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L Test tube length, m

m'.,  Evaporation rate, kg/s

m'y, Initial sprayed mass flow
rate, kg/s

Puny  Opray pressure, bar

q Heat flux, kW/m’

ti Sprayed water inital
temperature, K

ticid Leidenfrost temperature, K

v Droplet initial velocity, m/s

Vm Droplet mean velocity, m/s

77 Falling  distance  (vertical
distance from the nozzles

distributor to the test tube
surface), m

Greek Letters

At,,, Superheating (the difference
between the hot  surface
temperature and the formed
vapor saturation temperature), K

ws  Subcooling (the difference

between the formed wvapor
saturation temperature and the

sprayed water initial
temperature), K

Pn nozzle angle, deg.

Subscripts

v Vaj,.r

w Water

2z Falling distance

Abbreviations

CR Contact ratio (the ratio between
the sprayed mass flow rate in-
contact with the (ube surface
and all of the sprayed mass flow
rate), -

1r: Heat Transfer Effectivencss, the
ratio between the evaporation
rate and the initial spraycd mass
flow rate, -

P/DIA Phasc / doppler particle
analyzer.

1. Intreduction

The impact of a droplet onto a hot
solid surface is a fundumental
phenomena in a varicty of different

applications such as spray cooling in
nuclear reactors during loss of coolant
accident, nuclear reactor primary circuit
pressurizer spray control, spray cooling
in flash evaporators, spray cooling in
cryogenic applications, quenching, in
iron and steel industry. The droplet
spray distribution depends mainty on
the nozzle configuration and the
spraying pressure. The type of atomizer
used to produce a spray-cooling scheme
can vary widely. Selecting the correct
liquid nozzle distribution is important
for the spray characlerization. The best
distribution normally depends on the
application and should be homogenous.
Knowing the liquid distribution of a
nozzle helps in achieving the best
distribution (spacing) for applications
with more than one nozzle. Bernardin
et. al [1] studied mapping of impact and
heat transfer regimes of water drops
impinging on a polished surface by
using still and high speed pholographic
techniques.

Heat transfer mechanisms of
horizontal impacting sprays were
studied experimentally by Choi and
Yao {2]. The horizonal impacting
sprays give a lower heat transfer at film
boiling than the corresponding vertical
sprays. The film boiling heat 1 ansfer is
mainly controlled by the liqutd mass
flux. At low liquid mass flux and low
droplet Weber number (ratio between
the inertia force to the surface tension
force), the heat transfer increases with
the droplet Weber number. At high
sprayed imass flux, the heat transfer is
not significantly aflected by the droplet
Weber number. An experimental
corrclation  tor the hot transfler
effectiveness in the region associaled
with film on film boiling heat transfer
impacting sprays was obtained by Yao
{3]. In his study the analyzing of the
impacting sprays was classified into
two cases: dilute spray (negligible heat
transfer inleraction among droplets) and
dense spray (significant interaction).
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Experimental water spray cooling of
hot surfaces was studied by Mousa [4].
He  investigated heat  transfer
characteristics - below surface
superheating temperature of 500 K and

" the effect of subcooling of sprayed

water on the heat flux was also
examined. An experimental correlation
for the heat transfer effectiveness in the
region associated with film boiling was
obtained. lto  [5]  investigated
experimentally the heat transfer
mechanism of fog cooling. He
concluded that the evaporation heat
transfer increases inversely with square
root of the droplet diameter and droplet
velocity and they also shown that the
mass velocity and the surface
superheating At,,, have a strong effect
on the evaporation heat transfer.

Heat transfer experiments of mono-
dispersed vertically impacting sprays
were studied by Yao and Choi [6]. It

" was shown that at low liquid flux, the

film boiling heat transfer of an
impacting spray is affected by the
droplet size and velocity; however, at
high liquid flux these effects become
much less observable. Holman and
Mcginnis [7] studied experimentally
heat transfer from inclined heat transfer
surface to individual impinging water.
They found that the peak values of the
heat transfer per droplet occurred at
surface superheating approximately 167
K. A general correlation for peak
transfer per droplet was obtained.

