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High-Pressure Steam Flow in Turbine Bypass
Valve System Part 2: Pipe Flow

R.S. Amano,* G. R. Draxler, and J. M. Golembiewski*
University of Wisconsin—Milwaukee, Milwaukee, Wisconsin 53201

The main goal of this study is to investigate the evaporation process of a coolant (water droplets), which is
injected through spray nozzles mounted on a steam turbine bypass pipeline in a cogenerator system. The study
includes several important factors: 1) the effects of four elbows on the flow pattern and evaporation process of
the water particles, 2) heat transfer that affects the steam temperature and also the evaporation rates, and 3)
the effects of a perforated plate on the flow pattern and evaporation process. The first goal of this study is to
investigate whether or not the existence of elbows in the pipeline will enhance the evaporation process of cooling
water droplets. Two effects have been observed so far: one is that the generation of turbulence increases in the core
of the elbow, which results in a higher heat-transfer rate between particles and steam, and the other is that water
particles are forced to impinge onto the outer side of the pipe wall in the elbow due to the centrifugal inertia force
of the flow in the curvature path. The second goal is to carefully study the heat-transfer effects of three different
modes, i.e., the heat exchange between the steam and the water particles, the heat transfer of flow to the wall caused
by turbulence convection, and the conjugate heat transfer by means of heat conduction through the pipe wall and
insulation materials. The last goal of the research is to investigate the effect of the insertion of a perforated plate
downstream from the cooling water spray nozzles. A detailed analysis was conducted by microscopically modeling
the flow through each hole of the perforated plate. Modeling of the high-pressure turbulent steam flow was based
on a nonstaggered finite volume method in three-dimensional, turbulent, compressible, and two-phase dispersed
flow formulations. The investigation of the structure of liquid spray jets during the transition into the gaseous
phase was accomplished by developing a physical model of a particle tracking technique to investigate evaporation
processes of the liquid droplets in a highly turbulent flow. Computations were performed by separating the entire
pipeline system into four sections, each of which was generated in a three-dimensional grid system for more efficient
computations by maintaininga sufficiently large number of meshes for each section. Flow calculations were made in
each region separately by patching the end conditions from one pipe to the inlet conditions of the next one. Through
this research numerous data have been acquired and analyzed for heat-transfer mechanisms of the evaporation of
the water droplets in the pipeline system along with the cooling of the steam flow. The results of the computations
were verified by comparing them with theoretical models and were shown to be quite reliable.

Nomenclature L = pipe length
area Nu = Nusselt number
vaporization constant P = P function
constants used in turbulence model p = mean pressure
specific heat for constant pressure Pr = Prandtl number
heat capacity of the gas Pr, = turbulent Prandtl number
dropletdiameter q = total heat flux
empirical constant q, = wall heat flux per unit area
drag force per unit droplet mass r = radial coordinate o
additional forces such as body force, pressure force, Sy = source terms of transport equations in the

and thermodynamic force

generation rate of turbulent kinetic energy
primary generation or production rate of
convective heat-transfer coefficient

latent heat

turbulence intensity

turbulent kinetic energy

thermal conductivity

thermal conductivity of the gas

discretizationequation

mean temperature

fluid temperature

inlet stream velocity

local wall temperature

ambient temperature
streamwise velocity component
fluid velocity in a pipe

inlet velocity

droplet particle motion velocity
friction velocity

velocities of the freestream steam flow
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3ij = Kronecker delta

e = dissipationrate of turbulent kinetic energy
&) = dissipationrate of u;u;

0 = fluctuating temperature

K = von Kéarmdn constant

A = overall heat-transfercoefficient

" = dynamic viscosity

v = kinematic viscosity, i /p

Vet = effective kinematic viscosity, v + v,
v, = kinematic eddy viscosity

&, n,¢ = curvilinearcoordinates

0 = density of fluid

Op = particle droplet density

o = stress

T = shearstress

&ij = pressure-straincorrelations of u;u;
¢ = time-averaged values of quantity ¢
Subscripts

