International Journal of

HEAT AND
FLUID FLOW

LSEVIER [nternational Journal of Heat and Fluid Flow 19 (1998) 10-22

Experimental studies of spray evaporation in turbulent flow
M. Sommerfeld **, H.-H. Qiu ®

& Institut fur Mechanische Verfahrenstechnik und Unnveltschuiztechnik, Martin-Luther-Universitat Halle-Witienberg, Halle ( Suale), Germany
b Deparvment of Mechanical Engineering. Hong Kong University of Technology, Hong Kong, People’s Republic of China

Received 25 October 1996; accepted 15 August 1997

Abstract

A number of processes in the chemical industry and in combustion science involve the evaporation of atomised liquids in a tur-
bulent environment. To allow an optimisation of such processes and to provide data for the validation of numerical calculations, the
spray evaporation in a heated turbulent air stream was studied experimentally. The flow configuration was a pipe expansion with an
expansion ratio of 3, where heated air entered through an annulus with the hollow cone spray nozzle being mounted in the centre. In
the experiments isopropyl alcohol was used as a liquid because of its high evaporation rate. Measurements were taken for different
flow conditions, such as air flow rate, air temperature, and liquid flow rate in order to provide a set of reliable data. Phase-Doppler
anemometry (PDA) was applied to obtain the spatial change of the droplet size spectrum in the flow field and to measure droplet
size-velocity correlations. From these local measurements profiles of droplet mean velocities, velocity fluctuations and droplet mean
diameters were obtained by averaging over all droplet size classes. Moreover, recent extensions of the PDA signal processing allowed
for accurate determination of the droplet mass flux, from which also the global evaporation rates could also be determined. The data
for the different flow conditions also include the inlet conditions for air flow and spray (i.e., for all three velocity components). inlet

temperature, and wall temperature profiles. The latter were measured using a thermocouple with a special wall sensor. © 1998

Elsevier Science Inc. All rights reserved.
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1. Introduction

The evaporation of spray droplets in a turbulent environ-
ment is of importance for a number of technical and industrial
processes. One of the most common processes is the atomisat-
ion, evaporation, and combustion of liquid fuels in internal
combustion engines and liquid fuelled burners. In the chemical
and process engineering industry, for example, a number of
products are produced by spray drying (e.g., coffee and wash-
ing powders). Other processes involving liquid sprays are
spray cooling of surfaces, sprays in wet scrubbers, and spray
painting.

The two-phase flow in a spray involves a number of compli-
cated physical phenomena. One may identify four flow do-
mains in a spray, where specific physical phenomena are
governing the flow:

1. disintegration of a liquid sheet or jet into droplets;

2. dense spray region where interactions between the droplets
are prevailing (e.g., coalescence);

3. dilute spray region where the aerodynamic transport of the
droplets is dominant; and

4. interaction of droplets with rigid walls where either deposi-
tion, complete reflection, or secondary atomisation (i.e.,
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break-up of one droplet into a number of smaller droplets)

take place.

Furthermore. evaporation of droplets in sprays is of impor-
tance for a number of applications. The present paper reports
a detailed experimental investigation of spray evaporation in a
turbulent flow.

As a result of the difficulties involved in performing reliable
experiments on sprays evaporating in a heated gas flow under
well-defined conditions. such studies are rare. The evaporation
of 4 Freon-11 spray injected into still air was studied by Solo-
mon et al. (1985), using rather old-fashioned instrumentation.
For droplet concentration measurements, isokinetic sampling
was used. and the droplet size distribution was determined
by photographic and impaction methods. Furthermore, inlet
conditions were only obtained farther downstream of the noz-
zle, and no correlations between droplet size and velocity were
given. For detailed numerical predictions of sprays, however,
either the break-up has to be modelled, or the correlations be-
tween drop size and velocity are required at some distance
downstream of the nozzle.

A more detailed study ol a nonevaporating spray interact-
ing with a co-flowing turbulent airstream was performed by
Rudoff et al. (1987) using phase-Doppler anemometry. The
measurements include local droplet size distributions and
size-velocity correlations. For a number of flow conditions,
profiles of gas and droplet velocities and the Sauter mean di-
ameter were presented.
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Experimental studies of a vaporising spray issuing into a
co-flowing turbulent air stream were performed by Hanson
(1952) and Yule et al. (1983). In the experiments of Hanson,
the effect of airstream turbulence on the droplet evaporation
was studied where the liquid mass flux downstream of the
spray nozzle was obtained by using a rack of collector tubes.
Drop sizes and size distributions were measured by a photo-
graphic method. The experiments indicated that the turbulence
intensity of the flow does not considerably affect the droplet
mean diameters, but the size distributions become wider with
increasing flow turbulence. Similar findings were obtained in
the numerical study of Berlemont et al. (1991), where the
Eulerian/Lagrangian approach was used to calculate droplet
evaporation in grid turbulence.