The process of evaporation al
atmospheric pressure of atomized water
on hot surface was investigated
experimentally by Bonacina et. al [8].
An empirical formula based on the
experimental data was presented up 1o a
maximum heat flux of 50 kW/m”. They
investigated  that  this  correlation
depends on a fraction of heat transfer
area covered by droplets, mass mean
diameter of liquid droplets and droplels
thermal conductivity. Emmerson  [9}
studied experimentally the effects of

pressure and surfacc material on
evaporation of water droplets on
horizontal hot surface. It was found
that, as the pressure increases, the
evaporation rate  decreases and
leidenfrost lemperature increases.
Tewari et. al [10] studied the
nucleate boiling in a thin film on a

. horizontal tube at atmospheric and sub-

atmospheric pressures. They found that,
the boiling heat transfer coefficient
increases with increasing the sprayed
mass flow rate for atmospheric and sub-
atmospheric pressures in turbulent flow,
and the boiling heat transfer coefficient
decreases with a decrease in the
saturation pressure. An empirical
correlation is proposed to predict the
boiling heat transfer coefficient based
on the experimental data.

Awad et. al [l1] investigated
computationally the spray  heat
exchanger performance. The main
objective of their study is directed
towards the investigation of the boiling
heat transfer coefficient and the
evaporation rate for spray cooling on a
horizontal tube evaporator. The present
experimental study is directed towards
investigating the cffect of droplet size,
droplet velocity, droplet density and the
distance between the nozzle distributor
and the tube surface on heat transfer

‘coefTicient and evaporalion rate.

2. Experimeatal loop

A layout of test loop used in this
work is shown in Fig. (1). This test loop
consists .of a circulating pump (I5),
primary heater (9). first electrical heater
(10), second electrical heater (1), test
chamber (3), condenser (7), clectrical
boiler (5) and condensate tank (6). The
loop is gquipped with necessary piping
lincs, valves, flow meters, pressure
pauges  and  temperature  gauges.
Circulating pump is uscd to circulule
the water through the loop. Water is
primary heated, in the primary heater.
by using the hecat of evaporated vapor
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for increasing the watcr temperature
and then, the waler is passed to the first
and second electrical heaters (o increase
its temperature nearest the saturation
temperature  corresponding 1o the
pressure inside the test chamber (o
insure boiling of the sprayed waler over
the tube surface, this temperature is
controlled by adjusting the electrical
heaters. Then, water is passed to the
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nozzles distributor in the test chamber
to spray over the outside surface of the
test tube.

The test tube is heated by dry
saturated stcam, from the botiler (5), to
obtain constant surface temperature
during the cxperiments. The falling
distance is adjusted by moving the
distributor up and down along slots on
the side walls of the test chamber.
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Fig. (1). Experimenial test ioop.

Heating steam leaves the test tube
and enters the condenser, the mass flow
ratc of the heating steam is measured by
collecting the condensate in a calibrated
waler tank (8). City water is used for
the condensation process in the
condenser. Liberated vapor from the
test chamber is passed to the primary
heater in  which, this amount of
evaporated vapor will be condensed,
then accumulated in another calibrated
walter tank (13). Pressures, lemperatures
and mass flow rates of sprayed water,
evaporated vapor, heating steam and the
city cooling water are measured in
different specified points in the test
loop. Droplet size and its velocity arc
measured by using Aerometrics phase
doppler particle analyzer (P/DPA). All
parts of the experimental loop were

good insulated by a layer of insulating
glass wool coated by an aluminum
sheath to reduce hcat losses from the
loop.

2.1 Test chamber

The test chamber used in the present
experimental work simulates a single
horizontal (ube evaporator. It is
manufactured from stainless steel with
nominal dimensions of 60 x 70 x 48 cm
and wall thickness of 2 mm, as shown
in Fig. (2). There are two Pyrex
windows of 35 x 35 cm for visual
observation water spray. Waler is
sprayed onto the test chamber through
the distributor nozzles al a temperature
nearest  the  saturation  temperature
corresponding to the pressure inside the
test chamber.
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Fig. (3). Schematic diagram of thc phase Doppler particle analyzer, (17DUIA).