av = averaged value

f = valuesin fluid

i,J = tensor notations

in = inlet station conditions

v = values at viscous sublayer

w = wall values

Introduction

N an industrial power plant combined-cycle system the perfor-

mance of a cogeneratoris equally as important as that of a main
gas turbine power unit for an efficient operation. Mechanisms for
controlling the steam temperature of a cogeneratorin a bypass pipe
system need to be carefully designed in order to enhance the system
efficiency, to prevent failure of the components, and to increase unit
life. To this end a high-pressureturbine bypass valve is always used
to control the steam flow rate by abruptly reducing the steam pres-
sure; the valveis followed by a steam cooling system for temperature
reduction. In general, such steam temperature reduction of highly
pressurized steam can be achieved by the inclusion of a cooling wa-
ter injection spray system in a bypass pipe before the steam enters
into a condenser. Thus, spray injection of cooling water into a su-
perheated steam environmenthas been a subject of interest. Various
studies seeking such an efficient cooling mechanism have been con-
ducted during the past decade.! These have observed that the flows
in the aforementioned flow-mixing process take place under a high-
Reynolds-numberturbulent flow. Thus, the turbulence effect signif-
icantly enhances the heat transfer, and, as a result, the evaporation
process of water dropletsis enhanced as well. Such enhancementis,
mostly, based on geometrically created turbulence promoters such
as perforated plates, orifices, elbows, diffusers, etc. Among these, a
perforatedplate has been occasionallyadoptedin many applications
to enhance evaporation processes as well as to break larger droplets
into smaller pieces and to disperse liquid droplets in a gaseous-
phase flow. The inclusionof a perforated plate has some advantages
over a pipeline: 1) it causes significant pressure reduction, and 2) it
produces a higher mixture of steam and water droplets by reduc-
ing the droplet size by means of the collision of particles. This is
similar to that result produced by devices designed on the basis of
a turbulence eddy promoter. Although turbulent eddies arise from
the instability of the flow, dispersion through a perforated plate is
affected by the existence of the solid blockage and flow through
narrow passages, which force the flow to undergo local transverse
motion. This introduces an additional transport mechanism.

Many studies in conjunction with the problem just stated have
been reported. Formulations of growth or attenuation of the liquid
phase and thermal nonequilibrium properties were developed by
Bakhtar and Mohammadi Tochai? and Young.®> With regard to cool-
ing technologies, cooling of high-temperature gas turbine flows in
a rotating cavity was studied by Amano et al.! Findings for water
spray jets mixing with ambient air were reported by Amano et al.,*
where the turbulence modeling of water droplet dynamics was also
addressed.

It was further observedin industries that flows in which liquid and
gaseous phases mix are highly turbulent flows; thus, the turbulence
effectis significantin effectively evaporating water droplets. For the
simulations of steam flow behavior, both turbulence and numerical
studies are crucial for a proper evaluation of the heat transfer and
evaporation processes.

Numerous turbulence models using a higher-orderclosure model
have been reported>~7 Another significant area of research related
to the present problem is the impact of water droplets on a metal
surface. This phenomenon is important not only in the present flow
through a pipe with elbows but also in steam turbine blade flows.
Experimental observations have been reported by Parker reported
in Ref. 8, McAllister, Traupel,” and others. Droplet breakup and
deformation processes have been reported by Hassler'® and Moore
etal.l!

The objective of the present study is to investigate the process
thatoccurs when steam mixes with cooling water spray particlesin a
pipeline systemdownstream of a high-pressureturbine bypass valve
and to observe the influence of property variations along the entire
pipeline system up to the inlet of a condenser where the pressure
suddenly drops down to a nearly vacuum condition. The effect of a
perforated plate downstream of the cooling spray nozzles was also
investigated.

To perform the studies just mentioned, computational methods
were employed using a finite volume method. Modeling of the high-
pressure turbulent steam flow was successfully accomplished us-
ing three-dimensional, turbulent, compressible, and two-phase dis-
persed flow formulations. The governingequations were discretized
on a curvilinear grid to enable computations in irregular geome-
tries. A nonstaggered grid system was used for discrete velocities
and pressures. Interpolation was accomplished via the higher-order
scheme. The investigationof the structureof a turbulent,liquid spray
jet during the transition into the gaseous phase was performed by
incorporatinga physicalmodel to investigate growth and dissipation
processes of the liquid droplets in a highly turbulent flow. Turbu-
lent flows were solved by incorporating a higher-order closure of
turbulence in the model. Here the computations performed show
very encouraging results when compared with experimental data
and theoretical results.

