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Abstract: Herein, 50 articles published over the past 20 years on using large eddy simulation (LES) for
the internal cooling passage of a gas turbine, especially the mid-chord ribbed channel, are reviewed for
the first time. First, the numerical challenges of performing LES on a ribbed channel and experimental
verification are summarized. Next, LES data and the major engineering findings that are difficult to
obtain experimentally or using Reynolds-averaged Navier-Stokes simulation (RANS) are covered,
and heat transfer on and inside the rib, and the effects of rotation and buoyancy are discussed.
Next, recent LES studies related to the shape of the ribbed channel are reviewed, and finally, the
contribution of using LES for research on the internal cooling of gas turbines in the future, including
those with ribbed channels, is anticipated.

Keywords: large eddy simulation (LES); local heat transfer; conjugate heat transfer; rotation; rib geometry

1. Introduction

Gas turbines are widely used for land-based power generation as well as aircraft and
ship propulsion due to their large power-to-weight ratio. Increasing the turbine inlet total
temperature (TITT) and compression ratio can improve the cycling efficiency and power
output of gas turbines [1]. Advancements in turbine cooling have enabled engine design
to exceed the temperature limitation of the commonly used materials [2]. As shown in
Figure 1a, a turbine is cooled by extracting some of the compressor air while maximizing
the cooling effect with the minimum amount of air [3].

As shown in Figure 1a, the coolant is supplied to the blade to cool the inside and then
discharged through a hole in the surface to form an insulating film. As shown in Figure 1b,
the cooling channel consists of multiple passes, and components that promote heat transfer
are applied to each part. In most regions, ribs are installed as heat transfer promoters. An
impinging jet is applied to the leading edge, and a pin fin or dimple is sometimes installed
on the trailing edge where it is difficult to install a rib [4,5].

Recently, studies on heat transfer in a triangular channel simulating a trailing edge
or pin fin have been conducted [6], and research on heat transfer in an impinging jet or a
semicircular channel at a leading edge has also been published [7]. However, most of the
middle portion can be seen as a ribbed channel [8], which is the most commonly studied
among the gas turbine internal cooling methods [9].

The cooling passage of a gas turbine blade can be modeled as a ribbed channel
(Figure 2a) [10]. The ribs promote heat transfer while separating/reattaching the flow in the
passage (Figure 2b) [11,12]. Since the heat transfer augmentation effect of the ribs decreases
as the heat flows downstream, several of them are installed periodically. To enhance the
heat transfer effect, the downstream rib must be located after the reattachment point, so the
installation period (p) is usually around 10 times the height of the rib (e) [13].
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Figure 1. Cooling of gas turbine blades: (a) The air supply system for gas turbine cooling [3]; (b) gas
turbine blades with cooling applied [4].
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Figure 2. Modeling and flow patterns of gas turbine internal cooling passages: (a) the ribbed channel
modeling cooling passage [11]; (b) streamlines in ribbed channels obtained experimentally [11] and
using computational fluid dynamics (CFD) [10,12]. LES: large eddy simulation; p: installation period;
e: rib height; Uy: bulk velocity; H: channel height; d: wall thickness; x: streamwise coordinate;
y: wall-normal coordinate; SST: shear stress transport model; v, the velocity fluctuation normal to
the streamlines; f: an elliptic relaxation function; RSM: Reynolds stress model.

As shown in Figure 2b, there is a recirculation area behind the rib where heat transfer
is poor, and rib turbulators with various geometries were developed to improve this [14].
Measurement techniques such as thermochromic liquid crystal (TLC) [15] or infrared
cameras [16] are applied to obtain the local heat transfer distribution. When applying these
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techniques to the experimental setup to consider the rotation effect, it is sometimes difficult
to rotate the optical equipment such as a camera along with the test section [17].

The rib also serves as a fin that expands the heat exchange area, while promoting
heat transfer in the experimentally obtained channel heat transfer data on ribs is very rare
because it is difficult to impose boundary conditions on them while gaining optical access
from the front and back sides of the ribs [18]. By performing computational fluid dynamics
(CFDs) simulation, the heat transfer distribution of the rib can be obtained and the effect of
rotation, which is also difficult to deal with experimentally, can also be observed [19].

