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Abstract: Large eddy simulations were performed for the conjugate heat transfer in a ribbed channel
with a geometry, that mimics the internal cooling passage of a gas turbine, using 566, 100, 10, and 1
as the solid and fluid thermal conductivity ratios (K*) and 30,000, 7000 (turbulent flow), and 1000
(laminar flow) as the Reynolds numbers. A fully coupled simulation was conducted using the im-
mersed boundary method (IBM) and a dynamic sub-grid-scale (5GS) model. In pure convection, a
decrease in the Reynolds number from 30,000 to 7000 increased the heat transfer on the channel wall
by 5% but decreased that on the rib by 20%. When K* > 10, the Reynolds number effect is stronger
in the rib than in the wall. In the laminar flow, the effect of conduction appears at a low K*, and the
heat transfer promotion is poor in the typical ribbed channel geometry. In the turbulent flow, if K*
>100, then a heat transfer promotion is expected in the ribbed channel even at a low Reynolds num-
ber. For K* < 10, the thermal performance in the turbulent flow is worse than that in the laminar
flow, and thus, no rib effect is expected.

Keywords: ribbed channel; large eddy simulation; immersed boundary method; conjugate heat
transfer; thermal conductivity ratio; Reynolds number

1. Introduction

A gas turbine is mostly used as an aircraft engine or as a prime mover for gas-fired
power generation. The power output and cycle efficiency of a gas turbine can be improved
by increasing the turbine inlet temperature. The currently used gas-turbine inlet temper-
ature (1700 °C) is higher than the permissible limit of the blade material (1000 °C). There-
fore, the turbine blade has a cooling passage inside as shown in Figure 1a and is cooled
by extracting a part of the compressor air [1]. As shown in Figure 1a, a turbulator—such
as a rib—is installed in the cooling passage of the turbine to increase the convective heat
transfer rate and surface areas. The goal of these internal cooling passages is to achieve
optimal thermal protection with minimal pressure drop penalties [2].

To achieve the above goals, various geometrical parameters have been studied. Since
a rib promotes heat transfer by inducing various types of secondary flows depending on
separation-reattachment and the geometry, detailed flow and heat transfer distributions
are required to elucidate the underlying mechanisms [3]. Computational fluid dynamics
(CFD) can provide this information and save the time and cost involved in fabricating
internal cooling passages with various geometries [4].

The most economical CFD is the Reynolds-averaged Navier-Stokes simulation
(RANS), which has been widely applied to ribbed channels [5]. Acharya et al. [6] per-
formed RANS using nonlinear and standard k-e models. Both models adequately pre-
dicted the size of the recirculation region, but underpredicted the local heat transfer and
Reynolds stresses. Ooi et al. [7] applied the v2-f turbulence model to obtain an average
heat transfer coefficient close to that of the experiment in the channel wall. However, the
heat transfer peak before the rib could not be predicted. To solve these problems, direct
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numerical simulation (DNS) or large eddy simulation (LES), which require more time and
costs than does the RANS, are being tried [5].
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Figure 1. Computational domain and grid system: (a) schematic of the internal cooling passage; (b)
computational domain; and (c) grid system.

Murata and Mochizuki [8] conducted LESs to investigate the difference in the mech-
anism of promoting heat transfer between laminar and turbulent flows. However, they
conducted the simulations at a Reynolds number that was 10 times lower than the internal
cooling passage of the actual gas turbine, and thus, a direct comparison with the experi-
mental results was difficult. Ahn et al. [9] and Sewall et al. [10] performed LESs on a Reyn-
olds number similar to that of a real gas turbine blade to obtain a local Nusselt number
distribution close to that of the experiment. In particular, they successfully predicted the
local heat transfer peak in front of the rib, which was not well predicted by the RANS.

