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Abstract: Turbine generators operate with complex cooling systems due to the challenge in controlling
the peak temperature of the stator bar caused by Ohm loss, which is unavoidable. Therefore, it is
important to characterize and quantify the thermal performance of the cooling system. The focus
of the present research is to investigate the heat transfer and pressure loss characteristics of a
typical cooling system, the so-called stator ventilation duct. A real scale model was built at its
operating conditions for the present study. The direction of cooling air was varied to consider its
operation condition, so that there are: (1) outward flow; and (2) inward flow cases. In addition, the
effect of (3) cross flow (inward with cross flow case) was also studied. The transient heat transfer
method using thermochromic liquid crystals is implemented to measure full surface heat transfer
distribution. A series of computational fluid dynamics (CFD) analyses were also conducted to support
the observation from the experiment. For the outward flow case, the results suggest that the average
Nusselt numbers of the 2nd and 3rd ducts are at maximum 100% and 30% higher, respectively, than
the inward flow case. The trend was similar with the effect of cross flow. The CFD results were in
good agreement with the experimental data.
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1. Introduction

The increasing demand for electric energy drives the need for bigger power generation systems, in
general. It continuously requires larger capacity turbine generators with higher efficiency. The turbine
generator is simple in its principle but is also a very complicated machine to meet the requirements
for performance and reliability. One of the key challenges is to control the peak temperature of the
generator caused by Ohmic loss, which is unavoidable. The peak temperature of a generator should
typically be maintained below 130 °C. Depending on overall heat removal and installation requirement,
air or hydrogen is used for the cooling medium. Often, air is preferred for its availability and safety to
handle compared to hydrogen. However, hydrogen offers much higher heat capacity, so it is the choice
for the requirements of the highest heat removal.

Figure 1 shows the typical cooling system of a turbine generator. Cooling air pumped by a fan
feeds into rotor ventilation duct and the spent air (hotter) mixes with the air through stator ventilation
ducts in the air gap. The stator cooling circuit consist of radially inward and outward flows, while the
rotor only implements radially outward flow cooling. The cooling circuit shown in Figure 1 is often
called forward cooling with a multiple radial system. The reverse cooling circuit circulates the flow in
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the opposite direction so that the fan pumps air (or Hydrogen) towards the cooler (heat exchanger).
Hence, cooler cooling air can be fed to improve heat transfer in the stator (via the stator ventilation
duct). The multiple radial system means that the directions of the cooling flow through the stator
ventilation duct are the combination of radially inward and outward flows, as shown in Figure 1.
An alternative approach is to form a simple radial system which means the flow direction is either
radially inward or outward. Therefore, designer should build an appropriate cooling circuit to meet
the specific requirements [1,2]. For the complex cooling system implemented for the turbine generator,
it is important to characterize and quantify the heat transfer and pressure loss to meet the required
performance and reliability.

Energies 2020, 13, x FOR PEER REVIEW 2 of 19 

 

exchanger). Hence, cooler cooling air can be fed to improve heat transfer in the stator (via the stator 
ventilation duct). The multiple radial system means that the directions of the cooling flow through 
the stator ventilation duct are the combination of radially inward and outward flows, as shown in 
Figure 1. An alternative approach is to form a simple radial system which means the flow direction 
is either radially inward or outward. Therefore, designer should build an appropriate cooling circuit 
to meet the specific requirements [1,2]. For the complex cooling system implemented for the turbine 
generator, it is important to characterize and quantify the heat transfer and pressure loss to meet the 
required performance and reliability. 

 
Figure 1. Cooling system of turbine generator and cooling system circuit. 

