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Abstract-Turbulent
two-phase axisymmetric jets, in which the volume fraction of the secondary phase is
much less than unity, are considered. Emphasis is placed on cases in which the mass fraction of particles
is of order unity. The available experimental
measurements
are examined and it is found that physical
arguments
and dimensional
analysis lead to good correlations
of the mean fluid velocity and particle
mass flux fields in terms of the initial loading of particles. The jet may be simply described with reference
to the momentum
transfer between the phases. Two main regions exist: a near field in which essentially
no momentum
has been transferred
between the phases, and a far field in which sensibly all the
momentum
resides in the fluid phase. Exponential
and power law functions of the ratio of the mass
density of the particles to that of the suspending Huid at the jet orifice are found to co.rrelate much of the
data with the corresponding
single phase jet. A relationship
for the virtual origins of the far field in terms
of the integral invariants of the flow is derived and supported by the measurements.

NOMENCLATURE

PSY

define virtual origin of asymptotic far
field of momentum and partical mass
flux fields ;
particle diameter;
4
,1; g, h,,j, functions defined by similarity
solutions of the jet
[see equations (3.3) and (3.4)] ;
mass
How rate of particles;
%’
radial coordinates ;
r,
a, 6

ter
t *r
u,
c,,

time scale

of energetic

fluid

Greek symbols

69’
‘f,
Pa

density of the particle material;
density of the particle field;
PPIP.

Subscripts
0,

value at jet exit ;

m,

value

at jet axis.

Superscript
0,

value in corresponding

clean jet.

turbulence;

response time of a single particle ;
velocity scale of energetic turbulence ;
terminal velocity of particles;
axial coordinates ;
x,
A, B, C, E, F, K,
universal constants of
similarity solutions [see
equations (3.3))(3.5) and (3.12)];
orifice diameter;
D,
mean particle mass flux ;
G,
M,., momentum flow rate of particles plus
fluid ;
initial fluid momentum flow rate;
dimensionless particle response time
a”:;
Re
[see equation (3.1)] ;
0, jet Reynolds number (see Section 2);
particle field Schmidt number;
SC,,
time scale of jet ;
T,,
fluid mean velocity.
u,

6,

PP>
x.

fluid mean velocity half radius ;
particle mean mass flux half radius ;
kinematic viscosity of the suspending
fluid ;
density of the suspending fluid ;
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I.
A NUMBER

INTRODUCTION

of natural and industrial flows may be
considered
as two-phase
systems.
In particular,
combusting flows often contain a second condensed
phase in the form of fuel, reaction products, or both.
In such flows the turbulent mass, momentum
and
energy transfer processes between the phases may
strongly
influence
the overall efficiency
of the
combustion.
These processes are poorly understood
and there is a need for the investigation
of simpler
prototype flows which emphasise certain features of
the more complex situations. One such flow is the
two-phase
turbulent jet. This is the flow obtained
when an inert mixture of particles (or droplets if
assumed rigid) and incompressible
fluid issues from a
nozzle into an unbounded
region containing quiescent fluid.
Unlike flows with polymer additives those of mosf
concern
in this investigation
are such that the
secondary
phase may be treated
as a passive
contaminant
if its volume and mass fraction are
much less than unity. The main topics of concern in
these cases are the investigation
of the particle
velocity in relation to the suspending fluid velocity
field, and the transport of the particle mass. As the
volume and/or mass fraction of the secondary phase
increases so too does the effect of the particles on the
primary fluid flow. The particles may make signi-
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ficant contributions
to the mass, momentum
and
energy balances of the mixture, providing additional
means of storing and transferring
momentum
and
energy, apart from those already present in the
corresponding
single phase (or “clean”) flow. These
processes are not well understood, a situation which,
as noted by Owen [I], is due in part to the extensive
range of values the interacting variables may take. In
an extensive survey Hinze [2] also considered
the
numerous
modes
of
turbulent
particleefluid
interaction.
Despite
these difficulties
many authors
have
attempted to consider some aspects of the momentum and energy balances. From a linearised analysis
of the equation of motion of a single particle in a
homogeneous
isotropic flow Kuchanov and Levich
[3] concluded that the additional energy dissipation
due to the particles’
velocity lag may become
comparable
to the usual viscous dissipation
if the
ratio of the mass density of the particle cloud to that
of the suspending fluid, ~~/p, is of order unity. Owen
[I] obtained essentially the same result by considering the response of a particle having a relaxation
time t,, to a turbulent
velocity field having a
characteristic
time t,. The assumption
of local
(energy) equilibrium
led to the result that the
characteristic
velocity of the turbulence,
II, was
modified by the particles such that,
a(&JP(&J,

= 0)

- [l +&Jp]_

- [l +

2.

t, << t,

(P,lpklt*)l-1’23t* 2 t,.

