MECHANIKA TEORETYCZNA
I STOSOWANA

Journal of Theoretical

and Applied Mechanics

2, 35, 1997

NUMERICAL CALCULATIONS OF THE MOBY DICK
EXPERIMENT BY MEANS OF UNSTEADY RELAXATION
MODEL

MARIUSZ BANASZKIEWICZ

Dariusz KARDAS
Institute of Fluid-Flow Machinery Polish Acadewmy of Seivnces, Gdansk

e-mail: Gan@imppan.imy.pg. gda.pl

The paper presents numerical calculations of the Moby Dick experiment
by means of the nonequilibrium relaxation model. Calculations are made
using a computer code for solving non-steady flow problems. An intere-
sting problem discussed in the paper is an appropriate choice of corre-
lations for the relaxation time as well as a suitable value of the friction
factor which have an effect on the process of vapour production in the
model. The obtained numerical results appear to be in a reasonable agre-
ement with the experimental data. This agreement speaks in favour of
the homogeneous relaxation model as a uselul tool for describing critical
flows of water and vapour.
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1. Introduction

Single-component two-phase flows are of particular interest for their unique
properties, different [rom those revealed by other flows common in industry
and nature. Above all, it refers to the flows of water and its vapour at near-
critical velocities when the processes of interfacial interaction begin to play
a dominant role. These processes are met neither in single-phase flows nor
in multi-component flows. They give rise to creation of the so-called pseudo-
critical flow which occurs before the full choking of the channel. The pseudo-
critical flow is distinct by virtue of small changes in the mass flow rate during
considerable backpressure drops — a phenomenon not observed in other kinds

of flows.
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Also, the values of critical velocity in two-phase flows under given stagna-
tion conditions can be astounding. The critical velocity turns out to be much
lower than the speed of sound in pure water or vapour. It varies with the vo-
lutetric fraction of phases in the two-phase mixture. The local and also the
critical velocity are determined by the rate of creation and growth of the new
phase. The above phenomena under some conditions act towards equating
these velocities driving the flow to the limit of choking.

Numerous experiments carried out heretofore prove the existence of ther-
modynamic nonequilibrinm between the coexisting phases. It manifests itsell
by a tempevature diflerence between the water and vapour, where the tempe-
rature of the vapour is the saturation temperature for a given pressure and
the water remains in a metastable state. It means that the phase transition
is not equilibrium one and is characterised by some delay measure of which is
superheating of the water phase.

Besides the temperature difference hetween both phases, usually an inter-
facial slip is observed, that is the liquid aud the vapour have different veloci-
ties. This adds a mechanical nonequilibrium to the two-phase system. This
nonequilibriuni appears to be the strongest in places of creation of the new
phase. The fact that critical two-phase flows are nonequilibrium flows should
be taken into account in their modelling. The lack of local thermal equili-
brium between the phases is also a result of inertia of the governing processes.
The mass, momentum and energy exchange in real phenomena does not occur
instantaneously but takes place at a limited rate, characteristic for a given
process. This should also be accounted for in the llow model.

In this paper, a homogencous relaxation model is applied to numerical
calculations of two-plase flows of water and vapour with thermodynamic no-
nequilibrium. The calculations are made using a computer code for solving
non-steady problems aud converge to a steady state. The obtained results are
compared with the Moby Dick experiments well known in the literature (cf

Reocreux {1971)).

2. Description of the experiment

The Moby Dick experiment was perforined at the Centre d’Iltudes Nuclea-
ires in Grenoble (IFrance)in early seventies. Carried out with an extraordinary
care and well documented has served as a basis for understanding critical two-
phase single-component flows ever since its publication. This experiment has
been performed on a very complicated installation, where a working medium
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was the hot water. The water was decompressed in the diffuser, what cau-
sed its rapid evaporation and creation of a twd-phase bubble mixture. The
measurements were made in a vertical channel consisting of a straight pipe
of the inside diameter 20mm followed by a conical expander of the length
327 mm diverging at 7°. The exit from the divergent cone was connected to
the condenser by considerably long piping of the inside diameter 60mm. A
scheme of the channel and its dimensions are shown in Fig. 1.

