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Numerical Examples
Hello all, welcome back. In today's lecture, we are going to solve some of the numerical
examples related to evaporation. We have seen different methods for the estimation of
evaporation. We will see how it can be utilized, if we are having the numerical values

corresponding to different parameters, which are considered in the equations.

So, example one is related to energy balance method. We have seen energy balance method,
aerodynamic method, then combined method. So, by making use of these three methods, we will

try to solve some numerical examples.
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Example 1: Energy Balance Method

Compute the evaporation rate (mm/day) from an open water surface, if the net radiation is 350W/m? and their air

s,
temperature is 41 ° C, by the energy balance method. Assume that there is no ible heat or ground heat flux.
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Take density of water = 997 kg/m?®.

Data given:
Net radiation = 350W/m?
Air temperature  =41°C,
Sensible heat, H, =0
Ground heat flux, G=0
Density of water = 997 kg/m®.

We need to find out: Evaporation rate (mm/day)?
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So, example one is based on energy balance method. Let me read out the question. Compute the
evaporation rate in millimeters per day from an open water surface, if the net radiation is 350
watts per meter square, and their air temperature is 41° C, by using the energy balance method.
Assume that there is no sensible heat or ground heat flux. Take density of water to be 997

kilograms per meter cube.



So, the required data given are, we are having net radiation 350 watts per meter square, air
temperature 41° C. Sensible heat, it is already mentioned in the question that sensible heat flux
and the heat lost to the ground surface can be neglected. So, final expression, which we have
derived for the energy balance method is also after neglecting these two heat fluxes. Ground heat
flux also equal to zero. Density of water 997 kilogram per meter cube. What we have to
determine? We have to find out evaporation rate millimeters per day. So, this is a simple

problem, simple numerical example.
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Example 1: Energy Balance Method

Solution: v

Evaporation due to net radiationis E =—"-
bbbl

v
Latent heat of vaporization, 1, =2.501x10"-23707
-

=2.501x10°-2370x41

=2403830 J/kg

R 35()/
== : =1.46x10"m/s
Lp, 2403830x997 —

=12.62mm  day

——
]

~13mm/ day
e
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Solution can be found out directly by using the formula under energy balance method. So, how
can we determine evaporation due to net radiation? That is by using energy balance method. The
formula, which we have derived is

E =—1"
e

Other terms were there, that is some heat flux related to the heat loss to the ground, and also
sensible heat that can be neglected in this case. So, our simplified formula for calculating

evaporation due to net radiation is given by this expression.



So, here in this Rn is given to us net radiation, p, is given to us and latent heat of vaporization,

we need to calculate, the temperature is given to us. How can we calculate latent heat of
vaporization? We are having the empirical equation. For calculating latent heat of vaporization,

it is given by this expression
l, =2.501x10° — 2370T

So, here what we need to know? We need to have the value corresponding to temperature. So,
the prevailing temperature is already given to us, that is temperature is 41° C. So, in this
particular equation, we need to substitute temperature in degree Celsius. So, after substituting
that,

|, =2.501x10° — 2370x 41
= 2403830J / kg

we can get the value corresponding to latent heat of vaporization as this much, 2403830J / kg .

Now, we will substitute that value in the equation, corresponding to evaporation due to net
radiation. Ry is given as 350 and |y we have calculated, we know already the density of water.
After substituting this,

R 350

E =—0= =1.46x10"m/s
l,p, 2403830x997

we calculated it as 1.46x107"m/s. Usually we would not be representing the rate of evaporation
in meters per second. It will be represented in terms of millimeters per day. It depends upon our
requirements, sometimes in a month, in a year, that way, we will be representing. So, here in the

question, it is asked to represent evaporation in millimeters per day.

So, when we convert this into millimeters per day, we will get the rate of evaporation as 12.62
mm/day. So, this is approximately 13 mm/day. This is a very simple method, if Rn, net radiation
is given to you and the prevailing temperature is given to you, you can calculate the evaporation

rate from the water body.