There was much effort to investigate the complex cooling system of the turbine generator. Han 
et al. [3] analyzed the flow field of a sectional ventilation model of fan, rotor, air gap, and stator 
applying CFD. The predicted results highlight the flow interaction in the air gap and the formation 
of swirling flow. Yoo et al. [4] reported the detailed heat transfer and pressure loss characteristics of 
a rotor ventilation duct applying experimental and CFD approaches. The stationary measurements 
were also compared with CFD prediction in a rotating frame showing Coriolis force-induced 
secondary flow in the rotor ventilation duct. In the air gap, the spent cooling air from rotor and stator 
meets and interacts with rotating and stationary surfaces of rotor and stator, respectively. It forms 
so-called Taylor-Couette flow. Tang et al. [5] focused on the flow and heat transfer in the air gap 
region, but the approach was limited in the 2D annular model. Mayle et al. [6] conducted numerical 
and also experimental study using a model generator with and without rotor cooling flow injection. 
They reported that the tangential velocity of the flow in the air gap is only half of the rotor speed, 
and also confirmed good agreement between the numerical and experimental data. The end winding 
has a complicated configuration connecting the stator bars in multiple locations. Tong [7] applied 
CFD to understand the complicated flow and pressure field of a realistic geometry of end winding 
and came up with optimized cooling flow path configuration. Klomberg et al. [8] took a similar 
approach to model the domain around a real end winding and proposed convective heat transfer 
coefficient against the rotational speed and radial velocity. Furthermore, they also reported CFD 
application to evaluate the influence of various ventilation schemes on heat transfer of the stator bar 
of a hydrogenator [9]. The computational domain included fan, end winding, and stator ventilation 
system. For the stator ventilation duct, much of the effort was focused on measuring flow field and 
pressure loss, and predicting flow and heat transfer by applying CFD. Carew and Freeston [10] 
reported an early work measuring the pressure loss through the duct considering the inlet cross flow 
effects. They showed that the total pressure loss is largely occurring near the wedge region. There are 
further reports on the detailed velocity and pressure variations in the stator ventilation duct applying 
CFD [11,12], as well as experiments [13–15]. To represent more realistic geometry and interface 
around stator ventilation duct, Schirittweiser [16] predicted the velocity distribution and heat transfer 
coefficient of sectional models of a stator ventilation duct using CFD. The computational model 
included the air gap so that the cross flow is also simulated. Li et al. [17] investigated the influence of 
the axial velocity of the air gap on the axial flow rate distribution of a stator ventilation system by 
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There was much effort to investigate the complex cooling system of the turbine generator.
Han et al. [3] analyzed the flow field of a sectional ventilation model of fan, rotor, air gap, and stator
applying CFD. The predicted results highlight the flow interaction in the air gap and the formation of
swirling flow. Yoo et al. [4] reported the detailed heat transfer and pressure loss characteristics of a
rotor ventilation duct applying experimental and CFD approaches. The stationary measurements were
also compared with CFD prediction in a rotating frame showing Coriolis force-induced secondary
flow in the rotor ventilation duct. In the air gap, the spent cooling air from rotor and stator meets
and interacts with rotating and stationary surfaces of rotor and stator, respectively. It forms so-called
Taylor-Couette flow. Tang et al. [5] focused on the flow and heat transfer in the air gap region, but
the approach was limited in the 2D annular model. Mayle et al. [6] conducted numerical and also
experimental study using a model generator with and without rotor cooling flow injection. They
reported that the tangential velocity of the flow in the air gap is only half of the rotor speed, and also
confirmed good agreement between the numerical and experimental data. The end winding has a
complicated configuration connecting the stator bars in multiple locations. Tong [7] applied CFD to
understand the complicated flow and pressure field of a realistic geometry of end winding and came
up with optimized cooling flow path configuration. Klomberg et al. [8] took a similar approach to
model the domain around a real end winding and proposed convective heat transfer coefficient against
the rotational speed and radial velocity. Furthermore, they also reported CFD application to evaluate
the influence of various ventilation schemes on heat transfer of the stator bar of a hydrogenator [9].
The computational domain included fan, end winding, and stator ventilation system. For the stator
ventilation duct, much of the effort was focused on measuring flow field and pressure loss, and
predicting flow and heat transfer by applying CFD. Carew and Freeston [10] reported an early work
measuring the pressure loss through the duct considering the inlet cross flow effects. They showed
that the total pressure loss is largely occurring near the wedge region. There are further reports on the
detailed velocity and pressure variations in the stator ventilation duct applying CFD [11,12], as well as
experiments [13–15]. To represent more realistic geometry and interface around stator ventilation duct,
Schirittweiser [16] predicted the velocity distribution and heat transfer coefficient of sectional models
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of a stator ventilation duct using CFD. The computational model included the air gap so that the cross
flow is also simulated. Li et al. [17] investigated the influence of the axial velocity of the air gap on the
axial flow rate distribution of a stator ventilation system by applying experiments and Finite Element
Method analysis. Liang and Bian [18], and Wang et al. [19] predicted the effect of the radial gap on that
stator bar temperature and flow filed of a stator ventilation duct. Further study is being performed
in design improvement. Zhao et al. [20] reported an optimization study on ventilation spacer of a
stator ventilation duct using CFD and experiments. Xiong et al. [21] also applied CFD and experiments
to redesign the cross-bow support steel in a radial ventilation channel to improve the stator cooling
capacity. The simulation results show that improvements in the height of the radial ventilation duct,
the material of cross-bow support components, and the structure of support components can lead to
decreases of the stator part temperature rise. The coupled CFD approach is being applied to resolve
the fluid and solid domain. Fan et al. [22] and Liu et al. [23] demonstrated a coupled CFD approach
to resolve the flow and temperature fields of the stator cooling system. Ujiie et al. [24] conducted a
simple smaller scale model test for CFD validation and applied a coupled CFD approach to predict the
flow and temperature field of the realistic model representing the axial half of one pole pitch of a real
ventilation configuration. So far, the research efforts on stator ventilation ducts have been focused
on analytic approaches. Yet, there is no experimental report on detailed heat transfer measurement,
which will be very useful for CFD validation and provide further insights on design improvement.

