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High-Pressure Steam Flow in Turbine Bypass
Valve System Part 1: Valve Flow

R. S. Amano* and G. R. Draxler'
University of Wisconsin—Milwaukee, Milwaukee, Wisconsin 53201

This paper presents a study of steam flow behavior through a high-pressure turbine bypass valve when it
suffers a high-pressure reduction in an electric-power-plant cogenerator system. Efforts have been mainly directed
at investigating the process of steam flow and property variations in the aforementioned bypass valve as well
as at obtaining correlations between the flow rate and the valve opening ratio. Modeling of the high-pressure
turbulent steam flow was performed on a three-dimensional nonstaggered grid system by employing the finite
volume differencing method and by solving the three-dimensional, turbulent, compressible Navier-Stokes and
energy equations. Through this research numerous data have been acquired and analyzed. These efforts enable us
to obtain a correlation data set for the valve-opening vs the flow rate coefficient of the valve. One of the significant
accomplishments is to use the model presented here to further improve the design of a high-pressure steam turbine
bypass flow valve to reduce a high-velocity spot in the valve flow pass so that noise can be suppressed.

Nomenclature
C, = gas sizing coefficient
C, = constant used in the near-wall model
C,,C,, = constantsused in the source terms of the turbulence
energy dissipation
C, = constantused in calculation of turbulent
eddy viscosity
¢y = specific heat for constant pressure
Jx = coriolis force
fu = damping function
h = enthalpy
h' = turbulent enthalpy fluctuation
J = Jacobian metric
K = coefficient of porous plate
k = turbulencekinetic energy
P = mean pressure
P, = generationrate of turbulentkinetic energy
q = heat-transferrate
q = heat flux per unit area
Gy = wall heat flux per unit area
r,0,z = polar cylindrical coordinates
R, = turbulence Reynolds number
T = mean temperature
U = streamwise velocity component
u = fluctuating velocity in x direction
u;u; = Reynolds stresses
14 = mean velocity in radial direction
w = mean velocity in azimuth direction
y = coordinate normal to wall
yt = dimensionless distance
o = thermal diffusivity
B = permeability of porosity
Vr = spatial deviations from T
Yu = spatial deviations from U
) = Kronecker delta
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e = turbulence energy dissipationrate

&ij = dissipationrate of u;u;

K = von Karméan constant

A = thermal conductivity

" = dynamic viscosity

Meft = effective viscosity, ;1 + u,

Ly = turbulentdynamic viscosity

v = kinematic viscosity, u/p

Vet = effective kinematic viscosity, v + v,

v, = kinematic eddy viscosity

En, ¢ = curvilinear coordinates

0 = density of fluid

oy = turbulent Prandtl number for k 1

o, = turbulent Prandtl number for y =« C,, * /(Cs, — Cyy)
() = volume-averaged values

Subscripts

i,j, k1 tensor notations in inlet station conditions
in = inlet station conditions

w = wall values

Introduction

HE high-pressure and high-temperature turbine bypass valve

is used in steam turbines of the cogenerator system of a power
plant to control the flow rate through a steam turbine. Some of
the problems occurring in many power plants are 1) noise problem
caused by a high-speed flow in the valve where about 100 atm of
pressure is required to be reduced down to 5 ~ 7 atm and 2) a high
pressure that frequently causes cracking in the components caused
by fatigue, etc. Therefore, a technique is needed to quickly inves-
tigate flow performance in a valve for prevention of noise and fail-
ure and for improvements of the designs. Efforts have been mainly
directed at investigating the process of steam flow and property
variations through the high-pressure turbine bypass valve so that a
correlation between the flow rate and the valve-openingratio can be
obtained. This can, thus, be utilized for the future improvement of
such valve systems.

