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Abstract: Deep knowledge about pressure and energy losses in each part of a steam turbine is
crucial for assuring the required efficiency and operational reliability. This paper presents the
experimental as well as the numerical study of pressure losses in the inlet chamber of an intermediate-
pressure steam turbine. Measurements were carried out on a complex model, where not only was
there an inlet turbine chamber, but also a compact valve assembly situated upstream and nozzles
situated downstream. The compact valve as well as the turbine inlet chamber were relatively small.
Therefore, greater pressure losses were expected. The aerodynamic laboratory of the Institute of
Thermomechanics of the Czech Academy of Sciences was responsible for acquiring the measurements,
which were carried out in a modular in-draft wind tunnel. In order to learn further details, numerical
simulations were carried out. Doosan Skoda Power was responsible for this. A package of ANSYS
software tools was used. Measured data were described and compared with numerical ones. Pressure
losses were generalized in the form of the total pressure loss coefficient. As a result, pressure losses in
similar turbine compact inlet chambers can be predicted with the required accuracy.

Keywords: valve; steam turbine; measurement; numerical analysis; pressure loss

1. Introduction

Each part of a steam turbine should be, to some extent, studied in detail to gain
the know-how to estimate and provide the required efficiency and operational reliabil-
ity [1]. Therefore, the Doosan Skoda Power company focuses on the investigation of each
individual turbine part, such as the parts described in [2—4].

Recently, extensive studies of pressure losses in different valve assemblies have been
carried out. For example, a high-pressure valve assembly for nozzle governing [5], a high-
pressure valve assembly for throttle governing [6] and, finally, a compact valve assembly for
controlling the steam going to the intermediate-pressure turbine part [7]. Valves for steam
turbines are also investigated in other industrial companies, as well as research institutes.
A comprehensive literature review can be found in [8]. The impact of an unsteady flow
due to the geometry of a valve and the inlet chamber to the first turbine stage is also the
topic of many studies [9-12]. It was concluded that if the flow is significantly unsteady in
the valve, hence, producing greater losses, this negative effect also propagates to the first
and even other turbine stages, which reduces their efficiency. Therefore, it is important to
thoroughly investigate not only the flow field in the valve, but also the flow field in the
turbine inlet chambers.

Each valve assembly consists of many parts. The main parts are a stop valve (intercept-
ing valve) and a control valve. Regarding the compact valve assembly [7], the flow field
and related pressure losses have been evaluated and described by using measurements
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on the model and numerical simulations in terms of a complex valve characteristic, which
represent dependence between the mass flow ratios, pressure losses and relative valve
cone lifts. Between this valve assembly and the first turbine stage, there is the turbine inlet
chamber. Pressure losses in such a chamber had never been measured or simulated. This is
the main subject of this paper.

2. Experimental Model

The complex model that was subject to the current measurements is shown in Figure 1.
It consisted of the valves, which were studied in the past and results were presented in [7],
and the turbine inlet chamber, which was the subject of the presented study. Downstream
of this chamber, there was a nozzle part and outlet pipelines. These pipelines did not
represent any actual turbine part. They merely connected the measured model with the
main duct leading to the vacuum storage. The main valve assembly parts were composed
of wood and polyurethane, and the pipelines and connecting parts were composed of
acrylic glass.

turbine
inlet chamber

stop valve
(intercepting valve)

part with outlet
nozzles pipelines

control valve

Figure 1. Complex assembly of the measured model.

The scheme of the aerodynamic tunnel is provided in Figure 2, where its main parts
are described. It was an aerodynamic suction-type modular tunnel where the air was
sucked down from ambient conditions at the inlet through the tested model (the complex
valve assembly, also including the turbine inlet chamber model) into an outlet piping,
where conditions were set with a control nozzle to the desired pressure ratio. The vacuum
chamber could be evacuated to an absolute pressure of 10 kPa.

inte(cepling valve

honeycomb and screens ! control nozzle
'—\‘1) 2x static, 1x total

: ) control flap
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>
-’
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control valve 1) inlet
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5) inlet chamber inner diameter
6) exit pipe 2

Figure 2. Detail aerodynamic tunnel scheme.
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Results of the valve assembly study were presented in detail in [7], where there was no
model of the turbine inlet chamber. In order to analyze the flow in the turbine inlet chamber,
which was a new subject of the study presented here, four pressures evenly distributed
around the circumference were measured upstream of the chamber (downstream of the
control valve). This is shown in Figure 2 and also in Figure 3 in position pa. Other pressures
were measured on the outer chamber surface as pg and pc and closely upstream of the
nozzle model as pp. Their positions are shown in detail in Figure 4. Regarding pressure pg,
four pressure extractions were used, as shown in Figure 5 on the left. This was necessary
due to the transducer’s limited capacity. More measuring points were used in the case of
pressures pc and pp. pc was measured at 14 positions, as shown in Figure 5 on the right;
pp was similarly measured, but at 16 positions, because, in this position, there was no
inlet pipeline.