Fig. 1. The channel used in the Moby Dick experiments (cf Reocreux (1974))

The shapc and dimensions of the nozzle were selected so as to assure one-
dimensional llow regime and climinate the effects of rapidly changing shape.
Thermodynamic parameters (pressure and temperature) of hot water flowing
into the test section were kept constant during the measurements. However,
the backpressure in the condenser varied. giving an impact on the mass flow
rate at the inlet. The void fraction was measured in the test section by means
ol a ~-ray absorption method. The pressure was also measured there. Besides,
the temperature and mass llow rate at the inlet as well as the temperature
in the condenser were measured. Typical pressure and void [raction profiles
for a single series of measurements arve shown in Fig.2 and Fig.3 (cf Reocreux
(1974)). Values of the flow parameters are given in Table 1.

Table 1

ﬁun Tin [°C] | Py [bar] | Py [bar] | G [kg/(m?s)]
1423 | 121.9 198 1.359 4383
424 121.8 1.9:04 1.430 4357
425 121.7 1.915 1.9 1355
426 121.8 L.939 1.531 4360
427 121.8 1.9:39 L.619 4345
428 121.8 1.9142 1.712 4331
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Fig. 2. Typical pressure profiles for rans 423 + 428 after Reocreux (1974)
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Fig. 3. Typical void [raction profiles for rins 423 + 428 after Reocreux (1974)
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Reocreux and his collaborators interpreted these [lows as choked at the
throat. They admitted that the flow was subcritical before the throat, su-
percritical behind it and overrunning the limit of sound took place close to
the throat. They considered the throat as a place of choking because of its
minimum cross-section arca, thercfore the velocity of the choked flow should
reach the speed of sound there. Choking of the (low was indicated by the fact
that reducing the backpressure in the condenser did not increase the flow rate
at the inlet.

The only surprising thing was the lack of a shock wave which always ap-
pears in the compressible flow within the supercritical section of the nozzle.

An explanation of this fact can be found in Bilicki et al. (1990), who gave
a reinterpretation of the experimental results. An additional circumstance for
this interpretation, different than that of Reocreux, was small superheating of
the liquid (2+3°C) observed during the tests due to some delay in evaporation.
For runs 400 =+ 402 the liquid flowed 0.4 m under metastable conditions and
the vapour bubbles werce observed close to the throat. As a result of their
investigations, Bilicki et al. (1990) postulated that due to the thermodynamic
nonequilibrium, the flow in the nozzle is subcritical and is choked at the inlet
to the condenser. The support for this hypothesis was given on the basis of
homogeneous relaxation model (cf Bilicki and Kestin (1990)) that assumes
the existence of thermodyuamic nounequilibrium between the liquid and the
vapour and represents scribes nonequilibrium generation of the vapour by
means of a relaxation-type evolution equation. Unlike in the equilibrium model
which assumes equilibrium production of the vapour, their calculations carried
out with the help of the nonequilibrium model made it possible to interpret
correctly the results of void {raction measurements. The reinterpretation of
the Moby Dick experiment is as [ollows:

e Tlethroat of the nozzle is not a place of critical transition (the relaxation
model does not predict a saddle point there)

e Lack of a shock wave is caused by the subcritical conditions existing in
the entire nozzle

o The flow velocity in the entire nozzle is lower than the frozen speed of

sound

e The flow is choked but as a result of nonequilibrium production of the
vapour the critical cross-section is close to the condenser.
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3. Nonequilibrium relaxation model

A basis for the nonequilibrium relaxation model are the conservation equa-
tions written for mass. momentum and energy of the mixture and an evolution
equation for the nonequilibrinm dryness fraction. In principle, it is a partly
nonequilibrium model in regard of thermodynamics, because it assumes that
the vapour remains under saturation conditions and the liquid is in a meta-
stable state. Morcover, it assumes that the velocity difference between the
phascs is negligible and their pressures are equal.

