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Abstract

Enhancement of the heal transfer coefficient is important for the design and
operation of heat exchangers. In this study, a numerical model is built ta investigate
the performance of spray cooling heat exchanger as water is sprayed on a horizontal
tube. The objectives of the study are to evaluate evaporation rate of the falling water
Silm on a horizontal tube evaporator and ubtaining the effect of the distance from the
nozzle to the hot iube location on the evaporation rate and on heat transfer
effectiveness. Moreover, the effect of droplet size distribution and the hot 1ube surface
superheating lemperature on the evaporation rate are also conducled.

For a certain distance from nozzle distributor io the hot tube surface and by
using the cquations of mass, momentum and energy of the sprayved droplets, the
change on droplet velocity, droplet size and its temperature can be evaluated. Vapor
film is created around the hot tube surface. In this study, the formed vapor layer
thickness around the hot surface, evaporation rate and heat transfer effectiveness
were also cvaluated. The heat transfer characteristics are investigated at the
considered ranges of the various spraying parameiers such as: spraved mass velocity
(sprayed mass flow rate per the unit area of the iest tube) which ranged from 1.2532
to 1.5314 kg/ni’ s, droplet size (ranged from 128.4 to 300 m), droplet velocity (ranged
Srom 3 to 743 mis ) and spraved droplet subcooled (ranged froo 70 10 7 °C).

The results show that, the evaporation rate and the heat transfer effectiveness
are mainly increused by increasing the swfuce temperatnre. Also, the evaporation
rate and the heal transfer cffectiveness are increased hy decreasing the droplet
velocity. At Iigh initial sprayed mass velocity, the evaporated mass flow rate and the
heat transfer effectiveness are inversely proportional to the droplet size. There is an
optimum distance from nozzle distributor to the tube surfuce location at which the
maximum evaporated rate will occur.

The comparison hetween the obtained results and the resudts due to others shows

a good agrecment inwhich the difference beaveen these results was ranged from 4 (o
15%.
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Nomenclature

Test tube outer surfacc area, m’
Droplet cross-sectional area, m’
Drag force coefficient, -
Specific  heat al
pressure, kikg K
Droplet initial diameter, m
Droplet diameter after a falling
distance, m

Nozzle diameter, m

Droplet diameter at the tube
surface edge, m

Differentiation sign, -

Test tube inner diameter, m

Test tube outer diameter, m
Fourier number, -

constant

Acceleration due to gravily,
m’/s

Average heat transfer
coefficient, kH/m’.K

Enthalpy, kW/m’ K

Thermal conductivity, kW7m. K
Test tube thermal conductivity,
kWim K

Test tube length, m

Latent heat for vaporization,
kJrkg

Mass flow rate, kg/s

Evaporation rate, kg/s

Number of sprayed droplets, -
Pressure, bar

Spray pressure, bar

Heat flux, kW/m’

Transmitted heat from the
heated tube surface per one
droplet , kW

Transmitted heat, &l
Evaporation heat for one
droplet, kW

Radius of flat bottom of the
droplet. m

Radius of a conceniric circle on
the hot surface on which
droplets falling inside it will be
evaporated before they arrive to
the surface edge, m
Reynolds number, -
Sprayed water
temperature, K

initial

1;
ticid
T

by

vy

V2

LLmax-

Droplet temperature  afier a
falling distance, K

Leidenfrost temperature, K
Temperature, K

Tempcrature of the test tube
outer surface, K

Radial velocity of the vapor
film, m/s )

Sprayed droplet initial velocity,
m/s

Droplet velocity after a falling
distance, m/s

vapor velocity, m/s

Falling distance (vertical
distance from the nozzles
distributor to the ftest tube
surtace), m

Maximum falling distance at
which the all sprayed droplets
will fall to the tube surface, m

CGreek letiers

o

Trnax:

