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Flash evaporation from a water pool:
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Abstract

This article presents a study about the influence of the initial water height and of the depressurization rate on the flash evapo
water film. Experimental study is carried out with initial water height ranging from 25 to 250 mm, superheats between 2 and 44 K
initial liquid temperature from 45 to 85◦C. Visualization of the phenomenon using a CCD camera lets us firstly point out the influe
the initial water level on the flashing phenomenon in a qualitative way. Thermal balance allows us to correlate the mass evaporate
liquid temperature, and then to quantify the influence of the initial water height on several parameters: maximal amplitude of the phe
flashing time, liquid mass evaporated. We also analyse influence of relatively low depressurization rate (from 0 to 3.5 bar·s−1) on the flashing
time, the mass evaporated, and the mass flow rate. Finally, dimensionless correlations between these parameters are proposed.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Evaporation flash, or flashing, is the phenomenon
served when the surrounding liquid conditions sudde
change and become lower than its saturated conditions.
to the sudden variation of the conditions, the liquid initia
at equilibrium becomes superheated. This is, for insta
the case of suddenly depressurized liquids below the sa
tion pressure corresponding to their initial temperature. D
to the sudden drop in pressure, the whole energy cann
contained in the liquid as sensible heat, and the heat su
is converted into latent heat of vaporization. A violent ph
change is then observed. This is at the origin of the va
bubbles formation inside the liquid bulk and its vaporizati
Moreover, due to the sudden vaporization, the temperatu
the liquid decreases quickly.

Industrial applications of flashing are varied. One
the most important concerns the sea water desalinatio
drinking water production. In this case, multistage fla
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evaporators are generally used [1], but hybrid systems c
bining flashing and energy storage appear [2].

Drying processes also use this phenomenon. For insta
sterile loads drying in vapor sterilization cycles [3], or pap
sheet drying [4] use flashing.

Due to the sudden phase change, flash evaporation
nomenon causes a sudden temperature drop of the li
This ability to quickly cool is highly used in industria
processes such as the cooling of hot parts of a shuttl
water spraying under low pressure conditions [5,6], or
grape cooling in wine manufacturing process [7].

Flash evaporation phenomenon is also used in geothe
power plants to generate vapor which drives the turbines
ducing electricity. The OTEC like—ocean thermal ene
conversion—power plants use the fact that water layer
oceans are at different temperatures to produce energy

The phenomenon can also occur in nuclear power pl
with the break of the core reactor cooling system. Thi
known as loss of coolant accident or LOCA. In this ca
the high pressure cooling agent is directly in contact w
the surrounding environment at atmospheric pressure. It

explodes into vapor due to the flash evaporation [10].
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Nomenclature

A horizontal cross-sectional area of the flash
chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

C salt concentration . . . . . . . . . . . . . . . . . . . . . . . . %
cp specific heat of liquid at constant

pressure . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

cv specific heat of liquid at constant
volume . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

H initial water height . . . . . . . . . . . . . . . . . . . . . . . m
Hcrit critical water height . . . . . . . . . . . . . . . . . . . . . . m
hfg latent heat of vaporization . . . . . . . . . . . . J·kg−1

m water mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q mass flow rate . . . . . . . . . . . . . . . . . . . . . . . . g·s−1

T temperature of water . . . . . . . . . . . . . . . . . . . .◦C
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
t∗ flashing time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
V volume of the water . . . . . . . . . . . . . . . . . . . . . m3

vp depressurization rate . . . . . . . . . . . . . . . . bar·s−1

Greek symbols

�p pressure drop . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa

�T superheat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
λ liquid thermal conductivity . . . . . . W·m−1·K−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ liquid surface tension . . . . . . . . . . . . . . . . N·m−1

Subscripts and superscripts

0 initial state
∗ state att∗
e equilibrium
ev evaporated
f final state
l liquid phase
max maximum value
sat condition of saturation

Dimensionless numbers

Ja Jakob number
NEF non-equilibrium function
Pr Prandtl number
�X dimensionless quantity related to theX quantity
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Flash evaporation is also used in some multi-compon
film deposition processes [11] where a liquid multi-comp
nents mixture is evaporated and then condensate aga
thin layer on the substrate surface.

In a general way, flashing is a process which allows
porization rates more significant than those obtained with
conventional evaporation [12]. Phenomenon is often use
soon as a large amount of vapor must be produced, or w
fast cooling is necessary. Also, aiming at a better kno
edge of this phenomenon, this work study the evolution
some parameters such as the flashing time, or the water
evaporated. Influence of both the initial liquid level and
depressurization rate on the flash evaporation phenom
from water pool are poorly documented in literature. Also
this article, we propose an analysis of these two parame

2. Literature survey

2.1. Mass evaporated by flashing

In order to have a better understanding of the flash e
oration phenomenon, Miyatake et al. [13,14] carried out
periments on a pure water pool in which initial water heig
range from 100 to 225 mm, equilibrium temperature va
between 40 and 80◦C, and superheat from 2.5 to 5.5 K. U
ing a global energy balance that supposes the whole en
released by the liquid cooling is used to vaporize it, and c
sidering as constant the fluid properties (ρl , cp andhfg) and
the volume of liquid since the evaporated mass is not v

significant when compared to the initial water mass, they
s

s

n

.

obtained a relationship between the mass evaporated an
liquid temperature:

mev(t) = ρlV0cp

hfg

[
T0 − T (t)

]
(1)

Gopalakrishna et al. [15,16] work on sea water desalinat
Aiming at that, they carried out experiments with an init
temperature from 25 to 80◦C, superheats between 0.5 a
10 K, an initial liquid heights of 165, 305 and 457 mm, t
salt concentration of the water varying from 0 to 3.5%.
measuring the liquid level with a cathetometer, they prop
the following correlation connecting the mass evaporate
various parameters described below:

mev(t) = mvC1Ja0.05
p Pr−0.05

(
�p′

H

)−0.03

× (1+ C)0.06[1− exp(−p2t)
]

