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ABSTRACT 

The bend region of internal cooling channels usually has uneven heat transfer distribution and high pressure drop. In 
the present paper, steady-state RANS simulations are employed to investigate the effects of guide vane on the heat transfer 
and flow of a 2-pass ribbed internal cooling channel connected by a 180° U-shape bend. The cooling channel has a hydraulic 
diameter of 16.93 mm and an aspect ratio of 2:1, while the Reynolds number ranges from 20000 to 60000, with an increment 
of 10000. Two guide vane geometries are considered, half-circle vane and half-circle vane with a downstream extension. 
Results show that guide vanes do not have obvious effects on the first pass, however, in the bend region the flow separation 
is mitigated a lot and the heat transfer distribution is much more uniform. The pressure drop is reduced considerably by the 
guide vane. 

INTRODUCTION 
Due to the demand for higher power output and efficiency, the turbine inlet temperature keeps rising in the past 

decades, exceeding the melting point of the superalloy. Hence, the turbine blade has to be cooled to maintain its safety and 
duration. Internal cooling is one of the important methods to cool the blade and is widely employed by designers (Han et 
al., 2012, Han, 2013). Usually, in the mid-chord region, a blade is cooled by multi-pass serpentine cooling channels 
roughened by ribs. The neighboring passes of the channel are connected by a 180° bend located either at the blade hub or 
the tip (Han and Huh, 2010). 

The heat transfer performance and the pressure drop of the ribbed cooling channel are affected by a bunch of factors 
that are already extensively investigated (Han et al., 1991, Taslim and Spring, 1994). However, for the bend region, current 
studies find that flow separation happens within this part, and sophisticated secondary vortex structures emerge, leading to 
ununiform heat transfer distribution and high pressure drop. 

The detailed heat transfer distribution of a 2-pass square internal cooling channel was investigated by Ekkad and Han 
(1997) and the Nusselt number is found to be varied a lot across the ben region. The flow inside a 2-pass square channel 
with and w/o ribs were measured by Son et al. (2002) using PIV. The authors found that a recirculation region emerges 
after the bend region, which can occupy 30% of the downstream area. On the other hand, the main flow impinges on the 
outer wall of the bend and the 2nd pass. Comparison with the heat transfer results from Ekkad and Han (1997) concluded 
that the main flow is responsible for the high heat transfer region. Moreover, as noted by (Verstraete et al., 2013), the bend 
region can occupy 25% of the pressure drop of the multi-pass internal cooling system,  

An effective method to improve the cooling performance of the bend region is to employ a guide vane, which has been 
studied by some researchers, such as (Luo and Razinsky, 2009, Chen et al., 2011, Schüler et al., 2010). A general trend 
was found that using a proper guide vane leads to less pressure drop in the bend region, though the effect of the guide vane 
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on heat transfer varies. Moreover, as noted by these authors, for the numerical studies of ribbed internal cooling channel, 
the SST k-ω model and the ORS (Omega Reynolds Stress) model usually give better predictions, both on the heat transfer 
and the pressure drop. 

Though the bend region of the multi-pass internal cooling channel and the effects of guide vanes are investigated in 
the past few years. Understandings into these structures are still not deep enough and further studies are necessary, 
especially the effect of guide vanes on the downstream pass which is not considered systematically. Therefore, in this 
paper, the effects of guide vanes a 2-pass internal cooling channel with U-turn are investigated numerically. Two different 
guide vane geometries are considered and their influence on the pressure drop and heat transfer is looked through. 
Hopefully, this paper may serve as a reference for future researchers and designers. 

NUMERICAL SETUP 
A rectangular 2-pass ribbed internal cooling channel connected by a U-bend is used for the simulations. The channel 

has an aspect ratio (AR) of 2:1 and a hydraulic diameter of 16.93 mm. An upstream extension of 10Dh is implemented 
before the inlet to guarantee fully developed incoming flow. The model of the computation domain is shown in Figure 1 
and the geometries of the ribs and the guide vanes are given in Figure 2, with their geometry parameters listed in Table 1. 

