
Citation: Kim, B.; Kim, S. Numerical

Investigation of Pressure Loss in a

Rectangular Channel with a Sharp

180-Degree Turn: Influence of Design

Variables and Geometric Shapes.

Energies 2023, 16, 3050. https://

doi.org/10.3390/en16073050

Academic Editor: Dmitry Eskin

Received: 27 February 2023

Revised: 20 March 2023

Accepted: 24 March 2023

Published: 27 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Numerical Investigation of Pressure Loss in a Rectangular
Channel with a Sharp 180-Degree Turn: Influence of Design
Variables and Geometric Shapes
Byunghui Kim 1 and Seokho Kim 2,*

1 Regional Leading Research Center, Changwon National University, Changwon 51140, Republic of Korea;
byunghui.kim@gmail.com

2 Department of Mechanical Engineering, Changwon National University, Changwon 51140, Republic of Korea
* Correspondence: seokho@changwon.ac.kr; Tel.: +82-55-213-3607

Abstract: Gas turbine blade cooling typically uses a cooling air passage with a sharp 180◦ turn in
the midchord area of the airfoil. Its geometric shape and dimensions are strictly constrained within
the airfoil to ensure both aerodynamic and cooling performance. These characteristics imply the
importance of understanding the relationships between the geometric dimensions and the cooling
channel performance. In this study, we validated a numerical method using the commercial software,
Ansys Fluent 2021 R2, by predicting a total pressure loss coefficient with less than 6% deviation from
the experimental results of Metzger et al. for four different Reynolds numbers. Through parameter
studies, the divider tip-to-wall clearance was found to be the most significant parameter influencing
the pressure loss. Parameter correlations and predictive models between the design variables and
the pressure loss were derived by regression analysis using the R language; the regression model
predicted the pressure loss to within 2.29% of the numerical method. As the geometries changed, the
response surface and the adjoint solver improved the pressure loss by approximately 20.87% and
25.96%, respectively, at the representative Reynolds number of 24,230; this showed that the adjoint
solver was a relatively simple and effective method with minimal geometric changes.

Keywords: turbine blade cooling; pressure loss; numerical method; rectangular channel; sharp
180-degree turn

1. Introduction

Improving the efficiency of gas turbines, which are widely used in power generation
and transport, can reduce the amount of carbon dioxide emissions that accelerate global
warming. Many researchers have focused on improving the efficiency by increasing the
turbine inlet temperature, thereby using various cooling techniques to keep gas turbine
blades below the allowable temperature of the blade materials. In general, gas turbine
internal cooling systems draw compressed air from a compressor and deliver it to the
blade interior via the hub section of the blade. The internal cooling passage consists of
multiple straight channels in the spanwise direction of the turbine blade, and adjacent
channels are inter-connected by a sharp 180◦ turn (Figure 1); this sharp turn causes complex
flow phenomena such as flow separation, secondary vortices, and reattachment along
the downstream passage [1]. Therefore, the importance of the internal cooling design of
turbine blades is to minimize the pressure drop in the internal flow passage and to ensure
a uniform temperature distribution over the lifetime of the components.

Many researchers have studied the flow and heat transfer (HT) characteristics for the
convection cooling of turbine blades in a rectangular channel with a sharp 180◦ turn.

Merzger et al. [2] studied the effects of non-dimensionalized parameters of the chan-
nel geometry and Reynolds numbers that ranged from 5000 to 80,000; they showed the
relevance of the channel width and the divider top-to-wall clearance of the turn region
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to the pressure drop, and, in a subsequent study [3], they showed the HT rates for sharp
180◦ turns based on nine geometries. Fan and Metzger [4] also measured Nusselt numbers
within and around sharp 180◦ turns in a smooth rectangular channel for 27 geometry
parameters, and they concluded that increasing the channel aspect ratio (AR) reduced the
azimuthal HT and increased the channel HT. Hirota et al. [5] conducted experiments to
clarify the local heat transfer in a rectangular channel with a sharp 180-degree turn, which
showed that the local mass transfer rate was not uniform and varied significantly near
the turn.
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Figure 1. Typical turbine blade internal cooling system.