Now, second method is the aerodynamic method. In the energy balance method, we have
considered the predominant factor, which is causing evaporation as heat energy or the net
radiation. In the case of aerodynamic approach, we have considered the wind velocity gradient,

and also the specific humidity gradient.
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Example 2: Aerodynamic Method

The average weather conditions recorded at a weather station are : air temperature 14°C, relative humidity 55 %
and wind speed 1.7 m/s at a height of 2.5 m. Assume standard atmospheric pi 101.5 kPa, roughness height =
0.03 cm, p, = 1.19 kg/m’, p,= 997 kg/m®, K,JK,=1.0, C,=1005 J/kgK, k = 0.4, e, = 3167 Pa. If a lake near to that

location is having surface area of 1.5 km? , estimate the volume of water lost (m®) due to evaporation in a day using

aerodynamic method.
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Data given:
Air temperature =14°C, Pa =1.19 kg/m®
Relative humidity =55% Pu =997 kg/m®
p =101.5 kPa KJKy =10
e =3167 Pa C, =1005 J/kgK
Wind speed, u =17mls von Karman coefficient, k = 0.4
Z; =25m Surface area of lake =1.5km?
z =0.03cm —
e We need to find out: volume of water lost (m?)
(] i e ————— ]

Let us move on to second numerical example. First, let me read out the question. The average
weather conditions recorded at a weather station are: air temperature 14 degrees Celsius, relative
humidity 55 percentage, and wind speed 1.7 meter per second at a height of 2.5 meters. Assume
standard atmospheric pressure, 101.5 kilo pascal, roughness height is 0.03-centimeter, density of

air p, is 1.19 kilogram per meter cube. Density of water, p, is 997 kilogram per meter cube,

and the coefficient, that is the diffusivity coefficient, vapor diffusivity factor, and also the

momentum diffusivity coefficient. The ratio of these two coefficients K—W can be assumed as 1.

m

That is when we were deriving the simplified form of Thornthwaite-Holzman equation, we have

. K . . . .
considered K—W to be 1. So, the same assumption we are using here. In case, a particular value is

m

given to you in the question, you make use of that. Otherwise you make this assumption.



And C;, is 1005 joules per kilo gram Kelvin and k is the value von Karman coefficient k is equal
to 0.4, saturation vapor pressure es is 3,167 Pascal. If a lake near to that location is having
surface area of 1.5 kilometers square, estimate the volume of water lost due to evaporation in a
day using aerodynamic method. We need to calculate the rate of evaporation, that is in
millimeters per day. We need to calculate the evaporation rate by using these given values by

making use of aerodynamic approach.

First, let us see the data given, | have already read out those values: Air temperature is14 degrees
Celsius, relative humidity 55 percentage, atmospheric pressure 101.5 kilo Pascal, es is that is
saturation vapor pressure, 3,167 Pascal, wind velocity u is equal to 1.7 meter per second, and the
elevation where the wind velocity is given is at an elevation of 2.5 meters above the water
surface. Then z: when we can consider exactly we are not considering the water surface, it is
slightly a above the water surface, that is 0.03 centimeters. z; is the roughness height, roughness

height, which we will be considering, that is 0.03, that is given to us.

And then that value given for density of air is 1.19 kilograms per meter cube, density of water,

997 kilogram per meter cube, % is taken as 1 and C, is 1005 joules per kilogram kelvin, and

m
von Karman coefficient, we commonly use it has 0.4 and surface area of lake is given as 1.5-

kilometer square.

So, these are the data given to us, we need to calculate the volume of water lost due to
evaporation in a day. That is first we need to calculate the evaporation rate and the area of the
lake is given to us, by multiplying the evaporation rate by means of area of the lake, we will get
the total volume of water, which is lost due to evaporation from that particular lake. So, we will

start working out this example.
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Example 2: Aerodynamic Method

Solution:

Thornwaite-Holzman formula for evaporation

v
E,=B( -¢)
062Ky u,
where, vapor transfer coefficient, B=———2 —
PP, 2,
{ln[-ﬂ
:I
22(04) x1.19 |
B:(),n (C 4)le|) 14 a0 mPas
101.5x10° x997 25 ] 2
N 3
((J.(Bxl(l 3
.‘"":‘
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So, aerodynamic method is nothing but our Thornthwaite-Holzman equation. So, that equation is
given by
E.=B(e, —¢,)

a

It is in the same form as that of Dalton's formula of evaporation. Ea is equal to B multiplied by

vapor pressure deficit, where vapor transfer coefficient B is given by this expression

5 0622, U,

So, here all the values are known to us, that is related to density of air, density of water, von
Karman coefficient, different layer height, and also the wind velocity. It is already noted down

and we can just substitute in this equation

0.622x(0.4)° x1.19 .
g - 2:622x(04) L _244x10"m/Pas
101.5x10° x997 | ( 25
n -
0.03x107?

and it can be calculated as 2.44x10*'m/Pas.