In a ribbed channel, the rib also serves as a fin while promoting heat transfer in the
channel wall [11]. Most of the experimental studies on ribbed channels focus on the heat
transfer of the channel wall [3,12]. CFD provides information on the heat transfer coeffi-
cient of the rib. However, in order to understand the fin performance, the heat transfer
coefficient as well as the heat conduction of the rib itself must be known. Iaccarino et al.
[13] reported the results of conjugate heat transfer, including heat conduction of ribs, ob-
tained using the RANS. Although they reported the effect of conjugate heat transfer, at
the time of publication, results of the rib conjugate heat transfer experiments were not
obtained, and thus, a detailed comparison with the experimental data was not possible.

About 10 years later, Cukurel and Arts [14,15] published experimental results on the
conjugate heat transfer of ribs. In the experiment, they considered the heat conduction of
the channel wall, which was not considered by laccarino et al. [13]. However, the wall
thickness was equal to the height of the rib (=e). This was much thinner than the actual
thickness of a gas turbine blade of 2 to 10 ¢ [16]. In addition, the blockage ratio (=e/H) was
also 0.3, which was somewhat larger than the typical value of 0.1 of an actual gas turbine
[16]. Scholl et al. [17,18] performed LESs under the same conditions as those reported in
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[14,15]. They used a separate solver for the simulation of fluid and solid, and the LES did
not completely couple the fluid and solid domains to save computation time.

By implementing the IBM (immersed-boundary method), it is possible to analyze the
fluid and solid simultaneously in the unitary computational domain, so that fully coupled
conjugate heat transfer simulation can be performed [19]. Recently, Oh et al. [20] and Ahn
et al. [21] applied this method to perform fully coupled LESs for the conjugate heat trans-
fer of a ribbed channel. Oh et al. [20] simulated the same conditions as those of [14,15]. In
[21], the blockage ratio was set to 0.1, and the wall thickness was set to 3e in consideration
of the actual gas turbine geometry (see Figure 1b).

The local heat transfer distributions of [14,15] and [21] were generally similar. The
difference is that when the blockage ratio is 0.1 [21], the difference between the conducting
wall and the isothermal wall is slightly reduced compared with that when the blockage
ratio is 0.3 [14,15]. Moreover, the heat transfer in the channel wall is predicted to be
slightly larger. In both the datasets, the effect of conduction was concentrated on the rib,
indicating that including the thickness of the channel wall in the calculation area would
not have a significant effect.

In the above data [14,15,21], the thermal conductivity ratio between the solid and the
fluid was 566, similar to that of the gas turbine material. This ratio was very large, and the
effect of conjugate heat transfer was less than 10%. This was also the case in other recently
published studies dealing with the conjugate heat transfer of ribbed channels [22,23].
However, additive manufacturing has been recently applied to gas turbine blades, and as
a result, changes have occurred in the material [24]. Moreover, cooling fluids other than
air, such as steam, are also being considered while researching new cycles [25]. In these
cases, the conductivity ratio can be less than 566. Ahn et al. [26] performed LESs for ther-
mal conductivity ratios (K*) of 566, 100, 10, and 1, and presented conjugate heat transfer
characteristics according to these thermal conductivity ratios.

Ahn et al. [26] showed that the conjugate effect was concentrated on the rib until K*
=100, but the conduction of the channel wall became important at K* =1 and 10. The factor
that determines the conjugate heat transfer characteristics along with the thermal conduc-
tivity ratio is the heat transfer coefficient on the fluid side. The heat transfer coefficient on
the fluid side is determined by the thermal conductivity of the fluid and the Reynolds
number. In particular, the influence of the wall thermal boundary condition is significant
at a low Reynolds number, where the contribution of diffusion is greater than that of the
turbulent heat flux [27]. In gas turbines, the Reynolds number decreases as a more sophis-
ticated structure is prepared with additive manufacturing [28], making it necessary to re-
view the thermal boundary condition.

In order to simulate the Reynolds number, the effect of the Reynolds number re-
ported to date [8,29-31] was reviewed. As the Reynolds number increases, the heat trans-
fer performance gradually decreases [29], but the change in the flow structure [30] or local
heat transfer distribution [31] is not significant above (Reynolds number) 10,000. In the
laminar [8] or turbulent flow [8,30] smaller than the Reynolds number of 10,000, differ-
ences in flow structure or local heat transfer distribution are observed. Based on these
data, in this study, three Reynolds numbers, i.e., 1000 (laminar flow), 7000 (turbulent flow
less than Reynolds number 10,000), and 30,000 (representative values of gas turbines),
were analyzed.

