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1 An iterative approach for wet-bulb temperature calculation 
The wet-bulb temperature is an important variable in thermodynamics. However, there exists no simple direct 

mathematical formula for calculating the wet-bulb temperature as a function of the dry-bulb temperature (θdb [°C] or 

Tdb [K]) and the relative humidity (φa [%]) (Knox et al., 2017). (Stull, 2011) developed an empirical equation based on 

gene-expression programming to directly calculate the wet-bulb temperature (θwb [°C] or Twb [K]) from the dry-bulb 

temperature ([-20, 50] °C) and relative humidity ([0, 100] %). However, in this range, the mean absolute error for the 

wet-bulb temperature, in comparison to the values reported in the psychrometric chart, was reported as 0.28 °C, with 

errors in some predictions as high as ± 0.65 °C.  

This error is relatively large when considering temperature differences, such as the wet-bulb depression, i.e., ΔTev = 

Tdb−Twb, which is typically a few degrees Celcius. This depression is the maximum drop in temperature that can be 

achieved due to evaporative cooling. The wet-bulb depression can be quite small, especially for regions with a high 

dry-bulb temperature and low relative humidity, which is the typical climate in hot and dry deserts. To minimize this 

error in predicting wet-bulb temperature, we used an iterative approach to calculate the wet-bulb temperature using 

the dry-bulb temperature and the relative humidity of the air. First, we define moist air properties below and derive 

the wet-bulb temperature in the next section. 

Moist air properties 

Moist air (subscript a) is considered to be a mixture of two ideal gasses, namely dry air (subscript d) and water vapor 

(subscript v). The ideal gas law can be defined for each of these mixture components: 
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Here pd and pv are partial pressures [Pa], i.e., the dry air and water vapor pressure, Rd and Rv are specific gas constants 

[J kg-1K-1], ρd and ρv are densities [kg m-3], md and mv are masses [kg], and xd and xv are mass fractions of dry air and 

water vapor [kg kg-1], respectively. Va is the volume of the mixture (moist air) [m3], ρa is the mixture density [kg m-3], 

and T is the temperature of the mixture [K], since thermal equilibrium between all mixture components is assumed, 

by which Td = Tv = Ta = T. The mass fractions define as and related by: 
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The density of the mixture (ρa [kga ma-3]) is thereby related to the density of its components dry air (ρd [kgd ma-3]) and 

water vapor (ρv [kgv ma-3]) by:  
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Here, ρv is also called absolute humidity. The following relations connect the three gasses: 

1

a d v

d vx x

  = +

+ =
(4)



Preprint 

3 

The specific gas constants Rd (287.044 J kg-1K-1) and Rv (461.524 J kg-1K-1) are determined from the universal gas 

constant R (8.31451 J mol-1K-1), and the molecular masses Md and Mv of dry air (28.966 g mol-1) and water vapor 

(18.01534 g mol-1) by: 
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Dalton's law states that the total pressure of a mixture (pa), in this case, moist air, is the sum of the partial pressures 

of the components: 

a d vp p p= + (6) 

If we combine these equations, the total pressure can also be written as: 
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Here Ma is the molecular mass of the mixture. The air density is around 1.2 kg m-3, and the air pressure equals the 

atmospheric pressure (Patm), which is taken equal to 101 325 Pa. At low wind speeds (< ± 110 m s-1), i.e., at Mach 

numbers below 0.3, the air is usually assumed to be incompressible. This means that pressure variations are 

sufficiently small to have no significant effect on the density. However, the influence of (small) variations in 

temperature and vapor concentration on the (moist) air density is still accounted for using the ideal gas law. 

The vapor fraction or specific humidity [kgv kga-1] is often rewritten as a direct function of the vapor pressure: 
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Here ε is the ratio of molecular weights of water vapor and dry air (0.622 kgv kgd-1). Note that often the specific 

humidity (xv' [kgv kgd-1]) is defined in units of dry air (Appropedia, 2021). This is a reasonable approximation since: 
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Other derived parameters are relative humidity φ [%] and saturated vapor pressure pv,sat [Pa]. The saturated vapor 

can be calculated using many different empirical equations with very similar results (Allen et al., 1998; Defraeye and 

Radu, 2017): 
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Wet-bulb temperature 

The wet-bulb temperature is the temperature that a parcel of air would have if it is adiabatically cooled to saturation 

by evaporation of water, assuming all latent heat is supplied by the air parcel and at constant pressure. If we apply 

the first law of the thermodynamics to an air parcel comprising 1 kg dry air and xv' kg of water vapor (so specific 

humidity is xv' [kgv kgd-1]) and experience the above process, we arrive at the equation: 
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where Lvref is the latent heat of vaporization [J kgl-1], xv,db' is the specific humidity of the air parcel corresponding to 

the dry bulb temperature [kgv kgd-1], xv,sat,wb' is the saturated specific humidity at the wet-bulb temperature [kgv kgd-

1], cp,a is the isobaric specific heat capacity of the moist air [J kg-1 K-1]. The specific heat capacity of the moist air can 

be expressed as the sum of the contributions of the specific heat capacity of dry air (cp,d) and water vapor (cp,v) as: 
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If we integrate Eq.(14) and replace the term using Eq.(15), and represent the difference between dry-bulb and wet-

bulb temperature as wet-bulb depression (ΔTev), we get: 
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Since the specific humidity xv' is normally <<1 (lying between 0 and 0.03 kgv kgd-1 in the psychrometric chart), we can 

assume that the term (cp,d+cp,v∙xv')≈ cp,d, so the wet-bulb depression takes the form: 
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Additionally, if we replace xv,sat,wb' and xv,db' by the approximation in Eq.(9), we get: 
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Here γ is is the psychrometric constant ((cp,d/(ε.Lvref)) ≈ 0.65 x 10-3 K-1) (Simões-Moreira, 1999). This parameter can be 

assumed to be constant as long the assumption xv' <<1 is valid. 

If we now rearrange Eq.(18) and consider the psychrometric constant, we obtain Eq.(19): 
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We solve this equation iteratively to obtain the wet-bulb temperature so that the error in the predicted wet-bulb 

temperature satisfying this equation is < 0.001 K. The procedure is depicted graphically in Figure 1. We used Eq.(12) 

to compute the vapor pressure (Pa) as a function of temperature (in °C). With this approach, the relative deviation for 

wet-bulb temperature was within ±0.4% in comparison to the values measured using a psychrometer when θwb < 30 

°C (Simões-Moreira, 1999). 

