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A B S T R A C T   

In the event of an accidental spill of an aqueous solution of ammonia, a toxic cloud can be generated, being the 
ammonia evaporation rate a key issue. In this communication, new experimental data have been obtained at 
different initial ammonia concentrations and air speeds. The evolution of the evaporation rate, of the ammonia 
concentration in the solution and of the solution temperature have been studied. Three phases have been clearly 
identified in the evaporation process, affected by the ammonia concentration, the evaporation rate and the 
condensation of water. A simple model has also been proposed, based on previous ones from the literature and 
now including the condensation of water. The proposed model has been compared with experimental data. 
Although some scattering has been found, it still proves itself useful at predicting the source term in the event of 
an accidental spill.   

1. Introduction 

A high number of research papers have been published on the risks 
associated with liquid hydrocarbon spillages, in either process plants, 
storage or transportation. Most of them deal with their flammability 
properties, which make them prone to fires or explosions. Nevertheless, 
in some cases other chemicals are released, also implying a risk. 
Depending on their properties, the toxicity of the substance can imply 
notorious negative consequences. Historical accidents surveys show that 
besides the possible fatalities, toxic clouds originate 4.5 times more 
injured people than fires and 2.5 more than explosions (Ronza et al., 
2006). A recent historical survey (Toscano et al., 2022) on pipeline 
transportation of ammonia identified 136 accidents in which this 
chemical was spilled. In an important number of them, the evaporation 
led to the formation of a toxic cloud with potential risk for the popula-
tion; in the Kingman (Kansas) accident, occurred in 2004, for example, 
the 1% lethality isopleth as estimated by these authors reached a dis-
tance of approximately 600 m. 

Ammonia can be released as an aqueous solution or as anhydrous 
ammonia. In the case of a spill of an aqueous ammonia solution, both 
soil and water can be polluted. Furthermore, there is the possibility of 
occurrence of a toxic cloud, which will depend on the mass of ammonia 

entering into the atmosphere and on the meteorological conditions. One 
of the key aspects is the ammonia evaporation rate from the pool. 

Diverse authors have studied the evaporation of volatile compounds 
from liquid pools. Sutton (1934) developed a pioneering theoretical 
model to predict the evaporation rate from a plane surface as a function 
of wind speed. Mackay and Matsugu (1973) studied, both experimen-
tally and theoretically, the evaporation of liquid hydrocarbon spills on 
land and water. Clewell (1983) performed experimental work on the 
evaporation of hydrazine from aqueous solutions spilled on ground. 
Other expressions were also proposed by Kawamura and Mackay 
(1987), who studied the evaporation of hydrocarbons (cyclohexane, 
n-pentane, n-hexane and toluene) with wind speeds ranging between 2.6 
and 5.4 m s− 1. Brighton (1990) reported data on the evaporation of 
n-butane at temperatures below its boiling point and wind speeds 
ranging between 0.5 and 5.5 m s− 1. US EPA (1989) and Mikesell et al. 
(1991) studied the evaporation from multicomponent non ideal solu-
tions. Oil spills evaporation –physics involved and mathematical mod-
eling– was reviewed by Fingas (1995); this author (Fingas, 1998) also 
studied experimentally the evaporation from crude oil and petroleum 
products. Van den Bosch (2005) proposed a model to estimate the 
evaporation rate from a non-boiling pure liquid, which included the 
influence of the wind speed and the temperature. 
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Heymes et al. (2013) published experimental data on the evapora-
tion of several volatile organic compounds and water at wind speeds 
ranging between 1.6 and 4 m s− 1. Recently, Bubbico and Mazzarotta 
(2016) have analyzed 9 models by comparing them with a set of 73 
experimental data on the evaporation of organic compounds, finding 
that for wind velocities higher than 1 m s− 1 the model proposed by 
Heymes et al. (2013) gave the best estimates. 