Simulations were performed for a total of 15 cases of K* = 1, 10, 100, 566, and the
isothermal conditions at the aforementioned three Reynolds numbers. In this paper, heat
transfer according to Reynolds number in pure convection is first compared. Next, the
conductivity ratio showing the conjugate heat transfer effect according to the Reynolds
number is examined. Third, the turbulent heat transfer statistics for the four thermal con-
ductivity ratios are compared according to the Reynolds number in the turbulent flow.
Finally, the rib fin and thermal performances of the ribbed channel are analyzed.
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2. Numerical Methods and Code Validation
2.1. Numerical Methods

The computational domain considered in the present study is illustrated in Figure
1b. Here, ribs of a square cross-section, each with a height equal to 0.1 of the channel height
(=H), are installed at intervals of 10 e on both sides of the channel. The computational
domain, holding three periods in the x direction, and the domain, made up of one period,
were compared, and the same time-averaged result was secured. Finally, the domain was
set to have one period as presented in Figure 1b. For the laminar flow, a two-dimensional
simulation was performed. In the turbulence simulation, the spanwise domain was set to
2.5 m ¢, which showed zero fall-off in the two-point correlation in the smooth channel
simulation [9,11]. The solid wall thickness was set to 3 ¢, in accordance with the actual gas
turbine blade [16]; this value corresponds to 30% of the channel height [21,26].

For the boundary conditions, periodic conditions are imposed on the main flow di-
rection (x) and spanwise direction (z). Usually, five or more ribs are reportedly installed
in the cooling passage of a gas turbine in the flow direction [16], and the developing effect
becomes negligible from the third rib [32]. In the wall normal direction (y), no slip condi-
tion and constant temperature condition are appointed on the top and bottom surfaces of
the computational domain.

The grid system was composed of 128 x 256 x 48 notes in the streamwise direction
(x), wall normal direction (y), and spanwise direction (z), respectively (Figure 1b). A non-
uniform mesh was adopted in the x and y coordinates, while a uniform mesh was placed
in the z direction. This is comparable to the resolution derived by Tafti [33] for the grid
independent solution obtained via LESs of a ribbed duct.

The governing equations considered in this study are the following incompressible
Navier-Stokes and energy equations (Equations (1)—(3)):

au; — 0 1
axi ms = ( )
6ﬁi aalﬁ] dﬁ 1 Ozﬁi aTij
Bt T ox,  dx " Redxox, T ox @)
Gl d . .. CK* 3% dq;
7t o5 W9 = Reprawon xS @)

In this study, a finite volume solver [34] was employed to solve the above equations.
The pressure—velocity coupling is a fractional step method. All spatial discretizations were
carried out by the central difference method with second-order accuracy. Time integration
was performed using a semi-implicit method that combines the Crank—Nicolson method
and the third-order Runge-Kutta method.

This code has been revised to treat solids in the flow field as the immersed boundary
method (IBM) [35]. ms in Equation (1) and fi in Equation (2) are mass source and momen-
tum forcing that satisfy the no slip condition on a solid surface, respectively. Using the
IBM, the code that could contain solids was later revised to solve for convective heat trans-
fer as well [36].

In this study, the revised [19] code was used to analyze the conjugate heat transfer.
In Equation (3), C* and K* are the heat capacity ratio and thermal conductivity ratio of the
solid and fluid, respectively; w is a convection revising term that is 0 in the cell containing
the solid—fluid interface and 1 for other cells to account for the conduction between the
solid and the fluid. In Equation (3), & was added to secure the second-order accuracy in
the cell containing the boundary [19].