The initial guess for the wet-bulb temperature (θwb,guess_0, °C) was derived as an approximation from the dew point 

temperature (θdew,°C) and the dry-bulb temperature (θdb, °C) (Knox et al., 2017). This was merely used as an 

approximation to obtain the initial guess for the wet-bulb temperature to reduce computational time, as it is quite 

widely acknowledged that the wet-bulb temperature lies somewhere between the dew-point temperature and the dry-

bulb temperature (Knox et al., 2017). 
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ΔS is the slope of saturation vapor pressure at the dew point temperature: 
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The dew point (θdew, °C) was computed from the ambient vapor pressure (pv [Pa]) using Eq.(22). 
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Figure 1. Flow diagram for the iterative solution of wet-bulb temperature from the dry-bulb temperature 

(Tdb, °C) and relative humidity (φa). Patm = atmospheric pressure (Pa); pv = vapor pressure of ambient air 

(Pa); θdb = dry-bulb temperature (in °C); θdew = dew point temperature (in °C); θwb,guess_0 = initial guess for 

wet-bulb temperature (in °C); pv,sat = saturated vapor pressure (Pa). 

2 Kinetic quality models for postharvest life of fruit 
The maximal gain in postharvest life is calculated by comparing the postharvest life when fruit are stored at the dry-

bulb temperature (Tdb) and at the corresponding wet-bulb temperature (Twb), so in an idealized evaporative cooler. We 

do this calculation for any given set of Tdb and φa.  

The respiration-driven quality evolution of fruit is modeled with a first-order kinetic rate law model (n = 1), which 

calculated the overall fruit quality index (I, %) (Tijskens and Polderdijk, 1996).  

n( ) (t)fr

dI
k T I

dt
− =  (23) 

Here, I represents the respiration-driven fruit quality index [%] and kfr is the temperature-dependent rate constant 

[s-1]. In this equation, this temperature corresponds to Tdb for the postharvest life calculation in the absence of 

evaporative cooling and Twb for a case where fruits are subject to evaporative cooling and achieve the maximal 

temperature reduction that is possible. The initial fruit quality at the time of harvest (I0) is assumed to be 100%. In 
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this study, the threshold for loss of fruit quality (Ithr) was set to 10%. We assumed that below this value, fruits are no 

longer marketable. 

The temperature dependence of the rate constant kfr [s-1] was accounted for using the Arrhenius equation. 
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where k0,fr is the pre-exponential reference rate constant [s-1], Ea,fr is the activation energy [J mol-1], and R corresponds 

to the universal gas constant (8.314 J mol-1 K-1). The values of k0,f, and Ea,fr were determined based on the optimal 

storage conditions and the coefficient Q10 for every fruit (Defraeye et al., 2019; Shoji et al., 2022). The Q10,fr value for 

a fruit corresponds to the ratio between the rate constants of degradation reaction in the food at different 

temperatures. Q10 typically lies between 2 and 3 for most fresh produce (Robertson, 2016). 
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The optimal storage conditions, values of Q10,fr, and the parameters of the kinetic quality models are detailed in Table 

1. The postharvest life (PLfr [days]) at any given temperature T, starting from fruit at a quality index Iini, is determined

as from the kinetic quality model. Here we age the fruit in the model virtually at a constant temperature, starting

from Iini until it reaches the threshold quality index Ithr.
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Note that the initial quality index Iini for this calculation can be the initial fruit quality at the time of harvest (I0) but 

also any intermediate quality in the supply chain from which the remaining postharvest life is calculated. If the 

postharvest life is calculated at shelf-life conditions, it is the remaining shelf life.   

The maximal gain in postharvest life due to evaporative cooling is computed as the difference in postharvest life when 

fruit are stored at (constant) wet-bulb temperature versus at (constant) dry-bulb temperature. Therefore, it 

corresponds to the additional days gained by storing the fruit in the evaporative cooler at wet-bulb temperature 

conditions, as opposed to storing fruit in shaded ambient dry-bulb temperature conditions. This gain in postharvest 

life is based on the maximal possible reduction in temperature due to evaporative cooling.  

( , ) ( )fr fr wb db a fr dbPL PL T T PL T = − (27) 

This calculation does not account for the increase in postharvest life due to the reduced moisture loss as a consequence 

of the increased relative humidity in the evaporative cooler. ∆PLfr is the maximal gain in postharvest life that is 

achieved under ideal conditions. However, in reality, ∆PLfr might be lower as the wet-bulb temperature is not exactly 

reached by evaporative cooling. 

In some regions in the world, Tdb or Twb are lower than the optimal temperature to store produce. For example, in the 

case of banana fruit, the optimal storage temperature is about 14°C (Camelo, 2004). In case Tdb or Twb are lower than 

the optimal storage temperature of the fruit, we replaced these temperatures for the calculations with the optimal 

temperature to store that produce. We thus assume that the optimal storage conditions can be implemented on-site. 

Thus, for bananas, a dry-bulb or wet-bulb temperature lower than 14 °C is replaced by 14 °C. If both temperatures 

are lower, they are set at the same value. As a result, no gain in shelf life will be achieved when placing the fruit in 

the evaporative cooler. This thresholding is done to avoid predicting a postharvest life that is longer than that under 

the optimal conditions. For some fresh produce, temperatures much lower than the optimal temperature can be 

detrimental to fruit quality, for example, by causing chilling injury to the fruit.
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Table 1. Optimal storage conditions and parameters for the kinetic quality models employed for 

calculating the gain in postharvest life due to evaporative cooling for apple, banana, mango, and tomato. 