However, even if ammonia spills are important because of the risk 
associated essentially to its toxicity, rather few experimental data are 
still available. Mikesell et al. (1991) performed two experiments with 
ammonia aqueous solutions. Dharmavaram et al. (1994) analyzed the 
ammonia spills from a barge into water, taking into account the initial 
boiling but considering the later evaporation rate as essentially zero. Ye 
et al. (2008) studied experimentally the ammonia evaporation from 
aqueous solutions, analyzing the mass transfer coefficient behavior as a 
function of the ventilation rate and turbulence intensity. Galeev et al. 
(2013) proposed a mathematical model to estimate the toxic impact 
zones due to ammonia evaporation from aqueous solution spills. 

In this communication, the evaporation of ammonia from aqueous 
solutions at different concentrations and under different wind speeds is 
analyzed, both experimentally and theoretically. 

2. Experimental set-up 

In order to study the influence of the main variables on the ammonia 
evaporation, an experimental installation was constructed. The air 
flowed through a duct (rectangular section, 220 mm × 100 mm), 
conveniently designed to minimize the turbulence, towards and from 
the evaporation chamber (chamber volume: 6.2 L) (Fig. 1). The air was 
sucked by a fan located downstream. In the evaporation chamber there 
was a thermally insulated tray (270 mm × 185 mm x 10 mm) which 
contained the ammonia solution. The tray was located over a digital 
weighing scale, which allowed the continuous registration of the solu-
tion weight by a data acquisition system (Field Point, National In-
struments). The solution surface was parallel to the air stream and 
leveled in such a way to minimize turbulence. The initial concentration 
of ammonia in the tests was 29% in mass, the initial mass of solution was 
180 g and its depth was 1 cm. The air speed ranged between 0.8 and 4.1 
m s− 1, a range of special interest for risk analysis: at higher air speed the 
atmospheric dispersion is rather intense and the analysis of the toxic 
impact has no interest, and at lower speed the influence of wind is 
almost negligible. 

The variables measured were the air speed, temperature and hu-
midity, and the concentration, mass and temperature of the solution 
along the time. The mass in the tray was registered continuously. The 
ammonia concentration was measured approximately every minute or 
1.5 min by taking a small sample and analysing it by refractometry. The 
temperature of air varied between 24 and 27 ◦C, and its relative hu-
midity ranged between 53% and 55%. Air speed was measured at four 

different flowrates with a hot wire (TESTO 480) located at the evapo-
ration chamber entrance, 1 cm above the liquid level; previously a 
detailed analysis of the speed profile over the cross section of the 
evaporation chamber was effectuated. The treatment of these data gave 
the following mean values above the cross section: 0.8 m s− 1, 1.6 m s− 1, 
3.1 m s− 1 and 4.1 m s− 1. 

The air humidity was measured with an electronic hygrometer (TFA 
30.5005). The ammonia concentration was determined by refractometry 
(Atego-Smart I). Finally, the amount of condensed water was deter-
mined from the difference between its initial and final mass. The initial 
mass of water was known and, as the mass and concentration of the 
solution were continuously registered (Sartorius BL-600), the amount of 
water in the solution at any moment could also be known. 

3. Experimental results 

3.1. Evaporation rate 

The evaporation rate over a given area A of a spill can be predicted 
theoretically by the following expression (Kawamura and Mackay, 
1987; Van den Bosch, 2005): 

E= k ⋅ A ⋅ M⋅PTsol / (RTsol) (1)  

where k is the mass transfer coefficient (m/s) (which is a function of the 
air speed), A is the spill surface area (m2) and PTsol is the vapor pressure 
of the chemical at the temperature of the liquid surface. 

The velocity at which ammonia evaporates at a given temperature 
depends on the air speed. In Fig. 2 the percentage of solution mass loss in 
the vessel as a function of time is shown for the four air velocities. The 

Fig. 1. Experimental set-up.  

