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Abstract

Concentration fields of water vapour, water droplet and air are presented from numerical simulation
results of a turbulent water vapour jet discharged into ambient air, resulting in a two-phase (liquid and
vapour), two-fluid (air and water) condensing free jet. Calculations were made with a computational fluid
dynamics (CFD) code. Axial and radial concentration values from CFD simulations, are reported and
compared with experimental measurements using an isokinetic sampling probe. Centreline decay rates were
calculated for this condensing jet and compared with data from the literature. CFD results were very close
to experimental measurements, and condensation effects on concentration distributions were found to be
negligible. In the design and operation of industrial plants it is necessary to ensure the safety of the plant
against possible effects caused by various types of jet flow arising from pipe breaks. The present results will
be helpful in predicting the environmental effects of such jets.

Key Words: Fluid Jet, Two-Phase Flow, Computational Fluid Dynamics (CFD), Condensation, Concen-
tration.

Yogusan bir Su Buhari Jetinin Konsantrasyon Dagiliminin
Sayisal Simiilasyonu ve Deneysel Verilerle Karsilagtirilmasi

Ozet

Yogusan ¢ift fazli (sivi ve gaz), ¢ift akiskanli (hava ve su) bir serbest jet haline doniisen, hava or-
tamina verilen tiirbiilansli su buhari jetinin su buhari, su damlaciklar1 ve hava konsantrasyon dagilimlari
sayisal simiilasyon sonuglarindan sunulmustur. Hesaplamalar bir sayisal akigkanlar dinamigi (SAD) kodu
kullamlarak gerceklestirildi. SAD simiilasyonlarindan elde edilen eksenel ve radyal konsantrasyon degerleri
sunulmusg ve izokinetik 6rnekleme probu kullanilarak elde edilen deneysel degerlerle kargilagtirilmigtir. Bu
yogusan jet i¢in eksenel dagilim degerleri hesaplanmig ve literatiirde bulunan sonuglarla karsilagtirilmigtir.
SAD sonuglar1 deneysel olgiimlere ¢ok yakin ve yogusmanin konsantrasyon dagilimlari iizerine etkisi ih-
mal edilebilecek seviyede bulunmustur. Endiistriyel tesislerin tasariminda ve igletilmesinde tesisin boru
catlamalarindan kaynaklanan degisik tipdeki jet akiglarimin sebeb olabilecegi etkilere kargi giivenliginin
saglanmas1 garttir. Bu aragtirma sonuglari s6z konusu jetlerin gevresel etkilerinin tahmininde yardimci
olacaktur.

Anahtar Sozciikler: Akigkan Jeti, Cift Fazli Akig, Sayisal Akigkanlar Dinamigi (SAD), Yogusma, Kon-
santrasyon.
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1. Introduction

In addition to numerous industrial applications (e.g.
high pressure, high temperature steam pipe breaks),
jet flows in which the density varies due to exchanges
of heat and/or mass are also important from a funda-
mental viewpoint. The mixing behaviour of various
jet flows has been the subject of a great deal of re-
search. Any number of text books can be consulted
for discussions and theoretical background (see e.g.
Abramovich 1963, Rajaratnam 1976, Chen and Rodi
1980 for reviews). However, mixing characteristics
like concentration fields and entrainment rates have
been reported mostly for non-condensing gas jets
such as air-to-air jets and other ideal gas jets.