Fruit Optimal 

storage 

temperature 

[°C] 

Postharvest 

life at  optimal 

temperature 

[d] 

Q10

value 

[-] 

Activation 

energy 

[kJ mol-1] 

Pre-exponential 

rate constant  

[s-1] 

Reference 

Apple 1.5 115.0 3 70.66 6.386 x 106 (Cantwell, 2001; 

Eissa et al., 2017) 

Banana 14.0 17.5 2 44.58 1.965 x 102 (Cantwell, 2001; 

Kole and Prasad, 

1994) 

Mango 13.0 17.5 3 70.66 1.210 x 107 (Cantwell, 2001; 

Defraeye et al., 

2019) 

Tomato 9.0 9.0 2 44.58 5.320 x 102 (Cantwell, 2001) 

3 GIS maps of India and the rest of the world 

GIS and climate data 

We describe how we obtained GIS maps of the maximal gain in postharvest life that can be achieved by evaporative 

cooling. We illustrate the workflow for India and later compose the map for the entire world. First, we obtained the 

climate data from the ERA5 database. ERA5 is the fifth generation of reanalysis climate datasets by the Copernicus 

Climate Change Service (C3S) at the European Centre for Medium-Range Weather Forecasts (ECMWF) (ECMWF, 

2022; Hersbach et al., 2022). Such reanalysis datasets synthesize past-short range weather forecasts and observations 

to minimize errors (ECMWF, 2022). Reanalysis climate data are widely investigated and used in climate studies from 

regional to global scales (Hersbach et al., 2020; Hu and Mallorquí, 2019; Naseef and Kumar, 2020; Renfrew et al., 

2021; Rodríguez and Bech, 2021; Urraca et al., 2018). ERA5 provides monthly data from 1950 to the present on various 

climate parameters, such as air temperature and dew-point temperature (Hersbach et al., 2022, 2020). In this study, 

we used the year 2020 monthly data from the 'ERA5 monthly averaged data on single levels from 1979 to present', 

which was downloaded as NetCDF format. The spatial resolution of the data is approximately 30 km (0.25 º latitude 

and 0.25 º longitude). We used the monthly dry-bulb temperature (Tdb [K]) and the dew-point temperature (Tdew [K]) 

in 2020, where these values were directly available from the ERA5 database. These values are measured at 2 m above 

the surface land, sea, or inland waters (Hersbach et al., 2020). Out of these data, the relative humidity was calculated 

as follows (Alduchov and Eskridge, 1996): 
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30.11 30.11
0.01

dew db

dew db

T T

T T
e

 − −
−  − − =  (28) 

The downloaded ERA5 data were processed in R (version 4.1.0) (R Core Team, 2020). The entire workflow is depicted 

in Figure 2. The region of interest (ROI) was cropped. The region outside the ROI was masked out (from a to b in 

Figure 2). Shapefiles consist of state-level boundaries for India and country-level boundaries for the world. These data 

were obtained from open-source datasets (Eurostat, 2020; Hijmans, 2022).  

Wet-bulb temperature and temperature depression calculation 

The wet-bulb temperature and the maximal temperature depression due to evaporative cooling (c to d in Figure 2) at 

every single location were calculated as specified in section 1. Since we had the dry-bulb temperature and relative 

humidity at approximately 30 km resolution, the wet-bulb temperature is also available at this spatial resolution. 



Preprint 

8 

Figure 2. Workflow to obtain the maximal temperature depression by evaporative cooling. The data for 

May 2020 are used with India as an example: (a) downloaded ERA reanalysis data of dry-bulb and dew-

point temperature in °C, together with India state boundaries; (b) ERA5 temperature data, filtered only 

for India; (c) relative humidity (%), calculated from the temperature, and wet-bulb temperature (°C) for 

India; (d) derived maximal temperature depression (°C) in India. Note that dry-bulb and dew-point 

temperatures below -35 °C are shown in grey in (a).  

The gain in postharvest life 

The maximal gain in postharvest life that can be obtained by evaporative cooling is calculated. This is done by 

calculating the postharvest life for storage under ambient (dry-bulb temperature) conditions and calculating the 

postharvest life when the fresh foods are stored at wet-bulb temperature, so in an idealized evaporative cooler. Both 

postharvest life calculations are done as detailed for each data point, namely each 30 x 30 km region in India. The 

workflow to determine this postharvest life gain is shown in Figure 3. 

Figure 3. Workflow to obtain the maximal gain in postharvest life evaporative cooling for banana fruit. 

The data for May 2020 are used in India as an example: (a) dry-bulb temperature, relative humidity and 

(a) Dry-bulb temperature (°C)

(b) Wet-bulb temperature (°C)

(c) Postharvest life when stored at
dry-bulb temperature (days)

(d) Postharvest life when stored
at wet-bulb temperature (days)

(e) Postharvest life difference between storage in
ambient conditions (dry-bulb temperature) and in an 

evaporative cooler (wet-bulb temperature) (days)

0    10    20    30    36.6 4    8    12     16  16.4 0    2    4    6     6.5
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resulting wet-bulb temperature; (b) postharvest life at ambient conditions and in an evaporative cooler; 

(c) postharvest life gain throughout India.

Open access map 

We made the data on the temperature depression available online in an open-access map ((Empa, 2022),  

https://empasimbiosys.github.io/evapo_cooling_map/). The maps are created in R markdown and converted to HTML. 

These HTML files are in the repository (https://github.com/EmpaSimBioSys/evapo_cooling_map). Some maps have 

interactive features, such as allowing users to zoom in on the area of interest in the world. The visitors of this map 

can also compare the difference between the seasons. Such open access map widens the accessibility to the knowledge 

of evaporative cooling, and it can be updated to include more datasets and features. We plan to advance the maps to 

meet the needs of users.  

Figure 4. Screenshot of the open-access map. 

https://empasimbiosys.github.io/evapo_cooling_map/
https://github.com/EmpaSimBioSys/evapo_cooling_map
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4 Theory evaporative cooling 

Psychrometrics of evaporative cooling 

Evaporative cooling implies that cooling is induced by evaporation, so by the conversion of liquid water to water vapor. 

Energy is required for the phase change to evaporate water, namely the latent heat of vaporization. This energy is 

extracted from the air in the form of sensible heat. This heat extraction lowers the temperature of the air. Idealized 

evaporative cooling is thereby just an energy conversion of sensible heat into latent heat in the air: the sensible heat 

of the air is lowered as the temperature is reduced, and the latent heat stored in the air increases as more water vapor 

is present in the air. The enthalpy of the air remains constant, so it is an isenthalpic process.  

