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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 evaporation of a
water film. Experimental study is carried out with initial water height ranging from 25 to 250 mm, superheats between 2 and 44 K, and an
initial liquid temperature from 45 to 88C. Visualization of the phenomenon using a CCD camera lets us firstly point out the influence of
the initial water level on the flashing phenomenon in a qualitative way. Thermal balance allows us to correlate the mass evaporated with the
liquid temperature, and then to quantify the influence of the initial water height on several parameters: maximal amplitude of the phenomenon,
flashing time, liquid mass evaporated. We also analyse influence of relatively low depressurization rate (from 0 & 3)5ethe flashing
time, the mass evaporated, and the mass flow rate. Finally, dimensionless correlations between these parameters are proposed.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction evaporators are generally used [1], but hybrid systems com-
bining flashing and energy storage appear [2].

Evaporation flash, or flashing, is the phenomenon ob-  Drying processes also use this phenomenon. For instance,
served when the surrounding liquid conditions suddenly sterile loads drying in vapor sterilization cycles [3], or paper
change and become lower than its saturated conditions. Duesheet drying [4] use flashing.
to the sudden variation of the conditions, the liquid initially Due to the sudden phase change, flash evaporation phe-
at equilibrium becomes superheated. This is, for instance,nomenon causes a sudden temperature drop of the liquid.
the case of suddenly depressurized liquids below the satura-This ability to quickly cool is highly used in industrial
tion pressure corresponding to their initial temperature. Due processes such as the cooling of hot parts of a shuttle by
to the sudden drop in pressure, the whole energy cannot beyater spraying under low pressure conditions [5,6], or the
contained in the liquid as sensible heat, and the heat surplusgrape cooling in wine manufacturing process [7].
is converted into latent heat of vaporization. A violent phase Flash e\/aporation phenomenon isalso usedin geotherma|
change is then observed. This is at the origin of the vapor power plants to generate vapor which drives the turbines pro-
bubbles formation inside the liquid bulk and its vaporization. ducing electricity. The OTEC like—ocean thermal energy
Moreover, due to the sudden vaporization, the temperature Ofconversion—power plants use the fact that water layers in
the liquid decreases quickly. oceans are at different temperatures to produce energy [8,9].

Industrial applications of flashing are varied. One of The phenomenon can also occur in nuclear power plants
the most important concerns the sea water desalination foryith the break of the core reactor cooling system. This is
drinking water production. In this case, multistage flash ynown as loss of coolant accident or LOCA. In this case,

the high pressure cooling agent is directly in contact with
* Corresponding author. Fax: +33 3 27 51 19 61. the surrounding environment at atmospheric pressure. It then
E-mail addressdidier.saury@univ-valenciennes.fr (D. Saury). explodes into vapor due to the flash evaporation [10].
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Nomenclature

A horizontal cross-sectional area of the flash AT superheat ..............cc i k
chamber ........ ... m a liquid thermal conductivity ... .... wn-1.K-1

C saltconcentration ........................ % , AENSItY ... kg3

cp specific heat of liquid at constant o liquid surface tension ................ Nl
PrESSUME . ..'oveeeeaeeeannnn.. kg LK1 _ _

v specific heat of liquid at constant Subscripts and superscripts
volume ... Kg~lK-1 0 initial state

H initial water height ....................... m state at*

Heit  criticalwaterheight ...................... m . equilibrium

hig latent heat of vaporization ............ kgt ev evaporated

m Watermass .....oovviiiieiii it kg f final state

p pressure................................lPal liquid phase

q massflowrate .............. .. ... L -SQ max maximum value

T temperature ofwater ................... ° sat condition of saturation

t time ... s

* flashingtime ............................. s Dimensionless numbers

1% volume of thewater ..................... mo Jakob number

v depressurizationrate ................ lsat NEF  non-equilibrium function

Greek symbols Pr Prandtl number

Ap  Pressuredrop ..............oiiiiiiian... Pa X dimensionless quantity related to thequantity

Flash evaporation is also used in some multi-componentsobtained a relationship between the mass evaporated and the
film deposition processes [11] where a liquid multi-compo- liquid temperature:
nents mixture is evaporated and then condensate again as
thin layer on the substrate surface. mey(t) =
In a general way, flashing is a process which allows va- 9
porization rates more significant than those obtained with the Gopalakrishna et al. [15,16] work on sea water desalination.
conventional evaporation [12]. Phenomenon is often used asAiming at that, they carried out experiments with an initial
soon as a large amount of vapor must be produced, or whertemperature from 25 to 8@, superheats between 0.5 and
fast cooling is necessary. Also, aiming at a better knowl- 10 K, an initial liquid heights of 165, 305 and 457 mm, the
edge of this phenomenon, this work study the evolution of salt concentration of the water varying from 0 to 3.5%. By
some parameters such as the flashing time, or the water masgieasuring the liquid level with a cathetometer, they propose
evaporated. Influence of both the initial liquid level and the the following correlation connecting the mass evaporated to
depressurization rate on the flash evaporation phenomenorvarious parameters described below:

Vi
P (1 —T(0)] 1)

from water pool are poorly documented in literature. Also in /\ —0.03
S arti - 0.05p,—0.05( AP
this article, we propose an analysis of these two parametersme,(r) = my C1Ja, Pr 7
x (1+ C)%%[1 — exp(— pat)] (2)

2. Literature survey whereAp’ corresponds to the drop in pressure. It is thus ex-

pressed in water millimeter (mmo), i.e., Ap’ = A2 Cis
the salt concentration in percent [%]. Other physical quanti-