Physical Mathematical Models
Figure 1 shows a turbine bypass valve from which the pipeline
is connected to a condenser. The steam at the exit of the valve is at
about 7 atm of the pressures when in a full opening condition of the

1. TURBINE BYPASS VALVE BODY
2. VALVE
3. VALVE SUPPORT

dnt

Fig. 1 Schematic of the turbine bypass valve.
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valve. The steam is injected from the valve into the pipe through
two labyrinth-type paths — one in the side of the valve (inlet A)
and the other a drain hole with a 3.2-mm diameter at the center of
the valve bottom (inlet B) — with the resulting steam flow at 7 atm
after passing through a bypass valve.

The overall pipe system (0.645 m in diameter) is approximately
20 pipe diameters (13 m) long. A schematic of the pipe system is
shown in Fig. 2, where there are four 90 degree elbows along the
pipeline. The entire system was divided into four sections as shown
in the figure; i.e., pipe I-IV. Pipe I is the straight section where the
top portion is the bypass valve exit.

Two sets of cooling water spray nozzles are mounted; three spray
nozzles (nozzle A) are mounted at 0.75 m and three spray nozzles
(nozzle B) at 1.0 m, respectively, downstream from the exit of the
valve. Each set contains three nozzles spaced 120 degree apart.
In addition to the different vertical locations of the jets, the upper
(nozzle A) and lower (nozzle B) jets are spaced 60 degree apart. A
total mass flow rate of 1.66 kg/s is injected through nozzle A and a
total of 15.84 kg/s through nozzle B.

The just-mentioned conditions used in this study are a typical
steam flow for such valves with a full open. These are listed in
Table 1.

Pipe II starts slightly upstream of the first elbow and ends at the
section slightly upstream of the second elbow so that the flow from
pipe I has almost reached a fully developed consition. Similarly,
pipe III starts at the exit of pipe II and ends at the section slightly

Table 1 Inlet conditions

Inlet A Inlet B Nozzle A Nozzle B

Fluid Steam  Steam  Water droplet Water droplet
Mass flow rate, kg/s 7891 0.115 1.66 15.84
Velocity, m/s 192.6 185.9 65.0 65.0
Temperature, K 756 756 303 303
Pressure, atm 7 7 _ _
Density, kg/m? 1.972 72 998.2 998.2
Boiling point, K —_— —_— 438 438
Specific heat, kI/kg K 2.940  2.940 4.178 4.178
Viscosity, kg m/s 10° 60 2.560 100.4 100.4
Thermal conductivity, 0.690 0.690 0.620 0.620
W/mK

Latent heat, J/kg 107¢  2.4239 2.4329 2.4329 2.4329
Droplet size, um —_— —_— 350 750

PIPE]

Fig. 2 Schematic of the pipeline system.

upstream of the third elbow. Pipe IV consists of the rest of the
pipeline including the fourth elbow to the end where the pipe is
connected to the condenser.

At the end of pipe IV, the steam is directed into a condenser
through a diffuser by dropping the pressure down to 4,900 Pa. Thus,
a diffuser model is installed here at the end of pipe IV.

Another considerationin the flow study concerns the effects of a
perforated plate, which is mounted at a location 0.8 m downstream
from nozzle B. The purpose of insertion of a perforated plate is to
force larger size of water droplets break into smaller particles so
that it accelerates the surviving droplets to evaporate.

Governing Equations

Flows through a pipe can be governed by differential equations
consisting of continuity, momentum, and energy equations. The
main steam flow calculations consist of the compressible three-
dimensional Navier-Stokes equations combined with the energy
and the full Reynolds-stress equations. The mixture conservation
equations were solvedin an Eulerian reference frame. The equation
of state of the vapor phase was solved for the density, enthalpy, en-
tropy, and quality. Nonequilibrium thermodynamic properties were
computed for the steam properties.