Tr

ﬂisup

Als.\.l\:l

Thermal diffusivity, m’/s
Vapor layer thickness, m
Surface emissivity, -
Critical deflection angle, deg.
nozzle angle, deg.
The contact time between vapor
and the sprayed droplets, s
Dynamic viscosity, N.s/m’
Kinematic viscosity, m*/s
Surface tension, N/m
Life time of the droplet (the
necessary time for the droplet to
absorb enough heat for its
complete evaporation), s
Duration of the droplet’s Journey
from the first collision to the
surface edge, ¥
Superheating  (the
between  the  hot  surface
temperature and  the  formed
vapor saturation temperature), K
Subcooling  (the  difference
between the formed vapor
saluration tcmperature and the
sprayed walter initial
iemperature), K

difference
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Subscripts

f Vapor film

t Total

g Vapor

z Falling distance
Abbreviations

CR Contact ratio (the ratio betwecn
the sprayed mass flow rate in-
contact with the tube surface
and all of the sprayed mass flow
rate).

HTE Heat transfer effectiveness (the
ratio between the evaporation
rate and the initial sprayed mass
flow rate).

1. Iotroduction

The impact of a droplet onto a hot
solid surface is a fundamental
phenomena in a variety 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 cocling in
cryogenic applications and quenching
in iron and steel indusiry. An
experimental corrclation for the heat
transfer effectiveness in the region
associated with film on film boiling
heat transfer impacting sprays was
obtained by Yao [1]. In his study, the
analysis of the impacting sprays was
classified into two cases; dilute spray
(negligible heat transfer due to
interaction among droplets) and dense
spray (significant interaction}).

Delocric and Choi [2] studied the
interference between droplets upon the
heat transfer surface during an
impacting process. They classified the
interfercnee  between  droplets of an
impacting spray into  two  lypes:
sprcading and impacting interference.
Sprcading interference refers to the
contact belween 1wo droplets upon
spreading resulting in a reduced
diameler. lmpacting interfercnce refers
Lo the contacl between two droplets as
onc droplel and it impacts upon the

other droplet while it resides on the hot
surface. lto (3] investigated
experimentallty  the  heat  transier
mechanism  of fog cooling, [t was
conciuded that the evaporation heat
transfer increases inversely with square
root of droplet diameter and droplet
velocity and it was also shown that the
mass velocity and the surface
superheating, Atg,,, have strong effect
on the evaporation heat transfer. Yao
and Choi [4] studied experimentally the
heat transfer of wmono-dispersed
vertically impacting sprays. 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. In their study, the dominant
parameter affecting the impacting spray
heat transfer is the liquid mass flux.
The main objective of the present
work is dirceted towards the evaluation
of the boiling heat transfer coefficient
and on the evaporation rate for spray
cooling on a horizontal tube evaporator.
The analytical investigation is directed
towards siudying the cffect of droplet
size, droplet velocity, dropiet density,
initial spray subcooled and the distance
between the nozzle distributor and the
tube surface on the heat transfer
cocflicient and the evaporation rate.

2. Mathematical model

A theoretical numerical model is
built 1o investigate the performance of
spray cooling of water spray on a
horizontal tebe. This model based on
the following assumptions:
The droplet is nearly spherical except
for the flat bottom part facing the hot
surface, the subcooled water droplet is
floating on the hot surface in a spherical
stale and where there is a thin vapor
layer ol uniform thickness. the spray is
considered a  dilute  (neglecting
interaction  between  the  droplets),
spattering cflect on the hot surface is

.13
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very weak, the vapor-liquid interface at
the bottom of the droplet is at the
saturation temperature corresponding Lo
the environmental pressure, all the
droplets have the same diameter,
intensive vaporization occurs at the
vapor- liquid interface and the vapor
flow between the droplet and thé heat
transfer is considered to be radically,
axisymmetric, steady, laminar, viscous
and incompressible, the radiation heat
transfer from heating surface to the
droplet is small and can be neglected,
and the droplet horizontal velocity at
the tube surface is constant and
dependent on the radia! location of the
first collision.
The system can be divided into two

regions as the following:
1.The region between the nozzles

distributor and the upper tube surface.
2.The region around the test tube.