 
Figure 1 Computational Domain 

 

Figure 2 Geometries of (a) The Bend and The Rib, and The Two Investigated Guide Vanes (b) Half-
Circle Vane and (c) Half-Circle Vane with Downstream Extension 

Table 1 Geometry Parameters 
H/mm W/mm e/mm h/mm P/e α/° R/mm r/mm rv/mm t/mm l/mm 
12.7 25.4 1.6 1.6 8 45 31.75 6.35 18.25 1.6 34.69 
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The computational domain is discretized using ICEM 15.0 with full-structure mesh, and the steady-state Navier-Stokes 
equations are solved by CFX 15.0. As discussed by aforementioned investigations (Luo and Razinsky, 2009, Chen et al., 
2011, Schüler et al., 2010), the SST k-ω and the ORD (Omega Reynolds Stress) models give better predictions both on the 
heat transfer and the pressure loss of multi-pass ribbed internal cooling channels. However, due to the convergence issues 
of the ORS model, SST k-ω is employed as the turbulence model in the present study. In most of the computation domain, 
the y+ value of the first layer of the mesh is less than 1, fulfilling the requirement of the SST k-ω model. The convergence 
criteria are that the RMS of the residuals of momentum equations and energy equations is less than 1×10-5. 

As for the boundary conditions, the coolant (air ideal gas) mass flow rate at the inlet is given according to the 
investigated Reynolds number while the pressure of the outlet is set to be 1 atm. The temperature of the coolant at the inlet 
is 45℃ and the walls of ribs and the channel are 20℃, which is the same as the conditions of (Chen et al., 2011). The guide 
vane surfaces are regarded as adiabatic. All the walls are set to be smooth. 

The ribbed internal cooling channel without a guide vane at Re=40000 is used to verify the grid-independence of the 
results, with 3 different mesh number setups, i.e., 2.6M, 4.6M, and 6.6M. The channel is divide into 19 parts, and the area-
averaged Nusselt number for each part is presented in Figure 3. When the mesh number increases from 2.6M to 4.6M, the 
are averaged Nusselt number of the bend and the 2nd pass drops by about 5%. However, when the mesh number continues 
to increase to 6.6M, the results almost keep unchanged. Consequently, the mesh size of 4.6M is employed from this study, 
though the specific mesh number ranges from 4.6M to 5.6M for different guide vane geometries. 

 
Figure 3 Grid Independence Verification 

RESULTS AND DISCUSSION 
The heat transfer performance is characterized by the Nusselt number ratio (Nu/Nu0) on the channel wall surface, 

defined as follows: 

Nu = hꞏDh/kair (1) 

The heat transfer coefficient (h) is calculated from: 

h = qw/(Tw-Tb) (2) 

Where qw is the local heat flux of the numerical results, Tw is the constant wall temperature of 20℃, and Tb is the linear 
interpolation of the bulk temperature from the inlet (after the upstream extension) to the outlet of the channel. 

Nu0 is the Nusselt number of a smooth channel, calculated from the Dittus-Boelter equation: 

Nu0 = 0.023ꞏRe0.8ꞏPr0.3 (3) 

A non-dimensional parameter is used to evaluate the pressure drop at different regions, defined as: 

Cp = (Pi-Pin,t)/0.5ꞏρꞏUb
2 

Where Pi is the static pressure at the corresponding region surface, Pin is the total pressure at the inlet (after the upstream 
extension), ρ is the density of air calculated from the average pressure and temperature, and Ub is the bulk velocity 
calculated from the mass flow rate. 

Finally, the flow field inside the cooling channel is also presented for a deeper insight into the effects guide vane 
geometries and to explain the heat transfer characteristics. 
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Heat transfer 
The Nusselt number ratio (Nu/Nu0) distribution and the corresponding area averaged value of the three investigated 

geometries are shown in Figure 4 and Figure 5. The whole channel is divided into 19 regions by the ribs and the area 
averaged Nusselt number ratio is calculated within each region. For the Nusselt number distribution, only the results at 
Re=40000 are given for brevity. 

For the 1st channel, within region 1-8, the heat transfer keeps increased along the streamwise direction, which is 
attributed to the continuous disturbance by the ribs and the accumulation of turbulence. As concluded by previous 
researchers (Han and Huh, 2010, Han, 2018), the flow across the rib separates from the surfaces, leading to low heat transfer 
downstream next to the rib. After that, high Nusselt number is witnessed due to the impingement of the main flow on the 
wall, and finally, the heat transfer weakens gradually as the boundary layer continues to develop until the nest rib (Figure 
4). The strong heat transfer enhancement region locates near the inner as the angled ribs skewed the main flow and the 
secondary vortices (Chanteloup et al., 2002, Abdel-Wahab and Tafti, 2004). In region 9, the Nusselt number ratio decreases, 
indicating the effect of the bend. However, the effect of bend region geometries on the heat transfer in the 1st pass is almost 
negligible. 

