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a b s t r a c t

A detailed measurement of the heat/mass transfer coefficients on the ribbed surfaces for the rotating
impingement/effusion cooling system has been conducted. Three different jet orientations (front, leading,
and trailing) were investigated at the same rotating speed and impinging jet Reynolds number of 3000.
A naphthalene sublimation method was used to obtain local heat/mass transfer coefficients. Regardless of
rib turbulators, the leading and trailing orientations lead to totally changed heat/mass transfer distribu-
tions due to the jet deflection, while the Sh distributions of the front orientation were similar to those of
the stationary case. For leading and trailing orientations, the influence of crossflow, which deflected wall
jets, decreased due to the blockage effect of the rib turbulators. Therefore, the wall jets spread more
widely and the interaction between adjacent wall jets along spanwise direction became stronger, enhanc-
ing the heat/mass transfer compared to that on smooth surface.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In gas turbine systems, the achievement of high thermal effi-
ciency is strongly related to the increase in turbine inlet tempera-
ture, which is accompanied by the excess thermal load in the
component of the gas turbine. Therefore, various cooling tech-
niques have been used to protect the main parts of the gas turbine,
such as the combustor liner and turbine blade. Recently, enhanced
cooling techniques, combined with conventional cooling methods,
have been developed; impingement/effusion cooling is one of
these cooling schemes. In impingement/effusion cooling, the inner
surfaces of hot components are cooled by the impinging jet cool-
ing, and the outer surfaces that are exposed to hot gases are pro-
tected by effusion film cooling. Therefore, this technique provides
greater cooling compared to other methods.

Some basic studies on impingement/effusion cooling have been
performed in the last few decades. Hollworth and Dagan [1] and
Hollworth et al. [2] measured the averaged and local heat transfer
coefficients of arrays of turbulent air jets impinging on perforated
target surfaces and reported that arrays with staggered vents con-
sistently yielded higher heat transfer rates than impinging jets on
solid plates. Andrews et al. [3] studied film cooling performance
under the effects of a number of holes for the impingement/
effusion cooling system. Metzger and Bunker [4] and Huber and
Viskanta [5] reported on the local heat transfer distributions on
the surface with a film extraction hole. Cho and Rhee [6] and Rhee
et al. [7] investigated local heat/mass transfer and flow character-
ll rights reserved.

: +82 2 312 2159.
istics of impingement/effusion cooling under a variety of experi-
mental parameters, such as hole-to-plate spacings, Reynolds
numbers, and hole arrangements. Rhee et al. [8] examined the
crossflow effects on heat transfer in the impinging/effusion cooling
system. They reported that low transfer regions are formed locally
between the adjacent effusion holes. Ekkad et al. [9] investigated
the effect of crossflow orientation and showed that the orientation
condition with smaller crossflow produced higher heat transfer
distributions.

To enhance the thermal efficiency, the increase in turbine inlet
temperature requires more efficient cooling system for the rotating
turbine blade as well as the stationary guide vane and the combus-
tor liner. Therefore, the impingement/effusion cooling system can
apply to the rotor blade. There were few studies for regarding
the rotating impingement/effusion cooling system, but some for
the rotating impinging jet. Epstein et al. [10] investigated the heat
transfer characteristics of the leading edge of the turbine blade.
They found that the rotation reduced the heat transfer and changed
the local heat transfer distributions. Mattern and Hennecke [11] re-
ported on the local heat/mass transfer distributions on the curved
impinging plate with regard to various parameters, such as hole-
to-hole spacing, hole-to-plate spacing, and jet orientation. Parsons
and Han [12,13] showed the regional-averaged Nusselt number on
the array jet cooling with and without effusion holes that is applied
to the midcore of the blade. Hong et al. [14] investigated the heat
transfer characteristics of the array jet in the rotating system with
the concave surface. Glezer et al. [15] examined the swirling flow
using rotation that is focused on the leading edge region of the tur-
bine blade. They showed that the Coriolis force plays an important
role in enhancing the internal heat transfer when its direction
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Nomenclature

d injection and effusion hole diameter
dy local sublimation depth of naphthalene
Dh hydraulic diameter of the test duct
Dnaph mass diffusion coefficient of naphthalene vapor in air
H gap distance between the injection hole and target sur-

face
hm local mass transfer coefficient, Eq. (1)
_m local naphthalene mass transfer per unit area and time