The Reynolds-averaged Navier-Stokes simulation (RANS) technique depending on a
semi-empirical model is most often used to analyze the fluid flow and heat transfer in the
gas turbine blades’ cooling channel [19]. However, a variation of around 250% was found
between different RANS models when predicting ribbed channel flow heat transfer [20].
In recent years, large eddy simulation (LES) has been used to study the internal cooling
of turbine blades as it reduces the uncertainty of heat transfer prediction using RANS to
within 1/4 [21].

Research on ribbed channels applied to gas turbine cooling passages began in the
1970s, with the first review papers being published in this recently [22], mostly including
experimental results [7,17]. In the most recent reviews of CFD data on heat transfer in
ribbed channels [23], the target was a solar heater rather than a gas turbine blade, and thus
analysis of the rotation effect, etc., was not included and only RANS results were reported.
CFD studies on the ribbed channel of a gas turbine blade were reviewed in 1995 [24], which
is before using LES started in earnest.

The first articles on using LES to analyze gas turbine cooling passages were published
in the early 2000s [25], with over 50 appearing over the past 20 years. LES can be used to
predict the heat transfer mechanism more closely to the experimental findings than RANS,
and provides information that is difficult to obtain experimentally, such as on instantaneous
temperature fields and turbulent heat transfer. The internal cooling passage problem in a
gas turbine includes the heat transfer mechanism that is difficult to predict using RANS.
Since there are relatively few difficulties in the numerical analysis using LES, we anticipate
that it will become more widely used in the industry in the future [20,21].

The LES results for ribbed channels from 50 articles are summarized in Table 1. In
this review, the processes that are not easy to predict using RANS but are so using LES are
highlighted. Subsequently, the LES results for heat transfer and conjugate heat transfer in
the rib, for which experimental data are scarce, are summarized. Next, LES data on the
rotation effect and rib geometry of the internal cooling passage are reviewed [3,5]. Finally,
the future direction for research using LES to analyze the cooling passage of a gas turbine
is covered.

Table 1. The simulation conditions for performing LES analysis of ribbed channels by research

institution.
Institution Country Year [Ref]  Software I{Nez;(ﬁ:: ple e/H 1}5:;(;3’: Ge(I){IiI:: try
2000 [25] In-house 4000-9000 10 0.1 1,2,4 90°
2001 [26] In-house 1000, 4000 10 0.1 1 60°,90°
Tokyo Univ. 2001 [27] In-house 4000 10 0.1 1 60°, 90°
Agriculture and Japan 2001 [28] In-house 4000 10 0.1 1 60°,90°
Mechanics 2003[29]  In-house 4000 10 01 02514  60°90°
2004 [30] In-house 4000 10 0.1 1 60°, 90°
2004 [31] In-house 4000 10 0.1 1 60°,90°
2008 [32] In-house 1000, 4000 10 0.1 1 60°
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Institution Country Year [Ref]  Software I{Nez;(:g: ple e/H 1?{5;3;:: Geflilbetry
2002 [33] In-house 100,000 10 0.1 00 90°
Denken Japan
2005 [34] In-house 50,000 10 0.1 2 60°
Univ. Iowa USA 2003 [35] In-house 10,020 1,5,10 0.1 00 90°
Iowa State Univ. USA 2004 [36] In-house 5600 10 0.2 00 90°
2004 [37] In-house 20,000 10 0.1 1 90°
2005 [38] In-house 20,000 10 0.1 1 90°
2006 [39] In-house 20,000 10 0.1 1 90°
2006 [40] In-house 20,000 10 0.1 1 90°
Virginia Tech USA 2006 [41] In-house 20,000 10 0.1 1 90°
2008 [42] In-house 20,000 10 0.1 1 90°
2018 [43] In-house 100,000 10 0.1 1 90°
2021 [44] In-house 10,000 10 0.3 90°
2021 [45] In-house 20,000 10 0.1 1 90°, BS, FS
2022 [46] In-house 20,000 10 0.1 1 90°, BS, FS
2005 [47] In-house 30,000 10 0.1 0 serr?i(z;‘cle
Seoul Nat'l Univ. Republicof 2007 [48]  In-house 30,000 10 0.1 o 90°
Korea 90°
2010 [49] In-house 30,000 10 0.1 00 de tacl'{e d
2005 [50] In-house 12,500 10 0.1 1 90°
Louisiana State Univ. USA 2005 [51] In-house 25,000 10 0.1 0.25,1,4 90°
2007 [52] In-house 12 056%)(?6 10 0.1 0.25,1,4 90°
2005 [53] In-house 14,200 20 0.1 1 90°
Cambridge UK 2015 [54] In-house 20,000 10 0.1 1 90°
2021 [55] In-house 14,200 20 0.1 1 90°
2006 [56] Fluent6.1 40,000 10 0.3 1 90°
Von Karman Institute Belgium 2015 [57] In-house 40,000 10 0.3 1 90°
2016 [58] In-house 40,000 10 0.3 1 90°
IIT India 2012 [59] In-house 2053 10 0.1 1 90°
Univ. Manchester UK 2015 [12] In-house 30,000 9 0.1 00 90°
Sapienza Univ. Roma Ttaly 2015 [60] In-house 15,000 10 0.1 1 90°
2017 [61] In-house 15,000 10 0.1 1 90°
ONERA France 2016 [62] In-house 40,000 10 0.3 1 90°
Peking Univ. China 2016 [63] In-house 30,000 9 0.1 1 90°
2015 [64] PIV 13,000 8 0.1 1 v (309,2;’ 60°)
Univ, Manitoba Canada 2017[65]  In-house 5600 8 0.1 1 v (35?260)
2021 [66] In-house 5600 8 0.1 1 90°
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Table 1. Cont.

