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INVESTIGATION OF THE ACOUSTIC VELOCITY
IN A NONEQUILIBRIUM WET STEAM FLOW
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ABSTRACT

The acoustic velocity in a nonequilibrium wet steam flow has been
investigated theoretically. Modified equations of unsteady one -
dimensional wet steam flow are taken to describe the propagation
of a plane pressure wave of very small amplitude through the wet
steam flow. These equations are derived for the conditions of
nucleating and non-nucleating wet steam assuming that the vapour
phase obeys the perfect gas law and the water and vapour phases
are in disequilibrium both thermally and dynamically. The acoustic
velocity is shown to depend mainly on the steam wetness, flow non-
equilibrium characteristics (i.e., vapour supercooling and slip
ratio) and flow pressure; while it slightly affected by the size
of droplets and nucleation occurrence.

INTRODUCTION

Wet steam flow in turbines of both conventional and nuclear power
plants is an important parameter for characterizing these turbines.
Therefore, the acoustic velocity in wet steam is a widely used
concept in describing the flow of wet steam. This problem becomes
more complicated in wet steam media than in the case of single
phase media due to the presence of the water droplets , phase
transition and dis=quilibrium between the two phases.

This problem has received considerable attention both experimen-
tally and theoretically in the field of two phase flow. Measure-
ments have been presented by several investigators for the
propagation speed of pressure and/or rarefaction waves in wet
steam flow [1—3] or in vapour-liquid mixtures [4]. Few theoretical
researches can be found in the literature concern with predict~
ing the acoustic velocity variation in two phase or wet steam
flows. D'Arcy [5] derived a theoretical model to calculate the
propagation speel of small pressure disturbances through two
phase fluid usiig the separated flow model. He showed that there
are two distinc- speeds for propagation at low and at high wvoid
fractions. He also suggested from comparisons between his
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theoretical results and the published measurements that the l:woAI
theoretical speeds fall in the mid-void range. Konorski [6] prese-
nted a dynamic model for the behaviour of two phase mist flow in
order to analyse the phenomenon of sound propagation in two phase
media. He considered in this model that the sound frequencies will
be limited to values at which the wave length substantially exceeds
the mean free path of gas molecules and the largest droplet dia-
meter. He concluded that for each droplet size there are two
ranges of strong sound velocity dispersion, one at lower frequen-
cies caused by heat and mass transfer; the other by momentum
transfer. Petr [7] has derived an analytical model for sound dis-
persion and absorption in wet steam considering all fundamental
relaxation phenomena. Petr defined, for a wet steam with restric-
ted values of droplet size; wetness fraction and pressure, two
speeds of sound related to the wave frequency as :

i- frozen speed of sound when very high frequency waves propaga-

ting through wet steam cantaining large droplets, and
ii- equilibrium speed of sound when very low frequency waves
moving through wet steam containing small droplets.

He also showed that the speed and absorption of sound in wet
steam are greatly dependent on droplet radius, steam wetness and
pressure. An account. for sound dispersion in wet steam flows was
illustrated by Wegener [8]. He proved that with condensation pre-
sence in wet steam, the mixture of droplets and vapour becomes an
acoustically dispersive mixture.

This paper presents a mathematical model' for the speed of propag-
ation of a small amplitude pressure disturbance in a nonequilibrium
wet steam flow. The effects of steam wetness, size of droplets ,
vapour supercooling, slip ratio, flow pressure and nucleation
rate on the acoustic velocity have been considered here. A com-
parison between theoretical results of the present model and
those obtained experimentally by others is offered also.

THEORETICAL ANALYSIS

Assumptions

In order to facilitate the analysis, the following assumptions

are applied to all the analytical work presented below :

1- Wet steam consists of a vapour phase as a carrier inviscid
medium and fine spherical water droplets suspended in it.

2- ‘The flow is one-dimensional and continuum.

3- Water droplets are assumed to be incompressible and occupy
negligable volume.

4- Surface tension effects are insignificant.

5- Effects of capillarity and of droplets coagulation will be
neglected.

6- Phase transition does not affect both drag and heat transfer.

7- The vapour and water phases are in thermal and dynamic dis-
equilibrium.

