside the grooves induce 
the helical motion. The tornado-like structures with 
two vortices are transformed into jet-vortex structures. 

 
(a) Slope angle 

■ α = 30° (Case 1); ● α = 45° (Case 2); 
▲ α = 60° (Case 3); ▼ α = 0° (Case 4) 

 
(b) Ribs pitch 

■ p = 15 mm (Case 2); ● p = 13 mm (Case 5); 
▲ p = 17 mm (Case 6) 

Figure 8  Variations of the different thermo-hydraulic 
performance ratios as function of different parameters 

 
Figure 9  Comparison of overall thermal-hydraulic per-
formance ratio for different ribs 
▲ V-shape ribs [17]; ● 90° ribs [17]; □ present work (Case 2)
 

 
Figure 10  Streamline in the ribbed-grooved channel (Case 1, Re = 8031) 
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The helical streamlines show that the vortices move 
along the side wall of the rib and interact with each 
other behind the ribs due to the rib-directed flow. It is 
noted that the coming vortex core passes around the 
trailing edge of the previous rib, and then merges into 
the new vortex. The recirculation, flow attachment 
and secondary flow appear inside the grooves. The 
flow ejection at the rear edge of the grooves washes 
the wall continuously, enhancing the heat transfer near 
this region. Mixing enhancement induced by the vor-
tices around the ribs-grooves intensifies the velocity 
fluctuation in the flow field.  

Figure 11 shows the secondary flow in the down-
stream cross section of ribbed-grooved channel. It is 
found that the secondary flow velocities are quite 
large at the trailing edge of ribs near the bottom wall. 
Therefore, the fluid washes upon the bottom wall and 
heat transfer rate is high in this region. Two primary 
longitudinal vortices with two secondary vortices ap-
pear on the cross section downstream.  

Figure 12 shows the turbulent intensity (Tu) dis-
tribution on the cross section downstream for Case 1 
at Re = 8031. The region of high Tu appears in the vi-
cinity of ribs. However, the Tu value is lower inside 
the groove due to the flow recirculation and low ve-
locity. The levels of downstream Tu increase because 
the vortical flow is enhanced. The region of high Tu is 
extended to the whole cross section and moves towards 
the direction of the trailing edge of ribs. 

Figure 13 shows the local Nusselt number    

distribution in ribbed and ribbed-grooved channels at 
Re = 8031 respectively. It is seen that the maximum 
value of local Nu is located at the leading edge of ribs 
and the windward side of ribs because of fluid im-
pingement on windward side of ribs and intensified 
turbulent flow in these regions. The local Nu changes 
greatly at the lateral side of ribs. This is due to the 
velocity fluctuation and horseshoe vortex in these re-
gions, so that the thermal boundary layer is disrupted 

 
Figure 11  Velocity vector on the transversal plane of y = 0.048 m for ribbed-grooved channel at Re = 8031 and Case1 

 
Figure 12  Distribution of turbulent intensity (Tu) on the 
transversal plane for ribbed-grooved channel at Re = 8031 
and Case 1 
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intensely. The local Nu is also high on the rear side of 
grooves where the recirculation and secondary flow is 
enhanced, so the contribution to the total heat transfer 
enhancement is made by the secondary flow in the 
flow field. It is noted that the Nu is increased on the 
flat plate near the rear edge of the grooves due to the 
flow ejection. The region with high Nu appears from 
the second groove because more fluids are oriented to 
the grooved region by the ribs. On the other hand, the 
Nu value is lower behind the ribs. The reason is that 
the velocity in the wake zone is low and the removal 
of thermal energy is reduced.  