The experimental studies of Yule et al. (1983) focused main-
ly on the development and testing of a laser-Doppler anemom-
eter (LDA) with top-hat intensity profile in the probe volume
for measurements of the droplet size distribution and the cor-
relations between size and velocity in evaporating kerosene
sprays issuing into a co-flowing heated airstream. Results were
presented on droplet size distributions, profiles of droplet
mean sizes, and correlations between droplet size and velocity.

More recently McDonell and Samuelsen (1995) provided a
detailed database of reacting and nonreacting methanol sprays
using different atomisers. The measurements were performed
using PDA. Maps of the velocity field of spray droplets and
gas and the evolution of the Sauter mean diameter were pro-
vided and the correlations between droplet size and mean ve-
locity were discussed in detail.

The present study aims to provide detailed experiments on
evaporating sprays, including measurements of the inlet condi-
tions. of a spray issuing into a co-flowing heated airstream in
order to allow the validation of numerical predictions. Differ-
ent flow conditions with varying air and liquid flow rates and
air temperatures were considered. Measurements were per-
formed using PDA, which allows the local droplet size distri-
butions. correlations between droplet size, and velocity, and
droplet mass fluxes to be determined.

2. Experimental methods

To provide appropriate experimental data for the valida-
tion of numerical calculations, a test facility that allows mea-
surements with well-defined boundary conditions was built
(Fig. 1). The main components of the test facility are a variable
speed blower, an electric heater with variable power, a test sec-
tion, a high-pressure vessel for liquid supply, and a cooling
trap for recovering the test liquid. The heated air was blown
from an annular injection tube into the test section that had
an inner diameter of 200 mm and a length of 1.5 m. With a

64 mm outer diameter of the annulus, an expansion ratio of

about 3 was established. The test section was made from an al-
uminium alloy pipe. To allow for optical access, several win-
dows using glass plates of 100 pm thickness were mounted
along the test section. These thin glass windows resulted in a
negligible beam refraction and distortion for the phase-Dopp-
ler measurements.

A hollow cone pressure atomiser was mounted in the cytin-
drical centre-body of the inlet tube. The diameter d of the cyl-
indrical rod was initially 40 mm, and in a later stage, it was
changed to 20 mm. The cylindrical rod had a length of 500
mm and was fixed in the inlet tube using perforated rings made
of aluminium. By changing the size of the holes in these Plexi-
glas rings, the flow turbulence level at the inlet could be varied.
Liquid isopropyl alcohol was supplied through the centre-body
from a pressurised vessel.

— AN
nigh pressure
) . heneycomb v - vessel
1 I
500 : 1T
i liquid supply| | . ;
] |
o ,ifgyay nozzie
R » i
test section i/ test secticn
24
‘ i cooling trap
964 ! .
_____ 9200 ’
air
outlet
o

electric heater ) -

ii/ - i

stagnation chamber

radial biower

Fig. 1. Sketch of the test facility and dimensions of the test section
(mm).

The measurements were performed using a one-component
PDA, which was mounted on a three-dimensional (3-D) tra-
versing system with stepper motors in order to allow for a
computer-controlled traversing of the PDA. Measurement of
all three velocity components were possible by mounting the
PDA receiver at different positions. The transmitting optics
consists of a He-Ne-laser and a conventional one-component
LDA-optics with two Bragg cells for frequency shifting
(Fig. 2(a)). The beam separation was 30 mm and a transmis-
sion lens with 485 mm focal length was used. The receiving op-
tics was a custom-made module with two photo detectors
(Avalanche photo-diodes). To ensure high scattering intensi-
ties even for very small droplets, the receiving optics module
was positioned at 30° off-axis from the forward scattering di-
rection. The collimating lens of the receiving optics module
with a focal length of 310 mm produced a paraliel beam of
the scattered light, which was partially blocked by two rectan-
gular slits with a height of 10 mm, a width of 60 mm, and a
separation of 20 mm (Fig. 2(a)). A second lens focused the
two light rays onto a common slit having a width of 100 pm
(due to the higher droplet concentration at the inlet a 50 pm
slit was used to produce a smaller probe volume) that was per-
pendicular to the slits in the mask and allows for demarcation
of the measuring volume. The two light beams were focused
onto (wo avalanche-photo-diodes that were integrated into
the receiving optics module. All dimensions and characteristics
of the PDA optical system are summarized in Table 1. Further
details of the PDA system may be found in Qiu and Sommer-
feld (1992).