Governing equations

Figure (1) shows a stationary, infinitesimal pressure disturbance

propagating in a constant area duct. In the following, a set of

unsteady equations governing the wet steam flow can be written as:
LContinuity for vapour phase:
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ac dp dy

pg.a-{_:"i"c-"m?:-(;-a‘“t“ (1)
Continuity for water phase:

pe. =6 & (2)
The combined momentum equation for the two phases:

dp dx dC _
A.-aE + N.D.-&E + pg AC.E = 0 (3)

For a water droplet subjected only to viscous drag, the momentum
equation can be take the following form:

D = m.w.%g (4)

Combining Egns. (3) and (4) gives
dcC Nwm dw , dP _ 5
pgcc-az + T.dt +dt = 0 ( )

Continuity for vapour phase tqkes the basic form

pg-C = (1-Y).G (6)
Using Egns. (6) and (1) yields to:
at — pg = dt 1-Y ° dt

Substituting Egn. (7) into Egn. (5) gives

dap
ogc.(-il f'g__C€ dY, . Nwm dw dp _

g’ dt ~TI-Y " dt A "at Tac ° (8)

The mass fraction of water phase or the wetness fraction is given
by:

N wm Nwm

Y=CDgA+Nwm =~ "GA (9)

Therefore, Egn.(8) can be written using Egn. (9) to becomes

2
dap ce.p YCP
€3 " 1-v ‘at 1-vy "at at° (10)
Rearranging Eqn. (10) and puifing C = ap gives
P
al = gt (11)

m dpg  Pg  ay Y Pg dw

gt " 1-y'dt " I-¥y ' T ‘at
Assuming that the vapour phase obeys the perfect gas low (i.e.,
P/pg = RgTg), this including that the equation of state of the
vapour phase can be expressed in differential form as
at = Re%g- 3 * Rerg- qE - e

According to the above equation, the acoustic velocity from Egn.
(11) becomes
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dpg ar

g

r RgTg- gt * RgPg- g

[Nl

4
(13
pg dw )

dt 1-y ° dt 1-Y " ¢ " dt

dog Qg ay Y

The plus and minus signs in Egn. (13) are for the wave travelling

upstream and downstream with respect to the flow direction. Putting
Y = o in the above equation reduces the acoustic velocity in the

wet steam to its value in the gaseous (vapour) phase only ( see
Appendix A).

In order to solve Egn.(13), the differential terms in this equation
can be calculated analytically using the following set of equations

[9, 10]:
1- Variation of wetness fraction:
a- for non-nucleating wet steam:

In this case, wet steam is assumed to be a homogeneous mixture of
vapour with a temperature Ty and a constant number of water drop-
lets of size d and temperature Tg. The wetness fraction is there-
fore given by

Y = n.g aleg (14)
The generally used form of the wetness fraction variation is that

presented by Gyarmathy [9] and corrected by Young [10] as
dY (1_Y) ong . TS-'Tg

- = =
where T is the thermal relaxation time defined by
(1-Y) . Cpg-d®.Pg. (143.78 Kn/Prg)

12y . A

T =

g
b- for nucleating wet steam:
Here, the wet steam being a homogeneous mixture of vapour and

discrete ith groups of droplets. Each ith group contains nj dro-
Plets of size dj per unit mass of wet steam. Therefore, the wet-
ness fraction is given by
i

Y =L¥j = Inj. d3 . og (16)

and the variation of the wetness fraction is defined by

dy _ . dYj :
at = ac (17)
dyy 1-Y:) oCrhag To="
where , by d£1=z( i) Pg °s g
) 1y = (1-Y3) .Cpg.df- Pf .(1+3.78 Kny /Pry)

2- Drag force exerted on water droplets is that due to Gyamathy

(9]
D = Cp- (1d?). Log. (c-w) 2 (18)
where Cp is the drag coefficient given by
9.06 2
C = 0.292 (= 4 1}
L D YReg J
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3- Variation of droplets velocity is expressed as

dw _ 1 c-w 1 dy

dt " m.s Pt s "v-at (19)

4- Variation of the specific internal energy of the vapour phase
is given for the above approximations by

du

g - _1 day P dw

at = (MgTUE)- 1755 qE T pgcs C ae (20)