Fig. 2. Evolution of the solution mass due to evaporation of ammonia (and, 
from a certain moment, to water condensation) as a function of time and 
air speed. 
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solution mass decreases quickly at the beginning of the test, indicating a 
high ammonia evaporation rate. Afterwards, the process proceeds more 
and more slowly due to the fact that the ammonia concentration in the 
solution and the temperature in the liquid (especially in the upper layer) 
decrease. 

Higher air speeds imply higher evaporation rates. In Fig. 3 the evo-
lution of the accumulated mass of evaporated ammonia is plotted for a 
given period of time, for the same air speeds and initial concentration 
solutions plotted in Fig. 2, showing the aforementioned influence of the 
variation of ammonia concentration and of the solution temperature. 

The variation of the evaporation rate as a function of time has been 
plotted in detail in Fig. 4 for a given initial concentration. The evapo-
ration rate is very high in the first moments and decreases quickly with 
time as the concentration of ammonia in the solution decreases: while 
after the first 1.5 min it is 0.12 g/s, half a minute later it has decreased to 
half this value. 

The evolution of ammonia concentration, decreasing with time as 
this component evaporates, has been plotted in Fig. 5 for the different air 
speeds. The rate at which it decreases varies significantly with this 
variable, increasing with it. 

3.2. Influence of the air speed on the evaporation rate 

The air speed (wind) is an important variable in the event of an 
accidental spill, as it has an effect on both the velocity at which the 
volatile components evaporate and, also, together with the atmospheric 
stability, on the way in which the toxic cloud –in the present case, of 
ammonia– evolves and moves. 

The influence of the air speed on the evaporation rate was analyzed 
by Sutton (1934) for the case of evaporation from a water pool. This 
author used the power law which establishes the variation of the wind 
velocity as a function of height, on the assumption that there is no ve-
locity at the surface (1 and 2 indicating two different heights): 

u1 = u2

(
z1

z2

) n
2− n

(2)  

And, for the mean rate of evaporation under steady state conditions: 

E ∝ u2− n
2+n (3) 

Taking n = 0.25 for turbulent medium and average atmospheric 
conditions, Sutton (1934) proposed the following expression for the 
evaporation from pure liquids: 

E2

E1
=

(
u2

u1

)α

(4) 

With the approximate value α = 0.78, which was in good agreement 
with experimental data on water evaporation. However, this coefficient 

–and the n value– really changes with the atmosphere temperature 
profile, with the atmospheric stability class and with the surface 
roughness (urban or rural zone, or water). Furthermore, in the present 
case the spill is not that of a pure liquid and, as the ammonia concen-
tration changes with time, it was not clear whether this expression could 
be applied; so, this point was analyzed. 

The variation of ammonia vaporization rate as a function of air speed 
has been plotted for different ammonia solution concentrations in Fig. 6. 
These data were obtained as follows: for a given constant air speed, the 
ammonia concentration was measured throughout the test; at certain 
concentration values (25%, 23%, 21%, 19%, 17% and 15%, mass per-
centage), the evaporation rate was obtained from the values of con-
centration and solution mass. This was done for tests at the different air 
speeds. As evaporation was continuous during each test, the solution 
temperature varied (see Fig. 7), this introducing a light difference in the 
respective conditions of the experimental points. As the solution con-
centration increases the evaporation rate increases significantly. And at 
high concentrations (25% and 23%, Fig. 6-b) an important dispersion 
was registered due to the difficulty in the measurement of the concen-
tration in that period of the tests. 

From this figure it is clear that the evaporation rate increases with 
the ammonia concentration and with the air speed (corresponding to the 
evolution of ammonia concentration shown in Fig. 5). However, the 
relationship between the evaporation rate and the air speed changes 
with the solution concentration. Thus, the α value has been calculated 
for each case (Table 1): 

According to these data, it seems therefore that Eq. (4), developed for 
pure liquids, should not be applied to the evaporation from ammonia 
aqueous solutions. 

Fig. 3. Accumulated mass of evaporated ammonia as a function of time and 
air speed. 

Fig. 4. Evolution of the evaporation rate as a function of time.  