The present study focuses on evaluating the full surface heat transfer and pressure loss of stator
ventilation ducts of air-cooled turbine generators using experimental and CFD approaches. Since most
of the heat is generated in the stator bar, its cooling system, the so-called stator ventilation duct, plays a
very important role in achieving the reliability and efficiency of a turbine generator. The real geometry
and operating condition of the stator ventilation duct of an air-cooled turbine generator (200MVA)
were modelled to investigate the characteristics of heat transfer and pressure loss. The annular section
of a 24◦ of stator ventilation duct was selected for modelling using an experimental rig and CFD
analysis. The experimental rig was developed to simulate the radially (1) outward flow and (2) inward
flow conditions. In addition, the (3) inward flow condition with cross flow was also investigated to
represent the effect of the cross flow in the air gap. These classifications depend on flow directions, and
interaction with cross flow in the air gap can be seen in Figure 1.

Firstly, the full surface heat transfer distribution was measured by applying the transient heat
transfer tests using thermochromic liquid crystals (TLC). During the heat transfer measurement, local
static pressures were also measured to evaluate pressure loss of the stator ventilation duct. Then the
exact geometries were modelled for analysis. A series of computational fluid dynamics (CFD) analyses
were conducted to support the observations from the experiment.

2. Experimental and Computation Approaches

2.1. Experimental Model and Approach

In Table 1, the selected annual section (24◦) of the stator ventilation cooling system is shown.
Referring to model (1), the selected annular section includes four repeated passages. Each passage
is divided into three individual ducts, so-called stator ventilation ducts. The middle duct (2nd duct)
has simple diffuser-shaped geometry (θ = 1◦) as the cross-sectional area increases along the radial
direction. The other two ducts are symmetric (for example, 3rd and 4th ducts, θ = 2◦). The cooling air
through these two symmetric ducts is in direct contact with the stator bar, which is the main source of
the heat due to Ohmic loss. The wedge is to hold the position between stator bar and stator ventilation
duct. It should be noted that the cross-sectional area is minimum at the wedge. The key bar installed
in the end of the 4th~6th ducts is to hold the stator ventilation ducts in the axial direction. There were
three different flow configurations to be tested: (1) outward flow; (2) inward flow; and (3) inward with
cross flow, as shown in Table 1. Those represent all possible flow conditions depends on the location of
the stator ventilation duct (refer to Figure 1).
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Table 1. The details stator ventilation duct and real scale test models.

Model (1) Outward Flow (2) Inward Flow (3) Inward with Cross Flow
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To characterize the detailed heat transfer and pressure loss, the corresponding local Reynolds
numbers are defined based on the inlet hydraulic diameter and aerothermal condition for each cooling
flow direction. However, the average Reynold numbers were used to compare the overall heat
transfer and pressure loss values. In Table 2, local and average Reynold numbers were reported as the
test matrix.

