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Abstract—The development of nucleation theory makes possible to predict droplet formation in
expanding steam. The present study is conducted to investigate the nucleation process occurring during
the flow through convergent—divergent nozzles. A kinetic theory approach for determining the rate of
droplet growth has been developed successfully. The governing flow equations are developed for the free
and continuous flow regimes. A numerical scheme is introduced to solve the resulting equations. To
validate the predictions, an experiment is carried out to measure the droplet size and thermodynamic
properties of steam expanding through a convergent—divergent nozzle. It is found that the amount of
supersaturation is limited with pressure increase and the limiting degrees of supercooling and the resulting
droplet sizes depend on the Wilson pressure and the expansion rate. The theoretical predictions are in
good agreement with the experimental measurements and the process of nucleation in high pressure steam
can, possibly, be described satisfactorily by the model developed in the present study. © 1997 Elsevier
Science Ltd.
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1. INTRODUCTION

Wetness losses play an important role in determining the efficiency of the wet stages of steam
turbines. This may be due to departures from thermodynamic equilibrium due to the existence of
two-phase flow in turbine passages that affect the performance of the steam turbine. The release
of latent heat associated with return to equilibrium can affect the behavior of the parent
compressible vapor. The development of the nucleation theory enhanced the study of the wetness
problem in steam turbines, in combination with the gas dynamic equations, which allow nucleation
and wet steam flows to be treated analytically. Consequently, the analytical prediction of properties
of subcooled flow through orifices, short pipes and nozzles has been tackled by incorporating
nucleation models into the equations for frictionless and homogeneous flow (Bahter and Heaton
1988). Various approaches have been used for defining nucleation superheat criteria and the models
developed appear to predict the two-phase flow regime after measuring the void fractions, pressure
distributions and mass flow rates.

Flow through an enclosure has been investigated (Yeoh and Young 1984) using the streamline
curvature method; the authors faced difficulties in treating the choking conditions at the throat.
The characteristics of a flow with spontaneous condensation of steam in supersonic nozzles were
studied (Filippov et al. 1980). They predicted the droplet size distribution within acceptable
accuracy.

On the experimental side, droplet size measurement in steam turbine was carried out (Tatsuno
and Nagao 1986) using an optical fiber droplet sizer. They have shown that the average droplet
diameters were between 0.2 and 0.1 um, measured at wetnesses of 6-14%, and this varied with the
radial direction of the blades. Condensation of steam down-flow inside a vertical tube and the
hydraulic resistance were investigated (Lokshin es al. 1984). They considered only high mass
velocities and measured the total pressure differential due to various mass velocities. In addition,
the total pressure drop with downflow of steam condensing in a vertical tube was studied
(Labuntsov et al. 1984). They have shown that within the experimental range, the total drop in
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pressure with down-flow of condensing saturated steam and the loss in pressure drop due to friction
were independent of tube diameter.

In light of the above findings, the present study investigates the nucleation mechanisms taking
place during flow through convergent—divergent nozzles. The flow equations are developed to
compute the pressure, expansion rate and the droplet formation along the nozzle. Two regimes of
flow are considered, namely free molecular and continuous flow regimes. A numerical technique
is employed to solve the governing equations. An experiment is conducted to validate the
theoretical predictions: it is an experimental investigation into the wetness problem due to
expansion of steam through a convergent—divergent nozzle. The pressure distribution along the
nozzle is measured for both dry and wet steam conditions. The experiment is extended to include
different stagnation pressures and stagnation temperatures. This provides an extended view of the
expansion phenomenon through the nozzle.

2. MATHEMATICAL MODELING OF THE GOVERNING EQUATIONS

The governing equations of the flow are developed for steam flowing in a convergent—divergent
nozzle and the relevant equations are given under the following subheadings.

