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Evaporution from a horizontal water suffice that is

exposed to the natural environment is analysed. An

approximate equation is deduced that predicts the

turbulent convection mass transfer or evaporation

rate for cases where the water surfuce temperatare is

measarably higher than that of the ambient air. An

empirical equution is recommended in the case where

the temperature dffirence is relatively small and for
application at night. Evaporation rates are measured

and the results are found to be in good agreement with

predicted values.
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Nomenclature
Roman

c Molar concentration of species [mol/m3]
Cr Friction coefficient
co Specific heat [J/kg K]
D Diffirsion coefficient [m2ls]
g Gravitational acceleration [m/s']
k Thermal conductivity [Wm K]
h Heat transfer coefficient [W/m2 K]
I Solar irradiation [W/m2]
m Mass flux [kg/sm2]
p Pressure [N/m2]
q Heat flux [W/m2]
T Temperature ['C or K]
t Time [s]
v Speed [m/s]
w Humidity ratio [kg vapour/kg dry air]
z Coordinate

Dimensionless numbers
Le Lewis number, kl(pr rD)
Pr Prandtl number, /tc,,lk

Ra Rayleigh number, g6t ,,(p",, - P^,o) po,,r, /(klt)
Sc Schmidt numbff, F l(pD)

Greek
a Thermal diffusivity, kl(pc o),I^'lsl or solar

absorptivity
Concentration or partial density layer thickness, [m]
Zenrth angle, [o]
Dynamic viscosity, [kg/ms]
Density, [kg/m3]
Relative humidity

Professor Emeritus
Department of Mechanical and Mechatronic Engineering
University of Stellenbosch
Private Bag Xl
7602 Matieland
E-mail: dgk@sun.ac.za

Post-graduate student

Subscripts
a Air
av Air-vapour mixfure
avi Air-vapour mixture at initial

condition
avo Air-vapour mixfure at z : 0

c Concentration
D Mass diffusion
en Energy
exp Experimental
h Horizontal
i Initial condition
m Uniform mass flux
o Atz:O
q Uniform heat flux
T Temperature
t Time
u Unstable condition
v Vapour
w Water or wind
z Zenrth

1. lntroduction
In 1802 Dalton's classical paper entitled "Experimental essays

on the constitution of mixed gases; on the force of steam or

vapour from water and other liquids at different temperatures,

both in a Torricellian vacuum and in air; on evaporation and

on the expansion of gas by heat", was published. 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 furthermore
that the wind speed affects this proportionalityt. Subsequently

numerous researchers investigated the problem of evaporation

on the basis of Dalton's model. A recent critical and compre-

hensive review of many of the empirical equations employed
to predict evaporation rates from water surfaces is presented

by Sartori2. Other references are listed by Bansal and Xi3 and

Tang et al.a. It follows from these publications that there was

essentially no further more detailed theoretical modelling of the

process of evaporation of water from ahorrzontal surface into

the nafural environment subsequent to Dalton's publication.

Much uncertainry exists and significant discrepancies occur

between empirical equations that predict rates of evaporation

under different conditions.

2. Analysis
In the following analysis an approximate equation is deduced

that predicts the convective mass transfer or evaporation rate per

unit areafrom ahortzontal water surface exposed to the natural

environment. Initially the transfer rate due to natural convec-

tion 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) i.t which the concentration

c,, of the species of interest (water vapour) is initially uniforrn.
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Evaporation from a Water Surtace.' Theory and Experiment

Beginning with the time t : 0, the concentration at the z - 0
boundary or surface is maintained at agreater level c],o as shown
in figure 1(a).

Water vapour will diffrrse into the semi-infinite medium to
form a concentration boun dary layer, the thickness of which
increases with time.