Ribbed channels have been studied to improve heat transfer. Han et al. [6] measured
the detailed distributions of the local mass transfer coefficient around sharp 180◦ turns in
a smooth and a rib-roughened channel; they showed that the mass transfer around the
turn in the rib-roughened channel decreased with increasing rib spacing and increased
with increasing rib height. Subsequently, Han et al. [7] studied the combined effects of
rib turbulator geometry on the distributions of the local pressure drop for three-pass
rectangular channels for a Reynolds number range from 15,000 to 60,000, and they showed
that the pressure drop in the first pass was dominant, and the friction factor was correlated.
Chandra and Han [8] also investigated the combined effects of a sharp 180◦ turn and rib
configuration in a two-pass square channel with a pair of opposite ribbed walls at Reynolds
numbers ranging from 15,000 to 60,000; they compared the HT improvements between the
first and second passes with sharp 180◦ turna and obtained correlations for the friction
factors and loss coefficients. Park et al. [9] studied the HT and friction factor for five short
rectangular channels with two opposite ribbed walls and showed that the narrow aspect
ratio channels had better HT than the wide aspect ratio channels. Mochizuki et al. [10]
experimentally investigated the combined effects of a sharp 180◦ turn and rib patterns in a
two-pass channel on the pressure drop performance and the local HT coefficient, thereby
showing the interactions between the bend-induced secondary flow and the rib-induced
secondary flow. And Zhao et al. [11] investigated the local pressure distribution in a
relatively short two-pass smooth and ribbed channel.

Some studies have used the naphthalene mass transfer technique. Chyu [12] inves-
tigated the heat transfer distribution for two-pass and three-pass square passages and
showed the non-uniform mass transfer coefficients around a sharp 180◦ turn due to flow
separation, reattachment, and impingement, as well as significant pressure loss due to the
sharp turns. Syuhada et al. [13] measured the local HT characteristics in rectangular ducts
and showed the effect of the flow-inlet condition. Hirota et al. [14] studied the HT/mass
transfer (MT) characteristics for turbulent flow in two-pass channels of 50 × 25 mm rect-
angular cross-sections with a sharp 180◦ turn under Reynolds numbers of 20,000–60,000;
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their results showed detailed maps of the local Sherwood number showing the complex
and steep changes in the local HT/MT rates in and after the sharp turn, as well as close
relationships with the turn clearance and Reynolds number. Subsequently, Hirota et al. [15]
investigated the effect of an inclined divider in rectangular cross-sectioned two-pass chan-
nels and measured the local HT/MT rates at seven angles of inclination under the Reynolds
numbers of 20,000–50,000; they concluded that increasing the turn clearance and inclining
the divider wall towards the converging side enhanced HT performance.

Other experimental techniques have also been used to study the flow characteristics
within rectangular channels with sharp 180◦ turns. Cardone and Astarita [16] provided
a detailed visualization of the surface flow and convective HT near a sharp turn in a
square channel. Schabacker et al. [17] used the particle image velocimetry technique to
measure the flow characteristics in a two-pass internal coolant passage with a 45-degree
rib arrangement. Additionally, Liou et al. [18,19] used a transient liquid crystal method
to study the effect of the divider thickness on the local HT around the sharp turn of a
two-pass square channel; they investigated the flow fields in a two-pass square channel
with three-divider thicknesses using a non-intrusive laser Doppler velocimeter. Their
results showed that the non-dimensionalized width among the geometric parameters
affected the flow characteristics after the turn. Astaria and Cardone [20] used infrared
thermography to study the HT in a sharp 180◦ turn channel with channel AR variations and
Reynolds numbers varying from 16,000 to 60,000, and they evaluated the convective HT
coefficient from the measured data. Nakayama et al. [21] measured the flow characteristics
in stationary two-pass channels with a sharp 180◦ turn using a laser Doppler velocimeter;
they focused on the influence of the size of the turn clearance on the flow structure and
concluded that the normal wall velocity mainly dominated the HT in the channel, while
the parallel wall component locally contributed to the HT after the turn.