Pr Prandtl number
Phole pitch of the injection holes at the injection plate
ReD Reynolds number based on hole diameter and the aver-

age velocity in the hole
Ro Rotation number, XD/vi

Sc Schmidt number
Sh Sherwood number based on the hole diameter, Eq. (2)
USh Uniformity of Sherwood number, 1 � 0.01r
x, z distance from the center of an effusion hole
X rotation velocity

Greek symbols
qs density of solid naphthalene
qv,w naphthalene vapor density on the surface
qv,1 naphthalene vapor density of the injected jet
ds test duration
r standard deviation of total Sh data measured entire test

plate

Fig. 1. Schematic view of the experimental facility [18].
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coincides with a tangential velocity vector of swirling flow. Re-
cently, Iacovides et al. [16] measured the vector profile of the
impinging jet under an ultimate rotation condition of Ro = 0.18
and presented the Nusselt number on the impinging surface. They
reported that very strong rotation led to the disappearance of all
secondary peaks and some of the primary peaks in array jets. Heish
et al. [17] examined the effects of jet impinging positions on heat
transfer from rib-roughened (square and semi-circular) channels
with rotational speeds of up to 600 rpm. Significant heat transfer
enhancement was found for the rib-roughened channels and with-
in the ranges of operating parameters considered in the study.
However, they only suggested the regional-averaged data using
the thermal couple technique.

Among the previous studies, Parsons and Han [13] investigated
the heat transfer characteristics of an impingement/effusion cool-
ing scheme, presenting the regional-averaged Nusselt number
data. Hong and Cho [18] performed the experiment for impinge-
ment/effusion cooling and showed that rotation changed the heat
transfer characteristics significantly and generated a low heat
transfer region near the effusion hole at high H/d. However, they
only dealt with a smooth surface without rib turbulators.

It is well known that the installation of rib turbulators is a method
of enhancing heat transfer in many cooling systems [19–23]. There-
fore, in the present study, the effect of rib turbulators on the heat/
mass transfer characteristics was investigated in regard to the rotat-
ing impingement/effusion cooling system, and the data on the
ribbed surface were compared with those on the smooth surface.

To prevent hot spots and for better thermal design, not only
information on the overall heat transfer coefficient, but also its local
variation is required. Therefore, we measured detailed heat/mass
transfer coefficients on the effusion plate using a naphthalene sub-
limation method, which eliminates the conduction and radiation
errors inherent in heat transfer experiments. The surface boundary
condition is analogous to an isothermal surface in a corresponding
heat transfer experiment. The flow characteristics can help in
understanding the pattern of local heat/mass transfer characteris-
tics on the effusion plate. Therefore, we also conducted a computa-
tional simulation using a commercial program (FLUENT) to obtain
the flow patterns in the impingement/effusion cooling system.

2. Experimental apparatus and conditions

2.1. Experimental apparatus

A schematic view of the experimental apparatus is shown in
Fig. 1. A test duct with the injection and effusion holes was installed
on the rotating plate that had a diameter of 1 m. The room air
passed into the test duct through the mechanical seal and was then
discharged outside. Air was supplied by the inverter-controlled
blower (7.5 kW), and the flow rate was measured using an orifice
flowmeter. The temperature of the supplied air was kept constant
throughout the heat exchanger using a constant-temperature res-
ervoir. The temperature in the test duct was measured by a multim-
eter on the rotating plate and was transferred wirelessly by a
Bluetooth device. The speed of the rotating plate was controlled
by an inverter and a tachometer. The mean rotating radius of the
test duct was equal to 350 mm.

Fig. 2 shows the schematics of the test duct and hole arrange-
ments. The height and width of the test duct were 30 mm and
50 mm, respectively, and the hydro diameter of the test duct was
37.5 mm. The diameters of the injection and effusion holes were
5 mm (H/d = 6). In the top view (Fig. 2(b)–(d)), the solid and dotted
circles indicate the injection holes and the effusion holes, respec-
tively. The injection plate had two rows of eight injection holes
(16 holes total), and the effusion plate had one row of eight effu-
sion holes in staggered arrangement with respect to the injection
holes. The ratios of hole spacing to hole diameter (Phole/d) were
4.0 and 6.0 for the spanwise and streamwise directions,
respectively.