Table 2. Test matrix and Reynold numbers based on inlet as well as average hydraulic diameters.

Duct Type Re Outward Flow Inward Flow Inward with Cross Flow

2nd duct
Dh Dh,in = 8.5, Dh,avg = 10.7 (mm) Dh,in = 12.9, Dh,avg = 10.7 (mm) Dh,in = 12.9, Dh,avg = 10.7 (mm)

Rein 11,671 13,817 18,805 10,157 13,179 18,983 10,569 14,083 17,894
Reavg 9273 10,978 14,941 12,244 15,888 22,884 12,741 16,977 21,571

3rd duct
Dh Dh,in = 9.0, Dh,avg = 13.9 (mm) Dh,in = 18.8, Dh,avg = 13.9 (mm) Dh,in = 18.8, Dh,avg = 13.9 (mm)

Rein 17,602 20,807 27,774 5159 6785 9520 5573 7452 9460
Reavg 11,411 13,489 18,006 6973 9172 12,868 7533 10,072 12,787

Rein and Reavg are representing the Reynolds numbers based on inlet hydraulic diameter (Dh,in) and average
hydraulic diameter (Dh,avg), respectively.

The schematics of the test facility, including pump, orifice, honeycomb, test model with bell mouth,
are shown in Figure 4. For the experiment, a real scale model was made from Perspex. The detailed
heat transfer was measured applying thermochromic liquid crystals to the internal surfaces of stator
ventilation ducts. A fast response heater mesh developed by Gillespie [25] was used to provide the
step change in air temperature at the inlet of the test model.

A data acquisition system recorded all of the thermocouple and other voltage channels during the
experiment. The system is capable of logging 32 channels at a sampling rate of 250 Hz. A program
written in National Instrument LabVIEW 2009 controls the data acquisition hardware and allows the
temperature and voltage measurements. The upstream and downstream pressure differences across
the orifice flow meter [26] were measured using pressure transducers (SENSORTECHNICS, HDI
Series). All pressure transducers were calibrated using a pressure calibrator (FLUKE, 718 1G). The same
pressure transducers were also used to measure the local static pressure of the stator ventilation duct.
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The local static pressure distributions of the stator ventilation ducts were measured using the
radially distributed pressure taps. Figure 5a shows the radial coordinates of ten pressure taps. Air
temperature signals were recorded at two measurement planes. The positions of the air thermocouples
are also shown in Figure 5b,c, respectively. The thermocouples (T-type) were calibrated against an
Resistance Temperature Detectors sensor (Omega, PT100 RTC Probe) using a temperature calibrator
(Beames, MC5). The typical junction bead diameter was about 0.3 mm.
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The transient heat transfer technique using thermochromic liquid crystals (TLC) was applied to
measure the fill surface heat transfer distribution. The experimental technique has been developed
over decades and documented [4,27]. The one-dimensional semi-infinite heat conduction equation was
used to evaluate the local surface temperature; suitable boundary conditions must be applied for the
heat conduction model to be valid. The entire model must be isothermal at the beginning of each test
to satisfy the boundary condition. Thus, before each experiment, the test surface was allowed to settle
to the unheated flow temperature to satisfy the isothermal condition. The test surface was exposed to
heated flow with a near-step increase in temperature, which resulted in a monotonic increase in surface
temperature. The heat must not penetrate the full depth of the test surface during the experiment to
satisfy the semi-infinite solid assumption. The use of a material of low thermal diffusivity (α), e.g.,
Perspex, α = 1.0× 10−7 m2/ sec , increases the test time and also limits the lateral conduction (Schultz
and Jones [28]). Perspex is frequently used because it is optically clear and has accurately known
thermal properties (Ireland et al. [29]). For the current test rig, a minimum thickness of Perspex of
15 mm was used. This implies a penetration time (τpenetration) through the thinnest point of the test
surface of approximately 140 seconds. From the color change of TLC, the local surface temperature
was inferred indirectly as the heat transfer coefficient value was searched. For each stator ventilation
duct heat transfer experiment, the color change of TLC was recorded using three digital full HD video
cameras (JVC-GZ-HD6KR). Light emitting diodes (LEDs) were connected to the heater mesh power
supply to indicate the start of heating and to match the start time of each camera. The uncertainty in
measured heat transfer coefficient, ± 7.3%, was calculated according to the procedure proposed by
Kline and McClintock [30] and Moffat [31].