This paper presents a study on the mechanisms for controlling
steam temperature in a bypass pipe system. The analysis has been
performed by using a numerical method to review the system to
enhance the efficiency and life of the units. For the simulations of
steam flow behavior through a very complex geometry, both tur-
bulence and numerical studies are crucial for proper evaluations of
the heat transfer and evaporation processes. Numerous turbulence



556 AMANO AND DRAXLER

models using a higher-order closure model have been reported.! ~*
Numerical models using the body-fitted boundary coordinates were
developed by many researchers; 8 and these models were applied
to numerous internal flowpath problems as well as external flows.
Maruszewski and Amano’ and Amano and He!'® demonstrated that
an adaptive grid-generationtechnique is particularly advantageous
for computationsof a flow that is bounded by solid boundaries with
a complex geometry.

To conductthe tasks just mentioned, computationalmethods were
employed using a finite volume method. Modeling of the high-
pressure turbulent steam flow was successfully accomplished using
three-dimensional, turbulent, compressible flow, and heat-transfer
formulations. The governing equations were discretized on a curvi-
linear grid to enable computations in an irregular geometry. A
nonstaggered grid system is used for discrete velocities and pres-
sures. Interpolationwas accomplished via a higher-ordernumerical
scheme.

Turbulent flows were solved by employing a nonlinear version of
the k- model. Here the computations performed show very encour-
agingresults when compared with experimentaldata and theoretical
results.

Problem Specifications

The model of the high-pressure steam bypass valve is shown in
Fig. 1 (units are in millimeters). The head of the valve is illustratedin
Fig. 1b. Steam at 122 atm enters the valve througha 189.4-mm-diam
port (shown at the exit boundary on right-hand side of the figure in
Fig. 1a, and then the flow is directed to the pipeline connecting to
the condenser. As shown in this figure, a half of the entire valve is
modeled because of its symmetric configuration. The model also
includes the upper portion of the pipe downstream of the valve
(approximately two diameters of the pipe length). In this way the
flow in the pipe can be investigated. The pressure drop is forced
through a perforated bell-shaped container called a “whisper cage,”
which is illustrated in Fig. 1c. As is mentioned later, this whisper
cage was modeled by using a computational technique of the flow-
through porous media.

Mathematical Models

Governing Equations

For the steady-stateturbulent flows the averaged governingequa-
tions are given as follows:
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a) Valve cross section
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¢) Whisper cage

Fig. 1 Steam turbine bypass valve.
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Continuity:
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Momentum:
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These stresses (—u; uj) can be determined from the Boussinesq as-
sumption in which the Reynolds stresses are linearly related with
strain tensors, that is,
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Turbulence Model

In the standard k-& model the turbulence dynamic viscosity is
given by
1 = Cpu(pk*/e) )

Both the turbulence kinetic energy and the turbulence energy dis-
sipation rate are determined from their own transport equations of
the forms shown as follows:

Turbulence kinetic energy:

U ok a n u, \ ok P ) ©)
i—=—|u+—)— |- —¢
p ax; ax; oy ) 0x; P
Turbulence energy dissipationrate:
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where

aU;
Pk = —MLMIBT (8)
J

In the near-wall region the high-Reynolds-number version of the
precedingequationsdoes not simulate correctly. Therefore, the one-
equation model of turbulence by Iacovides and Launder'! was em-
ployed. In this model the dissipation rate and turbulence viscosity
near the wall are calculated with the prescribed length scale /, and
l,, thatis;

w, = C,p\/kl, 9
where
e=k3 /L, (10)
and
I, = (K/Cj)y[l — exp(—0.263y™M)] (11)

where y* is defined as
y*=y(Vk/v) (12)

Inthe precedingequationsC, C,;, C,,, k are constantswhose values
are 0.09, 1.45,1.92, and 0.42, respectively.

