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1 Introduction
The process of impulse, heat and mass transfer between a continuous and dispersed
phase is involved in many spray processes e.g. in a smoke gas scrubber or in a spray
drier. The advantage of a spray is the large specific surface of contacting liquids and
gases. The aerodynamic behaviour of sprays is very complex and researcher have in-
vestigated gas entrainment using single atomisers /1/ and multiple atomisers /2/. The
micro behaviour of drops such as the radial distributions of the dropsize, velocity and
volume flux was determined to clarify the general spray structure by phase Doppler
particle analyzer. /3/. Another interesting point are the aerodynamics of a spray in a
gas flow as a gas scrubber with a vertically downward directed nozzle spray and a
countercurrent gas flow. Gruß /4/ has predicted the gas flow field around a spray in a
spray column. The spray was generated by a full cone nozzle and the gas flow was
homogeneous at the entrance cross section. The spray acts as an obstacle and the gas
flow goes to the wall region of the column. Smoke gas scrubbers need however a uni-
form gas flow field over the spray field length.

At the Technische Universität Chemnitz-Zwickau, Forschungsgruppe Mehrphasen-
strömungen, the gas flow in a spray column has been investigated with a modified La-
ser Doppler technique. In addition the two phase flow has been calculated on the base
of the Euler-Lagrange model. This work examines the flow field around a spray which
was generated by a full cone nozzle and a hollow cone nozzle.



2 Test Facility and Measurements

2.1 Measurement Apparatus and Experimental Conditions
The experiments were carried
out in the spray column shown in
figure 1. The spray column has a
height of 10 m and the diameter
of the circular cross section is
3 m. At the entrance cross secti-
on of the drop field the upward
directed air flow is uniform with
a disturbance of less than 10 %.
The uniform air velocity profile
across the column was realized
by means of a system of a flow
rectifier and two hole sheets.
The maximum air velocity is
4 m/s.

The nozzle was arranged at the
column symmetry axis in an up-
ward distance of 3 m from the
air entrance section and the
spray of a full cone nozzle or a
hollow cone nozzle is directed
vertically downwards. We used
nozzles of the Lechler company
with the following characteri-
stics:

• Full cone nozzle
axial-flow full cone nozzle : type 403.566
volume flow rate (p = 100 kPa) : 36.4 m³/h
spray angle : 90°
Sauter mean diameter : 1873 µm
arithmetic mean diameter : 876.5 µm

• Hollow cone nozzle
hollow cone nozzle : type AV-300.114.6D
volume flow rate (p = 100 kPa) : 40 m³/h
spray angle : 90°
Sauter mean diameter : 1732 µm
arithmetic mean diameter : 356.7 µm

Figure 1. Experimental apparatus
a) nozzle b) meas. area
c) flow rectif. d) air input



The local velocity measurements of both the gas-phase and the droplet-phase were
performed with a single-component laser Doppler velocimeter (LDV). There were
measured only the streamwise velocity components uF  and uP in z-direction parallel
to the column-axis (fig.1). All experimental examinations were carried out under the
following conditions:
• mean streamwise column gas velocity : uM =  3 m/s

• nozzle pressure : pN = 100 kPa

The LDV was a semiconductor-LDV which works in backscattering mode. Since the
original measuring head was not suitable for the direct use in a water spray, it was co-
vered in a special protection case to disable the entering of water /5/.

In a distance of 0.5 m above and below the LDV measurement-point three small
nozzles are mounted respectively. They spray mist droplets with an arithmetic mean
diameter of about 10 µm perpendicular to the main gas stream in to the measurement
volume.

2.2 Measurement Technique
The aim of the experimental investigations was the measurement of streamwise gas
velocity in presence of water drops in a spray column. In order to trace gas velocity
under these conditions mist droplets of about 10 µm diameter are required. The slip
velocity of these mist droplets is about 0.003 m/s. Therefore the range of particle dia-
meters inside the spray column is very large from 10 µm of mist droplets to 2000 µm
of water drops from the scrubber nozzle. Up to now a phase Doppler device is unable
to measure this wide diameter range simultaneously.

The idea to measure gas velocity with an usual laser Doppler velocimeter is the adding
of water mist. At every location inside the spray column at first a measurement of only
drop velocity was done without mist and a second with mist, thus recording both drop
and gas velocities. These measurements were done under same conditions and over an
equal measuring period. In order to acquire probably equal number of drops in both
measurements the data rate must be much lower than the maximum data rate of the
recording system i.e. neglectable data losses. The calculation of gas velocity from
measured drop and drop with mist velocities is as follows.

Because an acquired data in the second measurement can only arise from a water drop
or a mist droplet the following equations are valid:
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The statistic values of the gas velocity may be calculated using (1 .. 3) with:
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In order to get sufficiently exact results with the equation (4) the relation nF > np has to
be satisfied. The exactness of equation (5) depends strongly on the high variance of uP
so that nF >> np is required.