The model consists then of four equations written in the so called quasi-
one-dimensional approximation:

— mass conservation for the mixture

dp | 1 9Apw

or T a1 0. 0 (3.1)

— momentum conservation lor the mixture

du 1 dw?  109p Tow
Tow> 10 _ 7w 3.2
a * 2 Uz * poz P 9 (3.2)

— internal energy conservation for the mixture

dpu 1 dpwuldl P owed

. — = Tl 33
or T A o: T Ao " (33)
— vapour production

dr R

—_ J— = — 31

o1 o Jz n (3-4)

Left-hand sides of these cquations contain independent variables which de-
scribe the state of the two-phase mixture and constitute the state vector con-
sisting of the velocity w. the pressure p, multiple of the density and the
internal energy pu. and the nonequilibrium drvness fraction x. On the right-
hand side we have source terus and external interactions forces. They are as
follows: the [riction lorce 7. the gravity force ¢ and the volumetric vapour
source [,.

The equilibrium dryness fraction. which would exist in an equilibrium mi-
xture of dry saturated vapour and boiling water at the same pressure and
enthalpy, will be denoted by T. It can be calculated from the caloric or ther-
mal cquation of state written for the mixture being in the thermodynamic
equilibrium

h —hy

T )
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or, equivalently
vy

T=— (3.6)
I
where the specific enthalpies and the specific volumes are taken from the
vapour-pressure line and are functions of the pressure only.

A complete description of the (low requires closures in the form of consti-
tutive equations for the fluxes which appear in the conservation equations. In
our case there are four equations:

— thermal equation of state

v=ar, (1= )y (3.7)

where the specilic volune of the vapouris taken from the vapour-pressure line
vy = vyl p). and the specific volume of the liquid is calculated in the metastable
region o = v p,Ty);

— caloric equation of state

h=ah, 4 {1 —a)y (3.8)

where the specific enthalpy of the vapour is taken from the vapour-pressure line
of saturation /i, = h,(p). and the specilic enthalpy of the liquid is calculated in
the metastable vegion /iy = Ny(p, T1). These functions have been calculated on
the basis of thermodynamic functions for water and vapour in the metastable
region (cl Nardas and Bilicki (1991)):

— wall shear stress equation

r= e (3.9)
— rate equation
% o (3.10)

4. Closure equations
4.1. Friction force

The riction pressure drop in a single-phase part of the flow may be calcu-
lated from the classical formula

t

T = %.//ﬂl‘lwl (4.1)
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where
¢ - channel perimeter
A — cross-section area
f — friction factor dependent on the Reynolds number.

This formula describes the [riction force in a single-phase flow. Due to the
appearance ol vapour bubbles at the wall of the channel, it can be expected
that the flow resistance will increase. So will the pressure drop. In this case,
the correction factor dependent on the amount of the vapour in the mixture
has to be introduced into Eq (:1.1), what can be written as follows

T, = b1 (4.2)
where
e — [rictional pressure drop of the two-phase mixture
T — frictional pressurc drop for the lignid flow
$ — two-phase factor.

The simplest two-phase multiplier @ is evalnated from the Lockhart-
Martinelli correlation modified by Richardson (1958)

PP = (1 —a) b (4.3)

4.2. Relaxation cquation

The rate of production of the vapour phase in the nonequilibrium rela-
xation model is deseribed by the evolution equation (cf Bilicki and Kestin
(1990))

AR O (4.4)

ot Jz f
This equation expresses the inertia of mass exchange and describes some delay
caused by a [inite rate at which this process takes place. If the rate was
infinite then under soine flow conditions the equilibrium would be reached
immediately, without any delay. The difference between the equilibrium and
nonequilibrium dryness fraction is a measure of departure from the equilibrium
state and constitutes the drag force driving the system to this state. The bigger
this difference, the more intensive evaporation. When the dryness fraction
reaches its equilibrium value, the mass exchange vanishes and the vapour
production stops. The relaxation time dcnoted here by 8 is the time during
which the system reaches its equilibrium state.
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This simple relaxation equation, being only a linear approximation of the
function I3, has turned out to be efficient in describing very complicated
processes of generation of the vapour phase. It describes the creation of new
vapour bubbles of some critical radius and growth of the bubbles created
earlier. This rate cquation contains both homogeneous and heterogeneous
nucleation, which depends not only on the flow parameters but also on the
state of the fluid and the state of walls. Tt has been known for years and was
used by Mandelstam and Leontovich (1937), however Bauer et al. (1976) were
among the first to have made usc of it in the context of two-phase flow (in
1976).