2.1. Mass continuity
The continuity equation for two phase-flow in case of steady state may be written as

M = My + pc AV = constant, I

where m,, is the total mass flow rate, m. and pcA VG are the mass flow rates of the liquid and gas
phases, respectively. It is assumed that the volume of the liquid phase is negligible as compared
to the volume of the gas phase. The differentiation of [1] yields

dps | d4  dVs  __dm,

=, 2
Pa A Ve =~ M — my 0 [2)

2.2. Momentum equation

The momentum change across an element dx in the flow direction, considering the frictional and
pressure forces, is

eV + m Vo) = — A dP —fig—;e—V—é dx, 3]

where f is an appropriate friction factor and d. is the duct hydraulic diameter, which is

44
wetted perimeter

e =

and Vs and V. are the velocities of the gas and liquid phases, respectively. Assuming no slip
occurrence between the phases (i.e. Vo = V) and introducing the square of the Mach number
(N = M* = Vips/kP, where k is the specific heat ratio given in the appendix) into {3], yields

dpP kKN dVs kIN
P 0—X Vo 24

dx, (4]
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2.3. Energy equation
The energy equation for steady state adiabatic flow can be written as

al o ho+ 2 )+ in( .+ 5 | <0 5]

where hg and A, are the gas and liquid phase enthalpies, respectively. Knowing that mg = mt — m
and assuming Vg = V., then dividing by m.. gives

dho + VadVe — hug I _ yy Ys _ ¢ [6]
Mot Mot

where s = hg — h.. From the properties of the steam, given in the appendix, dAg can be written
as

dp
dho = xdTo + (1-4) 9L, y

where cp (specific heat at constant pressure) is

kK X* P
=& -2 1 poTo 8]

Cp

and

_ P (0P
X P 6pc, To

and k is isentropic constant for vapor phase given in the appendix. Using [7] and [8], Mach number
and dividing by cer gives

AT =) =X dP k=) \dVe  ho dim _ i dho _

T o x Pt X Vo ~eolo e~ e coTa " O 1)

2.4. Mass transfer in the free molecular regime

In the free molecular regime, it is assumed that the droplet surface is exposed to molecules with
the properties of the surrounding vapor. The mass balance may be developed when considering
the difference between the molecular impingement and evaporation rates from the surface. The
mass rate of molecules striking the droplet and adhering to is (Frenkel 1946)

dm)  _ gemdnripe [RLe
d[ " = {con PG 2n ]

where 4., is the condensation coefficient and ps and T are the vapor density and temperature
respectively, and r is the droplet radius.

The number of molecules evaporating from the surface per unit time may be obtained when
assuming that the droplet is removed to vapor environment at temperature 7. and pressure
Ps(Ty, r), as there exists equilibrium between the phases. Therefore, the rate of molecules
evaporating is

dm\ _ 2 RT,
(dm>evup - qevup47tr pS(TLs r) 27’: ]

where g..., is the evaporation coefficient, 7 the liquid temperature, and ps(7., r) the steam density
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corresponding to the saturation pressure at temperature 7. over a surface of curvature r.
Consequently, the net rate of growth of the droplet can be expressed as

dm_, . dr_(dm\ _(dm
dr ~ ey T \dr s dr ).

Therefore, assuming the evaporation coefficient ge.., equal to g, for the free molecular regime we
obtain

(‘j—j) = pi 2% (por/To — po(Tr, 1)/ T0). [10]

It should be noted that at thermodynamic equilibrium, the coefficients g.., and g..., are equal, but
this is not necessarily so when net condensation or evaporation is occurring in a non-equilibrium
thermodynamic process. For a linearized analysis,

M<<1 éz<<l
P Y
and
qcm—l-i-OCPP‘FO(T To’

where op and or are defined by

o = [a(qevap/%on):l
’ d(AP/P) AP =AT=0

and

e [a(qmp/qm)]
' 5(AT/T) AP = AT =0

It was shown that ap and ay are not dependent and are constrained by the Onsager reciprocal
relation (Young 1991). In this case,

e —(€)a

T = 2 P

where c is a constant. However, in the present experimental domain, the microscopic regions are
considered, ¢e., = gcon can be justifiable.