The wet-bulb temperature is reached for an ideal isenthalpic evaporative cooling process (point B in Figure 4). A 

maximal conversion of sensible heat into latent heat is reached, thus maximizing the temperature depression. This 

ideal process implies steady-state conditions, so no heat storage terms, and purely convective heat transfer, so no 

long-wave radiation or other heat sources. In reality, the process is never fully isenthalpic due to existing other heat 

sources. As such, the wet-bulb temperature is not exactly reached. The wet-bulb temperature can be determined from 

psychometric charts or corresponding analytical calculations (Stull, 2011). An iterative calculation to determine the 

wet-bulb temperature is given in section 1. 

The psychrometrics of such an isenthalpic evaporative cooling process can be visualized on a psychrometric chart 

(Figure 5). First, we identify the initial hygrothermal conditions, namely the dry-bulb temperature and humidity of 

the environment. These are the air conditions entering the cooler (Tdb,in, φin). Then we move along the constant-

enthalpy line to the final humidity that the air will reach. These isenthalpic lines are parallel to the wet-bulb 

temperature lines. If the air reaches 100% humidity, the wet-bulb temperature is reached (point B in Figure 5). In 

reality, the humidity of the air does not reach 100%, which lowers the efficiency of the evaporative cooling process 

(point C in Figure 5).  

The efficiency of the evaporative cooling process (εec) is defined as the extent to which the dry-bulb temperature of the 

air leaving the cooler (Tdb,out [K]) or cooling pad matches the wet-bulb temperature of the approach flow (Twb,in [K]) 

(ASHRAE, 2015, 2012; Doğramacı and Aydın, 2020): 

, ,

, ,

db in db out

ec

db in wb in

T T

T T


−
=

−
(29) 

Here Tdb,in is the dry-bulb temperature of the approach flow [K]. Typical efficiencies for evaporative coolers are 

between 50-95%. 

The sections below define and analyze simplified heat and mass balances for evaporative coolers to quantify the 

relevant parameters that influence the cooling process and the cooling efficiency. More detailed numerical models for 

evaporative cooling have been set up (Appropedia, 2021; Rehman et al., 2020). 
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Figure 5. Psychrometric chart with an indication of the evaporative cooling process (adapted from (Ogawa, 

2021)). We depict cooling down to the wet-bulb temperature and 100% relative humidity (Point B) and 

imperfect cooling to a lower humidity (point C) and a higher temperature. 

Types of evaporative coolers 

Two types of evaporative coolers are described below: (1) a flow-over or evaporative contact cooler, where evaporation 

occurs at the surface of the cooler; (2) a flow-through evaporative cooler, where evaporation occurs within the cooling 

pad, as air flows through it. 

4.2.1.1 Flow-over or evaporative contact cooling – evaporation from a surface 

Evaporative cooling can be achieved by placing the evaporative cooling medium on top of the product that needs to be 

cooled, such as a fruit box, or wrapping it around the product (Figure 6a). The air flowing over the evaporative cooler 

cools the cooler's material, which, mainly by conduction, cools the product underneath. When the evaporative cooling 

process is perfect, the approach flow air gets fully saturated (RHout = φout = 100%) and reaches the wet-bulb 

temperature. This occurs, for example, in a channel if the evaporative medium is sufficiently long. Under less ideal 

conditions, the relative humidity at the outlet will be lower, and the temperature will be higher. Suppose we assume 

a contact evaporative cooler in steady-state equilibrium conditions. Here we can assume that the temperature of the 

product to be cooled equals that of the air exiting the evaporative cooler due to the contact cooling. Ideally, this 

temperature is the wet-bulb temperature then.  

Also, non-equilibrium conditions occur in practice, for example, when a new box with warm fruit is placed below the 

evaporative cooler material. In that case, the evaporative cooling material will cool down due to evaporation and 

conductively remove heat from the fruit to be cooled. The conductive heat transfer at the product-material interface 

Point A
Tdb,in

RH = φin

Point B
Twb,in

RH = 100%

Point C
Tdb,out

RH < 100%
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is dependent on the temperature gradient at the surface, the conductivity of both materials, and the contact area 

between the cooler and the product. Note that, in reality, some air can flow inside the evaporative material 

convectively. In addition, natural convective heat exchange also contributes to cooling to some extent. The reason is 

that both the evaporative cooling material and the box of fruit have a high macroporosity. 

Figure 6. Schematic drawing of a flow-over or evaporative contact cooler and a flow-through cooler. 

4.2.1.2 Flow-through evaporative cooling – evaporation through a transfer medium 

Evaporative cooling can also be achieved in another way. We can place the evaporative cooling medium or the cooling 

pad upstream of the material that needs to be cooled, such as a box of fruit (Figure 6b). The air flowing through the 

evaporative cooler cools the air. This principle is often used with cooling pads. This cold air is then transferred over 

the product. This air cools the product by convection, not conduction. When the evaporative cooling process is perfect, 

the approach flow air gets fully saturated (φout = 100%) and reaches the wet-bulb temperature. This occurs, for 

example, when the cooling pad is sufficiently thick and the airflow rate is not too high. Under less ideal conditions, 

the relative humidity exiting the cooler will be lower, and the temperature will be higher than the lower limit, namely 

the wet-bulb temperature. In steady-state equilibrium conditions, the temperature of the product to be cooled equals 

that of the air exiting the evaporative cooler. Ideally, this temperature is the wet-bulb temperature then. 

Also, non-equilibrium conditions occur in practice, for example, when a new box with warm fruit is placed downstream 

of the flow-through cooler. In that case, the evaporative cooling material will cool down the air due to evaporation, 

and this cold air will subsequently convectively remove heat from the fruit to be cooled. The convective heat transfer 

at the product-material interface (Qc) is dependent on the temperature difference between the cold air and the product 

surface, the convective heat transfer coefficient (CHTC), and the contact area between the cold air and the product, 

so the surface area of the product As,fr.  
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( ) ,c s out s frQ CHTC T T A= − (30) 

Mass balance for water vapor in an evaporative cooler 

We write the mass balance for water vapor for the convective exchange during evaporative cooling. The system for 

which we compose the balance is the moist air in a zone around the evaporative cooling material (Figure 7). Liquid 

water is not included. Instead, evaporation of liquid water into vapor is considered a source term in the vapor balance. 

