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Abstract

The presant sudy destribes the results of experimental and numerica investigation of
wet seam flow in low-pressure convergent-divergent nozzles and dedls with the effects of
turbulence on the process of homogeneous condensation. The expaimenta invedtigetion
condgg mainly the axia pressure digribution of a fixed nozzle test section. The mathematical
modd thet described the droplet nudegtion and the growth rates combined with the field
consarvaions was trested numericaly within the CFD code FLUENT 6.3, in which the
computational domain is disretized in a generd undructured mesh thet is localy refined
espedidly in the area of the gpontaneous hudegtion zone The equaions describing droplet
formetions and intephase change are solved sequentidly after solving the main flow
consarvaion equations The calaulations were carried out assuming thet the flow is two-
dimengiond, compressible turbulent and visoous Theaim of the presant sudy isthe use of the
modified k- modd for modding the turbulence within an undructured mesh solver. The
results obtained from the numerica part of the curret andysis are compared with the
expaimentd results and gave an accgatable agreement. Also presant expaimenta and
numerical reuits showed good agresments with numericd and experimenta  existing
published deta

Keywords: Spontaneous; Condensation; droplet nudeation; wet Seam; nozzle
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Introduction

Modding wet sleam is of practical
importance in a numbe of enginesring
fields such as low pressure turbines. One
of the differatiating festures of deam
turbines from other turbomechingy is the
presence of liquid weter in the flow. This
line The expandon process causss the
superheated dry seamto first subcool and
then nudeates to farm a two — phase
mixture of saturated vapor and fineliquid
droplets known as wet eam. [Young,
1982].

Two phase flows in convergent -
divergent nozzes in the exiging study
were modded ignaring the effects of
viscosity and turbulence Therefare the
objective of the present paper is to study
the dfects of flow turbulence on the
process of gpontaneous condensation of
supercooled eam.

Experimental set-up

The nozze flow gpparaus unit hes
been designed to permit a comprenensive
sudy of the with deam & apressure of up
to 700 kN/n? .The inlet connections are
aranged laws which govern theflow of a
nozzle, as in a gdeam turbine The ing
chest may be supplied a right angles to
eech atha and eech euipped with a
thrattling valve toregulate the flow intothe
chest.

The tet section (convergent-
divergent nozzle) is screwed into a seating
in the ceter of the ine chext. The
following Fig1 shows the dimensions of
the nozze To ewdde the pressure
variaion dong the nozzle to be cbsaved a
dainless sed smarch tube (probe) of
nomnd diamge (331mm) can be
traversad dong the nozzle axis A acss
drilling of diameter (1.0 mm) inthewad of
the probe tranamits the local pressureto a
high-grade pressure gauge mounted on
the probe carier. The probeis traversaed in

leads to a reduction of turbine eficiency
and to mechanicd damege of the turbine
components[Senco and  White,  2006].
During the rapid expanson of deam a
condensation process will take place
shartly after the dtate path arossss the
vapor-saturation

incements of (2mm) by rotding a
cdibrated did. A pointe atached to the
prabe carier moves ove areplica of the
nozzle prdfile in order to indicate the
pasition of the messring paint in the
nozzle

At the upper limit of its travd the
pressure sandng hole is wdl dear of the
nozzleand regigerstheine chest presare
while a its lowe limit it regiges the
pressure downdream of the nozzle .The
length of the prabe is such that it prgjects
wel beyond the downstream end of the
nozzle irrespective of the podtion of the
sdting did.

The nozzle discharges into a vatica
tube of large bore fitted with a throttling
vave by which downdream o back
pressure may be regulated. The chest dso
caries meraury —in-glass thermomete in
an al pockd, a pressure gauge for
indicating the chest pressure and asimple
thratling cdoimee far the dynes
fraction of thesteam.

The discharge from the downstream
of the back pressure thrattling vave is
directed into a condensar. The condenser
through a two-way cock by which it may
gtha be derived to wagte or to a suitable
messurement vessd and a flow control
vave ae provided on the dde of the
condensg.

