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Abstract: Turbine generator operates with complex cooling system 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 quantifies the thermal performance of the cooling
system. The focus of the present research is to investigate the heat transfer and pressure loss
characteristics of typical cooling system, so-called stator ventilation duct. A real scale model was
built at its operating conditions for the present study. The direction of cooling air is 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) is 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 analysis is also conducted to
support the observation from the experiment. For the inward flow case, the results suggest that
the average Nusselt number of the 2nd duct is about 30% higher than the 3rd duct. The trend is
similar with the effect of cross flow. The CFD results are in good agreement with the experimental
data.
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1. Introduction

The increasing demand for electric energy drives the need of bigger power generation system,
in general. It continuously requires large capacity turbine generator with higher efficiency. The
turbine generator is simple in its principle but is also a very complicate 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 ohm loss, which is unavoidable. The peak temperature of a
generator should be maintained below 130°C, typically.

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. For the complex cooling system
implemented for the turbine generator, it is important to characterize and quantifies the heat transfer
and pressure loss to maintain its performance and reliability.
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Figure 1. Cooling system of turbine generator and cooling system circuit

There was much effort to investigate the complex cooling system of turbine generator. Yoo et
al.,, [1] reported the detail heat transfer and pressure loss characteristics of rotor ventilation duct
applying experimental and CFD approaches. In the air gap, the spent cooling air from rotor and
stator meets and interacts with rotating and stationary geometries. Hanetal,, [2], Tang et al., [3] and
Mayle et al., [4] investigated flow characteristics and thermal characteristics in the air gap for an air-
cooled turbine generator using numerical and experimental methods. The end winding has
complicated configuration connecting the stator bars in multiple locations. Tong [5] and Ujiie et al.,
[6] studied the flow field and heat transfer coefficient near end-winding using numerical method.
Klomber et al., [7] propose correlations between the convective wall heat transfer coefficient and
speed and flow rate parameters near end-winding region. Furthermore, the flow field near end-
winding of hydrogenator for various ventilation scheme is reported [8]. The studies on the flow
field of stator cooling system of hydrogenator was carried out by Carew and Freeston [9], and
Schirittweiser [10]. They show that major parts of the total pressure losses occur near wedge region.
Shuye [11], Guanbushanam et al., [12] and Pasha et al., [13] investigated hydraulic loss factor and
overall pressure drop of stator ventilation ducts. There are also reports [14,15] on the detail pressure
distribution on the stator ventilation ducts of hydrogenator, especially in the vicinity of stator bar. Li
et. al., [16] investigated flow rate distribution of stator ventilation ducts by varying axial velocity at
the entrance of air gap.

The present study focuses on evaluating the full surface heat transfer and pressure loss of stator
ventilation ducts of air-cooled turbine generator. Since the most of heat is generated in the stator
bar, its cooling system, so-called stator ventilation duct plays very important role to achieve 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) was modelled to investigate the
characteristics of heat transfer and pressure loss experimentally and numerically. Annular section
(24°) of stator ventilation duct is selected for modelling experiment and CFD analysis. The
experimental rig is developed to simulate the radially (1) outward flow and (2) inward flow
conditions. In addition, the (3) inward flow condition with cross flow is also investigated to
represent the effect of the cross flow in the air gap. The full surface heat transfer distribution is
measured by applying the transient heat transfer tests using thermochromic liquid crystals (TLC).
A series of Computational Fluid Dynamics (CFD) analysis is also conducted to support the
observation from the experiment.

2. EXPERIMENTAL AND COMPUTATIONAL APPROACHES

2.1. Experimental Model and Approach

In the Table 1, the selected annual sector (24°) of the stator ventilation cooling system is shown.
Referring to the 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
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(2nd duct) has simple diffuser-shaped geometry (6 = 1°) as the cross-sectional area increases along
the radial direction. The other two ducts are symmetric (for example, 3rd and 4th ducts, 8 = 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 the ohm 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 4th~6th ducts is to hold the stator ventilation ducts in
axial direction. There are 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 Error! Reference source not

found.).
Table 1. The details stator ventilation duct and real scale test models
Model (1) Outward flow (2) Inward flow (3) Inward with cross flow
Key bar
¥
7]
z