(2)

where�p′ corresponds to the drop in pressure. It is thus
pressed in water millimeter (mmH2O), i.e., �p′ = �p

ρg
. C is

the salt concentration in percent [%]. Other physical qua
ties or terms are proposed below and must be express
SI units

p2 = 0.27

τ
Ja0.133

p

(
�p′

H

)−1.6

Jap = cpT0�p
ρl/ρ

2
v − 1/ρv

h2
fg

mv = JaAHρl

cp�T (σ/�p)2
Ja=
hfg

, τ =
λ/ρcp

, C1 = 0.8867



D. Saury et al. / International Journal of Thermal Sciences 44 (2005) 953–965 955

we
film
hea
then
t al.
of

shin
ce,
K.

3]

ted

ing

x-
ime
ope
two

the

ui-
nly
(su
and

uch
uriza
ied
res-

hat
en if
ifi-
ver,
ses

res-

sus
of
ini-
9]
s-
e of

ini-
por
id,
time

re-
4a,
n-

to
ndi-

or
s on
ing
tens
.
ed

of
ties

ass
ern
ra-
K.
vious
ent

er,
de-
for

ap,
The range of validity for this correlation is given below:

0.1116� �p′

H
� 2.615, 0� C � 0.035

12� Jap � 197, 2.706� Pr � 5.941

More recently, in a previous article (Saury et al. [17]),
presented results about the flash evaporation of a water
of 15 mm. The evaporated mass is obtained using the
balance on the liquid in the flash chamber. This mass is
compared with correlation proposed by Gopalakrishna e
[15,16] when possible. We also highlighted the influence
superheat on the final evaporated mass and on the fla
time. Lastly, we strongly enlarged the domain of study sin
in our experiments, superheat ranges between 1 and 35

2.2. NEF: Non-equilibrium function and flashing time

In its investigation about flash evaporation, Miyatake [1
defined NEF (non-equilibrium function) as:

NEF(t) = mev(∞) − mev(t)

mev(∞)
(3)

where mev(∞) corresponds to the ideal mass evapora
when the liquid goes from the initial temperatureT0 to the
equilibrium temperatureTe = Tsat(pe). Thus, considering
than the volume of liquid changes very slightly and us
Eq. (1), we can also write:

NEF(t) = T (t) − Te

T0 − Te

, whereTe = Tsat(pe) (4)

The typical evolution of the NEF with time shows two e
ponential decays. The curve plotting the NEF versus t
can then be divided in two parts: a first part of strong sl
followed by a more gradual one. Intersection of these
slopes gives what we call the flashing time, often notedt∗.
The first phase corresponds to a vigourous boiling in
whole liquid bulk.

2.3. Importance of the depressurization rate on the
phenomenon

Hahne and Barthau [18] note that when a liquid in eq
librium with its vapor and placed in a closed tank is sudde
depressurized, this latter enters in a metastable state
perheated) which mainly depends on the pressure drop
flashing phenomenon appears. Parameters influencing s
phenomenon are the pressure drop, the rate of depress
tion and the initial temperature [18,19]. Experiments carr
out by Hahne and Barthau concern relatively low dep
surization rates (some bar·s−1) in hyperbaric surrounding
for various liquids (water, Refrigerant 11). They remark t
flashing occurs for such depressurization rates and ev
this depressurization is applied to a liquid put in a sign
cant diameter enclosure (at least up to 250 mm). Moreo
they notice that when the rate of depressurization increa

the phenomenon happens more quickly. This is well shown
t

g

-

a
-

,

Fig. 1. Typical evolution of the pressure during the initial phase of dep
surization with two different depressurization rates.

on Fig. 1 which plots the evolution of the pressure ver
time that can be typically observed for two different rates
depressurization and which is drawn using our data. The
tial evolution with time observed by many authors [18,1
is well point up. The value of the local minimum of pre
sure (reached initially) is lower and sooner when the rat
depressurization increases. The presence of this local m
mum could be explained by the rate of generation of va
(vapor outflow) due to fast nucleation in the whole liqu
which compensates and even exceeds during a short
the rate of depressurization.

Principal studies found in literature [20–24] generally
late to depressurizations of flowing liquids (water, R-13
butane, propane,. . . ) initially pressurized (some bars) u
til an equilibrium pressure which is often 1 bar (release
the atmosphere of a pressurized liquid). Under such co
tions, the depressurization rates are high (from 100 atm·s−1

to some Matm·s−1). However all authors are unanimous f
saying the appearance of the flashing strongly depend
the depressurization rate. Until now, few studies concern
the brutal depressurization to low pressures (about a few
of millibars) for a liquid placed in a tank were carried out

In literature, many different initial water heights are us
to study flash evaporation phenomenon from pool, but few
them deal with the influence of this height on the proper
of the flash evaporation such as the flashing time or the m
evaporated. All in all, studies available in literature conc
water heights varying from 15 to 457 mm, initial tempe
tures from 25 to 80◦C, and superheats from 0.5 to 35
Table 1 gathers these values, those concerning our pre
article on this subject [17] and those studied in this pres
investigation of the initial water level influence. Moreov
we also noticed that few authors studied influence of the
pressurization rate on flashing phenomenon, especially
low ranges of depressurization rate. In order to fill this g

we also propose an experimental study the influence of the



956 D. Saury et al. / International Journal of Thermal Sciences 44 (2005) 953–965

0
0

.

ents
the

ns.
ash
is
ased
ate
cor-
hen
ac-
ntro
en

uum
ing

six
e T
d hu

ea
iezo
olut
from
%
trai
eric

by
this
be-

ut b

ber;
rat-
ui-
tion
in out

to
to a

d by
ash
d to
ss-
s in

t
e
s d

nd
low-
Table 1
Key parameters used by main authors

Miyatake
(1973–
1977)

Gopalakrishna
(1987)

Saury
(2002)

This
study

Te [◦C] 40–80 – – –
T0 [◦C] – 25–80 30–75 45–85
�T [K] 2.5–5.5 0.5–10 1–35 2–44
H [mm] 100–225 165, 305, 457 15 25–25
p0 [mbar] 73–473a 30–310a 50, 100, 150, 200 50, 15

a These estimated values are based on data provided by the authors

low rates of depressurization (some bar·s−1) on the kinetic
of the flash evaporated quantities.