Steam calculation in experimental
part

Steam vdodity caculaion dong the
length of the nozzle is done accarding to
the pafect ges low where the pressureand
voume ae rdated by the dmple
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expression, PV = congant. Steam deviates

from the laws of pafect gas The P-V

rdaionshipisgiven by:

PV" = congtant (D)

Where

n=1.135for sturated Seam,

n =13 for superheated Seam, and

n=[1035+0.1y] forwedeam

Where

yistheinitid drynessfradtion of theseam
The vdodity through the nozzle is a

function of the pressure-differentia across

thenozzle

v :‘/Zn[Plnl-PXnX]
X (n-1)

.2

Whee
X represats the ddance bawen a pairt
on the nozde axis ad the ine nozde
(PP is the megnitude o the pressre
thet messured by the pressure gauge, and
(n) istheinet seam padific vdume

As the presaure downgream of the
nozzlefdlstoavaue equasto or isbdow
the critical pressurethat corresponds to the
tatal pressure updream, is determined by
thefalowing equation:

L
Pc _® 2 9'n- 1 Q)
Pl n+15

Sound ve ocity and Mach number through
the nozzle were oatained according to the

fallowing equations:

Vsx=4/NPyny .4
\%

M X =X (5)
Vx

Numerical implementation

The mahematicd modd of
homogeneous condensation in wet geam
flow is based on the physcd modd,
which implemented by a gengd CFD
Code FLUENT 6.3. Thee are namdy

thermodynamic  non-equilibrium, which
can oceur in case of quick expangion of the
deam flow. This date is characterized by
aubcoding of deam, when the deam
temparaure is lowe than the equilibrium
tempadure of saurated geam for the
given presaure

The wet geam is a mixture of two
phesss, the primary phese is the gaseous -
phese congigting of weter vgpar (denated
by the subscript g) while the secondary
phese is the liquidphese condding of
condensed water droplets (denoted by the
sostript | ). [Sgnaand Eaineg. 1994).

Thefollowing assumptions are mede
in this modd far smplicity of the present
adyds no dip vdodty baween the
droplets and Vapar surrounding them, the
ingadions beween doples  ae
neglected, the wethess mess fradtion is
s, less than 20%, and the liquid phese
condds of drgplets whose radii are on
orde of 1mm or less From the preceding
assumptions; the fallowing equetions can
beadopted [Sgnaand Eaineg. 1994).

r

[ = (1_%) .6
“1?_:3+N.(er):G D)
“%_P+N.(th):r| 8

Also the fdloning assumption suggested
to the phee dage nmodd, the
condensdtion  is homogeneous  the
drople gromh is based on avaage o
men radus the dropled surrounding is
infinte vepor goecs Phaicd  drople
shgpe assunption and the heet cepedity of
the drople is negeted comparison with
the rdeedng o laet hest ooowr in
condenstion [ Y oung, 1982].

3

/N =27
G—3prllr +4pr hr T

.9
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Whee I is the avaage radus o the
drople, and - is the KevinHdmhaltz

critica drople radiuswhichgiven by
* 2s
Whae
P
= ..(1)
Rs(Tg)

The condensdtion process invalves
two mechaniams, the mass trangpart from
the vapar to the droplets and heat trandfer
fromthelagt tothe surrounding intheform
of latent heet. This energy balance can be
writtenas.

dr _ RCp(g+1)

dt  2gr Ihlg,/2pRTg
(12

The nudedion rate desribed by the
deady-date  dasscd homogeneous
nudedtion theory and corredted for nont
isothermdl dfedts isgivenby

U

1l 2 )

_dcpos 927g  F dprZst
1+aSpm3; 1y § K19 -
(139)

Whae

h .

q=249-4 Mo EeQITg _ %9

(g+1) RTggRTg 2=

..(14)

The equation of the vapor phase

is given by the following vira
equation ['Young 1989:

P=r gRT(1+Alr

+A ZrS)

...(15)
Where A; (is given in (m¥kg)) and
A, (is given in (m%kg)) are the
second and the third vird
coefficients given by the following
relations ['Young 1988).

g

[ 00015 _ B
A1 =lio.00018)y - 0-000942"]

[1- e B]- 0.00048828B
....(16)
and

A,=1773C- 0:8979exp( 11160)

+1.5 106 .(17)
Where
B = 1500/T and C = T/647.286 with
T, giveninK°®.

