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Abstract

The relationship between flow field and heat transfer in an air/steam cooled ribbed channel was numerically investigated and com-
pared. The width to height ratio was 4 and the rib height to hydraulic diameter was 0.078. The conjugate heat transfer method was
adopted and a uniform heat source was located in the solid domain to simulate the actual heating method in the experiment. The GGI
method was used to deal with the solid-fluid interface. The fluid field structure was shown by vortex core technology. We found that the
wall heat flux distribution is similar with that of the Nusselt number, which is periodic. The temperature difference of a certain position
on the inner and outer wall was less than 2 K. The Nusselt number reached its peak value at No.15-18 part and then decreased. The large
width to height ratio led to strong interaction between the main flow fluid and the fluid in near wall region. As a result, an extra main
flow secondary flow and two separation vortexes could be observed. These three additional vortexes were all in main flow region. The
two separation vortexes approached to each other in flow direction and mixed into one vortex at low Reynolds number. When Reynolds
number is larger than 30000, the two vortexes remain independent. The relative distance between them reaches the minimum value and
the Nusselt number reaches the peak value at the same time. In addition, the flow field structure is mainly determined by Reynolds num-
ber and the fluid type cannot obviously influence the secondary flow distribution. The generation and separation of secondary flow as

well as the mixing of secondary flows can enhance the local heat transfer strength.
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1. Introduction

Gas turbines have been widely used for land based power
generation. The thermal efficiency of the engine can be im-
proved by raising the turbine inlet temperature. However,
doing so beyond the melting point of the metal components
can result in component failure, leading to engine failure. As a
result, a variety of cooling techniques have been widely used
by the modern gas turbines. Among them, one method for
cooling the blade is internal cooling. This technology pumps
air from compressor to the internal ribbed passage to cool the

material through heat convection between air and passage wall.

To enhance the heat convection strength of the cooling
channel, ribs are located on the wall to cause the separation of
boundary layer. By now, the parallel straight angled rib is still
the most widely used rib structure in gas turbine blade cooling
channels. Many investigations have been conducted to illus-
trate the heat transfer enhancement ability of this kind of rib.
Han et al. [1-6] systematically investigated the heat transfer
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and flow characteristics of air in rectangular ribbed cooling
channel and the effect of channel aspect ratio, heat flux ratio,
rib angle and the ratio of rib space to rib height on heat trans-
fer performance. Rau et al. [7] investigated the influence of
ratio of rib space to rib height on the ribbed wall heat transfer
performance. Kiml et al. [8] investigated the effect of rib
height on the heat transfer and pressure loss characteristics of
channel with 60° and 90° ribs. Liu and Chung [9] simulated
the air flow between the two ribs whose attack angle is 90° by
large eddy simulation. The results indicated that the streamline
reattached at x = S5h downstream after the first rib. Ryu et al.
[10] investigated the flow field between two neighboring rec-
tangular, triangular and semicircle ribs whose attack angle was
90°. The results showed that the space-averaged temperature
profile exhibited a logarithmic region with a heat-transfer
roughness function that varied with a constant power of the
roughness Reynolds number. A log region existed in the
space-averaged temperature profile for all cases. Leonardi et
al. [11] studied the flow field of air in ribbed channels using
Direct numerical simulations (DNS). The flow field showed
the influence of the ratio of rib height and rib spacing on flow
structure. Schabacker et al. [12] measured the distribution of
time-averaged velocity and turbulence intensity in the sharp
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turn region by PIV method. Schiiler et al. [13] studied the heat
transfer characteristics and pressure loss in a two-pass rectan-
gular cooling channel with 45° ribs. Liu et al. [14] experimen-
tally studied the flow and heat transfer performance in the
two-pass rectangular cooling channel with ribs and film holes.
Liou et al. [15] measured the flow field of a 90° ribbed two-
pass cooling passage and studied the corresponding heat trans-
fer performance. Kubacki et al. [16] studied the vortex shape
and distribution in rotating 90° ribbed cooling channel by
vortex core technology.

