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Abstract: The heat transfer and pressure loss characteristics on a square channel with two opposite surfaces rough-
ened by high blockage ratio ribs are measured by systematic experiments. Reynolds numbers studied in the channel
range from 1 400 to 8 000. The ratios of rib height to hydraulic diameter (e/D) are 0. 2 and 0. 33, respectively.
The ratio of rib spacing to height(P/e) ranges from 5 to 15. The rib orientations in the opposite surfaces are sym-
metrical and staggered arrangements. The results show that the heat transfer coefficients are increased with the in-
crease of rib height and Reynolds number, though at the cost of higher pressure losses. When the rib spacing to
height ratio is 10, it keeps the highest heat transfer coefficient in three kinds of rib spacing to height ratios 5, 10
and 15. The heat transfer coefficient of symmetrical arrangement ribs is higher than that of the staggered arrange-
ment ribs, but the pressure loss of the symmetrical arrangement ribs is larger than that of the staggered arrange-
ment ribs.
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ceeding the maximum allowable temperature, one
is external cooling, such as film cooling, and the
other is internal cooling, such as impingement
cooling, rib turbulated cooling, and pin-fin cool-
ing. The internal cooling is achieved by passing
the coolant through several enhanced serpentine
passage inside the blade and extracting the heat
from the outside of the blades. A common meth-
od of increasing the cooling capacity of the inter-
nal cooling circuit is the addition of rib turbula-
tors to the internal coolant channel walls. The
addition of the rib turbulators increases the over-
all internal convective heat transfer coefficient,
causing a corresponding drop in the component
metal temperature,.

Over the last few decades, there have been
many studies on configuration parameters, such
as rib shape, aspect ratio, pitch ratio, blockage
ratio e¢/Dh. rib angle of attack, and so on/'™,
Refs. [7-11] studied the effect of Reynolds num-
ber on the centerline heat transfer coefficient of a
square channel (W/H = 1) and two rectangular
channels (W/H=2,4) for two rib spacing(P/e=
10,20). The heat transfer distribution was pres-
ented by a Nusselt number ratio with several
Reynolds numbers, and they showed similar
trends except that the Nusselt number ratios de-
creased slightly with increasing Reynolds num-
bers. Refs.[12,13] figured out that the best rib
pitch to height ratio is between 7 and 15. Ref.
[14] experimentally studied the heat transfer
characteristics for 90°rib turbulator. They found
that the internal rib turbulator can increase the o-
verall effectiveness on the vane external surface
by up to 50% relative to the non-ribbed model.
Ref. [15] experimentally investigated the conju-
gate heat transfer in a rib-roughened trailing edge
channel with crossing jets. The cooling scheme is
characterized by a trapezoidal cross-section, one
rib-roughened wall, and slots along two opposite
walls. The Reynolds number is set at 67 500 for
all the experiments. The measurements are per-
formed using three different ribbed walls, with
thermal conductivities ranging from 1 W/(m « K)
to 18 W/(m * K). They found that the levels of

the Nusselt number obtained in the purely con-
vective regime (uniform heat flux at the wall-fluid
interface) are off by up to 30% locally and 25%
globally with respect to the conjugate results.
Ref. [16] studied the flow and heat transfer char-
acteristics in rectangular rib-roughened passages.
They found that the side-wall heat transfer coeffi-
cients of the passage with ribs on opposite walls
are about 20%—43% higher than that of a
smooth passage, and the length of the ribs affects
the heat transfer and friction characteristics. The
level of augmentation of heat transfer becomes
higher as the Reynolds number increases. Ref.
[17] investigated the effects of P-type and V-type
rib arrangements on the flow pattern and heat
transfer in an internally ribbed heat exchanger
tube. The results revealed that the average Nus-
selt number and friction factor in the V-type rib-
bed tubes were about 57 % —76% and 86 % —94 %
higher than those in the P-type ribbed tube, re-
spectively. The performance evaluation criterion
(PEC) based on the same pumping power in the
V-type ribbed tube varied from 1. 32 to 1. 74,
which was about 27%—41% higher than that in
the P-type ribbed tube. Ref.[18] investigated the
turbulent flow and heat transfer behaviour in the
rectangular channel with inclined broken ribs for
three kinds of rib arrays. They claimed that the
heat transfer of the inclined broken ribbed chan-
nel was improved about 160%—230% compared
with smooth duct because of the generation of co-
rotating longitudinal vortices. Ref.[19] evaluated
the heat transfer performance in a rectangular
channel of sixteen types of rib shapes, and they
found that boot-shaped rib design showed the best
heat transfer performance with a pressure drop
similar to that of the square rib. Ref. [24] studied
the flow and heat transfer characteristics in a two-
pass 90°ribbed parallelogram channel with infra-
red thermography and particle image velocimetry.
It is found that the flow dynamic mechanisms re-
sponsible for the rib top and mid-rib heat transfer
enhancement are different for the inlet and outlet
passes. The presences of a high Nu, streak be-