2.1. Governing equations for the
region (1)

The droplet is exposed to many
forces in the region between the liquid
sheet and the tube surface. as shown in
Fig. (1):

The gravitational force can be written
as:

o L M
The buoyancy force can be written as:
F, = 7&d’p, (2)
The drag force can be written as:

F = C,,J'.’d:pg v, —v,) )

8
The coefficient of drag force (Cp) can
be calculated from the following
relation (Tanaka drag law) by Linn et.
al [6].

Cp= 2 for Reg< 2
Re,
10
Cp= for 2<Rey< 500 {4)
Re,
=0.44 for 500 < Reyg<10’
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Buoyancy Drag

R

Gravitational

Fig. (1). Affecting forces on the
droplet mitigation.

The momentum equation of the
water droplet is written as:

m— v ==Y F (5

Where ) 5 is summation of effective
forces on the droplet

i.e. ZF = F|- F)- F3 (6)
So, the momentum equation of the
water droplet leaving the nozzle is
written as:

T 4
er-‘p" Dl’. N (V‘. =V )D('gd P ) 2
6Dg D#
grd’p, _’ngjpx =
6 6
C,nd’p @, -v, )
e @

As comparing the vapor velocity
with the sprayed water droplet velocity
the vapor velocity is considered to be
negligible, Ibrahim [5].

i.e. v, = 0.0 then, equation(7) becomes:

Dv, (P —1.)8 _3Cnpg ‘Pi_

Dé A 4p, d

v. Dd’

~ 8

d* D@ ®
pa* 5 hd

The term =34~ ~— , then equation
Do ne

(8) is reduced to:
Dv, (p-p)g X,pv.

D@ 2. 4p, d
W, Dd
Py 9
d D@
The change rate of droplet

: Dd .
diameter ( f(}) can be obtained from
D
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the following cquation, Lekic and Ford
[8]:

Dd 2r'ac e "

D6~ a4 gy 0
where

e=(1+cp(%)%)—l an
a=;:'(‘:p (12)
g, =2 (13

i
The change of droplet diameter
during condensation can be solved from

the following equation, Lekic and
Ford [8]:

|
d=d(i+e(l-e"7)?) (14)

By solving the equations (9), (10)
and (14), then the rate of droplet
velocity (Dv,/D@) can be estimated in
term of initial dropiet diameter (d;),
initial droplet velocity {v), initial
droplet temperature (1,) and saturation
temperature (t,).

During the contact of waler
droplets with the vapor, hcat is
transferred between the two phases and
droplet temperature (t;) after distance
zZ from the nozzle distributor can be
calculated from the following equation,
Yuen et. al (7]

‘ =L(d,3(cp,l‘ —hj)
R ' d’

where

The enthalpy of vapor (h;) is a function

of the evaporation pressure.

Due 1o the nozzle configuration the
amount of contact ratio CR (lhe ratio
between Lhe sprayed mass flow rale in-
contact with the tube surtace and all the
sprayed mass flow ratc) changes as the
distance Zz increases. Thus the relation
between the contact ratio CR at the
distance 7z and the maximum value of
Zz at which all the sprayed mass flow
rate will fall to the tube surface will be
analyzed in this scction. -

+h) (15)

From figure (2) the following
relalion can be obtained
D,

. W
5"1(_'_:‘_): § 2,..!.)..._
24 4 -

2

(16)

The maximum distance from the
nozzle to the upper tube surface (ZZmac )
occurs when the nozzle angle (¢,) equal
to the critical deflection angle (w.), as
shown in Fig. (2).

L}

Iig. (2). Sprayed water droplets in-
contact with the hot tube surface

Therefore: at 727= 77
then, ye =@,
From equation (16);

(17)

Irom Fig. (2). thc surface arca
exposed to the sprayed droplets (Ay) can
be calculated as,

.o 2x
[ =((7D, cos(==)— 18)
A, =WxD, ¢ 5(2))2 (
Equalion (18) can be rewritien as:
A, =xD x cos(w—zf) (19)

From Fig. (2), the required surface
arca to make all the sprayed droplets falf
to the tube (A}) can be calculated as

A =ax"

(20)
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The sprayed mass flow rate in
contact with the tube is proportional to
the falling area. Then, the mass flow
rate for section zz can be written as:

m:: =muld;i_cs (2‘)
where

¢3 is a fraction factor

my is all the sprayed mass flow rate
From equations (19), (20) and (21)