The traditional air cooling method will cost a large amount
of compressed air, which reduces the power output of the gas
turbine. At the same time, the cooling effect of air is also fac-
ing limitation and the higher turbine inlet temperature requires
a more effective cooling method. Since steam has a larger
conductivity value, which means that steam may have larger
cooling ability than air. As a result, it is very likely to replace
air in the cooling of gas turbine blade. Corman [17] and Fukue
[18] investigated the advantages of steam cooling and its con-
tribution to the improvement of combined-cycle efficiency.
Facchini et al. [19] studied the vane cooling performance of
closed steam cooling technology and air cooling technology.
The result showed that steam needs only 50% of the same
flow rate as air to get the same cooling performance, and
steam-air semi-closed cooling method can make the tempera-
ture distribution of the blade more uniform. Sanjay et al. [20]
studied the thermal efficiency of gas turbine which adopted
steam cooling and air cooling. The results showed that the
thermal performance of gas turbine which adopted steam cool-
ing technology was largely improved compared with the gas
turbine which used air cooling. Kumar et al. [21] studied the
thermal efficiency of gas turbine which adopted the steam
cooling and air cooling. The results show that the cycle ther-
mal efficiency of steam cooling gas turbine is 2.58% higher
than that of gas turbine which using air cooling. Nomoto et al.
[22] simulated the real working conditions of the gas turbine
blades in the experiment and studied the cooling performance
of high-pressure steam flowing in the smooth round pipe and
impingement cooling the first stator by medium-pressure
steam. The results showed that steam cooling got an excellent
effect in the first stator. Liu et al. [23-25] studied the flow and
heat transfer characteristics of steam in the rectangular ribbed
channels with different ducts aspect ratio and rib attack angle
by experiments and obtained semi-empirical correlations be-
tween Nusselt number and Reynolds numbers. Shui et al. [26,
27] studied the influences of steam superheat degree and pres-
sure on the flow and heat transfer performance in the 90° an-
gle ribbed rectangular channels. Gong et al. [28, 29] compared
the heat transfer performance of air and steam in the same
cooling channel. Zhu et al. [30] investigated the distribution
and shape of secondary flow vortex core in a straight rectan-
gular (W/H = 1) steam-cooled channel with 45° ribs and ana-
lyzed the relationship between secondary flow and heat trans-
fer enhancement.

The separation and reattachment of the boundary layer due
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Fig. 1. The details of the test channel [29].

to the influence of rib being more strongly affected by the
main flow fluid in large aspect ratio passage compared with
that in square ribbed channel. It is necessary to investigate the
structure of fluid field and analyze the difference of air and
steam in flow field structure and heat transfer performance.
The current study focuses on the steam and air cooled gas
turbine blade cooling channel. The fluid field structure is
shown by vortex core technology. The shape and distribution
of secondary flow vortex core can illustrate the internal rela-
tionship between the secondary flow and heat transfer strength
and then provide the scientific basis for designers to better
control and manage the flow in ribbed channels.

2. Description of the problem

2.1 Physical object and mesh generation

To investigate the heat transfer characteristics of steam and
air in actual operation conditions, a new heating method is
needed. The test was conducted on the multifunctional cooling
test system of high-temperature turbine blade/vane with two
coolants at Xi’an Jiaotong University, which was previously
presented by Liu et al. [23-25] Shui et al. [26, 27] and Gong et
al. [28, 29]. The test channel was stainless steel and the thick-
ness of the channel wall was 3 mm, which is similar with the
actual blade cooling channel. The Large-current and Low-
voltage heating method was adopted. The test channel worked
as the electric resistance. The maximum current of the heating
device was 4500 A with maximum voltage of 7.5 V. All exte-
rior surfaces of the test section were thermally insulated with
50 mm thickness aluminum silicate to minimize conduction
heat losses to the environment. 50 E-Type thermocouples with
an accuracy of =1 K were welded on centerline of the outer
surface of the ribbed wall. The thermocouples were placed on
the outer surface of the channel ribbed wall in the region of
0.45 < Z/D < 9.95. A Yokogawa MX100 data acquisition
system was used for temperature reading and recordings. The
maximum uncertainty in the Nusselt number was estimated to
be less than 8% for Reynolds numbers larger than 10000 by
using the uncertainties estimation method of Kline [31]. The
maximum heat loss was estimated as 5% of total heat supply
by the heat loss test.
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Table 1. The geometry parameters of the channel.
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Fig. 2. Detailed description of the numerical model.

A numerical model was set up according to the test section
in the experiment. To simulate the gradual heat transfer proc-
ess in the experiment, we adopted the conjugate heat transfer

method. A schematic diagram of the geometry is shown in Fig.

2 and its detailed parameters are shown in Table 1. Because
only a 523 mm long section from the inlet plane was investi-
gated in the experiment, the numerical model was set as 600
mm long to reduce the mesh number as well as avoid the in-
fluence of outlet on heat transfer.