2.5. Mass transfer in continuum regime

The droplets can grow to a size comparable to the mean free path even at low pressure, in this
case, free molecular consideration fails to predict the droplet growth rate. Transition into the
continuum regime occurs and diffusion becomes the governing process. This regime is more likely
to occur at high pressure steam conditions, since high densities imply short mean free paths. In
the continuum regime, the mass flux of vapor condensing on a droplet may be obtained by
integrating Fick’s law between the droplet surface and the bulk of the vapor. After substitution
in terms of the droplet growth rate, the following is obtained

dr 1 ey
(a) —E(PGDG*PD)

cf

where pg, Dg and p’, D’ denote the vapor density and coefficients of self diffusion in the bulk



NUCLEATION OF STEAM DURING EXPANSION THROUGH A NOZZLE 1175

of the vapor and next to the droplet surface, respectively. Using the relation (given in the
appendix)

D=c 7,7;

where n = 0.8688729, ¢ = 0.011441, T, P and D are the temperature (K), pressure (Pa) and self

diffusion coefficient (m?/s) respectively, the droplet growth rate in the continuum regime can be
written as

(%;)cf B 1.;8;}80 Kn(por/To = ps(Ti. /o), .

where Sc is the Schmidt number defined as

_ K
Sc = oD
and Kn is the Knedsen number defined as
7
Kn = Z

where [is the mean free path. It should be noted that according to the kinetic theory, the diffusion
coefficient and viscosity may be expressed as

15
D—gl
and

Ipe,

(ST

u:

where ¢ is the particle averaged velocity. Equation [11] may be combined with [10] into a single
equation which is valid for all flow regimes. Assuming a relationship of the form

dr 1 dr
4t =T+ 7Kn (a) 12

and by selecting

_ 2/2n
" 1.884Sc

it may be seen that for values of Kn« 1, [12] reduces to [11]. For values of Kn>1,

4

1+ zKn — zKn

and [12] reduces to the free molecular equation. Thus, the droplet growth equation valid for both
the free and continuum flow regimes may be written as

dr _[__Kn__}qg (R, /o
dr ™ [1 + 0.375ch] o\ 21 [pa~/ T ps(TL, I/ TL].

2.6. Vapor phase Mach number

When integrating the governing equations of flow, it may be useful to introduce a vapor phase
Mach number. The vapor phase Mach number has already been defined earlier as:

Véps
= A2 = LG6PS
N=M = P [13]
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Over a small increment dx in the flow direction, the variation of k relative to the other terms is
small and, therefore, it may be regarded as constant. Differentiation of {13] gives

N Vo " pe P [14)

The solution of the governing equations of flow appears to be complicated. Taking

dd fdx _din_ dm o dhe
A2 d. M — mL Mg e Ts

as independent variables, the four equations {2], [4], [9] and [14] and the equation of state developed
in the appendix

P dpe _ dT6 _
2 Zpo XTG—O [15]
are sufficient to solve for five unknowns, i.e. for
4P dVs dpo dTs . AN
P Ve po’ T and N
The resuiting equations for three of these unknowns are
- [ ¥ (= X kNN

Ts
N (k—z)
[1_(1_)()(1” = )]

_ kN hLG dmL f’;”lL dh]_(‘, (k et X) Y X X d—A dmL
+<] (1 - X)X><CPTG Mo + Mot CpTG> * X3 « (1 - X) N A + Mo — ML ’ [16]

d£9= 1 :]—v(k—x-l- y)f_(il
oG X 2d.
pu——pSUSSL
1-X) X
N (k +z\(d4 dme X d(hemy)
+(1 "'X)(l +X X )(A +;n\m—th> ¥4 CpTG?nlot:l [17]
and

dN _ 1 k— 1 Nfdy
N ; [[(Xymﬂwﬁ]“e

N k-
[1—(1_X)<1+X~—~——X ﬂ

kN O\ X d(hom) N k—y d4 dmy
+<1 i X))Y e Tome ™ [2 ulrpe X)<(k— 1) —X(———X ))](A +"‘“"‘mm—mL>} [18]

The liquid terms m, and dm, have to be calculated at each integration step using the nucleation
rate and droplet growth equations given above. To evaluate the liquid formed in an axial increment
Ax, two groups of droplets may be identified:

