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MODELLING ASPECTS OF TWO PHASE FLOW

F. MAYINGER, Dr.-Ing.
Institut fur Verfahrenstechnik, T.U. Hannover, 6FR

SYNOPSIS In two phase flow scaling is much more limited to very narrowly defined physical phenomena
than in single phase fluids. For complex and combined phenomena it can be achieved rot by using di-
mensionless numbers aldne but in addition a detailed mathematical description of the physical problem
- usually in the form of a computer program - must be available. An important role plays the scaling
of the thermodynamic data of the modelling fluid. From a literature survey and from own scaling ex-

periments the conclusion can be drawn that Freon is a quite suitable modelling fluid for scaling
steam - water mixtures. However, without a theoretical description of the phenomena nondimensional
numbers for scaling two phase flow must be handled very carefully.

INTRODUCTION

The transfer of experimental results, obtained
under scaled conditions, to the reality in an
industrial plant is an old problem of engineering.
In single phase hydrodynamics and heat transfer
we have been accustomed to use scaling and mo-
delling laws for many years. Thermohydraulic
occurences are equivalent, if the velocity field,
the temperature field and the pressure field are
similar. These fields are described by the well-
known conservation laws for mass, energy and mo-
mentum from which can be derived dimensionless
numbers like the Reynolds-, the Froude-, the
Euler- or the Nusselt-number and which have to be
identical in the test and in the original con-
ditions.

Even for the simpler case of single phase flow
it is not possible to satisfy scaling laws
completely, e.g. in mixed convection either the
forced flow can be scaled with the Reynolds-
number or the buoyant induced one can be scaled.
Such restrictions become more severe - as we will
see - in two phase flows.

Dimensionless numbers for scaling can be derived
from:
- differential equations completely
describing the physical phenomenon,
~ by arranging a matrix from the exponents
of the influencing parameters and
their dimensions
- and finally simply by trial and error
putting together the variables to
dimensionless groups.

By these methods or sometimes just by intuitive
experience several dimensionless numbers were
found for two phase flow and for thermohydraulic
processes with phase chande already several years
ago. Table 1 gives some examples of them. They
are usually restricted to a single effect or a
simple phenomenon, e.g. the Weber-number to
droplet formation and the Buoyancy number to free
convection. An exception is the Martinelli-
number X, which was found by Martinelli studying
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two phase pressure drop, but which seems to have
a much more general validity.

Whereas in single phase flow only the velocity
and the temperature field have to be considered,
in two phase the density distribution - i.e. the
void fraction € or the quality % - also has to
be taken into account.

In a discussion of modelling aspects one of the
first questions is, what has to be scaled in two
phase flow. In single phase systems usually the
size of an apparatus must be scaled, i.e. the
experiments are done with small, scaled down test
objects. In two phase flow certainly there is
the question of the proportion too, but a much
more severe problem arises from the large heat
input, which is needed for two phase flow and
boiling experiments. A geometrical scaling down
is usually not possible, because the characte-
ristic, fluiddynamic, volumetric units - e.g.
bubbles - are almost independent of the. dimen-
sions of the apparatus. Therefore the main
emphasis in modelling two phase flow is to scale
the original fluid - usually water - with a
modelling fluid, which eases the experimental
problems because of lower and more convenient
parameters of pressure and temperature and nee-
ding less energy input.

THERMODYNAMIC SCALING OF THE FLUID

Compared to single phase flow the second phase
brings with it much more complication for mo-
delling aspects, especially with respect to the
thermodynamic properties of both phases, which
have to be similar in the original and in the
modelling fluid. Also the phase change behaviour
must be comparable. The very first criterion for
selecting a modelling fluid, however, is that its
thermodynamic properties should be known for the
modelling fluid as well as for the original fluid.
Besides water the thermodynamic properties of

the refrigerants (R11, R12, R113) are well re-
searched and precisely known. In addition these
fluids offer convenient experimental conditions.
Therefore they are usually used as modelling
fluids, especially to scale water.
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The first aim for achieving similarity of the
thermodynamic conditions is to ensure that the
important influencing properties are comparable.
This usually can be completely done only for one
property and very often the thermodynamic state
is selected in such a way that the density ratio
[+ /9 between liquid and vapour is the same in
the godelling and in the original fluid. This can
be a very serious restriction when other proper-
ties are as important as the density.