. ties or terms are proposed below and must be expressed in
In order to have a better understanding of the flash evap-g | nits prop P

oration phenomenon, Miyatake et al. [13,14] carried out ex- 16
periments on a pure water pool in which initial water heights O'—27Ja°-133<A_p/> -1
range from 100 to 225 mm, equilibrium temperature varies 2T H
between 40 and 80C, and superheat from 2.5 t0 5.5 K. Us- o1/p2 —1/p,
ing a global energy balance that supposes the whole energyla, = CpToAPUhiz
released by the liquid cooling is used to vaporize it, and con- fg

sidering as constant the fluid propertigs, ¢, andhsg) and my =JaAHp;

the volume of liquid since the evaporated mass is not very cp AT (o/Ap)?
significant when compared to the initial water mass, they >~ hig = W’

2.1. Mass evaporated by flashing

C1=0.8867
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The range of validity for this correlation is given below: 7Ap/At‘ . 7Ap/At‘

/

A
0.1116< I-]I) < 2.615 0<C<0.035

12< Ja, <197, 2.706< Pr<5.941

More recently, in a previous article (Saury et al. [17]), we
presented results about the flash evaporation of a water film =
of 15 mm. The evaporated mass is obtained using the heai
balance on the liquid in the flash chamber. This mass is then §
compared with correlation proposed by Gopalakrishna et al. =
[15,16] when possible. We also highlighted the influence of
superheat on the final evaporated mass and on the flashing
time. Lastly, we strongly enlarged the domain of study since,

in our experiments, superheat ranges between 1 and 35 K.

—
o

£
g

)

time, ¢ (s)

2.2. NEF: Non-equilibrium function and flashing time
Fig. 1. Typical evolution of the pressure during the initial phase of depres-

L L . . surization with two different depressurization rates.
In its investigation about flash evaporation, Miyatake [13] P

defined NEF (non-equilibrium function) as:

Mey(00) — mey(t) on Fig. 1 which plots the evolution of the pressure versus
NEF() =  mey(00) ®) time that can be typically observed for two different rates of
depressurization and which is drawn using our data. The ini-
tial evolution with time observed by many authors [18,19]
is well point up. The value of the local minimum of pres-
sure (reached initially) is lower and sooner when the rate of
depressurization increases. The presence of this local mini-
mum could be explained by the rate of generation of vapor
T(@)—T, (4) (vapor outflow) due to fast nucleation in the whole liquid,

NEF(t) = ————, whereT, =T . ! ] .
@) To—T, ¢ salpe) which compensates and even exceeds during a short time

The typical evolution of the NEF with time shows two ex- the rate of depressurization.

ponential decays. The curve plotting the NEF versus time  Principal studies found in literature [20—-24] generally re-
can then be divided in two parts: a first part of strong slope laté to depressurizations of flowing liquids (water, R-134a,
followed by a more gradual one. Intersection of these two butane, propane...) initially pressurized (some bars) un-
slopes gives what we call the flashing time, often nated til an equilibrium pressure which is often 1 bar (release to
The first phase corresponds to a vigourous boiling in the the atmosphere of a pressurized liquid). Under such condi-

where mey(c0) corresponds to the ideal mass evaporated
when the liquid goes from the initial temperatufgto the
equilibrium temperaturdl, = Tsa(p.). Thus, considering
than the volume of liquid changes very slightly and using
Eq. (1), we can also write:

whole liquid bulk. tions, the depressurization rates are high (from 100sath

to some Matrrs1). However all authors are unanimous for
2.3. Importance of the depressurization rate on the saying the appearance of the flashing strongly depends on
phenomenon the depressurization rate. Until now, few studies concerning

the brutal depressurization to low pressures (about a few tens
Hahne and Barthau [18] note that when a liquid in equi- Of millibars) for a liquid placed in a tank were carried out.

librium with its vapor and placed in a closed tank is suddenly ~ In literature, many different initial water heights are used
depressurized, this latter enters in a metastable state (sulo study flash evaporation phenomenon from pool, but few of
perheated) which mainly depends on the pressure drop andhem deal with the influence of this height on the properties
flashing phenomenon appears. Parameters influencing such &f the flash evaporation such as the flashing time or the mass
phenomenon are the pressure drop, the rate of depressurizeevaporated. Allin all, studies available in literature concern
tion and the initial temperature [18,19]. Experiments carried water heights varying from 15 to 457 mm, initial tempera-
out by Hahne and Barthau concern relatively low depres- tures from 25 to 80C, and superheats from 0.5 to 35 K.
surization rates (some barl) in hyperbaric surrounding  Table 1 gathers these values, those concerning our previous
for various liquids (water, Refrigerant 11). They remark that article on this subject [17] and those studied in this present
flashing occurs for such depressurization rates and even ifinvestigation of the initial water level influence. Moreover,
this depressurization is applied to a liquid put in a signifi- we also noticed that few authors studied influence of the de-
cant diameter enclosure (at least up to 250 mm). Moreover, pressurization rate on flashing phenomenon, especially for
they notice that when the rate of depressurization increases)ow ranges of depressurization rate. In order to fill this gap,
the phenomenon happens more quickly. This is well shown we also propose an experimental study the influence of the
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Table 1 )
Key parameters used by main authors lj @
Miyatake Gopalakrishna Saury This g
(1973- (1987) (2002) study g
1977) = g
EL Y
T, [°C] 40-80 - - - Xz
To [°C] - 25-80 30-75 45-85 E
AT [K] 2555 0.5-10 1-35 2-44 @
H [mm] 100-225 165, 305,457 15 25-250 ®
po [mbar]  73-478 30-316¢ 50, 100, 150, 200 50, 150
@ These estimated values are based on data provided by the authors. = a6)
15 = H><
( ) 0] L/
low rates of depressurization (some fat) on the kinetic
of the flash evaporated quantities. Fig. 2. Experimental setup description. (1) Vacuum tank; (2) Flash chamber;