(i) droplets formed within the axial increment Ax, which are known as the first-kind droplets;
(i1) droplets formed upstream of the increment Ax continue to grow when passing through the
axial increment Ax, which are known as the second-kind droplets.
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The contribution of the first-kind droplets is such that new droplets appear over the axial
increment Ax at different times ids, where i = 1,2, ..., n with At = ndr and grow in the axial
increment by amounts depending on their birth place. Considering constant pressure and
temperature for the vapor phase over the increment Ax the nucleation rate J can be assumed as
constant. Therefore, during the time increment At the number of nuclei formed along Ax per unit
volume is JAtr with At = ndz. Hence, their contribution may be expressed as

ri ot}

2
dmi(A) = JnétAu%lan<— 224 .. .+ﬁ)’

2272 2
where ro, 11, 12, . . ., 1, are the radii of the droplets leaving the increment Ax and those were formed
successively at i = 1, 2, . . ., n during the At = né¢ time increment and « is the axial velocity of the

flow and A is the cross sectional area. The contribution of the second-kind droplets may be
expressed as

dl'nl_(g) = Nj%n'p]_(rg — r.z)

where N, is the number of droplets passing through the increment At per second and r; is the average
incoming, droplet radius defined by
I = SA m,
4nN,

while r. is the corresponding droplet radius at the exit of the increment Ax and S, is the surface
area.

Consequently, the total liquid mass flow rate s, across the surface area S, and the number of
droplets leaving the axial increment Az per second become

. 4 . .
m. = N, 3 nrlpu + dmyay + dmy,),

2

2 2 2
= Nidnr? LOIPRE S ST '
Sa = Nidnr! + J(StAu4n<2 +3+5+ +2>

and
N, = N, + JAtAu.

It should be noted that the nucleation rate based on a thermal equilibrium cluster growth can

be written as (Young 1991)
_ 20 p&(Tc) _AGE
7= W oo P\ "KTo/ [19]

where ¢ is the surface tension, g is the condensation coefficient, K is the Boltzmann’s constant and
AGG is the critical energy barrier. However, the condensation reaction taking place on the surface
of growing clusters is exothermic, therefore, embryos tend to have a characteristic mean
temperature above that of a single molecule in the system. This difficulty in the transport of the
latent heat back to the vapor tends to retard the nucleation rate. Kantrowitz (Kantrowitz 1951)
was the first to estimate the effect of this thermal non-equilibrium process on the classical nucleation
rate equation [19]. He showed that [19] should be written as (Young 1991)

__1 20 p&(To) _AGE
J_(l+v)q o Pl KT ) [20]
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where the factor (1 + v) would reflect the effects of the temperature difference between the vapor
and clusters, and v is given by

v = qp B_Z( hig hLG) 21]

o\ 2n \R'T* ~ RT)

where ¢, is the heat transfer coefficient and s, = hg — A for non-equilibrium process.
However, when deriving [19], the partial pressure of the clusters had been omitted. Courtney

(Courtney 1962) adjusted this equation and proposed a correction. The result is that [19] is reduced

by a factor equal to the supersaturation ratio. Therefore

_ 1 20 p&(To) _AGE\ P(Tq)
J—(1+v)q i’ pL ex( KTs/ P ° [22]

where P,(7¢) is the saturation pressure corresponding to the vapor temperature. The corrections
made to [19] reduce the nucleation rate. However, this effect is small, the value of J is mainly
dominated by the highly variable exponential factor.

3. EXPERIMENTAL

Figure 1 shows the experimental set up. Steam flows from the superheater to the inlet receiver
where its temperature and pressure are measured, and, then, flows through the test section. Static
pressure along the nozzle is sensed by a 1.83 mm bore Stodola search tube. This tube is guided
axially by several supports of which two are located one on each side of the nozzle. A small vent
on the pressure transducer mount is used to purge any air in the system prior to an experiment.
The inlet total temperature of the steam is measured with a copper-constantan thermocouple probe
inserted through a gland housing into the inlet receiver and fitted with a radiation shield. All the
measuring device outputs are fed into the computer and recorded simultaneously.