The basic conservation equations, expressed in vector form us-
ing the summation convention for repeated indices, are written as
follows:

Continuity:
d,pv+ 3 pW-S=0 (1)
Momentum:
9,pUv + 0;,(pUW +0)-S; =H, 2)
Energy:
dPpEV+ (pEW+U-0+gq,) S =Hg 3)

Turbulence kinetic energy:

3 pkv + 3;(pkW + ¢,) - S; = H, “)
Turbulence energy dissipation:

0;pev + 0; (peW +qe) - S; = H, 5)

Reynolds stresses:

o puiu;v + 0; (puu; W +q;;) - S; = Hj; 6)
where
0
9 =— 7
a&;

and where & represents curvilinear coordinate variables.

Stochastic Particle Tracking

A stochastic particle tracking method was employed for tracing
the water droplets in steam turbulent flows. This method incorpo-
rates the instantaneous values of the fluctuating components in the
gas flow velocities. The trajectory of a water droplet is predicted on
a Lagrangian reference frame. The force of a droplet per unit mass
is given by

Lo Py v, + Sl L)

+ F 8
— - @®)

The drag force was estimated by using the drag coefficient Cp, deter-

mined from Oseen’s approximation for a particle Reynolds number

less than 1000 and 0.424 for a Reynolds number larger than 1000.
The additional force F; consisting of the force caused by particle

acceleration and the pressure forces are given by

1 ps d

20 — U — Up) )

F‘accl =
dr

P
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and

o ,, U
Fpress = p_Uoo
» 0x

(10)

The particle path is determined by using the stochastic particle
tracking method in which the instantaneousvalues of the fluctuating
components in the turbulent steam flow velocitiesis

U[ZU[“‘u[ (11)

The values of the turbulence fluctuation u;, which prevails during
the lifetime of a fluid eddy that fluid particleis traveling,are sampled
by assuming that they obey a Gaussian probability distribution, so
that

u; = m/u? (12)

where A is a normal distributed random number. The Reynolds
stressesappearingin the squarerootin Eq. (12) are evaluatedthrough
the Reynolds-stress model.57-12

The complete range of particle sizes is divided into an adequate
number of discrete intervals, each represented by a mean diameter
for which trajectory calculations are performed.

The position of a liquid particle can be evaluated by

dx,
e _y, 13
dr ! (13)

During the integration, the fluid phase velocity U can be taken as
the cell-based velocity for all particle positions within the cell, or it
can be taken as the velocity at the particle position.

Evaporation Model

Nucleation or evaporation of water droplets was evaluated along
streamlines using a Lagrangian reference frame. The results are
stored as parameters for the full viscous momentum equations. The
growth or attenuation of the liquid phase and thermal nonequilib-
rium properties were obtained following Bakhtar and Mohammadi
Tochai? and Young?

The boiling mechanismis such that the dropletis assumed to stay
at a constant temperature while the boiling rate is applied. Once the
boiling law is employed, it is applied for the duration of the particle
trajectory. The energy required for vaporizationis treated as a sink
term in the energy equation for the gas phase.

In summary, the onset of the vaporizationis determined by setting
the vaporization temperature at the associated pressure level. When
the temperature of a droplet reaches its boiling point, the droplet
vaporizationis predicted by a boiling rate

de Cb 1
—2 = ——% (] 4 0.23Re? 14
ar 2D,,( +023Re%) (1

where the coefficient is given by Williams':

8 o0 ').OQ
C, = K gn,|:1 + C;l—(TOQ — T,,)i| (15)

/Opcp.oo fg

Heat Transfer

The heat-transfer mechanism is one of the most important items
that needs to be studied in a greater detail because the evaporation
rate of the water droplet is significantly affected by the steam tem-
perature. To this end the heat transfer through the pipe wall and
the insulation materials should be evaluated accurately as well as
the heat transfer between water droplets and the steam. The steam
temperature varies significantly depending on the wall condition.
For example, if the wall is assumed to be adiabatic the steam ex-
changes heat only with water droplets. However, if the pipe is insu-
lated but still allows heat loss to the ambient air outside the pipeline
the steam temperature drops accordingly. For this reason a study
of three modes of the heat transfer was conducted: 1) convective

heat transfer between water droplets and steam, 2) convective heat-
transfer rate between the fluid and the pipe wall, and 3) conjugate
heat transfer through the composite material consisting of pipe wall
and insulation materials.