The importance of channel geometry has also been investigated. Murata et al. [22]
measured the local HT in a 180◦ turn channel and compared the effects on the pressure
drop and heat transfer between a round turn and a sharp turn. Astaria et al. [23] measured
the convective HT coefficient near a sharp turn in a rectangular two-pass channel with a
square tip and a semi-circular tip, respectively. And Ekkad et al. [24] measured the HT for
straight and tapered square channels with the turn region with and without rib turbulators;
they showed that the acceleration effect was stronger for the tapered channel than the
straight channel at a high Reynolds number, and the HT enhancement was similar for both
channels with ribs. Rao and Prabhu [25,26] investigated the effect of several turn treatments,
such as single and multiple guide vanes, on the pressure drop distribution in a square,
cross-sectioned, rib-roughened channel with a sharp 180◦ bend for three Reynolds numbers
(12,000, 14,250, and 16,500); their results showed that the properly shaped 180◦ extended
guide vanes located at the center of the bend reduced the overall pressure drop by 14–20%
compared to that with no guide vanes. The combined effects of the cross-sectional AR of
the channel and the angle of inclination of the divider wall against the outer walls on the
HT in sharp-turn channels of rectangular cross-sections was investigated by Cai et al. [27];
they showed that two-pass channels with a relatively low AR and a divider wall parallel or
slightly inclined to the converging side improved the HT.

Numerical studies have been mainly carried out in the recent past. Wang and Chyu [28]
used numerical simulations to study the effects of three turning configurations of a two-
pass square duct with a sharp 180◦ turn; their results showed that the HT in the turning
region was generally about 30% higher for the straight- and round-corner turns than for
the circular turns; the regional average of the HT from the numerical method agreed well
with that from their experiment. Jiang et al. [29] numerically investigated the flow field and
heat transfer in a square duct with a sharp bend and showed the increase in pressure loss
and heat transfer within the bend section. Walker and Zausner [30] studied RANS-based
turbulence models on internal cooling passages and compared them with experimental data
from the Von Karman Institute; they also performed calculations on a 180-degree bend and
compared them with experimental data from Arizona State University. Shevchuk et al. [31]
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also validated their numerical results against experiments in an internally ribbed cooling
channel with a 180-degree bend and showed good agreement. Schűler et al. [32] also
investigated the influence of different turning vane configurations on the pressure loss and
the local HT distribution for a ribbed rectangular two-pass channel connected by a sharp
180◦ turn with a channel height-to-width ratio of two. Their experiments showed that the
pressure loss was reduced by about 25%, while the HT in the bend region remained almost
the same with a suitable turning vane configuration; they performed numerical simulations
using three turbulence models of realizable k-ε, k-w SST, and v2-f models. The realizable
k-ε model had the closest pressure loss prediction to the experimental values from their
numerical results. Amano et al. [33] also performed a numerical study on a rotating square
duct with a low Reynolds nonlinear k-ω and k-ε Reynolds stress model, as well as large
eddy simulation models.

From the above literature review, many studies have mainly focused on understanding
the flow and HT characteristics through experimental and partly numerical methods; they
have shown that flow characteristics such as separation, attachment, and secondary flow
that occur during a sharp 180◦ turn within a rectangular channel increase the HT, but
inevitable pressure losses also increase. In particular, stagnation in flow passages can lead
to several negative effects, including increased pressure drop, heat transfer degradation,
corrosion, and erosion; therefore, some researchers have attempted to reduce the pressure
loss and stagnation region by using inclined divider ribs and guide vanes to control the
flow characteristics in the turn region.

In general, the internal cooling of the turbine blade adopts these sharp turn structures
in the midchord area, and the geometric shape and dimensions of the cooling passage must
be constrained to fit into the airfoil of the turbine blade as shown in Figure 1. Therefore,
despite many previous studies, the correlation and optimization studies between the
geometric parameters of rectangular passages with a sharp 180◦ turn still need to be
investigated to achieve optimal system performance and prevent damage; this study focuses
on the study of reducing the pressure drop penalty of a sharp 180◦ turn channel using
correlation analysis and geometry modification. Within the framework of these criteria, the
flow phenomena with geometry changes are numerically analyzed, and the relationship
between geometry design variables and pressure drop performance is investigated.