(3) Vacuum pump; (4) Electromagnetic valve; (5) Heating power; (6) Aerat-
ing valve; (7) Distilled water tank; (8) Digital CCD camera; (9) Data acqui-
. sition unit; (10) Temperature regulator; (11) Thermocouples; (12) Insulation
3. Experimental setup valve; (13) Pressure transducer; (14) Pressure transducer; (15) Drain out
valve; (16) Drain out valve; (17) Flow control valve.
3.1. Test procedure

The experimental setup is shown on Fig. 2. Fig. 3 presents Electromagnetic
thermocouples and pressure transducer placement in the valve d
flash chamber and specifies the flash chamber dimensions. Pﬁﬁi
First step of the test procedure consists in fill in the flash
chamber with distilled water up to the right initial level. This /
water is then warmed up by the heating power and degase =299
by successive drops in pressure in order to avoid the greatel ¢, _ 305 mm
number of parasitic nucleation sites. Once water is at the cor-|H =356 mm
rect temperature, the electromagnetic valve is closed. Then :
liquid ring pump lets obtain desired pressure into the vac-
uum tank. Once these pressure is reached, the flow control
valve is adjusted if necessary and images and measurement 4 le
acquisition chains are started. Flash chamber and vacuurr 1=330 mm lein and
tank are then suddenly put into communication by opening empty out valve
the electromagnetic valve: flashing start.

Aerating
valve Temperature

Data acquisition
system

Pressure transducer

Opening to 378 mm
3 fillin and

empty out

Fig. 3. Flash chamber description.

3.2. Set-up instrumentation
A digital CCD camera CVM70 which lets obtain up to

Liquid and vapor temperatures are measured by six 6 frames per second is used. This camera is connected to a
0.08 mm diameter type T thermocouples (cf. Fig. 3). Type T computer and controlled using the software Optimas®.
was selected because of its good reaction to vacuum and hu-
midity. It can measure temperatures frer@70 to+400°C, 3.3. Evaporated quantities determination
its precision is of 0.12C and its response time of 40 ms.

Pressure in the flash chamber and vacuum tank is mea- Method used to calculate the water mass evaporated by
sured by two pressure transducers. The first one is a piezoflashing is based on an energy balance on the liquid in flash
resistive sensor in stainless steel which measures absolutehamber. Between two close times, this liquid is supposed to
pressure on a 1.5 bar range. Its temperature range is fronbe in equilibrium with its produced vapor and incompress-
20 to 100°C. Its bandwidth is 13 kHz and its precision 1% ible. Studied system can be divide into two sub-systems in
of its measurement range. The second one is an active strairequilibrium. The first one is composed with a mass- dm
gauge. Its effective measurement range is from atmosphericof liquid at the temperaturg at timer which is converted, at
pressure (1000 mbar) to 1® mbar. Its precision is-0.2% timet + dt, into a massn — dm of liquid at the temperature
of its measurement range. T 4+ dT. The second sub-system, is composed by a mass d

The data acquisition system (HP75000B) is controlled by of liquid at the temperatur& at timer and by a massmd of
a PC via a HP-IB bus. Thermocouples are connected to thisvapor at the temperatu® + d7 at timet + dt. Neglecting
data logger using a HP-E1347A card and the connection be-thermal loss with walls and with the surrounding fluid and
tween the pressure transducers and recorder is carried out byeglecting the second order terms, we obtained the follow-
a HP-E1345A card. ing heat balance:
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mcy, dT —dm hig=0 (5) increases with depth, local liquid superheat decreases and in
some cases (low superheats and/or great water heights), the
deep water layers can already be at equilibrium. On the other
hand, the closer to the surface, the more significant the su-
perheat, which explains the violence of the flash evaporation
phenomenon observed up to there. Moreover, movements
created by the displacement of the layers at different tem-
Mey(t) = plAH{l— exp[—c—”(To _ T)“ (6) peratures contribute to homogenize the liquid temperature.
hig This homogenisation is of course reinforced by the forma-
Deriving this equation over the time, and considering fluids tion and the growth of vapor bubbles which are formed due
physical properties as constants, the evaporated mass flovi0 flashing and which mix the whole liquid. Combination of

Integrating over the time, we obtain the evolution of the mass
evaporated with time. Due to the low temperature range, the
properties of the liquid—s;, htg, c,—are supposed constant
during phenomenon. So, the following equation is then ob-
tained:

rate is also obtained. these phenomena explains what we observe experimentally,
ey namely an initial phase of very intensive boiling which dis-
mey(t) = ) rupts the whole volume of superheated liquid followed by a
dr 7 phase whose magnitude decreases with time and depth.
=—p1AH(C—”) exp[—c—%To—T)}— ™ - |
hig hig dr 4.2. Influence of the initial water level on flashing