Within the bend (region 10), the area averaged Nusselt number ratio drops significantly. Moreover, for the geometry 
without the guide vane (case 1), the Nusselt number distribution is extremely uneven. The heat transfer at the outer part of 
the bend is much weaker than the inner part, especially near the hub wall. However, for the part adjacent to the 2nd pass, 
the heat transfer near the inner wall also decreases, which is attributed to the flow separation as noted by (Son et al., 2002). 
As shown in Figure 4, the Nusselt number distribution within the bend is more uniform by implementing a guide vane. 
The heat transfer of the outer part is improved by both the half-circle vane (case 2) and the half-circle vane with downstream 
extension (case 3). Meanwhile, the Nusselt number distribution also indicates mitigated flow separation, especially for case 
3. As presented in Figure 5, The area-averaged Nusselt number ratio is also slightly increased by the guide vane, and the 
downstream extension of the guide vane (case 3) leads to stronger heat transfer enhancement. 

At the 2nd pass, for case 1, the recirculation of the flow leads to a low heat transfer zone close to the inner wall of 
region 11, which is adjacent to the bend. However, when the half-circle vane is employed, the heat transfer in this zone is 
improved while that next to the outer wall is reduced, as shown in Figure4 (b). On the other hand, for case 3, the heat 
transfer of regions 11 and 12 is comparable to that of case 1, with a higher Nusselt number ratio next to the inner wall. 
However, in regions 13-16, the heat transfer is reduced a lot, especially around the inner wall. As for the area-averaged 
Nusselt number ratio (Figure 5), after the bend, the heat transfer of all the 3 geometries re-increases at region 11. The guide 
vane leads to a lower Nusselt number ratio in this region, while case 3 shows less degradation. For case 1, further 
downstream, the heat transfer begins to decrease until region 14, and then increases again. For case 2, the drop in the 
Nusselt number ratio can be only found from region 10 to region 11, indicating the effect of the bend is considerably 
relieved. For case 3, the trend is different. The area averaged Nusselt number ratio increases from region 11 to 12, then it 
decreases suddenly until region 16, and after that the heat transfer continues to increases along the streamwise direction.  

 
Figure 4 Nusselt Number Ratio Distribution 
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Figure 5 Area-Averaged Nusselt Number Ratio at Re=40000 

The area-averaged Nusselt number ratio for different geometries at all the Reynolds number (Re=20000~60000) 
conditions investigated is present in Figure 6. It is noticed that for the 3 geometries, in the 1st pass before region 6, the heat 
transfer enhancement almost keeps unchanged as the Re increases. Nevertheless, after region 7, the Nusselt number ratio 
decreases when the Reynolds number rises. Meanwhile, as aforementioned, the Nusselt number ratio in the 1st begins to 
decrease after a certain streamwise position, and this position moves more upstream as the Re increases, indicating that the 
effect of the bend becomes stronger and happens earlier. Within the bend, the effect of Reynolds number on Nusselt number 
ratio is relatively weak, but generally, higher Re leads to weaker heat transfer enhancement. On the other hand, in the 2nd 
pass, the three geometries present different variation trends with the Reynolds number. For case 1 (without guide vane), 
the Nusselt number ratio keeps decreasing with the increase of Reynolds number. Moreover, this trend is extremely 
protruded in region 13, probably because that the effect of the reverse flow region enlarges as the Re rises. For case 2 (half-
circle vane), when Re rises from 20000 to 30000, the Nusselt number ratio ascends obviously, but as Re continues to 
increase, it decreases slightly and almost keeps constant. However, for case 3 (half-circle vane with extension), the Nusselt 
number shows a slightly increasing trend as Re rises. 

 
Figure 6 Area-Averaged Nusselt Number Ratio at all the Re Conditions 
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Pressure drop 
The non-dimensional pressure drop parameter (Cp) of the three geometries at Re=40000 is given in Figure 7. The 

pressure drop of the 1st channel is gradual and the effect of guide vane geometries is almost negligible. However, after the 
bend, the difference is distinct. For the geometry without the guide vane (case 1), the pressure drop of the bend (from region 
10 to 11) is almost 1.06 times that of the 1st channel and occupies about 42% of the whole 2-pass channel. With a guide 
vane, the pressure drop is decreased by about 60% for case 2 and 53% for case3. After that, for case 1 the pressure re-rises 
slightly from region 11 to 12, but for the other 2 geometries with a guide vane, the pressure keeps decreasing in the 2nd 
pass. The two guide vane geometries reduced the pressure drop of the whole channel by around 18%. 