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

hr, = Qr t(f" -Ti)= t l(nu)tt2 (5)

Similarly, by solving equation 2 for the case where the
semi-infinite solid at an initial uniform temperature 4 is sud-
denly exposed to a constant surface heat flux eq, the latter can,
according to Holmanu, be expressed in terms of an effective
surface temperature Ton as

Qn = k(T"n -Ti) lbt* t o)'''l (6)

The corresponding effective heat transfer coefficient is
defined as

hn, = Qq l(T"n -Ti) - k lbfo, I n)trzf (7)

It follows from equations 5 and 7 that for the same tempera-
ture difference i.e. for

(T"n - Ti) = (7" - T,) 
(g)

hr, lhr,=nl2=hnlh,

Although equation 2 rs applicable to a solid, it is a good ap-
proximation when applied to a thin layer of gas or vapour near
a solid surface.

Due to the analogy between mass and heat transfer the solu-
tion of equation I gives the following relations corresponding
to equations 3 to 8 respectively:

If the initial concentration at z - 0 is suddenly increased to
cro

dc/
+ =(c,, - cuo)t(not)rrz (9)
dz

The corresponding vapour mass flux is

ffi, =- D+ = (r,o - c,,i) tD l(n)]''' (10)'dz
An effective mass transfer coefficient can be expressed in

terms of this vapour mass flux i.e.

Figure 1. Concentration or temperature distribution in semi-infinite
medium

The mathematical equation of time dependent diffusion in a
binary mixture, expressed in terms of the molar concentration
c is as follows:

- d'c EcD-=-dz' dt (l)

The diffusion flux is driven solely by the concentration gradi-
ent strictly in an isothermal and isobaric medium. Nevertheless,
equation 1 is a good approximation in many non-isothermal
systems, where temperafure differences are relatively small. If
changes in Kelvin temperature are small the difhrsion coefficient
D can be assumed to be constant.

Equation 1 is analogous to the time-dependent equation for
heat conduction into a semi-infinite solid body i.e.

d,T ATd- =- (2)dz' dt

If the temperature of a semi-infinite solid is initially uniform
atT, and a sudden increase in temperafure to Z" occurs atz - 0

as shown in figure 1(b), Schneiders shows that the temperature

If vapour is generated uniformly at a rate ffi,^ at z: 0, this
mass flux can be expressed in terms of an effective concentra-
tion c,o^to give analogous to equation 6

ffi,^ - D(c,,o* - c,i) tp.pt t o)'''f e2)

= (c,o,, - c,i)@D I t)''' l 2

The coffesponding effective mass transfer coefficient is
defined as

ho*t : ffirn l(cuo^- cuil - (nD It)'''l2

ho, = m, l(c,,o c,i) -lD l7l1)tt2 (11)

( l3)

gradient at z - 0 is given by

# - g' -ro)r(nal'''

The coffesponding heat flux is

, dT _ n(r" -r,)
Qr =-6 ^' r dz (o*)tt2

(3)

(4)

It follows from equations 1 I and 13 that for the same effec-
tive difference in concentration i.e. for

(crou, - crr) = (c, o - cui)

ho,rt I ho, - 7T I 2 = hr,, I ho
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Evaporation from a Water Surtace: Theory and Experiment

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 MerkerT
for a Rayleigh number Ra > I 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.

;' ,::i.-,..'.-.i.,,:, -'-::: r 
"

-

Eorly heoted loyer Thermol
Rs :1101

Figure 2: Flow development of air adjacent to 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 ofthe initial developing vapour concentration
distribution near the suddenly wetted surface at z: 0, consider
figure I (a).