3 Numerical Prediction of the Gas-Droplet Flow
For the numerical prediction of the gas-droplet flow around a full cone and a hollow
cone nozzle a modified version of the Navier-Stokes solver FAN-2D developed by
Peric and Lilek /6/ was used. In order to account for the interaction effects between the
gaseous and the droplet phase a Lagrangian stochastic-deterministic (LSD) model and
the appropriate momentum exchange terms were incorporated into the numerical al-
gorithm.

3.1 Equations of fluid motion
The motion of the gas-droplet flow was assumed to be radial symmetric and was
calculated in the same cylindrical coordinate system (r, z) as described above.Further,
the turbulent two-phase (gas-droplet) flow under consideration is described by assu-
ming that the particulate phase is dilute, but the particle loading is appreciable. Inter-
particle effects are neglected, but the effects of the particles to the gas flow are taken
into account. The two-phase flow is statistically stationary, incompressible and iso-
thermal. The gas phase has constant physical properties and is Newtonian. Under these
assumptions the time-averaged form of the governing gas-phase equations can be
written in the following form of the general transport equation:

∂
∂

ρ ∂
∂

ρ ∂
∂

∂Φ
∂

∂
∂

∂Φ
∂z FuF r r

r FvF z z r r
r

r
S SP( ) ( )Φ Φ Γ Γ Φ Φ+ = 



 + 



 + +1 1

(6)

where Φ stands for uF , vF , k and ε . The terms SΦ and Γ represent the "source" and

the effective diffusion coefficient, respectivly and SP
Φ represents the coupling between

the gaseous and the droplet phase due to the particle-fluid interaction. This last term is
calculated by solving the Lagrangian equations of droplet motion. The continuity
equation is obtained by setting Φ=1, Γ=0. For modeling of fluid turbulence the stan-
dard k-ε  turbulence model together with isotropic eddy viscosity and standard model
constants are used /7/.
The influence of the droplet motion on fluid turbulence characteristics was neglected
( )S Sk

P P= =ε 0 . The momentum source terms Su
P and Sv

P in the Navier-Stokes equations



were calculated using the Particle-Source-in (PSI)-cell model developed by Crowe et
al. /8/, /9/. In the PSI-cell model the force excerted on a fluid control volume by a
single particle or droplet is calculated from the residence time of a particle in the con-
trol volume and the change in particle momentum in this time. In order to calculate the
particle momentum source terms Su

P and Sv
P in the momentum equations these points of

intersection of the particle trajectory with the faces of the control volume have to be
calculated and the particle and fluid properties have to be interpolated in there points.
The particle momentum source term is then as follows :
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where the sum is taken over all the representative particles crossing the control volu-
me. Because the number of test particles used for simulation is limited and different
from that of particles or droplets which would actually cross the control volume, &NP

characterises the droplet flow rate for a calculated representative particle trajectory.

3.2 Eqations of droplet motion
The droplet phase was treated by the Lagrangian approach where a large number of
droplets were followed in time along their trajectories through the flow domain. Each
droplet trajectory is associated with a droplet flow rate &NP  and so represents a number
of real droplets with the same physical properties. This representation is used in order
to allow the consideration of the droplet size distribution and to simulate the appropria-
te liquid mass flow rate at the injection locations. The droplet trajectories were deter-
mined by solving the ordinary differential equations for the droplet location and veloci-
ty components. For the formulation of the droplets equation of motion it was assumed
that the forces due to droplet rotation, the pressure gradient in the flow, added mass
force and the Basset history term are negligible since a large density ratio ρ ρP F/  is
considered. The equations of droplet motion can be written than as follows
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The drag coefficient CD is calculated as a function of the particle Reynolds number
using the correlations obtained by Morsi and Alexander /10/. The effect of turbulence



of the gas flow on the droplet motion was modeled by a stochastic procedure, the so
called Lagrangian stochastic-deterministic (LSD) turbulence model. This model was
proposed by Milojevic /11/, Schönung /12/ and other authers. The LSD turbulence
model takes into account the instanteanous gas velocities calculated from the mean gas
velocities uF, vF and from fluctuation velocities uF

′ , vF
′ . The mean gas velocities were

obtained from the solution of the Navier-Stokes equations but the values of the
fluctuation velocities are sampled as random values in dependence on the local turbu-
lence characteristics of the gaseous phase.

The boundary conditions for the droplet tracking procedure are specified as follows.
Trajectories are calculated throughout the flow domain until the droplet leaves the flow
domain through an inlet or outlet cross section. Droplets leaving the computational
domain at the symmetry line (r=0) are replaced by droplets entering the domain with
opposite radial velocity. For the droplet-wall interaction simple reflection with a resti-
tution coefficient of 0.5 was assumed in the present calculations.

3.3 Solution procedure
The above equations of fluid motion were solved with the FAN-2D Navier-Stokes sol-
ver developed by Peric and Lilek /6/. The original algorithm was extended by intro-
duction of the momentum source terms in the momentum equations of fluid motion.
Efficiency of the solution method was ensured by applying an optimized underrelaxati-
on technique not only to the fluid variables but also to the additional source terms. The
equations of droplet motion were solved using a standard Runge-Kutta solution sche-
me of 4th order accuracy with automatic time step correction. In order to ensure suffi-
cient resolution of the influence of fluid flow turbulence on the droplet motion the time
step ∆t  was limited to a maximum of 1/10 the Lagrangian time scale TL  of the turbu-
lent eddies.