Serious difficultics are encountered while trying to evaluate the relaxation
time in Eq (4.4). Ior this reason an empirical correlations are built on the
basis of experimental data to enable the numerical calculations. However,
due to their empirical nature, the scope of their application is confined to the
conditions appropriate for these experiments. Two correlations were {found
on the basis of the Moby Dick experiment. One of them was formulated by
Bauer et al. (1976) and il provides a relation between the local value of the
relaxation time and the parameters describing the thermodynamic state of the
mixture (pressure p and void fraction a) as well as the dynamic state of the
flow (velocity w). The formula was given as

0 = 660]7_0'505'113_]'89{1_0'954 (45)

where the units of pressure and velocity arc [Pa] and [m/s], respectively.

The second correlation was given by Downar-Zapolski et al. (1996). Using
the least square method he approximated the experimental data and obtained
the following formula

§ = B0 1T (4.6)
where 0y = 3.84 1077 has the dimension ol time in seconds and
a — void fraction
@ — nondimensional pressure differenee calculated as follows
ps(Tin) = p
Pe — I)S(Tin)
where
P - actual pressure of the mixture
ps(Tin) — saturation pressuve corresponding to the inlet tempera-
ture

Pe — critical pressure, p. = 218.2bar.
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5. Difference scheme

Unsteady two-phase flows can be computed by means of finite-volume sche-
mes on grids with staggered nodes. The mass and energy equations are dif-
ferenced over the same nodes, whereas the momentum equation is differenced
over displaced nodes. This forms a staggered spatial difference scheme used
by many other investigators {or solving multi-phase problems. The index J
refers to the scalar variables like: pressure p, density p, internal encrgy u
and dryness fraction z. The velocity vector w is calculated on the boundaries
of the cells and the related index is the odd multiple of 1/2.

The method used in this paper is a method of balancing the mass, momen-
tum and energy within the mesh cells, see Kardas (1994). To ensure stability
of the solution. the balance cquations are written in the conservative form
with the state vector given as o = [p.w.pu.2]. The difference equations
are supplemented with an additional relationship which adds stability to the
scheme

- ;
Jv12 = %(.f./ + Jivr + ‘w*']_ﬂ/.—ﬂ(fj - fj+))> (5.1)
iti/2
While building the numerical scheme, we were driven by the principle of li-
nearity of the scheme with respect to the variables at time step n + 1. The
numerical scheme obtained in this way is semi-explicit with no iteration pro-
cess required.,

6. Results

The numerical scheme described above was employed to deal with the sy-
stem of partial differential equations describing the {low under consideration.
An unsteady problem with initial-boundary conditions was solved and the fi-
nal results of our calculations are steady-state profiles of the flow parameters.
The calculations were carried out until a constant value of the mass [low rate
was reached. Tt made us sure that the flow of the two-phase mixture attained
a steady-state velocity and density — an indication of the end of vapour pro-
duction. In every case stable conditions were reached after some 1.5s, bearing
in mind that the required pressure drop at the outlet boundary, taken from
the experiment, was obtained after 0.2s. Initially, the pressure in the entire
channel was equal, the velocity and dryness [raction were assumed zero. Then
the pressure at the outlet boundary was decreased to the required value. At
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the same time the inlet pressure was kept constant and equal to the initial
value. The initial pressure was set according Lo the value of pressure at the
inlet recorded in the experiment. The obtained pressure profiles along the
channel were compared with experimeuntal results.