The 2nd and the 3rd ducts are selected for detailed analysis because those configurations are
repeated geometries. Figure 2 shows the detail geometry of the ducts and its cross-sectional shape
ateach end. In addition, the two distinguishing geometric features, (a) wedge and (b) stator bar are
shown in detail.  In the 3rd duct, the wedge is located at r/R ~ 0.11 and the region of 0.11 <r/R<0.3
is in contact with stator bar. The variation of its cross-sectional area is shown in Figure 3. As noted,
there are two abrupt changes in cross-sectional area of the 3rd duct due to the presence of wedge and
stator bar. Contrary, the area variation of the 2nd duct is continuous as the radius increases.

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 Error! Reference source not found., local and average
Reynold numbers were reported as the test matrix.
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Figure 2. The geometrical details of the stator ventilation ducts (plane and cross-sectional views)
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Figure 3. The variation in the cross-sectional area of the 2nd and 3rd ducts
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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
ond duct Rein 11671 13817 18805 10157 13179 18983 10569 14083 17894
Reavg 14689 17391 23669 8425 10933 15747 8767 11683 14844
3rd duct Rein 17602 20807 27774 5159 6785 9520 5573 7452 9460
Reavg 27151 32095 42842 3816 5020 7043 4123 5513 6998

Rein and Remg are representing the Reynolds numbers based on inlet hydraulic diameter and
average hydraulic diameter, respectively.

The schematics of the test facility including pump, orifice, honeycomb, test model with bell
mouth is shown in Figure 4. For the experiment, a real scale model is made from Perspex. The
detailed heat transfer is measured applying thermochromic liquid crystals to the internal surfaces of
stator ventilation ducts. A fast response heater mesh developed by Gillespie [17] and Gillespie et. al
[18] is used to provide the step change in air temperature at the inlet of the test model.
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Figure 4. Schematic of test facility (set-up for inward flow)

A data acquisition system records 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 [19] 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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Figure 5. The measurement locations of static pressure and temperature

The local static pressure distributions of the stator ventilation ducts were measured using the
radially distributed pressure taps. Figure 5 (a) 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 5 (b) and (c), respectively. The thermocouples (T-type) were
calibrated against an RTD sensor (Omega, PT100 RTC Probe) using a temperature calibrator (Beames,
MCS5). Typical junction bead diameter is about 0.3 mm (Davidson and James [19]).

Transient heat transfer technique using thermochromic liquid crystals (TLC) are applied to
measure fill surface heat transfer distribution. The experimental technique is well developed over
decades and documented [1, 21-23]. 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 [24]. The entire model must be isothermal at the
beginning of each test to satisfy the boundary condition. Thus, before each experiment, the test
surface is allowed to settle to the unheated flow temperature to satisfy the isothermal condition. The
test surface is exposed to heated flow with a near-step increase in temperature, which results 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 (), e.g., Perspex, « =1.0x107"m? /sec, increases the test time and also limits
the lateral conduction (Schultz and Jones [27]). Perspex is frequently used because it is optically
clear and has accurately known thermal properties (Ireland et al., [28]). For the current test rig, a
minimum thickness of Perspex of 15 mm is used. This implies a penetration time (Tpenetration) through
the thinnest point of the test surface of approximately 140 seconds. From the color change of TLC,
the local surface temperature is inferred indirectly as the heat transfer coefficient value is 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). LEDs (Light Emitting Diodes) were connected
to the heater mesh power supply to indicate the start of heating and to match the start time of each
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camera. The uncertainty in measured heat transfer coefficient, +7.3%, was calculated according to
the procedure proposed by Kline and McClintock [25] and Moffat [26].

2.2 Computational Approach

CFD model represents the computational domains of the test model is 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 Ay 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.

15 prism layer

Section A-A

Figure 6. Computational domain and detail mesh

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. The comparison of various turbulence models is shown in Figure 7. It turns out that the k-
¢ 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-¢ model with enhanced wall treatment.