Turbulent flow was simulated using the LES. In Equations (1)-(3), 7j and gj are the
sub-grid scale (SGS) stress and heat flux, respectively; 7y is determined as a dynamic SGS
model using scale correlation by framing a test filter around the cell [37,38]; and gj is also
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determined dynamically like 7j to secure better results in problems where velocity and
temperature are dissimilar [39]. The simulation was carried out for 10,000 time steps to
reach a fully developed flow. After the initial steps, an additional 10,000 time steps (t U
/Dn =5) were performed to obtain the statistics

2.2. Code Validation

For the validation of the simulation code, the time-averaged flow field and tempera-
ture field were compared with those reported in previous studies as shown in Table 1.

Table 1. Parameters of data compared with this study.

Present ) Cukurel et al. Murata et al.

Study Liou et al. [40] [14.15] i8] Cho et al. [11]
Approach LES Hologram IR Camera LES Naphthalene
Re 30,000 10,200 40,000 1034, 4106 30,000
Pr 0.71 0.70 0.70 0.71 0.71
K* 566.36 1368.8 618.32 - -
c* 0.00031 0.00038 0.00031 - -
dfe 3 0.75 1 - -

Figure 2a compares the time-averaged flow fields. The streamlines obtained by the
LESs are in good agreement with the particle image velocimetry (PIV) measurement data
[41]. Figure 2b shows the time-averaged temperature field, indicating the formation of a
high-temperature region behind the rib because of an inactive heat transfer.

8 Louetal (1993

e Cukurel ot al (2013)

o 1 2 3 4 5 6 7 8 9

Figure 2. Time-averaged flow and thermal fields for the isothermal wall [21,26]: (a) time-averaged
streamlines compared to the PIV measurement data of Casarsa et al. [41]; (b) time-averaged thermal
field; and (c) heat transfer coefficient for the channel wall between the ribs.

Figure 2c presents a comparison of the Nusselt number ratio at the channel wall be-
tween the ribs. The results obtained for both the isothermal (black dashed line) and K* =
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566 (red line) conditions agree well with those of Liou et al. [40] with the same blockage
ratio. The inter-rib heat transfer under isothermal conditions with conjugate K* = 566 is
similar. At K* = 566, the heat transfer coefficient due to the conduction effect is less than
that due to the isothermal condition at 2 < x/e <5 and greater than that due to the down-
stream isothermal condition.

A similar trend was observed when comparing the experimental results of pure con-
vection [14] (pink triangle) and conjugate heat transfer [15] (blue circle). The data of [14,15]
have a Nusselt number ratio that is up to 30% smaller than the rest of the data near the
reattachment point. The difference seems to be due to the difference in the blockage ratio.
It was confirmed that the flow pattern as well as the local heat transfer, including the
conduction effect, were properly predicted.

3. Results and Discussion
3.1. Effect of Reynolds Number on the Isothermal Ribbed Channel

Figure 3 shows the time-averaged flow and temperature fields according to the Reyn-
olds number in pure convection. For the three Reynolds numbers, flow separation occurs
after the rib, and a corner vortex exists before the rib. The reattachment points are all
around x/e = 5.5, but slightly upstream for Re = 30,000. In the turbulent flow (Re = 7000 and
30,000), a secondary vortex occurs between the separation bubble and the downstream
corner. In the laminar flow, no flow separation is observed at the upstream edge of the
rib, whereas such a separation is evident in the turbulent flow case.

(@) Re = 1,000 (b) Re = 1,000
3 3 e
'095
2 2
()] (1))
N ~N
3, ’ >4
0 P A— 0 8005
6 7 8 9 0O 1 2 3 4 5 6 7 8 9
x/e
Re = 7,000
3
2
L
>‘1 .__\ Z=
< -
0 @1 ‘l"')) 1 I I 1/(J
0 1 2 3 5 6 7 8 9
x/e
Re = 30,000 Re = 30,000
3 3 C]
mz mz '095
N e 7 =y
0 = 1 1 r— lq 0 " " " " n 1 1 " l 005
0 1 2 3 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
x/e x/e

Figure 3. Time-averaged flow and temperature fields on the isothermal walls for each Reynolds
number; (a) time-averaged streamlines; (b) time-averaged temperature field.