s Reynolds Aspect Rib
Institution Country Year [Ref]  Software Number ple e/H Ratio Geometry
2/ 4/ 8/ o
2016 [67] In-house 5000 16 0.1 © 90
Niigata Univ. Japan
2020 [68] In-house 5000 2 14 é 8 0.1 00 90°
2017 [69] In-house 30,000 10 0.1 00 90°
Republic of 2021 [10] In-house 30,000 10 0.1 o 90°
Kookmin Univ.
Korea 2021[70]  In-house 30,000 10 0.1 ) 90°
2022 [71] In-house 30,000 10 0.1 00 90°
Univ. Stuttgart Germany 2018 [72] 0-FOAM 30,000 10 0.1 1
Karlsruhe Institute of Fluent 5
Tech. Germany 2018 [73] vi5 100,000 10 0.1 1 90, V(60°)
74 - . °
CEFRACS France 2020 [74] In-house 15,000 10 0.1 1 90
2021 [75] In-house 15,000 10 0.1 1 90°

PIV: particle image velocimetry; BS: backward step; FS: forward step.

2. Numerical Challenges and Comparative Studies

In the 50 papers analyzed in this review paper (see Table 1), the governing equations
comprise the following incompressible Navier-Stokes equations and energy equations [10].

ou; .
aixi =0 @D
ou; duwiy  dp 1 & 9T @)
ot ax] N dx;  Re aX]aX] 8x]
20 J ,_ 1 020 aq;
i 1 (3)

ot + aTc]«(”f ) - Re Pr axjaxj + axj

where the over bars refer to the grid-filtered quantities of LES, while 7;; and gj are the stress
and heat flux at the sub-grid scale (SGS), respectively. The parts that need to be modeled
in the LES: 7j is usually modeled as being proportional to the velocity gradient for which
currently, either a constant value is used or it is determined by considering conditions such
as the flow or wall [76].

Although compressible flow is sometimes considered in the LES of film cooling [77],
the internal cooling passage is simulated as incompressible flow by using the above equa-
tions. Although there is a problem with the convection term becoming unstable when
simulating film cooling, which is an external flow [78], this does not occur when analyzing
a ribbed channel, which is an internal flow. In addition, periodicity is often imposed in
simulations of fully developed flows in ribbed channels. When developing a flow that is not
sensitive to inflow, there is no inflow generation issue appearing during film cooling [78].

Commercial packages such as Fluent have been mainly used for LES of film cool-
ing [78], but as summarized in Table 1, in-house codes have been mainly used for LES
studies of ribbed channels. The Reynolds number was lower than that of actual gas turbines
in the early 2000s, but recently LES was performed in the range of 10,000 to 100,000, which
is a typical value for gas turbines. Blockage ratio (=e/H) and pitch ratio (=p/e) are mostly
0.1 and 10, respectively. The most common rib angle is 90°, and some LES for angled ribs
are also being performed.

