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The problem of evaporation from a heated
horizontal water suffice that is exposed to the
natural environment is analysed. An approximate
equation is deduced that predicts the turbulent con-
vection mass transfer or evaporation rate for cases

where the water temperature is higher than that of
the ambient air.

NOMENCLATURE
c Molar concentration of species, moUm3

Cr Friction coefficient
cp Specific heat, J/kgK
D Diffusion coefficient, m'ls
g Gravitational acceleration, m|sz

k Thermal conductivity, WmK
h Heat transfer coefficient, Wm2K
p Pressure, N/m2
q Heatflux,Wm2
T Temperature "C or K
t Time, s

v Speed, m/s
z Coordinate

Dimensionless numbers
I-e Lewis number, k/(pcoD)
Pr Prandtl number, pcolk
Ra Rayleighnumber,

g6'o"(p uui - p"no) p"".1(kp)
Sc Schmidtnumber, pt/(pD)

Greek letters
cr Thermal diffusivity, k/(pco), mtls
6 Concentration or partial density layer thickness, m

tl Dynamic viscosity, kg/ms
p Density, kg/m3

0 Relativehumidity

Subscripts
a Air
av Air-vapourmixture
avi Air-vapour mixture at initial condition
avo Air-vapour mixture atz=0
c Concentration
D Mass diffusion
i Initial condition
m Uniformmassflux
o Atz -0
q Uniformheatflux
T Temperature
t Time
u Unstable condition

lDepartment of Mechanical
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v Vapour
w Water or wind

lntroduction
At the time of writing exactly 200years &go, i.e. I 80z,Dalton's
classical paper was published entitled "Experimental essays on
the constitution of mixed gases; on the force of steam or vapour
from water and other liquids in different temperatures, both in
a Torricellian vacuum and in air; on evaporation and on the
expansion of gas by heat". In this paper Dalton stated that the
rate of evaporation from a water surface is proportional to the
difference in vapour pressure at the surface of the water and that
in the surrounding air, and furthennore that the wind speed
affects this proportionality. Subsequently numerous research-
ers investigated the problem of evaporation on the basis of
Dalton's model. A recent critical and comprehensive review of
many of the equations employed to predict evaporation rates
from water surfaces is presented by Sartori2. It follows from
these publications that there was essentially no further more
detailed physical modelling of the process of evaporation of
water from ahonzontal surface into the natural environment
subsequent to Dalton's publication. Much uncertainty exists
and significant discrepancies occur between empirical equa-
tions that predict rates of evaporation under different condi-
trons.

Analysis
In the following analysis an approximate equation is deduced
that predicts the convective mass transfer or evaporation rate
from ahortzontal water surface exposed to the natural environ-
ment. Initially the transfer rate due to natural convection only
is deduced and the equation is then extended to make provision
for windy (forced convection) conditions.

Consider a stationary semi-infinite fluid (binary mixture
consisting of air and water vapour) in which the concentration
or partial density p", of the species of interest (water vapour) is
initially uniform. Beginning with the time t = 0, the partial vapour
density at the z -0boundary or surface is maintained atagreater
level puo &S shown in figure 1(a)

6

Figure 1: Partial density or temperature distribution in semi-infinite
medium

Water vapour will diffuse into the semi-infinite medium to
form a concentration boundary layer, the thickness of which
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The mathematical equation of time dependent diffusion in a

binary mixture, expressed in terms of the molar concentration c

is as follows:

^ 02c OcD ^', =- (1)
0x' 0t

The diffusion flux is driven solely by the concentration
gradient strictly in an isothermal and isobaric medium. Never-
theless, equation ( 1) is a good approximation in the present non-
isothermal system, where concentration gradients are usually
superimposed on temperature gradients. For the present prob-
lem the concentration c can be replaced by the partial water
vapour density pu such that equation (1) becomes

Da? -ul, Q)0z' 0t

Since changes in Kelvin temperature are relatively small the
diffusion coefficient can be assumed to be constant.