Convective Heat Transfer Near the Wall

The heat-transfer coefficient was determined by using an anal-
ogy between momentum and the heat-transfer mechanism, which
is applicable in the near-wall region. This empirical wall function
accounts for viscous sublayer effects via the turbulence kinetic en-
ergy at the edge of the viscous sublayer. From the law of the wall,

we have
1 1
Uk 1 -k
[ —&@(Ey/—> (16)
wlp  x v

where U, denotes the mean fluid velocity at a position in the flow-
field in the boundary layer and y, the corresponding distance from
the wall. The empirical constants E and « are related to the original
von Kdrmdn constantsand have values of 5.0 and 0.23, respectively.
The wall shear stress 7,, is evaluated through the extrapolationof the
turbulent shear stresses to the wall. The turbulence kinetic energy
k, representsthe value at the viscous sublayer, which was computed
with the parabolic variation in the viscous sublayer and the extrap-
olation from the turbulence kinetic energy values at outer regions.!*
Upon using the preceding description, Eq. (16) for the heat-transfer
rate can be given as

Ll Ll
/OCp(T_Tw)(u[uj/z)2 — [j(uiuj/z)2 +

- P )
4, Tw/p

Moreover, the preceding expression is equivalent to the following

under the local isotropic condition:

1 1
T, —T,)pc,k? 1 k?
w = _&,(Ey/_>+ P (18)
K

g1
9w v

where P is the so-called P function, which was proposed by
Jayatilleke!® and is given by

0.75
Pr Pr
P=924(| — —1(|1+0.28exp( —0.007— (19)
Pr, Pr,

The turbulent Prandtl number was set equal to 0.9.

Once the heat-transfercoefficient was known, the local heat flux,
as well as the local wall temperature profile, was obtained. The wall
was modeled as two 30-mm layers of insulation followed by a thin
covering material that sat on top of a thin layer of air.

Local heat-transfer coefficients are computed from

h=q"/(T —T,) (20)

where the wall flux rate can be determined by employing the “wall
law.” This is further given by

h; =

- : @1
Pr,[(1/x) tn(Ey k2 [v) + P]

The turbulent Prandtl number Pr, is set equal to 0.9.

Conjugate Heat Transfer

The cross section of the pipe system is illustrated in Fig. 3.
Through the pipe wall and the insulation materials the heat-
conductionrate is determined by

g =AAs(T; — Tx) (22)



AMANO, DRAXLER, AND GOLEMBIEW SKI 565

where A is given by

As 1 A A
A= —5——}——5&@'2—}——5 Enr_3
Al ]’l[ 27Tk1LA1 r 27Tk2LA2 ry

—1
As T4 L Enr_S i) (23)

bt 4 +
27Tk3LA3 r3 27Tk4LA4 V4 ho

Here A’s represents the surface areas of the solid wall and is given
as

A; =2nr; L i=1~5
and the thermal conductivities of the materials are
ki = 0.0414 exp[0.0024T,,] W/mK

k, = 0.0414 exp[0.0024T,,] W/mK, ks = kyr = 0.45 W/mK

Fig. 3 Heat conduction through the pipe wall and insulators.
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NOZZLE A= §

(a)

ky = 0.0507 exp[0.0027,,] W/mK

Therefore, the wall temperatures are determined as

q
Ty =T — — 24
=T (24)
To—T nlry /1)) (25)
w2 wl 27Tk1L
(s /1)
Tw3 = Tw2 —Q#k/z (26)
2
ba(ra/r
Tw4 = Tw3 —42(7147/2) (27)
3
ba(rs/r
Tys = Ts — q;;T/L“) (28)
4

Water Droplets

The heat-transfer rate between a water droplet and the environ-
mental steam can be evaluated by using the following relation:

Nu =2+ 0.60 Re? Pr (29)

Numerical Method

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 is particularly advantageous
for computations of a flow that is bounded by solid boundaries.
Actually, it was shown that employing a generation step is much
simpler than using the body-fitted adaptive grid-generationmethod.