2.2. Computational Approach

The CFD model representing the computational domains of the test model was built using a
commercial code, FLUENT 14.0. The computational domain and the detail of mesh (18M cells) are
shown in Figure 6. The cell growth ratio was limited to 1.2 to avoid large jumps in cell size, which
may deteriorate numerical diffusion. The boundary layer through which the heat is transmitted in
convective heat transfer must be modelled accurately in the simulation. The height of the first element
adjacent to the wall ∆y should be as small as possible to minimize y+. A fine prism layer of 15 was
generated to achieve a non-dimensional wall distance (y+) below 1 to allow the validity of using the
enhanced wall treatments with the chosen turbulence model in the solver, where the viscous sub-layer
and buffer zone were discretized.

The Reynolds-averaged Navier-Stokes (RANS) equations are time-averaged equations to describe
turbulent flows. The choice of the appropriate turbulence model has a major effect on the results.
A comparison of various turbulence models is shown in Figure 7. It turns out that the k-ε turbulence
model with enhanced wall treatment fits best to the both pressure and heat transfer coefficient
measurement results. Consequently, all simulations in this paper have been carried out using the k-ε
model with enhanced wall treatment.

For setting boundary conditions of the computation domain, the exact measurements made in
the experiments were applied. Pressure inlet and outlet conditions were applied with constant wall
temperature, reflecting the transient heat transfer test condition.
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3. Results

3.1. Detailed Flow Filed Analysis

Figure 8 shows the predicted velocity distributions of the three different flow configurations.
For more detailed observation of the flow characteristics, the local velocity profiles are presented in
Figure 9. The h is representing the height of the duct, which is constant along the radial direction while
the width of the duct, w, varies (refer to Figure 2). Each axis of the plot was normalized by the value
at r/R = 0.05, which is the very beginning of the stator ventilation ducts. In comparison of outward
and inward flow cases of the 2nd duct (Figure 9a,b versus c,d), flow deceleration and acceleration
depending on its flow direction were clearly observed. When the cross flow is introduced to the inward
flow case, Figure 9e shows the distorted velocity profile at the exit plane of the 2nd duct (r/R = 0.05) as
it was shown in Figure 8c. The velocity profiles in the 3rd duct, Figure 9f–h, look more complicated, as
they are influenced by the variation in the cross-sectional area (refer to Figure 3). Compared to the 2nd
duct (Figure 9b), the peak velocity (at r/R = 0.09) of the 3rd duct of outward flow case (Figure 9f), is
about 3.5 times higher, so that it results the higher dynamic head loss at the entry region, as shown in
Figure 10b. For the inward flow case of the 3rd duct, the peak velocity occurs at the exit, r/R = 0.05 and
the similar distorted velocity profile is observed by introducing the cross flow, Figure 9g,h.
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3.2. Local Static Pressure Distribution

Figure 10 shows the local static pressure distributions of the 2nd and 3rd ducts. The radial
locations of the static pressure taps are shown in Figure 5. The local static pressure was normalized by
inlet static pressure at r/R = 0 or 1 depending on its flow direction. For the outward case, the 2nd and
3rd ducts can be considered as a diffuser. Therefore, local static pressure will be recovered while there
is still frictional loss due to the effect of viscosity. In Figure 10a,b, it can be observed that most of the
pressure loss occurred at the entrance region of the two ducts. The 3rd duct has a wedge soon after the
sharp edge inlet region, resulting in higher pressure loss than the 2nd duct. In addition, there is also
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the stator bar which occupies the region of 0.11 < r/R < 0.3. As a result, the full recovery of local static
pressure was observed in the downstream of the region.

For the same 2nd and 3rd ducts, there was change in flow direction so that the Figure 10c,d
shows the local static pressure distribution of the inward cases. Now the two ducts can be regarded
as a nozzle or a contracting duct. The flow velocity accelerated as the cross-sectional area decreased
with no adverse pressure gradient. In the 3rd duct (Figure 10d), the effect of abrupt change in the
cross-sectional area is clearly shown in the region of 0.11 < r/R < 0.3. Flow velocity accelerated further
in the region, which can cause a sudden increase in pressure loss. After the entrance, flow passes the
wedge region where the cross-sectional area is at minimum, so that most of the pressure drop occurs.