The mixture properties are
computed using the following
mixing relation:

f =bf 1+ (1-b)f, ...(18)

Wharef regoresants any of the falowing
mixtue thamodynamic  propaties:
enthdpy, entropy, oecific hedt, dynamic
viscosity or thermal conductivity.
Turbulence model

_In the current gudy the modified

(K-¢) turbulence modd [Yang & Shih
(1993)] was adgpted when the turbulent
modd was employed. The enhancement
wall trestment patation has been sdected
to ded with the resolution of the boundary
layer in pressnt modd. Theae are three
regions trested in the boundary layer,
laminar sub-layer y* <5 buffer region
5<y"<3( ad fully
turbulent y * > 30 .
Where the symd v, is a mesh-dependant
dmendoness ddance that quaniifies to
what dagyee of wal layer is resdved After
doing the cdauldions the vaue o y' is
dosaved far each mesh. The vdues of y*
are dependat on the resdlution of the grid
and the Reyndds number of the flow, ad
ae meeningful only in boundary layas
The vaue of y* in the wal-adacat cdls
ddates how wal sheer dress is calculated.
Theeguationfar y*is
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y* :T¥1 ri w9

Where y, is the digance from the
wdl to the cdl center, m isthe molecular
viscogty, ¢ isthe dengity of the mixture,
ad t,, isthewdl shexr dress In the
turbulence  gpedification method  drop-
down lig, sdect turbulent viscosty rdio.
For low to modearae inlet turbulence, a
viscogty ratio of unity is recommended.
Acoept the default vaue of 10 for
beckflow turbulent visoosty ratio, but if
subgtantia backflow occurs at the outle,
the backflow vaues must be adjug to
levelsdosetotheadtud exit conditions.

L osses calculation

In the curret dudy, the kindic
enagy loss codfident ddintions is
employed as given in [Dykas (2001] as
folows

C2/2
ZEK :7h 2 h
10" ' 2s
In addition to this loss codficiat, the
themal effidency hT is introduced as

fallow:
10~ h25
For these cdaulaions, Spedific enthapy
and entropy of steam were caaulated on
the bedis of the parameters dbtained asthe
messavaaged a theinle and a the outl .
Choosing solver

In the present dudy, the coupled
implicit solver is sdected because it isthe
only solver availeble for wet geam modd.
After choosng the solver type the
operaion procedure was done genadly as
follows:

® Import and sclemeshfile
® Sdect physical modds

© Ddinemeteaid properties.

@ Prexyibe oparating conditions.
® Prexxribeboundary conditions
® Provideaninitia solution.

© S4 ve conrds

® S& up convergence Monitars
® Computeand monitor salution.

® Ardyds

The Reynddsaveraged Navigr -
Stokes equations are solved for two-phase
flow mixture (wet geam), usng a finite
volume method on an ungrudured and
adaptive mesh. These equations are linked
with spontaneous nudeation equations and
with eguaions desribing growth  of
homogeneous water droplets and  the
modified (K-g) turbulence modd weas
used to modd theturbulence
Results and discussions

The geometry and numerical grid of
the nozzle gpparatus which usad in the
expaimenta Sde are shown in figures (2)
ad (3 .The expaimetd pressure
digribution was messured dong center
line of the nozze sde wal ad the
theoretical trestment usad for comparison
with the desribed in the following
sedtion.

Comparisons betwean the predicted
and mesured cataline  pressure
digributions and Mach numbe are shown
in figures from (6) to (9) for nozzle
gopaaus The agreement between the
cdalated pressure travasss and the
messured valueisgood.

Fgures (6 to 9) show predicted and
messured vaiations in pressure dong
nozzle when the tad pressure in the
nozzle inlet was fixed, wheress the back
pressre values were changed. Therefore
these figues mettioned  above
demondrate the impact of outlet back
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pressure on the process of goontaneous
condensation.