In the literature, the self-preserving behaviour
of constant-density jets in the fully developed re-
gion is generally accepted. Several investigations
have been made on variable density jets to show
similar self-preserving states in the fully developed
flow region. Global density ratio (R,) effects on
the self-preservation behaviour of axisymmetric tur-
bulent jets have been investigated by Pitts (1991)
and Richards and Pitts (1993). Pitts (1991) used
Rayleigh light scattering to determine time averaged
concentration along the centreline of jets with dif-
ferent properties in the fully developed region of the
jet. Density ratios of 0.14 to 5.11 were used. They re-
ported that the behaviour of axisymmetric turbulent
jets of different global density ratios were predicted
well by a similarity analysis appropriate for constant
density jets. They also reported that the position
of the virtual origin was strongly dependant on the
global density ratio. This work was extended by
Richards and Pitts (1993) who studied the effects of
initial conditions with initial density differences im-
posed by using helium, methane and propane. They
tested the hypothesis that all axisymmetric turbu-
lent free jets become asymptotically independent of
the source conditions and may be described by classi-
cal similarity analysis. By referring to previous find-
ings concerning variable density jet investigations,
they concluded that there were exist conflicting re-
sults regarding the achievement of an asymptotic
state by variable density jets. However, from their
own experimental study they state very clearly that
in the fully developed region axisymmetric turbulent
free jets decay at the same rate, spread at the same
half-angle, and both the mean and r.m.s. mass frac-
tion values collapse in a form consistent with full
self-preservation, regardless of the initial conditions.
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A wide variety of papers can be found on the
effects of density variations on the structure of low-
speed turbulent flows, which was the focus of the
Euromech 237 Colloquium (Marseille 1988). For in-
stance, Green and Whitelaw (1988) used a combi-
nation of laser-Doppler anemometry, laser-Rayleigh
scattering and hot-wire anemometry to determine
the velocity and concentration characteristics of
Freon-12, helium and air jets into still air. The
reader is referred to the proceedings of this collo-
quium for more details. The concentration field of
turbulent jets has also been reported by many other
researchers. Results from the present study are com-
pared with the data reported by Hinze and van der
Hegge Zijnen (1949), Becker et al. (1967), Birch et
al. (1978), Grandmaison et al. (1982) Pitts (1991a),
Richards and Pitts (1993) and Bagkaya et al. (1998).

Condensing jets have not attracted as much at-
tention as non-condensing jets. Several Soviet re-
searchers have made investigations into condensing
jets. Most of this work was published in Russian.
However, there are a few translations available which
compile most of these studies. Vatazhin et al. (1984)
investigated turbulent jets in the presence of con-
densation consisting of a gaseous phase (air and wa-
ter vapour) and a condensed disperse phase (water
droplets). They analyzed the possibility of control-
ling the condensation process by introducing foreign
particles into the flow. They made axial temperature
measurements using a Chromel-Alumel thermocou-
ple, under varying initial jet temperatures. They
compared these profiles with those calculated for the
case of a non-condensing jet to show the sharp tran-
sition into the condensation region. In a later study,
Vatazhin et al. (1985) performed the same measure-
ments on jets with a greater variation of discharge
and ambient conditions. Strum and Toor (1992) ex-
amined condensing turbulent fog jets generated by
issuing saturated water vapour-air mixtures at 63
and 85°C into a room at ambient temperature and
relative humidity. Temperature increase due to con-
densation in the region of fog formation, the spatial
distribution of the maximum condensation driving
force, and the observed increase in temperature fluc-
tuations in the fog jet over a dry jet are the three
aspects they focused on.

The results presented in this paper are part of a
much more comprehensive study on steam jets with
different properties operated under various condi-
tions as reported by Bagkaya et al. (1995, 1997,
1998). However, the CFD simulations were con-
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centrated only on one case. The properties of
the simulated jet were as follows: supply pres-
sure Py=143kPa, supply temperature To=110°C,
nozzle exit to ambient density ratio pe/pams=0.53,
Reynolds number Rep = 2.3 x 10° and steam supply
mass flow rate m=23.21 g/s.