NOZZLE B=

:!1!!]{[!]_!5

TIRTY

(b) (c)

Fig. 4 Velocity vectors along longitudinal slices in Pipe I: a) Plane that contains nozzle A, b) Midplane between planes a) and b), and ¢) Plane that

contains nozzle B.
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For general three-dimensional configurations it is usually very
difficult to obtain a reasonable grid with the entire physical re-
gion transformed into a single rectangular block. The technique
used in this study follows the path of Thompson.'® In this approach
complete continuity can be achieved at the subregion interfaces by
noting the correspondence of points exterior to one subregion with
pointsinterior to another. The necessary bookkeepingcan be accom-
plished, and the coding complexity can be greatly reduced by using
an auxiliary layer of points just outside each of the six sides of the
computational region, analogous to the procedure for two dimen-
sions. A correspondenceis then established in the code between the

auxiliary points and the appropriate points just inside other subre-
gions.

General three-dimensional regions can be built up using subre-
gions. First, pointdistributionsare specified on theedges of a curved
surfaceforming one boundary of a subregion,and a two-dimensional
coordinate system is generated on the surface. When this has been
done for all surfaces bounding the subregion, the three-dimensional
system within the subregion is generated using the points on the
surface grids as boundary conditions. All of these steps can be per-
formed interactivelyso thatthe useris able to monitor the generation
and alter the grid by varying parameters.

Heat Transfer Coefficients (w/o Plate}

E —~a-Plana A
<E s Plane 8
g T Theony
e ¢ Bottom
~tr—Top
[
500 -
(1 + + t + + + t + + + + + + +
000 048 052 107 159 188 245 333 447 633 854 9553 1055 1157 1267 1438 16.79
Pips Length (m)
Local heat-transfer coefficient
Inside and Dutside Wall Temperatures (w/o Plate)
~~Plane A
—a— Plane B
-4 Plane A
(T} ~—s—Plane B
: —a&—Top
~a—-Top
~¥- Botom
~a~ Botlom
100 -
50 4

000 042 082 107 150 188 245 33 447 683

T T T T L T +

BS4 053 1055 11.57 1287 1438 1579

Pipe Length {m}

Temperature along the wall and insulators

Fig. 5 Wall heat transfer through the pipeline.
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ope N (pUg) . d(pVo) n IpWe) _ i(r%)
ox

ot 0x ay 0z 0x
0 ¢ 0 ¢
—|— — | '— R 30
() 2 () ke oo
where
ap
¢p=U:Rx,y,2)=—+S, (31
0x
ap
¢p=V:Rx,y,2)=7—+S, (32)
dy
ap
¢=W:R(x,y,2)=a—Z+Sw (33)
¢p=k:R(x,y,2) =p(G—¢e)+ 5 (34)

¢ =uu;: R(x,y,2) = p(G;; — &) + @;; + S5 (35)

§=c:R(,y,2) = pr(CiG = Coe) +5, (36)

where G and G; denote the turbulence energy generationrates for k
and u;u;, respectively. Similarly, £ and &;; represent the turbulence
energy dissipationrates for k and u;u;, respectively.

The preceding equation is transformed into the following form:

Lapp | 1[30U¢)  d(oVe)  d(eWe)| 118 (T
J ot +J[ € o ac i|_J[8$(JQ£)

o (T o (T
+E(7Qn)+¥(7Q;)+S(§J),C)i| 37

where J denotes Jacobian, and where U s \7, and W represent con-
travariant velocities in £, », and ¢ coordinates, respectively. Q¢,
Q,,and Q, show the flux rate for £, 1, and ¢ coordinate variables,
respectively.

The equations are solved using the SIMPLEC algorithm with
an iterative line-by-line matrix solver and a multigrid acceleration
solver by VanDoormaal and Raithby,'* Hutchinson et al.,!* and
Peric.2°

7.505-04 Vi

72180 L
6.92E-04
6.63E-04
6.34E-04
6.056-04
5.76E-04
S4TE-04 NOZZLE A= §
5.18E-04
4.89E-04
461504

4.32E-04
4.03L-04
3.74E-04
3.45E-04
3.16E-04

2.87E-04
2.58E-04
2.29E-04
2.00E-04

Extensive grid-independent tests have been performed with the
grid systems varying from 30,000 to 100,000 and found that the
grid-independentstate has been achieved with the grids more than
50,000. Therefore,a grid of 42 x 25 x 62 is used for pipe I, which is
one-sixth of the complete pipeline in the radial, azimuth, and axial
directions, respectively. For the other pipes a grid of 39 x 21 x 31
is used in the radial, azimuth, and axial directions, respectively.
These grids are arranged to have a much denser distribution in the
near-wall region while they are relatively scarcely arranged in the
region toward the center of the pipe. Therefore, the results are grid
independentin comparison with different numbers of the grid.

