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ABSTRACT

Results of the application of holographic methods for direct measurement of the growth of sub-
cooled spray droplets in a pure saturated vapour and evaluation of the direct-contact condensa-
tion are presented. The spray flow of the model fluid, refrigerant R113 (trifluorotrichloroethane),
is formed by injecting it through a 60° pressure-swirl nozzle of 0.6 mm in bore diameter into its
own saturated vapour. The spray flow corresponds to droplet Reynolds numbers in the range
100 £ Re < 3500 while the vapour pressure is varied in a wide range of reduced pressures

(0.03 < p, < 0.3).

1. INTRODUCTION

Direct measurements of the heat transfer coefficient
at the phase interface between droplets and a continuous
vapour phase are of interest for many processes of the
energy and chemical industries (i.e. cooling of the nu-
clear reactor core at LOCA situations, attemperation of
superheated steam, direct-contact condensation, drying
and humidifying processes, etc.). There is a large series
of correlations in the literature which attempt to predict
the heat transfer coefficient at a droplet. Most of them
base upon the rigid sphere assumption as quoted by Lau-
tenschlager (1988). The general form of these correlations
is

(1)

where hp means the heat transfer coefficient at the dro-
plet, D represents the droplet diameter, a, b and ¢ are
constants to be fitted, Rep means the droplet Reynolds
number and Pr; the Prandtl number of the liquid phase.
In this work, the droplet Reynolds number is defined as

hp = :\Dl 2+ GRCDmec]
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with U meaning the droplet velocity relative to the va-
pour phase and g, and 7, the density and viscosity of
the vapour respectively. If U = 0 Eq.(1) reduces to the
known equation of heat diffusion from a sphere

Av
hp =24 ®3)

where A\, means the thermal conductivity of the vapour
phase.
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Sideman & Shabatai (1964) estimated an increase of
the heat transfer coefficient around a factor of 1.9 (Pn)é s
if an internal circulation in the droplets is assumed. This
means an increase of about 3 or 4 times the values calcu-
lated with correlations of the form of Eq.(2). At the same
time Hasson, et al. (1964) reported measurements of the
heat transfer coefficient on water sheets arising values of
about 100 kW/m? K, which agree with the estimation by
Sideman and Shabatai.

In a comprehensive literature review Chévez (1991)
remarks the lack of experimental evidence with respect
to local measurements at droplets and emphasizes the
necessity to obtain experimental data, in order to vali-
date numerical solutions used for equipment and process
design.

This article presents the results of applying holo-
graphic methods for direct measurement of the size and
growth of subcooled spray droplets in a pure saturated
vapour. From these measurements it was possible to
calculate the total energy absorbed by the droplets du-
ring the time they move through the vapor environment
and to perform an evaluation of the heat transfer coef-
ficient. The spray flow of the model fluid, refrigerant
R113 (trifluorotrichloroethane), is formed by injecting it
through a 60°pressure-swirl nozzle of 0.6 mm in bore dia-
meter into its own saturated vapour. The spray flow
corresponds to droplet Reynolds numbers in the range
100 < Rep < 3500 while the vapour pressure is varied in
a wide range of reduced pressures (0.03 < p, < 0.3).

SCOPE OF THE WORK

The emphasis of the present work is dedicated to ex-
plain the method which we applied to measure the growth
of spray droplets when saturated vapour is condensing
on them. Based upon these measurements, calculations
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of the condensation rate and of the heat transfer coeffi-
cient are presented. For the droplet growth evaluation,
we assume that a set of clear single and double pulsed
holograms of the spray at steady state conditions can be
obtained for dropsizing and drop velocity measurements
respectively (for details on the holographic method see
Chévez & Mayinger, 1988). We also assume that it is
possible to perform detailed evaluations of the holograms;
specially of the droplet zone of the spray by applying digi-
tal image processing as presented by Chévez & Mayinger
{1989).

Table 1 resumes the spray flow conditions at which
the bolograms were recorded. Here, each ”x” corresponds
to 4 holograms; two single and two double pulsed holo-
grams, in each case, once taken in the nozzle near region
and the other one in the far region with respect to the
nozzle. The capitals A to E and the numbers 1 to 8,
which are related to the mass flow rate and vapour pres-
sure respectively, are used to distinguish the holograms
as Al, A2,... El, E8. Besides, the letters "n” (nozzle
near region) and "f” (far region) are added to complete
the code of each hologram (i.e. Aln, Alf, etc.).