3. Experimental setup

3.1. Test procedure

The experimental setup is shown on Fig. 2. Fig. 3 pres
thermocouples and pressure transducer placement in
flash chamber and specifies the flash chamber dimensio

First step of the test procedure consists in fill in the fl
chamber with distilled water up to the right initial level. Th
water is then warmed up by the heating power and deg
by successive drops in pressure in order to avoid the gre
number of parasitic nucleation sites. Once water is at the
rect temperature, the electromagnetic valve is closed. T
liquid ring pump lets obtain desired pressure into the v
uum tank. Once these pressure is reached, the flow co
valve is adjusted if necessary and images and measurem
acquisition chains are started. Flash chamber and vac
tank are then suddenly put into communication by open
the electromagnetic valve: flashing start.

3.2. Set-up instrumentation

Liquid and vapor temperatures are measured by
0.08 mm diameter type T thermocouples (cf. Fig. 3). Typ
was selected because of its good reaction to vacuum an
midity. It can measure temperatures from−270 to+400◦C,
its precision is of 0.12◦C and its response time of 40 ms.

Pressure in the flash chamber and vacuum tank is m
sured by two pressure transducers. The first one is a p
resistive sensor in stainless steel which measures abs
pressure on a 1.5 bar range. Its temperature range is
20 to 100◦C. Its bandwidth is 13 kHz and its precision 1
of its measurement range. The second one is an active s
gauge. Its effective measurement range is from atmosph
pressure (1000 mbar) to 10−1 mbar. Its precision is±0.2%
of its measurement range.

The data acquisition system (HP75000B) is controlled
a PC via a HP-IB bus. Thermocouples are connected to
data logger using a HP-E1347A card and the connection
tween the pressure transducers and recorder is carried o

a HP-E1345A card.
r

l
ts

-

-
-
e

n

y

Fig. 2. Experimental setup description. (1) Vacuum tank; (2) Flash cham
(3) Vacuum pump; (4) Electromagnetic valve; (5) Heating power; (6) Ae
ing valve; (7) Distilled water tank; (8) Digital CCD camera; (9) Data acq
sition unit; (10) Temperature regulator; (11) Thermocouples; (12) Insula
valve; (13) Pressure transducer; (14) Pressure transducer; (15) Dra
valve; (16) Drain out valve; (17) Flow control valve.

Fig. 3. Flash chamber description.

A digital CCD camera CVM70 which lets obtain up
6 frames per second is used. This camera is connected
computer and controlled using the software Optimas©.

3.3. Evaporated quantities determination

Method used to calculate the water mass evaporate
flashing is based on an energy balance on the liquid in fl
chamber. Between two close times, this liquid is suppose
be in equilibrium with its produced vapor and incompre
ible. Studied system can be divide into two sub-system
equilibrium. The first one is composed with a massm − dm

of liquid at the temperatureT at timet which is converted, a
time t + dt , into a massm − dm of liquid at the temperatur
T + dT . The second sub-system, is composed by a masm

of liquid at the temperatureT at timet and by a mass dm of
vapor at the temperatureT + dT at timet + dt . Neglecting
thermal loss with walls and with the surrounding fluid a
neglecting the second order terms, we obtained the fol

ing heat balance:
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mcv dT − dmhfg = 0 (5)

Integrating over the time, we obtain the evolution of the m
evaporated with time. Due to the low temperature range
properties of the liquid—ρl , hfg, cv—are supposed consta
during phenomenon. So, the following equation is then
tained:

mev(t) = ρlAH

{
1− exp

[
− cv

hfg
(T0 − T )

]}
(6)

Deriving this equation over the time, and considering flu
physical properties as constants, the evaporated mass
rate is also obtained.

ṁev(t) = dmev

dt
(t)

= −ρlAH

(
cv

hfg

)
exp

[
− cv

hfg
(T0 − T )

]
dT

dt
(7)

Uncertainty on the mass evaporated obtained u
Eq. (6) is studied in [25], and shows that this relative
certainty remains lowers than 12%.

4. Results and analysis

4.1. Description of the phenomenon

Images acquire using CCD Camera shows that the
nomenon is initially very violent: the liquid is complete
disrupted and bubbles formation takes place in the whole
uid volume. After a relatively short period of intense boilin
phenomenon magnitude decreases, and boiling only oc
closer and closer to the free surface. Then liquid temp
ture in the flash chamber tends towards equilibrium wh
corresponds to the saturation temperature of the liquid a
equilibrium pressure of the flash chamber. Evolution of
phenomenon with time can be explained by the pressure
tribution in the flash chamber and especially in the liqu
Indeed, pressure in the liquid phase increases with de
thus the farther from surface, the more the effective pres
drop �p = psat(T0) − pe ≈ psat(T0) − psat(Te) at the ori-
gin of the flash evaporation phenomenon decreases an
more the local equilibrium temperature of the liquid—whi
corresponds to the liquid saturation temperature—increa
This equilibrium temperature will thus be reached firstly
places where the pressure is the most significant, i.e., a
bottom of the flash chamber. So, during flashing, due to
abrupt pressure drop, liquid cools quickly and the dee
water layers reach an equilibrium state faster. Flashing s
then gradually from the flash chamber bottom upwards
surface where the phenomenon continues and where th
per water layers keep on cooling. The hottest—and thus
dense—water layers are at the bottom of the tank. They
urally move upwards and supply an additional energy con
bution as sensible heat. This explains why the closer we
to the surface of the liquid, the more the phenomenon wil

sustained. In addition, since local equilibrium temperature
,

e

.