The distributor is a steel ube of 50
mm outside diameter, 48 mm inside
diameter and 500 mm length. Walter is
sprayed on the outer surface of the
heated test tube through threc nozzles
wilh 0.8 mm diameler and the nozzle's
configuration angle is 50° at 10 bar

spraycd liquid pressure, so by using
three nozzles therc is no interaction
between the droplets coming from the

diftferent nozzles at different values of

falling distance. The test chamber is
equipped  with a pressure  gauge Lo
measure cvaporalion  pressure. Also.
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test chamber is provided with a vent
valve to insure that there are no air and
dissolved gases inside this chamber.
Test tube is made of copper with 25.4
mm outside diameter, 23.4 mm inside
diameter and 500 mm length.

The droplet velocity and its size
were measured by using the aerometric
phase/ Doppler particie analyzer
(P/DPA), as shown in Fig. (3), which
utilizes the light scattering from two
laser beams, at its intersection point, by
spherical particles to obtain a
simultaneous size and  velocity
measurements for individual particles.

3.Results and discussions

3.1. Effect of radial distance from the
spray centerline on the formed droplet
velocity and diameter

Figure (4) illustrates the effect of
the radial distance from the nozzle
centerline on (a) droplet sauter mean
diameter (d3;), (b) droplet mass mean
diameter (dy) and (¢) droplet mean
velocity (vy,) at falling distance, 2Z. of
20 cm and at different spray pressures.
Pspray, of 6 and 9 bar.

From figures (4a) and (4b)
respectively, it can be seen that, the
sauter mean diameter and the mass
mean diameter has a minimum values at
the centerline and increases
monotonically towards the spray
periphery. This is due to the pgreat
effect of the inertia force at the spray
centerline and the effect of the drag
force at the spray periphery. So. the
droplet size will increase by increasing
the radial distance from the spray
centerline. From figure (4¢) that. it can
be seen that, the droplet mean velocity
has a maximum value at the spray
centerline, and decreases towards the

edge of the spray due to the effect of

the inertia force at the spray centerline

and the great effeet of the drag force of

Mostafa M. Awad, El-Sayed R. Negeed, A. H. Hariy & M. M. Mahgoub

the surrounding medium "al the spray
periphery. So, the droplls mean
velocity will decrease by increasing the
radial  distance from the spray
centerline.

3.2 Effect of the falling distance on the
gvaporation rate and the heat transfer
effectiveness

To study the effect of the falling
distance (#7) on the evaporation rate
and the heat transfer effectiveness
experimentally, a two different
experimental runs have been carried
out. The working conditions for these
two runs are given in table (1).

Figure (5) illustrate the effect of
the falling distance on (a) evaporation
rate, (b) heat transfer effectiveness and
(c) heat flux. From the figure, it can be
seen that, the evaporation rate, the heat
transfer effectiveness and the heat flux
decrease by increasing the falling
distance. and it can also be seen that,
the spray pressure has a small effect on
these parameters. Generally these
parameters are slightly decreased by
increasing the spray pressure.

3.3 Comparison between the present
experimental results and theoretical
results for the evaporation rate

Figure (6) illustrates a comparison
between the present experimental
results and the theoretical ones [(ref.
(11)] for the evaporation rate (m',) for
the two experimental cases. From the
figure, it can be seen that, for the low
values of the falling distance, the
evaporation rate is high and vice versa
for the high values of the falling
distance, the evaporation rate is low.
This is truc lor both experimental and
theoretical studies. That is because of
decreasing the contact ratio CR by
increasing the falling distance Z2 with
this typc of nozzle configuration
(9y=50 dceg.).
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Run | Pspray Vi My A,
bar | m/fs um g/s oC