Fig. 5. Variation of ammonia concentration with time and air speed.  
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3.3. Evolution of temperature 

An important aspect in the evaporation process is the evolution of the 
solution temperature. As evaporation proceeds, the solution is subjected 
to a cooling action, as the latent heat of evaporation is taken from the 
remaining liquid. Therefore, the cooling rate directly depends on the 
evaporation rate. It is higher during the first steps of the process and 
later decreases gradually as the pool temperature, the vapor pressure of 
ammonia, the ammonia concentration, and the vaporization rate 
decrease. The evolution of the solution temperature can be observed in 

Fig. 7 for the four air speeds. 
From Fig. 7 it can be seen that there is an important cooling of the 

remaining solution during the first minutes –corresponding to high 
ammonia vaporization rates–, with temperatures decreasing below 0 ◦C. 
After reaching a minimum value the temperature gradually increases 
during the rest of the tests, due to the condensation of water from the 
atmosphere. The time at which the minimum is reached decreases as the 
air speed increases. This is due to the fact that a) the ammonia vapor-
ization rate is higher (stronger cooling of solution), and b) the higher 
water condensation rate that cooling originates, with the corresponding 
higher introduction of heat into the solution, reverses the trend of the 
temperature evolution sooner. This behavior is important as, in a real 
large-scale accidental spill; it will have an influence on the dynamics of 
the generation of a toxic cloud. 

3.4. Water condensation 

During most of the tests’ duration, the evaporation of water from the 
aqueous solution was not possible due to the cooling effect in the upper 
liquid layer associated with the ammonia evaporation. However, as the 
temperature of this upper liquid layer decreased relatively quickly, it 
was soon lower than the air dew point; therefore, the inverse process (i. 
e., the condensation of water from the air humidity due to the low so-
lution temperature) was confirmed. Fig. 8 shows the evolution as a 
function of time of the accumulated condensed water and condensation 
rate, respectively –starting from a certain moment– for a given air 
velocity. 

This phenomenon must be considered to avoid an underestimation of 
the ammonia evaporation rate by overestimating the temperature 
decrease. The determination of the mass of water condensed during the 
whole process has been done by a mass balance, taking into account the 
initial mass of water, the concentration of ammonia and the variation of 
the total solution mass as a function of time. 

The accumulated mass of condensed water increased from a certain 
moment as a function of time; while the condensation rate decreased as 
the solution temperature increased and approached the dew point of air. 

Fig. 6. Ammonia vaporization rate as a function of air speed for different 
ammonia concentrations (mass percentage) (initial temperature: 26 ◦C). 

Fig. 7. Variation of the solution temperature as a function of time at different 
air speeds (Tamb = 26 ◦C, Ci = 29%). 

Table 1 
Calculated α values for different ammonia 
concentrations.  

C, % mass α 

25 0.89 
23 0.58 
21 0.51 
19 0.49 
17 0.46 
15 0.45  
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Finally, after a certain time the mass of water in the tray kept constant, 
thus indicating that there was no more condensation. 

Thus, during a certain time the solution undergoes simultaneously a 
heating effect due to the input of the latent heat of water condensation 
and a cooling effect originated by the output of the latent heat of 
ammonia evaporation (λw is approximately twice λNH3). The difference 
between both –heating and cooling– effects is important at the begin-
ning (Fig. 9) and decreases progressively as the solution temperature 
increases and the ammonia concentration and evaporation rate 
decreases. 

4. Process phases 

During the evaporation process, the solution temperature changes 
significantly, being influenced by the ammonia evaporation rate, the air 
speed, the heat transfer from the environment, and the condensation of 
water. This phenomenon can be explained in terms of the following 
phases (Corruchaga and Casal, 2015) (Fig. 10): 

The three phases in the evaporation process, with of course a smooth 
transition between them, are: 

Phase I). There is a high ammonia evaporation rate, which implies a 
significant decrease in the enthalpy of the solution (the evaporation 
latent heat of ammonia is taken from the solution) with the associated 
decrease of its temperature. 