(1.1)

Owen went on to discuss the two-phase jet and
argued that the force on the fluid due to the particles
resulted from the migration of the particles across
the mean rate of strain of the mean velocity field.
However, this specification of the force is incomplete
as other significant contributions
to the particles’
acceleration are present (see Melville and Bray [4]).
By using mixing length arguments Abramovich
and
Girshovich
[5] arrived at an averaged
Schmidt
number for particle transport
dependent
on the
relative particle mass concentration,
pP/p.
While studies such as these present convincing
arguments
for the importance
of a number
of
parameters, in particular (p,/p) and (t.Jt,) they are
fragmentary, offering little grasp of the development
of the gross features of the development
of the twophase jet. Experience in fluid mechanics has shown
that dimensional
analysis, correlation
of data and
simple physical arguments
are often useful precursors of more detailed studies. In this work we
have followed this course in examining the experimental measurements
of the two-phase jet. We are
primarily concerned with flows in which the particle
mass fraction is significant.
2. THE

EXPERIMENTAL

MEASUREMENTS

The principal
parameters
of the experiments
reported in the literature are summarised in Table 1.

The particle loading x0 = pPO/p is the ratio of the
mass density of the particle cloud at the nozzle, to
the density of the incompressible
suspending
fluid.
For our purposes, where we are mainly concerned
with orders of magnitude, it is sufficient to represent
the particle response time t, by the Stokesian time
constant,
t, = (d2/36v)(2p,/p+
l), where d is the
diameter of the particle, ps the density of the particle
material, and 1’ the kinematic viscosity of the fluid.
Owen’s work stressed the importance
of the ratio
tJt,, where t, is the time scale of the energetic eddies
of the fluid turbulence.
In the table we give the
characteristic
time scale of the flow as T, = D/U,,
where II, is the fluid velocity at the nozzle and D is
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the nozzle diameter. In the clean axisymmetric
jet
t, N O(lO- ‘)T,(x/D)’
and we anticipate that in the
flows considered here, where x0 is at most of order
unity, the same relationship
will provide an acceptable order of magnitude estimate. In fact we expect
that all the relevant fluid flow scales will be of the
same order of magnitude as those at the same station
in the corresponding
clean flow.?
Of the measurements
in lightly
loaded
jets
(x0 < lo-‘) only those of Hetsroni and Sokolov [6]
showed
a significant
change in the fluid mean
velocity field from that of the clean jet (x0 = 0).
However, their results should be viewed with caution
as even their clean jet measurements
differed considerably from those of a number of other workers
(cf. Harsha [7], Fig. 9.5). In addition,
we have
estimated that due to the frequency of droplet impact
their hot wire anemometer
was contaminated
much
of the time and not likely to give a reliable response
to the fluid velocity. Notwithstanding
Hetsroni and
Sokolov’s measurements,
we may conclude that for
light loadings (x0 CC1) the fluid mean velocity field is
sensibly unchanged from that of the clean jet.
All the measured particle mean mass flux profiles
attained
a self-similar
form. Goldschmidt
and
Eskinazi, with the smallest particles listed in Table 1,
[8], found that the mean velocity and mass flux fields
could be related by a Schmidt number (SC,) of 1.1.
Singamsetti [9] found SC, to be independent
of the
streamwise
position,
ranging
from 0.85 for the
smallest particles to 0.69 for the largest. The decrease
of SC, corresponds
to a broadening
of the particle
concentration
profile. Householder
and Goldschmidt
[lo] also found a decrease in SC,, from 0.42 to 0.30,
with increasing particle size. These reported values of
SC, do not differ greatly from the corresponding
values of 0.7 (axisymmetric)
and 0.5 (plane) found
for passive gaseous contaminants
(Launder
and
Spalding [ 111). One feature of their results [lo]
which deserves comment is that values of G,/G,, the
ratio of axial particle mass flux to the value at the
orifice, were shown to be greater than unity just
downstream
of the orifice.
In reviewing
these
measurements
Goldschmidt
et al. [12] reported
some uncertainty
in the measured
values of G,;
however, it is unlikely that this would account for
the values of G,/G, of 0( 10) which were presented.
To our knowledge
the only measurements
of
heavily loaded jets reported
in the literature
are
those of Laats and his colleagues.
All of these
experiments were with solid particles in a suspending
air stream. In each case the particles were accelerated
to the air velocity at the jet orifice. Laats [13]
reported that the ratio of the fluid mean velocity on
the axis to that at the orifice, U,/U,,
showed no
dependence on Re, = U,D/v or TO, depending only
t By “corresponding clean flow” we mean that single
phase flow which is obtained by eliminating the particles;
all other boundary conditions pertaining to the fluid
remaining the same.