This balance holds for both flow-through cooling pads and flow-over contact coolers for the specific system 

(subdomain): 

, , ,

, , ,

0

0

v in v out v evap

v in a v out a v evap

G G G

x G x G G

− + =

− + =
(31) 

Here, the mass flow rate of moist air (Ga [kga s-1]), volumetric mass flow rate (
aV [ma3 s-1]) and water vapor flow rate

(Gv [kgv s-1]) are related as follows: 

v v a v a aG x G x V= = (32) 

Note that the mass and density of moist air can be approximated equal to that of dry air, so ma ≈ md and ρa ≈ ρd, by 

which Ga ≈ Gd. This assumption simplifies further equations since the moist air density ρa can now be approximated 

by ρd. This density is independent of the moisture concentration and can be taken as constant or just a function of 

temperature. 
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Figure 7. Water vapor mass balance for two types of evaporative coolers: (a) contact cooler; (b) flow-

through cooler. 

This vapor balance can be rewritten to the evaporation mass flow Gv,evap: 

( ), , ,v evap v out v in aG x x G= − (33) 

This amount of water that evaporates can be quantified in two ways: (1) by measuring the difference in water vapor 

fraction between in and outlet; (2) by estimating it from the convective mass exchange at the surface of the evaporative 

cooling material. The latter can be done in a simplified way by assuming that no internal resistance to liquid or vapor 

transport is present inside the material, so assuming the material is in the constant drying rate period:  

( ), , ,v evap v s v in sG CMTC p p A= − (34) 

The CMTC is the average convective mass transfer coefficient at the air-material interface within the cooling pad or 

material [s m-1], As is the surface area for mass exchange [m2], pv,s is the vapor pressure at the surface [Pa], and pv,in 

is the vapor pressure at the inlet of the evaporative cooler [Pa].  

The mass balance can now be rewritten by interchanging the expression for the evaporative mass exchange at the 

surface. 
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( ) ( ), , , , 0, , ,v out v in a v s v in s bulk cc ecx x G U CMTC U p p A D D− = − (35) 

Here the angle brackets indicate here the main dependencies to other parameters, such as airspeed (U [m s-1]), the 

bulk porosity of the charcoal pieces (ϕ0,bulk), and size of the charcoal pieces (Dcc), and the thickness of the cooler wall 

(Dec). 

For idealized evaporative cooling, the temperature at the surface equals the wet-bulb temperature, and the surface of 

the material is wet so at 100% relative humidity [Pa]. This implies that: 

( ) ( ), , , ,v s v sat s v sat wb db ap p T p T T = = (36) 

As the vapor pressure at the surface equals the saturated vapor pressure pv,sat at the material surface temperature Ts 

[K]. We can rewrite the equation then as: 

( ) ( )( ), , , , 0,, , ,v out v in a v sat wb db a v in s bulk cc ecx x G U CMTC U p T T p A D D − = − (37) 

Heat balance for an evaporative cooler 

We write the simplified heat balance for the convective exchange of sensible into latent heat during evaporative 

cooling (Figure 8). The system for which we compose the balance is a zone including the air and the evaporative cooling 

material. In this system, we assume steady-state conditions and no external heat exchange of the system with the 

environment (e.g., due to conduction). This system is adiabatic. Since only two heat flows enter the system, the 

enthalpy of the inlet versus outlet air remains constant. The energy balance for this isenthalpic system can be written 

as:  

, ,

, ,

0

0

a in a out

a in a a out a

Q Q

h G h G

− =

− =
(38)
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Figure 8. Heat balance for two types of evaporative coolers: (a) contact cooler; (b) flow-through cooler. 

This equation assumes that the airflow flow rate at inlet and outlet of the evaporative cooler is the same (Ga[kga s-1]). 

The enthalpy of moist air ha [J kga-1], a gaseous mixture of dry air and water vapor, is defined as:  

( )

( )

, ,0

, ,0

a d d v v

ref

v p v ref v

d p d ref

h x h x h

h c T T L

h c T T

= +

= − +

= −

(39) 

where Lvref is the heat of vaporization or latent heat at Tref,0 (2.5 MJ kg-1 at Tref,0 = 273.15 K, (Engineering-ToolBox, 

2010)), cp,v is the specific heat capacity (at constant pressure) of water vapor (1880 J kg-1K-1), cp,d specific heat capacity 

(at constant pressure) of dry air (1006.43 J kg-1K-1), xv is the mass fraction of water vapor in the gaseous phase [kgv 

kga-1], xd is the mass fraction of dry air in the gaseous phase [kgd kga-1], hv is the enthalpy of water vapor [J kgv-1], hd 

is the enthalpy of dry air [J kgd-1]. Then the heat balance is written as:  

( ) ( )

( ) ( )( )

( ) ( )( )

, ,

, , , , , , , ,

, , , ,0 , , , ,0

, , , ,0 , , , ,0

0a in a a out a

d in d in v in v in a d out d out v out v out a

ref

d in p d db in ref v in p v db in ref v a

ref

d out p d db out ref v out p v db out ref v a

h G h G

x h x h G x h x h G

x c T T x c T T L G

x c T T x c T T L G

− =

+ = +

 − + − +
 

 = − + − +
 

(40) 

The unknowns in this equation are the mass fraction xv,out, and temperature at the outlet Tdb,out. The mass fractions 

are related by the following relation xd = 1-xv. We can simplify this equation, assuming the sensible enthalpy of water 
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vapor is much smaller than that of dry air. This is realistic since the mass fraction of water vapor is typically much 

smaller (xd >>> xv ≈ 0.005-0.03, Figure 5, so xd ≈ xa = 1). In that case, we get: 

( ) ( )

( ) ( )

( ) ( )

, , , ,0 , , , ,0 ,

, , , ,0 , , , ,0 ,

, , , ,0 , , , ,0

ref

d in p d db in ref v in p v db in ref v in v a

ref

d out p d db out ref v out p v db out ref v out v a

d in p d db in ref v in p v db in ref

x c T T x c T T x L G

x c T T x c T T x L G

x c T T x c T T

 − + − +
 

 = − + − +
 

− + −

( ) ( )

,

, , , ,0 , , , ,0

ref

v in v a

d out p d db out ref v out p v db out ref

x L G

x c T T x c T T

 +
 

= − + − ,

ref

v out v ax L G +
 

(41) 

( ) ( )

( ) ( )

, , ,0 , , , ,0 ,

, , , , , 0

ref ref

p d db in ref a v in v a p d db out ref a v out v a

ref

p d db in db out a v in v out v a

c T T G x L G c T T G x L G

c T T G x x L G

− + = − +

− + − =
(42) 