The approximate magnitude ofthe curyature ofthe concentra-
tion profile is the same as the change in slope d", I dz across

lL: 
*t"tively small concentration layer thickness or height d,

(ar" r dz),=,D -(a"" r dz),=o

(22)

The average mass transfer coefficient during the period r is
found by integrating equation 11 i.e.

h, = zln l(o,)]tt2- 2ho,

or upon substitution of equatton 22

hr,Vp |s@,,r - po,o)pnuc rn"t lD -- 0. 155 Q3)

If the surface generates vapour at a uniform rate it follows
from equation 14 that

ho,n - rf,iD l2

or

hon,Vp|srPn,i - Pn,o,,)P*c on''t,o = 0.243

It is stressed that these equations are only applicable to the
first phase of the heat or mass transfer process (growth of con-
centration layer) and do not include the second phase during
which thermals exist (breakdown of concentration layer). No
simple analytrcal approach is possible during this latter phase,

although the mean mas s trans fer c oe ffi c i ent during the breakdown
of the concentration layer will probably not differ much from
the first phase. This would mean that the mean mass transfer
coefficient over the cycle of conduction or concentration layer
growth and breakdown is of approximately the same value as

that obtained during the first phase of the cycle.
By following a procedure similar to the above, the analogous

problem ofheat transfer during natural convection above a heated
horizontal surface for a constant surface temperafure of f" can
be analysed to find according to Kroger8

nrlpr 4g{r, -Ti) t ok' P'}] u:

- hrVt, Ls(p, - p"), ,p\]t^ t k - o.l s5

and for the case of uniform heat flux q

t,rlpr |sF", -Ti), ,o'p']] rrr

_ h,fup 4s@, - p"r), op\','t k - 0.243

(2s)

where p-(p,* p")12

Note the similarity between equations 23, 24, 25 and 26 re-
spectively. These equations are applicable to natural convection
mass and heat transfer respectively.

In the absence of winds, effective values of p-, in equations
23 and 24 and p, in equation 25 and 26 respectively, change
with time (t > t,) .

During windy periods (forced convection) evaporation rates
generally increase with increasing wind speed. According to

6o, = 10 AVp {s(po,, - po,o)p",, ont't

to find

(20)

(2r)

(24)

(26)

'trD

dzz 6o -o
Figure 1(a) suggests the following concentration

0", ldt = (c,o - cti)t(zt)

According to equations 1 , 16 and 17 find

-(, vi- cvo) t a3 = (",o - cvi) t(zot)
or

6o =Qnt)U2
The concentration layer becomes unstable when

Ra - ga;,,(p.,, - p,,,,o) p.,,t 
n f {tta) = I lol

where po, -(p"ro+ po,r)tZ

At this condition

(1s)

gradient
scales:

(a"" Idz),=uo - o,

(ar" ldz),=, = (c,, - cun)t 6,

Substitute these gradients into equation 15 and find

d' ,, I dz2 =, -(, ", - c ro) td', (16)

The approximate magnitude of the term on the right-hand
side of equation 1 can be deduced by arguing that the average
concentration of the dr-thick region increases from the initial
value c,,by a value of (c,o - c,,)12 during the time interval of
length r.

(r7)

(18)

( 1e)
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the Reynolds-Colburn analogy and the analogy between mass
and heat transfer, the following relations exist6

hrrPrzt3 _ 
C t_ _ hor,,Sc2tt

Pc pvrr, 2 V*

or

h rrr, = C f' r' f t2s"lt )

In general the rate ofmass transfer or evaporation from a hori-
zontal wetted surface at a uniform concentration c,o is thus

w,,o =lho * ho,,lq," - c,,) (2g)

Substitute equations 23 and 27 tnto equation 28 and find

n1",,, =[0. r ss D{s(po,,- po,u)p.,r, t(t p)ll3 +C rv,,, lQ.srtl')]

x(cro - cr,)

: 
[0. 

rcs{gp'(po,,- po,o) r, tbp,"')}" I sc +c rv,,, t|sc't'\

X (c,, - c,,i )

the surface are relatively stable or at night when \u. f, and the
heat flux is uniform they recommend

hq -3. g7 + o.oo22 -v'n'Po'c p
-- 

Ut, ol k)'lt (33)

(34)

(36)

(38)

(3e)

(40)

(43)