Now, we need to have the values corresponding to es and ea. €s is given to us and we need to
calculate the value corresponding to vapor pressure, prevailing vapor pressure. So, relative

humidity is given to us.
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Example 2: Aerodynamic Method

. . e
Relative humidity, R, = =¢ =Re
e, G

¢,=0.55x3167

—

=1740Pa
1:'” = B((’X =)

=244x10™"(3167-1740) =3477x10"'m/s =3.04mm/ day

Volume of water lost from the lake = Areax E,

=1.5x10°x3.04x10° =4560m’
T

We have, when we were discussing about the water vapor dynamics, we have seen different
expressions corresponding to a specific humidity, relative humidity, all those. So, here we need
to calculate the vapor pressure corresponding to a particular temperature. We have been given
the saturation vapor pressure and also relative humidity. So, we can make use of the expression

for relative humidity for the calculation of vapor pressure in the air

€
R, =-2
es
So,
ea = Rhes

So, Rn is relative humidity was 55% and we are having the saturation vapor pressure of 3,167

Pascal. So,



e, =0.55x 3167
=1740Pa

And it can be calculated to be 1740Pa . So, we got the value corresponding to vapor pressure in
the atmosphere. Now, just substituting these values in the equation of Thornthwaite-Holzman
equation. So, we can calculate the value corresponding to evaporation due to aerodynamic

method. So, just after substituting,

E, = B(eS —ea)
= 2.44x10" (3167 -1740)
=3477x10""m/s

we will get the value corresponding to this as 3477x10™"'m/s. So, this can be represented in

terms of millimeters per day as 3.04 mm/day.

But in the question, what is asked? It is asked to calculate the volume of water lost due to
evaporation. So, here we have got the evaporation rate, that is this much of millimeters of water
is evaporated in a particular day. So, we can calculate the volume of water lost due to

evaporation in a day by multiplying with the surface area of the water body. So,
Volume of water lost from the lake = AreaxE,
Area is given as 1.5 km?. So, we need to convert it into meter square

Volume of water lost from the lake =1.5x10°x3.04x107 = 4560m?®

and the volume of water lost can be calculated as 4560m*. This much of volume of water lost

from the water body in a particular day.
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Example 3: Combined Method

At a weather station the average weather conditions recorded are : net radiation 50 W/m?, air temperature ﬁ
relative humidity 60 % and winMs at a height of 3 m. Assume standard atmospheric pressure 101.3 kPa,
roughness height = 0.3 cm, p, = 119 kgim?, p,= 997 kgim’, KyK,=1.0, C,=1005 JkgK, k=04, &, = 3167 Pa.Ifa lake
near to that location is having surface area of 1.5 km?,, Compum“;:ion— rate usi—ng— -

(i) combination of the energy balance and aerodynamic method and
(ii) Priestly - Taylor method
Gl

Data given:
Net radiation =50 Wim? e =3167Pa
Air temperature =14°C Pa =1.19 kg/m*
Relative humidity =60 % Pw =997 kg/m?®,
Wind speed, u =2 mls ata heightof 3m KKy =10
Atmospheric pressure =101.3 kPa C, =1005 J/kgK
roughness height ~ =0.03cm k =04
P
O T

Now, we will move on to a numerical problem related to combined method. So, we have seen the
energy balance method, we have seen the aerodynamic method. So, combined method is the
combination of these two approaches. So, let us solve one numerical example related to that

particular method.

So, similar kind of question. At a weather station, the average weather conditions recorded are
net radiation is given to us as 50 watts per meter square, air temperature is 14 degrees Celsius,
relative humidity is 60 percentage, and wind speed is 2 meters per second at a height of 3 meters.
Assume standard atmospheric pressure to be 101.3 kilopascal, roughness height is 0.03
centimeters, density of air is 1.19 kilogram per meter cube, density of water is 997 kilogram per

meter cube, % is 1, Cp is equal 1005 joules per kilogram kelvin, von Karman k is 0.4,

saturation vapor pressure es is 3,167 pascal. If a lake near to that location is having surface area
of 1.5 kilometer square, compute the evaporation rate using combination of energy balance and
aerodynamic method and Priestly Taylor method.