D, cos(ffzi)
gz =P —x'—"‘j (22)

As shown in Fig. (2)

m

2

By substituting equation (23) in
equation (22) then equation (22) can be
rewritten as:

x = tan(yzz +_D2L92£sin<”’7€» (23)

¥e
D et
me €300 cost~") (24)
Moy an®ryzz + 2o Do gn e
2 ha
The boundary conditions are:
At ‘Pnz‘Uc, ZZ:ZZ-max-s
then my, = my, (25)

From equations (24) and (25), the
constant ¢y can be obtained as:
=% (26)

By substituting equation (27) in
equation (24) the sprayed mass flow rate
in-contact with the tube can be
calculated as:

D ¥e
I L o €os( ) ) (2?)
g 2lan{£"-){2'2 +2°——D—°sin(-v—,-c~)}
2 2 2 2

and the contact ratio (my, / m,,) can be
calculated as

D lw)
=
¥ 2

CR = (28)

. D D, . w é,
277 + 22 - 22 gin()) tan(—F-
{ 2 3 { 2)) 2 )

2.2. The region around the test tube

The total heat flux from the heated
surface in the region associated with the
film boiling (q), is assumed to be the

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

sum of parallel contributions by
radiation (q,), convection (g.) and
evaporation (qyu),Yao [1].

=t qctqQu (29)

In the present study, water spray is
achieved by pressure and compressed
air not used, therefore the convective
term of heat transfer can be neglected.

The radiation term of heat transfer
is small and can be neglected when the
surface superheating temperature is less
than 300 °C, Yao [1].

Figure (3) shows a physical model
of a single droplet in a spherical shape
in which it is deflected from the tube
surface by a thin vapor film. To
calculate the vapor layer thickness (3)
and the transferred heat to a single
droplet (Qq), Baumeister and Hamil {9]
developed a method, by solving the
equations of momentum in the vapor
layer, balance of energy at the liquid-
vapor interface and balance of static
forces exerting on a  droplet
simultancously. The vapor layer
thickness (8) can be obtained as:
9k, ;f,_r;A!w 7

5:( g
gopdL

(30)

Environmental pressore

Drople r

i > & | Vapour| Layer b

Heat transler surface

k.

Fig. (3). Model of droplet evaporation.

where
At =1, L, (31)
rn, is radius of the flat bottom as a
function of the diameter of the
equivalent spherical droplet (d), n=
0.6124d

The transmitted heat to one droplet
is introduced as:
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gplprL 'dz?erN:.p

0, =1.1)( SNE)

The average heat  transfer
coefficient per droplet (h') can be
introduced as:

Qv

h'= 33

AoA!.Ia‘. ( )
Ao= 1L D, (34)

From equation (32), (33) and (34), then
the average heat transfer coefficient per
droplet (h') can be written as:

pro 2 (gp,p,L'dfk.?)%
xlD Al

] -

As the droplets fall from the
nozzles distributor to the tube surface,
portions of these droplets evaporate
immediately as they contact with the
surface, however, the other portions of
droplets do not evaporate and reach to
the tube edge.

Transferred heat from the entire
heat transfer surface to the impinging
droplets (Q.) can be calculated from the
following equation, Ito [10]

0, =aner 2?”;-‘[' +

(35)

A 36
z D, (36)
= I W, L(==-2)D(r)
where -
ng = n/(nD, L) (37

and this transferred heat can be written
as:

Q\'l = nQ4Tm (38)

By using the energy equation
describing the evaporation process of
the droplet, life time of a droplet (Tmuy)
can be calculated as the following
equation:

_ ﬁd"p, ((-'p.,éf

60,
Figure (4) shows the journcy of the
droplet from the nozzle 1o the tube
surface Lill to the tubc edge.The
horizontal droplet wvelocily (u) s
assumcd to be constant and dependents
only on the radial location of the first
collision. then

wn HLHD) (39)

max

u=kr
where
k is constant which can be calculated
with assuming the droplet sizc s
constant. '

(40)

Heated wbe wefice _obe o fyuctiy
!

. |
Pt

n

Fig. (4). Model of droplet behavior at
and after collision.