Fig. 3(a) shows the mesh of the fluid domain and Fig. 3(b)
shows the mesh of the solid domain. The fluid mesh is refined
in the near wall region to make sure the y* value below 1 in
every working condition. Since the node positions in solid
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Fig. 3. Mesh in (a) fluid domain; (b) solid domain; (c) mesh independ-
ency test.

domain and fluid domain are not corresponding, the GGI
method was adopted to deal with the data transfer process
through the interface of solid and fluid domain. To make the
best use of computer resources, seven kinds of mesh numbers
were tested to find the appropriate grid number, which is
shown in Fig. 3(c). As a result, the mesh number of 10.1 mil-
lion (1.89 million for solid and 8.21 million for fluid) was
adopted in the numerical simulation.

2.2 Boundary condition and turbulence model

The fluid was set as Air ideal gas and steam (IAPWS-97)
for the air case and steam case, respectively. The reference
pressure of the fluid domain was set as 0.3 MPa. The static
pressure and temperature were set at the inlet plane, which
was 0 Pa and 447 K, respectively. A turbulence intensity of
15% was allocated at the inlet boundary to simulate the sud-
den-entrance inlet condition. The mass flow rate was set at the
outlet boundary according to the corresponding Reynolds
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numbers, which are 10000, 20000, 30000, 40000, 50000 and
60000, respectively, in this paper. A symmetry condition was

set at the symmetrical plane of both the solid and fluid domain.

The outer walls of the solid domain were set as adiabatic, and
the contact surfaces between the solid and fluid domain were
set as domain interface. The conservative interface flux condi-
tion was adopted for the heat transfer calculation on the inter-
face. A uniform heat source was located in the solid domain to
simulate the heating method in the experiment. The high reso-
lution discrete scheme in the ANSYS CFX was adopted for
the governing equations and turbulence model. The shear
stress turbulence model, which has proven to be successful in
the prediction of 45-deg ribbed rectangular cooling channel by
Walker and Zausner [32], was adopted and the near-wall re-
gion was managed by the automatic wall function in the
ANSYS CFX. The convergence criterion was set at 10™ for
the Root-mean-square (RMS) error.

2.3 Data reduction

The Reynolds number is computed by

_ PVD,
U

Re M

where Dy, is the hydraulic diameter of the channel, x is the
dynamic viscosity.

The local Nusselt number Nu is calculated by Eq. (2) and
the Nusselt number in fully-developed turbulent nonrotating
tube flow is computed by Eq. (3). The local heat transfer coef-
ficient h is computed by Eq. (4). The value of Pr was set as
0.71 for air and 0.919 for steam in this study.

Nu :% )
Nu, = 0.023Re"* Pr’ (3)
h=— ‘j = @)

2.4 Vortex core method

The ANSYS CFD-POST was adopted for the treatment of
calculation results. The vortex core technology in CFD-POST
was used for the study of the distribution and shape of swirl-
ing flow and vortex. Jeong and Hussain [33] studied the sev-
eral different definitions of vortex core including the Local
pressure minimum definition, the Q criterion and the -A, defi-
nition. The accuracy and stability of these three criterions on
the detection of vortices were compared. The results showed
that the -A, definition was the most accurate definition. So this
definition was used in this paper and its detailed calculation
method is shown below.

The velocity gradient tensor can be written as below:
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The tensors S and Q are defined as below:
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Then: S+Q=D, $*+Q*=sym(D?).

According to Jeong and Hussain [33], the tensor S* + Q* de-
termines the existence of a local pressure minimum due to
vortical motion, and the connected region with two negative
eigenvalues of S* + Q can be the definition of vortex core.
Because this tensor is a symmetric tensor, only the real eigen-
values can be obtained. If the three real Eigen-values
are 4, > 4, > A, , then this vortex core definition is equivalent
to A, <0, which was adopted in this study.

2.5 Validation of the numerical method

In Fig. 4, the numerical results are evaluated with the ex-
periment results. It can be seen that the numerical result of the
area-averaged Nusselt number on the ribbed wall matches
with the experiment data to a reasonable value. Slight devia-
tion exists when Re = 30000 and the fluid is air but the other
data are closer in other working conditions. Hence, the nu-
merical results are in good agreement with the experimental
results.

3. Results and discussion

3.1 Gradual heat transfer characteristics

Fig. 5(a) shows the temperature distribution on the inner
and outer surface of the ribbed wall. The temperature distribu-
tions on these two surfaces are similar. The high temperature
region, which indicates poor heat convection strength, is near
the side wall, which is at the bottom position of the figure. The
temperature gradient is larger in the rib-length direction than
that in flow direction. The maximum temperature difference
between the inner and outer surface is less than 2 K.