-

increases with depth, local liquid superheat decreases a
some cases (low superheats and/or great water heights
deep water layers can already be at equilibrium. On the o
hand, the closer to the surface, the more significant the
perheat, which explains the violence of the flash evapora
phenomenon observed up to there. Moreover, movem
created by the displacement of the layers at different t
peratures contribute to homogenize the liquid temperat
This homogenisation is of course reinforced by the form
tion and the growth of vapor bubbles which are formed
to flashing and which mix the whole liquid. Combination
these phenomena explains what we observe experimen
namely an initial phase of very intensive boiling which d
rupts the whole volume of superheated liquid followed b
phase whose magnitude decreases with time and depth

4.2. Influence of the initial water level on flashing
phenomenon

4.2.1. Qualitative analysis
In order to study the influence of initial liquid height o

the flashing time, we observe the state of the liquid initia
at 60◦C and suddenly depressurizes down to 150 mba
seconds after the beginning of the phenomenon for in
heights ranging between 50 and 250 mm. Timet = 15 s is
chosen because, as it will be see later, it corresponds t
average flashing time obtained for this series of experime
As we can note it, the higher the initial water level in t
flash chamber, the more violent and of great amplitude
phenomenon is at this moment. However as we expla
before, amplitude of the phenomenon decreases with t
We can thus deduce that the higher the water level, the
achieved the phenomenon is at timet = 15 s or, to put it
in another way, phenomenon duration increases with he
Thus flashing time seems to be an increasing function o
initial liquid level. This can be explained by the fact that
creasing the initial water level in the flash chamber invol
a growth in initial water mass and thus increases the en
supplied as sensible heat. This latter must be converted
latent heat, and consequently water inertia involves an
crease of the flashing time.

In order to confirm observations made previously us
the images analysis, experiments with an initial pressur
the vacuum tank of 50 and 150 mbar, an initial tempera
from 45 to 85◦C, and an initial height of water ranging b
tween 25 and 250 mm were carried out. These experim
correspond to superheats from 2 to 44 K. All the curves p
sented hereafter and using temperature measuremen
plotted using data of the thermocouple calledT1 in Fig. 3
since this thermocouple is, whatever the run, the only
which is always underwater. Moreover, choice of this th
mocouple is justified by the violence of the phenomen
which, during the flashing, involves a significant mixing
the liquid and thus a quasi-homogeneous distilled water t
perature in the flash chamber. Fig. 4 presents the evolu

of the liquid temperature when flashing occurs for underwa-
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Fig. 4. Temperature measurement into the flash chamber using unde
thermocouplesT1 to T3.

ter thermocouples calledT1 to T3 in Fig. 3 withT0 = 75◦C,
p0 = 50 mbar, andH = 150 mm. Fluctuation observed o
temperature profile measured usingT3 can be explained b
the position of this thermocouple which is initially 5 m
under the free surface where phenomenon is longer an
more violent. Moreover, this graph shows that no ther
stratification is observed which can be explain by the v
lence of the phenomenon which disrupted the whole liq
bulk and by the bubble formation and growth which mix
the liquid. This point also confirm observation made by K
et al. [26].

4.2.2. Influence of the initial water level on the violence
the phenomenon

Processing of the sequences of images lets determin
maximum amplitude�Hmax of flashing phenomenon fo
each run carried out. This magnitude corresponds to the
ference between the maximum height reached by wate
the tank while phenomenon occurs and the maximum d
reached by the bubbles in the liquid phase. Fig. 5 presen
annotated picture in order to have a better understandin
how �Hmax is determined. This amplitude allows to cha
acterize the violence of the phenomenon since it is dire
related to the liquid volume disrupted.

Fig. 6 presents the typical evolution of this amplitu
with the initial height of liquid for an initial temperature o
75◦C and an initial pressure of 50 mbar. As we can note
the maximum magnitude�Hmax of the phenomenon is a
increasing function of the initial height. However, the lo
precision in the determination method of this amplitude c
pled with a relatively low acquisition frequency of the CC
camera (7 Hz) does not allow us to continue our invest
tions in this way.

4.2.3. Influence of the initial water level on the flashing
time

Fig. 7 shows the evolution of the flashing timet∗ deter-
mined usingNEF’s plot for initial pressures in the vacuu

tank of 50 mbar and initial liquid temperature of 75◦C. The
r

e

Fig. 5. Determination of maximum amplitude�Hmax of the flashing phe-
nomenon.

Fig. 6. Evolution of the maximum phenomenon amplitude for an initial
pressure in the vacuum tank of 50 and an initial liquid temperature of 75◦C.

Fig. 7. Evolution of the flashing timet∗ (•), andtp (�) versus the initial

heightH for an initial temperatureT0 = 75◦C andp0 = 50 mbar.
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same trend is observed for a pressure of 150 mbar an
other temperatures. All in all, flashing time is an increas
function of the initial water level, which confirms the tren
describes previously. This trend can be explained by the
ter inertia which increases with the initial height, since
water mass initially present and thus the energy to con
increases. It is to notice that the flashing timet∗ increases
when the initial pressure of the vacuum tankp0 decreases
This is due to the fact that whenp0 decreases, the liquid su
perheat�T increases. Thus the amount of energy availa
as sensible heat for conversion into latent heat of vapo
tion is then greater. This involves a longer phenomenon.

