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Abstract: Numerous publications in the literature deal with the investigation of evaporation under forced convection; however, no 

correlation between the available equations would describe the process and the evaporation rate with high reliability and in a wide range of 

interpretation. The main parameters influencing the evaporation rate are air temperature, relative humidity and velocity of air, liquid 
temperature, and the surface area of the evaporating liquid. The cases of evaporation were categorized as a function of the indicated 

parameters under forced convection. For the case with constant gas and liquid parameters, a general Sherwood equation was created using 
the literature results which can be used to estimate the rate of evaporation, the rate of mass transfer. For this, an equivalent characteristic 

length and the ratio of gas and liquid temperature were determined. 
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1. Introduction 

The phenomenon of evaporation also plays a relevant role in 

meteorology and technical applications. Evaporation of liquids 
cannot be neglected, for example, in the cases of cooling towers, 

reservoirs, swimming pools and spent fuel pools where it is 
essential to know how much liquid needs to be replaced or released 

into the atmosphere as a hazardous substance. During simultaneous 

heat and mass transfer, the evaporation rate is affected by gas and 
liquid parameters. Gas parameters include gas temperature, gas 

velocity, humidity and atmospheric pressure. Parameters that 
characterize the liquid include its type, surface area and 

temperature. 
During evaporation, the gas layer directly above the liquid 

surface is saturated with liquid-vapor by molecular diffusion, which 

diffuses into the bulk gas in the absence of gas movement, creating 
the process of evaporation in natural convection by the buoyancy 

force from the resulting density difference. If gas movement is also 
present, the saturated gas layer is entrained by the gas stream, 

transporting drier gas in place, thus accelerating the rate of 
evaporation which is called evaporation in forced convection. In 

mixed convection, the magnitude of the effects resulting from the 
buoyancy force due to the density difference and the gas velocity is 

comparable, so both must be considered. The publications on the 

phenomenon of evaporation in the literature can be grouped 
according to different aspects: the types of equation giving the 

evaporation rate [1–3], the measurement procedures [4,5] and the 
type and direction of the driving forces [6]. However, it is also 

possible to group evaporation according to physical parameters. By 
processing the publications in the literature, different evaporation 

cases can be distinguished with the knowledge of gas and liquid 
parameters. Figure 1 shows the categories of evaporation at 

atmospheric pressure in forced convection. 

Researchers studying the phenomenon of evaporation are 

divided on the question of whether the rate of evaporation is 
affected by the size of the evaporating surface. If the parameters of 

the gas flowing above the liquid surface can be considered nearly 
constant along the flow direction, the evaporation rate is not 

affected by the size of the liquid surface. However, if the gas 

parameters change significantly along the flow direction, the size of 
the liquid surface also affects the intensity of evaporation. Thus, 

three cases can be distinguished for forced convection according to 
the gas parameters: steady-state, time-varying and along the flow 

direction varying gas conditions. Cases with steady-state gas 
conditions mainly involve laboratory measurements where the 

temperature, humidity and velocity of the flowing gas were kept 
constant [7–14]. Time-varying gas conditions can occur when the 

parameters are not controlled, for example, air velocity, humidity or 

temperature change as a function of time [15–19]. When a larger 
liquid surface evaporates, such as a reservoir or a lake that can 

reach hundreds of square kilometers of evaporating surface [20–24], 
we are already talking about spatially changing gas conditions. 

Among the liquid parameters, the determinant is the liquid 
temperature, so that we can speak about steady-state or time-

varying liquid temperature. The change in liquid temperature can be 
modified by heat removal or heat input during evaporation, where a 

distinction can be made between cases with and without a heat 

source according to the mode of heat transfer.  
After reviewing the literature, it can be said that researchers 

have studied liquid evaporation since the 1800s, and there is still no 
exact correlation that could be used to determine the rate of 

evaporation with high accuracy in a wide range of interpretations. 
The aim of our research is to create a dimensionless 𝑆− 𝑅𝑒 

equation for the evaporation category with a steady-state gas and 

conditions and a steady-state liquid temperature that gives the value 

of evaporation rate on a broader validity range than before. 
 