For setting boundary conditions of the computation domain, the exact measurements made in
the experiments are applied. Pressure inlet and outlet conditions are applied with constant wall
temperature reflecting the transient heat transfer test condition.
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Figure 7. Mesh type and turbulence model sensitivity study
3. RESULTS

3.1 Detailed Flow Filed Analysis
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Figure 8. Comparison of velocity contours at z/h=0.5 plane

The velocity contours at mid height (z/h=0.5) are compared in Figure 8. It shows the
characteristics of the three different cooling flow directions. In the comparison of inward and
outward flow cases shown in Figure 8 (a) and (b), the clear distinction of the flow characteristics is
observed at the inlet and exit of each case. The presence of key bar at the end of the 4th~6th ducts
disturbs flow significantly and cause uneven flow distribution through the stator ventilation system.
The effect of the cross flow can be clearly seen in Figure 8 (c). The cross flow represents the condition
in air gap where the spent air from rotor and stator ventilation ducts interacts. Typical flow regime
under the boundary condition is known as Taylor-Couette system. However, the circumferential
velocity is dominant due to the high rotational speed and larger diameter of the rotor. Therefore,
introducing the cross flow represents the realistic condition in the region. Since the model only
represent an annular section (24°), the effect of the cross flow varies as it interacts with the spent air
from the stator ventilation ducts. It also influences the heat transfer distribution.

For more detailed observation of the flow characteristics, the local velocity profiles are presented
inFigure 9. The & is representing the height of the duct, which is constant along the radial direction
while the width of duct, w is varying (refer to Figure 2). Each axis of the plot is 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 9 (a), (b) versus (c), (d)), flow deceleration
and acceleration depend on its flow direction are clearly observed. When the cross flow is

d0i:10.20944/preprints202007.0208.v1
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introduced to the inward flow case, Figure 9 (e) shows the distorted velocity profile at the exit plane
of the 2nd duct (r/R = 0.05) as it was shown in Figure 8 (c). The velocity profiles in the 3rd duct,
Figure 9 (f), (g) and (h), look more complicated as it is influenced by the variation in the cross-
sectional area (refer to Figure 3). Compare to the 2nd duct (Figure 9 (b)), the peak velocity (at r/R =
0.09) of the 3rd duct of outward flow case (Figure 9 (f)), is about 3.5 times higher so that it results the
higher dynamic head loss at the entry region as shown in Figure 10 (b). 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 9 (g) and (h).
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Figure 9. Comparison of local velocity profiles
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3.2 Local Static Pressure Distribution
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Figure 10. Comparison of 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 is normalized by
inlet static pressure at r/R = 0 or 1 depends its flow direction. For 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 10 (a) and (b), it is observed that the
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most of the pressure loss is occurring 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 the stator bar which occupies the region of 0.11 <r/R<0.3. As the results, the
full recovery of local static pressure is observed in the downstream of the region.

For the same 2nd and 3rd ducts, there is change in flow direction so that the Figure 10 (c) and
(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 will be accelerated as the cross-
sectional area decreases with no adverse pressure gradient. In the 3rd duct (Figure 10 (d)), the effect
of abrupt change in the cross-sectional are is clearly shown in the region of 0.11 < r/R <0.3. Flow
velocity will be accelerated further in the region which can cause sudden increase in pressure loss.
After the entrance, flow passes the wedge region where the cross-sectional area is minimum so that
the most of the pressure drop is occurring.

Introducing the cross-flow, the difference in local static pressure distribution of inward flow
cases can be observed in the Figure 10 (e) and (f). The local static pressure in the exit region is
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, prevent such a cross
flow ingestion. The recognizable difference is seen in the exit region of the 2nd duct where the
recovery of local static pressure can be observed.

3.3 Ouerall Frictional Loss (exclude entrance effect)

Figure 11 shows the friction factor distribution of outward flow, inward flow and inward with
cross flow cases. The friction factor is calculated from the static pressure difference (excluding
entrance effect), Ap=pi-pu1 for outward flow case, Ap=pu-p19 for inward and inward with cross flow
cases as

Dy, 2
f= APFW (1)
where, p is density; D is average hydraulic diameter; R is the radial distance of pressure
measurement locations (p1 and pu1); v is inlet velocity.
f from the Blasius formula [31, 35] for turbulent flow in smooth pipes with 4x10% < Rej, <105 is

shown in the results for a reference.
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Figure 11. Comparison of Friction factor (exclude entrance effect)

As the flow of the inward, and the inward with cross flow case continuously accelerates, the
effect of frictional pressure loss is 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 11(b), the friction
factor of the 2nd and 3rd ducts are much lower than Blasius formula as it behaves as a diffuser.