2. Geometrical Details and Mathematical Method
2.1. Model Description

The basic model used in this study is adapted from Metzger et al. [2]. Figure 2 shows
the three-dimensional (3D) model of a sharp 180◦ turn in smooth rectangular channels with
non-dimensional quantities (width = 1.0, height = 0.5, and depth = 0.2). The test model
consists of an inlet section, a turn section with a divider tip-to-wall clearance, a divider,
and an outlet section; the total width between the sidewalls is 0.0699 m and the divider
width is 0.0064 m; the space at the divider attachment location adjusts the relative widths
of the upstream and downstream channels. The non-dimensional quantities are defined as
follows [2]:

D∗ = D/(W1 + W2), (1)

H∗ = H/(W1 + W2) (2)

W∗ = W1/W2 (3)



Energies 2023, 16, 3050 5 of 18

Energies 2023, 16, x FOR PEER REVIEW  5  of  19 
 

 

𝑊∗ ൌ 𝑊ଵ 𝑊ଶ⁄   (3) 

 

Figure 2. 3D model of a sharp 180° turn in smooth rectangular channels. 

2.2. Numerical Method 

The governing equations comprise the continuity and momentum components in the 

computational domain as follows: [34] 

Continuity equation: 

డ

డ௫ೕ
ሺ𝜌𝑢௝ሻ ൌ 0,  (4) 

Momentum equation: 

డ

డ௫ೕ
൫𝜌𝑢௝𝑢௜൯ ൌ െ డ௣

డ௫ೕ
൅

డఛ೔ೕ
డ௫ೕ

൅ డ

డ௫ೕ
ሺെ𝜌𝑢పᇱ𝑢ఫᇱതതതതതതሻ,  (5) 

In  this study,  the working fluid was air, and  the numerical calculations were per-

formed under the following assumptions: (1) steady, (2) incompressible, and (3) constant 

fluid properties. The finite volume method was chosen to solve the governing equations 

using the second-order upwind and central difference scheme to discretize the convection 

and diffusion terms, while the semi-implicit method for the pressure-linked equation al-

gorithm was used for the pressure–velocity coupling. Schuler et al. [32] proved that the 

realizable k-ε turbulence model with an enhanced wall function, a near-wall modelling 

method combining the two-layer model, is reliable for a ribbed rectangular two-pass in-

ternal cooling channel, so, we used this model. 

The boundary conditions were velocity at the inlet, pressure at the outlet, and no-slip 

and smooth surface at the channel walls; calculations were performed using the commer-

cial computational fluid dynamics (CFD) software, ANSYS Fluent, which solves the fully 

implicit conservation equations for a turbulent flow using the Reynolds-averaged Navier–

Stokes approach. All solutions were  considered converged when  the  residual was  less 

than 10−5. 

The hydraulic diameter at the inlet and the Reynolds number based on the hydraulic 

diameter of the channel is expressed as follows [2]:   

𝐷௛ ൌ 2𝑊𝐷 ሺ𝑊 ൅ 𝐷ሻ⁄ ,  (6) 

Figure 2. 3D model of a sharp 180◦ turn in smooth rectangular channels.

2.2. Numerical Method

The governing equations comprise the continuity and momentum components in the
computational domain as follows: [34]

Continuity equation:
∂

∂xj

(
ρuj

)
= 0, (4)

Momentum equation:

∂

∂xj

(
ρujui

)
= − ∂p

∂xj
+

∂τij

∂xj
+

∂

∂xj
(−ρu′iu

′
j), (5)

In this study, the working fluid was air, and the numerical calculations were performed
under the following assumptions: (1) steady, (2) incompressible, and (3) constant fluid
properties. The finite volume method was chosen to solve the governing equations using
the second-order upwind and central difference scheme to discretize the convection and
diffusion terms, while the semi-implicit method for the pressure-linked equation algorithm
was used for the pressure–velocity coupling. Schuler et al. [32] proved that the realizable
k-ε turbulence model with an enhanced wall function, a near-wall modelling method
combining the two-layer model, is reliable for a ribbed rectangular two-pass internal
cooling channel, so, we used this model.