In order to understand the magnitude order found, ano
characteristic time, notedtp is calculated. To find this time
we study the dimensionless and normalized pressure e
tion padim versus time. This quantity is defined as follow:

padim(t) = p(t) − pe

psat(T0) − pe

(8)

Letsξ the initial slope of the curve plottingpadim versus
time, tp is defined astp = −1/ξ . On Fig. 7, we also over
write values obtained fortp and fort∗. As observed, what
ever initial conditions, values obtained are on the same o
of magnitude. Moreover, we could also observe these
ues are very close for small superheats, and a slightly m
scattered for greater superheats values. This point cou
explained by the violence of the phenomenon which co
disturb pressure measurement. So, characteristic time f
using temporal pressure evolutiontp, highlight the influence
of the vapor space pressure variation on the characte
time of the phenomenon and confirms what Gopalakris
observed [16], i.e., the rate of pressure reduction in the v
space could be a significant factor controlling the proc
Influence of this depressurization rate will be discussed la

4.2.4. Influence of the initial level on the water mass
evaporated by flashing

Heat balance applied to the liquid enables us to con
the mass evaporated by flashingmev to the temperature o
the liquid (see Eq. (6)). This mass is calculated using Eq
and the evolution of the liquid temperature with time giv
by the thermocouple calledT1. Typical evolution of this
quantity shows this mass increases very quickly at the be
ning (t < t∗) while its evolution stops for times greater th
the flashing time and tends towards a limiting value. T
total mass evaporated by flashing during an experimentm

f
ev

corresponds to the limit value of this curve.
Figs. 8 shows results obtained for the final mass ev

orated with initial pressures in the vacuum tank of resp
tively 50 mbar, initial temperatures from 45 to 85◦C, and
initial water heights ranging between 25 and 250 mm. T
same trend as forp0 = 50 mbar is observed for other initia
pressure (p0 = 150 mbar). Whatever the run, final evap
rated mass is an increasing function of the initial tempe

ture and of the initial level of water in the flash chamber.
-Fig. 8. Evolution of the final mass evaporated versus time forp0 = 50 mbar.

General trends of these curves were approached and
ted on these figures. We can notice using these curves
dm

f
ev/dH > 0 and d2mf

ev/dH 2 < 0 (increasing and con
cave profiles). This behavior can be explain by the effec
pressure drop. Indeed, during a run, pressure drop en
ing phenomenon goes from the saturation pressure a
initial temperaturepsat(T0) to the equilibrium pressurepe

which corresponds to the saturation pressure at the e
librium temperature:pe = psat(Te). For depths greater tha
Hcrit = psat(T0)−psat(Te)

ρg
, liquid is already at equilibrium sinc

its pressure is greater thanpsat(Te) and flashing does no
occurs. This critical height increases very quickly with t
initial temperature and the initial pressure. For instance,
critical height for the run withT0 = 45◦C andp0 = 50 mbar
(�T = 5 K) is 233 mm. It corresponds on Fig. 8 to t
height where the final mass evaporated no more increa
For the run withT0 = 50◦C andp0 = 50 mbar (�T = 9 K),
Hcrit = 464 mm, and forT0 = 60◦C andp0 = 150 mbar
(�T = 4 K), Hcrit = 356 mm. Considering the water heigh
to take into account and the current setup geometry,
can unfortunately not confirms experimentally the trends
served.

Fig. 9 represents the evolution of the ratio between
mass evaporated att∗ and the initial massm0 versus the
Jacob numberJa, a dimensionless number relative to sup
heat, for an initial pressure in the vacuum tank of 50 a
150 mbar. On this figure, we can note thatm∗/m0 is pro-
portional toJa, and that this proportionality factor strong
depends on the initial pressure of the vacuum tankp0. In-
deed, this coefficient is about 0.91 forp0 = 50 mbar and
0.55 forp0 = 150 mbar. Thus it seems that the more sign
icant the pressure drop�p, the greater the proportionalit
factor.

Fig. 10 plots the evolution of the ratio between the fi
mass evaporatedmf

ev and the initial massm0 versus super
heat�T of the liquid for an initial pressure in the vacuu
tank of 50 and 150 mbar. We also plot results obtained u
Eq. (2) proposed by Gopalakrishna. On this figure, we

tice thatmf

ev/m0 is proportional to�T , since when t goes to
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Fig. 9. Evolution ofm∗/m0 versus the Jakob number forp0 = 50 mbar and
p0 = 150 mbar.

Fig. 10. Evolution ofmf
ev/m0 versus�T for p0 = 50 mbar (�) and

p0 = 150 mbar (◦).

infinity, T andmev respectively goes toTe andm
f
ev, and, as

hfg 	 cv�T , Eq. (6) becomes (at first order):

m
f
ev

m0
= cv

hfg
�T (9)

This explain the linear behavior observed on this gra
Moreover, values obtained are close to those propose
Gopalakrishna, and slightly lower than those found us
Miyatake’s correlation (see Eq. (1)). Indeed, in our cor
lation, we take into account the mass variation during p
nomenon occurs. So it is not surprising to obtain a low
mass evaporated than Miyatake. Moreover, unlike what
observed on Fig. 9, this ratio no more depends on the
tial pressure which confirm the paramount influence of
superheat on this quantity.