Presentation of Results

Two sets of computational results are presented in this section:
one without a perforated plate inserted and the other with the plate
inserted.

Velocity

Cutaway views of velocity vectors are illustrated in Fig. 4 for
pipe I flows. In Fig. 4 the first longitudinal slice shows the velocity
map on the plane, which contains nozzle A. The third longitudinal
slice shows the velocity map on the plane, which containsnozzle B.
These two planes are at a 60-deg angle apart from each other. The
second slice in these figures lies between the first and the third
planes, which were just described, at a 30E angle from each other.
As shown in these figures, the highest velocity occurs along the
wall opposite to and just below the main stream inlet (inlet A).
This velocity increase occurs after the initial impingement of the
steam flow on the pipe wall by accelerating to the maximum from
the impingement point (shown in red). The average velocity of the
steam through the whisper gage (labyrinth) at the exit of the bypass
valve (inlet A) is about 186 m/s caused by the steam mass flow rate
of 78.91 kg/s.

Of note in these figures is the abrupt change in velocity when
the flow encounters the water spray injection nozzles. This is most
clearly viewed in Fig. 4c, where each nozzle B is injecting 5.2 kg/s
of water into the steam flow (there are three injection nozzles with a
total flow rate of 15.8 kg/s). At this location the velocity drops from
140 to 70 m/s. A velocity reduction also occurs at nozzle A. How-
ever, the mass flow of nozzle A is only one-tenth that of nozzle B,
and thus the velocity drop is significantly smaller. These figures
also show that the flow has not fully developed before it leaves the

# <—NOZZLL B

Fig. 6 Particle tracking view at different angle of the pipe in pipe 1.
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section. In Figs. 4a and 4b the velocity is still greater along the wall
than at the center of the pipe.

Although there is another steam injection through a drain hole
at the centerline of the pipe (inlet B), the flow rate there is small
(0.115 kg/s), and therefore it does not appear clearly in the figure.

Heat Transfer

The variations of the computed heat-transfer coefficients along
the inner wall of the pipe are shown in Fig. 5 along two different
longitudinal lines; one along the plane containingnozzle A, and the
other along the plane that contains nozzle B. Significant effects of
the steam impingement and the spray are clearly observed in these
curves.

The injection of the cooling water apparently enhances the heat-
transfer coefficient. These results are also compared with the fully
developed turbulent flow heat-transfer coefficient given by Dittus
and Boelter’':

Nup = 0.023 Re%Pro3 (38)

The computedheattransferbehavesin arather complex manner. It
sharply drops at the starting location where the steam just expands
at the valve exit followed by a rapid increase as a result of the
flow impingement on the pipe wall. It seems the computed heat-

7.37E-04
7.12E-04
0.88E-04

transfer coefficients approach the Dittus-Boelter curve as one goes
downstreamof the flow. The heat-transfercoefficient monotonically
increases toward the exit of the pipe.

This is mainly because the Prandtl number decreases as temper-
ature increases in the range of the current conditions. Therefore,
while the steam keeps losing its temperature by exchanging heat
between water droplets and rejecting heat to the pipe wall, the level
of Prandtl number increases along the pipeline.

The wall-temperature distributions computed by using the heat-
transfer coefficients just mentioned are also shown in Fig. 5. The
wall temperature on the outermost wall of the insulator is about
25°C, which agrees very well with the experimentally measured
temperature by Toshiba Corporation at Yokohama Power Plant site
(Chiba, J., and Takahashi, A., Private communications, 1996). The
experimental data for temperature were obtained by the researchers
atToshibaCorporation,and the results are compared with the present
computations (Table 1). As shown here, the maximum error did not
exceed 7%.