5- Variation of temperature of the vapour phase is obtained from
dt Cyg dt

6- Variation of the vapour phase density is given by
dbg _ _Pg dy _Pg du (22)
dt i-yY ° dt c.S " dt

RESULTS AND DISCUSSION

To calculate the acoustic velocity in a wet steam flow, Egn. (13)
can be solved with the aid of Egns. (14) through (22). Solving
these equations revealed the dependence of the acoustic velocity
on the vapour supercooling, slip ratio, size of droplets, nuclea-
tion rate and pressure of a nonequilibrium wet steam flow. Results
presented in Figs. (2-7) are obtained for the following restric-
ted area on wet steam.

0 £ Y £ 0.5

0.1 °K SAT "§20.0 K
0.7 £ S £ 0.99
0:0lpum ¢ d £20:0 um
0.1 bar & P 530 bar

These figures show the variation of the acoustic velocity, in
dimensionless value of am/ag using Eans.(13) and (29), for diff-
erent values of vapour supercooling; slip ratio;droplet diameter;
nucleation rate and pressure of a wet steam flow within the range
of data presented above. As shown in these figures, acoustic
velocity increases as the steam wetness decreases. This 'is due

to the creation of number of droplets with decreasing the steam
wetness fraction.

Figures (2—3) indicate the effect of changing the nonequilibrium
characteristics of wet steam (i.e., vapour supercooling and slip
ratio) on the acoustic velocity depression. It is evident from
Fig. (2) that the depression of the acoustic velocity increases
with increasing the value of supercooling. This tendency can be
explained as the supercooling increases the vapour temperature
decreases and then the vapour density increases and consequently
this tends to attenuate the wave propagation through the mixture.
depression of acoustic velocity decreases as shown in Fig.(3) with
the slip ratio to be descreased. This is attributed to less

interaction between the two phases as the degree of dynamic dis-
equilibrium increases ahead of the pressure wave.

L J
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Effect of changing the size and distribution of water droplets in
wet steam on the acoustic velocity is shown in Figs. (4—5). The

effect of droplet size on the acoustic velocity variation is illu-
strated in Fig.(4). From this figure it can be observed that, the
effect of changing the size of water droplets in wet steam on the
depression of acoustic velocity is relatively small. This is
because the number of droplets increases with decreasing the dro-
plet size for a constant value of steam wetness. Thus the number
of droplets, i.e. distribution of droplets in the mixture, gives
a small variation on depression of the acoustic velocity. A simi-
lar feature is shown in Fig. (5) which presents the effect of
considering the rate of nucleation on the acoustic velocity dep-
ression. This supports the discussion of Fig. (4), since variation
of droplet size distribution result in weak effect on the varia-
tion of the acoustic velocity within a flow of wet steam.

Figure (6) illustrates the effect of pressure changing on depre-
ssion of the acoustic velocity through a nonequilibrium wet steam
flow. It shows that, with the pressure increases the acoustic
velocity depression increases also in two modes. In the first,
the acoustic velocity decreases; for constant wetness fraction;
with pressure increasing from 0.1 bar to 10 bar. In the second,
the same characteristics are shown when the pressure increases
from 20 bar to 30 bar. Another important notice can be seen in
this figure that the curves of the second mode having higher
values of the acoustic velocity within the range of wetness 0%

Y £ 0.3 and intersect the curves of the first mode at wetness
fraction Y=0.3. This result was confirmed previously by Petr
[7]. Results of Petr [7] showed that; as the pressure increases
within an angular frequency range of 102<w < 104 the acoustic
velocity increases also, while this velocity decreases with
pressure increasing within the range 100< <107 and in the
intermediate range 104<ws106; pressure increasing gives inter-
secting curves for the corresponding acoustic velocity variations.

A comparison between theoretical results from the present model
and the experimental one, which was obtained by Dedong and Firey
[2] and England, et al.[3] at a pressure of 3.0 bar, is illust-
rated in Fig. (7). From this figure, it is clear that the theore-
tical results have a reasonable agreement with the experimental
one within the wetness range of 0 £ Y £ 0.2. The difference
between the experimental and theoretical results is more pronou-
nced at the higher values of steam wetness. This difference can
be explained as being due to the formulas of heat transfer and
drag coefficients, in Eqns. (15) and (18), were recommended for
wet steam conditions of low wetness fractions.