(27)
In cases where 1o . T, and hn according to equation 33 is

larger than the value of h, obtained according to equation 32,
the former is applicable. If the above values (0.2106 and
Cr:0.0052) are substituted into equation 31 find

ffi,o,n - 7.6 lx 1 0-41{rr' (p*, - po,o*), 
o t@p",'I't

+ 0.01 04vn f(0,,, - pvi)17",

A mass transfer coefficient that is analogous to equation 33

is given by

, hq (y\'''= 3.87 (y)''' *o.oo22vn,hDr, -- 'um 
po,,c p I sr J po,c os, I sr J sc'lt (35)

The coffesponding uniform mass transfer rate is

I l.az ( pr)2/3 o.oo22v,,](0," - 0,,)ffi''o*=lr*[*J +-,l#j 
R,roiFor relatively small temperature differences, the concentra-

tions in equation 29 canbe replaced by the partial vapour pres-
sures i.e. c,: p,/ &1, where 1,: (4+ Ty2 and& : 46I.52 J/Kg K
Furtheffnore, for air-water vapour mixfures Sb = 0.6.

Similarly, ifthe vapouris generateduniformly atz- 0 findthe
rate of evaporation according to equations 24,27 and 28 i.e.

For Sc = 0.6, Pr = 0.7 and Rv : 461.52 Jlkg K find

r
ffi,o*= [o.oo 93 l(p", c r)+ 6.7x l0-6 , 1(p'"- 

p \v",)ff Q7)

Equation 37 is found to be in good agreement with equations
recommended by Tang et al.a. This expression is applicable at
night and during the day when the value for ffi,o^is found to be
larger that that given by equation34.

The density of the ambient air is given by

pa,,i = (1 *w)[- w, l(w, +0.622)]p, l(287.0S4)

wherc po is the pressure and Ti is the temperafure of the
ambient air.

If the relative humidity of the ambient at is known

Q - Puil Pvsi

the vapour pressure in the air can be expressed as

p,i = Q p,,,i = Q. 2.368745 x l0t' exp(-5406.191 5 I T)

The humidity ratio of the ambient air is given by

(2e)

(30)

(3 1)

(32)

ffi,,o,n = 8.78 x I 0-a 
l{ro' 

(p n,, - p o,ou,b, tkp ",'Vt
+1.735 C rv,,,f (r," - pvi) I 7,,

Since the thermal conductivity ofwater is not negligible, it is
not possible to achieve a truly uniform heat flux situation. The
value of the dimensionless mass transfer coefficient as given
by equation 24 may thus be less than 0.243, i.e. it will be some

value between0.243 and 0.155 as given by equatton23. Burger
and Krogere report the results of experiments conducted during
analogous heat transfer tests between a low thermal conductivity
horizontal surface and the environment. They obtain a value of
0.2106 instead ofthe theoretical value of 0.243 given in equation
26 andthe analogous equation24. They furthermore obtaina
value of Cr- 0.0052 based on a wind speed measured I m above
the test surface. With these values equation 26 applied over a
weffed surface can be extended to become

hrht t{gc ,pouk'(p*, - po,o^)ilu'

wi =4.622p,, l(po- p,,) (41)

Similarly the density of the saturated air at the surface of
the water is

Po,o,, = (1 *wo) [ -wol(w,+0.622)]p" l(287.08 4) g2)

where

8

=0.2106+ 0.00 26v*b",' t{psbavi - p^,o,}]"'
wo = 0.622 p,o l(p, - p,o)

When density differences are very small and conditions near

R & D Journal, 2007, 23 (3) of the South African Institution of Mechanical Engineering



Evaporation from a Water Surface: Theory and Experiment

and

p,o = 2.3687 45x10r 
I exp(-5 406.1915/7,)

The wind speed, ambient air- and dew-point temperatures

were measured with the aid of a weather station at a height of
1 m above the ground8. A Kipp and Zonen pyranometer was

used to measure the total incident solar radtation on the surface,

TOP VIEW

1 000

!-- --l 
-wetsuffaceri/

O(f
O

Thermocouples on
polystyrene surface

Silicon beading

'T - huV'u-q)

-ll-- .-t rn%, ,-ok"l -r,;)

50mm polystvrene plate

-Aluminium support

SIDE VIEW

o

Figure 4: Evaporation pan

while diffuse solar radiation readings were measured by shielding
the pyranometer from direct sunlight for a period long enough
for stable measurements to be taken. A11 tests were conducted
on clear sunny days.