A convergent—divergent cylindrical nozzle is used. The layout of the nozzle is shown in figure 2.
It was manufactured from steel bar with half angles of divergence of 2.8°.

The experiment is carried out at different steam pressures and inlet temperatures (table 1). The
highest value of the selected range gives an entirely dry static pressure distribution along the nozzle
length, and the other settings are low enough for the typical pressure to rise due to rapid
condensation occurring within a distance of approximately 50 mm downstream of the throat.

Light source

D Steam out

Condenser lens < T > t

Pressure : :
Thermocouple  gauge PmlhO]e dlslk ! Pressure
Collimator lens <1 > Thermocouple gauge

Filter E==—41
T TNozzle il E
oy

C

Traversing
. Pressure probe —] mechanism
i I

Polarizing filter

Steam in < T™> Collecting lens To pressure
s — Pinhole disk transducer

] E—

Photomultiplier

Figure 1.
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a=08° Rj=28mm R;=115mm

X y

A 0 0

B 12.4 2.9

{ D 65 -15
Y F 153 -13.3

0, 0 28
1O 0, 68 -100
T 63 -15

All the dimensions in the table are in mm.

Figure 2.

Table 1. Stagnation pressures and temperatures of the steam used in the

experiment
Levels
1 2 3 4 5 (for dry test)
Py x 10-° (Pa) 25.1 28.6 32 35.5 32
7o (K) 521 530 535 544 574

An optical method is employed to measure the droplet size. The light from a mercury lamp source
is condensed by a lens on to the first pinhole, which is placed at the focus of the collimator lens
so that a parallel beam traverses the suspension in the flow channel. The attenuated beam emerging

from the steam channel is collected by a lens and a second pinhole is placed before its intensity
is measured by means of a photomultiplier. Two filters are set for selecting a single wavelength
from the incoming rays and a polarizing filter is used to protect the photomultiplier from

PP,
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Figure 3. P/P, variation with nozzle length. Po = 28.6 Bar, 7, = 530 K, /= 0.02, « = 0.8°.
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Figure 4. P/P, variation with nozzle length. Py = 32 Bar, T, = 535 K, /= 0.02, and « = 0.8".

overloading. It is known that light scattered by particles is concentrated more in the forward
direction. It is indicated that collected scattered light will be negligible if the angle subtended by
the diameter of each pinhole at its lens is less than 0.384/« radians (Beyman 1990). « is the droplet
size parameter defined as « = 2nr/4, where 4 is the wavelength of incident light and r is the droplet
radius. With lenses having a 100 mm focal length and the largest particle diameter assumed to be
1.8 um and corresponding pinhole diameter is about 3 mm (Beyman 1990).

4. RESULTS AND DISCUSSION

The dry tests were carried out for two purposes: (i) to locate the position of the Wilson point
which is often taken as the location where the dry and condensing static pressure plots first separate;
and (ii) to adopt the correct value of the friction factor, which gives close results to the experimental
measurements. The same value of the friction factor is then used for the analysis of wet tests.

The theoretical predictions together with the experimental results are shown in figures 3 and 4.
In general, the agreement is considerably good. A departure of the dry curves from the wet curves
is evident. This slow change is characteristic of the small rate of expansion in the nozzle. However,
this process reverses at relatively low Mach numbers within short distance downstream of the
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= ‘ :
5 i 1
O 180E+01 }——L e
O : Co
4 LA
i | | -.
% | ‘ \ |
7 120801 f | \t
[T i b . i
O i b
w ] | .
iy 6.00E+00 |- — 774‘-% ( R T
o A 5 ool 1
8 I i
0.00E+00 . -
0.00E+00 1.50E+01 3.00E+01 4 50E+01 6.00E+01

AXIAL DISTANCE FROM THROAT (mm)

Figure 5. Variation in degree of supercooling along the nozzle.
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-4 B
3 ] N\
E 1.00E+10 : N
i '
o .
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1.00E+00 J
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Figure 6. Variation in Nucleation current with droplet radius.

