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ABSTRACT

A bolographic study of sprays of liquid refri-
gerant R113 injected into its own saturated vapor
is presented. The experiments were carried out
in a thermally insulated autoclave, at different
liquid mass flow rates m (32.50 — 231.87 g/min)
and vapor pressures p, (0.10 — 0.25 MPa). For
each combination of m and py, two holograms
were recorded — a single-pulsed hologram to pro-
vide data about spray angle, break-up length and
drop size distribution, and a double-pulsed one to
evaluate the drop velocities — . The results were
compared with data obtained from the literature
of water sprays in steam environments and the
differences discussed.

1. INTRODUCTION

The knowledge about the behaviour of sprays
injected into condensable environments (i.e. into
its own vapor) is important for the correct design
of industrial processes and for better understand-
ing of dispersed fluid phenomena.

Over the years, numerous research has been
carried out on sprays dealing with their forma-
tion and with the evaluation of droplet parame-
ters. These include stability and desintegration of
liquid sheets Dombrowski & Johns [1], effect of am-
bient and liquid properties De Corso & Kemeny [2];
De Corso [3]; Dombrowski & Hooper [4], atomiza-
tion and nozzle design Mugele & Evans [5], Fraser
& Eisenklam [6]; Kim & Marshall [T]; Dombrowski &
Wolfsohn [8]. The different measurement methods
employed were presented in an extensive review
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by Azzopardi [9).

In the last few years, the perfection of the
laser technique made the application of more
powerful non-intrusive methods possible to study
dispersed flows. Two major areas have been de-
veloped: on one side, the LDA-sizers which base
on the analysis of LDA signals, as is decribed in
the studies of Durst & Etiasson [10]; Swithebank, et
at [11]; Yule, et af [12]; Farmer [13]; Baukhage [14];
and Bachalo [15]; on the other side, pulsed laser
holography which bases on the Gabor-Holography
Gabor [16], as illustrated in the reviews of Thomp-
son (17] and Troflinger [18, 19]. These two groups
of measuring methods seem to be the most appro-
priate to provide spray information for the range
of drop diameters 10A < d < 3 mm, where ) is
the wavelength of the laser light.

In this work, we applied pulsed laser holog-
raphy for direct measurement of size and velocity
distributions of spray droplets of the liquid re-
frigerant R113 (Trifluorotrichloroethane), and for
the characterization of the spray. The physical
properties of the refrigerant R113 allow to carry
out direct contact condensation experiments in a
wide field of reduced pressures (p, = py/p.) in
a technical, favorable range of pressure and tem-
perature (T, = 214.1 °C; p. = 3.41 MPa). This
characteristic can help us to overcome the diffi-
culty of conducting water-steam experiments at
high reduced pressures by providing generalized
spray-correlations. Here py is the vapor pressure
of the spray environment and p. and T, are the
critical pressure and temperature respectively.



2. SCOPE OF THE WORK AND
SPRAY DESCRIPTION

In this paper, results of a holographic evalu-
ation of R113-spray experiments realized for the
range of vapor presures py (0.10 - 0.25 MPa) and
liquid mass flow rates m (32.5 - 231.87 g/min)
according to the experimental matrix shown in
Table 1 are presented. A common hollow-cone
type swirl nozzle (Lechler Co.) with a diameter
of 0.7 mm was used as an atomizer.

A schematic picture of the spray flow is
shown in Fig.l. Assuming that the spray pos-
sesses a steady axis, we can use cylindrical polar
coordinates to relate the spray with spacial po-
sitions; here the axis z of the coordinate system
coincides with the spray axis and the origin is sit-
uated at the outlet of the nozzle. The spray may
be divided into three zones: the continuous lig-
uid sheet zone, the break-up zone and the droplet
zone. The form of the liquid sheet — character-
ized by the spray angle v and the break-up length
Lz ~ plays an important role; it is responsible for
the final form of the spray. At the distance Lz,
the liquid sheet becomes unstable — aerodynamic
instability and it breaks up into a swarm
of fine droples. Due to this unstable break-up
mechanism, the produced drops are of very dif-
ferent sizes and fly at different velocities. This
can be taken into account by setting up distri-
butions of size and velocity with respect to the
reference frame.

Summarizing: in order to describe the spray,
measurements of the shape and length of the lig-
uid sheet and of the size and velocity distributions
of the droplets are necessary.

Table 1. Experimental Matrix
m py (MPa)
(g/min) 0.10 0.15 0.20 0.25
32.50 x
64.44 X X X X
82.28 X
101.86 X
141.66 X
231.87 X
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Fig.1 Schematic diagram of the spray flow.