on x/D for a given particle loading. An increase in x0
led to a decrease in the rate of decay of UJCJ,, and a
decrease in the velocity half-radius 6. Over the range
measured (0 < r < 1.56, x/D > 5) the mean velocity
profiles, U/U,, were found to have the same selfsimilar form as the clean axisymmetric jet.
The experiments
of Ivanov
et al. [14] were
preliminary to those of Laats and Frishman [ 15, 161
who found that the particle
mass flux profiles
attained similarity at x/D CY10, and were well fitted
by the profile
G/G,,, = exp[ -0.7(r/6J4/‘]
where G, is the axis value, and 6, the half-radius.
The fluid velocity profiles were not strictly selfsimilar but approached
the self-similar form of the
clean jet profiles on moving downstream.
However,
all the velocity profiles presented
are within the
bounds of the measurements
of the clean jet profiles
made with comparable techniques (Hinze et ~1. [ 171).
The axial velocity was found to decay more slowly
with increasing x0. The effect of a change in particle
size is not so clear. For x0 = 0.3, the rate of decay of
Cl,,, was found to increase as d went from 32 to
72pm, but the opposite trend was apparent for x0
= 0.56. The measured values of GJG,,
(where G,,
is the centreline particle mass flux at the nozzle exit)
are also of interest, with some showing maxima
(GJG,,
= 1.1-1.2) just downstream of the jet orifice.
The effect, which is more pronounced
with the
smaller
particles,
was attributed
by Laats and
Frishman
to a radial transport
of the particles by
Magnus forces.
3. DIMENSIONAL ANALYSIS OF
MEAN FLOW VARlABLES

3. I. Similarity solutions
We consider an axisymmetric
two-phase jet issuing from an orifice with a uniform velocity U, and
secondary phase density pPo. The particles have a
characteristic
diameter d, which is much less than the
smallest
scale of the fluid velocity
field. The
secondary phase volume fraction is much less than
unity. If the only significant form of particle--fluid
interaction is a linear viscous drag the dynamics of a
particle
may be represented
by a characteristic
response time t,.
From dimensional
considerations
it follows that
the fluid mean velocity U(x, r) must be given by an
equation of the form
U/U0 = .f (x/D, 44

Re,, x0, Q,J

(3.1)

where
Qo = t,lT,.
The experiments cited above show the mean velocity
field to be sensibly independent
of the Reynolds
number, Re,, for sufficiently large Re,. In addition,
we expect that if t, is small, much smaller than the
time characteristic
of the energetic turbulence scales,
the mean velocity field will be independent
of the
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origin at .X = 0, the axis velocity

ui is given by

(3.2)

(3.6)

where U, is the velocity on the axis, U(s, 0).
On the basis of their measurements
Laats and
Frishman [16] suggested that similarity solutions of
the mean velocity and particle mass flux fields may
be good approximations
over significant sections of
the jet. Such solutions require the magnitude of the
profiles to vary as some power of .x [IX]. With the
constraint that in the limit as x0 tends to zero the jet
behaves as one containing
a passive contaminant,
the similarity solutions consistent with equation (3.2)
is

where M, is the fluid momentum How rate at the jet
orifice. In the far field, as x + CQ.

u,/u,

=

.f (-y/D>
xo)

Lr,.‘L/, = A mD
,f’(xo),
i Y - 11i
fi = B(x-N)g(Xo),

,f’(O) = 1

g(0) = 1.