Fgures (4) ad (5 show pressure
digribution and isolines far back pressure
vaues of (0.7) bar and (05) ber. The
caaulated courses of the pressure rdative
to inlet tata pressure dong the length of
the nozzle are visble from these figures
Fgure (6) shows the comparison of
pressre ratio digribution of theoretica
and expaimenta results while in figure
(7) there is a comparison beaween
theoretical and expaimenta of Mach
number results Figures (8) and (9) show
comparison of both pressure digribution
and Mach number digribution between
theoreticd and expaimenta results for
beck pressure vaues of (0.5) bar and (0.3)
bar, the dop of the Mach number
digtribution curve represants the discrepant
behavior of Mach numbea dong the
nozzle length rdative to thet of pressure
digribution due to the vdacity increasing
On acoount of retresting of pressure
Existing nozzles

The presat numerical solution hes
been tested with wdl-known nozzles .Also
the numerical reaults are compered with
exiging experimental and numerica deta
obtained by severd ressarchars for the
same nozzles The gengd procedure
employed in the current dudy for the
deam condensing cdculaions
theoreticdly is the same far dl nozzes
under study and may be summearized as;
tatal pressure tota temperature and flow
direction normd to the boundary were
enforced a the nozzle inleg assuming thet
the flow is symmetrica about the nozzle
canterline and symmetry conditions were
enforcad for dl flow varigble dong this
plane The mess fradion of the liquid
pheseand the number of liquid droplet per
unit volume were st to zero & the nozzle
inle tomodd dry Seam conditions, aswas
the case in the arigind expaiments The

cdaulgions wae caried out assuming
bath stuations (viscous and inviscid) for
dendy-date compressble  flow.  All
cdaulations here were pafomed on a
sgies of dfferent nozzle geometries and
the resuits show dl of the important
charadteridics of homogeneous nudeation
in expanding nozzles

® Mosss and Stein nozde The

nozzle geomery weas two-dimensord.
This nozzZle isan ac nozzle  with aritica
throat of 1cm in hdght, the geomerica
shepe of this nozzle shown in figure (10).
The numerica grid is presented in and the
tatal pressure and totd temperature a the
ing of thenozzefor thistest caseisPo=
7072752 Pascd and To = 377150 K
respectivdy. Bath Pressureratio and Mach
number areplotted along the nozzleaxisin
the same figure for bath cases viscousand
inviscid flows as shown infigures (12) and
(23).It can be seen thet for pressureratio or
Mach numbe, the curve that obtained
from dry solution wes idertica with that
obtained from wet solution until the
nudleation occurs & digance equd to 8.6
cm downdream of the nozze throet for
viscous flov and equd to 88 cm
downdream of the nozze throat for
inviscid flow.

The homogeneous nudegtion with
formetion of weter liquid droples takes
place when bath the dae excesds the
suration line and the saturation retio is
larger than unity. This behavior could be
obsaved dosdy by looking a the
digribution of the nudedtion rete thet
decribed by figure (14) and the
digribution of  subcooded  vgpor
tempeaaureinthesamefigure Thedart of
the nudeation process with cregted large
number of liquid droplets is when the
subcooled vapor temperature reaches (16
C°) about (1-cm) upstream of the nozzle
throet .The changing in the sgn of the
subcooled vapar temperature to postive
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vaues is a nearly (3-cm) updream from
the nozzle throat in which the flow enters
the suparssturation zone In the diverging
region of the nozze oondensdion
processing increese combined with growth
of liquid droplets thet formed earlier. In
tun, a jump in the ddic pressure
messred as a dgn for occurrence
deviation in the thermodynamic date due
tordeasing the heet of evaparation. Figure
(15) shows a comparison pidure for two
we deam propaties the liquid mess
fraction (wetness) and the liquid mess
genadion rate for two Stuetions (viscous
and inviscid flow) .Although the pesk of
the liquid mess generaion ratefor invisad
wet deam is larger than of the viscous wet
geam but the maximum value of wetness
is the same for bath cases Again this is
due to the rdativdy high suparheat inlet
conditions The weness mess fraction
increesss dfter the throet. The kinetic loss
for inviscid wet geam case is 0.9627 ad
thethemd dfidency is 56.45% in which
itislessthenthet of inviscid dry case