Introducing the cross-flow, the difference in local static pressure distribution of inward flow cases
can be observed in Figure 10e,f. The local static pressure in the exit region was influenced by cross flow,
which reflects the effect of the rotating flow in the air gap between the rotor and stator. For the 3rd duct,
the accelerated flow velocity due to the wedge prevented such a cross flow ingestion. The recognizable
difference can be seen in the exit region of the 2nd duct where the recovery of local static pressure can
be observed.

3.3. Overall Frictional Loss (Exclude Entrance Effect)

Figure 11 shows the friction factor distribution of the outward flow, inward flow, and inward
with cross flow cases. The friction factor is calculated from the static pressure difference (excluding
entrance effect), ∆p = p19−p11 for outward flow case, ∆p = p11−p19 for inward and inward with cross
flow cases as

f = ∆p
Dh
R

2
ρv2 (1)

where, ρ is density; Dh is average hydraulic diameter; R is the radial distance of pressure measurement
locations (p19 and p11); v is inlet velocity.

f from the Blasius formula [32] for turbulent flow in smooth pipes with 4 × 103 < ReDh < 105 is
shown in the results for a reference.

f =
0.316

Re1/4
Dh

(2)

As the flow of the inward, and the inward with cross flow cases continuously accelerated, the
effect of frictional pressure loss was higher than the Blasius formula. The effect of cross flow to the
friction factor is clearly seen in the comparison. For the outward flow case, Figure 11b, the friction
factor of the 2nd and 3rd ducts are much lower than Blasius formula as it behaves as a diffuser.
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3.4. Heat Transfer Characteristics

Figure 12 shows the detailed Nusselt number distribution of the outward case at three different
Reynold numbers. The highest Nusselt number values were observed in the entrance regions as
expected. In the entrance region of the 3rd duct, there is a wedge which has minimum cross-sectional
area. Therefore, it suppressed the flow through the duct, while there was no such a restriction in the
2nd duct. It resulted in the difference in the comparison of Nusselt number distributions of the two
ducts: the Nusselt number of the 3rd duct decreased rapidly through the stator bar region (0.11 < r/R
< 0.30). The detailed Nusselt number distributions of the inward case are presented in Figure 13. It
shows the highest heat transfer in the entrance regions of the 2nd and 3rd ducts. Especially for the 3rd
duct, higher heat transfer region around the stator bar (0.11 < r/R < 0.30) was observed. This is due to
the accelerated flow around the stator bar as the cross-sectional area decreased. For the same reason, a
higher heat transfer region is shown in the downstream of the wedge. For the 2nd duct, as it has a
nozzle-like geometry, the heat transfer increased smoothly as the flow accelerated. The detailed Nusselt
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number distribution of the inward with cross flow case was similar to the inward flow case, as shown in
Figure 14. The heat transfer coefficient of the second duct gradually decreased along the flow direction,
while the that of the third duct had a peak value in the wedge region (r/R = 0.1). The peak heat
transfer was due to the thin thermal boundary layer at the beginning of the entrance. Then, the heat
transfer coefficient decayed rapidly as the thermal boundary layer developed toward the downstream.
The predicted heat transfer values from CFD showed good alignment with the measurements.
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3.5. Overall Area Averaged Heat Transfer

Figure 15 shows a comparison of overall area averaged Nusselt number. The trend of the outward
flow case Figure 15a showed different gradients compare to the inward and inward with cross flow
cases. The effect of the cross flow was more dominant for the 2nd duct compare to the 3rd duct values.
This is mainly because of the abrupt changes in local heat transfer due to the wedge and stator bar
of the 3rd duct. In addition, toward the downstream of stator bar (r/R > 0.3), the local heat transfer
distribution of the 3rd duct was very sharply decreasing, as shown previously in Figure 12a. Because of
no interference and a constant decreasing cross-sectional area, the flow through the 2nd duct accelerated
so that it exhibited higher heat transfer than the Dittus–Boelter correlation. For the outward flow case,
the cross-sectional area increased in the radial direction. As the result, the flow decelerated so that
it did not promote heat transfer. While there was no useful reference to compare the overall area
averaged heat transfer, the Dittus–Boelter correlation (Equation (3)) [33] was added for reference.