In the temperature fields (Figure 3b) observed for all the three cases, the thermal
boundary layer is thick at 0 < x/e < 4 with a recirculation bubble and the thinnest at 5 < x/e
<6 near the reattachment point. As the Reynolds number increases, mixing with the main
flow is observed, the thermal boundary layer becomes thinner, and the low-temperature
(blue) region approaches the wall. In the laminar flow (Re = 1000), the isotherm spacing is
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relatively uniform, whereas that in the turbulent flow is excessively narrow at the high
temperature side (red color). In the turbulent flow, the dimensionless temperature of the
main flow (y/e=3) is lowered at Re =30,000 than at Re =7000, and the isotherm is narrowed
at0<ux/e<1.

Figure 4 compares the local wall heat transfer distribution according to the Reynolds
number for pure convection. The local Nusselt number is expressed as a ratio with Nuo,
which represents the Nusselt number in the absence of ribs. In the channel wall between
the ribs (Figure 4a), the laminar flow (green line in Figure 4a) shows a value less than 1 in
the entire section. The data reported in [8] (green triangles in Figure 4a) and the difference
occurring near the rib can be considered as a three-dimensional effect based on the obser-
vations reported in [8].

S
(a) x g (b ]
S 10
LES, 30,000 LES, 30,000
LES, 7,000 i
4 B Cio ‘-;99-9\ 8 CFD, 1,000
o 3 g o 6
=} ® e =}
Z . ® 3 L Z \
=) g o™ - .
- 2 =] > 4 > a
(B ——— I/ Q
0 0
0 1 4 5 6 7 8 9 0 1 2 3
X/e s/e

Figure 4. Effect of Reynolds number on the local Nusselt number along the wall; (a) Nusselt number
along the interface between the ribs and (b) Nusselt number on the rib.

In the turbulent flow (red and blue lines in Figure 4a), the heat transfer is promoted
two to three times in the inter-rib wall. The Nusselt number ratio at Re = 30,000 (red line)
is greater than that at Re =7000 (blue line) at 0 < x/e <3, where the recirculation flow occurs.
In contrast, at 3 < x/e <7 near the reattachment point, the blue line lies above the red line.
At 3 < x/e < 7, the experimental value obtained at Re = 10,200 showed a higher Nusselt
number ratio than that at Re = 30,000, consistent with the LES result. At 0 < x/e <1 where
the secondary vortex exists, a local peak is observed in the red line, but not in the blue
line. This is because mixing with the main flow is more active when Re = 30,000, which
can also be confirmed in the temperature field shown in Figure 3b.

The difference in the Nusselt number ratio between the laminar and turbulent flows
in the rib is less than that in the channel wall (Figure 4b). In both the laminar and turbulent
flows, the most active heat transfer is observed at the upstream edge of the rib. For the
turbulent flow (red and blue lines in Figure 4b), on the windward surface of the rib (0 <
s/e <1), the Nusselt number profile is upwardly convex at 0 <s/e <0.5 due to the impinging
effect of the main flow reattached to the wall [9].

3.2. Time-Averaged Thermal Fields in the Conducting Ribbed Channel

At K* = 566 (Figure 5a), most of the thermal resistance occurs on the fluid side at all
the Reynolds numbers. Since the conjugate effect is not large, the temperature of the solid
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region is displayed in red. At Re = 30,000, the rib is red orange, and the conjugate effect is
limited to the rib.

1 4
x/e

Re = 30,000

1=

0 1 2 3 4 5 6 7 8 9
x/e

Re = 30,000

_

0 1 2 3 4 5 6 7 8 9
x/e

Re = 30,000

—

Figure 5. Time-averaged temperature fields; (a) K* = 566.26, (b) K* = 100.00, (c) K* =10.00, and (d) K*
=1.00.