To evaluate all the pressures, a Pressure Systems 9116 pressure transducer was used.
Moreover, the total pressure upstream of the valves was measured using a Prandtl probe.
The measurement of the mass flow rate was carried out in the outlet pipeline using an
Annubar Deltatop DP 62D probe and Thermometers Pt100. The relative uncertainty of
the pressure measurements was evaluated to be better than 4%, with a confidence interval
of 95%. Since the experiments were performed with dry air at a low pressure, Reynolds
numbers were approximately two orders of magnitude lower in comparison with the real
valve assembly with steam. This difference was analyzed in [13,14], where it was shown
that measurements at lower Reynolds numbers still provided accurate valve characteristics.
The deeper analyses based on the aerodynamic similarity theory [15] applied to the valve
assemblies can be found in [16], where the result differences between steam and air were
described. The conclusion was that the differences were small. In fact, the pressure drops
measured on the model with air were slightly greater. This was also tested in the model
described in [5]. The results of this supporting study are shown in Figure 6 for two different
relative valve cone lifts. The curve presenting the air was situated higher in the valve
characteristic, which meant that for the same mass flow, the pressure ratio was greater,
which meant that there was a lower pressure loss. Except for one point presenting in steam
at the pressure ratio of 0.90, the differences were similar, as described in [16]. As a result,
the experiments carried out with air could show reasonably greater pressure losses, which
was, fortunately, a conservative result to apply to real valve assemblies.

Figure 3. Measurement position at the inlet of the chamber.
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Figure 5. Measurement positions of pressures around the circumference of the chamber (4 pressure
positions of pg and 14 pressure positions of pc).
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Figure 6. Supporting study showing the influence of flowing media.

3. Numerical Model

In order to learn further details, especially the total pressures, since only static pres-
sures could be measured due to the model’s complexity and limited space, numerical
simulations were carried out. The numerical model is shown in Figure 7 on the right.
Boundary conditions were defined based on the measured data. This meant that the total
pressure and static temperature were defined at the model inlet, and the measured mass
flow was defined at the model outlet. The inlet turbulence intensity was defined as being
5%, although it was not measured. This was based on experiences in similar studies [5-7],
and an assumption that the flow field turbulence at the inlet had minor influence on the
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observed parts (the control valve and the turbine inlet chamber), since a flow had already
developed downstream of the stop valve. The medium was defined as dry air in accordance
with the experiment, where dryness was guaranteed through the use of a silica gel drier
(see Figure 2). A high-resolution scheme (second-order scheme) was used to compute the
steady-state solution for the advection scheme and turbulence numerics. The simulation
convergence was judged with a 10~ residual target value. Furthermore, imbalances of
pressure losses in the chamber were monitored to be less than 0.10%. Hexahedral and
tetrahedral meshes were created, shown in Figures 8 and 9. The meshes were created to
keep the recommendation of y+ < 5. This recommendation was valid for the used turbu-
lence model k-w SST [17,18]. This turbulence model by Menter, 1993, is a two-equation
eddy viscosity model, which has become very popular and widely validated in ANSYS
software package tools [19]. It was achieved according to the results in similar projects,
for example [20], where mesh sensitivity was tested. In this project, only a brief mesh
sensitivity analysis, shown in Table 1, was performed for two different meshes, the used
one with approximately 20 million nodes and 50 million elements and the finer one with
approximately 30 million nodes and 70 million elements. For the boundary conditions
named C2, whose position in the valve characteristics is shown later, the resulting pressure
losses in the control valve and the inlet chamber differed by less than 0.05%, which was
lower than the above-monitored convergence criterion.

(a) (b)

Figure 7. Former numerical model (a) [7]; new model with the turbine inlet chamber (b).