Uncertainty on the mass evaporated obtained usingPhenomenon
Eg. (6) is studied in [25], and shows that this relative un-

certainty remains lowers than 12%. 4.2.1. Qualitative analysis
In order to study the influence of initial liquid height on

the flashing time, we observe the state of the liquid initially

4. Resultsand analysis at 60°C and suddenly depressurizes down to 150 mbar 15
seconds after the beginning of the phenomenon for initial
4.1. Description of the phenomenon heights ranging between 50 and 250 mm. Time 15 s is

chosen because, as it will be see later, it corresponds to the

Images acquire using CCD Camera shows that the phe-average flashing time obtained for this series of experiments.
nomenon is initially very violent: the liquid is completely As we can note it, the higher the initial water level in the
disrupted and bubbles formation takes place in the whole lig- flash chamber, the more violent and of great amplitude the
uid volume. After a relatively short period of intense boiling, phenomenon is at this moment. However as we explained
phenomenon magnitude decreases, and boiling only occurdefore, amplitude of the phenomenon decreases with time.
closer and closer to the free surface. Then liquid tempera-We can thus deduce that the higher the water level, the less
ture in the flash chamber tends towards equilibrium which achieved the phenomenon is at time= 15 s or, to put it
corresponds to the saturation temperature of the liquid at thein another way, phenomenon duration increases with height.
equilibrium pressure of the flash chamber. Evolution of the Thus flashing time seems to be an increasing function of the
phenomenon with time can be explained by the pressure dis-initial liquid level. This can be explained by the fact that in-
tribution in the flash chamber and especially in the liquid. creasing the initial water level in the flash chamber involves
Indeed, pressure in the liquid phase increases with depth,a growth in initial water mass and thus increases the energy
thus the farther from surface, the more the effective pressuresupplied as sensible heat. This latter must be converted into
drop Ap = psafTo) — pe =~ psalTo) — psalT.) at the ori- latent heat, and consequently water inertia involves an in-
gin of the flash evaporation phenomenon decreases and therease of the flashing time.
more the local equilibrium temperature of the liquid—which In order to confirm observations made previously using
corresponds to the liquid saturation temperature—increasesthe images analysis, experiments with an initial pressure in
This equilibrium temperature will thus be reached firstly in the vacuum tank of 50 and 150 mbar, an initial temperature
places where the pressure is the most significant, i.e., at thefrom 45 to 85°C, and an initial height of water ranging be-
bottom of the flash chamber. So, during flashing, due to the tween 25 and 250 mm were carried out. These experiments
abrupt pressure drop, liquid cools quickly and the deepestcorrespond to superheats from 2 to 44 K. All the curves pre-
water layers reach an equilibrium state faster. Flashing stopssented hereafter and using temperature measurements are
then gradually from the flash chamber bottom upwards the plotted using data of the thermocouple callEdin Fig. 3
surface where the phenomenon continues and where the upsince this thermocouple is, whatever the run, the only one
per water layers keep on cooling. The hottest—and thus lesswhich is always underwater. Moreover, choice of this ther-
dense—uwater layers are at the bottom of the tank. They nat-mocouple is justified by the violence of the phenomenon
urally move upwards and supply an additional energy contri- which, during the flashing, involves a significant mixing of
bution as sensible heat. This explains why the closer we arethe liquid and thus a quasi-homogeneous distilled water tem-
to the surface of the liquid, the more the phenomenon will be perature in the flash chamber. Fig. 4 presents the evolution
sustained. In addition, since local equilibrium temperature of the liquid temperature when flashing occurs for underwa-
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T(0)

100 150

t(s)

300

Fig. 4. Temperature measurement into the flash chamber using underwater

thermocoupled; to 73.

ter thermocouples callet} to T3 in Fig. 3 withTo = 75°C,

po = 50 mbar, andd = 150 mm. Fluctuation observed on
temperature profile measured usifiggcan be explained by
the position of this thermocouple which is initially 5 mm
under the free surface where phenomenon is longer and th
more violent. Moreover, this graph shows that no thermal
stratification is observed which can be explain by the vio-
lence of the phenomenon which disrupted the whole liquid
bulk and by the bubble formation and growth which mixed
the liquid. This point also confirm observation made by Kim
et al. [26].

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

Processing of the sequences of images lets determine the

maximum amplitudeA Hyax Of flashing phenomenon for

f Thermal Sciences 44 (2005) 953-965

Fig. 5. Determination of maximum amplitudeHmax of the flashing phe-
nomenon.

300

T, =7 C
(S po = 50 mbar
250

200 -

150 -7

AHWL(!I (II]IH)
\

100 >~

50

each run carried out. This magnitude corresponds to the dif- % 50 100 15

ference between the maximum height reached by water in
the tank while phenomenon occurs and the maximum depth
reached by the bubbles in the liquid phase. Fig. 5 presents a
annotated picture in order to have a better understanding on

H (mm)

200

r{:ig. 6. Evolution of the maximum phenomenon amplitude for an initial
pressure in the vacuum tank of 50 and an initial liquid temperature €75

how A Hpay is determined. This amplitude allows to char-

acterize the violence of the phenomenon since it is directly 7

To = 75°C
related to the liquid volume disrupted. 60 po = 50mbar
Fig. 6 presents the typical evolution of this amplitude *
with the initial height of liquid for an initial temperature of 50 .
75°C and an initial pressure of 50 mbar. As we can note it, * i
the maximum magnitud@ Hpyax of the phenomenon is an & 40 s ; &
increasing function of the initial height. However, the low %
precision in the determination method of this amplitude cou- * 30 « &
pled with a relatively low acquisition frequency of the CCD ! A
camera (7 Hz) does not allow us to continue our investiga- 20 . T
tions in this way. ol 2
4.2.3. Influence of the initial water level on the flashing 0
time 0 50 100 150 200 250
H (mm)

Fig. 7 shows the evolution of the flashing tiniedeter-
mined usingNEF's plot for initial pressures in the vacuum
tank of 50 mbar and initial liquid temperature of Z5. The