2. Experimental Apparatus

The main part of the experimental rig consisted of a
saturated steam supply, a 15 kW superheater, a servo
valve and pressure gauge for controlling the supply
pressure, a smoothly contoured contraction nozzle

Tamb

Virtual Potential Core

Origin

(according to BS1042) with a 12mm exit diameter,
an orifice plate (according to BS1042) with a differ-
ential pressure transducer for mass flow rate mea-
surements, an extraction fan and ducting for the re-
moval of discharged steam from experimental enclo-
sure and finally an isokinetic sampling probe and col-
lection apparatus. A special purpose isokinetic sam-
pling probe was designed and manufactured. Further
details are given by Bagkaya et al. (1995, 1998). A
schematic drawing of the steam jet and the nozzle is
given in Fig. 1 with various definitions necessary for
the analysis undertaken.
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Figure 1. Schematic drawing of nozzle and steam jet flow field with definitions.

3. Theoretical Basis

The water vapour (steam) jet investigated dis-
charges into the atmosphere as a one-component,
single-phase fluid (steam). However, the flow goes
through a phase-change and mixes with another one-
component, single-phase fluid (air) and hence, it has
different constituents at different locations (e.g. just
steam in the core region). Mass fractions of the
components of the jet vary throughout the jet. In
the present simulations the steam jet and neces-
sary boundary conditions were chosen in a simpli-
fied form. It was assumed that the steam leaving
the nozzle was wet with inlet boundary conditions
calculated from wet-equilibrium expansion. Phase
changes were ignored in the mixing of the wet steam
with the surrounding air. Hence, the theoretical ap-

proach taken to solve the steam jet flow was based
upon the assumption that the steam-droplet-air mix-
ture is locally homogeneous (mechanical and thermo-
dynamic equilibrium). The resulting governing equa-
tions were solved using the commercial CFD code
PHOENICS.

3.1. Mixture Properties

At any location in the jet, the air, water vapour and
water droplet parts of the jet were assumed to be
fully dispersed in each other and have a common ve-
locity. All components were assumed to have a com-
mon pressure and temperature, with different partial
conditions. The static pressure, stagnation temper-
ature, velocities and mass fractions were solved in
PHOENICS using the governing equations. How-
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ever, properties such as density, specific heat and
specific gas constant were calculated using additional
user-generated coding sequences which were intro-
duced into PHOENICS by the author. This was
done according to the values for the mass fractions
in order for the flow to be treated as though it were
a single phase flow. The equations for the mixture
properties specific heat cpmse, specific gas constant
R.i and density ppmq. are given below.

Cpmw: = acpam‘ + ﬁcpvap + wcpdrop (1)

Rpiz = aRgir + (ﬁ +w)Ru,0 (2)
Ptot

pp— 3

Pmix RoinT ( )

where the air («), water vapour (8) and water
droplet (w) mass fractions are defined as:

Mair Myap Mdrop
a = s = ,w =

Mmix Mmix Mmix
at+f+w=1 (4)

In the above equations ’air’ denotes air, 'vap’ de-
notes water vapour, 'drop’ denotes water droplets,
"HyO’ the total water content and 'm’ is the mass
flow rate. By taking into account the properties of
the simulated jet in terms of pressure and tempera-
ture variations throughout the solution domain, an

assumption of constant properties was made for the
jet components as follows: cpqir =1005 J/kg K, cpyap
=1900 J/kg K, cparop =4200 J/kg K, Rgir =287.1
J/kg K and Rp,0=461.5 J/kg K.

4. Numerical Procedure

Details about the PHOENICS code are well docu-
mented in the literature. PHOENICS has been used
for many jet simulations, see e.g. Malin (1988) and
Adair et al. (1992). These publications should be
consulted for numerical algorithms and other gen-
eral procedures.

In the present study interpolations were made us-
ing the upwind-interpolation scheme together with
slabwise iteration cycles in the main flow direction
(z-coordinate). A conventional staggered-grid ar-
rangement was employed for the discretization of the
momentum equations (Patankar, 1980). The overall
procedure has been described in detail by Spalding
(1991). The simulations were made with an elliptic
solver. The computations were for two-dimensions
(axial [z] and transverse [r]) using polar coordinates
and an axis of symmetry. Fig. 2 shows the grid dis-
tribution in the r-z plane. The number of cells is 50
in both coordinate directions. The physical size in
the z-direction is 756mm (L), and in the r-coordinate
it is 206mm.