Signal processing was based on a newly developed fast Fou-
rier transform (FFT) processor, involving a number of features
that were specially designed to allow accurate droplet concen-
tration and mass flux measurements. The main components of
the processor were the real-time signal-to-noise ratio (SNR).
Doppler burst detector that produced the trigger signal to ini-
tiate data acquisition, an electronic circuit, that allowed the
Doppler burst peak detection and envelope integration, an
A/D converter, and the FFT processor (Fig. 2(b)). The burst
detector was based on the continuous, real-time estimation
of the SNR of the band-pass filtered signals from the photode-
tectors using a frequency modulation technique (Aizu et al.,
1994; Qiu et al., 1994). Furthermore, the magnitude (i.e., am-
plitude) of one of the signals was evaluated in real time using a
narrow band pass filter, where the bandwidth was only deter-
mined by the signal envelope and not by the signal frequency



12 M. Sommerfeld, H-H. Qiu [/ Int. J. Heat and Fluid Flow 19 (1998) 10-22

a)

Spray Nozzle %

4

He-Ne Laser Brag/q cell ﬁb

Transmitting Optics -

fv +x

— e

b) [ Signai Detection «
Frequency Modulation
SNR Estimation

SNR Corlrol‘j

! Enveiape

Burst detectior:
T -
i !
i I

M | Peak
[va 4P pocton
e i

To |

Computer | 18 bit ‘

4 - =ee AD
(40KHD)

Burst Integration i e

,/—g N e U J . A -
(—_—CJ«' \--[,(' :,.-A/m‘:?;\'_i e

.o el
T
N .1‘ AD ] | Bufter T‘Mj

i T
Burst —— AD ‘ Buffer | |
: Centering _, Memary | |

CH1

FFT Processor

!

|

Memory 1
FFT

Processor

= e

RAM :

] To Computer
‘ >

Fig. 2. Phase-Doppler anemometer: (a) optical system, (b) data acquisition.

and a synchro detector. This resulted in a noise reduction of
about 10 dB. A Doppler signal was only transferred for further
processing; i.e., signal frequency and phase estimation using
the cross-spectral density (CSD) method in connection with
an FFT, when the SNR was above a preset lower level. This
minimum SNR could be specified according to the required ac-
curacy for frequency and phase estimation that strongly de-
pends upon the SNR (Qiu et al., 1991). The Doppler burst
peak detector allowed identification of the maximum in the en-
velope of the Doppler signal, whereby it was possible to use
only this centre portion of the Doppler signal for further signal
processing. The integration circuit was used to determine the
integral value under the envelope of the Doppler signal, which

Table ]
Parameters of the PDA optical system

Transmitting optics

Wavelength of the laser 632.8 nm
Diameter of laser beam D, » 1.0 mm
Focal length of front lens 485 mm
Beam separation 30 mm
Diameter of measuring volume 391 um
Length of measuring volume 12.6 mm
Fringe spacing 10.24 pm

Fringe number 38
Shift frequency 2 MHz
Conversion factor 10.24 (m/s)/MHz

Receiving optics
Off-axis angle 30°

Focal length of collimating lens 310 mm
Dimensions of rectangular apertures 60 % 10 mm
Detector separation 20 mm
Focal length of imaging lens 160 mm
Width of spatial filter 100 pm
Imaged length of measuring volume 194 um
Phase conversion factor 1.75°/um

allowed estimation of the instantaneous particle velocity vector
through the measurement volume that was the basis for accu-
rate particle flux measurements.

The input signals (i.e., the band-pass filtered signals from
the two APDs) for the FFT processor were continuously dig-
itised using two A/D converters. The maximum digitising fre-
quency was 20 MHz. The ring memory technique was used to
buffer the signals. The burst and peak detector signals were
used to control the read-out procedure, which ensured that
only the centre parts of the Doppler bursts were transferred
to the FFT processor. The FFT processor was based on a
hardware FFT chip that calculated the FFT for both channels
simultaneously. The maximum clock frequency of the FFT
chip was 36 MHz, which resulted in a maximum processing
speed of 100 KHz for two channels. For each channel, the
complex values of the five points near the spectral peak were
stored in a buffer memory for up to 1000 Doppler signals
and then transferred to a computer. For the estimation of sig-
nal frequency and phase, the five-point interpolation method
was applied (Qiu et al., 1991).

For additional validation of the sampled data and to ensure
that the Doppler signals from both channels originate from the
same particle or droplet, the maximum amplitude and the fre-
quency of both signals were allowed to deviate only to a cer-
tain degree. It should be noted that already the frequency
modulation procedure implies a frequency validation. Because
the SNR determined by the FFT processor was more accurate
than the estimation by the SNR burst detector, an additional
software SNR validation was applied. The present measure-
ments were performed with an FFT length of 64 samples
and a minimum SNR level of 0 dB was applied at the SNR
burst detector and for validation. in all the measurements,
the statistical bias with respect to the particle size-dependent
cross section of the measurement volume (i.e., the probability
of detecting large particles is higher than for detecting small
particles) was corrected using the logarithmic mean amplitude
method (LMA method, Qiu and Sommerfeld, 1992).