If there was a common equation of state for both
fluids, one could make use of the thermodynamic
theorem of corresponding states. One of the
simplest equations of state is the Van der Waals-
equation, which reduced with the critical data,
has the form

.3 )(31-1) 8L
(pc Vv; Ve Te

and contains only universal constants not re-
stricted to a certain vapour. Certainly the Van
der Waals equation allows only a very rough and
unprecise prediction of the thermodynamic proper-
ties but it gives the hint, that the critical
data p , T and v_ may be useful to get a corres-
ponding state for comparable thermal, caloric

and even transport properties (ref. 1).

(1)

In a single component system the two phases can
coexist only along the saturation line, which
means, that one thermodynamic property fixes the
whole state. So using the critical properties one
can either scale with the critical pressure

ratio p/pC

)

or with any other reduced value of temperature,
.density, viscosity and so on. Comparisons have
proved that the pressure ratio is a useful para-
meter for scaling between water and refrigerants.
'As shown in fig. 1, there is only a deviation of
.a few percent in the density ratio ¢ ./¢ of
liquid and vapor for water and R12 i% s@aled with
the critical pressure ratio, which means that in
this case scaling with p/p_ and withyl/y gives
almost the same results. ¢ g

(2)

In many hydrodynamic and heat transfer problems
the density ratio may play the most important
role but there are other problems like bubble
formation, flow pattern, flashing and so on,
where other properties like surface tension, vis-
‘cosity, thermal conductivity are the governing
thermodynamic values. A comparison of some pro-
perties scaled with the critical pressure ratio
is given in fig. 2, where data for viscosity,
thermal conductivity and surface tension for
water and Ri2 are compared.

The absolute values of these data differ conside-
rably but the R12 data can easily be transduced
to water conditions by simply multiplying with

an individual factor as demonstrated in the figure
with the dotted lines. This factoxr then has to be
taken into account in the fluid dynamic scaling,
e.g. the viscosity factor in the Reynolds-number
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Re = 7

(3)

where according to fig. 2 one gets k, = 2,15
and k_ = 0,8. In two phase flow even for this
simplé problem one therefore has two correction
factors, one for the liquid and another one for
the gaseous phase and therefore one has to de-
cide which phase is the more important one
governing the problem. For example scaling mass
flow rate in two phase flow one can primarly
only use the viscosity either of the liquid or
of the gas. For the ratio of liquid and vapor
mass flow rate an additional condition exists,
namely the guality % or the void fraction.

That means, one has to neglect the viscosity in-
fluence of one of the phases. From this example
already it can be seen that for two phase scaling
one has to subdivide into two groups of para-
meters, namely primary and secondary ones.

In transient conditions, e.g. with flashing in a
sea desalination plant or during a loss of coo-
lant accident in water cooled nuclear reactors
one must also take into account the first deri-
vatives with respect to pressure of some of the
thermodynamic properties. As demonstrated by
Belda (ref. 2) and Baker (ref. 3) these deriva-
tives alsc can be made coincident by simple mul-
tiplying factors. Fig. 2 contains examples of
two of the derived properties which play an
important role in fluid dynamic behaviour during
a loss of coolant accident.

MODELLING OF SIMPLE AND SEPARATE FLUID DYNAMIC
EFFECTS

Under simple circumstances modelling can be
successfully achieved using simple dimensionless
numbers as for the well known applications of
pressurxe drop and heat transfer in single phase
flow. For more complicated cases the dimension-
less numbers will give only approximate hydro-
dynamic and thermodynamic conditions for running
the tests and the transfer to the original con-
ditions has to me made by a detailed mathematical
description of the physical phenomena.

A simple and separxate phenomenon in two phase
flow, e.g. is the formation of flow pattern,
i,e. the distribution of the two phases in the
cross section of a channel. Quandt (ref. 4) de-
duced predictions for flow pattern from the
assumption that the forces ~ i.,e. surface tension,
buoyancy and pressure drop -~ acting on the fluid
must be responsible for the phase distribution.
From these considerations ane can derive.dimen-
sionless numbers as e.g. the Weber-number and a
dimensionless group, which is the product of the
Laplace-constant and a characteristic length,
e.g. the bubble diameter.