3. MEASURING TECHNIQUE

3.1 Pulsed Laser Holography

For direct measurement of the spray param-
eters, we decided to apply the pulsed laser holog-
raphy. It is a well-tested measuring method for
single-pulsed holograms (Hawighorst [20], Timko
[21]) and with the use of a multi-pulsed ruby
laser, direct measurement of droplet velocities are
also possible. Holography permits storing a high-
resolution, three- dimensional image of the whole
particle field at any instant. The frozen image
of the particle field can then be analysed in de-
tail, through its volume, with conventional imag-
ing systems.

In the present study, conventional single pul-
sed laser holography (where a single exposure was
made with one firing of the ruby laser) was car-
ried out to measure the drop sizes and to observe
the spray form. Next, double-pulsed laser holog-
raphy (where a double exposure was made with
two firings at a pulse interval of 200 ps of the ruby
laser) was employed to obtain the droplet veloc-
ities. Typical photographs of single- and double-
pulsed holograms are shown in Figs. 2 and 3 res-
pectively.



Fig.2 Photographs of a single-pulsed hologram
for the measurement of the break-up
length, spray angle, and drop size.

Pulse energy: 1 Joule
Pulse duration: 30 ns
m = 64.44 g/min ; p, = 0.15 MPa

b-a
Pulse Interval

us=
Fig.3 Photographs of a double-pulsed hologram
for the evaluation of the drop velocities.
Pulse energy: 0.5 Joule

Pulse duration: 30 ns

Pulse interval: 200 ps

m = 64.44 g/min ; p, = 0.15 MPa

3.2 Holographic System

3.2.1 Arrangement for the recording of the holo-

grams. The layout of the holographic system with
the autoclave wherein the spray is produced is
shown in Fig.4. An off axis arrangement using a
pulsed ruby laser (K-Lasers Ltd.) was employed.
The laser produces light of a wavelength of 694.3
nm, with an output energy of 1 J and a pulse
width of 30 ns. It can also be operated in double-
pulse modus with pulses of 0.5 J at intervals from
1to 800 us. A convexlens DL was used to expand
the laser beam at the entrance of the holographic
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Fig.4 Arrangement for recording holograms.

arrangement to reduce the power concentration,
and a beamsplitter BS to produce two beams, the
so-called object and reference beam. The beams
were collimated by the lenses CL to obtain paral-
lel beams of 60 mm diameter. The object beam is
then led into the experimental chamber through
the diffusor D which provides uniform illumina-
tion of the object O and is transmitted through
the spray. Imaging lenses IL were placed between
the spray and the holographic plate (Agfa 8E75
HD). These lenses provide a conjugate image of
the spray close to the holographic plate and re-
duce the necessity of the hologram to achieve a
high resolution. The reference beam was reflected
by the mirror M to the holographic plate where
it combined with the object beam. The position
of the mirror M was adjusted so that the op-
tical path difference between the reference and
the object beam path was kept shorter than the
laser coherence length (~ 20 cm). The exposed
holographic plates were developed and bleached
according to standard formulas, for example Har-
iharan [22].

3.2.2 Arrangement for the reconstruction of the
holograms. The reconstructed image of the liquid

spray was obtained by illuminating the developed
holographic plates - holograms — with a con-
tinuous Helium-Neon (He-Ne) laser beam which
replaced the reference beam. Figure 5 shows the
optical arrangement for taking photographs of the
virtual image of the reconstructed hologram. By
turning the plate 180°, a real image is produced
which can be photographed directly with micro-
scope objectives.
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Fig.5 Reconstruction of the holograms.

3.2.3 Evaluation of the holograms. The holo-
grams were evaluated by a manual method. First,
a series of photographs was taken from each holo-
gram in which the focussing length was stepwise
varied by adjusting the camera lenses, sweeping
the full depth of the holographic image, as shown
schematically in Fig.5. By this method the three-
dimensional information of the hologram was con-
verted into a set of two dimensional slides (pho-
tographs) containing the part of the hologram
information corresponding to the focal plane at
which the photograph was recorded. The pho-
tographs could then be evaluated easier. The
focussing depth of the photographs was kept as

short as possible using a 400 mm teleobjective
and a 500 mm front-lens which was moved to
shift from a focal plane to another. Taking the
pictures with this procedure, alterations in size
due to optical aberrations could be neglected. To
assure correct measurements, only very well fo-
cussed droplets, selected by human criterion, were
taken into account.

To measure the recorded pictures, the film
negatives were projected onto a translucent
screen measuring 130 cm x 100 ¢cm using a com-
mon slide projector. The projected images could
then be directly measured with a calibrated mag-
nifier. Total magnifications up to 100 : 1 were
achieved. A holographic image of a tungsten wire
of 100 pm diameter was used as a calibration
scale. The Fig. 6 shows a series of droplet pic-
tures — corresponding to the same reconstructed
hologram — taken at different focal planes. It
can be seen that the droplets appear well focussed
only in one of the focal planes.