Phase II). Due to the progressive reduction of the ammonia concen-
tration and of the solution temperature, the ammonia evaporation rate 
decreases; this implies that the cooling velocity of the solution decreases 
as well. Simultaneously, due to the low temperature of the solution, the 
heat transfer rate from the environment to it –from the air essentially by 

convection, and perhaps also from the vessel by conduction– increases. 
Furthermore, some water from the air condenses on the cold solution, 
releasing its condensation latent heat. The temperature of the solution 
starts to increase. This situation leads to the existence of a minimum 
value of the solution temperature. The time at which this minimum 
value is reached decreases lightly as the air speed increases. 

Phase III). Ammonia evaporation rate keeps decreasing while the 
environment heats more and more the solution, and some water keeps 
condensing. As a consequence, the temperature of the solution pro-
gressively rises towards that of the air stream. 

The existence of these three different phases can be important from 
the point of view of analyzing the risk associated with the possible 
generation of a toxic cloud in the event of a toxic solution spill, as it will 
establish the kinetics of the toxic cloud generation. 

5. Enthalpy balance 

The evolution of the temperature of the solution can be determined 
from the different contributions: (i) cooling due to ammonia evapora-
tion; (ii) cooling due to the initial water evaporation; (iii) heating from 
the surroundings; and (iv) heating due to the condensation of water from 
the atmosphere. 

It has been assumed that the evaporation of water in the first mo-
ments is negligible. Then, with a simple approach based on that pro-
posed by Mackay and Matsugu (1973), the following enthalpy balance 
can be applied to establish the evolution of the solution temperature as a 
function of time: 

dT
dt

=

(
Qamb + Qcond − Qevap

)

msol⋅Cpsol
(5) 

In this expression the contribution of the condensation of water from 
a certain moment, due to the low solution temperature, has been 
included. 

The different contributions have been calculated as follows. Heat 
transfer from the air: 

Qamb =A ⋅ Uair− sol⋅(Tair − Tsol) (6)  

where A is the solution surface area, Tair and Tsol are the temperatures of 
air and of the solution upper layer, respectively, and Uair-sol is the overall 
heat transfer coefficient air-liquid, which can be estimated from the heat 
and mass transfer analogy (Kawamura and Mackay, 1987): 

Uair− sol = k⋅ρair⋅Cpa⋅
(

Sc
Pr

)0.67

(7)  

where k is the mass transfer coefficient, ρair is the air density, Cpa is the 
specific heat of air, Sc is the Schmidt number in the air phase and Pr is 
the Prandtl number. 

The mass transfer coefficient, k, was calculated by Mackay and 

Fig. 8. Evolution of water condensation as a function of time.  

Fig. 9. Evolution of cooling and heating effects as a function of time (u = 1.6 
m s− 1). 

Fig. 10. The three phases observed in the evaporation process (air speed: 1.6 
m s− 1; Ci: 29 mass %). 
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Matsugu (1973) with the following expression for the evaporation from 
hydrocarbon spills: 

k = 0.0048*u0.78*X− 0.11*Sc− 2/3 (8) 

in which u is the air velocity (m s− 1), its exponent being the one 
proposed by Sutton (1934) by average atmospheric conditions, X is the 
length of the evaporation pool (m) and the constant 0.0048 has units 
(m0.33 s− 0.22). This expression was proposed just for situations with 
wind; it should not be applied for very volatile liquids in calm air situ-
ations, as it predicts no evaporation. 

It can be assumed that k is a function of D, u, ρ and μ. The variable X 
was not included, as its influence on the air turbulence would be 
restricted just to a small zone on the upwind border of the spill. A 
dimensional analysis gives then the following expression: 

k = f
(

u,
μ

ρD

)
= f (u, Sc)= ct ⋅ uβ⋅Scγ (9-a) 

In which the constant and the exponents β and γ must be obtained 
from experimental data. In the present work, the value of k has been 
calculated for the diverse air velocities and solution ammonia concen-
trations (Fig. 11). 