Due to Lin and Ayyaswamy [11],
the cquation of droplet velocity can be
written in differential from as:

Dv, d' R'g

Do = 4“]',.. ¥V,
3p. .ow o,
—Pe,C,,, 2Ecos(—+ 4]
16,_}" "l Fim \’I s( 2 )) ( )
: Ip PeC,.v sin(-‘g'l-)
f)“‘ - vl ey 2_) (42)

D6 v, 16,1,
Pe, 18 Peclet number which can be
wrilten as:
L2
pe, <YeeR (43)
v,
vio=(u +v))" (44)

A general methad  to solve
ordinary dillerential equations is by
applying integration technique. The
Runge - Kutta method is used to solve
cquations (41) and (42) and by applying
the equation (40}, then the constant (k)
can be calculated, El-Sayed [12].

The time consumed by the un-
cvaporaled droplet 1o move on the tube
surface 10 the surface edge (r,) can be
caleulated as:



—=—r
r, =2

i kr

From the definitions of r. and 1.,

the following boundary conditions can

be obtained:
Al r=r,

(45)

then, T, = Tmax: (46)

and therefore,

P - (47)
T Ar k1)

By substitution equations (37), (45) and

{(47) in equations (36) and (38) then, the
mean life time (1, ) can be introduced
as:

{2 =kiln(rm'k +1) (48)

The transmitied heat flux from the
heated surface to the droplets (g.) can

be calculated as:
no,T
==t 49
q. e (49)

The evaporation rate, m_, , can be
calculated from the energy equation as:

Jn;,_ = ——Q— (50)
Cell,,, +LH

Where

N:nb. =rs —-’l (Sl)

The latent heat of evaporation (LH) is a
function of the evaporation pressure.
The required heat to evaporate the
all sprayed droplets (Q,) can be
calculated as:
Q, =m, (Coht,, +LH) (32)
The heat transfer effectiveness
(HTE), which is the ratio between the
transmitted heat from the heated surface
(Qw) to the required heat for evaporating
all the sprayed droplets (Qr) can be
calculated as:

nQd rm
m, (CoAl,,, +LH)

HTE = (53)

3. Results and discussions
The droplet size, droplet velocity
and the contact ratio are changed by
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increasing the falling distance (22). In
this discussion, the effect of these
changeable  paramcters on  the
cvaporation rate and on the heat transfer
cffectiveness will be discussed.

3.1. Effect of the falling distance on the
evaporation rate and on the heat transfer
cifectiveness
Figure (5) illustrates the effect of
change of the falling distance (22) on
the sprayed droplets characteristics.
Figure (5a) illustrates the increase
of the droplet size (d) obtained from
equation (14) by increasing the falling
distance (#7). Thal is due to the
condensation of vapor on the droplet
surface.
Figure  (5b) illustrates the
decrease of the droplet velocity (v2)
against the falling distance (zz). The
decrease in the droplet velocity is due to
the effects of drag and buoyancy forces
produced from the formed vapor.
Figure (5¢) illustrates the change
of the contact ratio (CR) obtained from
cquation (28) with the falling distance.
From the figure, it can be seen that,
there is a maximum value of 77 at
which all the sprayed droplets fall on
the tube surface. After this value,
increasing the falling distance decreases
the contact ratio.
Figure (5d) illustrates, the increase
of the waiting time (t,,) obtained from
equation (48) with increasing the falling
distance (2Z). This is due to the
following t(wo effects occur by
increasing the falling distance
1.The droplet size increases, as shown
in Fig. (5a), which allows a large
eflecting area exposed to the heating
surface and hence, a more heat for
evaporation is required, so the waiting
time will increase.

2.The droplet velocity decreases, as
shown in Fig. (5b), thus the droplet
horizontal velocity on the tube surface
decreases, so the waiting time will
increase.
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Fig.(5). Effect of the falling distance (7) on; a) droplet size, b) droplet velocity,
¢) contact ratio, d) waiting time, ¢) transmitted heat per one droplet, [) heat
transfer coefficient, g) evaporation rate and h) heat transfer effectiveness.