Fig. 11 shows the evolution of the ratio between the m
evaporated att∗ and the total mass evaporatedm

f
ev versus

the superheat for initial pressures in the vacuum tank o

and 150 mbar. This ratio reflects well the effectiveness of
Fig. 11. Evolution of m∗/m
f
ev versus �T for p0 = 50 mbar and

p0 = 150 mbar.

the phenomenon. Indeed, for an initial pressure in the
uum tank of 50 mbar, the greater the superheat, the c
the mass evaporated at timet∗ to the evaporated total mas
whatever the initial height of water in the flash chamb
Forp0 = 150 mbar, this ratio remains quasi-constant aro
55% whatever the initial height of water, which shows th
the significative influence of the pressure drop�p on evap-
orated quantities at timet∗ and the influence of the initia
water height. Moreover, for the same superheat this r
increases with pressure drop whatever the initial heigh
water. Indeed, this ratio seems to be an increasing func
of the pressure drop since this coefficient is close to 1 w
the effective pressure drop�p increases. Thus the increa
of �p seems to result in a more efficient phenomenon s
m∗ tends towardsmf

ev.

4.3. Influence of the depressurization rate on flashing
phenomenon

4.3.1. NEF evolution with time
Fig. 12 presents the evolution of the NEF with time for

initial temperature of 75◦C, initial pressurep0 of 50 mbar,
and initial water heights of 25 and 250 mm. For other ini
heights (25 to 250 mm), initial pressure (150 mbar) and
tial temperatures (60, 75 and 85◦C), curves are not presente
in this article, but the same trend is however observed.

Firstly, we observe that NEF is a decreasing funct
of time well pointing out the temperature drop of the l
uid. Moreover, whatever the initial water height, we no
that the cooling, caused by the evaporation of the liquid
slower when the depressurization rate decreases. Indee
temperature drop (which is directly connected to the e
lution of NEF) is slower when this rate of depressurizat
(vp = −dp/dt) is lowered. In addition, for depressurizatio
rates of the same order of magnitude, we can observe a
uid temperature profile more square when the water he
decreases. In another words, it seems that for the same

of depressurization, equilibrium is reached faster when the
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Fig. 12. NEF evolution with time forT0 = 75◦C, p0 = 50 mbar, andh = 25 and 250 mm.
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Fig. 13. Evolution of the flashing time with the rate of depressuriza
for an initial pressure in the vacuum tank of 50 mbar and different in
temperatures and initial levels of liquid.

height of liquid initially placed in the flash chamber d
creases.

4.3.2. Evolution of the flashing time with the
depressurization rate

Fig. 13 presents the evolution of the flashing time with
depressurization rate for initial temperatures of 60◦C, an ini-
tial pressure of 50 mbar and initial heights of distilled wa
of 25, 100, 150, and 250 mm. This flashing time is estima
using the method initially introduced by Miyatake et al. [1
14], based on the NEF evolution with time and briefly d
scribed previously in this article. For other temperatures
pressure the same trend is observed.

In a general way, for a givenT0, p0 andH , this time is
a decreasing function of the increasing rate of depressu
tion. For the same initial temperature and pressure this
augments with the increase of the initial water level. T
confirms observations made in the previous paragraph: e
librium state is reached slower when the initial water le
increases. Indeed, in our case, an increase of the initial
ter level entails an increase of the initial volume of the wa
placed in the flash chamber. Thus, the water volume to
is more significant and it is thus not surprising that char
teristic time of the phenomenon would be more signific

when increasing the water level.
Fig. 14. Evolution of the evaporated mass with time forT0 = 75◦C,
p0 = 50 mbar and various initial temperatures and initial levels of liquid

4.3.3. Evolution of the total evaporated mass with time
Fig. 14 plots the evolution of the mass evaporated ve

time for an initial temperature of 75◦C, an initial pressure in
the vacuum tankp0 of 50 mbar, and an initial water height o
25 mm. For other initial temperatures and heights, the s
behavior as forT0 = 75◦C could be observed, but the
curves are not presented here.

In a general way, this total evaporated mass is an
creasing function of time. Moreover, whatever the init
height of liquid, the higher the rate of depressurization,
faster the final evaporated massm

f
ev (mf

ev = limt→∞ mev(t))
is reached. Moreover, as observed forNEF, we also ob-
serve that when the initial water level decreases, profiles
more “square”, which correspond to a faster phenome
Indeed, like previously, the volume of water to cool is low
which implies a faster phenomenon. This also explains
evolution of the profiles with the initial height of distille
water.

4.3.4. Evolution of the final mass evaporated by flashing
with the depressurization rate

Fig. 15 shows the evolution of the final mass evapora
with the rate of depressurization for an initial pressure in

vacuum tank of 50 mbar, an initial temperature of 75◦C and
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Fig. 15. Evolution of the final mass evaporated with the rate of depre
ization forT0 = 75◦C, p0 = 50 mbar and various initial temperatures a
initial levels of liquid.

Fig. 16. Evolution of the evaporated mass flow rate with time.

various initial temperatures and heights of distilled wa
The same behavior is observed for others experiments
ried out. Results show that whatever the initial temperat
this mass is, for a given initial height of distilled water a
initial pressure, independent of the depressurization rate

4.3.5. Evolution of the evaporated mass flow rate with ti
Fig. 16 presents the evolution of the mass flow rate w

time for an initial temperature of 75◦C, an initial pressure
p0 of 50 mbar, and initial water height of 150 mm. We
not present here the curves corresponding to the othe
tial temperatures heights, for which the same trend ca
observed.