In the case of laminar flow (Re =1000) at K* =100 (Figure 5b), the conduction effect is
still negligible, and thus, the solid region remains red. In the turbulent flow (Re = 30,000
and 7000), the conduction effect appears around the rib. Because the fluid region has a
higher thermal resistance than does the solid region, the solid region appears red or or-
ange. Unlike the case of K* =566, the conduction effect appears not only in the rib but also
in the channel wall, and the isotherm goes down to y/e =-2.
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At K* =10 (Figure 5c), the conjugate effect begins to appear even in the laminar flow,
but most of the thermal resistance still occurs in the fluid region. In the turbulent flow, as
the conduction thermal resistance becomes larger than the convection resistance, the tem-
perature change within the solid becomes larger than the temperature difference between
the surface of the solid and the fluid, making lumped capacitance analysis impossible.

When K* =1 (Figure 5d), the thermal resistance of the conduction and the convection
becomes similar in the laminar flow. In the turbulent flow, the thermal resistance of the
solids is much greater than that of the fluids, and most of the fluid region appears blue.
Overall, in the turbulent flow, the conjugate heat transfer effect is large, but the effect of
Reynolds number is not clearly detected in the temperature field.

The Reynolds number effect in turbulence can be clearly observed by comparing the
local heat transfer distributions (Figures 6 and 7). When K* is large in the inter-rib wall
(Figure 6a), the Nusselt number ratio peaks upstream at Re = 30,000 (red) than at Re =7000
(blue), and the corresponding peak value at Re = 7000 is approximately 5% smaller. Even
when K* =100 (dashed lines in Figure 6a), the same trend is observed, but as the conduc-
tion effect becomes stronger, the heat transfer coefficient decreases in the region 3 < x/e <
7. In the laminar flow, the conduction effect does not appear above K* = 100.

(a) X (b)
—_—
5 3
-&— Re=30,000, K*=566 == Re=30,000, K*=100 -&- Re=30,000, K*=10 =0O= Re=30,000, K*=1
—8— Re=7,000, K*=566 =0= Re=7.000, K*=100 -&- Re=7,000,K*'=10 =0O= Re=7,000, K*=1
—o— Re=1,000, K*=566 == Re=1,000, K*=100 —&— Re=1,000,K*=10  =0O= Re=1,000, K*=1
4
° s3°
£ £
=
> =
=z =z

Figure 6. Effect of the Reynolds number on the local Nusselt number along the channel wall between
the ribs: (a) for high thermal conductivity ratios (K* = 566.26 and 100.00) and (b) for low thermal
conductivity ratios (K* =10.00 and 1.00).
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|_1 (b)
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—8— Re=30,000, K*=10 =C= Re=30,000, K*=1
4 —8— Re=7,000, K*=10 =[= Re=7,000, K*=1
-~ Re=1,000,K*=10 == Re=1,000, K*=1

- Re=30,000, K*=566
== Re=30,000, K*=100
-&— Re=7,000, K*=566
== Re=7,000, K*=100
-8- Re=1,000, K*=566
== Re=1,000, K*=100

Nu/Nu

Figure 7. Effect of Reynolds number on the local convective heat transfer in the rib: (a) for high
thermal conductivity ratios (K* = 566.26 and 100.00) and (b) for low thermal conductivity ratios (K*
=10.00 and 1.00).

When K* <10 (Figure 6b), the heat transfer coefficient is significantly reduced because
of the conduction effect. The Reynolds number effect increases in the turbulence. The heat
transfer coefficient ratio is larger at Re = 7000 than at Re = 30,000 by 30%. When K* < 10,
the effect of the thermal conductivity ratio is evident even in the laminar flow. When K* =
1 in the laminar flow, the heat transfer coefficient ratio decreases to half of that at K* = 10.

In the isothermal rib, the heat transfer at Re = 7000 is less than that at Re = 30,000
(Figure 4), but vice versa in the conducting wall. As shown in Figure 5a,b, the conjugate
heat transfer effect at the rib is stronger at a high Reynolds number, so when K* > 100
(Figure 7a), the heat transfer in the windward and top surfaces of the rib (0 <s/e <2) at Re
=7000 is greater than at Re =30,000. In the case of the inter-rib channel wall (Figure 6a), the
conjugate heat transfer effect does not appear in the laminar flow on the rib surface.