throat, in this case, the pressure rise associated with homogeneous condensation is easy to identify
(figure 4). On the other hand, at small rates of expansion, steam supercools and reverts to
equilibrium at a slower rate and the condensation zone is stretched over a longer distance. It can
be seen from figure 5 that at low expansion rate (P = 1/P dP/d¢) the maximum degree of
supercooling is 21.48 K at x = 22.86 mm and is relieved by 50% at about x = 50.80 mm, (i.e. over
a distance of 27.94 mm). For high values of P, the degree of supercooling is 25.36 K at
x = 19.05mm and is reduced to 11.73 K over a short distance of 6.35 mm. Therefore, at low
expansion rate, the change in properties is spread over a large distance, which in turn results in
difficulties in comparison of pressure distribution corresponding to low expansion and wet
conditions.

7.50E-01 1
| I ENERENE
& Experimental-Wet
6.00E-01 M Experimental-Dry || |
------ Theoretical-Wet
Theoretical-Dry
4.50E-01 T
(-]
o
b
m —57
3.00E-01 {— 1
1.50E-01 [ - |
1 ey
| ERRER
i
0.00E+00 +—. | | L
0.00E+00 7.00E+00 1.40E+01 2.10E+01 2.80E+01 3.50E+01

AXIAL DISTANCE FROM THROAT (mm)
Figure 7. P/P, variation with nozzle length. P, = 40.4 Bar, T, = 575 K, /= 0.02, and « = 0.8°.

Table 2. Values of Wilson parameters for experimental results

P, (bar) To (K) P P* (bar) P*/P(T*) TJ(P*)-—T rat 1% wetness (um) Xx* (mm)
35.5 542 3419 14.7 1.614 21.5 0.165 22.86
32 535 3536 13.4 1.652 22 0.158 21.59
28.6 530 3004 11.35 1.702 22.4 0.194 30.48
21.1 521 3395 10.33 1.748 23.1 0.169 24.13

LIMF 23/6—G
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Figure 8. Droplet radius variation along the nozzie. Py = 40.4 Bar, To = 575 K, f=0.02, and o = 0.8".

The main consequence of the small rate of change of pressure is to allow the very first centers
of condensation generated to grow to a size large enough so that the latent heat released reduces
the rate of increase of supercooling. The maximum of the nucleation current reaches value of the
order of 10%; in this case, condensation occurs on small droplets (figure 5). It should be noted that
the average droplet size corresponding to maximum nucleation current in the low expansion case
is larger than that corresponding to high expansion rate and the same nucleation current, i.e. the
theoretical droplet size corresponding to low expansion case is 0.052 um, but this value reduces
to 0.018 um at high expansion rate.

Comparison of theoretical predictions and experimental results are shown in figures 6 and 7. The
pressure distribution predicted and the location of condensation are in good agreement with the
experimental results. The droplet radius predicted is approximately 25% less than the measured
values. The discrepancies between the theoretical pressure distribution and the experimental results
are small, but the initiation of condensation is predicted earlier than that corresponding to the
measurement. This may be attributed to the uncertainties associated with the measurement errors.

The exact identification of the Wilson point presents some difficulty and no firm agreement exists
about its location. However, the Wilson point is taken as the location where dry and condensing
static pressure curves first separate and the nozzle isentropic efficiency is taken as 93%. The values

l
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Figure 9. Variation of supersaturation ratio with Wilson point pressure.

SUPERSATURATION RATIO (S)




NUCLEATION OF STEAM DURING EXPANSION THROUGH A NOZZLE 1183

3.00E+01 -
4 | — — — 6000<P<8500
< NS EEEERER R <
(_Dl | N 15000<P<17000
bo 2.50E+01 +— ™ 2500<P<4000
S | ~ITIN | B
TP Rt N
aXxX e SR
S - 2.00E+01 S
n g I g
w - ]
(o]
W 1.50E+01 ; '
o
) ,
a | | |
Q 1.00E+01 |
0.00E+00 7.00E+00 1.40E+01 2.10E+01 2.80E+01 3.50E+01
WILSON PRESSURE (P, Bar)
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Figure 11. Variation of droplet radius with Wilson pressure.

of relevant parameters prevailing at the Wilson points are given in table 2. The value of the rate
of expansion taken as 0.25 mm prior to the maximum supersaturation is almost constant.