We need to make use of two combination methods. One is the combination of energy balance
method and the aerodynamic method. Second one is the Priestly Taylor method. So, first we will
start with the combination of aerodynamic and the energy balance method. First, let us have a

look into the data given. So, which are the data given? Net radiation is there, air temperature,



relative humidity, wind speed, atmospheric pressure, roughness height. Then saturation vapor
pressure, density of air, density of water, the diffusivity coefficients, ratio of diffusivity

coefficient related to heat diffusivity and also the vapor diffusivity.

So, % can be assumed as 1, Cp is equal 1005 joules per kilogram kelvin, and von Karman

w

coefficient k is equal to 0.4. So, we need to calculate the evaporation rate using different

approaches.
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Example 3: Combined Method

Solution: combination of the energy balance and aerodynamic method

i e v
Evaporation due to netradiation, E= R - Net radiation =50 Wim?
: Lp, Air temperature =14C
Latent heat of vaporization 1, =2.501x10" - 23707

=2.501x10°-2370x 14

e
=2.468x10° J/Kg

50

E=s————  =20322x10%m/s
ryrrmToe A

=1.76 mm/day

So, first we will start with the combination of energy balance and aerodynamic method.
Separately, we have solved numerical examples for each of these methods. So, evaporation due

to net radiation can be obtained by using this expression,

E =—0"
e

which we have seen. Here just substituting the values corresponding to Rn and we are calculating
the latent heat of vaporization by using the temperature 14 degrees Celsius.



l, =2.501x10° — 2370T
=2.501x10° — 2370x14
=2.468x10°J / kg

It can be calculated as 2.468x10°J / kg .

Now, you can substitute this Iy and also Ry, in this particular equation.

50

= I 99T - 2.0322x10°m/s =1.76 mm/ day
. X X

We can get the evaporation due to net radiation. This is calculated as 1.76 mm/ day . This is the

repetition of the the first example, same method, only slight changes in the numerical values.
(Refer Slide Time: 17:36)

Example 3: Combined Method

Evaporation using aerodynamic method,

v 7/
E =B(e-e)

—

_062kp,  u

]

0.622(04)' x1.19 2
" 1013x10°x997 T i
"{ 0.03x10° ]

=2.877x10" m/Pa.s

)

3
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Now, the second approach is the aerodynamic method. By using the aerodynamic method,

evaporation can be calculated by using this formula

E.=B(e —¢,)

a



es is given to us and ea we need to calculate by using the given relative humidity and we need to

calculate the value of the vapor transport coefficient, that is B

5 0622k°p, U,
2

ppw In i

Zl

All these values are given, just substituting

0.622x(0.4)° x1.19
g - 0:622x(04) 2 _=2877x10"'m/Pas
101.5x10%x997 | 2.5 j
n -
(0.03x10_2

and the value of B can be calculated as 2.877x10"'m/Pas.
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Example 3: Combined Method

. - e
Relative humidity, R, == =e¢ =R,
eS

¢, =0.6x3167

=1900Pa

E,=B(e,~¢,)

=2.877x10"'(3167-1900) =3645x10™""m/s =3.15 mm/day

—_—
pe——

() ot e 1]
Now, next step is to calculate the vapor pressure ea. Relative humidity is given to us. We can
calculate
e
R, =2
eS

ea = Rhes



Rn is that is relative humidity is 60%.

e, =0.6x3167 =1900Pa

So, we can calculate the vapor pressure in the air as 1900Pa. Now, substituting these values,
value corresponding to B, es and ea, we can get the evaporation due to aerodynamic method, that

is by considering the factors wind velocity gradient and also the specific humidity.