This equation is analogous to the time-dependent equation
for conduction into a semi-infinite body i.e.

a2T dTcr-=- (3)Az' A

If the temperature of a semi-infinite solid is initially uniform
at T, and a sudden increase in temperature to To occurs at z - 0
as shown in figure 1(b), Schneider3 shows that the temperature
gradient at z = 0 is given by

- r; )t(not)t/2

ho, - qo /F"o

It follows from equations (6) and (8) that for the same

temperature difference i.e. for

h"o -T,)=(r" -T' )

hq, lhr.- - Tcl2=hrlhr

Due to the analogy between mass and heat transfer the
solution of equation (2) gives the following relations corre-
sponding to equations (4) to (9) respectively:

If the initial partial density at z = 0 is suddenly increased to

Puo

-ri )=r,b@t/n)l''l (8)

(e)

An effective mass transfer coefficient can be expressed in
terms of this mass flux i.e.

h o. _ rrr,, /(p.,o - p'i ) : fo t(nt)lr / 2 (r2)

If vapour i s generated uniformly at at atemvm at z =0, thi s mas s

flux can be expressed in terms of an effective partial vapour
density puo- to give analogous to equation (7)

*=(pvi -puo)/(nnt)1t2

The corresponding vapour mass flux is

mv

ffio.m - n{p'orn -p", }/[tt*lrr]t"J
:{pvom -p*u )(rDlr}utt l?

(10)

s:0,oz
(4)

(1 1)

(13)

(15)

The corresponding heat flux is

or =-k 
aT.= lh" .-fJ

r I az (nat)tt2
(s)

An effective heat transfer coefficient can be expressed in
terms of this heat flux i.e.

hr, - q, /(r" - Ti )= t l(nut)tt2 (6)

Similarly,by solving equation (3) forthe case where the semi-
infinite solid at an initial uniform temperature T, is suddenly
exposed to a constant surface heat flux 90, the latter can,

according to Holmano, be expressed in terms of an effective
surface temperature T* as

The corresponding effective heat transfer coefficient is
defined as

The coffesponding effective mass transfer coefficient
defined as

h o*, = ffin* /(puo, - pui )= (ro I i'/' / 2 (14)

It follows from equations (I2) and (I4) that for the same

effective difference in partial density i.e. for

(P..,o' - Pni )= (Puo - p"i )

1S

qq - kh.q -r, \b@o"yrzl a)

hnrn, /ho, -TEl2-ho, lh,

These latter equations are applicable in the region of early
developing concentration distribution in a semi-infinite region
of air exposed to a water or wet surface. According to Merkers
for a Rayleigh number Ra 2 1 101, unstable conditions prevail
with the result that water vapour is transported upwards away
from the wetted surface by means of "thermals" as shown in
figure 2.

7R & D Journal, 2003, 19 (3) incorporated into The SA Mechanical Engineer



Evaporation lrom a water surtace Exposed to the Natural Environment

Eorly heoted loyer

Figure 2: Flow development on surface

The generation of such thermals is periodic in time, and both
spatial frequency and rate of production are found to increase
with an increase in heating rate.

For an analysis of the initial developing concentration of
vapour partial density distribution near the suddenly wetted
surface atz = 0, consider figure 1(a).

The approximate magnitude of the curvature of the partial
density profile is the same as the change in slope dpv/Ez across
the relatively small concentration layer thickness or height 6o
i.e.

From equations (19) and (2I) find

(n)

Substitute equation (22) into equation (12) to find

ho, [ou r{*(0.", - puuo buuro }Jt 't rD = 0.0773 e3)

The average mass transfer coefficient during the period t is
found by integrating equation (12) i.e.

hD = 2[D /(nt,)J"t =2hnt

or upon substitution of equation (23)

rto [kr"r /{g(p""i - puno bavcp ]]r, /D :0. 155 e4)

If the surface generates vapour at a uniform rate it follows
from equation (15) that

ho* =fihn/2
or (2s)

hn- ku rL6*, - puuo- )r"".0 il 't lD : 0.243

It is stressed that these equations are only applicable to the
first phase of the heat transfer process and do not include the
secondphase during whichthermals exist. No simple analytical
approach is possible during this latterphase, although the mean
mass transfer coefficient during the breakdown of the concen-
tration layer will probably not differ much from the first phase.
This would mean that the mean mass transfer coefficient over
the cycle of conduction layer growth and breakdown is of
approximately the same value as that obtained during the first
phase of the cycle.