The boundary conditions were velocity at the inlet, pressure at the outlet, and no-
slip and smooth surface at the channel walls; calculations were performed using the
commercial computational fluid dynamics (CFD) software, ANSYS Fluent, which solves
the fully implicit conservation equations for a turbulent flow using the Reynolds-averaged
Navier–Stokes approach. All solutions were considered converged when the residual was
less than 10−5.

The hydraulic diameter at the inlet and the Reynolds number based on the hydraulic
diameter of the channel is expressed as follows [2]:

Dh = 2WD/(W + D), (6)

ReDh = ρVDh/µ, (7)



Energies 2023, 16, 3050 6 of 18

To evaluate the flow characteristics of the channel flow, the total pressure loss coeffi-
cient (TPLC) is expressed as follows [2]:

K = 2∆P/
(

ρV2
)

, (8)

where ∆P represents the total pressure loss between the inlet and outlet [Pa], V denotes the
inlet velocity [m/s], and the dynamic head in the denominator uses values at the inlet.

2.3. Grid Sensitivity

It is essential to perform a grid sensitivity analysis to obtain the reliability of the
simulation. A hexahedral mesh was generated to reduce the computational cost and
numerical diffusion by reducing the number of meshes and aligning the meshes with the
flow direction (Figure 3), and the y+ remained at approximately 1.
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Four sets of meshes were generated, and the relative deviations of the TPLC decreased
as the number of nodes increased (Figure 4), so the second set of 1,597,866 nodes was
chosen for efficient computation and to maintain a certain level of reliability.
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2.4. Validation of Simulation

The reliability of the simulation must be verified to understand the flow characteristics
within a sharp 180◦ turn in a rectangular channel. The simulation results were compared
with the experiment of Metzger et al. [2] using the model described in Figure 2 for four
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Reynolds numbers (14,074, 24,230, 46,031, and 77,901). Figure 5 and Table 1 show the
comparison of the TPLC; in most cases, the percentage difference was less than 6%, except
for 11.7% at a Reynolds number of 46,031. We considered the simulation method to be
reliable, as it was in good agreement with the experimental results.
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Table 1. Comparison of % error between experimental and simulation results.

Reynolds Number Experiment CFD % Error

14,074 3.128 3.219 5.220
24,230 3.141 3.210 2.194
46,031 2.704 3.020 11.710
77,901 2.837 2.854 0.574

3. Parameter and Optimization Study

A parameter study quantifies the effect of design variables on performance and
supports decision making based on accurate information; this study investigated the
relationship between design variables and performance.

ANSYS DesignXplorer, consisting of design of experiments (DOEs) and response
surfaces, was used to explain the relationship between input and output parameters. The
DOEs randomly generated 15 sampling points using the central composite design (CCD),
which combines a central point, points along the axis of the input variables, and points
defined by the fractional factorial design. The response surface provides an understanding
of the variation in the output parameter with respect to the input parameters. The Kriging
algorithm was used to improve the response quality and the response surface optimization
using the screening method, which resulted in two candidate design points satisfying the
optimization objectives through the above process [35].

For the parametric study, we selected three design variables—channel width (W2),
divider width, and divider tip-to-wall clearance (H)—as the main factors affected by the
limited space of an airfoil. The variables varied from −25% to +25% of the initial value
(Table 2), and the inlet channel was left unchanged to maintain the same hydraulic diameter.

Table 2. Range of design variables.

Design Variables
Values

Lower Initial Upper

Channel width (m) 0.02381 0.03175 0.03969
Divider width (m) 0.00455 0.00607 0.00759

Divider tip-to-wall clearance (m) 0.02385 0.03180 0.03975
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We also performed a regression analysis to correlate the design variables with the
performance variable from the measured data and built a predictive model using R, a
language and environment for statistical computing and graphics “https://www.r-project.
org. (accessed on 9 January 2023)”.