Figurc (5¢) illustrates the increase
ol the transmitted heat from the heated

surface per one droplet (Qq) obtained

from equation (32) against the falling -

distancc (). From the figure, it can be
seen tlhat, this heat is incrcascd by
increasing the falling distance. 1t can
also be seen that. the transmitted heat
from the heated surface per one droplet
increases at a high rate for the jow
values ol the {alling distance. That is
due to the high rate increasing in the
droplet size (d) at the low values of the

falling distance. Basically, increasing .

the droplet size, which allows a large
cflecting area cxposed to the heating
surface, increases the transmitted heat
lrom the heated surface per onc droplet.

Figure (5f) illustrates the change
ol heat transfer coefficient (h') oblained
from equation (35) against the falling
distance (#2). From the figure, it can be
scen that, the heat transfer coefTicient is
increased by increasing the falling
distance. And it can also be seen that,
the increasing rate of the heat transfer
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coefTicient is high at the low values of
the falling distance. This is because the
droplet size and the transmitted heat per
one droplet increase at a high rate at the
low values of the falling distance as
mentioned in the figures (5a) and (Se).
Basically, the heat transfer coefficient is
increased by increasing the droplet size
and also with the transmitted heat per
one droplet.

Figure (5g) illustrates the change
of the evaporation rate (m'.,) obtained
from equation (50) against the falling
distance (Zz). From the figure, it can be
observed that, there is a certain value of
the falling distance (zz) at which the
optimum condition for the evaporation
process and hence, the maximum
evaporation rate occurs. This is
because, increasing of the falling
distance will result to increase the
waiting time (tn) and the transmitted
heat from the heated surface per one
droplet (Q4), as mentioned above. On
the other side, the number of droplets
in-contact with the heated surface will
decrease by increasing the falling
distance. Thus, there is a certain value
of the falling distance at which the
maximum evaporation rate will occur.

Figure (5h) illustrates the change
of heat transfer effectiveness (HTE)
obtained from equation (53) against the
falling distance. Basically the heat
transfer  effectiveness is  directly
proportioned to the evaporation rate.
Therefore, the effect of the falling
distance on the heat transfer
effectiveness is the same effect on the
evaporation rate. Therefore, as shown
in the figure, there is a certain value of
the falling distance at which the
maximum heat transfer effectiveness
will occur. This value is the same value
of the falling distance at which the
maximum evaporation rate occurs.

3.2. Effect of the droplet initial velocity

on the evaporation rate and on the heat
transfer effectiveness
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To present the effect of the droplet
initial velocity (v,) on the evaporation
rate and on the heat transfer
effectiveness, figure (5) is re-illustrated
with various droplet initial velocitics of
4, 5 and 6 m/s and with the same
working conditions.

Figure (6a) illustrates the effect of
the droplet initial velocity on the
change of droplet diameter (d) obtained
from equation (14). From the figure, at
low values of the falling distance
(zZ<15 cm), it can be seen that, the
droplet diameter is increased by
decreasing the droplet initial velocity.
That is because, at low value of the
droplet initial velocity, the contact time
between the formed wvapor and the
sprayed droplets is long and hence, the
condensation of vapor on the droplet
surface is high, so the increasing in the
droplet size is high and vice versa. At
high values of the falling distance (27
>15 cm), the droplet velocity has no
effect on the droplet size,

Figure (6b) illustrates the effect of
the droplet initial velocity on the
droplet velocity (v;). From the figure, it
can be scen that, at high droplet initial
velocity, the droplet velocity decreases
at a high rate. That is because the drag
force is increased by increasing the
droplet initial velocity.

Figure (6¢c) illustrates the change
of the contact ratio (CR) obtained from
equation (28) against the falling
distance at various values of droplet
initial velocity. From the figure, it can
be seen that the droplet initial velocity
has no eflect on the contact ratio for all
values of falling distance.