Ribbed channel flow has other considerations not applicable to film cooling. First, to
impose cyclic boundary conditions at the inlet and outlet in a fully developed flow, the
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streamwise pressure drop and heat transfer must be corrected. This is solved by decoupling
the mean pressure and temperature gradient, as is shown in the following equations [79]:

P(x, t) = —Bx + p(x, t) 4)

T(x, t) =vyx + 0(x, t), 5)

where 3 and y are the mean streamwise gradients of the pressure and temperature, the
determination of which satisfies the conservation of global momentum and energy, respec-
tively [79].

Second, there is a sharp edge in the rib that can cause wiggle in the data near the
upstream edge [36] or it may become difficult to construct a body-fitted grid. Since LES
data are rougher than RANS data, this numerical instability can be solved by increasing the
grid resolution: it takes around 1 million grids to solve one periodic box and approximately
10 million grids to solve one passage in a ribbed channel [20,21].

Th author of [38] compared quasi- direct numerical simulation (DNS) data performed
in the same grid system with LES data by adopting the dynamic SGS model [80] in a
ribbed duct, which showed a difference of 10% to 15% in heat transfer prediction. The
authors of [64] also showed that LES, course-grid LES, and detached eddy simulation
(DES) similarly predicted local heat transfer. Most of the research teams in Table 1 adopted
the dynamic SGS model, albeit the SGS turbulent viscosity value obtained using scale
similarity may be unstable. To solve this problem, a method of averaging while tracking
flow particles [81] was proposed, while local averaging [82] has often been used in ribbed
channel studies.

Unlike using RANS, LES consistently predicts the flow and heat transfer characteristics
of ribbed channels [20,21]. Looking at the time-averaged streamlines presented in Figure 2b,
the two LES data examples predict the location of the reattachment point similarly to the
particle image velocimetry (PIV) data [11]. When using RANS, although there are slight
differences depending on the model, the reattachment point is generally predicted to appear
slightly downstream from the experimental value.

Figure 3 shows a comparison of the results for local heat transfer in the channel
wall between ribs predicted by using RANS and LES. It has been reported that local heat
transfer predictions using RANS differ by up to 250% depending on the model [20,21], as
demonstrated in Figure 3a. The k-¢ shear stress transport (SST) and Spalart-Allmaras (SA)
models greatly underpredict heat transfer, while the other models predict the local heat
transfer distribution differently.

Figure 3b shows three comparisons of LES data with experimentally obtained results.
The three sets of experimental data were obtained using TLC [47], naphthalene sublima-
tion [85], or laser holography [86]. In all three, the first peak appears at 3 < x/e < 4 while
the second peak appears before x/e = 9. The LES results obtained by the three different
groups provided predicted local peaks that converge within a much narrower range than
the RANS data in Figure 3a.

The difference between the LES and RANS data for ribbed channel flow is more
evident in the turbulence data in Figure 4 than in the time-averaged velocity field in
Figure 2b. With LES, the turbulent kinetic energy (TKE) appears high in the shear layer
from the top surface of the rib to the downstream, which is not predicted by the k-w SST
model at all. Although the v>-f model predicts high TKE of the shear layer to some extent,
it predicts the location where the maximum TKE occurs differently than when using LES.
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Figure 3. The local Nusselt number distribution on the channel wall between the ribs; (a) RANS
data [12] (02f from [83]) compared to experiment [84]; (b) Three experiments [47,85,86] and three LES
data [38,47,57]. SA: Spalart—Allmaras.

k-o SST (b) Ahn (2007)
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Figure 4. Turbulent kinetic energy (TKE) contours; (a) RANS data [12]; (b) LES data [48,72].

3. Instantaneous Flow and Thermal Fields

The local heat transfer in Figure 3b can be explained by the flow field in Figure 2b [86].
The first peak appearing at 3 < x/e < 4 can be accounted for by reattachment of the separated
flow; the reattachment point in Figure 2b is around 4 < x/e < 5, and there is a slight
difference in location. The second peak occurring before x/e = 9 can be explained by the
influence of a corner vortex. However, although one appears in front of the rib in the RANS
data in Figure 2b, the second peak is not clear except for the Reynolds stress model (RSM)
of the heat transfer data in Figure 2a.