Barschdorff nozzle is an ac

nozzle with aitical throat height 60mm
and radius of the wal curvature 584mm.
The geomdry of this nozzle is plotted in
figure (16) and the mesh sze is 20 x 120
asshown infigure (17). By comparison of
theresults of figure (18) obtained from the
present sudy with those of figure (19)
obtained by [Dykas 2001] seen thet bath
predicted pressure profiles agree wel with
experimental messuremants The
cdaulated mean drople radius dightly
differs due to the veriation of the method
used for both dudies whae an
intarpolation of the drople gectra, can
influence the vaue of cdculated mean
drople radius Heat rdeassd by the
nudeation dows down the supasonic
flow resulting inapressurejump called the
condensation shock. The pressure
digributions in these figures show a wel

captured pogtion of this pressure jump.
Pressure isolines (contour graph) figure
(20) shows a very good agreement with
numerical results of [Dabes etd 2004]
figure (21). Fgure (22) shows the wethess
mess fraction contours for inviscid wet
Seam obtained from presant sudy which
compared with thet obtained by [Dobes
ed 2004] figure (23). The agreement
between them is evident where from bath
numerical results, the beginning of the
liquid messfraction wereat adistance near
to x = 0043 m of 0.005 and reach the
meximum vaue Of 0.045 a the nozzle
outld. Figure (24) shows in the same
graph the digributions of both nudeation
rae and the mean drople radius for
inviscid and viscous wet deam flows,
dthough the maximum nuclegtion rate is
dose far both cases but the difference is
large for the peeks of the average radius
Fgure (25) shows anather two paramgers
thet specdify the wet deam features these
are the subcooled vapar temperature and
the liquid mess fraction. From this figure,
the comparison between the reult
obtained for both cases (invistd and
viscous flows) shows thet, the two
abcoding  temperaure  aurves  ae
coinciding until gppraximatdy x = - 0.05
upgtream of the throat and the maximum
vaue for bath cases take place a x = 0.05
downdream of the throet a which, in the
other Sdedf thisfigureand for viscouswet
sam flow, the wetness hasthe onset value
near to 0.001 and reach uppe vaue of
0.0425 a the nozzle exit. The kindtic loss
for inviscid wet seam caseis 1.12055 and
thethamd dficiency is 88.02% in which
itislessthenthet of inviscid dry case

© Megea nozde Ancther
vaueble comparison is with the nozze
geometry and flow conditions of Meyer
that wes used by [Sgna and Sagny

2007].the geomery and computational
grid of thisnozzle are given in figures (26)
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and (27) repectivdy. Figure (28) shows
Mach numbe contours far inviscd wet
geam. The flow is supasonic in the
diverging partion of nozzle as seen by the
Mach number isdlinesin thisfigure the so
called condenstion shock which adds an
additional agrodynamic loss smilar to that
of a mild shock. A direct comperison
cannot be made becausethe Mach number
prcfile across the nozze is nat uniform.
Fgure (29) presmts a contour picture for
the variaion of the liquid mess fraction
dong the nozzle length where a sharp rise
in wetness fraction after location of negrly
X = 0.38 m downgtream of nozzle throet.
Fgure (30) diglays in one gaph a
comparison of nuclegtion rate and wethess
digributions for visoous and inviscid wet
deam solutions in addition to those
obtained by [Sgna and Stagtny 2007]. At
the nozzle location x = 0.38 adarp risein
wethess fraction is abserved, reflecting the
rapid growth of the droplets immediatdy
fallowing the peek nudegtion. Fgure (31)
shows a comparison of surface tendon of
droplet and number of droplets for viscous
and inviscid wet seamwith those obtained
from [Sgna and Stagny 2007] .It can be
s thet the dfect of viscous on bath
digributions and the results of adopting
bath the current inviscid and previous
work are identical.. Figure (32) showsthe
plaa of pressre and Mach number
digributions for invisdd wet deam
obtained by current study with those got
by [ Sgnaand Stagtny 2007 ].The curves
have the same shepe urtil nudegtion takes
place & x = 0.380 m downsream of the
throat It is noticed thet the agreemeant
between them is goad. Figure (33) shows
the vdidetion of this CFD code by
comparison of the caculated subcooling
digribution with that dotained from
previous work [Sgha and Stagtny 2007]
for the same inlé boundary conditions.
Both cdaulated results show thet the

subcoding tempaaureis 15K a theinlet
nozzle and nearly equa to 6 K a nozzle
exit. Thekineticlossfor