Figure 8. Mesh in the cross-section of the control valve and the chamber.
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Figure 9. Details of the mesh in the cross-section of the chamber.

Table 1. Brief mesh sensitivity analysis: different mesh densities and resulting pressure losses for
boundary conditions C2.

Mesh Density Used Mesh Refined Mesh
size factor (1) 1.0 1.5
nodes (1) 19,825,425 30,220,150
elements (1) 49,620,100 70,401,200
total pressure loss (%) 3.879 3.878
difference (%) 0 0.047

4. Results and Discussion

At first, the valve characteristics, which represent the dependence of the mass flow on
the pressure ratio for all required valve cone lifts, were evaluated. A valve characteristic is
the graph of the dependency of the mass flow ratio on the pressure ratio and the relative
valve cone lift. The pressure ratio e, can be defined as a ratio of static p,/p1; or total
pressures pot/p1t- Index one is the inlet and index two the outlet of the valve. The mass
flow ratio was defined as m/m.,, where m is the mass flow and m, is the critical mass flow
through the valve. The relative valve cone lift is defined as //D. D is the diffuser throat
diameter and £ is the control valve cone lift. A comparison of the results of measurements
on the valve assembly alone (the dashed lines) with the new model with the turbine inlet
chamber (the full lines) is in Figure 10. The comparison showed that the differences were
not significant. This meant that the valve characteristics, which are widely used for pressure
loss prediction and valve designing, were not dependent on the downstream geometry.
This also showed that the measurements were consistent with the previous ones.

0.5 —0.322

0.4 —0.192
_ —0.144
=03 0.096
g e 0,062
Y02 0.034

o1 —0.021

) h/D
0.0 T T T

0.5 0.6 0.7 0.8 0.9 1.0 gl1]

Figure 10. Measured valve characteristics comparison.
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The same comparison was carried out with the numerical (CFD) results for one
particular relative valve cone lift 1/D = 0.322, where the valve was fully open. It was
chosen for a further investigation of the losses in the turbine inlet chamber because, for
such a case, a pressure loss prediction was required. Using the CFD, static, as well as total
pressure ratios, could be evaluated. The compared results are in Figure 11. We could see
some differences in the case of the total pressure ratio for ratios lower than 0.96. Fortunately,
such regions were far away from the practical use of valves. The area of practical use is
under the dashed line in Figure 11 (the lines going from 0 to 0.3 of the mass flow ratio).

=@ yalve - no turbine inlet chamber
=@ yalve - with turbine inlet chamber

0.7 0.7
0.6 0.6
= 0.5 = 0.5
5 0.4 0.4
L3 Lo3
€02 0.2
0.1 | 0.1 |
0.0 '. 0.0 '. .
0.90 0.95 p,/p,.[1] 1.00 0.90 0.95 p,/p,.[111.00

Figure 11. CFD valve characteristics comparison.

When it was proved that the results regarding the control valve were consistent and
had reasonable differences, the evaluation of the turbine inlet chamber measurement was
carried out. Examples of the results of the comparisons in the form of measured and
calculated static pressures pp, pc, and pp are shown in Figures 12-14. Two cases named C1
and C2 were chosen. Their positions in the valve characteristics are shown in Figure 11.
We could see that, for both cases, there were differences between the numerical (CFD)
and experimental results (EXP). The trends were, to some extent, similar. For case C1, the
maximum difference was approximately 0.40 kPa, and for case C2 it was approximately
1.00 kPa. This was a good match, given the complexity of the geometry.

—@=—C1 CFD ——C2 CFD
== C1 EXP —4—C2 EXP
96.45 T T T T T 1 92.00 N B B B
96.40 + —— 4 —A————4—+—+ 91.80 —:— I——:——:——IL——IL
4 _ad. U N N e
2 96.25 - I——:__u :ul ¥ /\ x, 91.40 NGO 0 ]
o : | | | m91.20 ==l —A———= — 7+
<9620 4 ———eg— /1~ 8] < Ll L1
91.00 4 —— —— o=
96.15 T —— —— N~/ +—+ o / |
96.05 — 90.60 I

|

T
1 3 5 7 9 11 13 15
position position

(a) (b)

Figure 12. Distribution of pressure pp for cases C1 (a) and C2 (b).
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Figure 13. Distribution of pressure pc for cases C1 (a) and C2 (b).
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Figure 14. Distribution of pressure pp for cases C1 (a) and C2 (b).