Furthermore, to reduce trajectory-dependent sizing errors,
which may considerably affect the accuracy of the size
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measurement for a Gaussian beam (Sankar and Bachalo, 1991;
Grehan et al., 1992), a correlation between particle size and
amplitude was used as a validation criterion whereby low am-
plitude signals from large particles were rejected (Qiu and
Sommerfeld, 1993).

Accurate measurements of the local droplet concentration
or the mass flux in any desired direction in evaporating sprays
are essential for characterisation of the global evaporation rate
along the test section. Therefore, a reliable method was devel-
oped that allows such measurements when using a one-compo-
nent PDA system (Qiu and Sommerfeld, 1992; Sommerfeld
and Qiu, 1995).

The droplet concentration is defined as the number of drop-
lets per unit volume. For a single particle counting instrument,
such as a PDA system, the contribution of each particle cross-
ing the measurement volume to the local concentration was
obtained by determining the volume that was swept with the
particle across the probe volume during the sampling time
At,. This volume is additionally correlated with the particle
size- and trajectory-dependent cross section of the measure-
ment volume A(e,. D,) and the magnitude of the instantaneous
particle velocity vector |U,[:

Vol = |U,|4(a,,D,)At,. ()

The cross section of the measurement volume does not only
depend upon the particle or droplet size but also upon the di-
rection of particle motion; i.e., A(a,, D,) must be perpendicular
to the direction of particle motion (Sommerfeld and Qiu,
1995). Therefore, the particle mass concentration for an en-
semble of particles in a complex flow is determined by the fol-
lowing generally valid equation,

M Ny 1 N;
_ TPy - : 1 .
Cn = 6 At Z (ZA(dk, D;) Z U‘(Dr)k,'\ ) . )

j=1

The summations in Eq. (2) are related to the individual
samples (velocity index j), particle size classes (index i), and
predefined directional classes (index &) and consider the depen-
dence of the particle concentration on the different parameters
involved. Therefore, accurate particle concentration measure-
ments require the determination of the instantaneous particle
velocity, the particle size, and the direction of particle motion
through the probe volume. The application of PDA implies
that the size of spherical particles can be determined. The par-
ticle size-dependent cross section of the measurement volume
was estimated using the LMA method introduced by Qiu
and Sommerfeld (1992). For the estimation of the instanta-
neous particle velocity vector with a one-component PDA sys-
tem, a method was developed that uses the dependence of the
area under the envelope of the band-pass filtered Doppler sig-
nal on the particle velocity and the trajectory of the particle
through the measurement volume. The integral value for one
particle is obtained from

1
Inty; = m /V,\,‘(D,,x,y,z) ds, (3)

where V,;(D;,x,p,z) is the particle size- and trajectory-depen-
dent Doppler signal envelope, and s; indicates the particle path
through the measurement volume. The summation of all inte-
gral values in one-directional class for a given size class implies
the integration over the cross section of the measurement vol-
ume and gives the following integral value,

b S| [ ] [rossae @

Vol(D;)

]n[k,' =

By introducing the definition for the particle concentration the
following result is obtained,

Inty = C,(D;), Aty /// V(D x,y,z)dv. (5)

Vol(D;}

The summation of all the integral values for all the directional
classes in one size class yields

Int(Dl):A[A‘I:iCH(Df)A ///V(D,',x,y,z)dn. (6)
k=1 :

Vol{D,)
By summing up also the contributions of the individual size
classes one finally obtains the particle number concentration as

1 & Int(D
C, = 7
At Z jVD \1:)dl )

VollD,

Similarly the particle bulk density is obtained by

wnp,, Dint(D;)
En [ [V(D.x.y.z)de

V()Illl

(8)

To determine the droplet mass flux in a considered direction n
one has to replace

L ow),| by /jUo),]

where u,;, is the velocity component in the direction of the flux
to be measured,

f 2 TP DTS X It
" 6Al3 - f I fV (D x.v.z)de

VoliD;}

9)

(10)

The accuracy of the above described method was tested in
an isothermal spray by Sommerfeld and Qiu (1995). The inte-
gration of the measured droplet mass flux profiles provided the
liquid mass flow rate along the spray, which agreed for the dif-
ferent profiles to £10% with an independent measurement by
weighing the liquid consumption for a given time period.