] 6 6.64 | 1329 | 55.6 10
2 9 7.43 | 1284 | 61.1 10

p‘ sup
bar (:C
1.0 | 40
10 | 40

__m .

Table (1), Experimental working conditions

Droplet sauter mean diameter. d3a. (um}

l A l 1
9 4 8 12 1] 0 M 28

Radial distance from the centerline, 1. (mm)

(a)

126 P U T I

Droplet mean velociy v 5, {m/s}

ss b1 1 1
¢ 4 % 12 18 20 M 28
Radwl distan ce from the centerline. r, (mm)

{c)

o]
=

a8 -

=
I

Droplet mass mean diameter, dsg . (um)
>
|

0 IR BT AP SR
0 q g8 12 16 20 24 18
Radial dissance from the cenierling. r. {mm)

v

(b)
zz=20cm
o Spray pressure, Pypgy = 9.0bar
® Spray pressure, Pypray = 6.0bar

Fig. (4). Change of: a) droplet sauter mean diameter, b) droplet mass mean diameter
and c) droplet mean velocity with the change of radial distance from the
centerline of the nozzle at different values of the spray pressure.

It can also be secen Lhat, the
evaporation rate for the first case is
higher than that for the second case.
This is because; the waiting time, the
mean lifetime of thc droplets falling
onto the hot surface, and the transmitled
heat per one droplet for the first casc
arc higher than that for the second casc.

Comparing the experimental resulis
with Lhe theoretical ones, gives that. the
theoretical values are higher than the
experimental ones. That is due to the
heat fosscs in the experimental work
and the simplified assumptions taken in
the thecoretical model. And it can also
be seen that, this difference decreased
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by increasing the falling distance. That
is because, for the low falling distance
the temperature difference between the
sprayed droplet and the formed vapor is
high, thus, the vapor condensation rate

10
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on the droplet surface is high: therefore
the experimental value (cvaporation
rale) will decrease. The difference
between these results is ranged from 8
to 12 %.

Heat transfer effectiveness, HTE, %

Py 4 & E 10 12 14 16 18
I"alling distance, zz, (cm}

(b)

Popray 41 Mw v AL, AL
bar gm g5 ms  °C  °C  bar
Cxe(116 1329 356 664 40 10 3
Case(219 128 611 74 4 10 1

Fig. (5). Experimental results for the effect of the falling distance on the:
a)evaporation rate, b) tlcat transfer effectiveness and ¢) Heat flux.

3.4 Comparison between the present
experimental  results and  theoretical
results due to others for the heat flux

Figure (7) illustrates the
comparison between the present
experimental results and theoretical
ones of ref. [11] for the heat flux. From
the figure, it can be scen that, for the
low values of the falling distance, the
heat flux is high and vice versa for high
values of the falling distance. the heat

flux is small. That is because, the
number of droplets in contact with tube
surface decreases by increasing the
falling distance as was mentioned
above. By comparing between the
theoretical and experimental results, it
can also be seen that. the difference
between them is ranged from 8 to 12 %.
That is due to the heat losses to the
environment.
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Fig. (6). Comparison between the present experimental results and
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Fig. (7). Comparison between the present experimental results and

theoretical results of ref. [11] for the heat flux.
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4. Conclusions and Recommendations

From this study, it can be
concluded that, the experimental and
computational model results are in good
agreement for the prediction of
evaporation rate, heat transfer
effectiveness and heat flux. For both
avenues, the droplet impinging velocity
and the sprayed mass flow rate increase
as spray pressure increases. By
increasing the radial distance from the
spray centerline, the droplet velocity
decreases where the droplet size is
increased.  Increasing the falling
distance, evaporation rate, heat transfer
effectiveness and heat flux are
decreased. It is recommended, in future
studies, to examine the effect of falling
distance on the spray cooling
characteristics using a different layout
of tube bundles. A variety of nozzle
pressure and  configurations are
essential to investigate their effects on
the evaporation rate and heat transfer
effectiveness.
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