Since the theemodynamic properties
Oetabase employed can dso be usd for
high pressure goplications so a high —
pressre nozzle test was dso caaulaed.
The boundary conditions reported with
ine tatd pressure of 10 barsand the inlet
dagretion tempeadaure of 486 K was
employed. Figures (34) and (35) display
the congtant contours of pressureratio and
Mach numbe regpectivdy, while the
isolines of wethess fration are presented
in figure (36) .The predicted cateline
pressure for bath dry and wet geam flow
compared together with the Mach number
digributions dong the nozzle length as
shown infigure(37). Thesefiguresshow a
similar behavior tothat of the low-pressure
cdaulgions was dotained earlie. The
nucegtion rate is much higher in the high
pressure due to the higher dengity ratio of
the vgpor to the liquid As a result, the
weness fragion in the high presaure is
larger than that in the low-pressure dso
due to the higher dengity of the vapar in
the high pressure flow the increased fluid
ingtia decreasss the response to the
condensation front as compered to the low
pressre case Inviscid wet steam case is
106645 ad the themd efficdecy is
86.02% in which it is less then that of
inviscid dry case

® Moore nozze The geometry of
nozzle consgts of three sections shown in
figure (38) while the computational mesh
of this nozzle is shown in figure (39).
These three sections of nozzle geometry
caused a discontinuity in nozzle curvature
produces drong two-dimendond  effects
Fgure (40) shows the predicted canterline
pressre retio, the upper graph is pressure
ratio profile while the lower is the isolines
of thet digribution. Therapid condensation
zonetakes place a 0.12m further fromthe
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nozzle throat and the comparison with
bath the experiment results of [Moore et.a
1973] and the predicted results by [Gerber
and Kemani 2004]. Fgure (5-41) shows
bath the profile and contours of Mach
number didribution dong the nozzle
canteline It is apperent from this graph
the flow dedlines through the nudestion
zone Figure (42) showsthe presureraio
digribution of invisdd wet deam for
diffaeet back presures Fgure (43)
shows the Mach number digribution .As
shown in this figure the flow smoothly
accdeaes within the converging portion
of the nozzle, passes the sonic condition at
the throet and continuous accderaing up
toM =13, a which nudeation ocours at
location x = 0042 m. Fdlowing the
nudeation process rapid rdease of latent
hest suddenly reduces the frazen Mach
number while incressing pressure and the
vapar tempaaure This rapid response
behaves smilar to a normd shock wave
and is often termed a condensation shock
dgnce it tekes place in regponse to
homogeneous nudegtion in a two-phase
sydem. However, unlike a normal shock,
in which the pogt shock condition is
subsonic, in acondenstion shock the post
shock condition could be sonic & most.
Fgure (44) showsthat the resilts of gaic
pressure didribution ootained by previous
Moareagreewith presant computations In
the region betwean the shock and the
nuclegtion onsat location, bath the liquid
mess fraction and droplet Sze dightly
inaressss as shown in figure (45) and
figure (46). After that the decderaing of
the subsonic flow experiences a pressure
rise, in which the wetness fraction reduces
and liquid droplets evgparate to small sizes
until vanishes at lagt. Again from these
figures it will be seen that the effect of
beck pressre on the wet deam flow
behavior and its main cheradteritics such
as wetness and droplet radius. Figure (47)