The supersaturation ratio (S*) and degree of supercooling (AT™*) have been plotted with Wilson
point pressure (P*) in figures 8 and 9 (the supercript * indicates the critical conditions). $* and
AT* are influenced by the rate of expansion, but this effect is small. In this case, the initial centers
of nucleation, which have sufficient time to grow at relatively small values of expansion rate, affect
the subsequent history of the flow. The effect of pressure (P*) is important in the case of low
expansion rate. The average droplet radii computed are shown in figure 10 for a constant wetness
of 1% and expansion rate and pressure as variables. The scatter of points for the low rate of
expansion may be explained in terms of sensitivity of the droplet size with expansion rate. However,
a consistent pattern can be seen indicating that droplet radius is inversely proportional to the rate
of expansion. The trend of the curve in figure 10 has a low value of slope. This may be due to
that during the initial stages of growth, the free molecular regime prevails which is extremely
sensitive to pressure. After some time, the continuous regime becomes preponderant and the rate
of growth of droplets slows down.

5. CONCLUSIONS

The kinetic theory approach for determining the rate of droplet growth has been developed
successfully and the results predicted from theory and obtained from measurements are found to
be in good agreement. The process of nucleation in high pressure steam can be described
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satisfactorily by the model developed in the present study after introducing the suitable refinements
to allow for the fluid effects.

There is a fall in the limiting amount of supersaturation as the pressure is increased, but the
limiting condition also depends on the prevailing rate of expansion as well as any frictional reheat
within the nozzle. The droplet diameter is found to be very sensitive to the expansion rate and the
Wilson pressure.

It may be argued that if all the transport properties are calculated from the same model of the
kinetic theory, the results will be mutually compatible and the problem will be resolved. To this
end an examination is made of all available kinetic theories and it is found that because of the
underlying physical difficulties, none of the theoretically based models is adequate to deal with the
wetness problem. Therefore, a new expression is developed for the growth rate of droplets in both
free and continuum flow regimes.

The presently introduced approach may be useful to explore the wetness problem relevant to
the steam flow at different stagnation and static conditions.
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APPENDIX

The equations governing the thermodynamic properties of superheated vapor need to be
extrapolated. The thermodynamic properties of the steam can be deduced from the equation of
state, the saturation line and the specific heat at zero pressure. It should be noted here that rapid
change in the properties near the saturation line is caused by the change in the concentration of
the molecular clusters. It has been shown that the corrected cluster concentration on the pressure
of a system are negligible and that the Vukalovitch equation (Campbell 1964) is still valid with
negligible error (Collier 1981).
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Equation of state

The equation of state developed by Vukalovitch (Campbell 1964) for the pressure range
0.00981-98.1 bars is

P ——
pcRTs

1 — Bipc + Bupd + Bip. [Al]

The coefficients B are defined by
e
B = “Rio ¢+ b,

B, = —b¢ + 4¢|2¢2,

B, = 32b¢% ¢,
where
CR K
ol —_ﬁ and ¢, =1 T
and
e=632m(kgs), b=0.00085m’kg, C=0.3977 x 10°,
R =4614J/(kgK), K=227, w = ﬁz—z”ﬂ
Wy = 3—’22—;—4—”’—', mi = 1.968, my=2.957.
Defining
_Pc (0P
xX= P 6pc Te
and

_Ts( 0P
¥=p <aTG>
PG
and recalling that the differential form of the equation of state can be written as

P dps ,dTs_

P X 7. = O A2}

where

Bipg + 2B,p% + 3B p}

=1
X +1+Blpc.+szé+B3pé’
e T, B, . dB . dB
x =1 1+BlPG+sz€~,+Bspé<deTc,+deTo+deTG '

Equation [A2] together with the definitions of y and X is valid for equations of state truncated
at any virial coefficient.
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Specific heat at constant pressure
The specific heat at constant pressure may be obtained from

oh av
| =v—T5 =] -
(&), -+~ (e7),
é Ov
Cp = 5—TJ[V — Tc,(a—Y,G)P]dP + f(T).