3. MEASURING METHOD FOR SIZE AND
VELOCITY OF THE SPRAY DROPLETS

As mentioned earlier, the off-axis pulsed laser holo-
graphy was used as a measuring method. It allows to
record a scene of the spray in a very short time {30 ns)
which can be reconstructed later for detailed studies and
evaluation. In the reconstructed scene, the spray appears
as a set of static droplets as if they would be suspended in
the air, which can be observed directly as a conventional
hologram or with the aid of a videocamera. By apply-
ing this last alternative, we can take advantage of digital
image processing techniques for droplet measuring and
classifying. An example of the appearence of the spray
observed by the videocamera from a holographic recon-
struction is presented in Fig.1. Here, the photographs A
to D show the focussing process. The nozzle is included
for better orientation. A represents an original view and
B to D successive filtering operations of A leading to a
representation (D), which can be easily identified by the
measuring algorithms. An enlargement A1l of the dro-

Table 1. Experimental Matrix
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plet zone of picture A is shown to illustrate the process
of noise filtering (A2 to A4} and the final result in A4.
With the aid of this procedure, we obtain dropsize dis-
tributions and the positions of the droplets in the view
field of the hologram.

Complementarily, the drop velocities can be mea-
sured by applying double pulsed laser holography. In
this case, the holograms represent a conglomeration of
spot couples, in which each couple means a spray droplet
imaged at two successive positions corresponding to the
times t = t; and ¢t = t;, where t; — ) = At is the time
intervall between the two exposures used to take the ho-
logram. At can be adjusted between 1 - 800 s in order
to facilitate the evaluation in the holographic view field.
This kind of holograms presents a strong loss in resolu-
tion and therefore, they cannot be used to measure the
dropsize. In spite of that, the centroids of the droplet
images can be easily recognized to measure the distance
between them.

Fig. 1. Representative steps of the image processing of a
single pulsed hologram of the R113 spray.

(A) Original image, (B) smoothing and gradient estrac-
tion (C) binarization and (D) filtering. Picture (A1)
shows an enlargement of the droplet zone of picture (4),
its noise fillering process (A2) and (A3} and the final
droplet identification in (A4)



4. DROPLET GROWTH
4.1 Evaluation Strategy

Before we discuss the method to evaluate the droplet
growth, it is necessary to explain the strategy we followed
to take advantage of the holographic informations.

First, as a result of a dimensional analysis we see
that for a given nozzle and a given fluid, the growth of
subcooled spray droplets R = dR/dt with R as the dro-
plet radius, injected into an environment formed by pure
saturated vapour of the same substance as the droplets
depends on the injected mass flow rate M, the satura-
tion pressure of the vapour py, = psq:, the geometry of
the hollowed-cone liquid sheet (see Fig.2), the dropsize
and velocity distributions, as well as the degree of sub-
cooling AT = Ty4¢ — T of the droplets.

M and p, are experimental parameters, which can
be freely selected and combined as shown in Table 1, the
geometry of the liquid sheet and the size and velocity
distributions are obtained from the holograms; they also
inform if phenomena like coalescence or secondary ato-
mization should be taken into account and, finally, the
degree of subcooling, which is directly measured along
the spray for each experiment, indicates the longitude of
the spray along which the droplet growth takes place.
A scheme of the spray flow is presented in Fig.2. Here,
three different zones can be appreciated: a hollow-cone li-
quid sheet attached to the nozzle, a drop developing zone
which is formed by liquid ligaments and droplet chains,
and finally a zone where the droplets appear full develo-
ped. If axial symmetry is supposed, the temperature T
at each point of the spray can be expressed as a function
of the z-coordinate. Under this assumption, characteri-
stic liquid temperatures are also defined in Fig.2. The
complete holographic information, as well as the tempe-

spray
angle

Fig. 2. Spray flow from a pressure swirl nozzle
and temperature definitions
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rature measurements were summarized by Chivez (1991)
in his Dissertation. In those temperature measurements
Chévez reports values of AT close to zero at a distance
z = 96 nozzle diameters (approx. 60 mm). At this con-
dition the droplets arise to their maximum size.