Fig. 5(b) shows the wall heat flux distribution on the inner
surface of the ribbed wall. The heat flux distribution is more
nonuniform than the temperature distribution. Since the heat is
transferred from the solid to the fluid. As a result, the blue
region means high heat flux and the red one means low heat
flux. Two high heat flux regions can be observed between ribs.
The first one, which is also the larger one, is near the side wall,
which is at the up position of the figure. The other one is near
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the opposite side wall. However, the heat flux in the region
between this region and the nearby side wall is quite low. Oth-
er low heat flux region is just near the downstream side of the
rib. What’s more, the wall in front of the first rib also has low
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Fig. 6. The regional averaged Nu on ribbed wall.

heat flux. In comparison, the other walls, which are in front of
the rib, have quite high heat flux.

3.2 Comparison of heat transfer performance

To investigate the detailed heat transfer characteristics in
different rib space, the ribbed wall was divided into 22 parts,
marked as Fig. 6 shows. The No.1 part is the wall between the
inlet and the first rib. After that, each part is consists of the rib
surface and the rib space between it and the downstream rib.
The No. 22 part consists of the No. 22 rib and the rib space
between it and the outlet plane.

The regional averaged Nusselt number on the ribbed wall is
shown in Fig. 6. Nu for both the air and steam case in the en-
trance region is lower than the other region, which was also
observed by Han [34, 35] and Liu [25]. When the Reynolds
number is 10000 and 20000, the Nusselt number trend for
both air and steam cases are similar. The Nusselt number
reaches the peak value in the No. 18 part and then faces a sud-
den reduction until the outlet plane. When Re = 30000, 40000
and 50000 for air case, the Nusselt number peak value is
reached at No.17. In comparison, the Nusselt number peak
value is located at No.18 when the fluid is steam and Re =
30000 40000 and 50000. But it is worth noticing that the peak
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value in this case is obviously larger than that in nearby parts.
For the air case, the peak value of Nusselt number is reached
at No. 15 when Re = 60000. For the steam case, a slight re-
duction can be observed from No.16 to No.17 parts for Re =
40000, and a more obvious reduction can be seen from No.15
to No.17 for Re = 50000. When Re = 60000, the peak value is
first reached at No.15 and then a large reduction can be ob-
served between the No.15 and No.17 parts. Then the Nusselt
number continues to increase and reaches another peak value
at No.18 whose value is smaller than the peak value at No.15.
Fig. 7 shows the distribution of Nusselt number on the
ribbed wall. The peak value of the Nusselt number is beside
the side wall, which is the end of rib that is nearer to the inlet.
The minimum value of the Nusselt number appears near the
other side wall region and the back surface of the rib. How-
ever, the increasing of Reynolds number can gradually en-
hance the Nusselt number value, especially in the high Nusselt
number region. For a certain Reynolds number, the Nusselt
number value is also gradually increased when the coolant is
steam. Furthermore, the distributions of wall heat flux and
Nusselt number are similar. The high wall heat flux position
corresponds to the high Nu position. So the wall heat flux
distribution is strongly influenced by the heat convection.

3.3 Overall secondary flow vortex core distribution

Fig. 8 shows the overall distribution of secondary flow vor-
tex core for steam in Re = 20000 case. The Secondary flow
between Ribs is located below the top surface of the ribs and
the Main flow secondary flow 1 is near the side wall above the
rib. Since the height of the channel is small compared to the
width, the flow in near wall region will be strongly influenced
by the main flow fluid. As a result, the Main flow secondary
flow 2 is generated by separating from the secondary flow
between ribs. It touches the symmetric plane and this part is
named as Separation vortex 1. At the same time, a separation

vortex, Separation vortex 2, is generated. They finally mix
into one vortex, which is named as Mixed separation vortex.
Fig. 8(d) shows that the Side wall low speed secondary Flow
is generated at the corner which is formed by the rib and side
wall due to the separation of secondary flow between ribs
from the rib.

Fig. 9 shows the distribution and shape of secondary flow
when the coolant is steam and the Reynolds number is 50000.
The major characteristics of secondary flow are similar to that
when Re = 20000. But the Main flow secondary flow 2 is
more greatly influenced by the main flow fluid. As a result,
this secondary flow mixes into the Main flow secondary flow
2 in the next rib space. The connection region of the two
nearby Main flow secondary flow 2 is above the rib, which
can only be observed in the last several ribs when Re =20000.