{4)

2
p wed . _ 6
Nannular flow = 5 Nbubbie flow = ———7

pgd

However, the method of Quandt was not very suc-
cessful in predicting the regimes of flow pattern.
For vertical flow the flow regime map by Bennett
(ref. 5) is often used. Zetzmann (ref. 6) de-
monstrated that simply by modifying the abscissa
of the Bennett-diagram with the critical pressure
ratio, the flow regime map can be generalized for
different fluids and pressures as shown in fig. 3.
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The picture is less clear in the case of the in a pressure range of 50< Py 0< 90 bar and

void fraction € and the slip ratio s = w_/w 6< pR12<10,8 bar. 2
which are closely connected with the gquality
% by 02 02
i-e _%X Pt (m/"g) - (111/1,9) (10)
S {s)

TTE X p (pt/fi’g)qg o_ (P‘/Pg)qg M

The slip ratio and through it the void fraction

are influenced by the buoyancy forces and by Fr _ Frl . )

the pressure drop in the channel, so empirical Reqzs = k Reqzs x‘o = le (m
correlations for predicting void fraction usually L 6] L M

contain the Froude-number or the Martinelli-

parameter X. But correlations with these dimen- Friedel adapts the thermodynamic state by choo-
sionless numbers do not claim general validity sing the same viscosity/density-ratio in the

for a variety of fluids. A promising step for model and in the original. Then the mass flow
generalizing the prediction of void fraction was rate in the test is fixed by the scaling factor
done by Nabizadeh (ref. 7). Starting from the k via the Reynolds-number of the liquid. Pro-
equation of Zuber and Findlay (ref. 8) ceeding so, measured data in water and in R12

fall along the same line as demonstrated in

A * . 25 -I
- X X  1-X% 11 6-q(pi-pqg) 0 fig. 5, where .the two phase multiplier is plot-
€= [Colo-+ —)+ 25 (6)
pg 0 Pg Pi m P ted versus the gquality X.

and supported by a large number of reliable MODELLING COMBINED EFFECTS
measurements he developed an empirical correla-
tion for theC -factor in Zuber-Findlay's equa- The fluid dynamic behaviour in an engineering
tion o apparatus like a boiler, a nuclear reactor or
‘, N 11n :istillation and extraction cclumns is affected
e " - ¢ y a number of phenomena very strongly combined
Co= (14- 1-:)( . -29) [1 +-1ﬁ Fr Uﬂ.(‘eg') (1—.1')—9— }7) together and usually fluid flow and heat trans-
X o Pl X fer are linked together. There is no general
rule how to treat these problems and therefore
a few exemples - namely burnout behaviour and
n=1/0,6 P-Py (8) the blowdown conditions during a loss of coo-
Pl lant accident in a nuclear reactor - shall be
discussed.
Applying his correction he gets quite good agree-
ment between correlated and measured data for There are several proposals in the literature for.
H,0, D.O, R12 .and R113 as demonstrated in fig. 4. scaling critical heat flux from measurements with
Tgis i§ already an example, in which dimension- refrigerants to water, All start from the simple
less numbers alone are not sufficient for model- thermodynamic condition that the density ratio
ling two phase flow. of liguid and vapor has to be the same in the

modelling and in the original fluid. Stevens

(ref, 12, 13) prefered a more empirical proce-
dure and made a direct comparison of the burnout.
data in R12 and water with simple scaling factors.
He postulated that in addition to the same den-
sity ratio and to the identical geometry the
guality, or the subcooling at the inlet and the
outlet of the heated channel have to be the same

A very early first step for modelling pressure
drop was done by Martinelli (ref. 9). He gave

a simple correlation between the two phase
multiplier 92 and the parameter X (see Table 1).

Ap) ¢12 Ap ¢E = f; (X) n the madel and in the original. Therefore only
Al 2ph Al Lonly the mass flow rate remains as a free variable to
(9) be adjusted in the modelled conditions.
A _ a2 Ag 2 _ .
ap = ¢g ¢9 = f2 (X) Barnett (ref. 14) used dimensionless analysis for
Al Al .
2ph g only deriving burnout scaling laws. He listed sepa-

rately all those parameters, thought to mainly
govern the physical behaviour of the phenomenon
and those, which were thought to have only minor

In a' detailed experimental and theoretical ana- X .
influence to provide primary and secondary groups.

lysis Friedel (ref. 10) starting from Baroczy's
(ref. 11) deliberations elaborated scaling rules

for two phase pressure drop. He demonstrated g' ) _ l d. pg-huqs (o] n‘1 Ah ﬂ_
that the two phase multiplier {(equation 9) is highs = F 3 Al p) h{gqs J E— P P
identical in water and in R12, if the following 9 P PS g g

dimensionless groups are equal under test and )
under original conditions. Vi PqCi 6-Cl hyg Pg- d(-Pl/Eg) (12)
' A Ch@Sex 8T8 Trdpg

The group with the ratio of the Froude~ and the
Reynolds-number contains a scaling factor k

which is a slight function of the pressure and From these groups Barnett developed several sca-
varies between 1,68 and 1,75. With good approxi- ling factors F depending which parameters one
mation a mean value of 1,7 can be taken for k chooses as primary ones. Examples of scaling

133 ©IMechE 1977



factors, elaborated and derived by Barnett, are
shown in table 2.