CONCLUSIONS

This paper presents an analytical model to predict the velocity
of small amplitude pressure disturbances in a nonequilibrium

wet steam flow. Theoretical results obtained here show that the
acoustic velocity depends greatly on the steam wetness, non-

equilibrium characteristics (i.e., vapour supercooling and slip
ratio) and flow pressure; while the size of droplets and nuclea-
tion occurance have a slight effect on this velocity. Reasonably
EOOd agreement between theory and experiments could be obtained
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if the correlations of heat transfer and drag coefficients of the
droplets and/or the thermodynamic behaviour of wet steam are adap-
ted to be suitable for all the range of wetness used.
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APPENDIX (A)
Acoustic velocity for the vapour phase:

In order to use Egn.(13) to calculate the acoustic velocity for
the vapour phase only, the following are considered:

Y=0 and dY =o0
This consideration yields Eqn. (13) to become

dp daT
. il y
L RgTg- 3= + RgPg- 3¢
am = * a (23)
Pg
dt
Simplifing the above equation gives
am = +[ RqT (1+3‘1- drg: s (24
__[ gtg- Tg . pgﬂ )
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Assuming perfect gas behaviour for the vapour phase, the continu-

ity and energy equations for steady inviscid vapour flow can be
written as

1. apg +dac = o (25)
Pq
dug + 52— .dc= o (26)
’ g pg *
Combination of quations (25) and (26) gives
Py

Substituting Eqn. (27) into Egn. (24) makes the acoustic velocity to
take the form :

By = i[Rg Tg. (14 5 - Ei““ug)] (28)

By using the following ideal approximations of the isochoric spe-

cific heat capacity for the wapour phase and the isentropic expo-
nent ’

du
g
y ko= 1+ 2

the equation of acoustic velocity takes the final form

= ag (29)
NOMENCLATURE

A Flow cross-sectional area.

ag Frozen speed of sound in vapour phase.

anm Acoustic velocity in wet steam.

C Absolute velocity of vapour phase.

Cp Drag coefficient.
Cpg Isobaric specific heat capacity of vapour phase.
vg Isochoric specific heat capacity of vapour phase.

Q

D Drag force on a droplet.

d Droplet diameter.

G Rate of mass flow per unit area.

h Specific enthalpy.

Kn Knudsen number.

k Index of isentropic expansion.

m Mass of a droplet.

N Number of droplets per unit length of flow passage.
n Number of droplets per unit mass of. steam.
P Pressure.

Prg Prandtl number of vapour phase.

Req Reynolds number of a droplet.

Ryg Gas constant (=461.51 J/Kg.°K).

S Slip ratio (=w/c)

L
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T Temperature.
t Time.
u Specific internal energy.
w Droplet velocity.
x Distance in flow direction.
Y Wetness fraction.
AT Amount of vapour supercooling (= Tg)
A Thermal conductivity.
0 Density.
T Thermal relaxation time.
Subscripts
d Droplet.
£ Water phase.
fg Phase transition.
g vapour phase.
h Number of droplets group.
s Saturation.
-C-a
\\\\\\\\\\\\\\\\’\“\\\\\\\
C +dC C
w +dw s /
P +dP P
— T,¥dT, T, -
Te4d T, T,
] f,fdf, !. i
&-&df, —-Y+dY Jp =Y
i\\\\\\\\\\\‘\\\\K\Y\\\\\\\\\\

Fig.l. Wet steam conditione in the flow passage
upstream and downstream the pressure
disturbance.
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Fig.2. Variation of the acoustic
velocity with steim wetness and
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Fig 3. Variation of the acoustic

&ocity with steam wetness and
ip ratio. ]
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Fig.4. Variation of the acoustic
velocity with steam wetness and

size of droplets.
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Fig.6. Variation of acoustic
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Fig.5. Variation of acoustic
veloclty with steam wetness

and rate of nucleation.
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Fig.7. A comparison between
theoretical results of present
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