Up to K* =10, the Reynolds number effect appears in the K* = 100 subphase on the
conjugate heat transfer of the rib (see Figure 7b). In the front and top surfaces, the Nusselt
number ratio at Re = 30,000 is larger than at Re = 7000. However, this effect disappears
when K*=1. Below K* =10, the influence of the K* appears even in the laminar flow. When
the thermal conductivity of a solid decreases, the Nusselt number ratio also decreases sig-
nificantly.

3.3. Turbulent Heat Transfer Statistics

The contour of the turbulent heat flux is presented in Figure 8. Overall, as the con-
ductivity ratio decreases (Figure 8a—d), the turbulent heat flux decreases as well. Qualita-
tively, the distribution at Re = 7000 is similar to that at Re = 30,000; however, the quantita-
tive value is small. In all the contours shown in Figure 8, a region with large turbulent
heat flux occurs along the shear layer at the downstream edge of the rib (x/e =0, y/e = 1).
When the Reynolds number decreases to 7000, this region shifts slightly downstream.
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Re = 30,000 Re = 7,000
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Figure 8. Turbulent heat flux distributions for (a) K* = 566.26, (b) K* = 100.00, (c) K* = 10.00, and (d)
K*=1.00.

The turbulent heat flux near the wall is closely related to the heat transfer [27]. A
region of low turbulent heat flux exists near the wall at 0 < x/e <2, where the recirculation
flow exists, and at Re = 7000, this region extends downstream. When K* is large (Figure
8a,b), a region with a large turbulent heat flux is observed on the channel wall, where 4 <
x/e <6, at Re=30,000. These regions are not clearly observed when K* is small or Re =7000.

Figure 9 compares the temperature fluctuations according to the Reynolds number
and thermal conductivity ratio. Except when K* =1, most temperature fluctuations occur
in the fluid region, and the fluid region appears in red. The situation at Re = 7000 is similar
to that at Re = 30,000, but the fluctuations in the solid are slightly larger. As K* decreases
or Re decreases, the temperature fluctuations inside the solid increase, so a fully coupled
simulation that analyzes the conduction and flow in the solid in real time has more justi-
fication.
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Figure 9. Temperature fluctuation contours for (a) K* = 566.26, (b) K* = 100.00, (c) K* =10.00, and (d)
K*=1.00.

When K* is large (Figure 9a,b), the temperature fluctuation in the solid is the largest
at the upstream edge of the rib. In the vicinity of the channel wall, the heat transfer is not
active in the recirculation region behind the rib, so the temperature fluctuation is small,
and the contour appears to rise toward the channel wall. When K* becomes 10 (Figure 9c),
the temperature fluctuation increases near the upstream corner. In the case of K* =1 (Fig-
ure 9d), the temperature fluctuations increase in the vicinity of the downstream corner,
while they decrease at the rib, and the internal isotherm appears to rise toward the rib.

3.4. Thermal Performance

The rib acts as a fin to expand the heat transfer area while promoting the heat transfer
of the channel wall as a turbulent promoter. Figure 10 shows the fin performance under
the simulated conditions. Fin effectiveness (&f) is the ratio of heat transfer rate between the
bare base and the fin, and is defined using the following equation [42]. Usually, it should
be 2 or more.
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Figure 10. Fin performance of the rib: (a) fin effectiveness and (b) fin efficiency.

When K* is more than 100, the fin effectiveness is much higher than 2 in all the three
Reynolds numbers cases (see Figure 10a). At K* = 10, the effectiveness becomes smaller
than 2, and the gain obtained through the fin is greatly reduced. At K* =1, the rib acts as
a thermal resistance, and the effectiveness becomes less than 1.

When K* is more than 100, the turbulent flow (red and blue bars) is twice as effective
as the laminar flow (green bars). In the turbulent flow, Re = 7000 is more effective than Re
= 30,000 by 5%. When K* becomes smaller than 10, the relative difference between the
effectiveness of Re=30,000 and Re =7000 increases. At K* =10, the fin effectiveness is lower
in the turbulent flow than in the laminar flow.