For the improvement of the low-Reynolds-number effect,
Launder-Sharma model'? (L-S) turbulence viscosity is damped in
the near-wall region. Thus,

M =Cﬂfﬂp(k2/§) (13)

where f is calculated from the following equation:

-34
fu ZGXP[(l +0.02R,)2i| (14)
where R, is given as
R = k/ui (15)
where ¢ is defined as
N
E=s—2p,(ak—2) (16)
0x;

The kinetic-energy equation is the same as Eq. (6). However, the
dissipation-rate equation has a different form from Eq. (7), which
is given as

08 Rl £ -
PU[f = f[(#“‘%)} —Pz(Cslmek —Cof0é)+E+Y.

€

(17)
where E, Y,, f.1, and f;, are the correction terms, which are given
by

22U\’
E =2y, (18)
an E)xk

k3 kP&
Y. = Max| 083 — — 1 - —,0 (19)

Ciey Cey ) k
fa=1 (20)
for=1-03exp(—R?) 1)

where C; is 2.5. The additional source term in the dissipationequa-
tion (17) Y. was originally introduced by Rhie and Chow,'* whose
roleis to preventthe near-walllength scale from becoming too large
in a recirculating flow region. Computations in this study showed
that the correction factor Y, in the L-S model is needed in order to
maintain the stability of the computational process.

Modeling of Whisper Cages

Across the whisper-cage plate the governing momentum and en-
ergy equations are simulated as a porous-media model and can be
written as follows:

Momentum equation:

dP)  patr g2, e EAU)

0=—+ WY+ SR

dx K (22)

Energy equation:

NT) @ (Aﬂ
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Transformation of Governing Equations

The transport equations used in the study were transformed into
a three-dimensional curvilinear coordinate system.

The flow pass configuration was created by employing a grid-
generation technique based on the two-dimensional internal flow
grid generation” This method s particularly advantageousfor com-
putations of a flow, which is bounded by solid boundaries.

For general three-dimensional configurations it is usually very
difficult to obtain a reasonable grid with the entire physical region
transformed into a single rectangular block. The technique used in
this study follows the path of Thompson.? In this approachcomplete
continuity can be achieved at the subregion interfaces by noting the
correspondence of points exterior to one subregion with points in-
terior to another. The necessary bookkeeping can be accomplished,
and the coding complexity can be greatly reduced, by using an aux-
iliary layer of points just outside each of the six sides of the compu-
tational region, analogous to the procedure for two dimensions. A
correspondenceis then establishedin the code between the auxiliary
points and the appropriate points just inside other subregions.

General three-dimensional regions were built up using subre-
gions. First, pointdistributionsare specified on theedges of a curved
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surfaceforming one boundaryof a subregion,and a two-dimensional
coordinate system was generatedon the surface. When this has been
done for all surfaces bounding the subregion, the three-dimensional
system within the subregionis generated using the points on the sur-
face grids as boundary conditions. All of these steps were performed
interactively so that the user is able to monitor the generation and
alter the grid by varying parameters. Equations (2), (6), (7), and (18)
can be written in the following general form:

div[pU¢ — G4grad(¢)] = Sy (24)
where ¢ is an arbitrary transport variable and U is the velocity
vector. Equation (24) is transformed from the polar cylindrical co-

ordinates (r, 6, z) into generalized curvilinear coordinates. In the
new coordinate system Eq. (24) becomes
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where U, V, W are contravariant velocities. These are given as

[Nj[ =¢€j; Uj (26)
where
€jj = q["j 27
and where
0
qij = &ijk 8_§-xk (28)

Also G4 represents the diffusion coefficient.

Numerical Method

The system of the equations is solved by using the nonstaggered
finite volume difference (FVD) method. Compared with the stag-
gered FVD method, the nonstaggered FVD has several advantages:
it is easier to program, and it requires less CPU time. However, it
is well known that oscillation of pressure and velocity can appear
with nonstaggeredFVD. Fortunately, Rhie and Chow!? successfully
solvedtheseoscillatory problems by using the interpolationmethod,
where the flux flowing through a control volume surface is linked
with the pressures at the neighboring nodes. Keeping these obser-
vations in mind, a brief summary of the numerical model used in
this study is provided here:

1) Grids were generated by using the algebraic grid-generation
technique developed by Maruszewski and Amano.’