In order to generalize the pressure drop from the inlet to the outlet of the turbine inlet
chamber, it was important to evaluate pressures not only from a few measuring points, but
also from average values at the inlet and outlet planes. This meant that the pressure drop,
which is the most important for practical use, between locations pp and pp should have
been better evaluated in the numerical simulations, since the measuring positions were
limited (see Figures 3-5). The required pressures could be compared for different boundary
conditions in different evaluating positions. Results for the required case with /D = 0.322
are shown in Figure 15. It can be seen that the static pressure drop was almost the same, no
matter whether it was calculated from the pressure at the whole outlet (before the nozzles,
see Figures 4 and 15b) or from the points where pressures were measured (pp). This was
also proof that the selected measurement positions were relevant.

When comparing experimental and numerical results, it could be seen that the differ-
ences were reasonable up to m/mg < 0.3. For greater m/mc;, the differences were significant
from 0.5 to 2.0%. The reason is that, in the region of m/m, > 0.3, there started to appear
very unsteady phenomena, such as flow detachments, but the numerical simulations were
carried out in steady-state. This was described and shown in detail in [7]. Fortunately, for a
practical pressure loss prediction, the valves and, accordingly, the turbine inlet chambers
were designed to be used only for conditions where m/m < 0.3, where the differences
between numerical simulations and measurements were reasonably small.
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Figure 15. Static pressure drop differences comparison (a); evaluating positions in the CFD model (b).

If the differences in the static pressure drop were small in the region of m/m.- < 0.3,
there was an assumption that differences in the total pressure drop would also be small
there. As a result, the total pressure losses should have been evaluated. The common way
to evaluate and generalize the loss in an inlet turbine chamber is to use the total pressure
loss coefficient Y according to [21], defined as:

Y = Pt — P2t (1)
P2t — P2

The results for all the calculated cases are shown in Figure 16 on the left. It can be seen
that the total pressure loss coefficient was not constant. At lower relative mass flow ratios,
its value oscillated. The reasons for these oscillations are going to be analyzed in further
studies. For practical use, however, the average value of Y, which is shown with the dashed
line, could be used very well. The results of the calculated total pressure losses using the
average value Y are shown in Figure 16 on the right with the dashed line and using the
exact values of Y shown with the solid line, respectively. For the cases where m/m < 0.3
represented the typical region for which the turbines were designed, the differences in the
total pressure loss between the exact and average values were lower than 0.10%. This is
supposed to be a reasonable difference for a practical pressure loss estimation.

0.6 I I I 3.5 I I I
05 3.0 f-——k———k———k -
25 T
_o4 —_20 4L
=03 {——— -9 X
- I I I 215 +———F———F——
02 ———F———F———F——— S04 L L &1
| | | )
01 v+~~~ ——— 05 +—— 4
0.0 ! ! ! 0.0 : . .
0.00 0.10 0.20 0.30 0.40 0.00 0.10 0.20 0.30 0.40
m/m_[1] m/m_[1]

(a) (b)

Figure 16. Total pressure loss coefficient (a) and total pressure loss dependence (b), the full lines
present the exact values and the dashed lines present the average values.

5. Conclusions

Measurement and numerical simulations on a complex model of an intermediate-
pressure steam turbine inlet chamber were performed. As a result, the following was
found out:
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The measurement presented here was consistent with previous ones [7].
The valve characteristics were not dependent on the downstream geometry.
Differences in pressure drops in the inlet turbine chamber between experimental and
numerical results were reasonable for the practically used operating range of valve
assemblies, where m/m; < 0.3. For greater mass flows, the differences were significant.
e  The total pressure loss prediction for the inlet chambers of the intermediate-pressure
steam turbine part was generalized in the form of the average value of the total
pressure loss coefficient.

Furthermore, the lessons learned could be summarized as follows:

e  The static pressure measured on a wall near the nozzles was almost the same as the
average pressure on the plane directly upstream of the nozzles.

e If possible, a measurement of total pressures would be beneficial in order to further
compare the experimental and numerical results.

e Cases of a mass flow ratio greater than 0.3 seemed to be very unsteady, and the
numerical simulation results could be very different from the measured ones.

Future work is planned to optimize the design of the inlet turbine chamber, since it
is evident that there is a potential for a reduction in losses. Some better-shaped designs
would be more beneficial as well.
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