The evaporation rate from the water surface was measured by
adding consecutive quantities of water (500 ml) to the evapora-
tion pan at atemperafure similar to that of the remaining water,
and recording the period of time taken for each to evaporate.
With the average temperature of the water known during the
particular period, the mass flowrate or evaporation rate could be

determined. This evaporation rate will be denoted by *uo.
By applying an energybalance to the surface ofafilm ofwater

on an insulated base that is exposed to the natural environment
as shown schematically in figure 4, it is possible to obtain an

expression for the rate of evaporation per unit surface area i.e.

ffiun =lI o&u,- tr,,o(Toro -Tro,o) - hr(Ton -Ti)U in

(44)

Sartori' lists many empirical correlations that predict the
rate of evaporation. The values given by these equations may
differ significantly over a runge as shown by the shaded area in
figure 3. In part this may be due to errors in the determination
of the water surface temperafure, as well as different vapour
concentration distributions above water surfaces having different
areas. In figure 3 the rate of evaporation is shown as a function
of weffed surface temperafura To and ambient at temperatures
T,: To - 5, a relative humidity of 0: 45 per cent and a wind
speed of v'" :3 mls at about lm above the wetted surface. Sar-

tori2 recommends the equations proposed by the WMOr0 and

McMillanrr as shown in figure 3. Equation 34 is also shown in
figure 3 for an ambient pressure of p: 10s N/m2.

3. Experimental Apparatus and Procedure
To experimentally determine the rate of evaporation from a

water surface exposed to the nafural environment, the use of
an evaporation pan as shown in figure 4 was employed. It con-
sisted of a 50 mm thick horizontal polystyrene plate having an

effective upper surface area of approximately 0.97 m', which
was painted with a waterproof matt black paint. A 3 mm high
bead of silicon sealant was run along the perimeter of the p&il,

with the purpose of containing a I - 2 mm deep layer of water.
Five type-T thermocouples were embedded flush in the surface
of the plate with the purpose of measuring the water tempera-
ture. Four of the five were positioned in the corners of the pan,
150 mm from adjacent sides, while the fifth was placed in the
centre. The pan was sulrounded by a dry stony surface.

Figure 3: Rate of evaporation. Shaded area shows range of results
and correlations of various researchers according to Sartori2.

where InG* represents the solar radiation absorbed by the
surface, e*o(Tono - T,wo) is the sky radiation while ho(T,n- T,)

is the convective heat transfer rate. The absorptivity of solar
radiation at the surface of the water is given by Holman6 and
can be approximated by the following equation

a,,, = 0.989 - 2.05 l(90 - e,)

where 0, is the zenith angle measured in degrees.

The surface emits radiation to a sky temperature T,b, which
can be calculated according to

mll+m
I .rh'= €rky' ' I u

(4s)

(46)

(47)

Berdahl and Fromb erg" express the emissivity of the sky e,^

0.000s

0.0004

6*E

cD
.Y

E
o

E

o
16t-
c
o
Eo
CL
IE

]U

0.0003

0.0002

0.0001

0.0000

10 20 30

Water surface temperature Too, 
oC

/
Toe, E quation 34) ,/,/ ,/Ti = 50(

(D = 45u/o

Vw = 3m.s-1

,/

/
,/

:1 e66) \4
/

t'
./
/,

/-''.',/
,/ /

./

4 \ \M cMillan

{ ,/

R & D Joumal, 2007, 23 (3) of the South African Institution of Mechanical Engineering



Evaporation from a Water Surtace: Theory and Experiment

during the day as

€,b, =0.727 + 0.006}Tat,

while at night

€,*^ - 0.741+ 0.0062Tan

(48)

(4e)

where T* is the dew-point temperature mea-
sured in degrees Celsius.