(3.3b)

h(0) = 1 (3.4a)

6, = E(s - h)j(%,), j(0) = 1.

(3.4b)

A, B, C and E are universal

constants, and .X = a,h
are the virtual origin of the fluid momentum
and
particle mass respectively.

3.2. Far,field solutions
The mixing of the jet with the entrained ambient
primary fluid results in the mean particle density
decreasing downstream.
For the response times being considered the mean
velocity of the particles and fluid are sensibly equal.
Thus the momentum flux of the particles decreases,
the momentum
being transferred to the suspending
fluid. In the far field, where P,/P << 1, essentially all
the momentum is carried by the fluid.
From the evidence presented
in Section 2 we
concluded that jets having a low initial density ratio,
x0, are dynamically unaffected by the particles. The
far field too is independent
of the particle dynamics
and will develop as a single phase jet having a
momentum
flow rate MT, where M.r is the sum of
the initial particle and fluid momentum
flow rates.
Such a jet becomes self preserving
and may be
described by the following equations due to Corrsin
[19]:
U,=K

I 1
MT”

--2XP

1
___
(s-a)’

K = const.

ii = B(.Y - a).
For

the corresponding

clean jet having

(3.7)

but for the uniform flow at the orifice
M,/M,

= 1 +x,.

It follows from equations
the far field

(3.8)

(3.3), (3.7) and (3.8) that in

(3.9a)

.f(;(o) = (1 f%0Y

(3.9b)

9(X0) = 1.
(3.3a)

In a similar fashion it may be shown that the
separation
of variables required by the similarity
solution and the physical constraint that as x0 tends
to zero the particles behave as a passive contaminant
lead to the following relationships
for the mass flux
field :
h(ilo),

+ [M7/MJ]“2;

u,/U;

Unlike the fluid momentum, the particle mass flux is
independent
of the streamwise co-ordinate,
and the
far field is described by a change in the virtual origin,
h, and h(~,) and ,j(xO) are found to be independent of
i(“. Thus:
&)

Immediately
below we consider the dependence
the virtual origin on the loading x0.

(3.5b)
a virtual

of

3.3. The virtual origin of’the,firrfield
In the far field the averaged
profiles can be
functions of only p, v, x, r. t,, M,- and mp where mp is
the particle mass flow rate. It follows from dimensional reasoning that

(3.1 I)
Neglecting
Reynolds
effects (3.11) becomes

number

= Bx( 1 -a/x),
It follows
given by

and

response

immediately

that

the virtual

origin

is a constant.

For

uniform

jet

u=F!?-~_D,
2

(1

a is
(3.12)

(I = Fm,/(pM,)‘~’
where F
conditions

time

from (3Sb).

f%,)“2

orifice

(3.13)

The same argument shows that h, the virtual origin
of the particle mass flux field, is also proportional
to
;lo/(l +xo)“2.
4. CORRELATION

(3Sa)

(3.10)

=.i(lO) = 1.

OF THE EXPERIMENTS

We wish to compare our predictions of Section 3
with the experiments
of Laats [ 133 and Laats and
Frishman [ 15, 161. First we must determine whether
the simplifying assumptions made in Section 3.1. are
amAicable
to the experimental
conditions. We have
._
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2. Dimensionless
ratios
characterising
the particle-fluid
interaction
experiments of Laats [131 and Laats and Frishman [15,16]

t,lte

dlv
Laats [13]
Laats and Frishman
[15,16]

O(10~ ‘)

O(lO_‘)

0(10-‘-l)

O(lO_‘-1)

made magnitude estimates of the relevant quantities,
and they are presented in Table 2. All the estimates
are for x/D w O(lO), and are based on the assumption
that the scales are of the same order of magnitude as
those in the corresponding
clean flow. The first column
of the table shows the ratio of the particle diameter to
the Kolmogorov
length scale. This ratio is at most of
order unity so we expect direct particle size effects to
be negligible. The ratios of t,/t, are shown in the next
column, and are in the range O(lO-‘l), so we
might expect that in some of the experiments
the
dependence
on t, was negligible. In both cases we
estimate that the Reynolds number Re based on the
particle diameter and the velocity lag is at most of
order unity, so that characterising
the particle
response by t, is acceptable. The ratio of the particle
terminal velocity and turbulence velocity scale, Q/U,
is in both cases much less than unity, and from
Owen [l] we estimate
that the work done in
sustaining the particles against gravity is negligible.
Gravitational
effects will become more important
downstream
with u,/u increasing due to the decay of
the turbulence. The maxima in the axial mass flux
measurements,
as mentioned
above, suggest that
shear and Magnus forces may not be negligible, but
these effects appear to be restricted to the region just
downstream
of the nozzle. One point which should
be mentioned is that both Laats [13] and Laats and
Frishman
[15, 161 reported nonuniformity
in their
initial profiles of fluid mean velocity and particle