Water Droplets

The injections from nozzles A and B are shown in Fig. 6, and
those in the downstream sections through elbows are in Fig. 7. The
distributions of the particles are also illustrated by a particle diam-
eter. It is evident from these figures that the diameters change very

.00E+00

2.20E-05 3.85E-04
00E+00 3.64E-04
3.44E-04
3.24E-04
2.03E-04
1.83E-04
1.83E-04
1.42E-04
1.32E-04
1.02E-04
8.13E-05
6.10E-05
4.07E-05
2.03E-05
_00E+00

Fig. 7 Particle tracking view at different angle of the pipe in pipes II-IV.
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little as they pass through the pipe. Though not shown, it was found
that the particles quickly reached their saturation boiling points of
438 K (165°C) justafter being injected into the steam flow. However
they lose very little mass. The particle tracks do appear to distribute
themselves throughoutthe section, giving a relatively even cooling
effect. The apparentreflection of the tracks off of the walls is caused
by the symmetry boundary condition imposed on the edges of the
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up into smaller sizes as they flow down. However, it is noteworthy
that particles that are already small do not change size easily.
Finally, the percentage of mass flow rate of the water droplets
is shown in Fig. 9. Two computations are compared in this figure;
one with the original layout and the other when a perforated plate is
inserted in the pipe path about one pipe diameter downstream from
the water spray injection nozzles. The results in this figure indicate

test section.

Along the elbows all of the particles impinge on the outer side
of the wall and restore the momentum about 50% downward. This
effectcausesthe concentrationof the particlesalong the outerhalf of

that effect of the perforated plate is significant in the upstream parts

Table 2 Temperature (K) on the inner wall of the pipe

the pipe sectionby cooling the steam more in these regions. Another Position,z/D  Experiment ~ Computation  Error, %
effect of the impingement of the particles onto the cooling of the
. R . 17.3 498 501 6.02
wall is the resulting drop of the temperature on the pipe wall. 17.6 412 20 1.94
The distributionsof particlesizes are shown in Fig. 8 as a function 17:8 452 449 0:70

of particlediameter. As is apparentin the figure, particles are broken

Number of Particles vs. Diameter @ 2/d = 3.25 (wlo Plate) Number of Particles vs. Diamuter @ 2/d = §.49 {wio Plate)
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Fig. 8 Particle distribution as a function of particle diameter.
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Percentage of Droplet Mass Flow Rate vs. Pipe Length
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Fig. 9 Particle distribution as a function of particle diameter.

of the pipe. However, its effect diminishes toward the exit of the
pipe.

Conclusions

Through this study, first, the formulations using two-phase dis-
persed turbulence modeling were demonstrated to be successful in
predicting steam flowfields laden with water droplets. Second, the
trajectory and the Eulerian physical processes were demonstrated.
Third, computations of turbulence stresses were accomplished, and
the heat-transportprocess was correlated with the turbulence distri-
butions throughout the flow passage. Finally, the evaporation pro-
cess of the liquid droplets through a pipeline system was correlated
with turbulence shearing action along a pipe path. Altogether this
study clearly illuminated the process of mixing high-temperature
steam with a cooling water spray in a complex, turbulent flow. Sev-
eral significantconclusionsemerged from this study are summarized
as follows:

1) Significant heat transfer occurs through the pipe wall, which
considerably reduces the steam temperature near the wall and re-
sults in a reduction in the evaporationrates of the water dropletsin
comparison with the case when the computations were performed
by assuming the wall is adiabatic.

2) It was observedthat the effect of the elbows on the water droplet
pathis to shift the droplets toward the outer side of the pipe. In other
words, the particles are forced to flow toward the outer direction
along the elbow. Therefore, the droplets hitting on the outer wall
cause cooling of the fluid near the wall along the outer curvature
surface of the pipe.

3) The effect of the perforated plate on the evaporation rate is
to increase it by approximately 20% more than the case without a
perforatedplate. However, the survivalamount of the water droplets
at the end of the pipelineis about 10% of the injected water droplets,
regardless of the insertion of the plate.

4) In the present case, if the data of McAllister® apply, almost all
of the smaller droplets would adhere on the water films, whereas
larger droplets break into fractions every time they hit on the wall at
the elbows. Therefore, it is anticipated that at the end of the pipeline
no particles exist at all.
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