The rib turbulators were installed between the locations of the
injection and effusion holes, as shown in Fig. 2(b)–(d), where, in
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each case, rib turbulator position is referred to as LR-1, LR-2, and
TR, respectively. For LR-1, the rib was positioned behind the effu-
sion hole by 1.5d, and the distance between the rib and effusion
hole was 0.75d for the LR-2 position. Meanwhile, the rib for TR
was positioned in front of the effusion hole by 1.5d. It should be
noted that the LR-1 position was for the leading orientation, and
the TR position was for the trailing orientation, both of which were
based on the result of a smooth surface. In all cases, the height and
width of each rib turbulator was 1.5 mm, and the length of each rib
was equal to the width of the duct.

In the present study, a naphthalene-coated test plate was
installed on the test duct to measure the local heat/mass transfer
coefficients on the effusion plate. The mass transfer inactive ribs
(non-naphthalene coating) are attached to the naphthalene-coated
plate which results in distortion of the boundary condition to some
extent. However, the active and inactive rib experiment does not
make a significant difference in the experimental result as reported
by the many groups such as Taslim and Spring [24] and Liou and
Hwang [25]. Meanwhile, the details of naphthalene sublimation
technique used in the current study are referred to references
[6,26].
2.2. Operating conditions

The rotation tests were carried out at a rotating speed of
560 rpm, where the Ro number was 0.032. The jet Reynolds num-
ber, based on the injection hole diameter, was set to 3000. The
hole-to-plate spacing (H/d) was fixed at 6.0.

Three orientation cases were considered to investigate the
effect of jet orientation, as shown in Fig. 3. With respect to the ori-
entation of the jet relative to the axis of rotation, the Coriolis force
affected the main impinging jet differentially. When the impinging
jet was parallel to the axis of rotation (0�), there was no direct
Coriolis force acting on the main impinging jet. However, with an
orthogonal orientation to the axis of rotation, the Coriolis
force acted on the main impinging jet outward at 90� and inward
at �90�. In the present study, the orientations of 0�, 90�, and
�90� are referred to as the front, leading, and trailing orientation,
respectively.

2.3. Heat/mass transfer coefficient

Using a naphthalene sublimation method, the local mass trans-
fer coefficient is defined as:

hm ¼
_m

qv;w � qv;1
¼ qsðdy=dsÞ

qv;w
ð1Þ

Since the incoming flow contained no naphthalene, qv,1 is zero.
The naphthalene vapor density, qv,w, was calculated from the per-
fect gas law, and the naphthalene vapor pressure was obtained
from a correlation of Ambrose et al. [27]. The Sherwood number
can be expressed as:

Sh ¼ hmd=Dnaph ð2Þ

Dnaph is the diffusion coefficient of naphthalene vapor in air and
the properties of naphthalene, as suggested by Goldstein and Cho
[26], were used in this study. The mass transfer coefficients can
be converted to the heat transfer coefficients by using the heat
and mass transfer analogy by Eckert [28]. The Prandtl number is
0.71 for air, and the Schmidt number is 2.28 for the naphthalene
vapor in air at 25 �C. The experiments were conducted at room
temperature, and the Lewis number (Pr/Sc) for this study was
about 0.31.

Nu=Sh ¼ ðPr=ScÞ0:4; Nu ¼ 0:624Sh ð3Þ

In the present study, the uncertainty of the Sherwood number
was within ±8.7% in the entire operating range of the measure-
ment, based on a 95% confidence level. The value was calculated
using ASME measurement uncertainty methodology, as reported
by Abernethy et al. [29].

2.4. Numerical simulation

The numerical simulations were performed using a commercial
code, FLUENT (ver. 6.1), to help elucidate the flow characteristics of
the rotating impingement/effusion cooling. GAMBIT solid model-
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ing created the computation domain, which was modeled by the
geometry used in the experimental study. The steady solutions
for the turbulent flow field were calculated using a RNG k–e model
with a standard wall function. Different grids were tested to verify
the grid independence of the solution, and the results for the grid
with 600,000 cells were demonstrated in this study. The conver-
gence of residuals for continuity, momentum, k, and e were
resolved to levels of 10�3.