The adjoint solver in ANSYS Fluent is an optimization tool for improving the perfor-
mance of existing designs by changing the geometry [34]; it identifies the geometry to be
changed and calculates the amount of deformation to achieve the design objectives. Since
the optimization of a sharp turn channel involves design variables, the gradient-based
method was used to find the optimal geometry with respect to the objective function of
minimizing the pressure loss in this region (Figure 6).
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4. Results and Discussion
4.1. Basic Study Results

Figure 7 shows, for a representative Reynolds number of 24,230, the velocity contours
in the cross section at different heights; the left and right sides of the figure represent the
upstream and downstream flows, respectively. In the upstream, as the flow approached the
top of the divider, the velocity was highest near the right sidewall, and strong circulation
occurred near the left edge in the tip-to-wall clearance region (y = 0.3159 m). In the
downstream, the flow accelerated near the left sidewall in the direction of flow, so strong
circulation and stagnation were observed near the right sidewall, thereby explaining the
flow characteristics of a sharp turn. Widespread stagnation of the flow can cause high
pressure drops in the passage; therefore, a change in geometry would be expected to have
an effect on the pressure losses.
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Figure 8 shows the velocity contour at the center of the x-coordinate. The velocity was
at its minimum near the top of the divider and at its maximum near the 1/4 of the passage
height, thereby explaining the effect of the sharp turn.
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Figure 8. Velocity contour at the center of the x-direction (Re = 24,230).

Figure 9 shows the velocity and pressure distribution along the center of the z-direction
of the passage at a Reynolds number of 24,230. In the upstream channel, the flow veloc-
ity and pressure changed gradually along the flow direction, except near the end wall.
Meanwhile, along the outer and inner walls of the downstream channel, the flow velocity
increased and decreased sharply, thereby explaining the existence of a strong circulating
flow in the inner wall of the channel (Figure 9a), and the pressure distribution reflected
the effect of a sharp turn at the top of the divider (Figure 9b). Figure 10 shows the ve-
locity and pressure distribution in the turning region of the tip-and-wall clearance. The
corresponding velocity increased with the turning radius of the flow, which affected the
pressure distribution; the maximum pressure drop was observed around 1100 Pa near the
center line.
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4.2. Results of Parameter and Optimization Studies
4.2.1. Response Surface

A total of 15 design points for each Reynolds number were generated by CCD, and
the calculations were performed using ANSYS Fluent. Figure 11 shows the local sensitivity,
which expresses the effect of the input parameters of the design variables on the output
of the TPLC at four Reynolds numbers. Among the three design variables, the divider
tip-to-wall clearance had the most significant effect on the TPLC; as the Reynolds number
increased, the effect of the channel width decreased, and the divider tip-to-wall clearance
increased, but the divider width remained almost at the same level.
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To derive suitable design points using the response surface, the objective function
was set to minimize the TPLC; a screening optimization based on a simple sampling and
sorting was used to find the two most suitable candidate design points. Figure 12 shows
the comparison of the TPLC at the design point and two candidate design points for
four Reynolds numbers. The first candidate point gave a significant improvement in the
pressure loss of around 20%, except for 18.4% at the Reynolds number of 14,074 when
compared to the design point; the second candidate point also gave an improvement of
around 15%, except for 12.5% at the Reynolds number of 14,074. These clearly explained
that the improvement was reduced at a low Reynolds number. Therefore, these results
showed that the geometry change using the response surface would contribute to the
pressure loss improvement.
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Table 3 compares the design variables between the design point and the two candidate
points. As the length of the divider tip-to-wall clearance and the channel width increased,
the TPLC decreased; the divider width varied over a wide range, and the contribution to
the TPLC was less sensitive than others.

Table 3. Result of the response surface for two different Reynolds numbers.