in

the

Re
O(1)
O(1)

mass flux, and normalised their data with respect to
the maximum (centreline) values U,, and G,, at the
nozzle exit. Laats and Frishman [16] indicated that
the profile changes in the range 0.1 < x0 < 0.7 were
slight, so the effect on the ratios U,,/U,
and G,,/G,
were slight and the absolute
values should be
absorbed in the correlations presented below.
Laats [13] measurements
of I/,/U,,
are well
correlated by the relationship
u,/u,,

=~!!~0.69x,l
x

over the entire axial range of his measurements
(Fig. 1). In the near field the half radius S is well
correlated by
6 =

gxe-0.69Y"

(4.2)

Due to the self similarity of the velocity profiles the
momentum
flow rate of fluid is proportional
to
which is approximately
constant
in the
(U,W,
region in which both (4.1) and (4.2) are fairly
correlating
successful
in
the
measurements ;
x/De -o.69xa 5 7 say. In this region there has been
essentially
no momentum
transfer
between
the
phases, but the variation of experimental
data for 6
with x0 indicates a systematic deviation from (4.2)
with increasing
x corresponding
to a transfer of
momentum from the particles to the fluid. In Fig. 2
we have replotted the results of Laats and Frishman
for the 32 urn particles using the exponential scaling.

6-

0

5-

.O

4-

51
3=) -J'

1’5

2-

-

1

8
lo D

O_

(x/D) exp t-0 69X,)
FIG. 1. Exponential

correlation
of Laats [13] measurements
of the fluid mean axial
velocity half-radii. x0 = 0 .,0.2
0,0.4 0,0.6 +, 0.8 0, 1.0 n .

velocities

and
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i-

0

(x/D)

20

IO

expt-0 69X,)

MD)

FIG. 2. Exponential

correlation
of Laats and Frishman’s
[15, 161 measurements
of the fluid mean axial velocities
and velocitv half-radii for the oarticle size d = 32um. Y,,
= 00, 0.3 0, 0.56 4,0.77 0. 1.4A.
’
‘.”

expl-069X0)

FIG. 4. Exponential
correlation
of Laats and Frishman’s
[15, 161 measurements
of the mean particle mass flux field
for the particle size d = 32 pm. x,, = 0.3 0, 0.56 +. 0.77 0.

.
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0
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:
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%
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0
,
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L)
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-

i
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__.__J

(x/D)exp (-069X,)

FIG;. 3. The dependence of the mean Iluid velocity field on
the particle size. /0 = 0.3: rl = 17 C. 320.
49 0. 72 +.
X0 X. x0 = 0.56; tl = 170. 32m. For lo fixed the main
cffcct of the change in particle size is to shift the curves
axially (Lasts and Frishman [IS. 161).

FIG. 5. Measurements
of the mean particle mass flux field
for x0 = 0.3 and varying particle size. d = 17 0, 32 0,
49 0, 72 0, 80 0 (after Laats and Frishman
[15, 161).
Note the slight minima in (G,,/G,)“2
for d = 17, 32.

The correlation of U,,,,jli’, is not as good as that of
Fig. 1, but the scatter is no greater than that found in
the corresponding
measurements
of clean jets [7].
Figure 3 displays the effects of varying the particle
size, d. For z0 = 0.3, increasing d in the range 32 to
72um leads to an increase in U,JU,,,,
while the
opposite trend is evident for x0 = 0.56, as (1 goes
from 17 to 32 pm. It is evident that these measurements are not independent
of t,. This is not
surprising
as t,/t, ranged up to O(1) over these
particle sizes. Unfortunately
Laats and Frishman’s
reporting
of the experiments
does not indicate
whether T, was varied, so we are unable to seek any
dependence on t,/T,.
The particle field mean mass flux variables for d
Z 32 urn are replotted in Fig. 4 using the exponential

scaling.