3. Results and discussion

3.1. Flow characteristics

For the stationary condition, the jet flow was injected normally
on the target plate, and the wall jet flow developed axi-symmetri-
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lators (Fig. 5(a)), the developing flow from the stagnation point
was evidently affected by the deflected wall jet, which was gener-
ated in the upstream region (crossflow effect). Therefore, the wall
jet only spread toward the downstream region, and the interaction
between adjacent wall jets was weak at the midway region of z/
d = 0.0. When the rib turbulators were installed (Fig. 5(b)), the
crossflow effect caused by the deflected wall jet decreased near
the wall due to the blockage effect of the rib turbulators. Compared
to the case without the rib turbulators, the wall jets spread more
widely, and the interaction between the wall jets at z/d = 0.0 was
more excited. This interaction between the wall jets was confirmed
at the plane of z/d = 0.0, as shown in Fig. 6. The case without the rib
turbulators (Fig. 6(a)) showed the typical flow feature caused by
the crossflow effect; the near-wall flow moved downstream, and
a weak upward flow was formed in the upstream region of effusion
hole due to weak interaction of the wall jets, which were drawn
into the effusion holes. However, as shown in Fig. 6(b), a strong up-
ward flow was generated around the region of x/d = 19.0, which
corresponded to the position of the actual stagnation point. It
can be inferred from this flow pattern that the interaction between
adjacent wall jets occurred strongly, and consequently, the flow
mixing was enhanced by the generation of vortices, as reported
by Cho and Rhee [6]. Meanwhile, flow acceleration into the effu-
sion hole was observed for both cases because the discharged flow
effect was dominant near the effusion hole.
3.2. Heat/mass transfer characteristics

To help understand the basic heat/mass transfer characteristics
of rotation, Fig. 7 shows Sh distributions on the smooth surface for
the impingement/effusion cooling, as reported by Hong and Cho
[18]. In the contour plots, the white and dark circles indicate the
projected position of the injection hole and the effusion hole with
the aluminum rim, respectively.

For the stationary case (Fig. 7(a)), the Sh distributions appeared
periodically as a monotonic decrease from the stagnation point be-
cause H/d = 6, and the spent air was discharged immediately into
the neighboring effusion hole. The Sh distribution of the front ori-
entation (Fig. 7(b)) was similar to that of the stationary case be-
cause the influence of the impinging jet was dominant, and the
jet flow was only slightly affected by the Coriolis force.

For the leading orientation (Fig. 7(c)), the stagnation region was
shifted downstream by 1d. Moreover, a low heat/mass transfer
area was generated behind the effusion hole. This occurred because
most of wall jet was deflected into the downstream region, and the
wall jet did not cover the upstream region, which was similar to
the case of jet injection into the crossflow [8]. As shown in
Fig. 7(d), the trailing orientation presented a reverse Sh pattern
compared to the leading orientation because the Coriolis force
acted in the inward direction instead of the outward direction, as
occurred with the leading orientation.
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Fig. 8 shows Sh distributions on the ribbed surface for the
impingement/effusion cooling, as observed in various rotating
cases. In the contour plots, white long rectangles indicate the rib
turbulators on the effusion surface. As mentioned, the rib turbula-
tors were installed between the effusion hole and the injection
holes, where a low heat/mass transfer region appeared. It was
noted that the rib turbulators were in the LR-1 position, except
for the trailing orientation, which was in the TR position.

The stationary case presented an asymmetric Sh pattern due to
the installation of rib turbulators, as shown in Fig. 8(a). This pattern
occurred because the rib turbulators prevented the wall jet from
flowing in the upstream direction and isolated the flow within each
cell region. Therefore, most of the wall jet leaned downstream and
was discharged into the effusion hole in the downstream region. In
the front orientation, as shown in Fig. 8(b), the overall heat/mass
transfer distributions were similar to those of the stationary case.
However, a slightly high Sh region was observed in the upper region
of the effusion hole (z/d ffi 1.0). This was possibly because the flow
developing from the stagnation point rotated in a clockwise direc-
tion in the confined area between the rib turbulators with the coun-
terclockwise rotating duct. Thus, a greater amount of wall jet flow
was discharged through the upper region of the effusion hole com-
pared to the lower region, producing the discrepancy in Sh distribu-
tion near the effusion hole. Fig. 8(c) shows the contour plot of Sh for
the leading orientation. The high Sh region enlarged compared to
the case without rib turbulators (Fig. 7(c)). This was because the
rib turbulators helped the wall jet to spread well into the upstream
region of the stagnation point. For the same reason, this feature
was also observed for the trailing orientation with opposite Sh
distributions, as shown in Fig. 8(d). Therefore, the heat/mass trans-
fer can be enhanced and the low heat/mass transfer region can be
reduced by properly positioned rib turbulators in the rotating
impingement/effusion cooling system.