Design Variables Design Point Candidate Point 1 Candidate Point 2

Channel width (m) 0.03175 0.03969 0.03969
Divider width (m) 0.00607 0.00759 0.00455

Divider tip-to-wall clearance (m) 0.03180 0.03975 0.03975

4.2.2. Regression Analysis

The correlation coefficient in a regression analysis indicates how closely the variables
are related; the closer the correlation coefficient is to 1, the stronger the relationship.
Figure 13 shows the strength of the correlation between the design variables and the output
variable using the calculated data based on the DOEs for two Reynolds numbers; the
TPLC was strongly negatively correlated with the tip-to-wall clearance in the two cases
corresponding to two Reynolds numbers, and these trends were the same as those shown
in Figure 11.
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Table 4 summarizes the correlation coefficients of the variables for different Reynolds
numbers. As the Reynolds number increased, the divider tip-to-wall clearance showed
stronger relationships, the channel width decreased its correlation, and the divider width
remained at the same level. This explained that the most dominant design variable on the
output variable was the divider tip-to-wall clearance, regardless of the Reynolds number.

Table 4. Summary of the correlation coefficients.

Input Parameters
Reynolds Number

14,074 24,230 46,031 77,901

Channel width −0.45 −0.39 −0.37 −0.35
Divider width −0.23 −0.23 −0.22 −0.23

Divider tip-to-wall clearance −0.78 −0.81 −0.82 −0.83

Regression analysis was used to model the numerical relationship between the input
and output parameters in R. R-squared measures the proportion of the variability in the
response variable that is explained by the regression model, and the closer the R-squared
value is to 1, the better the model explains the data. Table 5 summarizes the results of the
regression analysis for different Reynolds numbers. Each predictive model had more than
85% of the R-squared and less than 0.05 of the p-values, so these models were found to
predict the data with good confidence.

Table 5. Summary of the regression analysis in R.

Coefficients for
Reynolds Number

14,074 24,230 46,031 77,901

Intercept β0 8.64223 8.29657 7.93911 7.65969
Channel width β1 −0.04760 −0.04116 −0.03797 −0.03508
Divider width β2 −0.12993 −0.12575 −0.11837 −0.11839

Divider tip-to-wall clearance β3 −0.08305 −0.08449 −0.08387 −0.08239
R-squared 0.8626 0.858 0.8581 0.8579

p-value 4.82 × 10−5 5.75 × 10−5 5.74 × 10−5 5.79 × 10−5

The predictive regression model could be expressed using the design variables, coeffi-
cients, and intercept as follows:

TPLC = β0 + β1 × channel width + β2 × divider width + β3 ×
divider tip− to−wall clearance,

(9)

To further improve the regression models, we included the interaction effects of the
three design variables in the simple model, which improved the R-squared value. This
revealed that our data had nonlinear correlations between the design variables. However,
the more complex the interaction terms, the less predictive they were, so less related inter-
action terms with no significant codes in the analysis were excluded from the improved
model. These interaction effects increased the number of coefficients compared to the
simple models, so each coefficient and interaction term was added to the regression model.
Table 6 compares the R-squared values of the regression analysis with and without the inter-
action terms for four Reynolds numbers; the inclusion of the interaction term significantly
improved the R-squared values by approximately 15%, regardless of the Reynolds number.

Table 7 compares the TPLC prediction between the numerical method and the pro-
posed regression models for the design point and two candidate points. The difference
between the obtained CFD and the predictive model reached a maximum of approximately
10% for the model with no interaction terms and 2.4% for that with interaction terms. The
regression model with interaction effects showed good predictive performance.
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Table 6. Comparison of the regression analysis (with and without interaction terms).

Reynolds Number
R-Squared

% Difference
No Interaction Terms With Interaction Terms

14,074 0.8626 0.9951 15.36
24,230 0.858 0.9905 15.44
46,031 0.8581 0.9881 15.15
77,901 0.8579 0.9863 14.97

Table 7. Comparison of TPLC prediction between the numerical method and the regression model
with design variables.