As show on this graph, the evaporated mass flow rate
decreasing function of time, this decrease being contro
by the depressurization rate. Indeed, whatever the in
height of liquid, the higher the initial rate of depressuriz
tion will be, the faster the value of the evaporated mass
rate will decrease. We can moreover notice that the hig
the initial rate of depressurization, the more significant
initial value of this flow rate. Indeed, the evaporated to
massmf

ev is represented (apart from the scale factor) by
area below the curve representing the mass flow rate ve∫

time (mf

ev = ∞
0 qev(t)dt). In addition, we noted previously
-

s

Fig. 17. Evolution of the initial evaporated mass flow rate with the dep
surization rate for a pressure in the vacuum tank of 50 mbar, an in
temperature of 60◦C and various initial liquid levels.

that this mass whose value depends mainly on the supe
(cf. [17]) and on the water mass initially placed in the fla
chamber is independent of the depressurization rate. T
for a given initial height, the surface under each curve m
be equal and thus a fast decrease must be compensate
higher initial value of the evaporated mass flow rate.

4.3.6. Evolution of the initial flow with the depressurizati
rate

Fig. 17 plots the evolution of the maximum mass flow r
evaporated versus the depressurization rate for initial t
peratures of 60◦C, an initial pressure in the vacuum ta
of 50 mbar and initial water heights of 25, 100, 150, a
250 mm. Analyze of the evolution of the evaporated m
flow rate with time shows this value corresponds to the
tial value of the mass flow rate.

In a general way, we note an increasing of the maxim
evaporated mass flow rate with the initial depressuriza
rate in the flash chamber. Moreover, for a given initial te
perature and a given initial pressure, evolution of this m
flow rate with the initial rate of depressurization is relative
linear whatever the level of distilled water initially put in th
flash chamber. In addition, On this graph, we also add slo
of the approximation straight line found for other tempe
tures (75 and 85◦C). As observed, these slopes increase w
the initial temperature (T0). This is due to the fact that in
creasesT0 promotes bubbles formation and growth (critic
radius of bubble formation decreases with temperature,
the number of viable bubbles increases) and then vapor
mation. It explains that, initially, mass flow rate would
greater. Globally, this mass flow rate significantly grow
with the increase of the depressurization rate and with
one of the initial temperature. Results obtained shows
the mass flow rate is a linear function ofvp and depends
also onT0, i.e.qmax= F(T0)vp.

These results show that if we wish optimize the m
evaporated in industrial processes using the flashing,
cessive flashing let increase these evaporated masses s

icantly. These different flashing having to be spaced oft∗,



D. Saury et al. / International Journal of Thermal Sciences 44 (2005) 953–965 963

be-
e
and
ant
ible
to

um-
vo-

if-

m-

of
een
at

idity

ass

e-

i-
ente
sed
te.
ain

wa-

rel-
nd
nce
di-
ied
f the
on
ple

is

re-
11).
orre-

n-
ion-
e-
since we remark that it is in the first step (t � t∗) that the
evaporated mass flow rate is most significant and that it
comes relatively low fort 	 t∗. We also could note that, th
faster the depressurizations, the lower the flashing time
thus the more we can, in a given time, carry out a signific
number of successive vacuum settings (within the poss
material limits: time to warming up again the liquid and
re-lowering the pressure in the vacuum tank).

5. Synthesis

Dimensional analysis [25] introduces dimensionless n
bers for each physical quantity. Correlations describing e
lution of qmax, t∗, or m∗ versus other dimensionless sign
icant parameters (T0, vp, �T , or H ) were found. As this
study is carried out on distilled water having an initial te
perature ranging between 45 and 85◦C, a initial water level
from 25 to 250 mm, an initial pressure in the vacuum tank
50 and 150 mbar and depressurization rate ranging betw
0 and 3.5 bar·s−1, which globally correspond to a superhe
0 and 44 K. These values correspond to the range of val
of these following correlations.

A correlation between the dimensionless maximum m
flow rateqmax and dimensionless initial temperatureT0, de-
pressurization ratevp, superheat�T , initial water height�H
is proposed.

qmax= K× T0
2.62 × vp

1.14 × �T −0.05 × �H 0.01 (10)

where

K = 9.689× 10−4

qmax= qmax

µ(T0)D

T0 = cp(T0)(T0 − Tref)

gD

vp = vpD

µ(T0)g

�T = cp�T

hfg(T0)
= Ja

�H = H

D

and whereTref = 273 K, andvp is in bar·s−1 other quantities
being in SI units.

Range of validity of this latter correlation is specified b
low: T0 ∈ [45,85◦C], vp ∈ [0,3.5 bar·s−1], �T ∈ [0,45 K],
H ∈ [0,250 mm]. Fig. 18 plots evolution of the max
mal mass flow rate evaporated versus parameters pres
before. As shown on this figure, the correlation propo
described relatively well evolution of this mass flow ra
Correlation coefficient obtained is 0.92. We also find ag
what observed before, i.e.,qmax ≈ F(T0) × vp since power
above the dimensionless quantities relative to the initial

ter height and the superheat are almost zero which entails a
d

Fig. 18. Evolution of the maximal mass flow rate.

Fig. 19. Comparison betweenqmax andq ′
max.

very weak influence of those terms. Moreover, power
ative to vp is almost 1 which confirms quasi-linear tre
observed before on Fig. 17. We also point out again influe
of the initial temperature still observed on Fig. 17. In ad
tion, this correlation lets quantify influence effect of stud
parameters. As shown, influence of the superheat and o
initial water height is very restricted, that’s why comparis
between this latter correlation (Eq. (10) and a more sim
law (q ′

max = F(T0, vp)) is realized. Correlation obtained
proposed below:

q ′
max= K1 × T0

2.62 × vp
1.14 with K1 = 1.124× 10−3

(11)

Relative error made by using Eq. (11) instead of Eq. (10)
mains lower than 10%. Fig. 19 plots Eq. (10) versus Eq. (
This graph shows a good agreement between this two c
lations in their range of validity.