With respect to the holograms, in order to have an
idea of the view field observable on a holographic recon-
struction, when an optimized optical set up is used for
the reconstruction of holograms, the scheme of Fig.3 is
presented. The grey circle represents a zone of about 50
mm in diameter where the reconstructed scene appears
free of optical aberrations and suitable to be evaluated.
The centre of the circle corresponds to the optical axis of
the light beam, which reconstructs the holographic scene;
it propagates perpendicular to the spray axis. In the
middle of the grey circle, that is, around the optical axis,
the scene appears very clear and almost free of optical
noise. Therefore, we decided to situate the lower edge of
the spray nozzle 5 mm upwards from the optical axis in
order to reconstruct as clear as possible the liquid sheet
zone, as well as the drop developing zone. So, if further
holograms of the same spray, that is, at the same flow
conditions are needed without loss of information at any
section of the spray, the nozzle should be moved 50 mm
upwards from its former position in the autoclave (see
Fig.4) for the next hologram record.

Summarizing, the information from two holograms
with optical axis at z = 5 mm and z = 55 mm is sufficient
to evaluate the total droplet growth as shown in the next
section.

4.2 Evaluation of the Droplet Growth

The holographic evaluation supplies, among other
spacial information, the amount of droplets N (700 to
7000 droplets per hologram) distributed in N¢ groups

N = i:Ni (4)
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Fig. 8. View field in a holographic reconstruction
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Fig. 4. Autoclave for experiments at conirolled conditi-
ons of injection mass flow rate and vapour pres-
sure. The nozzle can be moved vertically to allow
for observation of any spray section

with 7 representing the subindex of the size class Di, the
size class Di for which Nt arises to its maximum value
Niaz, the mean drop diameter

Y NiDi

D= SN

(5)

the Sauter mean diameter
S Ni D3

D= SNz ©

the mean droplet velocity relative to the continuous phase
around the droplets

-~ Y NiU:

V=S~ )
and the geometry of the liquid sheet represented by the
mean discharge angle a,, and the break up length Lz
at which the liquid sheet breaks up into liquid ligaments
and drop chains (see Fig.2 for definitions).

Using this information, we can define a mean droplet
growth 6D calculated from the difference between the fre-
quence distributions N(D); and N(D)q in the nozzle far
and near regions respectively. If this difference is norma-
lized with Ny,q. results

ND), _ND)

6D = Nmaz !f - Nmaz ‘d (8)

which integral along the whole droplet size intervall D
to Dimaz is

_ ADN(Di)
Nmtu:

D1 [, _smvon,)

D 4 Di| Ny ls

tmin

with AD meaning the interval between D;.; and D:.
Examples of this calculation as a function of D: are pre-
sented in the diagrams of Fig.5. Here % is presented
in cumulative form 3 42 to emphasize the tendence of
the curves. The curves start at the negative side of the
graphic or with negative slope due to a diminution of the
population of small drops along the z-coordinate as a re-
sult of the condensation. By increasing Di, the curves
change to positive slopes and finish at the positive side
of the graphic, representing a net dropsize increase.
Finally, a mean droplet growth between the reference
positions 2z = 5 mm and z = 55 mm can be obtained by
multiplying %’- with the mean drop diameter D

. $D .
6D = -bwD (10)

which directly represents the intensity of the condensa-
tion and is related with the droplet growth R with the
aid of Eq.(11)

6D=2 / Rdt. (11)
In Eq.(11), the integral is performed for a time intervall

during which the condensation of the vapour on the dro-
plets causes an increase in dropsize equal to §D. This
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Fig. 5. Dropsize increment 6D as a function of the drop-
size class Di exzpressed in cumulative form
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equation plays a very important role in the present eva-
luation method, because it relates a space-resolved quan-
tity (§D) with a time-resolved one (R) and is the base of
the condensation rate calculation.

5. HEAT TRANSFER COEFFICIENT

The application of Eq.(10) to the droplet distribu-
tions measured from the holograms could be enough to
estimate the heat transfer coefficient hp between the refe-
rence positions z = § mm and z = 55 mm, nevertheless in
order to winn generality, the computation of hp must be
performed independently of these references. The pro-
blem in doing that appears because of the spray zone
where the hollowed-cone liquid sheet breaks up but the
originated droplets are not yet fully developed and, the-
refore, they cannot be measured. This zone extends from
z = Lz to approximately z = 5 mm. Based on the work
by Chévez (1991) we propose the following procedure to
obtain a general form of evaluating the heat transfer co-
efficient hp.