The above issues can be explained in terms of the instantaneous flow and temperature
fields obtained using LES. When comparing the vector plot and temperature contour in
Figure 5a, it can be seen that shear layer vortices are generated downstream of the rib
while the cold main flow is introduced so that the heat transfer peak occurs upstream of
the reattachment line. The second peak can be explained by looking at the flow field and
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temperature field near the channel wall shown in Figure 5b. Around z/e = 4.5 before x/e =9,
the velocity vector spreads to both sides along the rib as the reattached flow collides with
the rib, and the blue streak spreads to both sides in the temperature field at that location.
This impinging flow creates a second heat transfer peak.

(b)

F 7k
6F 6F
5:_ 5:_ (4
N - 1.0
n: i o
E aF
D X o F
N | N |
3_‘ . 3__
[ ‘ s 02
£ 13 L
2r N 2k
L —
F | 1k
A R e ! g 1_ - E
0 0 T 0

Figure 5. Instantaneous flow and thermal fields: (a) in the xy plane; (b) in the xz plane at y/e = 0.06.

Instantaneous flow field and temperature field information is limited to a specific
moment and can be selective, so statistical verification is also being performed. The authors
of [55] performed proper orthogonal decomposition (POD), thereby showing that 80 modes
exist. Meanwhile, [75] performed dynamic mode decomposition (DMD), thereby showing
that there are dominant modes in the downstream and inter-rib ribs and that minor modes
are also involved in heat transfer.

4. Heat Transfer on the Rib

The heat transfer promotion of the rib turbulator peaks in front of the reattachment
point and weakens downstream, so the ribs are installed periodically in the flow direc-
tion [1]. The installation spacing (p) of the ribs is usually around 10 times their height (e).
In this case, if the cross-section of the rib is square, its surface area accounts for 25% of the
heat transfer area. Since the heat transfer rate of the rib is expected to be higher than that
of the channel wall, information on the heat transfer through the rib is very important for
the design of the cooling passage. However, most of the heat transfer results for the ribbed
channel were determined at the channel wall only [18].

The authors of [18] could not identify the details of the heat transfer on the surface
of the rib by using thermocouple data, and since access from the front and back of the
rib for optical measurement apparatus such as TLC or using infrared cameras is difficult,
measurement data are rare [3,15]. The authors of [86] measured the heat transfer data
on the rib surface by obtaining laser holography images from the side of the test section,
while [87] measured the heat transfer distribution on the rib surface by securing optical
access from the high blockage rib. The heat transfer distribution on the rib surface can be
obtained using CFD, and LES provides more reliable data than RANS.



Energies 2023, 16, 3656

9 of 20

Figure 6 shows a comparison of the heat transfer on the rib obtained using LES and
obtained experimentally. Compared with the channel wall in Figure 3b, the deviation
between the data is large. Among the three surfaces of the rib, the front one has the largest
Nusselt number (0 < s/e < 1). Although the LES results predict a sharp heat transfer peak at
the upstream edge, this is not clear from the experimental data.

7 [ T T T T T T T ™1 ]
r e Infrared —— Ahn (2005)
m Hologram — —-- Tafti (2021)

----- Scholl (2015)

Nu/Nu,

o 05 1 15 2 25 3
s/e

Figure 6. Local heat transfer distribution on the rib (2 experiments [86,87] and 3 LES data [44,47,57]).

At the top surface (1 < s/e < 2), the flow detached from the upstream edge becomes
reattached (Figure 2b), resulting in a heat transfer peak at 1.5 < s/e < 2, which is commonly
predicted by using the three sets of LES results and the experimental data in [87]. Mean-
while, only the results in [86] with measurements obtained by using a laser hologram do
not follow this trend. Heat transfer at the rear surface (2 < s/e <3), which is the weakest
among the three surfaces, decreases from the edge to the corner. This trend is unanimous
when comparing the five datasets in Figure 6.

5. Conjugate Heat Transfer

The rib installed in the cooling passage of the gas turbine also serves as a fin to widen
the heat transfer area. To obtain accurate measurements of the heat transfer performance,
the fin performance while considering the thermal conduction from the rib must be ob-
tained [88,89]. To perform this, it is necessary to find the temperature inside the rib. Since it
is difficult to plant a sensor inside the rib in experiments, it is obtained by measuring the
temperature distribution on the surface and performing a separate conduction analysis
using this as a boundary condition [89].