300

Fig. 7. Evolution of the flashing time* (), andz” (A) versus the initial
height H for an initial temperatur&y = 75°C andpg = 50 mbar.
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same trend is observed for a pressure of 150 mbar and for 800

other temperatures. All in all, flashing time is an increasing = s L I
function of the initial water level, which confirms the trend 7~ . Tt e
describes previously. This trend can be explained by the wa- & L e

ter inertia which increases with the initial height, since the g o i L To = 65°C
water mass initially present and thus the energy to convert % 400 9'" g s - — T_55C
increases. It is to notice that the flashing tinfeincreases g A A e o
when the initial pressure of the vacuum tapk decreases. & e I R
This is due to the fact that whem decreases, the liquid su- @ S D
perheatAT increases. Thus the amount of energy available § 3 _____ e e
as sensible heat for conversion into latent heat of vaporiza-= | /& g a— -

tion is then greater. This involves a longer phenomenon.

In order to understand the magnitude order found, another
characteristic time, noted is calculated. To find this time,
we study the dimensionless and normalized pressure evolu-ig. 8. Evolution of the final mass evaporated versus timgfos 50 mbar.
tion pagim versus time. This quantity is defined as follow:

100 150 200 250
Initial water height (mm)

_ General trends of these curves were approached and plot-
p(t) — pe 8 . . .
T—p (8) ted on these figures. We can notlce_ using t_hese curves that
Psa ¢ dml,/dH > 0 and &ml,/dH? < 0 (increasing and con-
Lets¢ the initial slope of the curve plottingadim Versus  cave profiles). This behavior can be explain by the effective
time, 17 is defined as” = —1/¢. On Fig. 7, we also over-  pressure drop. Indeed, during a run, pressure drop entail-
write values obtained far” and fort*. As observed, what- ing phenomenon goes from the saturation pressure at the
ever initial conditions, values obtained are on the same orderinitial temperaturepsafTo) to the equilibrium pressure,
of magnitude. Moreover, we could also observe these val- which corresponds to the saturation pressure at the equi-
ues are very close for small superheats, and a slightly morelibrium temperaturep, = psa(7,). For depths greater than
scattered for greater superheats values. This point could be ., — psatfo—psalle) jiquid is already at equilibrium since
explained by the violence of the phenomenon which could jts pressure g greater thana(7,) and flashing does not
disturb pressure measurement. So, characteristic time founchccurs. This critical height increases very quickly with the
using temporal pressure evolutioh highlight the influence  initial temperature and the initial pressure. For instance, this
of the vapor space pressure variation on the characteristiccritical height for the run wittfy = 45°C andpg = 50 mbar
time of the phenomenon and confirms what Gopalakrishna (AT = 5 K) is 233 mm. It corresponds on Fig. 8 to the
observed [16], i.e., the rate of pressure reduction in the vaporheight where the final mass evaporated no more increases.
space could be a significant factor controlling the process. For the run withTy = 50°C andpg = 50 mbar AT = 9 K),
Influence of this depressurization rate will be discussed later. g, = 464 mm, and forTp; = 60°C and po = 150 mbar

(AT =4 K), Hgrit = 356 mm. Considering the water heights

Padim(t) =

4.2.4. Influence of the initial level on the water mass to take into account and the current setup geometry, we

evaporated by flashing can unfortunately not confirms experimentally the trends ob-
Heat balance applied to the liquid enables us to connectserved.

the mass evaporated by flashimgy to the temperature of Fig. 9 represents the evolution of the ratio between the

the liquid (see Eg. (6)). This mass is calculated using Eq. (6) mass evaporated at and the initial massng versus the
and the evolution of the liquid temperature with time given Jacob numbeda, a dimensionless number relative to super-
by the thermocouple called;. Typical evolution of this heat, for an initial pressure in the vacuum tank of 50 and
guantity shows this mass increases very quickly at the begin-150 mbar. On this figure, we can note that/mg is pro-
ning (¢ < ¢*) while its evolution stops for times greater than portional toJa, and that this proportionality factor strongly
the flashing time and tends towards a limiting value. Thus depends on the initial pressure of the vacuum tagkin-
total mass evaporated by flashing during an experimgpt ~ deed, this coefficient is about 0.91 fpp = 50 mbar and
corresponds to the limit value of this curve. 0.55 for pg = 150 mbar. Thus it seems that the more signif-
Figs. 8 shows results obtained for the final mass evap- icant the pressure drofp, the greater the proportionality
orated with initial pressures in the vacuum tank of respec- factor.
tively 50 mbar, initial temperatures from 45 to 85, and Fig. 10 plots the evolution of the ratio between the final
initial water heights ranging between 25 and 250 mm. The mass evaporated, and the initial mass:o versus super-
same trend as fopg = 50 mbar is observed for other initial heatAT of the liquid for an initial pressure in the vacuum
pressure fo = 150 mbar). Whatever the run, final evapo- tank of 50 and 150 mbar. We also plot results obtained using
rated mass is an increasing function of the initial tempera- EQ. (2) proposed by Gopalakrishna. On this figure, we no-
ture and of the initial level of water in the flash chamber. tice thatmgv/mo is proportional toA T, since when t goes to
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80

o = 50 mbar o = 150 mbar
o Tp=45°C x  Tp=60C -~
DRime oA >
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vV Th=175C
60 * Tp=85°C
*
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o
00 10 20 30 40 50 60 70 80
Ja (x10%)

Fig. 9. Evolution ofm™ /mg versus the Jakob number fpg = 50 mbar and
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the phenomenon. Indeed, for an initial pressure in the vac-
uum tank of 50 mbar, the greater the superheat, the closer
the mass evaporated at tinfeto the evaporated total mass,
whatever the initial height of water in the flash chamber.
For po = 150 mbar, this ratio remains quasi-constant around
55% whatever the initial height of water, which shows thus
the significative influence of the pressure dup on evap-
orated quantities at time* and the influence of the initial
water height. Moreover, for the same superheat this ratio
increases with pressure drop whatever the initial height of
water. Indeed, this ratio seems to be an increasing function
of the pressure drop since this coefficient is close to 1 when
the effective pressure drofyp increases. Thus the increase
of Ap seems to result in a more efficient phenomenon since
m* tends towardmgv.