tween the last inlet-leg rib and the bend as well as
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two high Nu, zones inside the bend are the new
found features lacking in the corresponding two-
pass 90°ribbed square channel. In addition, sim-
ple correlations of Nu, and f, with Re are ac-
quired. Thermal performance factors are about
66 % and 28% higher than the previous reported
smooth-walled counterpart at Re = 5 000 and
20 000, respectively. Ref.[25] studied the effects
of inlet velocity profile on flow and heat transfer
in the entrance region of a ribbed channel. They
found that in the entrance region., the location
and shape of the reattachment and the recircula-
tion region were altered by the local velocity dis-
tribution caused by the different inlet velocity
profiles. Therefore, the distribution and the
strength of the vorticity in the channel were
changed., and the local heat transfer coefficient
and pressure drop in the channel were affected by
the inlet velocity profile.

From the above we can know that the flow
and heat transfer characteristics of rib-roughened
channels have been deeply studied by a lot of re-
searchers in the last few decades. Almost all
studies in open literatures focus on higher Reyn-
olds number ( 8 000 at least) and a lower block-
age ratio(5%—10%). However, for the smaller
gas turbine, the turbine blades have higher block-
age ribs and lower coolant Reynolds number at
closer spacing of turbine blade. The objective of
this study is to measure heat transfer coefficient
and friction factor for a 90° parallel rib-roughened
high blockage (0. 2<Ce/D<C0. 33) square channel
with pacing (P/e) ranging from 5 to 15. The
tested Reynolds numbers are between 1 400 and
8 000. The study results are the benefit supple-
ment for the internal cooling design of turbine

blades.

1 Experimental Setup

Fig. 1 shows the comprehensive scheme of
experimental setup. It consists of compressor,
buffer tank, mass flow controller and test sec-
tion. The air from compressor with environment

temperature is ducted into the test section. A ball

valve is provided upstream of the test section to
protect and control the flow rate. The flow is
measured using a mass flow controller. The tem-
perature of the air flowing into the test section is
monitored by a T-type thermocouple. The spent
air from the test section is directly exhausted into
the atmosphere. The accuracy of the mass flow
controller and the T-type thermocouple is 1. 0%
and £0. 1 °C, respectively. The temperature of
the test wall Cheating foil) is measured by an in-
frared thermography system TVS-2000MK with
accuracy of 0. 4°C and measured temperature
range of —40—2 000 °C. All the measurement
data of temperature are connected with a 8-chan-

nel HP34970A data collection system.

DC power

Baffer tank Mass flow

controller Thermal

couple

Compressor .
Test section

Infrared

Pressure sensor camera

Computer

Fig. 1 Experimental setup

Fig. 2 is the schematic of the test section.
There are two kinds of test sections in this exper-
iment. Both the test sections are rectangular
channels. The geometrical dimensions of the test
sections are 180 mm(length) X 60 mm (width) X
15 mm Cheight) and 180 mm (length) X 60 mm
(width) X 9 mm Cheight), respectively. At the
entrance of the test section, there are a T-type
thermocouple and a static pressure probe to meas-
ure the temperature and the static pressure of
stream. The heating foil with uniform heat flow
provided by direct current heating is made of
stainless steel foil with thickness of 0. 02 mm and
size of 180 mm (length) X 60 mm (width), which
is glued on the insulate plate of the test section.
The surface of heating foil is painted with black
paint to assure a uniform emissivity of 0. 96. The
channels are roughened with square cross section

ribs made of stainless steel. The width, height
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and length are 3, 3 and 60 mm, respectively. All
the ribs are glued on the heating foil and the in-
frared grass in accordance with the test require-
ments. The ribs on the opposite wall are laid par-
allel to each other and placed with a given spatial
periodicity. The temperature of the heating foil is
measured by infrared camera. In order to measure
the complete temperature field of the rib rough-
ened heating foil, it needs to measure the temper-
ature field from three angles with the infrared
camera. Three T-type thermocouples are fixed on
the back of stainless steel foil with 502 glue as the

reference for the infrared thermograph system.