Jet discharge location

Figure 2 Grid structure of the computational domain.

Very fine grids were used near the nozzle exit and
the jet centreline by applying grid power options.
The grid dependence was checked (see Fig. 3a), and
the solutions were obtained for 50x50 cells. False
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time step relaxation was used for all the solved vari-
ables except pressure, for which linear relaxation was
used to obtain more rapid convergence (Patankar
1980, Spalding 1991).
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The boundary conditions of the simulated steam
jet were as follows. At the centreline (r=0):

ow oT om

A e 5
or " Or ’ ’ (5)

for all values of z. Here w is the axial velocity, T
the temperature and m is the mass flow rate. At the
edge of the mixing region (r = 00):

limyoow(z,7) = 0,limy—ooT(2,7) = Tamb,

limy—oom(2z, 1) =Mgir, limy— oo P(2,7)=Pams (6)

At the nozzle exit from experimental conditions (z =
0,r < D/2):

m = Myap +mdrop;T:TO;w:we (7)

At the far end of the solution domain (z=L):

lim, oo T(2,7) = Tamp, limz—cem(z,7) = Mair,
limz_@oP(Z, T) = Pamb (8)

The key assumptions/simplifications were that
the mixture is dilute and the molecular diffusivity
is negligible compared with the turbulent diffusiv-
ity. The diffusivities for heat, water vapour, wa-
ter droplets and air are identical. This assump-
tion of equal diffusivities is equivalent to saying that
their rates of spread are identical, or that the turbu-
lent Lewis number is 1.0. Another key assumption
was that the velocities of all constituents of the jet
medium are equal. These assumptions have been
made, confirmed and applied by many researchers
in the literature, see e.g. Strum and Toor (1992),
Vatazhin et al. (1985).

At the inlet the mass input was specified using
the jet velocity and density corresponding to values
obtained from experimental measurements. Mass
fractions for water vapour and water droplets were
defined as the steam inlet boundary condition, ob-
tained from wet equilibrium expansion calculations
for the nozzle. For the energy equation the stag-
nation temperature of the jet was defined. The
Reynolds number was specified for the calculation
of the laminar kinematic viscosity as

_ peweD

ReD (9)

e

where the density p., the viscosity p., and the ve-
locity w, are all values for the nozzle exit and D is

the nozzle exit diameter. The k-¢ turbulence model
was used, where the inlet turbulence kinetic energy
was estimated using

k = 0.0001(w,)? (10)
The inlet dissipation rate was estimated using
£ =0.1643k*°/ L, (11)

where L. is the characteristic length at the inlet es-
timated from

L. =0.035D (12)

5. Simulation Results

Grid dependency checks of the simulation results and
the check of dependence of convergence on the num-
ber of sweeps used in the solution procedure are im-
portant before attempting a final solution. Fig. 3a
shows the dependence of the centreline decay of tem-
perature on the number of cells used in the computa-
tional domain. The 30x30 solutions are insufficient
as there is an obvious difference between them and
the other solutions, especially in the prediction of
the core length. The differences between the 50x50
and 70x70 cell number solutions are very small and
hence using 50x50 cells was considered to be suffi-
cient for a grid independent solution.

The number of sweeps needed for a fully con-
verged solution was checked as illustrated in Fig. 3b.
After 500 sweeps the values obtained do not change
with increasing number of sweeps. Thus, the final
solutions were obtained with 50x50 cells and 500
sweeps.

The computational results of the radial distribu-
tion of air, water vapour and water droplet mass
fractions are shown next. Dimensional radial dis-
tributions of air mass fraction are given in Fig. 4a
for z/D=3 to 50 and in Fig. 4b for z2/D=20 to 50.

