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Heat Transfer of an Evaporating Liquid on a Horizontal Plate

Sang Woo Joo, Min Soo Park®, Min Suk Kim
School of Mechanical Engineering, Yeungnam University,
Gyongsan, 712-749, Korea

We consider a horizontal static liquid layer on a planar solid boundary. The layer is evap-
orating when the plate is heated. Vapor recoil and thermo-capillary are discussed along with the
effect of mass loss and vapor convection due to evaporating liquid and non-equilibrium
thermodynamic effects. These coupled systems of equations are reduced to a single evolution
equation for the local thickness of the liquid layer by using a [ong-wave asymptotics. The partial

differential equation is solved numerically.
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Equation

Nomenclature

C . Capillary number

D | Distance between solid surface and water

pipe

D, : Ratio of the liquid density and vapor den-
sity

- Ratio of the liquid kinematic viscosity and
vapor kinematic viscosity

. Mean film thickness

. Dimensionless solid plate thickness

. Evaporation number

. Non-dimensional measure of gravity g

. Curvature

. Liquid depth

. Heat transfer coefficient of vapor

: ldentity tensor

. Mass flux

. The degree of non-equilibrium at the evap-
orating interface

: Latent heat

. Normal vector at liquid surface

. Maragoni number

. Pressure
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Pr : Prandtl number

Rs ! Ratio for the thermal conductive coefficient
of solid and vapor

. Non-dimensional surface tension

. Stress tensor

. Temperature

o - Temperature at 2=D

Tsat - Saturated temperature

: Tangential vector at liquid surface

. Velocity vector for

. Time

. Thermal diffusivity

. Surface tension at the reference temperature

. Ratio of thermal diffusivity

. Rupture time

: Non-dimensional temperature

! The ratio of deformation tensors

. Density

. Dynamic viscosity

. Kinematic viscosity
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Subscripts

b ! Bottom of solid plate

s . Ratio of solid property and liquid property

v ! Ratio of vapor property and liquid proper-
ty

Superscripts

v . Vapor phase

§ . Solid phase

I ! Liquid-vapor interface
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1. Introduction

A liquid layer lies on a planar solid plate in
Fig. 1. There is a mode of instability present when
the layer is thin which is driven, even in a static
layer, and results in the rupture of the layer. Such
a film posscsses a diflerence in chemical potential
with respect (o a large phase of the same materials
resulting in a corresponding change in all inten-
sive thermodynamic properties.

The problem of finding the film thickness which
becomes unstable owing to Van der Waals forces
was considercd by Vrij (1966). He used a static
stability analysis to calculate a marginally stable
thickness at which small disturbances start to
grow. A dynamics linear stability theory for an
isothermal film on a horizontal plate (Rukens-
tein, 1974) based on the Navier-Stokes equations
modified with an extra body force due to Van der
Waals attractions. It shows that an initial dis-
turbance periodic along the bounding plane has a
critical wavelength much larger than the mean
depth of the layer. Gummerman (1975) examined
the linear stability of radically bounded thinning
frce films for which the base state is a time-
dependent drainage flow computed by lubrication
theory. Williams (1982) posed a nonlinear sta-
bility based on the long-wave nature of the re-
sponse. They derived a partial differential equa-
tion describing the evolution of the interfaced
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shape subject to surface tension and viscous force.
Davis (1983) discussed the generalization of the
result to a non-volatile film on a heated plate,
accounting for thermo-capillary and gravity wave
effects.

This study considers the previous work condi-
tions as thin liquid states on the heated solid plate
and as the transition of phase is motivated due
to evaporating, not duc to boiling. As the time
becomes large, the liquid comes to be cvaporat-
ing, and the evaporating liquid motivates con-
vection in the vapor. In this study, we are going
to consider three-coupled phases for heat trans-
fer with the governing equations and their bound-
ary conditions, obtain the equations for surface
displacement by thc long-wave asymptotics, and
apply for the approximation method and numeri-
cal method to understand liquid film behavior.