3.4 Relation between heat transfer and secondary flow

Fig. 10 shows the heat transfer performance and flow field
structure in the entrance region. In Fig. 6 the Nusselt number
is lower than that in fully-developed region. In comparison,
the Nusselt number distribution in Fig. 10(a) shows that the
Nusselt number is quite high when fluid enters the channel.
However, the Nusselt number value quickly decreases along
the flow direction and maintains a low value until the first rib.
The surface streamline on the ribbed wall in Fig. 10(a) indi-
cates that the fluid is not disturbed until it reaches the first rib.
The vortex core in Fig. 10(b) also shows that the secondary
flow mainly is located in main flow region. In near wall region
only a few slim vortex cores can be observed. Even the secon-
dary flow in main flow region cannot extend far into the chan-
nel. So it can be concluded that few secondary flows are gen-
erated in the near wall region of the entrance, and the distur-
bance generated by the entrance effect is dissipated quickly so
that the disturbance strength is not enhanced here. As a result,
the heat transfer in the entrance region is quite low.
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Fig. 11. The Nusselt number distribution on the ribbed wall and secondary flow vortex core (Flow direction: left to right).

Fig. 11 shows the comparison of Nusselt number on the
ribbed wall and the distribution of secondary flow when the
coolant is steam and Re = 10000, 30000 and 60000. The Nus-
selt number distribution is periodic in each rib space of fully-
developed region. In every rib space, the peak value of Nusselt
number corresponds to the generation of Secondary flow be-
tween ribs. The Nusselt number decreases along the develop-
ing direction of Secondary flow between ribs. Even though the

Main flow secondary flow 2 is generated near the centerline
position of the channel, the Nusselt number in rib space is still
low. When Re = 60000, the neighboring Main flow secondary
flow 2 are able to connect with each other. However, a rela-
tively high Nusselt number can only be observed at the corre-
sponding position on the rib top surface. That is because the
Main flow secondary flow 2 and the connection region of it
are both located in main flow region. The connection region is
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just at the height of rib top surface and its mix with the down-
stream Main flow secondary flow 2 can directly enhance the
local disturbance strength.

Another obvious characteristic of the Nusselt number is that
it varies along the flow direction, which is also clearly shown
by Fig. 6. In Fig. 11 the transverse relative position of Separa-
tion vortex 1 is not changed. However, the transverse relative
position of Separation vortex 2 changes largely in every work-
ing condition. The distance between them is reduced in flow
direction. When Re = 10000, 20000 and 30000, these two
vortexes mix together into one vortex after the No. 11 rib
space. However, when Re = 40000, 50000 and 60000, which
is shown in Figs. 9 and 11, these two vortexes are getting
smaller and will never mix together at all. In these three cases,
it will begin to move away from each other after the distance
between them reaches the minimum value. The peak value
location of Nusselt number, which is shown in Fig. 6, is the
same as the location when the distance between the separation
vortexes is small. When the distance is getting larger, the Nus-
selt number will also be reduced. So there may be some rela-
tionship between local heat transfer and the relative position of
separation vortex. The generation of separation vortex can
enhance the local disturbance strength and then enhance the
heat transfer strength in downstream region along the rib. As a
result, the green region in Figs. 11(c) and (d) in these location
is a little larger than that in other region.

The blue region, which indicates low heat transfer strength,
is near the side wall, which is the bottom side of the figure.
This region is located just between the Side wall low speed
secondary flow and the Secondary flow between ribs. Since
no near wall secondary flow provides additional disturbance,
the local heat transfer strength is lower than the nearby region.
In comparison, the Nusselt number in the region between the
minimum Nu region and side wall is quite high due to the
influence of the Side wall low speed secondary flow.

The separation of secondary flow can directly enhance the
local heat and mass transfer strength. Separation vortex 2 is
separated from the secondary flow between ribs. According to
the analyses above, the averaged local heat transfer strength is
inversely proportional to the distance between these two sepa-
ration vortexes. Since the channel is quite wide, the separation
vortex and the mixed vortex can also both enhance the mass
transfer in transverse direction. The approaching and mix of
the separation vortexes can strengthen the influence of them
on mass transfer at centerline region and enhance the local
heat transfer strength.