The numerical procedure to obtain a converged solution for both phases is then as fol-
lows :

1. A converged solution of the gas flow field was calculated without source terms of
the dispersed phase.

2. A large number of droplets were traced through the flow field and the values of the
source terms were calculated for all control volumes of the numerical grid.

3. The flow field was recalculated by considering the source terms of the dispersed
phase, were appropriate underrelaxation factors were considered.

4. Repetition of steps 2 and 3 until convergence was achieved.

The calculations were performed on a HP 735/755 workstation cluster. The perfor-
mance of the droplet trajectory calculations could significantly be increased by
EXPRESS based parallelization of the Lagrangian solver as described in more detail in
/13/.



4 Results and Discussion
Figures 2 and 3 show the measured and calculated gas and droplet velocities for the
hollow and the full cone nozzle in comparison. In figure 2 the velocitiy profiles of the
gas-droplet flow around a full cone nozzle are plotted against the column radius in de-
pence on the z-distance from the nozzle. The profiles of the calculated gas velocities
are in reasonable agreement with the measured profiles in a distance from 1.2 m and
1.6 m downwards to the nozzle. The plots for z = -0.6 m and z = -0.8 m show measu-
red values only for the range outside the spray cone. They are in good agreement with
the calculated values. In the area of the spray cone and the spray cone border the
condition nF > nP not satisfied and so in accordance to equation (4) values for the gas
velocity could not be obtained. It is not clear whether the mist droplets were washed
out by the water nozzle droplets or blown away from the measurement point. Further
investigations will clarify this problem.

The calculated velocities show the expected negative values in the spray cone and the
increase of the velocity in the outer column region. The steep particle velocity increase
markes the position of the spray cone border. In connection with the development of
the gas velocity distribution the displacment of the gas flow to the outer column region
is clear to see. The measurements show a large difference between the measured and
the calculated droplet velocities. The reason is the different sensitivity to the particle
size of the measuring and numerical technique. The used LDV collected the velocities
from droplets with a diameter from 100 µm up to 2000 µm. In the real spray process
besides the primary droplet production in the nozzle secondary droplets are produced
by droplet-droplet, droplet-wall interactions and air-water interactions. These
processes of droplet degradation and formation of a large number of small secondary
droplets within the flow domain was not taken into account in the numerical calculati-
ons. The measuring of the obviously large number of smaller secondary droplets leads
to the deviations.

In figur 3 the corresponding velocity profiles for the hollow cone nozzle are illustrated.
First of all the air velocity profiles at all z-sections are rather uniform over the cross
section. That means a hollow cone nozzle doesn´t displace the air stream outside the
central region of the column as a full cone nozzle does. The agreement between mea-
surement and calculation is also quite good. The variations in the measured gas veloci-
ty profiles comes from the support constructions at the column bottom. The deviation
between the measured and the calculated particle velocity is similar to the deviation for
the full cone measurement and is caused by the same effect. For the particle measure-
ment near the nozzle, the primary droplets are dominant and the agreement with the
calculation is better. But near the column bottom the influence of the secondary dro-
plets is dominant and leads to greater differences.



Figure 2 : Velocity profiles of the full cone nozzle



Figure 3 : Velocity profiles of the hollow cone nozzle



5 Summary
It has been found that the modified LDA system with the additional tracer droplet
technique is suitable for measurements of the gas velocity in a gas-droplet two-phase
flow of a spray column with a single nozzle and an uniform countercurrent gas velocity
of 3 m/s in the entrance section. The radial gas velocity profile of the axial component
over the spray length of a single hollow cone nozzle is quite uniform. For the full cone
nozzle the uniform gas velocity profiles exist only in the lower spray sections. Near to
the full cone nozzle the gas flow goes to the radial outer part of the column and has
there greater velocity values.

Relating to the gas velocity the experimental results are in good agreement with the
numerical velocity values for both nozzle types. Differences between the experimental
and numerical results were established for the averaged droplet velocities because the
considered droplet size distributions are different for the numerical predictions and the
laser Doppler velocimeter measurements.
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7 Nomenclature
n - number
uM - mean velocity

σ2 - variance of velocities
A p - cross sectional area of a droplet

CD - drag coefficient
dp - droplet diameter



ε - dissipation of turbulent kinetic energy
Γ - effective diffusion coefficient of the Φ transport equation
g - gravitational constant
k - turbulent kinetic energy
νF - kinematic viscosity
&NP - droplet flow rate for a representative droplet trajectory
ReP - particle Reynolds number
ρ - density
r, z - coordinates shown in fig. 1
SΦ - source term of the Φ transport equation

SP
Φ - source term of the Φ transport equation due to

interaction with the dropletphase
u, v - velocity components in axial and radial direction
uF

′ , vF
′ - fluctuation velocities of the gaseous phase

v rel - drift velocity between gas and droplets

7.1 Subscript or Superscript

F - properties of the fluid phase
P - properties of the droplet phase
P+F - properties of the droplet an fluid phases

(second measurement)
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