2. Mathematical Model

2.1 Theoretical Analysis

The basic concept of the evaporating liquid
on a horizontal plate is established in Fig. I,
where it can be assumed that a liquid layer is
thin enough that gravity effects are negligible,
but thick enough that a continuum theory of the
liquid is applicable. The liquid layer exists over
the solid plate that has dimensionless thickness
ds, and a vapor layer contacts over the liquid. It
can be defined that coordination is x —z direc-
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Fig. 1 The physical configuration for describing an evaporating liquid and vapor on a horizontal heated solid

plate
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tion, the corresponding velocity is 7=7(2, w),
mass flux is J=(x, #), and temperature is T=T
(x, t). At z=D we assume the vapor tempera-
ture might be maintained to the constant temper-
ature due to water pipe, and at 2= —d, the source
temperature at the bottom of the solid plate might
be maintained to a constant temperature that is
bigger than Ti.:. The interface between liquid
and vapor can be located in z=h{x, ¢} and the
evaporation occurs in a direction normal to the
interface. The other physical configurations are
introduced in Fig. 1. In solid plate the conduction
can be applied. In liquid layer the conduction can
be applied, but the convection can be ignored due
to the film-like thickness of liquid. In the vapor
layer the conduction, the convection and the ra-
diation are considered. The unit vector 7% and ¢
are the outward normal and tangential direction
as, respectively,

A=(=hx ) (1+15)"

F=(1, 1) (14 12) 0™ ®

In Fig. 1, the normal vector is up to vapor di-
rection for moving boundary problem for which
the three phases interact with the variation of
displacement and time. Thus, it can be called
Multi-Phase, Free-Boundary Problem.

We need the three governing equations in the
liquid and in the vapor and the energy equation
in the solid as

ux+ we=0, ul+wl=0 (2)

o(De+0-V9)=—Vp+uV?p
p (B +97-V9°) ==Vp+uV'D

(3)

T=«V*T, T’ =«"V2T?, TE=xVET? (4)
We also need the boundary conditions such as
the temperature boundary condition at 2=—db,
the temperature boundary condition and energy
balance at z=0, the continuous temperature
condition at z=D, and the continuous tempera-
ture condition, jump mass balance, jump energy
balance, normal-stress boundary condition, and
share-stress boundary condition at z=h(x, £)
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referred to Delhaye (1974). They are, respective-
ly,

At z=—d,

=T (5)
At z=0

T*=T, k°T=kT: ()

At z=D

T°=T» @)
At z=h(x, ¢)

T=T"* (8)

J=p(@=0") e n=p(0"—0")'n 9)

J[L+dt@ -0 -ap-to-9)-aY]
+RVT = VT it b (T lean— T?lens) (19
+2u(f i)« (5—0") —2u(7+R) « (T°— D) =0
J@=9%) -7a—(T-T?a-#=24-%6(T) (11)
J(@=9) = (T-T #aef=—-Vo-f (12)
We assume no slip condition at the interface
between the two viscous fluids as (F—7?) -f=0.

The linearized constitutive equation derived
from Kinetic theory of Palmer (1976) is shown as

T=(% ) () (1T (13

1t relates the mass flux (J) to the local surface
temperature (7), where M, is the molecular
weight, Rg is the universal gas constant, and @
is the accommodation coefficient. We should
consider another constitutive equation for the
effect of density variation that is related to the
convection in vapor. This is because we do not
ignore the convective effect ignored by Burelbach
(1988) in corresponding to the evaporating lig-
uid. It can be shown as

w"=E5&v v! (14)

2.2 Dimensionless equations
To make the governing equations and bound-
ary conditions dimensionless, the scale of length
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should be considered as the relation to thickness
of vapor and liquid with the length (D). So, we
can scale the length, the time, the velocity and the
pressure with, respectively, D, D*/v, v/D, pv?/
D, where v is kinematic viscosity of the liquid.
The temperature can be scaled as AT =T, — Tae.
The mass flux can be scaled as its initial value
for a linear temperature profile across an initially
flat film «AT/DL. Therefore, the dimensionless
variables of velocity, temperature, and pressure
for each phase can be obtained as

-oy/__Q_-»v -o/=2
pr=-0 =0 (15)

wo D . DP
p _pyzpap puzp (]6)

vr Tv_ Tsat , T_ Ta‘dt
=737 ~T="3ar

s Ts_Tsat (17)