Infrared camera

P

Infrared window

‘i eo o iuko~ Infrared glass

Heating foil

Rib Insulate plate

Pressure probe  Thermocouple

Fig. 2 Schematic of test section

The relationship between corrected infrared

temperature and thermocouple date is
T=-—13.6+1.46T, —0.005 28T% (D)

where T, is the infrared thermograph tempera-

ture, and T is the corrected infrared temperature.

The insulated plate to minimize ambient heat
transfer loss is made of a 20 mm thick Bakelite
slab, which has a very low thermal conductivity
of 0. 06 W/(m « °C). Three T-type thermocou-
ples are glued on the outside of the insulated
plate.

There are two kinds of rib arrangements for
the rib roughened channel, one is symmetrical ar-
rangement, and the other is staggered arrange-
ment. The geometry dimensions of rib roughened

channels are shown in Fig. 3 and Table 1.

S S
-
A
SRS e x
7 i

(a) Staggered arrangement

(b) Symmetrical arrangement

Fig. 3 Schematic of rib arrangements

Table 1 Geometry dimensions of rib roughened channel
Rib arrangement e H P P/e ¢/D
15 5
3 15 30 10 0.2
Symmetrical 45 15
arrangement 15 5
3 9 30 10 0.33
45 15
15 5
3 15 30 10 0.2
Staggered 45 15
arrangement 15 5
3 9 30 10 0.33
45 15

2 Data Reduction

The Reynolds number is computed using
_uD

1%

Re 2)

where u is the inlet velocity of the test section,
which is computed from the mass flow rate calcu-
lated from the mass flow controller. D is the inlet
hydraulic diameter of the test section, and v is the
kinematic viscosity.

The heat transfer coefficient & is estimated as

h: Q_Qloss
ACT, —T)

where Q = UI is the heat flow of stainless foil

(3

when the foil is being heated by passing DC power
which has the accuracy of £0.1 V and 0.1 A
for voltage U and electric current I, respectively.
A is the heat area of stainless foil. As the desired
voltage V and current I passing through the test
plate, the heat flux Q along the surface of stain-
less foil can be calculated. T, is the wall tempera-
ture of stainless foil heated by passing DC power.
T, is the air temperature at the inlet section of the
test section which can be measured by the T-type
thermocouple. Qe = Quon T Q.a is the heat loss
from the outer surface of the insulted plate to am-
bient, which includes natural convection heat loss
Q.. and radiation heat loss Q... The natural con-
vection heat loss Q.,, is calculated by

Qeon =Ah o (Toy— Tamp) €]
where T, is the outer surface temperature of the

insulated plate, T,,, is the ambient temperature,



966 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

and h,, is the natural convection heat transfer co-
efficient which can be obtained in Ref. [ 26].

Nt o =0. 59 (GrPr) "% 5
where Gr and Pr are the Grashof number and
Prandtl number, respectively.

The radiation heat loss Q,.q is calculated by

Qloss:ffEA(Tiu* 51mb> (6)
where 6=5. 67 X 10 * W/(m*K") is the Stefan-
Boltzmann constant, and e,, = 0. 6 is the outer
surface emissivity of the insulated plate.

The temperature distribution on the surface
of stainless foil (heated or unheated) is recorded
by an infrared thermography system operating in
the middle IR band (8—14 pm) of the infrared
spectrum. The temperature calculation method of
the temperature map obtained from the infrared
thermography system was described in Ref. [27].
In all of the experiments, the outer surface tem-
perature of the insulated plate is between 25.5 C
and 25 C while ambient temperature is approxi-
mately 24 ‘C. The difference between ambient
temperature and outer surface temperature of the
insulated plate is less than 1.5 ‘C. So, the natu-
ral convection heat loss is about 0. 1 W, the radia-
tion heat loss is about 0. 145 W, and the total
heat loss Q.. is about 0. 245 W which is far less
than the heat flow Q . Thus, it is reasonable to
ignore the heat loss from the outer surface of the
insulated plate.

The average Nusselt number is defined as

Nu="D %)
where A is the thermal conductivity of the air.
The friction factor is defined as
o D P Pou
P s (8

where pi, and p,, are the pressures of the inlet
and outlet sections of the test section. The aver-
age inlet velocity u is calculated using the channel
mass flow rate and AL is the length of ribbed seg-
ment of the test section.