Bouré (ref. 15) clearly stated that a comprehen-
sive scaling of the critical heat flux is not
possible and that only a restricted similarity
of the boiling crisis phenomenon can exist. He
distinguishes - similar to Barnett - two groups
of parameters, primary parameters and secondary
ones. The latter are accomodated by correction
factors determined experimentally and applied

to the primary parameters. Doing so, he obtained
the following four dimensionless groups

N1='K1%; i No= 2A—hh:;—l

(13)

g-1
N = Ks o med

Ne = Ky 510

Y]
Ahmad (ref. 16) selected three dimensionless
groups and arranged them in the modelling para-

: ) . - o ~0,2
meter ¥ ) (rh2 d\)0,67. (m-d) 0,133. ( m-d) a
- -0 M Mg 14)
\Pl f—"J \ r V3 g__Y*_J
We Re} Reg
He expressed the critical heat flux ¢ in the form

of the modified boiling number as a function of
the modelling parameter

o - bhsy p1 L)
Ngo = ?n_gh_lg f (q’, hig * Pg’d (15)

using identical geometrical, density and quality
conditions in the test and in the original.

Hein and Kastner (ref. 17) compared measure-
ments in water and in R12 and scaled them accor-
ding to Bouré as shown in fig. 6. They found
that there is an influence of the mass flow rate
on the factor K, (see eg. 13), which can be
taken into account by a simple mass flow depen-
dent correcting function as demonstrated in

fig. 6.

The influence of the mass flow rate becomes
greater with non uniform heat flux distribution
in the heated channel, wmainly, for rod clusters
with different power input to the individual
rods. This is due to a mixing interaction bet-
ween the subchannels which are formed by the dif-
ferent rod arrays. This exchange of mass and
energy is not taken into account in the scaling
and is another example of the limitation to
achieve complete similarity in two phase flow.

The thermohydraulic behaviour becomes even more
complicated if transient conditions are conside-
red, e.g. a blowdown during a loss of coolant
accident in a reactor. However, blowdown tests
done with R12 (ref. 18) and compared with simi-
lar measurements performed with water (ref. 19)
gave the promising result that scaling is possible
if the thermohydraulic conditigns arecarefully
adapted. The blowdown occurence is too complex
to overcome the scaling problems simply by using
dimensionless numbers. One has to develop a phy-
sical conception of the thermohydraulic events
and formulate it mathematically in the form of
differential equations. Emphasis has to be given
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to imitate the very severe flashing conditions
and the resulting acceleration of the fluid,
which can be guaranteed by adapting the same lo-
cal and temporal pressure ratio. In addition
the critical (sonic) mass flow rate and diffe-
rent heat storage conditions have to be scaled.
All these problems only can be overcome by a
detailed theoretical analysis used as a basis
for scaling. This analysis has. to predict the
results of R12-tests and the water tests as
well.

There are two thermohydraulic aspects of inte-
rest during blowdown, one is the dryout-delay-
time, i.e. that time until dryout occurs, and
the other is the heat transfer in the post dry-
out condition. Starting from the constitution
equations for mass, energy and momentum, using
equations for the phase velocities derived from
pressure drop deliberations and taking into
account Hewitt's investigations (ref. 20) into
the entrainment behaviour, Belda (ref. 2) de-
veloped an analysis for modelling dryout-delay-
time which results in a differential integral
equation, describing the film thickness as a
function of time and place.

e . aAu 1.9
ah (M[u £)- M, (0,8)+ Me(l t)) Ar (pg 8,

_1,( lhl)>+A (fg(z)-dz-Ub_
) at Prhgl-Ags
Lq.1
A hlg ﬁ9) 0 (16)

In equation 16 the local and temporal values of
mass flow rate and quality in the rod cluster
have to be known from blowdown calculations,
which can be performed e.g. with the well-known
computer codes like RELAP-4 or BRUCH. For model-
ling use one can derive from equation 16, the
conservation laws and the phase velocities,
dimensionless numbers as listed in table 3.

By scaling the hydrodynamic and thermodynamic
conditions in such a way quite good agreement
between water and R12 behaviour was found as can
be seen from fig. 7, where the temporal course
of system pressure, mass flow rate, void frac-
tion and pressure drop in the heated section

- fuel element or test channel - are plotted for
water and for R12 versus the blowdown time.