This equation can be rewritten in terms of the evaporated water at the cooler surface Gv,evap. Thereby, the sensible 

enthalpy difference between inlet and outlet is directly related to the evaporation process at the surface:  

( ) ( ), , , , ,

ref

p d db in db out a v in v out v ac T T G x x L G− = − − (43) 

with ( ) ( ) ( ), , , , , ,

ref ref ref ref

v in v out v a v v out v in a v evap v v s v in sx x L G L x x G L G L CMTC p p A− − = − = = − (44) 

( ) ( ), , , , ,

ref

p d db in db out a v s v in s vc T T G CMTC p p A L− = − (45) 

This equation directly relates the airflow rate Ga to the evaporation process at the surface, so the convective mass 

transfer rate (CMTC) and the surface area for evaporation of the material that holds the water (As). If we also assume 

that the air becomes fully saturated, so the wet-bulb temperature is reached (Tdb,out = Twb,in), we get from Eq.(42)-(45)

: 

( ) ( )

( ) ( )

, , , , , ,

, , , , , ,

, 100% 0

, 100%

ref

p d db in wb in a v in v out wb in a v a

ref

p d db in wb in a v in v out wb in a v a

c T T G x x T L G

c T T G x x T L G





− + − = =

− = − − =
(46) 

( ) ( ),, ,, , , wb in

ref
a v sat v in s vp d db in wb in Tc T T G CMTC p p A L− = − (47) 

Impact on airflow rate on the optimal thickness of the cooler 

4.5.1 Background and goals 

The airflow rate through an evaporative cooler plays a vital role in its efficiency. It determines the amount of water 

that is evaporated from the cooler and the resulting temperature depression. The airflow rate thereby also determines 

the increase in air humidity. In addition to the efficiency of the evaporative cooler εec [-] the airflow rate also 

determines its evaporative cooling capacity Qevap [W]. The efficiency and cooling capacity are calculated by: 

, ,

, ,

db in db out

ec

db in wb in

T T

T T


−
=

−
(48) 

ref

evap v evapQ L G= − (49) 

Here, the subscripts in and out represent the conditions of the air that flows in and out of the evaporative cooler unit, 

respectively. If the airflow rate through the cooler is high, the volume of warm air becomes too large to be fully cooled 

down. The air does not become saturated, and the temperature does not reach the wet-bulb temperature, so the 

efficiency drops. We cool down a larger air volume to a higher temperature than theoretically possible with evaporative 

cooling. In addition, a high airflow rate will deplete the water in the charcoal faster than required, consuming more 

water. The evaporative cooling material will go faster from the constant drying rate period (CDRP) to the decreasing 
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drying rate period (DDRP). During the DDRP, the water evaporation is thereby limited by the transport in the 

material, slowing down the process. This internal resistance to water transport reduces the water flow from the 

material and will strongly limit the efficiency of the evaporative cooler. Charcoal, for example, has a pore structure 

that leads to a long CDRP, which is beneficial. The efficiency will be lower at high airflow rates, but the cooling 

capacity (Qevap) will be high as the water evaporation rate is high. Experiments confirmed that at high airflow rates, 

we get a higher outlet temperature exiting an evaporative cooler, a lower humidity, and a high cooling capacity 

(Doğramacı and Aydın, 2020). The lower relative humidity will lead to more wilting of the fruit or vegetables in the 

evaporative cooler. 

If the airflow rate is low, the air will become saturated, and the air temperature will reach the wet-bulb temperature. 

In that case, the evaporative cooling efficiency (εec) will be optimal. In reality, however, the wet-bulb temperature is 

often not reached at low airflow rates since convection is not the main heat transfer mechanism that plays a role. 

Other heat transfer processes also contribute, such as long-wave radiation. At low airflow rates, much less water is 

evaporated, by which the evaporative cooling capacity (Qevap) is often not maximized. As such, there is an optimal 

airflow rate through the evaporative cooler. 

A trade-off exists for the airflow rate between maximizing the cooling efficiency (Eq.(48)) versus maximizing cooling 

capacity (Eq.(49)). These criteria require rather low airflow rates versus high airflow rates passing through the cooler. 

An optimal mass flow rate can be determined for evaporative coolers, similar to what was done by (Doğramacı and 

Aydın, 2020) for the cooling of buildings. For evaporative coolers for fruit storage, the priorities in choosing the flow 

rate are different than for buildings. During the precooling process, a high cooling capacity can bring the product 

temperature down to remove the field heat. Here a high cooling capacity could be prioritized over a high cooling 

efficiency. However, evaporative cooling is more relevant for longer-term cold storage of fruit cooling over several 

days. In that case, reaching the lowest possible temperature is essential to reduce the decay reactions in the fruit. 

Therefore, maximizing the evaporative cooling efficiency is often preferred over a high cooling capacity once the fruit 

is cooled down.  

4.5.2 Optimal cooler design for local airflow conditions 

In reality, we cannot control the airflow rate in passive evaporative coolers as the local wind speeds determine it. The 

occurrence of these airspeeds throughout the year can be evaluated using the wind rose at a specific location, the 

height above the ground, and the atmospheric boundary layer in that region, which is illustrated in Figure 9. 

(Defraeye and Carmeliet, 2010). We should thereby design the thickness of an evaporative cooler to reach the optimal 

cooling efficiency under the local airflow conditions at that specific location. The accessible surface area of the material 

for evaporation, such as charcoal pieces, is relevant here when we assume air can flow through the porous structure. 

This implies a sufficient open porous stacking of the charcoal pieces and a permeable textile membrane, for example, 

a charcoal cooler (Defraeye et al., 2022). If the size or surface area for mass exchange is too low, air will not be 

saturated. Then the air temperature will not reach the wet-bulb temperature.  
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Figure 9. Wind conditions measured at the meteorological stations in: (a) Eindhoven (The Netherlands); 

(b) Ferrel (Portugal); (c) Granada (Spain); (d) Cairngorm (United Kingdom). Percentage of occurrence

(indicated in bold) of wind speeds for different wind speed intervals at specific wind directions (north 0º,

east 90º). The data are obtained from the European Wind Atlas (Troen and Petersen, 1989). Note that the

scale of Ferrel differs from that of Granada and Cairngorm. (e) Atmospheric boundary layer, namely mean

horizontal wind speed (U) as a function of height (z) for different terrain roughness' (z0) height. Figures

adjusted from (Defraeye and Carmeliet, 2010).