Fin efficiency, which is another indicator of fin performance, is the ratio of the heat
transfer rate of the fin to the actual heat transfer rate under isothermal conditions, and is
defined as follows [42]:

q/‘ — Qrib,conj (5)
Amax hconvArib (Tw - Tb).

At K* = 566, the efficiency is nearly 1 for all the Reynolds numbers (see Figure 10b).
When K* = 100, the efficiency is still close to 1 in the laminar flow, but decreases to less
than 0.8 in the turbulent flow. When K* = 10, the efficiency in the laminar flow is main-
tained over 0.5, but it decreases to 0.2 in the turbulent flow. At K* = 1, the efficiency be-
comes less than 0.1 at all the Reynolds numbers.

The effect of promoting heat transfer via the rib is shown in Figure 11a. When K* is
over 100, the ribbed channel promotes heat transfer 2.5 times more than the smooth iso-
thermal channel in the turbulent flow (red and blue bars). In contrast, the heat transfer
promotion effect is less than 5% in the laminar flow (green bar). Considering that the rib
increases the heat transfer area by 20%, the heat transfer promotion effect does not reach
the area-increase rate in the laminar flow. At K* = 10, the heat transfer promoting effect is

greatly reduced, and at K* = 1, the heat transfer rate becomes less than 50% of that in the
smooth channel.

Ny =
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Figure 11. Heat transfer enhancement of the ribbed channel: (a) total heat transfer rate and (b) ther-
mal performance.

Figure 11b compares the thermal performance based on the pressure drop. In the case
of turbulence, the thermal performance is higher than 1 when K* = 100 or more. For the
laminar flow, thermal performance is less than 1 for all the simulated thermal conductivity
ratios. In the case of laminar flow, rib shapes and spacings different from those studied
for turbulence have been tried, and a thermal performance higher than 1 is reported for
shapes with smaller rib pitches [43,44].

4. Conclusions

In this study, a conjugate heat transfer analysis was performed by incorporating the
heat conduction of the wall in a ribbed channel, and the heat transfer characteristics ac-
cording to the thermal conductivity ratio of the solids and fluids as well as the Reynolds
number were evaluated. The main findings in this study are summarized below:

1. In pure convection, when the Reynolds number is lowered from 30,000 to 7000, the
heat transfer increases by 5% on the channel wall, but decreases by 20% on the rib.

2. When the thermal conductivity ratio is more than 10, the Reynolds number effect is
stronger in the rib than in the wall. When Re = 7000, the heat transfer coefficient ratio
in the rib is larger than that when Re = 30,000.

3.  Compared with the turbulent flow, the effect of conduction in the laminar flow is
observed at a low thermal conductivity ratio, and the effect of heat transfer promo-
tion is not large in the typical ribbed channel geometry of the gas turbines.

4.  In the turbulent flow, when K* = 100 or more, the heat transfer promotion effect of
the ribbed channel can be expected even at a low Reynolds number. If K*=10 or less,
then the heat transfer promotion performance of the rib becomes worse than that in
the laminar flow, and thus, the effect of the rib cannot be expected under these con-
ditions.
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Nomenclature
Acb cross-sectional area at the base
Acrib rib surface area
Bi Biot number (=hd/ks)
Cc* heat capacity ratio (=(0 cp)s/(0 cp)s)
d thickness of the channel wall
f frication factor
fi momentum forcing
k thermal conductivity
K* thermal conductivity ratio (=ks/ke)
ms mass source/sink
Nu Nusselt number (=hDn/ke)
q’ heat flux
q heat transfer rate
qe heat transfer rate through a fin
Re bulk Reynolds number (=UbDn/v)
t time
T temperature
To bulk temperature
Tw wall temperature
Ub bulk velocity
Greek symbols
&f fin effectiveness
1l fin efficiency
v kinematic viscosity
0 dimensionless temperature (=(T-Tb)/(Tw-Tb))
(C] time-averaged dimensionless temperature
) index function between the solid and the fluid
Subscripts
f fluid or fin
rms root-mean-square value
S solid

fully developed value in a smooth pipe
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