 
Fig. 1 The categorization of evaporation as a function of gas and liquid parameters under forced convection 
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2. Literature results 

In the category of evaporation at steady-state gas conditions and 
steady-state liquid temperature, the stationary state is assumed. 

Because in the case without a heat source, the surface temperature 
of the liquid cools down to the temperature of the wet-bulb 

temperature at steady-state gas conditions, if the gas velocity 

reaches a sufficiently high value [25]. If the vessel containing liquid 
is supplied with a heat source, a constant heat flow provides a 

constant liquid temperature which leads to a higher temperature 
than the wet-bulb temperature. In this work, we dealt with these 

categories of evaporation and the processing of publications that fall 
into these groups. 

The 𝑆 − 𝑅𝑒 relationship describing the phenomenon was 

established based on the measurement results found in the literature. 
Among the publications dealing with evaporation, only those were 

categorized in which evaporation from a liquid container with an 

open liquid surface into the gaseous medium took place, and only 
measurement results determined during actual experiments were 

reported; no simulation results were used. In these publications, the 
correlations describing evaporation were mainly established 

empirically by researchers using regression analysis. These 
equations depend primarily on the measuring equipment and the 

measurement technic that were available during the measurement. 

This is one of the reasons for the many correlations that can be 
found in the literature. In addition, correlations can only be applied 

in the circumstances and conditions in which they were established. 
In many cases, the publications do not describe the validity 

ranges of the equations or the data on the measuring device at all or 
with little information. One of the main shortcomings in 

publications is the inadequate communication of the measured 
values or the validity range, or the complete absence of such 

reporting. This causes the results published in papers to be 

questioned and/or makes reproducibility impossible.  
Thus, during the processing of publications, we used only the 

measurement results of the articles that reported them in sufficient 
detail. This means that the article had to include data on gas 

temperature  𝑡𝐺 , gas velocity  𝑣𝐺 , gas humidity  𝜑𝐺 , liquid 

temperature  𝑡𝑓 , evaporating surface size  𝐴  and evaporations 

rate  𝑁  or the values of other parameters from which they can be 

determined, such as the partial vapor pressure. Table 1 lists the 
publications for the first two categories that include sufficient 

ranges and values for the measurement conditions to the 
applications. The first category applies to the case of forced 

convection, steady-state gas conditions, steady-state liquid 
temperature and without a heat source; the second category is the 

same as the first, but only for the case with a heat source. 

Table 1. Publications for the first and second evaporation categories with 

appropriate data for application 

Authors Year 
Evap. 
Categ. 

[7] Lurie and Michailoff 1936 

1. [9] Braun and Caplan 1992 

[10] İnan and Atayilmaz 2017 

[11] Yen and Landvatter 1970 

2. 
[26] Sartori 1988 

[12] Pauken 1998 

[14] Raimundo et al 2014 

3. Evaluation method 

The 𝑆 − 𝑅𝑒 equations commonly found in the literature 

include mainly gas properties with only a tiny amount of liquid 

properties. Therefore, it is necessary to introduce dimensionless 
members that also consider the temperature driving force, thus 

displaying the liquid's surface temperature.  
When performing dimensional analysis, in addition to the 𝑅𝑒 

and 𝑆𝑐 numbers, the Sherwood equation includes a correction term 

 
𝑇𝐺

𝑇𝑓
 . That is taking into account the value of the gas and liquid 

temperatures, which is already an accepted term for heat transfer. 

Thus, the relationship describing the phenomenon of evaporation is 
as follows: 

𝑆 = 𝐴𝑅𝑒𝐵𝑆𝑐𝐶  
𝑇𝐺
𝑇𝑓
 

𝐷

. # 1  

In order to determine this correlation for the two categories 

examined, the literature publications listed in Table 1 were used as a 
basis. Most of the dimensionless numbers in Eq. (1) include the size 

of the characteristic length for the process, which in the case of 
evaporation is the characteristic length of the evaporating surface. 