The calculations were made out for runs 100, 401 and 402 in which the
onset of evaporation was located close to the throat. A constant value of
the friction factor [ = 0.008 was assumed. This value is in common use
for two-phase flow calculations. In order to estimate the relaxation time the
correlation (4.6) put forward by Zapolski was used (cf Downar-Zapolski et al.
(1996)). It has turned out that for each run. much lower mass flow rates are
obtained, compared to the experiment. Additionally, they are substantially
different for differeunt runs although they were almost equal in the experiment.
Also Bauer’s correlation (4.5) failed to vield accurate results. On the one
hand, it gives better mass flow rates for [ = 0.008. On the other hand,
the profiles of pressure and void [raction do not agree with experiment at all.
Fig.4 and Fig.5 show a comparison between the calculated and experimental
results. It is clearly seen that not only the mass flow rate at the inlet but also
the pressure and void [raction profiles are lar rom the experimental values.

175000
P [Pa] - T
170000 Run 401
B cxperimental points
—— Bauer correlation
165000 Zapolski correlation
160000}
155000}
150000}
145000}
140000
135000+
130000 S| —1 1 — 1 — 1 1 A
0.1 0.2 0.3 0.4 > [m] 0.5

Iig. 4. Experimental pressure profile for ran 401 (G.pp = 6465 kg/mgs) and
theoretical profiles calculated with Zapolski's correlation (Geare = 2757 kg/m?s) and
Bauer’s correlation (G = 4897 kg/m?s) for friction factor f = 0.008
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Fig. 5. Experimental void fraction profile for run 401 (G, = 6465kg/m?) and
theoretical profiles calculated with Zapolski's correlation (Geqre = 2757 kg/m?s) and
Bauer’s correlation ((7.q. = 4897 kg/m?s) for friction factor f = 0.008

An attempt to apply the correlations of Chen (1979) and Woods, see Ri-
chardson (1958) to cstimation of the {riction factor was also made. These
correlations predict similar values [ = 0.008 and the mass flow rate, pressure
and void [raction proliles as earlier. In order to achieve a good agreement
with the experitent, it is ncecessary to sclect an appropriate constant friction
factor, different for every run. Examples of sucl calculations are shown in
Fig.6 =+ I'ig.11, where the throat is marked by a vertical line. These figures
show not only qualitative but also quantitative agreement of the numerical
calculations with the experimental data. A very good agreement as far as
the void fraction profiles attests that the relaxation equation describes well
the process of nonequilibrinin production of the vapour and that Zapolski’s
correlation was worked out correctly.

Pressure profiles in the scction of the channel of constant area where the
flow is still single-phase almost ideally coincide with the experimental points.
This suggests also that the [riction factor has been appropriately selected.
The biggest differences are observed near the throat, where the numerically
calculated pressure is alwavs lower than the experimental one. It is probably
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F1g. 7. Theoretical and experimental void [raction profiles for run 400. Zapolski’s
correlation, G.pp = 6526kg/m%, Goq = 6529kg/m?s, f =0.00015
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Fig. 8. Theoretical and experimental pressure profiles for run 401. Zapolski’s
correlation, Ge.p = 6165kg/m?s, (i.q.- = 6510kg/m?s, f =0.0005
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Fig. 9. Theoretical and experimental void {raction profiles for run 401. Zapolski’s
correlation, Ge,p = 6465kg/m%s, Geqe = 6510kg/m?s, f = 0.0005



NUMERICAL CALCULATIONS OF THE MOBY DICK EXPERIMENT... 225

170000
p [Pa] Run 402
165000 B experimental points
—— numerical calculations
160000
155000
150000
L 1 ]|
k-_\.q—.__‘q
[

145000
140000 1 L 1 f 1 L L o

0.0 0.1 0.2 0.3 04 2 [m) 0.5

Fig. 10. Theoretical and experimental pressure profiles for run 402. Zapolski’s
correlation, Gepp = 6496kg/m®s, G.u. = 6429kg/m?, f = 0.00024
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Fig. 11. Theoretical and experimental void [raction profiles lor run 402. Zapolski’s
correlation, Gepp = 6496kg/m®, Gow. = 6429kg/m®. f = 0.00024
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caused by vapour overproduction leading to an excessive amount of the vapour
in the throat.