shows the comparison of Mach humber
for inviscid wet steam at two
different outflow boundary condition
situations. The same behavior can be
seen in figure (48), which shows the same
results obtained by [Kemani and Gerber
2003] and a good vdidity of the present
code to capture the condensation shock.
Fgue (49) <hows  supecooling
digribution of inviscid wet geam  dong
the centerline of nozzle for different back
pressures It is seen thet the fluduations in
the supercoded fidd AT fdlowing the
shock incresses and aso shows thet after
pesk nudegtion , the supercoding leve
repidy drops to ner  equilibrium
conditions .This near  equilibrium
condition prevails the remaining length of
the nozzle for the supersonic outflow case
It should be noted thet the smdll positive
vaue of AT isa physca requiremen to
uppart latent heet rdease toward the ges
phese as condensation cortinues on the
droplee urfaces As opposd to the
pasonic  outflov casg the smdl
negative value of AT downdream of the
shock isa physica reguirement to support
hest movement toward the liquid phase as
evaparaion  continuous  on  droplet
aurfaces The kindic loss for inviscid wet
deam case is 1.08252 and the thama
effidency is40.94% inwhichitislessthan
thet of inviscid dry cese

Condusions

By using CFD code Huet 6.3, the
phese change of the homogeneous
nudeation and growth of exigting droplets
weresuccesstully modded.

The numeicd results of pressure
digribution in  convergent-divergent
nozzles cgptured quditetivdy the pressure
incresse due to sudden heat rdease by the
non-equilibrium condensation and agreed
wdl with expaimenta data Also the
numericd resllts of the pressure
digributions, drople growth, nudestion
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raes and wetness are agreed wdl with
exiding theoretical and experimenta data

In dl results dbtained the rapid
condensation  region  has  occurred
downdream of the throat. This process
was accompanied by pressure rise when
the flow was supersonic atherwise it is
dill occurs downdream of the throat but
don’t hes afection on the pressure The
course of presaure ratio shows a jump at
the end of nudeation region dueto sudden
hest rdesse by the nonequilibrium
condensation.

In condensng deam flow bath
theemodynamic and agrodynamic losses
were obsaved. These losses together case
interact each ather.

New time scae basad modd (k-g)
for near-wall turbulence gave a good
reoresentation of viscous efect of two
phese flow and showed thet the droplet
nudeation and growth rates results were
vay dosetoredity.

List of symbols

A Crossstionarea
g Thebulk Vepor.
h  Laenthe.

I Nudesgtion rate per unit valume
Nudesgtion rate per unit mess.
Thethermal conductivity.

J
k
K,  Knudsen number.
| Thebulk liquid.
m

Mass of acondensablevapar malecule

o

Pressure
Vapor phase spedific condart.

py)

—_

Droplet radius.
Surdionrdio.
Tempaaure
Voume
Wetnessfadtor.

Surfacetenson.

O @ o < 4 pn

Mass gengration rate dueto
condensation

Dynamic viscosity.

Kinetic viscogity.

3

>

p Density.
t Sresstensor.

Ratio of gpecific heat capedities.
Non-isathenmd corredtion factar.
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Figure (2) Geometry of nozzle used in experimental work

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol. 27, No.13,2009 Smulation of Spontaneous Condensation
of Viscous Seam Flow in L ow-Pressure
Conver gent- Diver gent Nozzles

Expe.Nozzle Mesh = 10x160
o
-0.001
— 0002 T HH
-E- -0.003 HH HHHHHHH INININRERIN i
>~ o004
-0.005
_0.006 oo b b b g b by s b b by b 1
o ©0.005 0.01 0.015 002 0.025 0.03 0.035 0.04 0.045 0.05
Nozzle Axis [m]
Figure (3) Grid of nozzle used in experimental work
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Figure (4) Pressureratio contours and distribution, theor etical results
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Figur_e (5) Pressureratio contours and distribution, theor etical results
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Figure (6) Comparison pressureratio distribution, theoretical and
experimental results
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Figure (7) Comparison Mach number distribution, theoretical and
experimental results
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Figure (8) Comparison pressureratio and Mach number distributions,
theor etical and experimental results
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Figure (9) Comparison pressureratio and Mach number distributions,
theor etical and experimental results
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Figure (10) Geometry of M oses nozzle
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Figure (11) Grid of Moses nozzle
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Figure (12) Pressureratio & Mach number distribution, viscous, dry steam &
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Figure (13) Pressureratio and Mach umber distribution, inviscid, dry steam

and wet Steam
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Figure (14) Comparison of nucleation rate and subcooling, viscous and

nviscid wet steam
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Figure (15) Comparison of liquid mass gener ation rate and wetness for
viscous and inviscid wet steam
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Figure (16) Geometry of Barchdonf nozzle
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Figure (17) Grid of Barchdonf nozzle
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Figure (19) Pressureratio and droplet radius distribution (P, = 0.0785 M Pa,