For the evaporation research in each publication, the dimensions 

and geometries of the vessel that containing the evaporating liquid 
were different, so the question arises as to whether their comparison 

is possible on the 𝑆 − 𝑅𝑒 diagram. Namely, among the literature 

results that have been processed, the evaporation of vessels filled 
with liquids of different sizes and shapes has been studied, so 

interpreting the characteristic size in the created Sherwood equation 
would become questionable. To avoid this problem and to make the 

results comparable, it is necessary to introduce an equivalent 
characteristic length  𝐿𝑒 . In fluid mechanics [27], the concept of 

hydraulic, or equivalent diameter, has been introduced to determine 

the friction loss of non-circular pipes. In determining the equivalent 

diameter, the average wall shear stress and the friction loss are the 
same. In the case of the evaporation phenomenon, the evaporating 

surfaces were taken as the same. In the case of a square evaporating 
surface, the flowing gas must have the same path length everywhere 

above the liquid surface regardless of the gas flow direction. 
Namely, the evaporation rate is independent of the plane of the 

evaporating surface in which the test takes place. Therefore, in the 
Sherwood equation for evaporation, the characteristic size was 

taken as an equivalent characteristic length for a non-square liquid 

surface. Thus, the equivalent characteristic length gives the side 
length of a square whose evaporating liquid surface is equal to the 

non-square surface of the same size.  
However, after determining the characteristic length, only data 

series with forced convection were used. Many publications did not 
distinguish between mixed and forced convection ranges, so data 

series had to be separated according to the nature of the convection. 
For this, the Richardson number can be used, which expresses the 

ratio of the buoyancy term to the flow shear term, i.e., the quotient 

of the Grashof number for the mass transfer and the squared of the 
Reynolds number: 

𝑅𝑖 =
𝐺𝑟

𝑅𝑒2  , # 2  

where dimensionless quantities can be interpreted as follows: 

𝐺𝑟 =  𝜌𝐺,𝐺−𝜌𝐺,𝑓 
𝜌 𝐺𝐿𝑒

3𝑔

𝜇 𝐺
2  , # 3  

𝑅𝑒 =
𝑣𝐺𝐿𝑒
𝜈 𝐺

 . # 4  

If the 𝑹𝒊 < 0.1 it can be called forced convection, if the 

𝟎.𝟏 ≤ 𝑹𝒊 ≤ 𝟏𝟎, it can be named mixed convection and if 𝟏𝟎 < 𝑅𝑖 
then it can be talked about natural convection. These limits are used 

to differentiate the effects of heat transfer, so this was also applied 
to the case of mass transfer. Data that fell into the mixed convection 

category were not used in the subsequent steps. 
For data sets that fell into the category of forced convection, the 

𝑅𝑒 number can be determined using Eq. (4). The 𝑆𝑐 number defined 

as the ratio of momentum diffusivity and mass diffusivity, and is 
used to characterize fluid flows in which there are simultaneous 

momentum and mass diffusion convection processes:  

𝑆𝑐 =
𝜈 𝐺
𝐷 𝐺

 . # 5  

After determining the 𝑆𝑐 number, the calculation of the 

temperature correction term follows, and finally the 𝑆 number 

which expresses the ratio of the transfer and conduction component 
currents: 

𝑆 =
𝑘𝑐𝐿𝑒
𝐷 𝐺

 , # 6  
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Table 2. Literature data for evaporation measurements at steady-state gas conditions, steady-state liquid temperature in forced convection 

Authors Year 
tf vG tG φG pv,f pv,G ∆pv A 

Shape 
Data Evap. 