Moreover, the throat is a place of rapid change of the cross-section area
and the largest inlluence of two-dimensional elTects can be expected there.
Understandably, the best agreement is observed at the inlet and at the outlet
as a result of appropriately imposed boundary conditions taken from measu-
rements.

Unexplained are the dilferences in values of the friction factor. The nu-
merically selected friction factors were found to change with every run and
be different from values given in the literature. All tested correlations predic-
ted the minimum value of friction factor as f = 0.008. However, as shown
in Fig.4, this value is too large for unsteady calculations and pressure drops
are substantially larger than those reported by Reocreux. As a result, strong
choking of the flow is obtained and the discrepancies in the mass flow rate
reach 25 <+ 55%, accordiug to the used correlation for the relaxation time.
The numerically obtained values of the friction factor are substantially lower.
A constant and very small friction factor gives better results than that depen-
dent on the flow velocity, although the latter being widely recognised in the
literature. Similar results were obtained by the authors of TRAC (cf Saha et
al. (1982)), where {riction factors also turned out to be too large. It ensued
increased flow resistance and decreased mass flow rates at the inlet.

Such substantial dilferences may be caused by different character of the
numerical experiment solving unsteady flow problems, opposed to the surely
steady-state nature of real experiments. In order to explain this problem,
time-evolution of basic flow parameters is drawn i Fig.12 + Fig.14. They
are the pressure and void [raction at the throat and the mass flow rate at the
inlet. The pressure and void fraction curves, being calculated with the help
of Zapolski’s correlation. have clear extrema observed at the same instant,
0.25s after the calculations began. The pressure drop at the outlet boundary
is obtained after 0.2s, so these times are near cqual. The maximum pressure
agrees with the minimum void fraction, what can be explained by the fact that
low pressures resulting in small relaxation times give rise to rapid evaporation
and increase in the void fraction. The pressure recovery that follows causes
vapour condensation and stabilisation of the vapour amount on an appropriate
level. So, most likely, it is rapid creation of the vapour that causes choking of
the flow. Curves like those in [Mig.12 + [ig.14 can be obtained in the entire
channel, attesting that we deal not only with evaporation but also with local
condensation in time. Rapidly created vapour enters the part of the channel
of constant cross-section area and causes stronger choking of the flow than in
the case of pure water.
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Fig. 12. Time-evolution of the pressure for run 402 calculated with the help of
Zapolski's and Bauer’s correlations
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Fig. 13. Time-evolution of the void fraction for run 102 calculated with the help of
Zapolski's and Bauer’s correlations
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Fig. 14. Time-evolution of the mass flux lor run 402 calculated with the help of
Zapolski's and Bauer’s correlations

I'or the sake of comparison. the profiles calculated with the help of Bauer’s
correlation are also shown. [t is clearly scen that this correlation leads to a
qualitatively different picture of the vapour production. The time-evolution
of the void fraction does not have an extremum and therc is no rapid evapo-
ration and later condensation so characteristic for Zapolski’s correlation, This
is a result of taking into account the flow velocity in negative power which
considerably increases the relaxation tinte at the initial stage of the low when
the flow velocities are still low. The minimum pressure is reached after some
0.2s and until this instant the flow velocity is lower than 1m/s.