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 an
initial temperature of 75C, initial pressurepg of 50 mbar,
and initial water heights of 25 and 250 mm. For other initial
heights (25 to 250 mm), initial pressure (150 mbar) and ini-

This explain the linear behavior observed on this graph. tial temperatures (60, 75 and 85), curves are not presented
Moreover, values obtained are close to those proposed byin this article, but the same trend is however observed.

Gopalakrishna, and slightly lower than those found using

Firstly, we observe that NEF is a decreasing function

Miyatake’s correlation (see Eqg. (1)). Indeed, in our corre- of time well pointing out the temperature drop of the lig-
lation, we take into account the mass variation during phe- uid. Moreover, whatever the initial water height, we note
nomenon occurs. So it is not surprising to obtain a lower that the cooling, caused by the evaporation of the liquid, is
mass evaporated than Miyatake. Moreover, unlike what we slower when the depressurization rate decreases. Indeed, the
observed on Fig. 9, this ratio no more depends on the ini- temperature drop (which is directly connected to the evo-
tial pressure which confirm the paramount influence of the |ution of NEF) is slower when this rate of depressurization

superheat on this quantity.

(v, = —dp/dr) is lowered. In addition, for depressurization

Fig. 11 shows the evolution of the ratio between the mass rates of the same order of magnitude, we can observe a lig-

evaporated at* and the total mass evaporawxzfv versus

uid temperature profile more square when the water height

the superheat for initial pressures in the vacuum tank of 50 decreases. In another words, it seems that for the same rate
and 150 mbar. This ratio reflects well the effectiveness of of depressurization, equilibrium is reached faster when the
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for an initial pressure in the vacuum tank of 50 mbar and different initial

o N Fig. 14. Evolution of the evaporated mass with time gy = 75°C,
temperatures and initial levels of liquid.

po = 50 mbar and various initial temperatures and initial levels of liquid.

height of liquid initially placed in the flash chamber de-

creases. 4.3.3. Evolution of the total evaporated mass with time

Fig. 14 plots the evolution of the mass evaporated versus
4.3.2. Evolution of the flashing time with the tlhme for an initial tenprerature of 78, E.in'llnlltla| preisgr(; |nf
depressurization rate the vacuum tankg of 50 mbar, and an initial water height o

Fig. 13 presents the evolution of the flashing time with the 2° MM For other initial temperatures and heights, the same
depressurization rate for initial temperatures of60an ini- ~ Pehavior as forfp = 75°C could be observed, but these
tial pressure of 50 mbar and initial heights of distilled water CUrves are not presented here. _ _
of 25, 100, 150, and 250 mm. This flashing time is estimated N & general way, this total evaporated mass is an in-
using the method initially introduced by Miyatake et al. [13, Cr€asing function of time. Moreover, whatever the initial
14], based on the NEF evolution with time and briefly de- height of liquid, the higher the rate of depressurization, the
scribed previously in this article. For other temperatures and faster the final evaporated masgy (mdy = lim; o0 me(t))
pressure the same trend is observed. is reached. Moreover, as observed MEF, we also ob-

In a general way, for a givefip, po and H, this time is serve that when the initial water level decreases, profiles are
a decreasing function of the increasing rate of depressuriza-more “square”, which correspond to a faster phenomenon.
tion. For the same initial temperature and pressure this timeIndeed, like previously, the volume of water to cool is lower
augments with the increase of the initial water level. That Which implies a faster phenomenon. This also explains the
confirms observations made in the previous paragraph: equi-evolution of the profiles with the initial height of distilled
librium state is reached slower when the initial water level water.
increases. Indeed, in our case, an increase of the initial wa-
ter level entails an increase of the initial volume of the water 4.3.4. Evolution of the final mass evaporated by flashing
placed in the flash chamber. Thus, the water volume to cool with the depressurization rate
is more significant and it is thus not surprising that charac-  Fig. 15 shows the evolution of the final mass evaporated
teristic time of the phenomenon would be more significant with the rate of depressurization for an initial pressure in the
when increasing the water level. vacuum tank of 50 mbar, an initial temperature of Tsand



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

1000 . — 20 : . : .
[ To =75°C, pg =50 mbar | 18 ! Ty = 60 °C, pp = 50 mbar
soo| | L. __ L. T o 6] ¢ h=25mm o : h'=100 mm
14,A:h=150mm $ o h =250 mm
<> :\ Tp=175°C
@ 6001 A . Iue 12 Ty 852Gy = 50-mbar-or 1 .m/k/ — 50
> A Y 10
3 -~ _In=ecc
g 400 P ol o _ 8 8 50T =i
£ - -
e : H=25mm S 6 s
200 o : H =100 mm 4 - /O’A/ i
e g-——-1 o———L-— o || & : H =150 mn 6
0 ¢ : H =250 mm 202
0 05 1 15 225 3 35 %05 1 15 2 25 3 35
vp (bars™) v, (bar.s™1)

Fig. 15. Evolution OOf the final mass evaporated with the rate of depressur- i 17 Eyolution of the initial evaporated mass flow rate with the depres-
ization for 7o = 75°C, po = 50 mbar and various initial temperatures and g rization rate for a pressure in the vacuum tank of 50 mbar, an initial

initial levels of liquid. temperature of 60C and various initial liquid levels.