Figure (6d) illustrates the effect of
the droplet initial velocity on the
wailing time (1,) obtained from
equation (48). From the figure, it can be
seen that, the waiting time is decreased
by increasing the droplet initial
velocity. Thal is because, by increasing
the sprayed droplet initial velocity, the .
horizontal velocity of the droplet on the
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Fig.(6). Effect of the falling distance (27) on: a) droplet size, b) droplet velocity.
¢) contact ratio, d) waiting time, ¢} transmitted heat per one droplet, f) heat

transfer coefficient, g) evaporation rate and h) heat transfer effectiveness
with various initial droplet velocities.

heated tube increases, and hence, the
waiting time will decrease. The effect
of droplet initial velocity on the waiting
lime incrcases with the increase of
falling distance.

Figure {6¢) illustrates the efTect of
the droplet initial velocity on the
transmitted heat per one droplet (Qg)
obtained from equation (32). From the
figure, at low values of falling distance
(7.7<13cm), the transmitted heal pcr one
droplet decreases by increasing the
droplet initial velocity. This is due to

the decreasing of the droplet size as
mentioned above. Al high valucs of the
falling distance (~7>15cm), the droplct
velocity has no effect on the transmitted
heat per one droplet.

Figure (6f) illustrates the cffect of
the droplet initial velocity on the heat
transfer coefficient (h") obtained from
gquation (35). Basically, the transmitted
heat per one droplet is increased by
increasing the heat transfer coefficient.
Therefore, the clicets of the falling
distance and the droplet initial velocity
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on the heat transfer coefficient are the
same as their effects on the transmitted
heat per one droplet.

Figure (6g) illustrates the effect of
the droplet initial velocity on the
evaporation rate (m'y,) obtained from
equation (50). From the figure, it can
be seen that, the evaporation rate is
decreased by increasing the droplet
initial velocity. That is because the
waiting time and the transmitted heat
per one droplet are -decreased by
increasing the sprayed droplet velocity,
as mentioned above and shown in
Figures (6d) and (6¢).

Figure (6h) illustrates the effect of
the droplet initial velocity on the heat
transfer effectiveness (HTE) obtained
from equation (53). Basically, the heat
transfer effectiveness is increased by
increasing the evaporation rate and
therefore, the effects of the falling
distance and the droplet initial velocity
on the heat transfer effectiveness are the
same as their effects on the evaporation
rate and therefore, the heat transfer
effectiveness is decreased by increasing
the droplet initial velocity as shown in
the figure.

3.3.Effect of the droplet initial diameter
on the evaporation rate and on the heat
transfer effectiveness

To present the effect of droplet
initial diameter (d;) on the evaporation
rate and on the heat (transfer
effectiveness, figure (7) is illustrated
with various droplet initial diameters of
0.20, 0.25 and 0.3 mm under the same
working conditions.

Figure (7a) illustrates the effect of
the droplet initial diameter (d;) on the
change of the droplet diameter (d)
obtained from equation (14). From the
figure, it can be seen that, the droplet
size is increased by increasing the
droplet initial diameter (d,).

Figure (7b) illustrates the effect of
the droplet initial diameter on the
droplet velocity (v2). From the figure, it
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can be scen that, for small droplet initial
diameter, there is a high decrease in the
droplet velocity in which, for large
droplet initial diameter, this decrease is
low. This is due to the effect of gravity
force. Basically the gravity force is
increased by increasing the droplet
initial diameter.

Figure (7c) illustrates the effect of
the droplet initial diameter on the
number of droplets in-contact with the
tube surface at various falling distances.
Basically, the number of droplets is
inversely proportioned to the droplet
initial diameter raised to the power
three. Therefore, from the figure, it can
be seen that, the number of droplets in-
contact with the tube surface decreases
by increasing the droplet initial
diameter.

Figure (7d) illustrates the effect of
the droplet initial diameter on the
waiting time (t,) obtained from
equation (48). From the figure, it can
be seen that, by increasing the droplet
initial diameter, there is a very slight
increase in the waiting time. That is
because, the large droplet initial
diameter, the large exposing area to the
heating surface, so a more heat is
required for evaporation, where on
other side by increasing the droplet
initial diameter, the waiting time will
decrease due to the increase of the
horizontal velocity of the droplet
velocity upon the tube surface.