4. EXPERIMENTAL APPARATUS
AND PROCEDURE

4.1 Test Chamber

Figure 7 shows a schematic diagram of the
thermally insulated pressure vessel, which was
used as the test chamber. It consists of a cylinder
measuring 206 mm in interior diameter and 650
mm in hight. It was designed for pressures up

Depth interval between
two pictures: ~ 1 mm
py = 0.1 MPa

m = 32.50 g/min

Fig.6
single-pulsed hologram.

Photographs of the R113-spray taken at different focal planes of the reconstructed image of a
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Fig.7 Schematic diagram of the test chamber.

to 2 MPa. Two quartz glass windows having 100
mm in diameter were installed in the cylindrical
wall for optical access. The spray was injected
from the top of the vessel through the fine hol-
low cone nozzle described in section 2, which was
positioned concentric with respect to the cylin-
drical wall. Its position can be axially varied to
permit the observation of any section of the spray.
The lower third of the vessel was filled with liquid
refrigerant R113 which was heated by three elec-
trical heating elements (1.2 kW) installed in the
lower plenum, to produce the saturated vapor en-
vironment in the upper two thirds of the vessel.
A funnel was placed between the boiling liquid
and the spray. It collected the spray droplets and
led them to the outlet.

4.2 Facility

The liquid to be injected into the test cham-
ber was supplied by a R113-reservoir, maintained
at high pressure by connecting it to a pressurizer.
The hot liquid, drained from the test chamber,
was cooled down to the room temperature by a
water cooler and finally led to the storage tank,
as indicated in the flow diagram in Fig. 8. The
liquid flow rate supplied to the nozzle was mea-
sured with a finely calibrated rotameter (Fischer
& Porter) and kept constant for each run. The

temperature and pressure at points of interest in
the test chamber were monitored with conven-
tional thermocouples and pressure sensors con-
nected to a central indicator.

4.3 Experiment

The vapor which is generated in the test
chamber is maintained at the experiment pressure
by regulating a relief valve. Liquid is supplied
to the nozzle at a pre-established mass flow rate
and temperature. Experiments were conducted
at a liquid temperature T} of 25 °C. The mass
flow rate m and the vapor pressure p, were var-
ied according to the experimental matrix shown
in Table 1. For each combination of m and p,,
at steady-state conditions, two holograms were
taken: a single-pulsed hologram to provide data
about spray angle, break-up length and drop size
distribution, and a double-pulsed one to evaluate
the drop velocities. Two series of experiments
were conducted:

— first, the vapor pressure was maintained con-
stant at 0.10 MPa while the liquid mass flow
rate was varied from 32.50 — 231.87 g/min.

- next, the mass flow rate was kept constant
at 64.44 g/min while the vapor pressure was
varied from 0.15 - 0.25 MPa.

In the first case the results (Table 2) showed
a strongly dependence of the drop size, drop ve-
locities, spray angle and breakup length upon the
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Fig.8 Test Facility for conducting R113-spray
experiments.



mass flow rate, as can be appreciate in the dia- Tabie 2. Results of experiments for p, = 0.1 MPa
grams of Fig.9. As an illustration, Fig.10 shows a
series of photographs of reconstructed holograms.
In the second case, the results (Table 3) indicated

m 4 z d dmax | dmia i Lz a
(g/min) [(mm) {(mm) [(pm) | (upm) | (pm) [ (m/s)|(mm)

. 0.50 3.48 340 450 220 3.48 | 25.6
only a weakly decreasing of the spray angle and 3250 | 114 | 570 | 380 | sa0 | 220 | o.70
drop sizes while the vapor pressure was increased. 2.28 | 1140 | 370 | 570 | 170 | 0.70
The result of this series are presented in the dia- 2.16 | 570 | 310 | 340 { 220 5.70 | 30.8
. 64.44 2.26 11.40 370 450 310 1.66
grams of Fig.11. 3.64 | 1710 | 370 | 420 | 320 | 1.66
The measurements of the breakup length were 310 | 830 | 290 | 3a0 | 205 5.30 |66.0
compared with spray-correlations obtained from 6223 | 6.35 | 11.40 ] 250 | 280 | 230 | 2.50
. . 14,20 { 17,10 250 350 250 2.50
the literature, which were produced from exper- -
. .. N 3.02 5.13 230 235 230 5.30 | 66.0
iments conducted on water-sprays injected into 101.86 | 6.30 | 11.70 | 240 | 285 | 190 | 3.35
steam environments. This indicated that R113- 17.80 | 17.10 | 269 | 310 | 199 | 335
sprays can not be directly described with this e :;‘1’ 131'7450 igz fjg iii s 378 716
. . ! 141.66 X R .
kind of correlations. For example, Fig. 12 shows 11.17 | 17.10 | 140 | 190 | 90 | 3.75
a plot of the a spray correlation from Lee & Tankin 3.30 | 240 | 150 | 190 | 110 240 |720
[23] (for p; < 0.014) in which the results of this a3ne7 | 752 (1140 | 100 | 140 | 50 | 5.02
10.80 | 17.10 120 140 90 5.02
300 T T T T 17117 TT T T T T T T T T 1 T T T
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Fig.9 Mean drop diameter, velocity, spray angle and break-up length vs. the mass flow rate.