From Fig. 11 the exponent of u in Eq. (9-a) corresponding to the 
experimental data and conditions has been obtained, 0.57. As all tests 
were performed at ambient temperature, which did not change much, 
the exponent of the Schmidt number could not be modified, and that of 
Eq. (8) has been taken, together with the value of the constant. There-
fore, finally the expression for k was: 

k = 0.0048*u0.57⋅Sc− 2
3 (9-b) 

The validity of this new expression has been checked by comparing 
the values of k obtained with it with those obtained from the theoretical 
expression (1) in which the experimental value of the evaporation rate 
was introduced (Fig. 12). The result can be considered satisfactory. 

The heat lost from the solution due to the ammonia evaporation can 
be calculated by: 

Qevap =E⋅λNH3 (10) 

And the ammonia evaporation rate can be estimated by introducing 
Eq. (9-b) in the expression proposed by Van den Bosch (2005): 

E= 0.0048⋅u0.57⋅A⋅MNH3 ⋅
1

R⋅Tsol
⋅Pamb⋅ log

(

1+
P NH3 − P0

Pamb − PNH3

)

(11) 

Finally, the heat gained by the solution due to the condensation of 
water from the air humidity (condensing at a rate of Ww in kg/s) can be 
calculated by: 

Qcond =Ww ⋅ (H w − h w)= Ww ⋅ (λw + Cpv (Tair − Tsol) (12)  

where Hw and hw are the enthalpy of vapor and liquid water, respec-
tively, λw is the condensation latent heat of water and Cpv is the specific 
heat of water vapor. 

This condensation implies a progressive increase of the temperature 
of the solution. This set of expressions have been solved with Matlab 
R2018b ® to predict the evolution of the solution temperature and of the 
evaporation rate as a function of time. This can be important in the event 
of an accidental spill, as it can play an important role in the possible 
generation of a toxic cloud. 

6. Comparison of calculated and experimental values 

The results obtained from these expressions (Eq. (5) - (12)) have been 
compared with the experimental values. Fig. 13 shows the four sets of 
data for the evolution of the solution temperature as a function of time 
and of air speed. 

The trend of the four sets of data is similar and the agreement be-
tween the experimental values and those predicted by the model is 
relatively good, even though there is a certain difference which in-
creases with the air speed and with time. At low air speed (0.8 m s− 1) the 
model overpredicts slightly the solution temperature in the first phase, 
corresponding to high evaporation rates; this overprediction decreases 
as air speed increases (1.6 m s− 1). At higher air speeds (3.1 m s− 1) the 
calculated values in Phase III, when there is water condensation from the 
atmosphere, are slightly lower than the experimental ones, this differ-
ence increasing at the highest speed (4.1 m s− 1). 

Finally, the experimental data and the corresponding predicted 
values of the ammonia evaporation rate as a function of time for a given 
case have been plotted in Fig. 14. There is again a certain difference 
between both sets of values: in Phase I the model slightly underpredicts 
the evaporation rate, the difference decreasing with time. After the first 
3 min it predicts values very close to the experimental ones even though 
slightly higher; as a whole, the agreement between both sets of values 
can be considered acceptable. Fig. 11. Mass transfer coefficient, k, as a function of air velocity (u, m/s) and 

solution concentration (mass %). 

Fig. 12. Comparison of k values obtained with Eq. (9-b) with those predicted 
from the experimental data by Eq. (1). 
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7. Conclusions 

The evaporation of ammonia from an aqueous spill, which depend-
ing on the flow rate and the meteorological conditions can originate a 
toxic cloud, is strongly influenced by the ammonia concentration in the 
spilled solution, by the temperature and by the wind speed. The initial 

evaporation rate is very high, decreasing quickly in the first minutes and 
afterwards progressively as the ammonia concentration and the solution 
temperature decrease. The evaporation rate increases with the air speed 
and with the solution concentration. The temperature of the solution 
decreases as evaporation proceeds, reaching values lower than 0 ◦C and 
increasing later due to the condensation of water from atmospheric 
humidity. 