 
Figure 7 Non-dimensional Pressure Drop at Re=40000 

The effect of the Reynolds number on the pressure drop can be drawn from Figure 8. The non-dimensional pressure 
drop of the 1st pass almost keeps unchanged with the Reynolds number, while in the 2nd pass higher Reynolds number leads 
to decreased pressure drop. However, for the geometries with a guide vane (case 2 and case 3), the variation of pressure 
drop in the 2nd pass is much less clear. 

 
Figure 8 Non-dimensional Pressure Drop at all the Re Condition 
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Flow field 
As concluded by (Son et al., 2002), the mean flow inside the internal cooling channel has significant effects on heat 

transfer. Therefore, the u-velocity distribution and the streamlines at the center Y-plane are provided in Figure 9 for 
analysis. The non-dimensional turbulence kinetic energy (TKE) is also given in Figure 10. Only the results at Re=40000 
are provided here. 

For the 1st channel, the flow of the three geometries is rather similar while an obvious difference happens from the 
bend region. Within the bend, the low-velocity region near the outer wall is reduced by the guide vane, which consists of 
the improvement of heat transfer as discussed in Figure 4. After the bend, a recirculation zone is located next to the inner 
wall, which leads to a reduced Nusselt number ratio as shown in Figure 4(a). When a guide vane is implemented, the 
recirculation zone is reduced obviously and even almost disappears with the downstream extension of the guide vane (case 
3). Meanwhile, for case 1, the high-velocity main flow impinges onto the outer wall and is responsible for the local heat 
transfer enhancement (Son et al., 2002). As the impingement effect is mitigated by the guide vane, the heat transfer is also 
reduced. Especially for case 3, due to the extension of the guide vane, the main flow moves along the guide vane and can 
only impingement onto the outer surface at further downstream positions, and thus leads to the decrease of the heat transfer 
within region 13-16. 

The TKE distribution at the center Y-plane is shown in Figure 10. Similar to the u-velocity distribution, the guide vane 
geometries almost do not influence the TKE in the 1st channel. Within the bend, the TKE is slightly lower near the outer 
wall for case 1, while its distribution is more uniform when a guide vane is employed. The most noticeable difference 
happens in the 2nd pass adjacent to the bend. For case 1, the TKE is much higher due to flow separation, especially at the 
zone close to the recirculation bubble, which suggests stronger mixing and is supposed to be responsible for the high 
pressure loss. As shown in Figure 10, the TKE is reduced with the mitigation of the recirculation zone. 

 
Figure 9 U-Velocity Distribution and Streamlines 

at Center Y-Plane 

 
Figure 10 Turbulent Kinetic Energy (TKE) 

Distribution at Center Y-Plane 

CONCLUSIONS 
In this paper, the heat transfer and flow of a 2-pass ribbed internal cooling channel with a U-bend is investigated 

numerically. Effects of 2 different guide vane geometries (half-circle vane and half-circle vane with downstream extension) 
are studied. The main conclusions are drawn as follows. 

1. Without a guide vane, the flow separation in the bend leads to unevenly distributed heat transfer as well as high 
pressure drop. The pressure drop can be as high as 40% of the whole 2-pass channel. 

2. The guide vane improves the uniformity of heat transfer distribution in the bend region with a slight increase in 
the Nusselt number. However, the heat transfer in the 2nd pass is weakened by the guide vane, especially when the 
downstream extension is added. 

3. The recirculation zone after the bend and the turbulent kinetic energy is considerably suppressed by the guide 
vane, and thus reduces the pressure drop by as high as 60% of the bend and 18% of the whole 2-pass channel. The 



8 

impingement of the main flow onto the outer wall in the 2nd pass is also mitigated by the guide vane, which is 
supposed to cause the decrease in heat transfer of the 2nd pass. 

Nomenclature  
AR Aspect ratio (=W/H) 
Cp Non-dimensional pressure drop parameter (=(P-Pin,t)/0.5ꞏρꞏUb

2) 
Dh Hydraulic diameter/mm 
H Channel height/mm 
P Rib pitch/mm 
Pi Static pressure of each region/Pa 
Pin,t Inlet total pressure/Pa 
R Outer radius of the bend/mm 
T Temperature/K 
TKE Non-dimensional turbulence kinetic energy (=(u’2+v’2+w’2)/Ub

2) 
Ub Bulk velocity/mꞏs-1 
W Width of the channel/mm 
e Rib width/mm 
h Rib height/mm 
l length of the extension of guide vane/mm 
qw Heat flux/WꞏK-1ꞏm-2 
r Inner radius of the bend/mm 
rv Inner radius of the guide vane/mm 
t Thick of the guide vane/mm 
α Rib angle/° 
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