The smooth channel correlations of Dittus-
Boelter and Moody are utilized for normalizing the
ribbed channel data. The classical Dittus-Boelter

correlation is

Nu, = 0. 023Re*Pr" 9

According to Ref. [28], experimental uncer-
tainties in average Nusselt number, friction factor
measurement were estimated to be about +9.5%
and +6.3% , respectively. The individual uncer-
tainty in air stream temperature 1, was 0.4 C

and heating foil temperature T,, was 0.1 C.

3 Results and Analysis

In the experiment, it is very difficult to pre-
cisely control the flow. Thus, the Reynolds num-
ber of different experimental sections cannot keep
the same,

Fig. 4 shows the effect of rib spacing on Nus-
selt number for staggered and symmetrical rib
channels. It can be seen that the rib pitch-to-
height ratio has a large effect on the heat transfer
coefficient of rib roughened channel. Whether the
ribs are symmetrical or staggered, the rib height
ratio equal to 10 corresponds to the maximum
heat transfer coefficient. Clearly, for symmetrical
ribbed channel and staggered ribbed channel, the
heat transfer coefficient corresponding to rib
height ratio equal to 15 is the smallest. The heat
transfer coefficient of rib pitch-to-height ratio
equal to 5 is between S/e=10 and 15. This indi-
cates that, for the ribbed channels with larger
blockage ratio (0. 33,0. 2), the influence of rib
spacing on heat transfer coefficient does not in-
crease monotonously with the increase of rib
spacing, but there exists an optimal rib pitch to
height ratio. The optimum pitch to height ratio in
the experiment is 10. This conclusion is the same
as that in Refs. [12,13]. At the same time, it al-
so can be seen clearly that the heat transfer coeffi-
cient linearly increases with the increase of Reyn-
olds number. In general, the main reasons for the
enhancement of convective heat transfer in the rib
roughened channel are the flow separation vorti-
ces behind the rib and the reattachment of the rib
wall (Fig.5). However, as the increase of the rib
pitch, the effects of separation vortex and reat-
tachment on the convective heat transfer are wea-
ker and weaker, but the effect of flowing over a

flat region after the reattachment region on con-
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Fig. 4 Effect of rib pitch-to-height ratio P/e on Nu
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Fig.5 Effect of rib arrangement on Nu

vective heat transfer is increased gradually. When
rib spacing is large enough (S/e=15), the con-
vective heat transfer of flow over flat is the main
reason influencing on the convective heat transfer

in the ribbed channel, resulting in a lower convec-

tive heat transfer coefficient. On the other hand,
the flow reattachment to the rib wall will be grad-
ually weakened as the decrease of rib pitch. When
the rib pitch is small enough (S/e=5), the phe-
nomena of flow reattachment will be disappeared,
which also results in a lower heat transfer coeffi-
cient in the rib roughened channel. Thus, only
when the rib spacing is appropriate (S/e=10) in
ribbed channel, both of the flow separation vor-
tex and reattachment to rib wall can play main
roles on the convective heat transfer, leading to
an optimal convective heat in the rib roughened
channel.

Fig. 5 shows the effect of rib arrangement on
the heat transfer coefficient for the blockage rati-
os e/H=0.33 and 0. 2 when P/e=10. The plot-
ted results show that rib arrangement has a larger
effect on the heat transfer coefficient of rib-rough-
ened channel. In general, the average Nusselt
number of symmetrical ribs is higher than that of
staggered ribs. However, the difference of Nus-
seult number between symmetrical ribs and stag-

gered ribs is different for different blockage ratios
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e/H. It is increased with the increasing of block-
age ratio e/ H. The difference of Nusseult number
for e/ H=0. 33 is larger than that for e/H=0. 2.
Fig. 6 shows the effect of rib blockage ratio
on heat transfer coefficient when S/e=10. It can
be seen that there is a large effect for the blockage
ratio on the heat transfer coefficient. In general,
a larger blockage ratio in the ribbed channel cor-
responds to a higher heat transfer coefficient. So,
the heat transfer coefficient of blockage ratio
e/H=0. 33 is higher than that of blockage ratio
e/H=0.2. However, because of the difference of
rib arrangements, the difference of heat transfer
coefficient between the two blockage ratios is also
different. Clearly, the difference of heat transfer
coefficient for the symmetrical rib arrangement is
higher than that for the staggered rib arrange-
ment. The reason to explain this kind of phenom-
ena is that whether symmetrical rib channel or
staggered rib channel, the flow disturbance in the
rib channel with ¢/ H=0. 33 is significantly higher
than that in the rib channel with ¢/H = 0. 2,
which results in a larger heat transfer coefficient

for the rib channel with ¢/ H=0. 3.