Radial water vapour mass fraction distributions
obtained from the numerical simulation are shown in
Fig. 5.

Radial water droplet mass fraction distributions
obtained from the computational simulation are
shown in Fig. 6.

The computational results for the radial distribu-
tions are all shown in two graphs with two different
ranges of z/D. The reason for this is that the mass
fraction values are very large near the nozzle exit
(z/D=3-10) and therefore details of the distributions
further away from the nozzle cannot be observed.
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With the second graph (z/D=20-50) it is possible
to analyze the quantitative and qualitative proper-
ties of the distributions more explicitly. From these
graphs the spread of the jet can be observed. Qual-
itatively, all radial distributions obtained from the
PHOENICS simulations show consistent and physi-
cally correct distributions. It is known that the air
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mass fraction has to increase from a certain value on
the centreline to unity at the edge of the jet. Exactly
the opposite is valid for the mass fractions of water
vapour and water droplets, which have to decrease
to zero. Obviously the sum of all the mass fractions
has to be one. All these aspects are clearly shown in
Figs 4 to 6.
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Figure 3. Dependence of the numerical solution on the (a) number of cells and (b) number of sweeps in the axial decay

of temperature and velocity, respectively.
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Figure 4. Radial air mass fraction distributions from CFD simulation: (a) z2/D=3-50, (b) z/D=20-50
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Figure 5. Radial water vapour mass fraction distributions from CFD simulation: (a) z/D=3-50, (b) z/D=20-50
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Figure 6. Radial water droplet mass fraction distributions from CFD simulation: (a) z/D=3-50, (b) z/D=20-50

6. Comparison With Experimental Mea-
surements

Radial and centreline distributions of air, water
vapour and water droplet mass fractions predicted by
PHOENICS are compared with experimental mea-
surements reported by Bagkaya et al. (1998).

Fig. Ta compares radial mass fraction distribu-
tions of air, water vapour and water droplets from
the isokinetic sampling data with results from the
predictions at z/D=20, and Fig. 7b compares val-
ues at z/D=30. The agreement between isokinetic
sampling measurements and numerical simulations
is very good, especially at z/D=30.

CFD simulation results for centreline decay of
concentration are compared with experimental data
in Fig. 8. Starting from the upstream side of the
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flow, air mass fractions increase in a monotonic man-
ner while steam mass fractions decrease continu-
ously. These variations on the axis of the jet were as
anticipated. The mass fraction of air is zero at the
nozzle exit, whereas, the mass fraction of steam is
one. Hence, mass fraction distributions for air should
drop to zero at the edge of the core region, and mass
fractions for steam should become one in the core
region. The centreline decay of air, water vapour
and water droplet mass fractions were quite accu-
rately predicted with the present computational sim-
ulation. There are some discrepancies in the vicinity
of the transitional region. The reason for this was
the high velocities near the nozzle exit which made
it impossible to reach the isokinetic sampling condi-
tion, hence, no data is available for the near field of
the jet (see Bagkaya et al., 1998).
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Figure 7. Comparison of CFD results with experimental measurements: (a) z/D=20, (b) z/D=30
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Figure 8. Comparison of centreline decay results be-
tween CFD simulation and experimental measurements

The mean concentration along the jet centreline
is expected to vary as z~! in self preserving jets. The
axial concentration decay law, which can be deduced
from similarity considerations, can be expressed as
1 Z— 20K

=Cpr
Mg Te

(13)

where M; is the steam (water vapour + water
droplet) mass fraction, Cpgr is the centreline de-
cay rate, zg,x is the kinematic virtual origin and
re is the effective radius. The effective radius con-
cept was introduced by Thring and Newby (1953) as

re=r¢(pe/Pamp)'’? to account for density differences

between the jet and ambient fluids. The radius 7.
corresponds physically to the radius of a nozzle for
a jet having the same momentum and mass fluxes
as the jet under consideration, but with a density
pa instead of p.. However, there are reports in the
literature (see e.g. Chassaing et al. 1994) that by
using the effective radius density effects are reduced
but not completely suppressed.