3.3 Heat Transfer Characteristics

Figure 12 shows the detailed Nusselt number distribution of outward case at three different
Reynold numbers. The highest Nusselt number values are 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 suppresses the flow through the duct while there is no such a restriction
in the 2nd duct. It results 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 inward case is 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) is observed. It is
due to the accelerated flow around the stator bar as the cross-sectional area decreases. For the same
reason, 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 increases smoothly as the flow accelerates. The
detailed Nusselt number distribution of the inward with cross flow case is similar to the inward flow
case as shown in Figure 14. The heat transfer coefficient of the second duct gradually decreases
along the flow direction, while the that of the third duct has a peak value in the wedge region (r/R =
0.1). The peak heat transfer is due to the thin thermal boundary layer at the beginning of the
entrance. Then, the heat transfer coefficient decays rapidly as the thermal boundary layer develops
toward the downstream. The predicted heat transfer values from CFD show good alignment with
the measurements.
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Figure 13 Nusselt number distribution of inward flow case
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Figure 14. Nusselt number distribution of inward with cross flow case

3.5 Overall Area Averaged Heat Transfer

Figure 15 shows the comparison of overall area averaged Nusselt number. The trend of the
outward flow case (Figure 15 (a)) shows different gradient compare to the inward and inward with
cross flow cases. The effect of the cross flow is more dominant for the 2nd duct compare to the 3rd
duct values. It 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 is very sharply decreasing as shown previously in Figure 12 (a).
Because of no interference and a constant decreasing cross-sectional area, the flow through the 2nd
duct accelerates so that exhibits higher heat transfer than the Dittus-Boelter correlation. For the
outward flow case, the cross-sectional area is increasing in the radial direction. As the result, flow
decelerates so that it does not promote heat transfer. While there was no useful reference to compare
the heat transfer, Dittus-Boelter correlation (Equation 3) was added for reference.

Nupy = 0.243Re8pro4 3)

where, Pr is Prandtl number.
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Figure 15. Comparison of overall area averaged Nusselt numbers

Since the heat transfer correlation representing the stator ventilation duct (wedge-shaped duct)
is rarely available, it will be worthwhile to report the experimental correlations from the present
work. The equation (4) and (5) are the new correlations based on the outward and inward flow cases
of the 2nd duct. Depends on flow directions, each case represents the heat transfer in a simple
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diffuser or nozzle geometry with angle of 1°. The comparison among the measured data, new
correlations and Dittus-Boelter correlation is shown in Figure 15 (b).

Inward flow correlation Nug_qo = 0-004131?6,%'2?P1”0'4 4)

Outward flow correlation Nug_qo = 0.4145R63523PT°'4 (5)

4. CONCLUSION

This paper presents experiments and CFD analysis to investigate the full surface heat transfer
coefficient and pressure loss characteristics of stator ventilation duct of a turbine generator. Real
scale models are developed for the present study. The measured heat transfer and pressure data is
used to selected promising mesh type and turbulence model for CFD prediction. The sensitivity
study will be useful guideline for other researchers. The predicted velocity profiles using the
validated CFD model provide insight to understand the pressure loss and heat transfer mechanism
observed from the measured data. Since the model represent a real geometry, there was 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 are also observed from the measured full surface heat transfer distributions. For the inward
case, the results suggest that the average Nusselt number of the 2nd duct is about 30% higher than
the 3rd duct. The trend is similar with the effect of cross flow. For the outward flow case, the
average Nusselt number of the 2nd duct is also higher than the 3rd duct.

To the best of authors” knowledge, the present results are the first reported data on full surface
heat transfer coefficient of stator duct ventilation duct. Hence the findings and proposed new
correlation will be useful reference for future study.
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