After substitution of v from the equation of state, the integration can be easily carried out. The
constant of integration f.(7') is determined by setting P = 0 and using the value of ¢p, (Tatsuno
and Nagao 1986). Therefore, the equation for ¢p yields

| (1dB 1 4B, 1 4B (1&B 1 &8 1 &5
= —RTG[TG <v are T dTs T 3v3dTG)+ <v a3 "2V dT: T3 a1

6992 [ kJ

Therefore

The specific heat capacity at constant volume (c¢,) can be written as

OP\ [ dv
a-e=1(5) (37),

or rearrangement gives

_ 1 (1dB 1 dB 1 dB\ 1(1dB | &B, 1 dB
C““ZRTG[TG< ar, +2v2dTG+3v3dTg> 2( a7, +2v2dTG+3v3dTé>]

6992 [ kJ
+1.111 + 0.00071 T + —5— 72 (kgK)

Specific heat ratio (k)
k 1s defined as

Using Maxwell’s relations and rearranging result

. _Y(OP) e
k= P(6V>Tc.'

Using the equation of state for (0P/0v)r yields

_1 ) 2Bl 3Bz f“_Bg ﬂ’
g ol 2020, 48 |o
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Table Al. Variation of diffusion coefficients with flow properties

P (kPa) InP T. (K) DI /Tc —In(D//T0)
6.895 1.9308 3119 528661 x 10~  12.15033
27.579 3.31705 340.4 1.53918 x 10~ 13.38426
68.948 4.23335 362.7 7.49448 x 1077 14.10393
275.79 5.61964 403.8 2.36243 x 10-7  15.2584
689.48 6.53594 437.5 1.07541 x 107 16.04539
2757.9 7.92222 502.4 2.8995 x 10-*  17.35614

Specific enthalpy
From the first and second law of thermodynamics

ah> ( il )
—| =v— Ts| ===
<6P T 0Ts ),
which can be integrated to give

d
h = II:V - TG<'6—7'Y_G>P]dP +ﬁ|(r6)

Jure = [f(Te)dT + constant.

The constant of integration is arbitrary, but usually it is set to zero at 0°C for the saturated liquid.
The expected value of & at 100°C, saturated vapor, is 2676 kJ/kg. Substitution of equation of state
into above equation yields

and

__mpfidB ., vaB 1 dB
h= ‘RTG[V dTe 27 dT5 * 37 dTG]

+ 1111176 + 3.5588 x 10‘4Té—@g+ Pv + 2070.54 ki .
TG kg

Relation between the diffusion coefficients

From kinetic theory, it is evident that D is proportional to the mean molecular velocity (¢), which
is proportional to the square root of temperature. Therefore

Do . |Ts
5o [ [A3]
dM

W 4nR¥(paDa — pD), [A4)

It was shown previously that

where M is the mass of the droplet of radius r. Substitution of Dg from [A4] into [A3] gives
D= dM/dt

dnr(pon/TaIT' — p7)

This is the value of the diffusion coefficient at the droplet surface. To calculate this coefficient at
any other location, [A4] can be integrated between R = r and R = R, which after rearrangement
becomes

(A3]

oy dMidi(1 1
DR_pRD+ 4n \r RS
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It should be noted that in [AS] pressure equilibrium is assumed.

The effect of pressure may be included by repeating the above procedure for a large number of
conditions. In this case, the pressure was varied from 0.07 to 27 bar and the vapor temperature
from 45°C supercooling to 45°C superheat. A plot of resulting values of Iog(D/ﬁ ) against log
P indicates that the following relation can be written

10g<—j—_) =log C —nlog P
T

A set of specimen calculations is given in table Al. Values of mass flux calculated using this
expression are found to be in agreement with those obtained from heat transfer analysis to within
15%. When calculating the growth of droplets immersed in supercooled water, it is essential that
the expression developed above should be used in conjunction with the equation of state and
expression for the thermal conductivity adopted in this investigation.