2) The computational domain is discretized, and both scalar
and vector variables are located at the common grid position as

a) b) c)

Fig. 2 Three different views of the grid: a) surface grid, b) inside view,
and c) three-dimensional view.

Table 1 Inlet Conditions

Property 100% open 85% open 50% open
Inlet pressure, Pa 1.24E+7 1.24E+7 1.24E+7
Outlet pressure, Pa 9.12E+5 7.09E+5 4.26E+5
Inlet temperature, K 799 799 799

Table 2 Physical properties

Viscosity 2.8E-5kg/ms
Thermal conductivity 0.1 W/kg K
Specific heat 2500J/kg K

1.24E+07
1.11E+07
9.74E+06
8.41E+06
7.07E+06
5.74E+06
4 41E+06
3.08E+06
1.75E+06
4.15E+05

a) b) 0)

Fig. 3 Absolute static pressure (Pa) for a) 100 % open, b) 85% open,
and ¢) 50% open.

4.57E+02
4.06E+02
3.55E+02
3.05E+02
2.54E+02
2.03E+02
1.52E+02
1.02E+02
5.08E+01
4.50E-03

a) b) c)

Fig. 4 Velocity vectors (m/s) at the entrance to the bypass pipe for
a) 100 % open, b) 85% open, and ¢) 50 % open.

opposed to staggered grid arrangements. Here, the method of Rhie
and Chow!? is adopted for the nonstaggered grid formulations.

3) The linkage between the continuity and momentum equations
is carried out through the SIMPLEC method by Van Doormaal and
Raithby.!

4) The convection-diffusion string was handled by using the
QUICK scheme of Leonard.!?

Three different views of the grid structure are also depicted in
Fig. 2 for the 85%-open case. The grid for the 100% and 50%-
open cases has the same number of cells in it. Prior to the se-
lection of the grid system, numerous grid-independent tests were
performed in the range 50,000 and 120,000. It was discovered that
the grid with 120,000 still can be handled in the Power Challenge
Array—one of the supercomputers at National Center for Super-
computing Applications (NCSA). After these tests it was concluded
that the grid with 47 x 20 x 81 (a total of 76,140 cells) is appropri-
ate for the case of 100% valve opening by showing only 1-2%
variations in the mean-flow variables including the pressure, veloc-
ities, and temperature when the number of grids varies from 70,000
to 120,000. However, the grid for the 85%-open case had to be
enlarged slightly in order to accommodate the extra 5% opening.
The total number of cells in the 85%-open grid is 78,020. It is a
47 x 20 x 83 grid. The grid spacing is a little finer in the region
where the steam exits the bypass valve and entersinto the pipe. This
permits better results in a location where significant changes in the
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Fig. 5 Mach number for a) 100% open, b) 85% open, and ¢) 50%

open.
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Fig. 6 Turbulent Kinetic energy (m2/s?) for a) 100% open, b) 85%
open, and ¢) 50% open.
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flow occur. The computed y* for the first grid line from the wall
varied from 5 to 30.

The inlet conditions for the steam used for the computations of
three different valve openingcasesare listed in Table 1. These values
were recalculatedbased on the temperatureat each node by employ-
ing the empirical property correlations, which are the function of
the temperature. The physical constants specified for the steam are
given in Table 2. Density is calculated through the ideal-gas law.

Presentation of Results

Figure 3 shows the large pressure drop that occurs through the
valve. The largestdrop in the pressure occurs through the two lower
whisper cages. It is here that the highest resistance to the flow
does occur downstream of the valve; the pressure remains relatively
constant because the only loss the flow experiences is caused by
friction.