Figure 14 indicates the comparison of streamwise 
Nu distribution at x = 0 between ribbed channel and 
ribbed-grooved channel. Upstream Nuy of the ribbed- 
grooved channel is almost the same as that of the 
ribbed channel and the thermal boundary layer develops 
gradually. At y = 0 Nuy decreases significantly at the 
front edge of the first groove because of the flow 
separation. After that, Nuy increases gradually due to 
flow attachment inside the groove. With the developing 
boundary layer Nuy decreases again. At the rear edge 
of groove, Nuy attains local maximum due to flow 

re-attachment. Overall, Nuy at the central line of ribbed- 
grooved channel is larger than that of ribbed channel. 

Figure 15 shows the local Nusselt number distri-
bution on the transversal plane for the ribbed channel 
and ribbed-grooved channel at Re = 8031. The region 
with the high Nu near the ribs is attributed to the lon-
gitudinal vortices on the cross section. This is because 
the secondary flow enhances the mixing of the hot 
water near the walls and the cold water in the middle 
of the channel. Downstream, the effects of groove on 
the heat transfer are stronger due to rib-oriented flow 
and mixing enhancement. The increasing heat transfer 
rates inside the grooves are mainly induced by the 
flow attachment and “tornado-like” flow in this region. 

7  CONCLUSIONS 

In the present work, experimental and numerical 
investigations on overall heat transfer characteristics, 
friction factor and overall thermal performance ratio 
in rectangular channels with ribs and ribs-grooves 
have been conducted. By computation, the effects of 
different slope angles and rib pitches on the overall 
heat transfer and flow resistance in ribbed-grooved 
channel also have been studied. The main conclusions 
are obtained as follows: 

(1) The experimental results show that the Nusselt 
number ratio and friction factor ratio in ribbed-grooved 
channel are higher than that in ribbed channel without 
grooves. Compared with ribbed channel, the overall 
thermal performance of ribbed-grooved channel is 
increased by about 10%-13.6%. 

(2) The numerical results indicate that among 
four cases of different slope angles considered in the 
present study, the heat transfer coefficient for Case 1 
is the highest; Case 2 shows the most superior thermo- 
hydraulic performance; The overall thermo-hydraulic 
performance ratio for Case 2 is improved by approxi-
mately 18%-36%, compared to Case 4.  

     
(a) Ribbed channel                                  (b) Ribbed-grooved channel 

Figure 13  Distribution of local Nusselt number (Nu) on the bottom surface at Re = 8031 

 
Figure 14  Streamwise Nu distribution at x = 0 of ribbed 
and ribbed-grooved channel at Re = 8031 
○ ribs-grooves; □ ribs without grooves 
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(a) y = 0.003 m 

 
(b) y = 0.018 m 

 
(c) y = 0.033 m 

Figure 15  Spanwise Nusselt number of different cross 
section for ribs and ribs-grooves at Re = 8031 
□ ribs without grooves; ○ ribs-grooves 

(3) From the numerical results, it is observed that 
the overall thermo-hydraulic performance ratio for 
crossed, discontinuous ribs-grooves (Case 2) is im-
proved by about 10.1%-19.4% compared with the 
cases for V-shape ribs. 

NOMENCLATURE 

A heat transfer area, m2 
Dh channel hydraulic diameter, m 
e rib height, m 
f friction factor 
h heat transfer coefficient, W·m−2·K−1 
I electric current 
κ turbulence kinetic energy, m2·s−2 
Nu Nusselt number 
Pr Prandtl number 

p rib pitch, m 
Δp pressure drop, Pa 
Q heat transfer rate, W 
Re Reynolds number 
T temperature, K 
Tu turbulent intensity 
ΔT temperature difference, K 
u mean flow velocity, m·s−1 
V voltage 
W channel width, m 
x coordinates, mm 
z coordinates, mm 
α inclination angle, (°) 
η thermal enhancement factor 
λ thermal conductivity, W·m−1·K−1 
μ molecular viscosity, kg·m−1·s−1 
ρ density, kg·m−3 
ω dissipation of turbulent kinetic energy, s−1 

Subscripts 
b bulk 
w wall 
0 flat plate 
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