In CFD, conjugate heat transfer simulation including thermal conduction must be
performed. The authors of [88] analyzed the conjugate heat transfer of the ribbed channel
using RANS, but did not consider the conduction at the channel wall. When trying to
analyze the conjugate heat transfer for a ribbed channel with LES, a problem arises in
that the time scales of conduction and convection are significantly different. The authors
of [58] solved this by exchanging time-averaged boundary conditions intermittently while
applying separate solvers for solids and fluids. The authors of [10,44] performed a fully
coupled analysis by applying the immersed boundary method.

Figure 7a shows a comparison of the temperature distribution after conjugate heat
transfer analysis with that of pure convection. Since the thermal conductivity of gas
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turbine materials is around 600 times that of cooling air [10,89], the solid interior is close to
isothermal and most of the temperature change occurs inside the rib. Therefore, the height
of the rib [10] is better than the thickness of the channel wall for use as the characteristic
length in the Biot number calculation [90] until the thermal conductivity decreases, at which
point the latter becomes more appropriate [70].

LES

Isothermal wall (b)
e

Exp.

Temperature

l326K
I316K

Figure 7. Thermal fields in a ribbed channel with a conducting wall [10]: (a) temperature contours in
the xy plane; (b) the temperature around the rib.

Figure 7b depicts a comparison of the temperature distribution inside the rib obtained
by LES with experimentally obtained results; the temperature distribution and heat flux
vector obtained by using LES and experimentally are in good agreement. Moreover, it can
be seen that the channel wall should be included in the analysis because of the effect of the
heat conduction from the rib penetrating the channel wall.

Figure 8a shows a comparison of the heat transfer data in a conducting channel wall
obtained experimentally and via LES. At the channel wall, the effect of conduction is not
significant, so the conjugate heat transfer data appears similar to the iso-flux data. In the
experiment, the conjugate data [89] (blue squares) occur sooner after the rib (0 < x/e < 2)
and in front of the rib (8 < x/e <9) than the iso-flux data (red circles) [87]. However, this
trend cannot clearly be seen in the LES results. Although this tendency is evident in [10],
the blockage ratio is different, so additional investigations are needed.

Figure 8b illustrates a comparison of the heat transfer on the rib surface. Compared
with the iso-flux data (red circles), the conjugate data (blue square) show a decrease in
heat transfer at the front surface (0 < s/e < 1) and the rear surface (2 < s/e < 3). Although
a decrease in heat transfer at the rear surface was predicted by [44], a change at the front
surface was not clearly observed in the LES data. The authors of [44,57,58] performed LESs
under the same conditions and shapes as the experiments performed by [87,89], so the
difference in the heat transfer at the front surface seems to be due to the difference in the
time scales for conduction and convection.
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Figure 8. Local heat transfer distributions: (a) on the channel wall; (b) on the rib. The experimental
data [87,89] are represented by symbols and the LES data [44,57,58] by lines.

6. The Effects of Rotating the Gas Turbine Blade

Rotating the gas turbine blade affects the heat transfer in the cooling channel [3,4], and
since it is difficult to measure this experimentally, CFD can be usefully employed instead.
However, the effects of rotation are not well-represented in RANS [36,48], so LES was
identified as being more suitable for examining this phenomenon. In LES, the centrifugal
force or rotating buoyancy effect of using a high rotation speed can be implemented more
easily than can be achieved experimentally [42,50].

As shown in Figure 9a, to test the heat transfer of the rotating ribbed duct, the duct
and the sensor including the camera must be rotated together and the balance must be well-
matched to obtain a high rotation number [3]. The experimental results in Figure 9b show
that the heat transfer characteristics change by rotation. However, rotational buoyancy
caused by rotation with centrifugal force is difficult to observe experimentally.

The local heat transfer distribution of the rotating ribbed channel obtained by LES
is presented in Figure 9¢c,d. The rotation effect not well-predicted by using RANS can be
by using LES. Heat transfer is promoted in the trailing wall when LES is used with an Ro
value of 0.3 (Figure 9c¢) [48,50], which could not be obtained experimentally by [91]. The
results from [48,50] agree well in Figure 9c even though the channel aspect ratio is different
(see Table 1).

Although heat transfer can be seen to decrease at the leading wall in Figure 9d, LES
underpredicts the amount of heat transfer reduction for Ro = 0.1. The data in [50] show a
significantly different distribution from other LES or experimentally obtained data. The
heat transfer at the leading wall appears to be more sensitive to the channel aspect ratio
than that at the trailing wall (see Table 1). When replacing the test duct in the rotation rig
in Figure 9a, the sensor must be installed and the balance must be re-adjusted. Thus, LES is
a useful tool for studying the rotation effect according to the duct aspect ratio.