The procedure for measuring the inlet conditions of the air
flow and the spray is described in the following paragraphs.
The hollow cone spray nozzle was mounted in such a way that
the exit hole was about 5 mm above the edge of the centre
body. This ensured that a complete break-up of the liquid
sheet occurs up to the edge of the centre body. The inlet con-
ditions for the droplet phase, i.e., local size distributions, local
size-velocity correlations for all three velocity components and
droplet mass fluxes, could be measured 3 mm downstream of
the edge of the centre body (this gives a distance of 8 mm
downstream of the nozzle exit) in order to provide the required
data for numerical calculations. The three components of air
velocity at the inlet were also measured 3 mm downstream
the edge of the centre body. For these measurements, the spray
was not operated. The velocity measurements by PDA were
performed by seeding the flow with small spherical glass beads
and applying the discrimination procedure described by Qiu et
al. (1991) in order to ensure that only signals from small par-
ticles with a diameter smaller than 3 um were sampled. These
small particles can be assumed to follow the gas phase turbu-
lent fluctuations.

The mean temperature of the air flow at the inlet was mea-
sured with a thermocouple probe scanned across the annulus.
In the single-phase flow, profiles of the mean temperature in
the test section also were measured by this thermocouple
probe. Moreover, the outer wall temperature along the test sec-
tion was measured for all flow conditions using a special wail
thermocouple probe. The probe head consisted of metal strips
that could be placed flush onto the wall. In this paper, only the
outer wall temperature is presented. The temperature at the
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inner wall can be determined from these values by calculating
the heat conduction through the 3 mm thick aluminium wall.

The first flow condition considered in the studies was a sin-
gle-phase flow case (i.e., without the liquid spray being operat-
ed, see Table 2) to assess the flow characteristics and quality of
the established air flow and the effect of the spray and the
evaporation on the flow (i.e., two-way coupling).

The two-phase flow was examined for a number of flow
conditions with different air flow rates, air temperatures, liquid
flow rates, and diameters of the nozzle holder (Sommerfeld et
al,, 1994). However, only four cases are discussed here. The
main parameters for the different experimental conditions are
summarised in Table 2.

The test section could not be insulated because of the re-
quired optical access; therefore, droplet evaporation was influ-
enced by the ambient temperature. For this reason, the
measurements for one flow condition were performed during
a relatively short time period (i.e., 1 or 2 days) to ensure no
considerable changes in the ambient temperature. To quantify
the errors associated with variations in the ambient tempera-
ture, the droplet mass flux was measured at x =25 mm for flow
condition 3 at two ambient temperatures (i.e., 254°C and
31.4°C). The results are summarised in Fig. 3 and Table 3. [t
is obvious that the evaporation rate is smaller at lower ambient
temperatures and hence lower wall temperatures, whereby the
liquid mass flow rate is about 30% higher as compared to the
higher ambient temperature. This implies an error in the mea-
sured liquid mass flow rate of 5% per 1°C of ambient temper-
ature change. Therefore, a maximum variation of only 2°C was
allowed for each series of measurements performed.

3. Measurements in single-phase flow

A simultaneous measurement of gas and droplet velocities
in the evaporating spray was not possible in the present study
for several reasons. As a result of the evaporation, the number
of naturally occurring small droplets (i.e., droplets with diam-
eters below 3 pm) that are able to follow the turbulent gas-
phase fluctuations and hence can serve as an indicator of the
gas velocity, was very low. This would result in excessive mea-
surement times to determine the gas velocity. Moreover, the
spray droplets are not present in the entire flow field.

The injection of solid tracers in the gas flow would result in
contamination of the windows in the test section and, addi-
tionally, considerably influence the evaporation characteristics
because of agglomeration with the spray droplets. The addi-
tion of small liquid droplets in the annular air stream, on the
other hand, will affect the balance of liquid mass flow, the va-
pour concentration in the flow field. and may also result in co-
alescence between tracer and spray droplets. Furthermore,
small droplets added to the air flow will evaporate very fast,
mainly already in the inlet pipe. Hence, addition of larger
droplets would be required, which will, again, considerably

Table 2
Flow conditions for the considered measurements
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Fig. 3. Influence of ambient temperature on droplet mass flux profiles
at v =25 mm (case 3).

Table 3
Droplet mass flow rate at x:=25 mm for two ambient temperatures
(case 3)

Ambient temperature Droplet mass flow rate Percentage
O (g/s) (")
254 0273 130
314 0.210 100

alter the vapour mass fraction in the flow field. All the above
described problems conflict with the need to specify detailed
inlet and boundary conditions of the flow in order to provide
data for validating numerical calculations that were performed
in parallel to the experimental studies.

Therefore, to characterise the established gas flow one set of
measurements was taken without the spray in operation. Un-
der such conditions, the air flow could be seeded with small
spherical glass beads, and the air velocity was determined by
applying the discrimination procedure described by Qiu et al.
(1991) for ensuring that only particles smaller than about
3 um were sampled. For each measurement location 2000 val-
idated samples were recorded to allow a determination of the
mean velocities and the rms values with low statistical error.