5.1 Evaluation of the Condensation Rate

First, we considerate that at z = z; the droplet tem-
perature T} is equal to the saturation temperature Tya¢
and by assuming that for the time intervall at which the
condensation takes place, all the liquid contained in the
continuous hollowed-cone sheet breaks up into droplets
* of diameter equivalent to the Sauter mean diameter Dy,
we arise to Eq.(12)

hys 01— 00 36D

Toat — T =
* ¢ o1 Da

(12)

from which Ts (see Fig.2 for temperature definitions) can
be calculated. In Eq.(12) ks, means the enthalpy of eva-
poration and ¢p, the specific heat of the liquid. Further,
by assuming ideal condensation at the liquid sheet we
obtain Eq.(13)

bt Ms

Ty, — Ty = -
Lz 0 CP{M

(13)

where Ty means the inlet temperature of the liquid mea-
sured at the nozzle outlet (at z = 0) as reported by May-
inger & Chévez (1992) and Mg represents the condensa-
tion rate at the liquid sheet. From this equation T, can
be known. Now, with 75 and T, an equivalent mean
droplet growth 6D for the droplet developing zone can
be calculated as

e (Ts — Tpz ) D32
3hfg (14)

with its help it is possible to evaluate the condensation
rate Mp at the whole droplet collective, that is

8§D =

o1 — 0v 3(6D + D)
o D3,

Mp = (M +Ms) (15
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which at arising the saturation conditions should be equi-
valent to

Cpy (M + MS)( Tant - TL: )

Mp =
7

(16)
This last equation permits to evaluate T, again and af-
ter a couple of iterations, it is possible to find the real
value of Ms without the necessity of assuming ideal con-
densation at the liquid sheet. Evaluations of Mp as a
function of the mass flow rate M for different values of
the vapour pressure p, are presented in the diagram of
Fig.6. Here we can observe a moderate dependence of
Mp from M and a very strong dependence with respect
to py. This behaviour results from the increase of p,
which also means an increase in the vapour density and,
therefore, there is more vapour mass available for the
condensation process.

5.2 Ewvaluation of the Heat Transfer Coefficient

The heat transfer coefficient hp results from apply-
ing the condition of continuity of heat flux at the droplet
surface (e.g. see Sundararayan & Ayyaswamy, 1984). In
terms of the condensation rate Mp, it can be expressed
as

hsg Mo amn
Newm D32 (Taat - TL:)

hp =

where N; means the number of drops obtained as the
quotient between the liquid volume contained in the hi-
quid sheet and the volume of a mean droplet the dia-
meter of which is equal to the Sauter mean diameter; in
other words, N; is a portion of N corresponding to the
volume of the liquid sheet which is ideally followed until
the droplets, initially at a temperature T, arise to their
saturation temperature Tysq¢. From the holographic mea-
surements of the break up lenght Lz and the mean spray
angle a,, N; results

665 L2 Sm
N, = _f_._g;ii‘(__.l (18)
32

where 8 represents the mean thickness of the liquid sheet
calculated by applying the condition of mass continuity
at z = Lz and with

p= (1402l

resulting from the volume integration along the hollowed-
cone (see Lee & Tankin, 1984 for details). The diagram of
Fig.7 summarizes the measurements of the heat transfer
coefficient ap as a function of the mass flow rate M for
different values of the vapour pressure p,. At low values
of the vapour pressure (p, < 0.4 MPa), the influence of
both M and Py upon ap is very strong and gradually
decays at higher values of p,. The reason of this behavi-
our bases on the diminution of the evaporation enthalpy
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hy, with p,. Because of that, at higher values of py, the
liquid looses slowly its ability to take energy from the va-
pour phase and in accordance with Eq.(17) ap decrease
in spite of the high values of Mp.

6. UNCERTAINTY

There are two major error sources: the statistical
error represented by the standard deviation of D and U
which is of the order of 7% (Chévez, 1991) and the etror in
the measurements of the bulk liquid temperature along
the spray. This error results inversely proportional to
the subcooling AT. Chavez (1991) gives the variation
intervall from 5% at AT > 20 K to 30% at A~ 1K.

Considering these error sources, the maximum rela-
tive error in the evaluation of the heat transfer coefficient,
calculated through the logarithmic differentials of equa-
tions (8), (10), (12), (15) and (17) resulted in the range
of 8% to 23%.
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7. CONCLUSION

The present work demonstrated the ability of the
holographic methods to measure the heat transfer coef-
ficient at the phase interface between subcooled liquid
droplets and their saturated vapour environment.

The method of computation of ap showed also how
is it possible to relate spacial resolved information with
time resolved quantities.

Finally, the order of magnitude of the calculated heat
transfer coefficient as a result of the direct-contact con-
densation suggests us to apply sprays more frequently in
industrial cooling processes.
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