T'="37

With the scaled variables, Eqs. (2)~(4) are
changed as, respectively, (the dimensionless vari-
ables are marked with Apostrophe. From now
they should be marked without Apostrophe for
convenience.)

uZ+ w?=0ux+ w:=0 (18)
Do (97+9°-Vy) =—Vp*+Vp®
e+ 0-V8=—Vp+V?p
P TP+9°-VT) =I,T:
PrTe=Te. i T =IT5
The boundary condition at z=—d, is
T*=1 @n

At z=0, the no-slip condition, the no-penetra-
tion condition, the continuum for temperature
and thermal flux can be obtained as, respectively,

u=0, w=0’ T‘=Ta RST::I‘I (22)

At z=1 the temporal temperature condition can
be obtained as

(19)

(20)

T'=0 (23)

At 2=h(x, t) we need the constitutive equations
related to mass balance condition, energy equi-
librium, normal stress equilibrium, shear stress
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equilibrium, viscous condition, continuous tem-
perature condition, and evaporation condition.
These interfacial conditions were introduced
by Delhaye (1974}, and Burelbach (1988) rear-
ranged these conditions step by step. The contin-
uous temperature condition is

T=T"? (24)
The mass balance condition is
E]=(0=0")-n=D,(0*—9') *n (25)

The energy balance condition is

EZ
T4 (D= P+AT 7
— RNV T A+ H(T|scn—T*lsmp)
+%(?-£) ROy,

_2D,

%

In Eq. (25) the first term means the needed energy

for the evaporation, the second term means the

transformation of momentum energy of evap-

orated molecular, the third and forth term means

the pure thermal flux due to conduction, the fifth

term is for thermal flux due to the radiation, and

the sixth and seventh term are for dispersion due
to viscosity. The normal stress is

(1=Dp) E}J*+p—2T - #-71—p°
=277 7=S(1-CTIV-#

We assume that the vapor and the liquid are in-
compressible Newtonian fluids. The stress ten-
sor (T) is written as 7'=pf +2uF. Surface ten-
sion is represented by a linear equation of state,
0=00—y(T'— Tea). For common liquids y=
—do/dT are positive. The shear stress condition
at is

(26)

t#)-(3°-2)J=0

27

roar-Tonf=-8yrs

Egs. {13) and (14) can be changed as, respec-
tively

K/I=T, w’=(1~D,)?' (29)

The evaporation equation related to the evap-
oration and condensation at interface with non-
equilibrium is introduced by Scharge (1953)
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showing the evaporation model Eq. (28) expres-
sing the linearized equations related to the amount
of evaporation and dimensionless temperature
in case that there is less non-equilibrium rate,
where the parameter K measures the degree of
non-equilibrium at the evaporating interface. If
K=0 it corresponds to the quasi-equilibrium
limit, where the interfacial temperature is con-
stant and equal to the saturation value (7=0).
K~'=0 means the non-volatile case in which the
evaporative mass flux is zero. The equilibrium
state is predictable for /=0 in the Eq. (28)
when T=0. If T>0, J>0 (the evaporation
state). If 7<0, J<0 (the condensation state).
Some dimensionless parameters produced in Ap-
pendix A.

In component form, the scaled governing sys-
tem is as following

The continuity equations are
ux+w,=0 (30)
uitwi= (31
The momentum equations are
et usxt wus=—pz+ Uxxt Uz (32)
we+ utoxF wwe=—peF WaxFwer  (33)
Do(u? +uui+w uf) =—pi+uixtuz (34)
Dp(wf+u’wi+w'w?) =— p7+ wix+ wi. (35)
The energy equations are
P{Ti=uTi+wT) =T+ T (36)
Pr(TP+u’Ti+w’T?) =F(Text Toa) (37)
PrTe=(Tk +T2) (38)

The boundary conditions Eqs. (21) ~(24) are
not changed. Eqs. (25) ~(28) are changed, re-
spectively, as

Ej=(=hi—uhe+w) 1 +1%) (39)

1+Zo-ur

+(1+8) [ Thy— Te—RY(T7 - T2 - T2hy)

HHI(T Lor= T (40)
2 2

s st ) = (1)

= Doho(ued +w3) — (Hi—1) u2) =0
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(l-Dp)Egjz‘l'p-Z(l‘l'hi)-l[(hi-l)ux-hx(uz"'Wx)]
=0t 2Ds (13 " [(K—1) = b + )] (41)
=S[1-CT)hu(1+4)**