In Fig. 4 the cross-sectional profiles of the axial and radial
mean velocities, the turbulent kinetic energy, and the mean
temperature of the air flow are summarised. It is obvious that
the flow is fairly symmetric. In front of the nozzle holder, a
small recirculation region develops, and the recirculation re-
gion in the edge of the pipe expansion extends throughout
the considered flow domain (Fig. 4(a)). The highest gas tem-
peratures are found in the core region of the flow field. Within
the recirculation region of the pipe expansion the gas temper-
ature is about 15°C lower because of the wall cooling effect
(Fig. 4(d)). The inner wall temperature was estimated from

Case Diameter nozzle  Air volume flow  Air mass flow

Maximum air

Maximum air Liquid mass Liquid temperature

holder (mm) rate (m'/s) rate (gfs) velocity (m/s) temperature (°C) flow rate {(gfs)  at nozzle exit (°C)
Single-phase 40 0.032 29.0 18.0 100 - -
flow
1 40 0.034 326 18.0 80 0.44 32
2 40 0.031 28.3 18.0 100 0.44 34
3 40 0.015 14.2 9.0 80 0.44 32
4 20 0.023 21.2 9.0 100 (.83 34
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Fig. 4. Measurements for the single-phase flow case (see Table 2); (a) axial mean velocity, (b) axial velocity fluctuation, (c) radial mean velocity, (d)

mean temperature.

the measurements of the outer wall temperature along the test
section. At x=400 mm, an almost uniform gas temperature
distribution is established.

4. Measurements in evaporating spray

The measurements in evaporating sprays include local size
distributions, size--velocity correlations, and droplet mass flux.
For each measurement location, 20 000 validated samples
were collected for the reliable determination of mean proper-
ties. The droplet mean velocities and the mean fluctuating ve-
locities were determined by averaging over the entire droplet
size spectrum.

In the following section, the experimental results obtained
for the droplet phase in case 2 (see Table 2) are discussed in
more detail, because it corresponds to the single-phase flow
discussed above. A comparison of the wall temperature pro-
files for the single- and two-phase flow reveals the effect of
evaporation (Fig. 5). Because of the heat required for droplet
heat-up and evaporation, the air flow is cooled and, hence,
the wall temperature for the two-phase case is considerably
lower as compared to the single-phase flow. Initially, where
the evaporation rates are higher (i.e., between ¥ =0 and
400 mm), the difference is about 15°C. Farther downstream,
the difference reduces to about 5°C.

The measured profiles of the axial velocities, and the asso-
ciated velocity fluctuations averaged over all droplet size class-
es are shown in Fig. 6 for the seven cross sections considered.
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The profiles of the axial droplet velocities exhibit a rather sym-
metric shape, which demonstrates the proper alignment of the
flow and the spray nozzle. In regions where no velocity data
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are plotted, the number density of the droplets was too low
to acquire data within a reasonable measuring time. The max-
imum averaged axial velocity just downstream of the spray
nozzle is about 15 m/s and then decreases to about 10 m/s at
x=25 mm (Fig. 6(a)). Moving farther downstream (x =50
and 100 mm), a slight increase of the maximum droplet veloc-
ity is observed, which is associated with the acceleration of the
droplets by the annular air stream. Downstream of x =100
mm, the maximum axial droplet velocity slightly decays result-
ing from the radial spreading of the spray and the air jet. The
recirculation region developing downstream of the nozzle
holder results in negative droplet velocities in the core of the
spray (i.e., at x=25 mm).

The radial velocity component could only be measured in
one-half of the pipe cross section because of the arrangement
of the optical system. The profiles of the radial droplet mean
velocity (Fig. 6(c)) reveal that there exists an inward motion
of the droplets in the core region of the spray just downstream
of the injection location within the central recirculation region
developing below the cylindrical rod, which was used to hold
the spray nozzle (i.e., x =25 and 50 mm). At the edge of the
spray, i.e., where the highest liquid mass flux exists, the largest
radial velocities are found indicating the outward radial spread
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of the spray. From the nozzle exit up to x = 100 mm, the max-
imum radial velocity continuously decreases, and downstream
of x = 100 mm, the radial spread increases again slightly. This
behaviour shows that initially air from the annular jet is en-
trained into the spray causing a reduction in the radial spread.
Moving farther downstream, the flow continuously expands
because of the reducing dimensions of the recirculation region
in the edge of the pipe expansion.