The inverse centreline decay distributions for
steam mass fraction are compared in Fig. 9. As
can be seen in the graph, the inverse centreline de-
cay from the experiments and CFD simulations are
nearly the same. The difference is very small if ex-
perimental uncertainties and inaccuracies in the nu-
merical solution procedure are assessed.
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Figure 9. Comparison of inverse centreline decay for
steam mass fraction, CFD and experiment.

Table 1. Centreline decay rates reported in the literature compared with present results.

First author, date Passive scalar Re Pe/ Pamb D[mm] Cpr Range, D
Hinze (1949) temperature 67000 0.91-1.09 25 0.114 8-40
Becker (1967) small particles 54000 1.0 6.4 0.0925 20-40
Birch (1978) methane 16000 0.56 12.6 0.125 20-70

Grandmaison (1982) small particles 270000 1.0 71.4 0.0923 20-40
Pitts (1991a) various gases  3950-7890 0.14-5.11 6.4 0.115-0.072 10-35
Richards (1993) various gases  4000-25000 0.138-1.552 6.4 0.106-0.104 10-60
Bagkaya (1998) water vapour 230000 0.53 12 0.074 <50
Present-CFD water vapour 230000 0.53 12 0.081 <60

Regression analysis of the data presented in Fig.
9 according to eq. 13 resulted in centreline decay
rates of Cpr=0.074 for the experimental data and
Cpr=0.081 for the CFD results. As shown in Table
1 the centreline decay rates from the present inves-
tigation are in the range of values reported by other
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researchers, i.e. 0.072 to 0.125, but slightly smaller
than the average value of Cpr=0.099 in the litera-
ture. So far it has not been explained whether this
large scatter in reported values is the result of experi-
mental uncertainties or a breakdown in the similarity
assumptions.
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7. Conclusions

The numerical simulation results of the axial decay
and radial spread of matter for an axisymmetric tur-
bulent steam jet were compared with experimental
measurements. The numerical results were in good
agreement with experimental data obtained from
isokinetic sampling measurements. From this data,
centreline decay rates were calculated and compared
with data available in the literature. The present
results are in the range of values reported in the lit-
erature. Hence, the numerical method applied with
all its simplifying assumptions can be considered to
be adequate enough for the modelling of these steam
jets, at least for jets with similar operating condi-
tions. Compared with non-condensing gas jets, con-
centration distributions were not altered due to con-
densation as much as temperature distributions, as
reported by Basgkaya et al. (1997). The outcome of
this research project can be used in computational
predictions of the environmental effects of steam jet
discharges in industrial plants due to pipe breaks.

L. Characteristic length
m Mass flow rate

My  Steam mass fraction
P Pressure

r Radial coordinate

Te Effective radius,

Te = Te(pe/pamb)l/Q

Half-width of jet
R Specific gas constant
R, Global density ratio,

R, = pe/ Pamb
R.p Reynolds number
based on D
T Temperature
w Axial velocity
Z Axial coordinate
20,k Kinematic virtual
origin

Greek Symbols

«  Mass fraction of air
Acknowledgment B Mass fraction of water vapour
e Dissipation rate of turbulence energy
The author would like to thank Dr. A. Gilchrist p Dynamic viscosity
and Prof. S. M. Fraser of the University of Strath- p  Density
clyde (U.K.) for their discussions and for the com- w  Mass fraction of water droplet
putational and experimental facilities provided.
Nomenclature Subscripts
Cp Specific heat air Air
Cpr Centreline decay rate amb Ambien.t
D Nozzle exit diameter c Centreline
k Turbulence kinetic energy drop  Water dro.plet
L Axial length of computational e Nozzle exit
domain mix  Mixture
L. Characteristic length tot  Total
m Mass flow rate vap  Water vapour
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