m (g/min) 32.50 64.44 82.28 141.66

Fig.10 Photographs of the R113-spray at different mass flow rates. Object: R113-spray in its own
saturated vapour at 0.1 MPa Pulse energy: 1 Joule ; Pulse duration: 30 ns
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work were also included. The behavioural dis-
crepancies can be cleared through the strong
differences in the physical properties of water and
refrigerant R113. The surface tension o, the vis-
cosity p and the liquid density p play a determi-
nating role. For example for p/p. < 0.3 , the
properties of the refrigerant R113 and water (H,0)
obey the following relations o113 ~ om,0/3 ,
priis ~ 2.7 pmo and  prus ~ L7pH0

respectively.
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_oa2s) ° L ° B
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(29
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0.05 1 [ S L ll I L
100 400 1000 0.6 2 6
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Fig.11 Mean drop diameter, mean drop velocity,
spray angle and break-up length vs. the
vapor pressure for m = 64.44 g/min.
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Fig.12 Breakup length of the liquid sheet as a
function of Weber and Jakob numbers.
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Table 3. Results of experiments for m=64.44 g/min

o . 2 | d |dme |dwn | 8 | Lz | @
(MPa) | (mm) [ (mm) [(pm) [(pm) | (pm) [(m/s) [ (mm)
2.12 5.70 310 330 220 5.70 208
0.15 2.30 11.40 360 450 300 1.66
3.60 17.10 360 420 300 1.66
2.10 5.70 310 340 220 5.70 292
0.20 2.30 11.40 360 430 300 1.66
3.60 17.10 360 420 300 1.66
2.10 5.70 310 340 220 5.70 292
0.25 2.30 11.40 360 430 300 1.66
3.60 17.10 350 420 280 1.66

4.4 Uncertanty Sources

The human criterion in our hologram’s eval-
uation method, especially to decide whether a
droplet appears sharp enought in the photographs,
is a dominant factor in the estimation of the un-
certanties of the results. In order to take into ac-
count this error source, three persons evaluated
separately the film negatives corresponding to all
the holograms reported here and their measure-
ments were compared together. Deviations up to
16% were achieved. Errors due to other sources
were one order of magnitude smaller.

5. SUMMARY

Both single- and double-pulsed holograms
were very clear and could be photographed rel-
atively easy . The spray parameters were then
evaluated from the photographs for some inter-
esting spray zones, and the results summarized in
Tables 2 and 3. The results showed that the drop-
size is inversely proportional to both the mass
flow rate and vapor pressure while the dropsize
and velocity distributions, spray angle and break-
up length depend only weakly upon the vapor
pressure and very strongly upon the mass flow
rate, as indicated in the photographic series of
Fig.10. Moreover, they revealed that refrigerant
sprays can not be directly described by usual cor-
relations which were obtained from water-steam
experiments. In spite of this it seems promising,
that with sufficient R113-spray data, it will not be
very difficult to extend actual spray-correlations
- or to provide new, more general correlations —
in future research, to predict the behaviour of
generalized sprays for higher reduced pressures.
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NOMENCLATURE

D, nozzle diameter [mm ]
Cp specific heat [kI/kg K]
Lz break-up length [mm]
Ja Jakob number Ja = Cp (Ts- T) [-]

(o] origin of coordinates (-1

T temperature [°C]
We Weber number We = pu’D, /o [-]

d droplet diameter [pm]

d mean droplet diameter [um]

h heat of vaporization [kI/kg]
m liquid mass flow rate {g/min]
p pressure [MPa ]

r radial coordinate [mm]

u droplet velocity {m/s]

i mean droplet velocity {m/s])

z axial coordinate {mm]

a spray angle [-1]

A wavelength of laser light [nm]

p density [kg/m?]
" viscosity [Pas]
14 surface tension [N/m}
subindices:

max maximum

1 liquid

min minimum

s saturation

v vapor
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