140
——¢/D=0.33
120F =+ ¢/D=02
100
S 80t
60
401
201 2 3 4 5 6
Re/10°
(a) Symmetrical arrangement
120

- ¢/D=0.33
100+ = e/D=02

Nu

60

20

1 2 3 4 5 6
Re/ 10°
(b) Staggered arrangement

<F
o]

Fig. 6 Effect of blockage ratio on heat transfer coefficient

Fig. 7 shows the comparison of heat transfer
coefficient between one-side rib channel and two-
side rib channel. Clearly, the heat transfer coeffi-
cient of two-side rib channel is distinct higher
than that of one-side rib channel. The difference
is increased with increasing flow Reynolds num-
ber, which is from the smallest value 10 at the
Re=3 000 up to the largest value 60 at the Re=
9 000. The reason for this phenomena is that
both of the flow separation vortexes and reattach-
ment to the heat wall in the one-side rib channel
are distinct weaker than that in two-side rib chan-
nel, thus the disturbance in the one-side rib chan-
nel is far less than that in the two-side rib chan-

nel, which results in a weaker turbulent mixing

140
120 | o~ One-side rib channel
-+ Two-side rib channel
100
3 80
60
401
201
02 4 6 8 10
Re/10°
(a) Sle=5
160
140 | o One-side rib channel
—— Two-side rib channel
120
100
S 80t
60
40+
20+
0 1 1 1
2 4 6 8 10
Re/10°
(b) S/e=10
120
—o— One-side rib channel
100 |~ Two-side rib channel
801
S 60t
40+
20+
O 1 1 1
2 4 6 8 10
Re/10°
(c) Sle=15

Fig. 7 Comparison of heat transfer coefficient between
one-side and two-side rib channels with stag-

gered arrangement



No. 6 Xie Changtan, et al. Experimental Investigation on Convective Heat Transfer Characteristics++ 969

in one-side rib channel than that in two-side rib
channel. So, the heat transfer coefficient of two-
side ribbed channel is distinct larger than that of
one-side ribbed channel.

Fig. 8 shows the average Nusselt number ra-
tio Nu/Nu, for all different ribbed channels as a
function of the Reynolds number. Nu, is the
Nussult number of smooth channel. In general,
when the fluid flows through smooth tube, if
Re<<2 300, it is a laminar flow; if Re>>2 300, it
is a turbulent flow. Thus, when Re<2 300, Nu,
for fully developed laminar flow in duct is 6. 1-%,
When Re > 2 300, Nu, can be obtained by
Eq. (9). So, the average Nusselt number ratio
curves are divided into two regions, one is a lami-
nar region, the other is a turbulent region. It can
be observed that there exists a large difference for
the heat transfer enhancement in the two regions.
In the laminar region, the heat transfer enhance-
ment rapidly increases with the increasing Reyn-
olds number. For the symmetrical rib channel, as
the increase of the Reynolds numbers from 1 000,
1 400, and 1 300 to 2 250,2 300 and 2 000, the
heat transfer enhancements are about 6—
10 times, 7—9 times and 5. 5—7 times for the
ribbed channel with S/e=10,15, and 5 , respec-
tively, compared with the smooth duct. For the
staggered rib roughened channel, as the increase
of the Reynolds numbers from 1 500, 1 000, and
1 700 to 2 100,1 500 and 2 200, the heat transfer
enhancements are about 5. 8—7. 2 times, 4. 2—
5.4 times and 4. 8—5. 5 times for the ribbed channel
with S/e=10,15, and 5 , respectively. Howev-
er, the increase of the heat transfer enhancements
with the increasing Reynolds number from 3 000
to 6 000 in the turbulent region is far less than
that in the laminar region. The largest heat trans-
fer enhancements are about 6. 5—7.5 times and
4. 5—5 times for symmetrical and staggered rib
channels with S/e =10, respectively. Especially
for ribbed channel with S/e=15, there is almost
no change for the heat transfer enhancement with

the increase of Reynolds number. This indicates

that the heat transfer enhancement effectiveness
of ribbed channel in the laminar flow state is far

higher than that in the turbulent state.