3.5 Secondary flow structure comparison of air and steam

Fig. 12 shows the comparison of secondary flow vortex
core structure when fluid is air or steam. From Figs. 12(a) and
(b), the secondary flow structure in the entrance region is simi-
lar when fluid is air or steam. However, this situation changes
when the flow is in the fully-developed region. When Re =
30000, the shape of mixed separation vortex is different for

these two kinds of fluid. When the fluid is air, the cross-
section shape of mixed separation vortex is like a figure “8”
shape, which is narrow in the middle. However, the shape of
mixed separation vortex is like a zero “0” shape, which is
much wider in the middle. When Re = 60000, the distance
between the two separation vortexes is obviously different in
the same position for different fluids. When the fluid is air, the
distance is larger than that of steam. In conclusion, the dis-
tance between the two separation vortexes is smaller for steam
than that in the same position for air.

4. Conclusions

Conjugate heat transfer simulation is used to predict the
overall temperature, wall heat flux and Nusselt number distri-
bution of a 45 deg ribbed rectangular channel heated by large-
current and low-voltage heating method. A heat source was
located in the solid domain to simulate the actual heating
method. The heat conduction process was taken into consid-
eration. The vortex core of secondary flow was shown to illus-
trate the heat transfer performance. Some essential conclu-
sions are drawn below:

(1) The temperature distribution is similar for both the inner
and outer surface of the ribbed wall. The temperature changes
quite a lot along the transverse direction. For a certain rib and
the region before the downstream rib, the maximum tempera-
ture is at the rib end, which is near the inlet plane and the min-
imum temperature is at the opposite side. The maximum tem-
perature difference between the inner and outer surface of a
certain position is less than 2 K.

(2) The distribution of wall heat flux on the inner surface
of the ribbed wall is periodic. Heat is uniformly generated
in the solid channel wall using the large-current and low-
voltage heating method. The non-uniform wall heat flux
and Nusselt number distribution are similar in trend, which
indicates that heat is obviously transferred to the well-
cooled region. The difference between maximum and
minimum value of wall heat flux is about 10000 W/m”. As a
result, heat conduction should be considered in the numeri-
cal simulation when this method is adopted in the channel
with relative thick wall.

(3) The secondary flow vortex core is similar under the
same Reynolds number no matter the coolant. There are two
“Main flow secondary flow” in the main flow region. The
development of Main flow secondary flow 1 is limited by the
channel height scale, and its size changes little along the flow
direction. The Main flow secondary flow 2 is formed from the
Secondary flow between ribs. The appearance of connection
region between nearby Main flow secondary flow 2 can indi-
cate the peak value of Nusselt number on rib top surface.

(4) Two Separation vortexes are generated due to the influ-
ence of main flow fluid field. These vortexes will mix together
into one vortex when Reynolds number is less than 30000.
The relative distance between them at high Reynolds number
conditions can illustrate the change of regional averaged Nus-
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selt number: The smaller the distance, the higher the regional
averaged Nusselt number. That is because the separation vor-
texes can enhance the mass transfer between the near wall
region and the main flow region. The lower distance can indi-
cate higher mass transfer strength. The distance between the
two separation vortexes is smaller for steam than that in the
same position for air.

(5) The generation, separation and mixing of secondary
flow can directly enhance the local heat transfer strength. The
influence of near wall secondary flow on heat transfer en-
hancement is reduced along its path when no separation and
interaction of other secondary flow take place. For a large
width to height ratio channel, more disturbance should be
added at the region below the “Main flow secondary flow 1”
to enhance the possibility of the generation of new secondary
flow and the mixing of secondary flow in order to further en-
hance the local heat transfer strength.
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Nomenclature

h : Heat transfer coefficient, W/(m?K)

H : Channel height, mm

e : Rib height, mm

e/D  :Ratio of rib height and hydraulic diameter of channel
D, : Hydraulic diameter of channel, mm

k : Thermal conductivity, W/(mK)

L : Streamwise length of the channel, mm

Ll : The distance from inlet to the 1% rib

Nu : Nusselt number

Nuy  :Nusselt number in fully-developed turbulent tube flow
P/e : Ratio of ib pitch to rib height

Pr : Prandtl number

q : Heat flux, W/m?

Re : Reynolds number

7, : Local bulk temperature of fluid, K

T, : Local wall temperature, K

Vv : Velocity, m/s

/4 : Width of the channel, mm

U : Fluid dynamic viscosity

p : Fluid density

A : Eigen-values of the velocity gradient tensor

Q : Anti-symmetric components of velocity gradient tensor
S : Symmetric components of velocity gradient tensor
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