Figure (7¢) illustrates the effect of
the droplet initial diameter on the
transmitted heat per one droplet (Qqg)
obtained from equation (32). From the
figure, it can be seen that, the
transmitted heat per one droplet is
increased by increasing the droplet
initial diameter. That is because, the
large droplet initial diameter, the large
exposing area to the heating surface and
hence, the transmitted heat per one
droplet will increasc

Figure (71) illustrates the effect of
the droplet initial diameter on the heal
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Fig.(7). Effect of the falling distance (2) on; a) droplet size, b) droplet velocity,
¢) contact number of droplets, d) wailing time, e) transmitted heat per one
droplet, ) heal transfer coefficient, g} evaporation rate and h) heat transfer
effectiveness with various initial droplet diameters.

transfer coefficient (h') obtained from
equalion (35). Basically. the transmitted
heal per one droplet is increased by
increasing the heat transfer coefficient.
Thercfore, the effect of the droplet
initial diameter on the heat transfler
coefTicient is the same as its eftect on
the transmitted heatl per one droplet, so
that, the heat transfer coefficient is
increased by increasing the droplel
initial diameter.

Figure (7g) illustrates the effect of

the droplet initial diameter on the
evaporation rate (m',). From the figure,

it can be seen that, the evaporation rate
is decreased by increasing the droplet
initial diameter, this is due to the
decreasing in the number of the sprayed
droplets as was shown in fig. (7c).
Figure (7h) illustrates the cffect of
droplet initial diameter on heat teansfer
effectiveness  (ITE) oblained  from
equation (53) with the falling distance
(£7). Basically, the hecat transfer
elfectiveness is increased by increasing
the evaporation ratc. Therefore, the
effects of the falling distancc and the
droplet initial diamcter on the heat
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transfer effectiveness are the same as
their effects on the evaporation rate.
Therefore, the heat transfer
effectiveness is decreased by increasing
the droplet initial diameter.

3.4. Comparison between the present
results and the results obtained by
others for the effect of surface
superheating on heat flux

Figure (8) shows a comparison
between the present results obtained
theoretically from equation (49) and the
results obtained experimentally by
Mousa [13] for the effect of surface
superheating temperature on heat flux.
From the figure, it can be seen that, the
heat flux is increased by increasing the
surface superheating temperature. That
is because, for the high values of the
superheating of the test surface, the
temperature difference between the
surface temperature and the sprayed
droplet temperature is big therefore, a
large amount of heat is transmitted from
the surface will occur. It can also be
seen that, the difference between these
results is ranged from 4 to 12 %. That is
due to the heat losses to the
environment.
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3.5. Comparison_between the present
results and the results obtained by
others for the effect of the surface
superheating _on the heat transfer
effectiveness

Figure (9) shows a comparison
between the present results obtained
theoretically from equation (53) and the
results obtained experimentally by
Mousa, [13] for the effect of the surface
superheating temperature on the heat
transfer effectiveness. From the figure,
it can be secen that, the heat transfer
effectiveness is increased by increasing
the surface superheating temperature.
That is because, for the high value of
the  surface  superheating, the
temperature difference between the test
surface temperature and the sprayed
droplet temperature is big therefore, a
large amount of transmitted heat from
the surface will occur. It can also be
seen that, the difference between these
results is ranged from 4 to 15 %. That
is because, the change of droplet mass
flow rate, droplet velocity and droplet
temperature by increasing the falling
distance (i.e. 27= 0.57m) is neglected
by Mousa [13] in which these changes
have a great effect on the evaporation
rate and on the heat transfer
cffectiveness.
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4. Conclusions

Due to the present study, the
following conclusions can be drawn:
There is an optimum distance from
nozzle distributor to the hot tube
surface at which the maximum
evaporation process and hence the
maximum evaporation rate will occur.
This distance depends on the initial
sprayed mass flux, initial droplet
velocity, initial droplet size, initial
droplet subcooling and the tube surface
superheating. The evaporation rate and
the heat transfer effectiveness increase
by increasing the surface temperature,
and also by decreasing the droplet
initial velocity. For high initial sprayed
mass velocity, the evaporation rate and
the heat transfer effectiveness are
inversely proportioned to the droplet
size. The comparisons between the
present results and the experimental
data obtained by other researchers are
satisfactory.
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