From the study of flashing time with various initial co
ditions, we determined a correlation between the dimens
less flashing time (t∗) and the main dimensionless param
ters described before (T0, vp, �T , �H ).
t∗ = K′ × T0
3.16 × vp

−0.83 × �T 2.45 × �H 1.07 (12)
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Fig. 20. Evolution of the flashing time.

where:K′ = 1.496, t∗ = t∗/τ , τ = ρcpσ2

λ(�p)2 andT0, vp, �T ,
�H are the same as previously.

The range of validity of this correlation is the sam
as for the previous correlation, i.e.,T0 ∈ [45,85◦C], vp ∈
[0,3.5 bar·s−1], �T ∈ [0,45 K], H ∈ [0,250 mm].

Fig. 20 plots results obtained experimentally and th
obtained with the correlation Eq. (12). A pretty good agr
ment can be noticed. Moreover, correlation coefficient
tween experimental results and correlation is 0.97. As
viously, this correlation confirms trends observed and
plained before, as known:t∗ decreases withvp and increase
with H . This time increases with the superheat which pr
ably could be explained by the fact that increasing�T is as
increasing energy amount to convert into latent heat of
porization, other parameters being not changed. In addi
this trend confirms also what Miyatake observed in its co
lation about the flashing time [13,14], even if correlation
proposed does not take into account the rate of depressu
tion (t∗ = 44T −0.86

e �T 0.55, [13]).
From analysis of results about the water mass evapor

with various initial conditions, we determined a corre
tion between the dimensionless mass evaporated at timt∗
(m∗) and the main dimensionless parameters described
fore (T0, vp, �T , �H ).

m∗ = K′′ × T0
1.81 × vp

0.18 × �T 0.54 × �H−0.18 (13)

where:K′′ = 5.466× 10−6, m∗ = m∗/m0, T0, vp, �T , �H
being the same as previously. The range of validity for
correlation isT0 ∈ [45,85◦C], vp ∈ [0,3.5 bar·s−1], �T ∈
[0,45 K], H ∈ [0,250 mm].

Fig. 21 plots results we obtain both experimentally a
using the correlation Eq. (13) versus main dimension
parameters (T0, vp, �T , �H ). Value of the correlation coeffi
cient between experimental results and this latter correla
is 0.92 and shows a good agreement between these va
As for others correlations, this correlation allows to see
fluence of parameters such asT0, vp, �T or H on the mass
evaporated at timet∗. For instance,m∗ increases withT0 and

slightly decreases withH even if influence of this latter pa-
-

-

s.

Fig. 21. Evolution of the mass evaporated at timet∗.

rameter is not very significant (power−0.18 in Eq. (13)).
For example, we can noticed thatm∗ increases withT0 or
vp. IncreasingT0 or vp increases the initial mass flow ra
(see, for instance, Eq. (10)). So, slope of the curve plot
mass evaporated versus time growths faster and this
tends more quickly towards its asymptotic value which c
responds to the final mass evaporated (m

f
ev). Then the mass

evaporated at timet∗ is greater which explains whym∗ in-
creases withT0 andvp.

Keeping in mind the range of validity of these tree cor
lations, we provide here first hints to optimized proces
based on this phenomenon such as drying phase in
of sterilization of surgical instruments processes. Inde
values of evaporated quantities and time to evaporate
quantities can be easily obtain using these correlations a
compromise between each parameter can be found.

6. Conclusion

This article presents both an experimental study of the
fluence of the initial water level in the flash chamber and
the depressurization rate on the flash evaporation phen
enon. This study is carried out on distilled water having
initial temperature ranging between 45 and 85◦C, a initial
water level from 25 to 250 mm, and an initial pressure
the vacuum tank of 50 and 150 mbar. Initially, we pres
a qualitative approach of flash evaporation, consisting
visualization of the flashing phenomenon using a CCD c
era. This visualization lets us highlight the influence of i
tial height of liquid on its flash evaporation. A quantitati
approach is then proposed. This approach is based o
use of the energy balance on the liquid in the flash cham
and on temperature measurement of the water. This stud
lows us to show that the maximum amplitude of the fla
evaporation phenomenon, the flashing time, as well as
final evaporated mass are increasing functions of the in
liquid level. In addition, by introducing the ratio of the eva

orated masses at the momentt∗, and at end, we highlight the
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importance of the pressure drop on the effectiveness o
phenomenon.

We also propose an experimental study of the influe
of the depressurization rate on the flash evaporation of a
ter film. This study is carried out with initial temperature
water film of 60, 75, and 85◦C. Runs with initial heights
of distilled water of 25, 100, 150 and 250 mm and a pr
sure in the vacuum tank of 50 and 150 mbar were car
out. The study of the main physical quantities enables
to point out the influence of the depressurization rates
the temporal NEF evolution, on the mass and the mass
rate evaporated. Study of NEF lets us determine the fl
ing time t∗, thus we found a lower flashing time when t
rate of depressurization is increased. Moreover, the ev
tion of the mass evaporated with time allows us to determ
the final mass evaporated by flashing. Then we remark
this mass is almost independent of the depressurization
Finally, the study of the maximum value of the evapora
mass flow rate allows us to highlight a relatively linear e
lution of this flow rate with the depressurization rate fo
given initial temperature and initial pressure.

Runs carried out with various initial conditions let us c
relate, in a more general way, the maximal value of the
mensionless mass flow rate, the dimensionless flashing
or the dimensionless water mass evaporated at timet∗ with
the dimensionless parameters influencing the phenome
i.e., the initial temperature, the superheat, the depressu
tion rate, the initial level of liquid, and the liquid surface u
dergoing the pressure drop. These correlations, from w
we can predict influence of such or such parameter, ca
used to optimize industrial processes based on flash ev
ration phenomenon.

In future, we plan to confirm results obtained with diffe
ent fluids (salted water, . . . ). Inaddition, it would be interest
ing to analyse fundamental aspects of the bubble forma
in order to predict in another way the mass flow rate.
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