20
T('J — 75100’ pﬁ) — 501 mbarl, h— 1150 me ‘ that this mass whose value depepds_ mainly on t.he superheat
16 { | } { (cf. [17]) a}nq on the water mass initially pIgce_d in the flash
v, = 067 bars~! chamber is mdepeqdent of the depressurization rate. Thus,
o~ 19 --- v, = 142 bar.s_lk for a given initial height, the surface under each curve must
L o Up = 244 bars be equal and thus a fast decrease must be compensated by a
=0 5 higher initial value of the evaporated mass flow rate.
>
() %
Nk 4.3.6. Evolution of the initial flow with the depressurization
4 L'\.; | rate
L M S Fig. 17 plots the evolution of the maximum mass flow rate
0025 B30 75 100 125 150 175 200 evaporated versus the depressurization rate for initial tem-
t (s) peratures of 60C, an initial pressure in the vacuum tank
of 50 mbar and initial water heights of 25, 100, 150, and
Fig. 16. Evolution of the evaporated mass flow rate with time. 250 mm. Analyze of the evolution of the evaporated mass

flow rate with time shows this value corresponds to the ini-
various initial temperatures and heights of distilled water. tial value of the mass flow rate.
The same behavior is observed for others experiments car- In a general way, we note an increasing of the maximum
ried out. Results show that whatever the initial temperature, evaporated mass flow rate with the initial depressurization
this mass is, for a given initial height of distilled water and rate in the flash chamber. Moreover, for a given initial tem-
initial pressure, independent of the depressurization rate.  perature and a given initial pressure, evolution of this mass
flow rate with the initial rate of depressurization is relatively
4.3.5. Evolution of the evaporated mass flow rate with time |inear whatever the level of distilled water initially put in the
Fig. 16 presents the evolution of the mass flow rate with flash chamber. In addition, On this graph, we also add slopes
time for an initial temperature of 7%, an initial pressure  of the approximation straight line found for other tempera-
po of 50 mbar, and initial water height of 150 mm. We do tures (75 and 85C). As observed, these slopes increase with
not present here the curves corresponding to the other ini-the initial temperatureZ). This is due to the fact that in-
tial temperatures heights, for which the same trend can becreasegy promotes bubbles formation and growth (critical
observed. radius of bubble formation decreases with temperature, then
As show on this graph, the evaporated mass flow rate is athe number of viable bubbles increases) and then vapor for-
decreasing function of time, this decrease being controlled mation. It explains that, initially, mass flow rate would be
by the depressurization rate. Indeed, whatever the initial greater. Globally, this mass flow rate significantly growths
height of liquid, the higher the initial rate of depressuriza- \jth the increase of the depressurization rate and with the

tion will be, the faster the value of the evaporated mass flow gne of the initial temperature. Results obtained shows that

the initial rate of depressurization, the more significant the giso on7y, i.e. gmax= F(To)vp.

initial value of this flow rate. Indeed, the evaporated total  These results show that if we wish optimize the mass
massmi, is represented (apart from the scale factor) by the evaporated in industrial processes using the flashing, suc-
area below the curve representing the mass flow rate versugessive flashing let increase these evaporated masses signif-
time (mg\,= [OOO gev(t) dt). In addition, we noted previously icantly. These different flashing having to be spaced*of
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since we remark that it is in the first step< ¢*) that the

evaporated mass flow rate is most significant and that it be- R
comes relatively low for > t*. We also could note that, the 1o © eeteye i ,::5_-— e
faster the depressurizations, the lower the flashing time and (RN ,;.!.v"."

thus the more we can, in a given time, carry out a significant L A5 SlC
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number of successive vacuum settings (within the possible
material limits: time to warming up again the liquid and to
re-lowering the pressure in the vacuum tank).
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5. Synthesis

Dimensional analysis [25] introduces dimensionless num- 0 B e L s O B 150 175
bers for each physical quantity. Correlations describing evo- for AL )
lution of gmax, t*, or m* versus other dimensionless signif-
icant parametersTf, v,, AT, or H) were found. As this

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

study is carried out on distilled water having an initial tem- >
perature ranging between 45 and°85 a initial water level 225 ’/‘
from 25 to 250 mm, an initial pressure in the vacuum tank of 200

50 and 150 mbar and depressurization rate ranging betweer -~ .