E.=B(e —¢,)
=2.877x107" x(3167-1900) = 3645x10'm/ s = 3.15mm/ day

We can calculate this evaporation due to aerodynamic method can be calculated as 3.15 mm/day.
So, our combination method incorporates these two methods. So, we have calculated the values,

evaporation rates corresponding to these two methods.
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Example 3: Combined Method

N v oy s
—I:,+—/ E,
A+y A+y
4
-
o 0R>
dient of the d vapor p cuve, gt 10%,

T (@137
_ 4098x3167
(2373+14)°

» Combined evaporation equation £ =

=228.55 Pa/°C

—_—

‘/ 7/ ’ c c 3
C,p (’\/. _ 1005x101.5x10 = 66.45 Pa/°C

062\ K, | 062x2468x10° ——
v

* Psychrometric constant, y=

278 55 5
A= _.-.843) —x1.76+ {){"4) x3.15 =2.07mm/ day
228.55+66.45 228.55+66.45 —
o
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Now, let us move on to the expression for combined evaporation. Combined evaporation is given

by

E=——~E + 2 E
A+y A+y




So, here Er and Ea, we have already calculated. Again, some unknowns with us are A and y. So,
those values we need to calculate now. So, A is nothing but the gradient of the saturation vapor

pressure curve.
So, that gradient can be calculated by using this formula.

. 4098e,
A=—=—r"™"13
T (287.3+T)

This expression we have already seen during the lecture related to water vapor dynamics. So,
here we are just going to substitute es and temperature T.

A e A098x3167 o0 cepaoc

T (237.3+14)°

So, when we substitute and calculate that, A is calculated to be 228.55Pa/ °C .

Now, next is the psychometric constant y. Psychometric constant y, how can we calculate? By

using this expression

_CKap
0.6221 K,

Here, we are having Cp, p, Iy, % Again, the ratio of these diffusivity coefficients can be

w

considered to be 1. So, after substituting,

~1005x101.5x10°

y= _=66.45Pa/ °C
0.622x2.468x10

we can calculate the value corresponding to psychometric constant as 66.45Pa/ °C .
So, look at this combined expression. i.e.,

:AEr+7
A+y A+y

E E,



Now, all the terms on the right-hand side is known to us. We have calculated, we just have to

substitute in this expression for combined evaporation

228.55 1764+ 66.45

=——" xI. ————x3.15=2.07mm/ day
228.55+66.45 228.55+ y

It can be calculated to be 2.07mm/day. So, first question was to estimate the evaporation by

using combined method. By using combined method, we have calculated.
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Example 3: Combined Method

(i) Priestly - Taylor method

A
5 / A /
E=13—E,
A+y
]
228 55
=13x ) x1.76
228.55+66.45
=1.77 mm/day
—_—
e
T —]
A\

Now, let us move on to the second part that is by using Priestly Taylor approach. So, the

evaporation can be calculated by using Priestly Taylor method by using this equation

A
A+y

E

r

E=«a

So, here in this one a, they have introduced 1.3, 100% of the evaporation due to net radiation and
30% of that due to aerodynamic approach, that way the expression has taken a simplified form

given by this equation

A
A+y

E=13

Er



So, here Er, we have already calculated, A and y, these two values also we have calculated. Just

substitute in this equation

E_13 228.55

B3x——————x1.76 =1.77mm/ day
228.55+66.45

and we can calculate the evaporation rate as 1.77mm/ day .
(Refer Slide Time: 22:12)

Example 3: Combined Method

Summary of results:
(i) Evaporation due to net radiation, E =1.76 mm/day
(ii) Evaporation using aerodynamic method, £, =3.15 mm/day

(ilf) Combination of the energy balance and aerodynamic method, £ =2.07mm/ day

(iv) Priestly - Taylor method, [ =1.77 mm/day
o 3
T T

So, we have calculated the evaporation rate by different methods. We can just summarize the
results. Evaporation due to net radiation is calculated to be 1.77mm/day . Evaporation using
aerodynamic method is calculated to be 3.15mm/day, and combination of energy balance and
aerodynamic method, it was found out to be 2.07mm/day and finally, by using Priestly Taylor
method, it was calculated to be 1.77mm/day . So, while comparing the values corresponding to
all these four, that is separately net radiation, then coming the aerodynamic method, and then we
are having the combination of aerodynamic and the net radiation and then the method provided
by Priestly and Taylor. So, you can see Priestly Taylor method is giving approximately as that of
net radiation, and in the case of other two methods slightly higher values. So, we have solved
different questions or numerical examples related to evaporation by making use of the analytical

techniques.
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So here | am winding up today's lecture. Please try to solve more problems related to this. You
can get a lot of worked out examples and also exercise questions from these textbooks. Just try to

solve these problems. Thank you.