This fact is proved by another numerical experiment performed for the
same channel, in which identical pressure differences between the inlet and the
outlet were assumed and the inlet pressure was changed, keeping the tempe-
rature constant. As a result, the vapour-pressure line was reached at different
parts of the channel and the location ol the flash point was displaced. The
same friction factor and correlation for the relaxation time were used in all
runs. The results of this numerical experiment. are collected in Table 2 and

shown in I'ig.15 and Fig.16.
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Fig. 15. Void fraction profiles calculated for different locations of the flash point;
values of Lhe parameter (;, for respective curves are given in Table 2
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Table 2
No. [ Py, [bar] | P [bar] | AP [har] | T [°C] | Gin [keg/m?s]
1] 1740 1.268 0472 | 116 2208
2 | 1.83 1.359 0472 | 116 4800
3 | 1.928 1456 0472 | 116 6466
4| 2170 1.698 0472 | 116 6741
|5 | 3552 3.080 0472 | 116 | 11114

It is seen that the flow velocity at the inlet clearly depends on the location
of the flash point. The more upstream the vapour appears in the channel,
the lower is the flow velocity at the inlet. assuming still the same pressure
difference. So, the possible reason of increased flow chokiug is overintensive
generation ol the vapour and its slow condensation downstream. Therefore, in
order to achieve a higher flow velocity at the inlet, the friction factor should
be decreased.

It is certain that the relaxation equation is entirely responsible for the
production of the vapour in our model. But Lhis equation employs an empirical
correlation selected for steady flows. The flow velocity is not included in
Zapolski’s correlation and for low velocities it results in low values of the
relaxation time and overproduction of the vapour. Finally, we obtain good
results for the pressure and void fraction provided that the flow velocity is
controlled by the friction factor. Qur considerations are confirmed also by
calcutations perforued with the help of Bauer’s correlation which accounts
for the flow velocity (see [ig.13 aud Fig.11). As a result of using Bauer’s
correlation. we obtain large values of the relaxation time at low velocities and
condensation is not observed. Tlowever. this correlation is far from perfect
since in the steady state it underestimates the amount of the produced vapour.

7. Conclusions

Our calculations have proved that the nonequilibrium relaxation model de-
scribes well critical lows of two-phase liquid-vapour mixtures. Experimentally
proved thermodynamic nonequilibrium which manifests itsell by a metastable
state of the liquid considerably influences the process of vapour generation.
The production of the vapour is modelled by means of the relaxation-type
evolution equation. Although the equation is very simiple in its form and de-
scribes only one of the possible mechaunisms of mass exchange, it represents
well a complicated process of creation of the new phase. Nevertheless, an
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exact value of the relaxation time is required to achieve good agreement with
the experiment. The relaxation time is a characteristic time for the process of
mass exchange and it conditions the intensity of this process in our model.

The homogeneous relaxation wodel tiras out to be very sensitive to the
local value of the relaxation time which may change from 1s to 0.01s. The
correlations for the relaxation time worked out for steady flows fail when
applied to non-steady calculations. An agreement with the experiment hinges
then not only on the relaxation time but also on the friction factor, which is
a free parameter of the model. Choosing an appropriate correlation for the
relaxation time and finding numerically a suitable friction factor vield not only
qualitative but even good quantitative agreement of the calculations with the
experiment. Such agrecment has been obtained during calculations made for
several runs of the Moby Dick experiment, which is a classical measurement
of the critical liquid-vapour flows,

To sum up. the nonequilibrium relaxation model supplemented with cor-
rect constitutive equations and empirical factors describes well two-phase flows
in pipes and nozzles.
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Numeryczne obliczenia cksperymentu Moby Dick z uzyciem
nicréwnowagowego modcelu relaksacyjnego

Streszczenie

W pracy przedstawiono numeryczne obliczenia eksperymentu Moby Dick
z uzyciem nieréwnowagowego modelu refaksacvinego. Do obliczenn uzyto programu
rozwiazujacego zagadnicnie przeplywu nicstacjonarnego. Zbadano wplyw zastosowa-
nych korelacji na czas velaksacji na przebieg produkejt pary oraz przedyskutowano
problem doboru wspolezynnika tarcia dla przeplywéw dwufazowych. Wyniki obliczen
numerycznych pordwnano z przebiegami doswiadczalnymii na te] podstawie oceniono
przydatnos¢ omawianego modelu do opisu krytyeznyeh przeplywéw wody 1 pary.

Manuscripl received October 30. 1996: accepled for print November 29, 1996