T, = 380.55 %K)
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Figure (20) Pressureratio of isolines for inviscid wet steam
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Figure (21) Isolines of P/ P,, (AP/P, = 0.02), T ,=380.50 °K
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Figure (22) Wetnessisolines for inviscid wet steam
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Figure (24) Comparison of nucleation rate and droplet aver age r adius for
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Figure (26) Geometry of Meyer nozzle
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Figure (29) Wetnessisolines for inviscid wet steam
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Figure (30) Comparison of nucleation rate and wetness for viscous and
inviscid wet steam with other work

Inviscid Wet Steam
—Viscous Wet Steam
o070 ] Previous Work (%) _-13
- P =1 bar 16
S D.0s8 o . —1
= ) T..=12685C = [
= ' _—
0.066 = B =
L p e 4=
&% oosa = L =
= 1 = [1°&
S D.062 = [ =
o . o] = o]
- = [° &
2 p.o60] én (6 =
= = =]
8 E L. &
O 0.058 G ™
= 3 =3
0.056 = =2 =2
o 0.1 o.2 .3 0.4 0.5 = -
a o
o -
-
T T T T T T T T T -2
o000 0.05 O.10 O0.15 020 025 030 035 040 045 050
NHozzle Axis= [ m ]

Figure (31) Comparison of surfacetension of droplet and number of droplets
for viscous and inviscid wet steam
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Figure (32) Comparison of pressuredistribution and Mach number
distribution for inviscid wet steam with other work
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Figure (35) Mach number contours
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Figure (36) Wetness fraction contours
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Figure (37) Comparison of pressuredistribution and Mach number
distribution
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Figure (38) Geometry of Moore nozzle
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Figure (40) I solines distribution and x-y plot of inviscid wet steam pressure
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Figure (41) Mach number and isolines distribution in x-y of inviscid wet
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Figure (42) P/P, distribution of inviscid wet steam for different back

pressur e values
2.0 2.0
I | I I I I I
1.8 Invis cid Wet Steam Flow || 1.8
P_.= 25 Kpa |
1.8 T, =354.6 K | ""i 1.6
L.
1.4 - 2 114
[ =
o = = T
a2 12 f 1 Tt 1.2
E Fi 1 — =
=] m
= 1.0 }' i = feel 1.0
J.:ﬂ. F 1P, =Z0 kpa
= o8 <7 1 o.8
0.6 0.6
== 22 k.l_lﬂ ..---.-.-—' ‘_‘—-.
o
0.4 'ﬁet o.a
0.2 | 0.2
0.3 0.2 -0.1 0.0 0.1 0.2 0.3 0.4 o.s
Distance from Throat{ m )

gur e (43) Mach number distribution of inviscid wet steam for differ ent
back pressur e values

Low Pressure Test: MNMozzle "A" from Moore et al{1973)
(Pg)in =25kPa, (Tg) ), = 354.6 K & Supersonic Outflow

Ei

g, 10-%
= Present Computation 3
0.9 — - Experiment 4
- Moore et al.(1973) -
o2 B - 107
= E —_
o7 - —~ Dr‘;{plet 3 =
- e . Sraane =
= os|- PAPn : i =
= — — 108 &
= 05 = =
= . =
o4 d =]
| = —
| =
oz R
0.1 . 1 L - L " 1 s L \ 10-10
-4 -2 ) 2 4 & a2

Non-dim axial distance from throat

Figure (44) Pressureratio and droplet radius distributions
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Figure (45) Wetness distribution of inviscid wet steam for different back
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Figure (46) Droplet mean and critical radius distribution of inviscid wet
steam for different back pressur e values
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Figure (47) Comparison of Mach number for inviscid wet steam at two
different outflow boundary condition situations
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Figure (48) Comparison of Mach number for inviscid wet steam at two
different outflow boundary condition situations
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Figure (49) Super cooling distribution of inviscid wet steam for different
outflow boundary condition situations
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