By following aprocedure similarto the above, the analogous
problem of heat transfer during natural convection above a
heated horizontal surface for a constant surface temperature of
To can be analysed to find according to Krciger8

r', hr l{*(r. - r, )rok 
, pril' 

/3

- h, [uu l{eb, - po ).oo}J' 't lft - 0.1s5 Qs)

and for the case of uniform heat flux q

At this condition

(21)

o2pu ,_,(ap, 
/oz)r-uo -(ap, loz)r-o

Oz2- SF

Dpu I At = (pvo p,,)l(Zt)

According to equations (2), (I7) and (18) tind

- (pvi-pvo )t a3 - (pno - pvi )t(zot)

or

6D - (zot)tt2

(16)

Figure 1(a) suggests the following partial density gradient
scales:

(apr/0z)z=6o:0,

(ap , /Oz),_o = (pvi -pvo)lao

Substitute these gradients into equation ( 16) and find

0'p, / tu' * -(pui - p"" )l Al ei)

The approximate magnitude of the term on the right-hand
side of equation (2) canbe deduced by arguing that the average
partial density of the 6o-thick region increases from the initial
value P",by a value of (p""- p)l2during the time interval of length
t.

(18)

(1e)

The concentration layer becomes unstable when,

Ra = gsil" h*, - puno )o""co /(kp) = t l0l e0)
where

8

6oo 
= I0.33ku lte(p",i - pavo buu"p ilt'

puu =(puuo*pavi )tZ

tu = 53.3 t[kpl{g(o",i - puuohunro }], 
/3 /D
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ho* -tu* l(p.ol.ut)

For air water-vapour mixtures Sc > Pr and

Le - k/(ocoD) * I

+CfVw

such that Qe)

hn*

For Le = 1 find D - k/(pco). Substitute this into equation(24),
to find together with equation(Z9) the rate of evaporation from
ahorrzontal wetted surface atauniform partial vapour pressure

Puo'

ffiro
(30)

I,.

+CfV* - p", )/ Pr?/3

If the vapour is generated uniformly at z = 0 find the rate of
evaporation by adding equations (25) and (29).

+ crv* / z(pvo p"i )/ pr2/3

The dimensionless mass transfer coefficient corresponding
to equation (31) is

ho* (pt pav )2t3

[e(p*' - puno h]"'
(32)

- 0.243 +
Crv*(ptpar)2t3

'ltb*, - 
p"" )r]"'

The effective friction coefficient C, depends on wind veloc-
ity, surface roughness and heat and mass transfer rates, and

must be determined experimentally.
Sartori' lists many empirical correlations that predict the rate

of evaporation. The values given by these equations may differ
significantly over a range as shown by the shaded areain figure
3. In figure 3 the rate of evaporation is shown as a function of
wetted surface temperature To and ambient air temperatures T,

= To - 5, a relative humidity of 0 - 45 per cent and a wind speed

of v* - 3 nls at about lm above the wetted surface. Sartori2
recommends the equations proposed by the WMO6 and
McMillan7 as shown in figure 3. Equation (31) is also shown in
figure 3 for an ambient pressure of p = 105 N/m2 and different
values of the effective friction coefficient Cr.

Conclusion
Many horizontal natural water or wetted surfaces having a

relatively low thermal conductivity and exposed to solar radia-
tion, transfer both mass and heat to the natural environment.

no lut r{*(t* -ri )rok 'p'il'/3
- ho lou l{ebi - po )ropil' 

/t lk - a.243
Ql)

where

Note the s imil arity b etw een equ ation s (24) (25) and (26) (27 )
respectively. These equations are applicable to natural convec-
tion mass and heat transfer respectively.

During windy periods (forced convection) the transfer co-
efficients generally increase with increasing wind speed. Ac-
cording to the Reynolds-Colburn analogy and the analogy
between mass and heat transfer, the following relations exist
(see Holmana)

h* PrZ/3 _ Cf _ ho*Sc2/3

pcpv* 2 vw

(28)

p=bi*po)tz

3* h * l(rto )= crv* tQvrzrt)

-[hD +ho*(p"" -p,i )
- [0. 1ss{tftavi - puuo )tt t(p 

^". o rr}

ffiuo* :lo.rorb('""

tk)r,, L|(o"o - p"i )

-p*uoh lp'*

tzKP,,

- Puuor \, I p'*lt't
(31)
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Figure 3: Rate of evaporation
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Under these conditions the rate of evaporation at the wetted
surface will be determined primarily by the heat flux due to solar
radiation and should thus be evaluated according to equation
(31) forcases where p"ui ) p"uo. Although equation (31) is an

approximation it is based on a sound theoretical approach. In
this equation the effective friction coefficient Crmust be deter-
mined experimentally for awind velocity measured at aparticu-
lar height near the wetted surface.
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