The optimal airflow rate for maximizing the cooling efficiency (Ga [kg s-1]) was determined in section 4.5.3, out of the 

heat balance of the evaporative cooler: 

( )
( )

, , , , ,

, , , ,

, ,

,

v sat wb in db in a v in db in a ref

a s v

p d db in wb in db in a

p T T p T
G U CMTC U A L

c T T T

 



−
=

−
(50) 

Here, the CMTC is the convective mass transfer coefficient at the air-material interface [s m-1], U is the approach flow 

airspeed impinging the cooler [m s-1], and As is the surface area of the evaporative material for mass exchange inside 

the evaporative cooler, for example, the surface area of charcoal pieces [m2]. This equation is only valid under steady-

state conditions with no external heat exchange of the system with the environment, so an adiabatic system. The 

equation also assumes that the air becomes fully saturated after moving through the evaporative cooler. This case 

implies idealized evaporative cooling. We rewrote and simplified this equation as a function of the surface area of the 

evaporative material for mass exchange and the airspeed required to reach this optimal point (section 4.5.3). We 

simplified the equation also using the psychrometric constant. As such, the equation becomes independent of Tdb and 

φa. Finally, we get: 

0, , , ec a
s bulk cc ec

atm

A U
A D D

CMTC U P

 


  
=


(51) 

This surface area needs to be determined iteratively since the CMTC within the porous medium is also a function of 

the airspeed. This ideal surface area can now be calculated as a function of ϕ0,bulk, and Dec, for charcoal pieces of a size 

Dcc. The equations to calculate the CMTC and the specific surface area As are given in section 4.7. Out of these 

equations, the optimal thickness of an evaporative cooler can be determined (section 4.5.3):  

0, ,

a
ec

atm sf bulk cc

U
D

CMTC U P A D

 



 
=

 
(52) 

Here, Asf is the surface area of the evaporative material for mass exchange per volume unit of the cooler [m2 m-3]. 
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4.5.3 Optimal cooler design for local airflow conditions: Detailed calculation 

Out of the heat balance of the evaporative cooler, the optimal airflow rate for maximizing the cooling efficiency can be 

determined. This mass flow rate to reach this equilibrium equals: 

( )
( )

, , , , ,

, , , ,

, ,

,

v sat wb in db in a v in db in a ref

a s v

p d db in wb in db in a

p T T p T
G U CMTC U A L

c T T T

 



−
=

−
(53) 

Here, the dependency of the mass flow rate and the CMTC to the airspeed U is indicated and other main dependencies. 

This equation assumes that no internal resistance to liquid or vapor transport in the evaporative material exists. We 

are in the constant drying rate period where the vapor pressure at the material surface equals the saturated vapor 

pressure. A maximal enthalpy conversion of latent heat into sensible heat occurs at this airflow rate. The wet-bulb 

temperature conditions are reached, and the air is quasi-saturated with water vapor. The outlet temperature 

increases at a higher flow rate, and the efficiency decreases. The wet-bulb temperature can also be reached at a lower 

airflow rate than specified in Eq.(53). The cooling capacity will be lower in this case. 

We rewrite and simplify this equation as a function of the surface area for mass exchange and the airspeed that is 

required to reach this optimal point. To do so, we scaled the airflow rate per square meter of an evaporative cooler, so 

the mass flux of moist air ga [kg m-2 s-1]: 

( )
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−
(54) 

With the air density, we can calculate the average airspeed through the cooler: 
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(55) 

This equation can be rewritten using the psychrometric constant γ (≈ 0.65 x 10-3 K-1): 
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We rewrite the equation then accordingly: 

0,

,

, ,1
ref

s bulk cc eca v
atm

a a ec p d

A D Dg L
U CMTC U P

A c




 
= = (57) 

The equation can be simplified to determine the airspeeds that are required to reach this optimal point and wet-bulb 

temperature conditions for a flow-through evaporative cooler: 
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(60) 

This airspeed is thereby independent of Tdb and φa . This airspeed needs to be determined iteratively since the CMTC 

within the porous medium is also a function of the airspeed. This ideal airspeed can be displayed as a function of ϕ0,bulk 

and Dcc. The equations to calculate the CMTC and the specific surface area As are given in section 4.7. We can also 

determine the surface area of charcoal in an evaporative cooler that is required to achieve these equilibrium conditions 

for a given airspeed: 
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(61) 

Out of these equations, the optimal thickness of an evaporative cooler can be determined Dec: 
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(62) 

Here, Asf is the surface area of the evaporative material for mass exchange per volume unit of the cooler [m2 m-3]. 

Heat balance at the air-material interface for isenthalpic evaporation 

Within the evaporative cooler system, the isenthalpic conversion of sensible heat into latent heat comes from the 

internal energy balance at the surface of the evaporative cooler. Note that, in reality also other heat sources need to 

be accounted for, such as long-wave radiation or conduction. This balance (Figure 8) actually states that the convective 

heat extracted from the air at the surface (Qc,s [J s-1]) equals the latent heat supplied by the evaporation of water 

(Qv,evap [J s-1]). This energy balance is detailed as: 

( ) ( )

( ) ( )

, ,

,

, , ,

0

0

0

c s v evap

ref
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ref
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(63) 

For an evaporative cooler placed in a channel or as a flow-through cooling pad, this equation is rewritten. If we assume 

steady-state conditions and that the air becomes fully saturated, so the wet-bulb temperature is reached (Ts = Twb), 

we get: 

( ) ( ), , , , , , , 0ref

wb in db in s h v sat wb in v in s v vCHTC T T A CMTC p T p A L− + − = (64) 

( ) ( ), , , , , , , , , ,, , , 0ref

wb in db in a db in s h v sat wb in db in a v in db in a s v vCHTC T T T A CMTC p T T p T A L  − + − = (65) 

Here As,h, and As,v are the surface areas for heat and mass exchange, respectively. This heat exchange at the surface 

determines how much the temperature will drop and how much the temperature will rise. Apart from the 

hygrothermal inlet conditions, the key influence parameters are the convective transfer coefficients and the surface 
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area for heat and mass exchange. Here the CHTC and CMTC are directly dependent on the airspeed so the airflow 

rate. If the surface area for heat and mass exchange is the same, the equation becomes: 