This conformity, however, does not mean, that
the dryout-delay-time 'is the same in R12 and in
water, because only the hydrodynamic aspect of
the process is analogous and all the thermody-
namic details could not be scaled completely.
However, dryout-delay-time can be obtained by
calculation from equation 16, which as figure 8
demonstrates, gives good agreement between
measured and predicted values in Ri2. The compa-~
rison was done for different locations of the
break - in the hot and in the cold leg of the
primary system - for a variety of break areas
and for different heat flux densities at the
moment before the accident occurs.

Also comparisons with water experimental data at
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hand show good agreement with the theory as can
be seen from fig. 9. This encourages to draw the
conclusion that modelling on the detour of a
theoretical analysis is a promising procedure
for combined and complicated two phase flow
phenomena.

To support this a comparison between heat trans-
fer values measured in water and FREON during
blowdown are shown in fig. 10, where the scaling
was done via the well-known Nusselt-number and a
Reynolds—number modified with the quality %

Nu = 0,023 Re®® Prd*

- _rh_d s 29. e (17)
Re x [x o 8] x)]

The basic assumption idea in scaling this post-
dryout heat transfer phenomenon is that only the
vapour is cooling the heated walls directly.

The liquid in form of droplets is lowering the
temperature in the boundary layer and so having
only an indirect effect on the heat transfer. In
fig. 10 measurements done with water (ref. 19)
and R12 (ref. 21) are compared with correlations
from the literature. Keeping in mind that there
are many uncertainties arising from the measuring
technique the agreement is satisfactory.

CONCLUSIONS

There are certainly a lot of other complicated
two phase flow problems, which are of great
technical interest. One has to mention for example
the forced and free convection behaviour in a
boiler, the flow and flashing in sea water desa-
lination chambers as well as the mixing and de-
mixing effects in fluid machinery components.
Using dimensionless numbers for scaling one very
carefully has to separate the primary ones de-
termining the system behaviour and the secondary
ones which are of only minor influence.

In not too complicated cases scaling can be
achieved by empirical correlations, determined
from the most important physical laws, governing
the process. For many technical applications how-
ever, one is forced to very detailed represen-
tation of the thermohydraulic phenomena using
computer codes.

This makes it necessary to get a better under-
standing of the thermohydraulic behaviour in two
phase flow systems. A better theoretical approach
would also help to generalize experimental data
and make fuller use of the numerous experimental
results in two phase flow, which up to now have
not been correlated. So scaling is not only an
expedient to save the expense of experimental
research work it also helps in the comparison
and the generalization of measured data., For the
elaboration of modelling laws for two phase flow
more effort needs to be put into the theoretical
analysis of the processes.
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NOMENCLATURE
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area, cross section
specific heat
distribution parameter
diameter

scaling factorxr
maximum deviation
acceleration due to gravity
enthalpy

heat of vaporization
scaling factor

length

mass flow rate

mass velocity
exponent

primeter

pressure

pressure drop

heat flux

Slip ratio

time

absolute temperature
specific volume = 1/(¢
velocity

length coordinates
Martinelli parameter

dimensionless parameter, see fig.3

heat transfer coefficient
see table 2

see table 2

void fraction
friction coefficient
dynamic viscosity
temperature

heat conductivity
viscosity =n/9
density

surface tension

two phase multiplier
modelling parameter

DIMENSIONLESS GROUPS

Froude—number
Grashof-number
bubble-number
boiling-numbexr
Nusselt—-number
Prandtl-number
Reynolds-number

break

bubble

critical

critical heat flux
detachment

exit

gas

heated

inlet

liquid
evaporation
maximum

model

original

at steady state condition
saturation
subgooling

total
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L (m2]

-6
@ 9lp -p,)
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Mg
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Bu P
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Npn= fa{p-pg) -l
JJg'}DIfVW
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PQD = Wg, surface
Wt surface

jlg

Table 1: Examples for dimensionless numbers in two-phase systems
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Table 2: Scaling factors for critical heat flux according to Barnett (14)

geometry

heat flux

Ky » 4(z)-1- Pn

ot Atot -hig
«Ps . 99 +Ps.Pq . dh
Ka'p, gg Kzs Fli 1 dp
. Ps.an . Ps .oh
K22 Flia_l" Ku h|9 plﬂ
Kasé.%—'ﬁl :Eul
Mot

Ap-fy fg. ]
K.=;5;f9 o U

pressure

acceleration

mass flow rate Ks=3it Re = 'ﬂmq’_"
1
B 4

blowdown (Belda)

Table 3: Dimensionless groups for dryout delay scaling during -

|~ H,0
300 ¥
99 for R12 and H,0
200

100

%, —

Fig. 1: Density ratio o, /p'l of water and R12 as function of

reduced pressure
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