(1 ~12) (sr+ ) —4hsutx
=D,[(1 =12 (uf +w?) —ahiul)

(42)
=M (Tt Td 1+

Eq. (29) are changed as, respectively,
Ki=T, w’=(—-Dy)h. (43)

3. Solutions of Approximation
Method

3.1 Basic state solutions

The state of the evaporation depends on time
because liquid and vapor is on the state of evap-
oration, and we can consider the assumption that
the velocity of evaporation exists only z-direction
and there is no velocity in liquid and flat status of
the liquid surface. We note that basic state quan-
tities by ‘overbar’ and rescales time on the evap-
orative time scale to retain the effect of mass loss

in the kinematic condition as
R0=Eﬁv, D0=E-zﬁp, t,=Et. Z’=Z (44)

The dependent variables are expended in powers
of E:

T'=E TWH+ETY+ETS+-)  (49)
T=T+ET+E T+ (46)
=T} +ET+E* T+ (47)
T=Jo+ENL+E 2+ (48)
w'=E(wd+Ew! +E*wi+-) (49)
P=E(po+Epr+E*p2+-) (50)
D=+ EP+E* D"+ (51)

The momentum equations of the liquid and vapor
can be obtained as, respectively,

ﬂoz‘=0‘ Dppg:’=0 (52)

The energy equations of the liquid, vapor and
solid can be obtained as, respectively,
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Tozr2=0, Prud Tz = Torz Tor =0 (53)

The boundary conditions can be obtained as

n =1 at Z'=—db (54)
T¥=To, RsTor = Tor at 2=0 (55)
=06 at Z’=1 {56}

The continuous temperature condition, mass bal-
ance, energy balance and two constitutive
equations at z2’=/h(#’) can be shown as, respec-
tively,
& =0, Jo=—he
fo‘l‘ nz'_ﬁv 00+H(T:)—@) =0 (57)
K’0= 7‘0) w00=—ﬁpht'

To obtain the effect of the conduction and con-
vection in vapor phase, the second order of the
perturbed equation is needed. For the second

order, the Navier-Stokes equation for the liquid
and the vapor can be obtained as, respectively,

D=0, Dpﬁf:’ =0 (58)

The energy equation for the liquid, vapor and
solid can be obtained as, respectively,

Tiew=0, Tibw — 1wl T =0, Titr =0 (59)

The boundary conditions can be obtained as

T¥'=1at =—d, {60)
T¥=T, R\ =Tir at 2=0 (61)
=@ at Z'=1 (62)

The continuous temperature condition, mass bal-
ance, energy balance and two coustitutive equa-
tions at z2’=A(#") can be shown as, respectively,

To=Tir, 1=0
h+Te—R.T% +H(Th— @) =0 (63)
Kh=T, w{=0
Second order equations for more exact solution
can be obtained from the same process introduc-

ed above. With the initial conditions, =0, k=
0.9, and the boundary conditions, the solution for

basic state can be obtained as

l?(t)=[(0.9+K+%Z)2—2Et]m—l(—%‘; (64)

O [(0.9+K+%‘;)2—2Et]m (65)

T(2)= Me-Rdl: | MMe™ls(2+1)
Rsnz"'donl N Rs(eﬂ‘enh) (Rcﬂz‘i' donl)

RITe™[Es(Re2+1)
Rile"=e™) (Rl +du01)

(e"—e") s
(e"—e") (Rs[12+dblly)

where [I, IT1, IT2 ITs are in Appendix A. In the
present work, the physical properties of liquid,
WATER, are used in the simulation. Detailed
data are listed in Appendix A.