As a whole, three phases have been observed: I) A first one with high 
ammonia evaporation rate and a clear decrease in the solution tem-
perature. II) A second one in which the ammonia evaporation rate de-
creases; after reaching a minimum value, the solution temperature starts 
to increase due to the condensation of water from air humidity. III) And 
a third one, in which ammonia evaporation rate decreases more and 
more and the solution temperature keeps increasing due to the 
condensation of water; in this third phase the water condensation rate 
decreases with time as the solution temperature slowly increases. This 
behavior –which does not include any initial ammonia boiling or flash in 
the first moments of the release– is very interesting from the point of 
view of the dynamics of the possible generation and evolution of a toxic 
cloud in the event of an accidental spill. 

A simple mathematical model has been proposed to describe the 
process. Although it is related to other models previously published in 
the literature (most of them concerning the evaporation of hydrocar-
bons), it has the novelty of including the condensation of water from the 
atmospheric air humidity. Even though the comparison of the predicted 
values with the experimental ones shows a certain scattering, it could be 
useful to predict the source term (ammonia evaporation rate) in the 
event of an accidental spill in an industrial plant or during trans-
portation, especially at low wind speeds in which the risk associated to 
the formation of a toxic cloud is higher. 
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experimental data (u = 1.6 m s− 1, Ci = 29%, Tamb = 26 ◦C). 
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Notation 

A solution surface area (m2) 
C ammonia concentration (mass %) 
Ci initial ammonia concentration (mass %) 
Cpa specific heat of air (kJ kg− 1 ◦C− 1) 
Cpsol specific heat of solution (kJ kg− 1 ◦C− 1) 
Cpv specific heat of water vapor (kJ kg− 1 ◦C− 1) 
D diffusivity of ammonia in air (m2 s− 1) 
E ammonia evaporation rate (g s− 1) 
h w enthalpy of liquid water at the temperature of the solution (kJ 

kg− 1) 
H w enthalpy of water vapor at the temperature of air (kJ kg− 1) 
k mass transfer coefficient (m s− 1) 
l tray length (m) 
msol mass of solution (kg) 
MNH3 molecular weight of ammonia (g/mol) 
n constant in the wind velocity power law, Eqs. (2) and (3) (− ) 
Pamb atmospheric pressure (Pa) 
PNH3 ammonia vapor pressure at the solution surface (Pa) 
P0 ammonia vapor pressure in the atmosphere (Pa) 
Pr Prandtl number (− ) 
PTsol Vapor pressure of the chemical at the solution surface 

temperature (Pa) 
Qamb heat gained by the solution from the surroundings (kW) 
Qcond heat gained by the solution due to the condensation of water 

(kW) 
Qevap heat lost by the solution due to ammonia evaporation (kW) 
R ideal gas constant (m3 Pa mol− 1 K− 1) 
Sc Schmidt number (− ) 
t time (s) 
T temperature (◦C) 
Tair temperature of air (◦C) 
Tamb ambient temperature (◦C) 
Tsol temperature of the solution surface (◦C) 
u air speed (m s− 1) 
Uair-sol overall heat transfer coefficient from air stream to liquid 

surface (kW m− 2 ◦C− 1) 
Ww water condensation rate (kg s− 1) 
X length of the evaporation chamber (m) 
z height (m)  

Greek letters 
α exponent of wind velocity in the evaporation rate expression, 

Eq. (4) (− ) 
β exponent of the air speed in Eq. (9-a) 

γ exponent of Sc in Eq. (9-a) 
λNН3 vaporization latent heat of ammonia at the solution surface 

temperature (kJ kg− 1) 
λw condensation latent heat of water at the solution surface 

temperature (kJ kg− 1) 
μ dynamic viscosity (kg m− 1 s− 1) 
ρair air density (kg m− 3) 
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