11
10 - Sle=5
I : -~ Sle=10
Laminar flow &~ Sle=15
9 -
2=° gl Turbulent flow
3 7}
6 -
5t 5‘\/A
4 1 2 3 4
Re/10°
(a) Symmetrical arrangement
8
Laminar = Sle=5
7t h —-- Sle=10
ow - Sle=15
£ o
< Turbulent flow
2 st
4}
3 1 1
1 2 3 4 5 6 7
Re/10°
(b) Staggered arrangement
Fig. 8 Average Nusselt number ratio Nu/Nu, as a

function of Reynolds number (H/W=0. 15)

In order to analyze the heat transfer enhance-
ment for the ribbed channel, the Nussult number
of smooth channel Nu, must be obtained by an
additional experiment in this paper. Fig. 9 shows
the experimental results and empirical relation for
the rectangular smooth channel of 180 mm
(length) X 60 mm (width) X 15 mm Cheight)
when the Reynolds number is increasing from 950
to 8 100. The empirical relation is Nu, =3. 12+
0.003Re. At the same time, the comparison be-
tween the present experiment and the classical
Dittus-Boelter correlation is also given in Fig. 10.
As we can see from Fig. 10 that the difference be-
tween the present experimental result and the
Dirttus-Boelter correlation result is very small,
which proves the reliability of the experimental

system.
Since the heat transfer enhancement in ribbed

channel is typically accompanied by an increase in
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Fig.9 Friction factor versus Reynolds number
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Fig. 10 Heat transfer coefficient of smooth channel

pressure drop, a comprehensive analysis of per-
formance must include the effect of ribs on chan-
nel pressure drop. Fanning friction factor of the
ribbed channels can be calculated according to
Eq. (8). Fig. 9 shows the experimental results of
the friction factor f in different ribbed channels.
The friction factor, deduced from the experimen-
tal data, is depicted as a function of Re. It can be
discovered that the friction factor is decreased
gradually with the increase of Reynolds number.
Whether symmetrical rib channel or staggered rib
channel, the ribbed channel of S/e= 10 corre-
sponds to the largest friction factor, and the
smallest fiction factor exists when S/e=15. At

the same time, it can be seen clearly that the fric-

tion factor of the symmetrical rib channel is larger
than that of staggered rib channel under the same
S/e. The e/H also has a larger effect on the fric-
tion factor under the same rib arrangement. The
fiction factor of ¢/H =0. 3 is higher than that of
e/H=0. 2 under the same S/e. For example, for
the symmetrical rib channel, when S/e=10, the
largest and the smallest fiction factors of the rib
channel of ¢/H=0. 33 are 7. 7 and 6. 5, respec-
tively, however, the largest and the smallest fic-
tion factors of the rib channel of ¢/H =0. 2 are
3.25 and 2. 8, respectively. From above we know
that the optimum heat transfer coefficient corre-
sponds to the largest friction factor, and the min-
imum heat transfer coefficient corresponds to the

smallest friction factor.

4 Conclusions

Heat transfer characteristics and pressure
drop in rectangular rib roughened channels have
been experimentally investigated by means of in-
{rared thermography. Based on the results, the
following conclusions are obtained:

(1) The rib pitch to height has a large effect

on the heat transfer of the ribbed channel. The
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effect of rib pitch to height ratio on heat transfer
coefficient is not in a monotony increasing trend.
The optimum pitch to height ratio in the experi-
ment is 10.

(2) The rib arrangement has a larger effect
on the heat transfer coefficient of rib-roughened
channel. In general, the average Nusselt number
of symmetrical ribs is higher than that of stag-
gered ribs.

(3) A larger blockage ratio in the rib-rough-
ened channel corresponds to a larger heat transfer
coefficient. The heat transfer coefficient of block-
age ratio e/ H=0. 33 is larger than that of block-
age ratio e/ H=0. 2. The heat transfer coefficient
of two-side rib channel is larger than that of one-
side rib channel.

(4) The heat transfer enhancement effective-
ness of ribbed channel in the laminar flow state is
much higher than that in the turbulent state. The
optimum heat transfer coefficient corresponds to
the maximum friction factor, and the minimum
heat transfer coefficient corresponds to the smal-

lest friction factor.
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