0 and 3.5 bas™1, which globally correspond to a superheat 3 o

0 and 44 K. These values correspond to the range of validity :7 10 /;/”

of these following correlations. 5 125 ,'3’

. . . . X
A correlation between the dimensionless maximum massg 10 pod

flow rategmax and dimensionless initial temperatufg, de- K J/r‘*
. . — e . gl X b
pressurization raté,, superheat\ 7, initial water heightd “ /
is proposed. f.
25
—— 77262  —114 , ~A7-005 _ 77001 ”,
qmaX_ IC X To X Up x AT x H 0O 25 50 75 100 125 150 175 200 225 250

where

K =9689%x 104

KTy % x 7, M4 AT 0% T O (x1073)

Fig. 19. Comparison betweesax andgmax-

gmax= M??SXD very weak influence of those terms. Moreover, power rel-
ey (To)(To — Trep) ative tov,, is almost_l which conf|rm§ quasrlmga_r trend
To=—"-—-——"= observed before on Fig. 17. We also point out again influence
gb of the initial temperature still observed on Fig. 17. In addi-
v, = vpD tion, this correlation lets quantify influence effect of studied
n(To)g parameters. As shown, influence of the superheat and of the
AT cp AT initial water height is very restricted, that's why comparison
- hig(To) =va between this latter correlation (Eqg. (10) and a more simple
_H law (gmax = F (To, v,)) is realized. Correlation obtained is
H=— proposed below:
D
and whereTie; = 273 K, ands, is in bars 1 other quantities  dax=/C1 X To>% x 7,74 with K1 =1.124x 10°°
being in SI units. (11)

Range of validity of this latter correllation is specified be- Re|ative error made by using Eq. (11) instead of Eq. (10) re-
low: Tp € [45,85°C], v, € [0, 3.5 bars™7], AT € [0, 45K], mains lower than 10%. Fig. 19 plots Eq. (10) versus Eq. (11).

H € [0,250 mm. Fig. 18 plots evolution of the maxi-  This graph shows a good agreement between this two corre-
mal mass flow rate evaporated versus parameters presentegiions in their range of validity.

before. As shown on this figure, the correlation proposed  From the study of flashing time with various initial con-
described relatively well evolution of this mass flow rate. gitions, we determined a correlation between the dimension-
Correlation coefficient obtained is 0.92. We also find again |ess flashing timerf) and the main dimensionless parame-

what observed before, i.ezmax~ F(Tp) x v, Since power ters described befordy, o, AT, H).
above the dimensionless quantities relative to the initial wa-

ter height and the superheat are almost zero which entails a* = K’ x To>1 x 7,983 x AT?4% x g7 (12)
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where:K' = 1.496,7* = t*/t, t = 2% and Ty, v,, AT,

WAp)2 rameter is not very significant (power0.18 in Eq. (13)).

For example, we can noticed thaf* increases withlp or
v,. Increasinglp or v, increases the initial mass flow rate
as for the previous correlation, i.elp € [45,85°C], v, € (see, for instance, Eq. (10)). So, slope of the curve plotting
[0,3.5 bars™1], AT €0, 45 K], H € [0, 250 mnj. mass evaporated versus time growths faster and this mass
Fig. 20 plots results obtained experimentally and those tends more quickly towards its asymptotic value which cor-
obtained with the correlation Eq. (12). A pretty good agree- responds to the final mass evaporatmé\,}[. Then the mass
ment can be noticed. Moreover, correlation coefficient be- evaporated at time* is greater which explains why* in-
tween experimental results and correlation is 0.97. As pre- creases witlfp anduv,,.
viously, this correlation confirms trends observed and ex-  Keeping in mind the range of validity of these tree corre-
plained before, as knowr* decreases with,, and increases  lations, we provide here first hints to optimized processes
with H. This time increases with the superheat which prob- based on this phenomenon such as drying phase in case
ably could be explained by the fact that increasixifj is as of sterilization of surgical instruments processes. Indeed,
increasing energy amount to convert into latent heat of va- values of evaporated quantities and time to evaporate this
porization, other parameters being not changed. In addition, quantities can be easily obtain using these correlations and a
this trend confirms also what Miyatake observed in its corre- compromise between each parameter can be found.
lation about the flashing time [13,14], even if correlation he
proposed does not take into account the rate of depressuriza-
tion (t* = 44Te_0'86AT0'55, [13)). 6. Conclusion
From analysis of results about the water mass evaporated
with various initial Conditions, we determined a correla- This article presents both an experimenta| Study of the in-
tion between the dimensionless mass evaporated atitime  fluence of the initial water level in the flash chamber and of
(m*) and the main dimensionless parameters described bethe depressurization rate on the flash evaporation phenom-
fore (To, v, AT, H). enon. This study is carried out on distilled water having an
initial temperature ranging between 45 and°85 a initial
water level from 25 to 250 mm, and an initial pressure in
where: K" = 5.466 x 1078, m* = m*/mo, To, v,, AT, H the vacuum tank of 50 and 150 mbar. Initially, we present
being the same as previously. The range of validity for this a qualitative approach of flash evaporation, consisting in a
correlation isTp € [45,85°C], v, € [0,3.5 bars™1], AT € visualization of the flashing phenomenon using a CCD cam-
[0,45K], H € [0, 250 mm. era. This visualization lets us highlight the influence of ini-
Fig. 21 plots results we obtain both experimentally and tial height of liquid on its flash evaporation. A quantitative
using the correlation Eg. (13) versus main dimensionless approach is then proposed. This approach is based on the
parametersTp, v, AT, H). Value of the correlation coeffi-  use of the energy balance on the liquid in the flash chamber
cient between experimental results and this latter correlationand on temperature measurement of the water. This study al-
is 0.92 and shows a good agreement between these valuedows us to show that the maximum amplitude of the flash
As for others correlations, this correlation allows to see in- evaporation phenomenon, the flashing time, as well as the
fluence of parameters such®&s v,, AT or H onthe mass  final evaporated mass are increasing functions of the initial
evaporated at timeg". For instancep™ increases witifp and liquid level. In addition, by introducing the ratio of the evap-
slightly decreases witli/ even if influence of this latter pa-  orated masses at the momehtand at end, we highlight the

H are the same as previously.
The range of validity of this correlation is the same

f’l? — IC// % 7701.81 X v—p018 X A_T054 x ﬁfO.lS (13)
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