(66)

Tl = le‘n
Ha =k Rsﬂz‘l'dbﬁl

(67)

To(z)= (68)

3.2 Solutions of surface behavior by evolu-
tion equation

To obtain the evolution equation of represent-
ing surface behavior, the ratio of the initial av-
erage liquid thickness to frequency of the liquid
wave is assumed to be very small, it is noted &,
and hence the assumption is allowed to apply
for long-wave approximation which was worked
by Oron {1997). There are rescaled-independent
variables rearranged as

&=ex, L=z, tet (69)

All independent variables are transformed for &
order except liquid thickness as Eqs. (86)-(95).
Rearranging the variables to be functions of &, ¢
and 7, they are, for the vapor,

w=e"(ud +esul+Suf+-) (70)
w'=e N wi+ew?+Swd+-) )]
P=ptep+Ep3+-- (72)

T’=e T+ +ET+-) (73)
for the liquid,

u=e(uo+ 10+ Euz+-+) (74)
w=¢e(wo+ewn+ Ewe+--) (75)
= tep+Ep+-) (76)

T=T+e+& T+ (7
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and, for the solid,
=T+ +ET + (78)
Mass flux can be expressed as
J=Jote/i+E) it (79)

We also represent the following dimensionless
parameters for including all the remaining physi-
cal effect in this model as Pr=¢Pr, E=¢cE, M=
eM, D,=e72D,, S=¢%S5, D,=c"%*D, where,
Over Bar indicates O(1). For the leading-order
equations, all governing equations and boundary
conditions are arranged by O(¢) using with Eq.
(69). Continuity equations for liquid and vapor
can be obtained as, respectively,

wor=0, wey = (80)

Navier-stokes equation for liquid can be express-
ed as

D0e=0, por=0 (81)

Energy equations for liquid, vapor and solid can
be expressed as, respectively,

Torr=0, —-w § Tt = Tore . Toes (82)

I,
Boundary conditions can be obtained as
IP=lat {=—ds (83)
=0, T&'=To, RsTs; =Tor at £ =0 (84)
T?=0at {=1 (85)

Boundary conditions for continuous temperature
condition, mass balance, energy balance, normal
stress balance and shear stress balance at {=A(&,
) can be obtained as, respectively,

T¢=0, EJo=wo—he, Jo+ Tox=R,T% =0

73 86
=0, uo;=%m.+ Toche) (#6)

The two constitutive equations at {=4(&, r) can
be expressed as, respectively,
Kfo= B, w0v= _'D.phr (87)

The results of the first order equations can be
obtained as

1655

h(2) =[(o 9+ K+ ) 2Et]%—K—%‘; (88)

v__ (Ds—1) ER:

R ®
IR (50
R‘=% (o1)

Ty¥=0 (93)

Second order equations for more exact solution
can be obtained from the same process introduced
above. Thus the solution for long-wave approxi-
mation can be obtained as

RK-I:(Reh+2)

@ Rdl.+dlIl (93)
L ™1 (Rsh+ds) 0+ RK(O-1)} (2+1)
¥ Ry(e"=e™{(T1(Reh+ds)) + R:K}
RK-Rl:(h+2)
T =
Rll+dsIl (95)

 ERJIe™1:(dy + RA) O+ RK (O~ Riz+1)
' Ri(e"=e™) (TIi(R+d5) + R K}

{“l(Rshg"'dbe) +KR09}(em‘eM) +KR:(€“‘€M]
{e"-e" W IL(RA+dy) +RK)

T (l} =

(96)

The pressure, evaporation rate and evaporation
velocities for liquid can be obtained as (cf. Ap-
pendix A)

RsD,.E?

p=G(h—2)+ (R,(K+h)+db)=_3h"’" (97)
o Rlle™ (hRs+d R
= H [le ((e""—ebz')(g‘a K) (98)
w={ Shot "’h*-ch,)(hz-" 2)-H(E) 2 09)
- J[cl'l hx"3Rsn hxxz hZz l’
e N
Hshxx ﬁ! /&
+ 3 b2 St o Ghi) S T
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The evolution equation expressing surface behav-
ior can be obtained as

he +E]+[(-‘33) P (%f%”—z‘—) Wehs
G

2D,R3E?

H(HE ) e =0

We need Finite Differential Method to solve the
forth order nonlinear partial equation. It is solv-
ed numerically in conservative form as part of an
initial-value problem for spatially periodic solu-
tions on the fixed interval 0<x<2x/ky. Crank-
Nicholson in time and central differences in space
are employed. The difference equations are solved
by Newton-Raphson method until error<107%
The solution of temperature distribution is pro-
ceeded after solving Eq. (101). The initial state
for these equations is

(101)

+

A(x, 0) =0.5—0.1 cos (kux), by=2"" (102)

with the disturbance having the frequency 27/ ku.