The

points

are

shown

to correlate

well and

in x for
(.x/D)e-“.hy/ll 2 10, as required
by the similarity
solution. Figure 5 shows the corresponding
measurements for a fixed loading, x0 = 0.3, with d varying
from 17 to 80 pm. There is no obvious
order
associated with changes in d. This is due in part to
the behaviour of the flows containing
the smaller
particles (17 and 32um) which display maxima in
of the nozzle.
G,/G,, in the neighbourhood
The experimental
results of Laats and Laats and
Frishman show (at least for the lighter loadings) that
the velocity half-radii curves tend to a slope equal to
that of the corresponding
clean jet as predicted in
equation (3.9b). It remains to determine whether the
virtual origin (x = a) defined in that equation
with

the

exception

of one

point

are

linear
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x-o
D

Fro. 6. Lasts [13] velocity half radii replotted relative to the far field origin (X = a) given by equation
(3.13). x0 = 0 l , 0.2 0, 0.4 1,0.6 0.0.8 l , 1.0 0.

FIG. 7. Laats and Frishman’s [15, 163 velocity half-radii plotted relative to the far field origin (x = a)
given by equation (3.13). (a) d = 32: x0 = 0 -.-;
0.3 -;
0.56 P-p; 0.77 p.
(b) x0 = 0.3: d = 17
-;32---;72---:80~~~.

follows the behaviour predicted in equation (3.13).
As only the curves for the lighter loadings had
achieved the asymptotic
state we were unable to
empirically determine a for each loading so we have
used the following method to display the results. The
empirical
value of a determined
for the lightest
loading in each set of experiments
was fitted to
equation (3.13) to give a value for the “constant” F.
This constant was then used in equation (3.13) to
compute values of a for the other loadings. The
experimental
curves were then plotted as 6/D vs
(x -a)/D. From Laats results for x0 = 0.2 the computed value of F was found to be 15.2. The replotted
half-radii are shown in Fig. 6; if the correlation
is
successful the curves will all approach that for the
unseeded jet at large axial distances. The correlation
for x0 = 0.4 is good but the heavier loaded jets have
not attained
the asymptotic
state. The computed

value of F from Laats and Frishman’s measurements
for x0 = 0.3(d = 32um) was found to be 22.3. The
difference in the two values for F may be caused by a
number
of factors including
nozzle design and
particle size effects. The data for d = 32 are shown in
Fig. 7(a) and correlate
very well. The effects of
particle size are apparent iq 7(b), where it is clear
that the virtual origin may depend to a significant
extent on the particle size. The measurements
of ~5,
were not extensive enough to allow a correlation of
the far field virtual origin of the mass flux field.
The experimental
measurements
have not been
continued far enough downstream for the asymptotic
behaviour
of U&I/,
to appear clearly. For the
lighter loadings it is possible that the differences
between the power-law and exponential
scaling are
within
the bounds
of experimental
error.
For
example, for x0 = 0.2, ea.69ZC1/(1
+x0)li2 = 1.05. The
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heavier loaded jets, for which the difference would be
discernible
[e.g. e0.6gx~1/(l+x0)1/2 = 1.41 for x0 =
1.01, have not reached the asymptotic
state within
the streamwise extent of the measurements.
5. DISCUSSION
The analysis and experimental evidence show that
the gross features of the development
of the mean
velocity field of the fluid may be described
with
reference to the momentum
transfer between the
phases. Two main regions exist: a near field in which
essentially no net momentum
transfer has occurred,
and a far field in which sensibly all the momentum of
the particles has been transferred to the suspending
fluid. Correlation
of the experimental
data shows
that the former region may be related to the
corresponding
clean jet by an exponential function of
the initial particle loading ; while physical arguments
show that a power law describes the latter. The
power law does not successfully correlate the near
field data. In the far field region the dynamics of the
primary fluid are sensibly equivalent to a clean jet
issuing from a virtual origin, the position of which is
dependent
on the initial particle loading and the
particle size.
For a constant particle size we have found good
agreement
with the predicted
dependence
of the
virtual origin on x0. The dependence
on d is less
clear. However, we expect that one of the principal
effects of varying d is to change the rate at which
momentum
is transferred
from the particles to the
fluid, with a consequent change in the position of the
virtual origin of the far field: a lower rate of transfer
leading to a downstream displacement.
The particle mass flux field is evidently strongly
influenced by particle size effects, with both dilute
and heavily loaded flows showing extrema in the
mass flux fields in the region immediately
downstream of the nozzle. Laats and Frishman
suggest
that this is due to Magnus forces transporting
particles
towards
the axis. The effect is more
pronounced
with the finer particles but according to
Hinze [2] this force should be negligible for smaller
particles.
It must be emphasised
that the correlations
presented here are based on one group’s measurements which, due to the difficulties of data acquisition in two-phase
systems, are perhaps
not as
reliable as those made in less testing flows. While we
have found the measurements
of Laats and his
colleagues to be self consistent with regard to the
simple checks of mass and momentum conservation,
there is a clear need for independent
experiments.
Confirmation
of the exponential
scaling would be
desirable as we have been unable to find a simple
physical argument leading to this result.
The present work has given a simple overview of
the gross features of the development
of the two-