NuDB = 0.243Re0.8Pr0.4 (3)
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Since the heat transfer correlation representing the stator ventilation duct (often called
wedge-shaped duct) is rarely available, it will be worthwhile to report the experimental correlations
from the present work. Equations (4) and (5) are the new correlations based on the outward and inward
flow cases of the 2nd duct, as they represent generic configurations. Depending on flow directions,
each case represents the heat transfer in a simple diffuser or nozzle geometry with an angle of 1◦.
The comparison between the measured data, new correlations, and the Dittus–Boelter correlation are
shown in Figure 15b. It should be noted that inward with cross flow of the 2nd duct and the cases for
the 3rd duct are for very specific applications, so that correlation was not produced for the reason.

Inward flow correlation Nuθ=1◦ = 0.00286Re0.98
avg Pr0.4 (4)

Outward flow correlation Nuθ=1◦ = 0.5197Re0.49
avg Pr0.4 (5)

In comparison of the three cooling configurations, (1) outward flow, (2) inward flow, and (3)
inward with cross flow, the research aim will be to evaluate the heat transfer around the stator bar.
Nusselt number distribution of outward flow in the vicinity of stator bar (0.11 < r/R < 0.3) is in the
range of 110~150 (Figure 12b), while the peak values of the other two (Figures 13b and 14b) were less
than 45. This is true even considering the fact that the average Reynold numbers of the outward flow
cases are also 1.5 times higher than the other two. Therefore, the outward flow configuration performed
better in terms of promoting heat transfer of the stator bar. This can be also seen in Figure 15a where
the overall heat transfer is compared.

4. Conclusions

This paper presents experiments and CFD analysis to investigate the full surface heat transfer
coefficient and pressure loss characteristics of the stator ventilation duct of a turbine generator. Real
scale models were developed for the present study.

The measured heat transfer and pressure data was used to selected promising mesh type and
turbulence models for CFD prediction. The sensitivity study on mesh and turbulence models presented
will be a useful guideline for other researchers. In general, tetra mesh performs poorly in predicting
pressure variation of the duct. In terms of the turbulence model and wall function, the predictions
from SST and k-ε realizable with enhanced wall function followed the pressure variation better than
other models. CFD underpredicted average heat transfer coefficients, but the selected model (Hexa
mesh, k-ε realizable with enhanced wall function) followed the local heat transfer distribution well
enough to represent the pressure and flow characteristics. The velocity profiles predicted using the
validated CFD model provide insights to understand the pressure loss and heat transfer mechanism
observed from the measured data. Since the model represents a real geometry, there was a strong
entrance effect on the velocity profile and local static pressure distribution of all cases. The effect of
cross flow reduces average heat transfer as it builds extra pressure in the mixing zone. These findings
were also observed in the measured full surface heat transfer distributions.

Detailed heat transfer data is rarely available for wedge-shaped ducts. The measured local
and area-averaged Nusselt number distributions characterize the heat transfer through the stator
ventilation duct and also provide useful design data. The configuration and flow directions of the 2nd
duct (θ = 1◦) represent simple diffuser and also nozzle flows. The 3rd duct is more complicated and
applied geometry, as it has wedge and a stator bar. For the outward flow case, the average Nusselt
number of the 2nd duct was higher than the 3rd duct. Compared to the inward flow case, the results
suggest that the average Nusselt numbers of the 2nd and 3rd ducts were at maximum 100% and
30% higher, respectively. The trend was similar with the effect of cross flow. Since the 2nd duct can
represent the generic geometry of wedge-shaped duct, two heat transfer correlations were developed
for future reference and application. To the best of the authors’ knowledge, the present results are
the first measured data on full surface heat transfer coefficient of a stator ventilation duct. Hence the
findings and proposed new correlation will be a useful reference.
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For future study, the unsteady interaction between the air gap and stator ventilation duct is a
challenging but interesting area. Taylor–Couette flow can be observed in this region, so the flow and
heat transfer coupling between the air gap and stator cooling system will provide useful insights for
designers, and also findings for academic research.
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