Fig. 9 shows the local Sh distributions along z/d = �2.0 and 0.0
for the stationary condition. As shown in the contour plots, the
heat/mass transfer distributions are quite periodic. Therefore, the
data are presented in the range of 10.0 6 x/d 6 30.0 to clearly ob-
serve the effects of the rib turbulators on the local heat/mass trans-
fer. In the local plots, a value of zero represents the position of the
effusion holes and rib turbulators.

Along the line at z/d = �2.0, the Sh distributions showed the
same values in the stagnation region, regardless of the installment
of rib turbulators, as shown in Fig. 9(a). However, the rib turbula-
tors lead to a slightly increased Sh in the downstream region (x/
d ffi 14, 20, 26) of the stagnation point compared to the case with-
out rib turbulators. Meanwhile, near the rib turbulators, the heat/
mass transfer rate decreased significantly because the rib turbula-
tors blocked the development of the wall jet toward the upstream
region. However, in an actual case, the active rib turbulators will
enhance heat transfer in a region with an enlarged surface area
and conduction.

In this plot, in which the experimental data from Kooperman
[30] were compared in the region of 16.0 6 x/d 6 20.0, there was
a favorable agreement. Some discrepancy was caused by a different
Reynolds number, H/d, and s/d.

Along the line at z/d = 0.0, as shown in Fig. 9(b), the Sh distribu-
tions were changed behind the effusion hole. The higher heat/mass
transfer occurred around the effusion hole compared to the case
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without rib turbulators. This is because the corner vortex caused
by the rib turbulators enhanced the turbulence intensity of the
accelerated effusion flow around the effusion hole. Behind x/
d = 12, 18, and 24, Sh was slightly higher than that of the case with-
out rib turbulators because the developing wall jet leaned toward
the downstream region, and the wall jet interaction along the line
at z/d=0.0 became strong. The lower Sh values appeared behind the
rib turbulators due to the generation of recirculation flow.

Fig. 10 presents the local Sh distributions for the leading orien-
tation, including the stationary case without rib turbulators. Along
the line at z/d = �2.0, the stagnation peaks of the rotating cases
were shifted toward the downstream side by ld due to jet deflec-
tion. The leading orientation without rib turbulators showed a low-
er peak value than the stationary case. This may be the result of
two things: the impingement of jet flow with a decreased momen-
tum caused by jet deflection and the deflected wall jet in the up-
stream region that affected the injected jet in the downstream
region. This phenomenon is similar to the crossflow effect reported
by Rhee et al. [8] and Ekkad et al. [9]. However, the rib turbulators
protected the injected jet near the bottom surface from the de-
flected wall jet flow, which was generated in the upstream region.
As a result, the leading orientation with rib turbulators yielded a
higher peak value than that of the case without rib turbulators.
The additional peak was observed just in the front of the rib turbu-
lators due to the generation of a corner vortex.

Along the line at z/d = 0.0, as shown in Fig. 10(b), the deflected
Sh distributions were formed in the leading orientation, regardless
of the presence of rib turbulators. When the rib turbulators were
installed, the Sh value was approximately 20% as high as that of
the case without rib turbulators. This was caused by the strong
interaction between the adjacent wall jets and the generation of
a corner vortex in the front of the rib turbulators.

3.3. Effect of rib position

The experiments on different rib turbulator positions have been
conducted to investigate the effect of rib turbulator position.
Fig. 11 shows the contour plot of Sh at the leading orientation with
rib turbulators (LR-2), which was shifted by 0.75d with respect to
the LR-1 configuration. The rib position with LR-2 was chosen for
the reason that the position of flow reattachment caused by the
rib turbulator corresponded to the center of the low heat transfer
region. However, the expected heat/mass transfer feature afforded
by the rib turbulators was not observed, and the overall Sh distri-
butions were similar to those of the rib turbulators with the LR-1
position (Fig. 8(c)). This implies that the effect of flow reattach-
ment and flow mixing by the rib turbulators is not significant com-
pared to the blockage effect against the deflected wall jet near the
wall.