phase jet, with particular
regard to effects of the
particle loading x0. In a subsequent
paper [4] we
examine in more detail the turbulent particleefluid
interaction,
using a set of Reynolds
averaged
equations
and a first order closure scheme which
accounts for both particle concentration
and size
effects.
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jet

DIPHASIQUE

R&me-On
considere
des jets turbulents,
axisymetriques
et diphasiques
dans lesquels la fraction
volumique de la phase secondaire
est tres faible. On Porte attention aux cas pour lesquels la fraction
massique des particules est de l’ordre de I’unite. On examine les mesures experimentales
disponibles et on
trouve que les arguments
physiques
et I’analyse
dimensionnelle
conduisent
a des formules
liant la vitesse
moyenne
du fluide
et le flux massique
de particules
a la charge
initiale
de particules.
Le jet peut Ctre
simplement
decrit
a partir
du transfert
de quantite
de mouvement
entre
les phases.
Deux regions
principales existent: un champ proche dans lequel aucun transfert de quantite
de mouvement
n’opere
entre

Des

les deux

phases

fonctions,

fluide A I’orifice

On derive

et un champ

exponentielles
du jet

lointain

representent

une formule

dans

et en puissance,

pour

lequel

du

la plupart

les origines

des

virtuelles

de I’ecoulement,

toute

rapport
resultats

du champ

laquelle

la quantite

de la masse
avec

DER ZWEIPHASIGE

le jet

lointain

s’accorde

de mouvement
volumique

est dans

des

particules

correspondant

en fonction

avec

les mesures.

TURBULENTE

STRAHL

a

des

le fluide.
a

celle du
une settle phase.

invariants

integraux

Zusammenfassung-Turbulente
zweiphasige
achsensymmetrische
Strahlstromungen,
in denen
der
Volumenanteil
der zweiten Phase sehr vie1 kleiner als eins ist, werden detrachtet.
Besonders
betont
werden die FPlle, in denen das Massenverhaltnis
der Partikel von der Grogenordnung
eins ist. Die
verfiigbaren
Versuchsdaten
werden ausgewertet,
und man findet, da0 physikalische
Griinde
und
Dimensionsanalyse
zu guten Korrelationen
zwischen der mittleren
Fluidgeschwindigkeit
und den
Massenstromfeldern
der Partikel in Abhangigkeit
von der Anfangsbeladung
fiihren. Der Strahl IL& sich
unter Beriicksichtigung
des Impulsaustausches
zwischen den Phasen einfach beschreiben.
Es gibt zwei
Hauptgebiete:
einen Nahbereich,
in dem im wesentlichen
noch kein Impulsaustausch
zwischen den
Phasen stattgefunden
hat, und einen Fernbereich,
in dem s&h der gesamte Impuls offensichtlich in der
Fliissigphase
befindet. Es wird festgestellt, daR bei Exponentialund Potenzfunktionen
des Verhaltnisses
viele der
von Massendichte
der Partikel zur Massendichte
der sie trag nden Fliissigkeit am Diisenaustritt
fir den virtuellen
MeDdaten mit dem entsprechenden
Einphasenstrahl
korr $. teren. Eine Beziehung
Ursprung
des Fernbereiches
in Abhlngigkeit
von mittleren Kennwerten
der Stromung wird abgeleitet
und durch Messungen bestatigt.
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