The measured profiles of the droplet number mean diame-
ter show the typical result expected from a hollow cone atomi-
ser where smaller droplets are found in the core region and
larger droplets near the edge of the spray (Fig. 7(a)). With in-
creasing distance from the inlet, the droplet mean diameter be-
comes more and more uniform over the pipe cross section due
to evaporation, turbulent dispersion, and entrainment from
the outer region of the spray. From x =300 mm, the number
mean droplet diameter is almost constant in the cross section
and slowly decreases with downstream distance as a result of
evaporation. The largest changes of the droplet number mean
diameter are observed at the edge of the spray, where the high-
est evaporation rates are expected. The profiles of the standard
deviations of the local droplet size distributions show that nar-
row size distributions are found in the core of the spray, while,
towards the edge, a rapid increase of the standard deviation is
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observed (Fig. 7(b)). This is associated with rather wide size
distributions. Downstream of x =300 mm, the diameter rms
value becomes uniform and is below 10 um. The profiles of
the Sauter diameter (Fig. 7(c)) are similar to those of the num-
ber mean diameter, but the values are between 5 to 10 pm larg-
er. The differences are smaller in the core of the spray than
near the edge.

The distribution of the axial droplet mass flux throughout
the test section is shown in Fig. 8. Initially (at x=0 and
25 mm), the profiles of the droplet mass flux show the two
peaks associated with a hollow cone spray nozzle, and the
spray is spreading according to the cone angle of 60°. Due to
the recirculation region downstream of the centre body, the
droplet mass flux becomes negative in the core of the spray
at x =25 mm. Farther downstream, the spreading of the spray
is hindered because of the entrainment of the annular air jet,
and the maximum of the droplet mass flux moves towards
the centreline. Downstream of x =50 mm, the droplet mass
flux is continuously decreasing, and at x =400 mm, most of
the liquid has evaporated.

To reduce the disturbance of the spray evolution by the re-
circulation region developing in front of the nozzle holder and
to reduce the strong inward motion of the annular air jet that
hinders the radial spread of the spray and hence evaporation,
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further experiments were conducted with a nozzle holder of

20 mm diameter (case 4 in Table 2). Moreover, the maximum
air velocity in the annulus was reduced to 9 m/s; whereby the
initial relative velocity between air and droplets is increased,
and hence the convective contribution to the droplet evapora-
tion should become larger yielding a higher overall evaporation
rate. The development of the spray for this condition (case 4) is
demonstrated using the profiles of the droplet axial and radial
mean velocities (Fig. 9), the droplet mass flux (Fig. 10), and
the droplet number mean diameter together with the size rms
value (Fig. 11). In comparison to case 2 (Figs. 6-8), it is ob-
vious that the radial spread of the spray has increased, and
the characteristics of the hollow cone spray are maintained
up to 200 mm downstream of the nozzle exit; i.e., the droplet
mass flux profiles show two maxima up to this location
(Fig. 10).

The comparison of axial mean droplet velocity profiles for
both cases shows the reduced size of the recirculation region
downstream of the nozzle holder. i.e., no negative velocities
are observed at x =25 mm. Moreover, the lower air injection

asial mean

1=

&

velocity in case 4 results in considerably lower axial velocities
of the spray droplets, except for the first two profiles
(Fig. 9(a)), where the intcraction with the annular air flow
is weak. These lower droplet velocities compared to case 2 in-
crease the residence time of the droplets within the test sec-
tion yielding more time for evaporation. The radial mean
velocity profiles of the droplet phase (Fig. 9(b)) reveals that
no inward motion in the core of the spray is realised as found
in case 2 (Fig. 6(c)) and that initially a higher radial spread is
observed, which is also obvious from the mass flux profiles
(compare Figs. 8§ and 10). The reduced entrainment of hot
air into the spray also has consequences for the evolution
of the droplet number mean diameter (Fig. 11). The droplet
mean diameter in the core of the spray remains considerably
lower (i.c., between 10 and [3 pm) up to x =200 mm as com-
pared (0 case 2, indicating that the flux of larger droplets
from the outer region of the spray due to entrainment is re-
duced for case 4 (compare with case 2, Fig. 7). At the edge
of the spray, the droplet diameters are similar for cases 4
and 2.
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The droplet size distributions at selected locations within
the region of spray development (i.e.. for the profile at
x =50 mm) show that in the core of the spray, rather narrow
size distributions with a low number mean diameter are found
(Fig. 12(a)). Towards the edge of the spray, the mean diameter
increases, and the size distribution is considerably broadened,
associated with an increase of the diameter rms value
(Fig. 11(b)). Moreover, a strong correlation between droplet
size and axial velocity exists with the larger droplets having
the higher velocities because of their larger inertia (Fig. 12(b)).
Outside the main spray region, in the recirculation region of
the pipe expansion, only a few droplets are present (Fig. 10),
all of which have negative velocities (Fig. 12(c) and (d)). The
droplet number mean diameter is only slightly decreasing,
but the rms value increases further, because a broadening of
the size distribution towards smaller droplets is occurring
(Fig. 12(d)). Downstream of x =200 mm. the droplet number
mean diameter and the associated rms value become more and
more constant in the pipe cross section. At =400 mm no

considerable variation in the droplet size distribution is ob-
served and no correlation between size and axial velocity does
exist (Fig. 13).