Design Points Numerical
Method

Regression Model

No Interaction Terms With Interaction Terms

Design point 3.210 3.539 3.229
Candidate point 1 2.562 2.350 2.562
Candidate point 2 2.743 2.732 2.677

Table 8 shows the comparison of the TPLC prediction between the CFD and the
predictive regression models, including the Reynolds numbers and design variables. The
difference in the values obtained via the two methods was up to 11.32% without interaction
terms and 2.29% with the terms, thus indicating that the regression models with interaction
effects were reliable.

Table 8. Comparison of TPLC prediction between the numerical method and the regression model
with design variables at the design point and Reynolds numbers.

Reynolds Number CFD
Regression Model

No Interaction Terms With Interaction Terms

14,074 3.291 3.646 3.367
24,230 3.210 3.569 3.231
46,031 3.020 3.406 3.015
77,901 2.854 3.166 2.886

4.2.3. Adjoint Method

The adjoint method was used to investigate the effect of the geometry change on
the TPLC. The observable value was defined as the total pressure loss between the inlet
and outlet, and the morphing was implemented around the sharp turn region; the adjoint
calculation for the Reynolds number of 24,230 estimated the TPLC to be 2.377, which
was an improvement of 25.96% over the original model. Figure 14 shows the geometry
modification using the adjoint solver.
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Figure 15 shows the cross-sectional velocity distributions at different heights of the
model reflecting the geometry change introduced by the adjoint method at a Reynolds
number of 24,230. The geometric change of the divider sidewall at y = 0.295 m resulted
in a maximum velocity near the wall, and, at y = 0.3159 m, the location of the maximum
velocity was shifted to the center of the x-direction compared to Figure 7; the size of the
downstream circulation region after the sharp turn was reduced. It is believed that the
geometry change reduced the turning radius and reduced the pressure loss penalty.
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Figure 16 shows the velocity contour at the center of the x-coordinate; when compared
to Figure 8, the velocity was the lowest near both ends of the top of the divider, and the
high velocity region moved closer to the top of the divider.
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Figure 17 shows the velocity and pressure distribution along the channel; the maxi-
mum pressure drop was reduced by approximately 32% of 350 Pa, and the circulation area
was also reduced compared to the original model.

Figure 18 shows the improvement in velocity and pressure distribution compared to
the original model in the turning passage of the divider tip-to-wall clearance. These results
show the improvement in flow characteristics due to the geometry modification by using
the adjoint solver.

Figure 19 compares two geometry modifications for different Reynolds numbers of
24,230 and 77,901; as the Reynolds Number increased, the geometry modification was
not significant. The improvement was approximately 11% for the Reynolds Number
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of 77,901, thus indicating that the geometry modification was more effective at the low
Reynolds numbers.
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5. Conclusions

In this study, the TPLC prediction in a sharp 180-degree turn with a rectangular
channel, widely used in blade cooling system, was investigated using a numerical method.
Then, the influence of input variables and geometry changes on the TPLC, data-based
prediction models using R, and the effect of minimal geometry change on the TPLC were
investigated. The conclusions are as follows:

1. The contribution of the channel geometry design variables to the TPLC at four
Reynolds numbers was investigated by the response surface and regression anal-
ysis. The influence of the divider tip-to-wall clearance on TPLC prediction was the
highest, and this influence increased with an increasing Reynolds number. Two can-
didate points satisfying the objective function of minimizing the total pressure drop
were obtained from the response surface for each Reynolds number, with a maximum
improvement in the TPLC of 20.87% at the best candidate point compared to the
original model.

2. Regression analysis was used to derive predictive models consisting of design vari-
ables and Reynolds numbers based on the data set. The prediction based on the
proposed model was improved using the interaction terms. The maximum difference
between the predictive model with interaction terms and the CFD was 2.29%.

3. Using the adjoint solver, the TPLC was improved by approximately 26% and 11%
when compared to the original model at the representative Reynolds numbers of
24,130 and 77,901 respectively; it was more effective at lower Reynolds numbers than
higher Reynolds numbers. The adjoint solver showed more improvement in the TPLC
with less computational cost and less geometric change when compared to the effect
of the candidate points from the response surface.
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