Rotating buoyancy, which is difficult to experimentally implement close to that in
a real gas turbine, can be imposed by using LES. Around 1 million grids are required to
analyze one cycle in the flow direction of a ribbed channel using LES, while tens of millions
of grids are required to analyze a two-pass duct [20,21]. Due to recent improvements in
hardware performance, data on a two-pass duct can be obtained via LES (Figure 10) [43].
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Figure 9. Heat transfer in the rotating ribbed channel: (a) A typical experimental setup [3]; (b) local
heat transfer distributions [3]; (c) the local Nusselt number on the trailing wall; (d) the local Nusselt
number on the leading wall. Ro: rotation number (LES data [48,50] compared to experiment [91]).
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Figure 10. Large eddy simulation of heat transfer in a two-pass rotating ribbed duct [43]: (a) thermal
fields in the channel; (b) heat transfer on the channel wall during the first pass; (c) heat transfer on

the channel wall during the second pass. Bo: buoyancy number.
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\A model

In Figure 10a, it can be seen that the effect of buoyancy number appears downstream in
the first pass where the coolant is heated in the second pass. In the heat transfer distribution
of the first pass shown in Figure 10b, the entry effect appears to be common and both the
rotation effect and the buoyancy effect occur. The effect of a sharp 180° turn occurs during
the heat transfer in the second pass (Figure 9c). Many studies have been conducted on
shapes to secure flow uniformity during sharp 180° turns [92], for which LES is a useful
tool that will be widely used in such studies.

7. Geometrical Shapes for Performance Improvement

Although a rib turbulator installed in the internal cooling passage of a gas turbine
promotes heat transfer, it also causes additional pressure loss. In addition, heat transfer
becomes locally non-uniform, especially in the low heat transfer region behind the rib. To
improve this problem, various rib shapes have been proposed [1], as shown in Figure 11.
Since the gas turbine blade has an airfoil-shaped cross-section, those in the cooling passage
near the leading edge and trailing edge are semicircular or triangular, respectively (see
Figure 11). In most studies on gas turbine internal flow channels, the researchers have dealt
with the effects of the geometric parameters on heat transfer and pressure drop [1].

e transverse, angled, compound angled, V-shaped, W-shaped, discrete ...

==

® Rib arrangement (inline, staggered)
- r@Q. .., QT

n_l:F.Ll_ - i __u
¢ P

® Rib height (e/H), pitch (p/e)

e Aspect ratio -u vy 14 ] = .

(= WH) / . -

w —a s . . " - J

C |-

e Rib cross section geometry
(square, round, fractal, triangular, detached,
perforated...)

@ Duct cross section shape
(rectangular, triangular, semicircle...)

Figure 11. Geometrical shapes and variables affecting heat transfer in the internal cooling passage of
a gas turbine.

The shape of ribs, especially ribs angled as V and W shapes, has been actively studied
over the past 40 years, with articles on the subject being published recently [93]. When the
rib is at an angle to the main flow, the secondary flow is generated in the duct to promote
heat transfer. Compared with using transverse ribs, the latter can be relatively well-
predicted by using RANS and the results are in good agreement with the experimentally
obtained ones. The authors of [94] performed RANS under the same conditions as used in
the experiment in [95] and obtained a local heat transfer distribution profile similar to the
experimentally obtained one (Figure 12).
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Figure 12. Local heat transfer distribution on a channel wall with V-shaped ribs: (a) experimental
data [95]; (b) RANS data with RSM [94]; (c) RANS data with the k-model [96].

Comparing Figure 12a,b demonstrates that heat transfer is underpredicted compared
with the experiment and the reattachment point is pushed slightly downstream, so obtain-
ing better results with LES remains possible. The k-¢ model, which does not predict heat
transfer in the transverse rib well, also provides a heat transfer distribution close to the
experimentally obtained one when using V-shaped ribs, as shown in Figure 12c. When
performing LES on a model using angled ribs, the Reynolds number in [26] is rather low
whereas that in [55] is over 10,000. Meanwhile, although [73] performed DES for V-shaped
ribs and obtained results in good agreement with the experimentally obtained ones, they
could not provide instantaneous large flow structures. Moreover, [64,65] performed LES
but did not include heat transfer.