4, Results and Discussions

4.1 Discussion for basic state

Since the liquid on the heated platc is evap-
orating, the basic state is time-dependent. The
basic state is assumed to be static with a flat
evaporating interface. Thus, there is no depen-
dence of the lateral coordination, and the basic-
state velocity of the field is zero. When @=1 at
z=1 the water pipe temperature is cqual to the
solid temperature at bottom and when &=—1 at
z=1 the water pipe temperature is as Jow as the
difference between the solid temperature at bot-
tom and the saturated temperature. When it is
quasi-equilibrium evaporation (K=0) the tem-
perature difference across the film is constant, so
that the heat flux and the evaporation rate are
expected to be larger where the film is thinner,
and when it is non-equilibrium evaporation (K
#0) the interface temperature depends on the
fluxes.

Figure 2 shows the rate of the height reduction
in quasi-equilibrium evaporation is faster than that
of the height reduction in non-equilibrium case
as the time becomes large. It means that X makes

the evaporation velocity disturbed (cf. Bankoff,
1971). Fig. 3 shows the variation of mass flux in
basic-state when &=1 at z=1. The rate of in-
creasing mass loss from the liquid in the quasi-
equilibrium evaporation is larger than that of
increasing mass loss from the liquid in the non-
equilibrium case. It can be resulted that the film
is so thin that the heat from the solid plate is
likely to accelerate evaporating velocity without
increasing the temperature of the liquid-vapor

o
o

06

0.4 -
03

0.2

o b L [P W .
Q 0.1 0.2 0.3 0.4 0.5 0.6

Time
Fig. 2 The variation of liquid thickness of basic
state when @=1 at z=1. Dimensionless
thickness of liquid is initially 0.9

a8 ]
|
, | '
| —-gua: Mlibriun -
Non—-guasi equilibrium case "'i-H——-__;l

—

Quasi equilibrium case “‘x\\: )

]
I

Fig. 3 Variation of mass flux of basic state when
@=1 at z=1
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interface comparing with the non-equilibrium
case.

Figs. 4 and S show the variation of temperature
distribution of basic-state with an instant film
thickness (£=0.001, 0.05, 0.2, 0.4, 0.6, 0.8, and
0.9) respectively when &@=1 and @=—1 at 2=1,
where the vertex of the lines is the interface of
the phases. As the time becomes large, the tem-
perature through solid and liquid comes to in-
crease, and the height of the liquid comes to
decrcase. The temperature at the interfaces comes
to be lower than the previous state because the
evaporative rate is increasing and the space be-
tween the liquid-vapor interface and the water
pipe becomes wider that it takes more time for the
temperature to lose the energy to the surrounding.
As Figs. 4 and 5§ describe, two interfaces eventu-
ally meet together in Fig. 6 showing the variation
of the temperature of two interfaces.

4.2 Quasi-equilibrium evaporation {K=0)

In the case of the quasi-equilibrium evapora-
tion (K=0), the surface temperature becomes
constant because of the disturbance in the film

Variation of temperature distribution of basic
state when @=1 at z=1. Line (1), (2), (3},
(4), (5), (6) and (7) state when instant film
thickness (%) is 0.9 (initial value), 0.8, 0.6,
0.4, 0.2, 0.05 and 0.001 respectively, where the
bottom of solid plate at z=—1, the top of
solid plate is at z=0, and the water pipe is at

z=1}

Fig. 4
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evaporation phenomenon, and the mass flux and
the evaporative effect are stronger in the thinner

Fig. 5 The variation of temperature distribution of
basic state when &=—1 at z=1. Line (1),
(2), (3), (4), (5), (6) and (7) state when
instant film thickness (%) is 0.9 (initial val-
uc), 0.8, 0.6, 0.4, 0.2, 0.05 and 0.00! respec-
tively, where the bottom of solid plate at
z=—1, the top of solid plate is at 2=0, and
the water pipe is at =1