Categ. [°C] [m/s] [°C] [1] [kPa] [kPa] [kPa] [m2] [1] 

[7] 
Lurie and 
Michailoff 

1936 25–70 3.5–8.5 40–200 0.002–0.29 N.D. N.D. N.D. 0.0314 circle 
28 

1. 
[9] 

Braun and 
Caplan 

1992 7–23 2.5; 5.1 7–38 N.D. 1–2.9 0.6–1.2 N.D. 0.02 square 
6 

[11] 
Yen and  

Landvatter 
1970 1–30 0.2–1.65 -14–41 N.D. 0.63–4.3 0.08–2.8 N.D. 0.015 rectangle 

36 
2. 

[26] Sartori 1988 10–35 2.5–5 6–33 0.45; 0.85 N.D. N.D. N.D. 1 N.D. 48 

*N.D. means ’No data’. 

where the mass transfer coefficient is equal to the mass transfer 
coefficient as interpreted by the molar concentrations. In the case of 

evaporation, unimolar diffusion occurs in a two-component system 

where only one component diffuses through the other, non-
diffusible inert component. The role of the diffusing component is 

liquid-vapor while the inert component is gas, mostly air. At 
unimolar diffusion, if the concentration is given by molar 

concentration, the molar current density is as follows: 

𝑁𝑐 = 𝑘𝑐  𝑐𝑣,𝑓 − 𝑐𝑣,𝐺 . # 7  

Molar concentrations can be given using the ideal gas law, i.e., 

the partial pressure of liquid vapor, the universal gas constant and 
the gas temperature at a given point. Since Eq. (7) has a molar 

current density while most publications have a mass current density, 
the molar mass creates a relationship between the two. Thus, the 

mass transfer coefficient can be determined by the following 

equation: 

𝑁 = 1000𝑘𝐶𝑀𝐿  
𝑝𝑣,𝑓

𝑅𝑇𝑓
−
𝑝𝑣,𝐺

𝑅𝑇𝐺
 . # 8  

For the material properties used in the calculation, the second 

character of the subscript, if any, indicates the temperature at which 
the parameter should be calculated. In contrast, the average values 

of material properties indicate the average values calculated for the 
liquid surface and bulk gas temperature.  

4. Discussion and results 

Literature data were used to establish the 𝑆 − 𝑅𝑒 relationship 

for evaporation of liquids, from which the 𝑅𝑖 number was used to 

determine the data series that fell into categories 1 and 2 of forced 
convection during evaporation. Table 2 shows the final range of the 

data series for the publications from Table 1 for evaporation in 
forced convection. In addition, it also indicates how many data sets 

from a given publication can be used for evaluation. The data series 
describes the evaporation of water into the air, so the evaporation of 

other volatile liquids was not the research subject. 
After calculating the required dimensionless numbers, the built-

in Solver program of Microsoft Excel was used to determine the 

coefficients and exponents in the Sherwood equation. The aim of 
the solution was to minimize the sum of the squared deviation 

between the calculated 𝑆 number from the existing data and the 

determined 𝑆 − 𝑅𝑒 equation. An evolutionary calculation method 

was used for this solution which using a genetic algorithm. 
Figure 2 shows the Sherwood equation generated by the 

software for the two evaporation categories, and in Table 3 can be 
seen the correlations themselves and the validity ranges for each 

parameter. Figure 2/a shows the case without a heat source where a 
curve is fitted to the measurement data of the two mentioned 

publications. The absolute value of the largest relative error 

between the measured and the calculated 𝑆 number from the 

established correlation was 54%, the average value for the 
measurement results was 16.3%. Figure 2/b shows the results of the 

calculation performed for the case of evaporation with a heat 
source, for which two publications, a total of 84 measurement data 

sets, were used. The absolute value of the largest relative error was 
52% between the measured and calculated 𝑆 number, while the 

average value was 7.3%. In this case, the measurement points cover 

an extensive 𝑅𝑒 number range, up to 1,300 to 351,500. However, 

there is a larger section in the range where there are no 
measurement results, between 20,000 and 200,000. Thus, at this 

stage, the results obtained using the established correlation are 

uncertain in this range; more measurement results would be needed 
to confirm the correctness of the correlation. Table 3 lists the 

validity ranges for each parameter, including 𝑅𝑒 number, 

temperature, humidity and velocity of air, water vapor partial 
pressure in air, liquid temperature and evaporating surface area.  