The most studied topic for rib geometries is their cross-sectional shape [97,98]. Figure 13a
shows a comparison of the streamlines obtained in channels with semicircular ribs and
detached ribs by using LES. The semicircular rib shows a flow structure similar to that of
the square rib, and the heat transfer distribution comparison shown in Figure 13b is also
similar [47]. The detached rib promotes heat transfer in the low heat transfer region behind
the rib [99], albeit the heat transfer promotion effect decreases near the reattachment point
(Figure 13b) [49].

(b)
4 T '
!
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3
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< g e
e
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Figure 13. Effects of rib cross-section geometry on flow and heat transfer in a ribbed channel [47,49];
(a) time-averaged streamlines; (b) local heat transfer distributions on the channel wall.
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The authors of [97] performed RANS on 16 different rib cross-sectional shapes and pre-
sented data with the best heat transfer performance for boot-type ribs with the downstream
side shaved off. The authors of [45] recently performed LES on the forward step rib and the
backward step rib, and the backward step rib obtained better heat transfer performance.
The authors of [55] performed LES on 10 rib cross-sections and obtained good heat transfer
performance in the shape where the downstream side of the rib was shaved as in [97].

8. Conclusions

Herein, 50 studies published over the past 20 years on the flow and heat transfer in a
ribbed channel by simulating the flow path inside a gas turbine using LES are reviewed.
The main findings can be summarized as follows.

In ribbed channel flow, instability in the convection term or inflow generation problem
does not appear, so LES can be performed more easily than with film cooling. The effect of
the SGS model on the heat transfer results is not significant, and the LES results obtained
by several groups are very consistent, unlike those obtained using RANS. Including sharp
corners in the geometrical shape of the ribs causes grid configuration and stability issues.
When considering the thermal conduction by the rib, there is a time scale difference between
flow and conduction. An immersed boundary method that supports conjugate heat transfer
has been used as a solution to these numerical problems.

LES can be used to not only accurately predict heat transfer in ribbed channels but
also provide instantaneous flow and temperature field and turbulence statistics that using
RANS cannot. Based on this information, it is possible to explain the local heat transfer
distribution process and identify the mechanism that promotes heat transfer. In addition,
LES provides local heat transfer distribution or conjugate heat transfer data for the ribs, for
which there is a lack of experimentally obtained data. High rotation and buoyancy effects,
which are difficult to measure experimentally, can also be simulated by using LES.

9. Future Directions

Improvements in computing hardware have enabled LES results to be obtained for
two-pass ducts, and using LES to simulate the entire internal cooling passage is expected
to be possible soon. Compared with the shape of the rib, not much data on duct geometry
using LES have been published. It is anticipated that using LES for a triangular duct [100]
appearing near the trailing edge or semicircular duct near the leading edge will be available
soon. Problems with experimental high-resolution optical measurement methods can be
overcome using LES, which thereby can make a useful contribution.

In addition to the duct geometry, heat transfer promoters such as dimples and pin fins
are used near the trailing edge. LES results on using a dimpled channel have been published
since 2008 [101,102], showing that LES can be used to predict local heat transfer much
better than RANS. LES results on using pin fins have recently begun to be published [103],
while research including conjugate heat transfer will be needed in the future. Besides ribs,
impinging jets and vortices are also widely used [104], so LES models including these
should provide useful data.
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Nomenclature

thickness of the channel wall [m]
hydraulic diameter of the channel [m]
rib height [m]

friction factor

heat transfer coefficient [W/m2K]
channel height [m]

thermal conductivity of fluid [W/mK]
Nu Nusselt number (=h Dy, /k¢)

P rib-to-rib pitch [m]

Pr Prandtl number (=v/x)

Re bulk Reynolds number (=Uy, Dy, /v)

Ro rotation number (=w Dy, /Uy)

q heat transfer rate [W]

t time [s]

T temperature [K]

Ty bulk temperature [K]

Tw wall temperature [K]

Uy bulk velocity [m/s]

12% channel width [m]

Greek symbols

o thermal diffusivity [m2/s]

v kinematic viscosity [m?2/s]

0 dimensionless temperature (=(T — T},)/(Tw — Tp))
(C) time-averaged dimensionless temperature
Subscripts

0 fully developed value in a smooth pipe

5:w\nmj@m
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