0.5 0.6

L'he variation of temperature at tie intertace
when @=1 at z=1. Solid line and dot line
are solid-liquid interface and vapor-liquid
interface, respectively. Outer line and inner
lines are non-quasi equilibrium case and
non-quasi equilibrium case, respectively.
They finally meet together
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film region.
To obtain surface behavior in the quasi-equi-
librium we set X=0 in Eq. (101) and the result
is
5, s
e v EJ+{ 5 ) Bhox
2D,,R*‘E2 G) s ]
s> 4 & =0
ot a3 ) hl,
The parametercan S be removed from Eq. (103)
by rescaling with
X=01/8)", §=

(103)

(1/8)¢t

Eq. (103) can be obtained as the canonical form ;

(104)

ha'i‘{}]-l-%(hshxxx)x

1 2RM

+3((Reta, + 6)ex], =0
& is an effect of mass loss(§=ES) and R is an
effect of vapor recoil (R=D,E%. Vapor recoil
effect meets at ‘Trough’ than ‘Crest’ in the film
wave and results in being unstable. Let #=1 for
J3=0, 0.3, 0.6 and 1, respectively, figure the wave
behavior. Fig. 7 shows that the mass loss is ex-
pected to increase due to the effect of the vapor

(105)

I I L. 1 R | 11y | 1
0 1 2 3 4 5 B

Time
Fig. 7 The variation of rupturc time for quasi-equi-

librium evaporation as  varies when R=1.
Lines are for 6,=0.389(3=1), 6,=0.628
(3=0.6), 8=1.15(3=0.3) and §,=5.58(3=
0) from the left. Initial value of liquid thick-
ness (k) is 0.9
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coil, moreover it is shown that the larger the value
of J is the shorter the rupture time (6;) is. Let
J=1 for R=0, 0.3 and |, respectively, figure the
film wave profile. It is clear that the larger the
value of the vapor coil is, the shorter the rupture
time. However the effect to the reduction of the
rupture time () becomes less than the previous
condition in Fig. 8.

4.3 Non-equilibrium evaporation (X +0)

We now allow K=0 from Eq. (101) for non-
cquilibrium evaporation. In this case the temper-
ature of the interface depends on the flux. We can
rescale it with Eq. (104) and obtain non-equilib-
rium evaporation equation form as

ha+3]+[—L h’*hxxx]

06)
RK\ ... .[2R , (1
+[( znz)thx (3I13 ~—)hhx]—

The term proportional to Q (=M Pr™') repre-

sented the thermocapillary effect can be obtain-
ed. The profiles for the non-equilibrium evapo-
ration can be obtained in the following. Fig. 9
shows the variation of rupture time for the non-
equilibrium as K varies. Let 3=0.1, R=1, Q=0

Time

Fig. 8 The variation of rupture time for quasi-
equilibrium evaporation as R varies when
3=1. Lines are 6,=0.389(R=1), 6,=0.40
(R=0.6), #,=0.4027(R=0.3) and @,=0.4082
(R=0) for from the left. Initial value of

liquid thickness (4) is 0.9
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for K=0,0,3,0.6,0.9 1 and 10, respectively, make
profiles for obtaining the film behavior, where

'\|-
100

|
50
Time

Fig. 9 The variation of rupture time for non quasi-
equilibrium evaporation as K varies when
3=0.1, 3=1, Q =0. Lines arc for §,=2.437
(K=0), 6,=6.33(K=03), 6,=9.37(K=0.6),
6, =1296(K=09), 6,=14.02(K=1.0) and
G, =104.98 (K =10) from the left. Initial val-

ue of liquid thickness (k) is 0.9

Time

Fig. 10 The variation of rupture time for non quasi-
equilibrium evaporation as Q varies when
J3=0, =1, £=0.1. Lines are for §,=3.69
(2=10), 6,=10.19(Q=0), 8 =1041(Q=
09), 6,=11.10(Q =06), 6,=1190(Q=0.3)
and 6,=12.836(Q =0) from the left. Initial
value of liquid thickness (&) is 0.9

2=MPr™ is the modified thermocapillarity. It
is shown that the larger the value of K is, the
longer rupture time is, and if K —co and 6,
— o0, the result is produced like being isothermal,

Fig. 10 shows the variation of rupture time
for the non-equilibrium as Q varies. Let =0.1,
R=1, K=0.1, for Q=0, 0,3, 0.6, 0.9 1 and 10,
respectively, make profiles for obtaining the film
behavior. Tt is resulted that the larger the value of
Q is, the shorter rupture time is in the case of
which the Non-equilibrium offset is small, more-
over the vapor coil effect is considerable and the
effect of the thermocapillarity is increasing. 1t can
be expected how important the thermocapillarity

VAPOR

SOLID

VADOR

LICYUII

SOLID

Fig. 11 Temperature of distribution at the rupture
time when (a) @=! (at z=1) and (b)
©=—1 (at z=1) with K=0. Where the
bottom of solid plate at z=—1, the top of
solid plate is at 2=0, and the water pipe is
at z=1
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is for rupture time.