The heat transfer coeffi crent hn is given by
equation 32 while equation 33 is applicable
when \u, T, or when the value of h, according
to equation 33 during the day is larger than the
value obtained according to equation 32. The
heat transfer through the polystyrene plate is
negligible.

According to Holman6 the intensity of solar
radiation in clear water at a distance z from the
surface is given by

I,:0.61t,-o'16'z

Figure 6: Measured temperatures

For a thin film of thickness z = 0.0015 m the heat flux near
the surface of the film is thus approximately

18.85" E), at an altitude of 100 m above sea level with an ambient
pressure of 100990 Pa. The associated weather datais given in
figures 5 and 6 and the results are shown in figures 7 and 8.

Figure 7 shows a comparison between the experimental and
theoretical evaporation rates between approximately 8 h and
l5 h (14'n April). Note that no wind was present until roughly
l0 h; figure 7 shows almost 'sfunted' evaporation rates until
this point which may be due to the accumulation of moist air
above the water surface, which lead to an increas e tn pviand thus
reduced evaporation. Figure 8 shows evaporation rates over a
period of 24 hours. Note that a negative evaporation rate, or
condensation in the form of dew is found to occur during the
night when the water surface temperafure 1o rs less than the
dew-point temp erature Too.

Table I compares the experimentally measured quantity of
water evaporated between 8.3 19 h and I4.7 52h, with the values
predicted by equations 34 and 45. The effor margin is calculated
with respect to the experimentally measured quantity.

Results from above show that equation34 predicts the mea-
sured evaporation rate most accurately, while equatio n 45 is
also within reasonable accuracy.

Both equations predict condensation onthe water surface dur-
ing night-time operation, while the magnitudes of the predicted
rates seem to be of the same order.

Equation Measured [kg] Error [%]
m 3.979 0

m (45) 4.270 7.29
m (34) 4.066 2.19

Table 1: Comparison between cumulative
evaporation rates

4. Conclusion
Horizontal natural water or wetted surfaces
(surfac e areaof approximately one square metre)
having a relatively low thermal conductivity and
exposed to solar radiation, transfer both mass and
heat to the nafural environment. Under these
conditions the rate of evaporation at the wetted
surface will be determined primarily by the heat
flux due to solar radiation and can thus be evalu-
ated according to equation34 for cases wheta po,r

) po,o, the free stream vapour concentration c,, is

(s0)

(s 1)k+= I, =0.6 I nqz

or the surface temperafure can be described by

Toq =To,ruorurect -OO+ =To nreasurett- 0'00 l5I h (s2)

An analysis was performed on equation 34 to determine the
sensitivity of the expression to an error of +loC in measured
water temperature. It was found that equation34 is very sensi-
tive to water temperature early in the morning and towards
evening, while a difference in the predicted evaporation rate of
approximately l0% was found during the day. These findings
suggest that extreme care should be taken when measuring the
water surface temperattne Tou.

Tests were conducted on the 13'h and l4'h ofApril 2005 at the
University of Stellenbosch Solar Energy Laboratory (33.93" S,
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Figure 5: Solar irradiation and wind speed

10 R & D Journal, 2007, 23 (3) of the South African Institution of Mechanical Engineering



Evaporation from a Water Surtace: Theory and Experiment

'tt!
ct)-t
o
fil

0
ct
o
CL6
UI

0.0002

0.0001

Figure 8. Diurnal evaporation rates

uniform and the wind speed is less than 4 m/s at a height of 1

m above the surface8. Although equation 34 is an approxima-
tion it is based on a sound theoretical approach. Equation 37 is

recommended for use during the night-time and when it gives a

value of muo, that is larger than that given by equation34.
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