The velocity vectors across the whisper cage are shown in Fig. 4.
Inside the bypass valve the steam flows show a very low velocity
except near the center of the valve. This is caused by the high pres-
sure in the valve. However, as the flow passes out of the bypass
valve through the whisper cage, it accelerates because it encounters
a low-pressure region. In the areas where recirculation occurs, the
velocity magnitude is also small. Recirculation occurs as a result
of the steam exiting the valve normal to the centerline of the pipe.
The steam is at its highest velocity as it exits the bottom of the by-
pass valve through the “draining hole” created at the bottom of the
valve. Again this is caused by the flow encounteringa low-pressure
region.

The flow moves slowly inside the bypass valve. As a result, the
velocity vectors inside the valve are relatively constant and at a
small magnitude. This can be seen in Fig. 4. Some acceleration of
the velocity vectors occurs when the flow enters into the vertical
section of the valve and travels toward the valve exit.

For the most partthe entire flow is subsonic. This can be seen from
Fig. 5, which shows the Mach number of the flow. The only places
where the flow becomes a high Mach number are at the middle of the
valve and just downstream of the hole. At both locations the Mach

c)
Fig. 7 Temperature (K) for a) 100% open, b) 85% open, and ¢) 50% open.
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number exceeds 0.3. The Mach-number contours are very similar
to the velocity magnitude contours and display the same results.

The highestturbulentkinetic energy (TKE) occurs where the flow
leaves the bypass valve and enters into the pipe. This is shown in
Fig. 6. As the steam exits the valve, entering the relatively low-
pressure region in the pipe, it experiences highly skewed shear
action, which causes the TKE to enhance significantly. The TKE
gradually decreases downstream from the valve as a result of the
flow becoming more stable downstream. Also, wherever there is
recirculation the TKE becomes low.

The temperature distributions are shown in Fig. 7 for three valve
opening cases. The highest temperature occurs at the inlet region
when the valve is fully open. However the location of the peak
temperature moves to the valve throat for 85% open and 50% open.
As the steam goes throughthe core of the valve, itexperienceshighly
skewed velocity, which causes the temperature to become high in
the throat for both 85 and 50% openings. The temperature gradually
decreases toward the exit of the valve.

The gas-sizingcoefficientis one of the indicatorsfor the flow rate
estimates through the valve. This defined to relate critical flow to
the absolute pressure as follows:

Qconvemional = Cg Pin (29)

The flow characteristic curve can be seen in Fig. 8. It is a plot of
the gas-sizing coefficient C, vs the percentage of the valve opening.
The value of C, was calculated for the three opening cases using
the Universal Gas Sizing Equation. These three values were plotted
along with the experimentaldata providedby Fisher.!® It can be seen
that numerical data obtained in this analysis produced C, values that
agree with the experimental values within 15% error.

Conclusions

The task of modeling and computing flow behaviors in the high-
pressure turbine bypass valve has been successfully accomplished
for three different opening cases. Several conclusions emerged
throughout this study, which are summarized as follows:

1) The largestdrop in pressure occurs through the lowest whisper
cage. Itis here that the highest resistanceto the flow occurs. Down-
stream of the valve the pressure remains relatively constant because
the only losses the flow incurs are caused by friction between the
wall and the flow.

2) The highest turbulent kinetic energy occurs where the flow
leaves the bypass valve and enters into the pipe. As the steam exits

the valve and enters the relatively low-pressure region in the pipe,
it experiences an acceleration, which causes the TKE to increase.
The TKE gradually decreases downstream from the valve because
of the flow becoming more stable downstream. Also, wherever there
is recirculation the TKE is small.

3) It was shown that numerical data obtained in this analysis
produced C, values that agree with the experimental values.

4) Finally, it can be emphasized that the numerical model devel-
oped in this study successfully predicts flows and heat transfers in a
complex valve geometry with huge pressure-drop flows. This model
can be used for design improvements of such turbine bypass flow
systems.
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