5. Conclusion 

The phenomenon of evaporation has occupied researchers since 

the 1800s, and numerous publications and research have appeared 

on the subject. Publications on the evaporation of open-surface 
liquids have been collected from the literature. It was found that the 

evaporation process is influenced by gas and liquid parameters: gas 
temperature, humidity and velocity of gas, temperature and type of 

liquid and the size of the liquid surface. According to these 
parameters, the evaporation process was categorized, so it can be 

distinguished evaporation under natural, mixed and forced 
convection according to the nature of the gas flow. In the course of 

our work, we dealt with the latter category, where within the 

category of evaporation in forced convection, it can be spoken the 
case of steady-state, time-varying or along flow direction varying 

gas condition. According to the liquid parameters, it can be 
distinguished steady-state and time-varying liquid temperature, 

including liquid without or with a heat source.  
For the first two categories of forced convection, publications 

dealt with evaporation were collected and then the articles that 
published the measurement results with adequate data were 

selected. 

 

 
Fig. 2 The Sh number in the function of Re number a) for the first category b) for the second category 
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Table 3. Equations for evaporation rate at steady-state gas conditions, steady-state liquid temperature in forced convection 

Evap. 
Categ. 

Equation 
Re tf vG tG φG pv,f pv,G ∆pv A 

[1] [°C] [m/s] [°C] [1] [kPa] [kPa] [kPa] [m2] 

1. 𝑆 = 0.68𝑅𝑒0.55𝑆𝑐0.33  
𝑇𝐺
𝑇𝑓
 

−0.25

 20 200–76 000 7–70 2.5–8.5 7–200 0.002–0.78 1–30.5 0.6–22.3 0.3–10.4 0.02–0.03 

2. 𝑆 = 0.87𝑅𝑒0.49𝑆𝑐0.33  
𝑇𝐺
𝑇𝑓
 

−0.99

 1 300–351 500 1–35 0.2–5 -14–41 0.12-1 0.6–5.6 0.07–4.2 0.3–3.6 0.015–1 

 

From the measurement results, evaporation measurements in forced 
convection were grouped based on the 𝑅𝑖 number. Then a 𝑆− 𝑅𝑒 

equation was created for the first two categories based on the data 

series. In the equation of dimensionless quantities, the equivalent 
characteristic length is introduced, which is the side length of the 

square evaporating liquid surface that equal to the size of the non-

square liquid surface. In addition, a temperature correction term has 
been added to take into account the driving force resulting from the 

temperature difference. The equation created for the first category is 
valid in the range of 20 200 ≤  𝑅𝑒 ≤  76 000, and the absolute 

value of the average relative error is 16.3% for the measured and 

calculated results. The equation created for the second category is 
valid in the range of 1 300 ≤  𝑅𝑒 ≤  351 500, and the absolute 

value of the average relative error is 7.3% for the measured and 

calculated results. 

Nomenclature 

A evaporating surface [m2] 

c molar concentration [mol/m3] 
D diffusion coefficient [m/s] 

g gravitational acceleration [m/s2] 
Gr Grashof number [1] 

kc mass transfer coefficient with molar concentration [m/s] 
Le equivalent characteristic length [m] 

ML molar mass of liquid [g/mol] 
N evaporation rate [kg/m2/s] 

Nc evaporation rate [mol/m2/s] 

p partial pressure [Pa] 
R ideal gas constant [J/mol/K)] 

Re Reynolds number [1] 
Ri Richardson number [1] 

Sh Sherwood number [1] 
Sc Schmidt number [1] 

t temperature [°C] 

T temperature [K] 
v velocity [m/s] 

 
Greek Letters 

ρ density [kg/m3] 
μ dynamic viscosity [Pas] 

ν kinematic viscosity [m2/s] 
φ relative humidity [1] 

 

Subscripts and Superscripts 
f water surface or water surface temperature 

G bulk air or bulk air temperature 
v water vapor 
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