Fig. 12 compares the local Sh value as it relates to the position of
rib turbulators. Along the line at z/d = �2.0, the level of stagnation
peak was the same as that of the LR-1 position due to the blockage
effect against the deflected wall jet. The local heat/mass transfer
rate was altered slightly by the position of the rib turbulators.
The LR-2 position showed a lower Sh value near the rib turbulators
than that of the LR-1 position due to enlarged recirculation flow.
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Fig. 11. Contour plot of Sh at LR-2 position for the leading orientation.
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Along the line at z/d = 0.0, as shown in Fig. 12(b), the impingement
by the discharged flow did not occur just behind the effusion hole
due to the close rib position relative to the effusion hole, and then
the lower Sh region was formed.

In the current study, the change of rib position does not make a
significant difference in local heat transfer. However, the installa-
tion of ribs produces the rib-induced secondary flow and confine-
ment/protection of wall jet flow from crossflow in the local area.
Therefore, the orientation of ribs could be one of important param-
eters as reported in the previous studies using the various orienta-
tions and shapes of ribs [19–21]. Further experiment might be
needed to optimize the local heat transfer based on the required
operating and geometry condition.
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Fig. 12. Local plots of Sh at different rib turbulator positions for the leading
orientation.
3.4. Averaged heat/mass transfer

Fig. 13 compares the averaged Sh values as they relate to the
installation of rib turbulators. It was noted that the averaged val-
ues were calculated in the region of 12 6 x/d 6 30 and �4.1 6 z/
d 6 4.1, excluding the areas of the effusion hole and the rib
turbulators.

There was a slight difference in the averaged Sh values,
although the local heat/mass transfer characteristics were changed
greatly by rotation. For the leading and trailing orientations, the rib
turbulators enhanced the averaged Sh value by approximately 8%.
This is mainly because the crossflow effect by the deflected wall jet
decreased, as manifested by the local Sh distributions. Meanwhile,
the averaged values for the stationary and front cases were similar
to that of the case without the rib turbulators. Therefore, the instal-
lation of rib turbulators provided a slightly favorable effect for
leading and trailing orientations by reducing the wall jet deflection
phenomenon.

Fig. 14 shows the Sh uniformity to examine the uniformity of
heat/mass transfer rates on the entire test surface. The installation
of rib turbulators led to a slight decrease in Sh uniformity. This was
because the rib turbulators produced a great deviation in the heat/
mass transfer rate: the low Sh region by recirculation flow behind
the rib turbulators and the steep Sh increase in front of the rib tur-
bulators. The degradation of Sh uniformity was observed in all
tested cases with rib turbulators.
4. Conclusions

This paper investigated the heat/mass transfer characteristics
on the ribbed surface for the rotating impingement/effusion cool-
ing and compared the collected data with the results from the
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Fig. 13. Averaged Sh value for various rotating cases depending on installation of
rib turbulators.
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studies on the smooth surface. The results are summarized as
follows:

1. Regardless of the rib turbulators, the leading and trailing
(orthogonal) orientations led to totally changed heat/mass transfer
distributions due to the jet deflection phenomenon. For the front
(parallel) orientation, the Sh distributions were similar to those
of the stationary case.

2. When the rib turbulators were installed at the stationary and
front cases, asymmetric Sh distributions were formed because the
rib turbulators confined the development of the wall jet in each re-
gion between the rib turbulators.

3. For the leading and trailing orientations on the ribbed sur-
face, the crossflow effect caused by the deflected wall jet was re-
duced due to the blockage effect of the rib turbulators. Therefore,
the wall jets spread more widely and the interaction between adja-
cent wall jets along the spanwise direction became stronger,
enhancing the heat/mass transfer compared to the case without
rib turbulators. Behind the effusion hole, higher heat/mass transfer
was attained because a corner vortex caused by the rib turbulators
enhanced the turbulence intensity in the accelerated effusion flow.

4. The change in position of the rib turbulators slightly affected
the local heat/mass transfer. This implies that the effect of flow
reattachment and flow mixing by the rib turbulators was not
significant compared to the blockage effect against the deflected
wall jet.

5. For the leading and trailing orientations, the rib turbulators
increased the averaged Sh value by approximately 8%. However,
the installation of rib turbulators led to a slight decrease in Sh uni-
formity because the rib turbulators produced a great deviation of
the heat/mass transfer rate.
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