The overall change in droplet size for the cases 1, 2, and 4 is
illustrated by calculating for each profile an average Sauter di-
ameter weighted with the local droplet mass flux (Fig. 14). The
larger changes of the mean Sauter diameter just downstream of
the nozzle up to x=25 mm are associated with the distur-
bances caused by the nozzle holder. Farther along the spray.
the averaged Sauter diameter is reduced continuously because
of evaporation. The lowest decrease is observed for case 1.
with an air temperature of 80°C. The overall reduction of
the averaged Sauter mean diameter within the test section is
between 10 and 15 pm.

For a further comparison of the different cases, the profiles
of the droplet mass flux were integrated to yield the droplet
mass flow rate in the considered cross sections. The normalised
droplet mass flow rates along the test section, plotied in
Fig. 15, demonstrate the different evaporation rates for cases
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1, 2, and 4. For case 1. a rather continuous decrease of the integration of one droplet mass flux profile only. Farther
droplet mass flow rate is observed, and 400 mm downstream downstream, the evaporation rate increases again, and the
of the injection, 67% of the liquid is evaporated. Considering droplet mass flow rate decreases below that of case 1. Finally,
case 2, where an air injection temperature of 100°C was estab- at x = 400 mm, 0% of the liquid isopropy! alcohol is evaporat-
lished. the evaporation rate is initially almost identical to that ed. For case 4 with a maximum air injection velocity of 9 m/s
of case | and between x =50 and 100 mm, the droplet mass and a temperature of 100°C, the overall evaporation rate is
flow rate remains almost constant. This might be caused by considerably higher as compared to the other two cases. The
an asymmetry of the spray because of the interaction with main reason for this is the larger radial spread of the spray,
the recirculation region downstream of the nozzle holder, the higher relative velocity between gas and droplets in the ini-
whereby larger errors in the measured droplet mass flow rate tial region downstream of the inlet (i.e., maximum axial air ve-
may result, because this value was determined from the locity 9 m/s, maximum axial droplet injection velocity 15 m/s)
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Fig. 15. Droplet mass flow rate along the test section for cases |, 2, and 4.

and the larger residence time of the droplets. The higher rela-
tive velocity may increase the convective droplet evaporation
as compared to the other cases. The highest evaporation rate
is found between x =25 and 50 mm. At x =400 mm, 99% of
the droplet mass is evaporated; hence, this flow condition gives
the highest overall evaporation rate.

The temperature distribution along the outer wall of the
test section reveals that the temperature levels strongly depend
upon the air inlet temperature and the evaporation rate
(Fig. 16). In case 2, the wall temperature is higher as compared
to case 1 because of the higher air injection temperature. In
these two cases, the same liquid mass flow rate was established.
For case 4, the injected liquid mass flow rate was about twice
that of the other cases. Hence, the lowest wall temperatures are
observed in case 4 as a result of the high evaporation rates and
the associated cooling of flow and walls. As already mentioned
the high evaporation rates in case 4 are caused by the large rel-
ative velocity between air and droplets near the injection loca-
tion and the larger residence time of the droplets. The
temperature maximum for all three cases is found near the re-
attachment location of the recirculation region in the pipe ex-
pansion, which is located approximately 600 mm downstream
of the inlet.

5. Conclusions

A series of detailed measurements of the droplet phase
properties in a spray issuing into a co-flowing heated air
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Fig. 16. Temperature distribution along the outer wall of the test sec-
tion for cases 1, 2 and 4.

stream was collected using PDA. The measured quantities in-
clude droplet size distributions, correlations between droplet
size and velocity, and the droplet mass flux at the inlet and
within the entire flow field. From the measured droplet mass
flux profiles, the liquid mass flow rate along the test section
was determined. The results reveal that low air injection veloc-
ities as compared to the droplet initial velocity increase the
evaporation rate as a result of the larger droplet interaction
time with the surrounding heated air and the established larger
relative velocity between air and droplets, whereby the convec-
tive droplet evaporation is increased. Moreover, the reduction
in air injection velocity allows for a larger radial spread of the
spray. Higher air temperature also increases the evaporation
rate but is less effective than the reduction in the air injection
velocity. Additionally, higher air temperatures require more
energy input.

The experimental results presented here provide all required
boundary conditions and data to allow for the validation of
numerical calculations of evaporating sprays. The data are
available on request.
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