44 Temperature distribution

Fig. 11 for the rupture time shows the tempera-
ture distribution when @=1 and &@=—1 at 2=
1 with K0, respectively. In both of them each
phases can be distinguished. The solid is at 2<0,
the liquid look like a hill with the crest at each
sides and the trough at the center and the vapor is
above the liquid. In the rupture time it can be
observed that the rapid evaporation and its heat
from the convection of vapor increases the tem-
perature of vapor near the trough while the tem-
perature of the solid plate locally decreases due to
the heat loss to the trough shown in Fig. 11. itcan
make the unstable wave and different heat flux
transferred.

5. Conclusions

We studied the behavior of the film liquid
evaporation heated constantly under the solid
plate, and we also analyzed in detail the basic
state solution of the film behavior and the evolu-
tion equation expressing the film liquid motion
containing the steep nonlinear characteristic with
considering long wave disturbance in Eq. {101).
The equation contains several physical factors
such as the effect of vapor convection, mass loss,
vapor recoil, thermocapillarity surface tension,
and viscosity. Other authors (Burelbach, 1988 ;
Panzarella, 2000) didn’t show the effect of vapor
convection in the system, and they were interested
in only the behavior of the liquid-vapor interface.

They are important factors affecting to the ex-
pression of the behavior of the liquid film while
the liquid film becomes thin evaporating at the
liquid surface. Therefore, the interfacial tempera-
ture becomes unstable for the effect of the ther-
mocapillary under the non-equilibrium evapora-
tion. It results in the reduction of the mass loss
rate and the reduction of the vapor recoil effect
because of the increase of the liquid surface tem-
perature heated from the solid plate as the film
becomes thin. We also discussed the variation of
solid, liquid and vapor temperature as the time
becomes large. The convective effect in the vapor

Sang Woo Joo, Min Soo Park and Min Suk Kim

can be observed when @=1 and @=—1 at 2=1.
The temperature distribution around trough in
case of @=1 at z=1 is different from the case of

=-—1 at 2=1. It can be also shown that the
high temperature resulted from less evaporation,
while the low temperature was from more evap-
orating to the vapor. These physical phenomena
make the liquid film behavior unstable.
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7. Appendix A

71
Dimensionless parameters in this paper

v ~_Dg H_0 _V
Pr—k G= ” D= o D,= ”
8 t 3 v
Ref nef rek ek
_RAT Dhr
E= pvL H k
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AT )(2Re)”

g .._DL aD ~_7AT
De=ip =3 S=37 =75

—2ATD o To= T
20vk AT

=
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The physical properties of liquid, WATER, are
used in the simulation. Detailed data are listed in
the following. A dimensionless parameter can be
combined with them

D=0.1X10"%(m) AT=10(K)
0=960(kg/m"®) 0°=0.6(kg/m°
v=0.3X10"%(m%/s) p?=0.21X10"*(m?/s)
k=0.681{W/mK) *=0.681(W/mK)
k*=20(W/mK) L=226X10*(J/kg)

£=0.17X10"%(m?/s)  x*=0.24X10"*(m?/s)
M,=10(kg/kmol) R:=8314

60=0.0059 Teae=373(K)
r=018x%107? Pr=|
D,=1600 R,=03x107
=120 R:=20
E=001 H=03x10"*
K=0.08 S=10
C=0.1 M=10
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I, ., Iz, IIs, I1 and 15 are
M= Pr(D,—1)Rs

(Rellot Il I?
IIi=HK+1
[I:=HKr+K+h

Ms=0(RsI1:+duIl)) —R:K
H4=R3(K+h) +db
Ils=2D.R3E?