( ) ( ), , , , , , , ,, , , 0ref

wb in db in a db in v sat wb in db in a v in db in a vCHTC T T T CMTC p T T p T L  − + − = (66) 

This equation can be rewritten as the ratio of the transfer coefficients: 

( )
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(67) 

Note that the ratio of the transfer coefficients is almost constant for different environmental conditions (T. Defraeye 

et al., 2012). This equation can be rewritten using the psychrometric constant as well. 
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1
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Convective mass transfer coefficient and surface area for evaporation 

We estimate the CMTC and the specific surface area Asf in a simplified way. If we assume uniform spherical particles, 

the specific surface area Asf [m2 m-3] is calculated as: 
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Here Acc,uc is the surface area of the charcoal in a unit cell containing a spherical particle, Vcc,uc is the volume of that 

particle in the unit cell, and Vt is the total volume of the unit cell. When we use the example of our previously-designed 

evaporative cooler (Defraeye et al., 2022), the specific surface area is estimated from the porosity (61%), the diameter 

of the charcoal pieces (80 mm). These values lead to Asf = 29 m2 m-3. The corresponding surface area of charcoal in one 

square meter of evaporative cooler (Aec = 1 m2) with a thickness of 100 mm equals 2.9 m2 (As = Asf . Aec . Dec). In reality, 

the effective porosity could be lower than predicted, as we assume perfectly spherical particles, whereas charcoal 

pieces are often irregular in shape and size. 

The convective mass transfer coefficient (CMTC) is calculated from a correlation of the convective heat transfer 

coefficient (CHTC) with the airspeed and the analogy between heat and mass transfer. The average CHTC for a 

packed bed of porous pieces is calculated as a function of the Reynolds and the Prandtl number (section 4.8): 

( ) ( )
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      −  −     

 (71) 

Convective heat transfer coefficient for a packed bed 

Convective heat transfer coefficients quantify the convective heat exchange between the charcoal and the airflow. 

This coefficient is mainly dependent on the charcoal piece size, shape, and airspeed approaching the charcoal. We 

evaluate existing correlations for airflow in a packed bed of spherical pieces. We obtain an average CHTC over the 

entire charcoal surface. The following correlation is available for flow in a packed bed of spherical particles (Whitaker, 

1972): 
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( )0.5 0.667 0.33
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The parameters in this equation are: 
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Pr is the Prandtl number, νa is the kinematic viscosity of air [m2 s-1], Vpb is the physical airspeed in the packed bed 

[m s-1], Upb is the superficial airspeed in the packed bed [m s-1], Lref,pb is the characteristic length of the packed bed 

[m], λa is the thermal conductivity of the air [W m-1 K-1], rp is the radius of the particles [m]. Repb is the particle 

Reynolds number in the packed bed, in which the characteristic length scale is a measure of the size of the void 

spaces (Whitaker, 1972). Nupb is the particle Nusselt number in a packed bed. Both Reynolds and Nusselt numbers 

are a function of the porosity, which implies that the impact of the void space and packing density on the airflow 

and corresponding heat transfer is included in the correlations. Tdb,in is the approach flow temperature of the air 

that enters the packed bed. Ts is the surface temperature of the material. Note that these empirical correlations 

were derived for forced convection, so buoyancy effects were not explicitly accounted for. These are dependent on the 

temperature difference between the air and the fruit. The packed bed correlation was derived for a Repb range from 

22 – 8 000. This correlation can be rewritten directly as a function of the CHTC:  
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 (75) 

This equation enables us to calculate the CHTC directly from the superficial airspeed, porosity, particle diameter, and 

air properties: 

( ) ( )

0.5 0.667

pb p pb p0,bulk 0.33a

p 0,bulk a 0,bulk a 0,bulk

U d U d1
CHTC 0.5 0.2 Pr

d 1 1

    −      = +
      −  −     

 (76)
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What is the COP of an evaporative cooler? 

The coefficient of performance (COP) of an evaporative cooler can be defined as equivalent to that of a refrigerator. It 

is defined as the total power released by the evaporative cooler (Qevap [J s-1]), which is the evaporated heat extracted 

from the air, by the total heat that can be used to cool all the fruit in the evaporative cooler Qec,fr [J s-1]: 

( )
, ,

, ,

ref

v evap v v evap

c fr fr s fr out fr

Q L G
COP

Q CHTC T T A
= =

−
(77) 

Here Ts,fr is the surface temperature of the fruit, and Tout is the temperature that exists the evaporative cooler surface 

and impinges onto the fruit. This COP will vary over time as the fruits start to cool down and the fruit temperature 

converges to the temperature of the impinging air (Tout). Less energy from the cold air will then be transferred to the 

fruit. 
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Nomenclature 
Symbols 

As surface area of the evaporative material for mass exchange [m2] 

Acc,uc surface area of the charcoal in a unit cell containing a spherical particle [m2] 

Aec frontal area of evaporative cooler, perpendicular to flow direction [m2] 

Asf surface area of the evaporative material for mass exchange, per volume unit of the cooler [m2 m-3] 

cp specific heat capacity (at constant pressure) [J kg-1K-1] 

CHTC convective transfer coefficient [W m-2 K-1] 

CMTC convective mass transfer coefficient at the air-material interface [s m-1] 

dp diameter of particle [m] 

Dcc average caliber (size) of the charcoal so equivalent diameter or sieve size [m]  

Dec thickness of an evaporative cooling pad [m] 

Ea activation energy [J mol-1] 

Eec  energy extracted by evaporative cooler [J] 

Elat  energy needed by latent heat for evaporation [J] 

g gravitational acceleration [m s-2] 

ga mass flux of moist air [kga m-2 s-1] 

Ga mass flow rate of moist air [kga s-1] 

Gv mass flow rate of water vapor [kgv s-1] 

Gv,evap evaporated water at the cooler material surface [kgv s-1] 

ha enthalpy of moist air [J kga-1] 

hd enthalpy of dry air [J kgd-1] 

hv enthalpy of water vapor [J kgv-1] 

I overall fruit quality index [-] 

kfr temperature-dependent rate constant of the fruit [s-1] 

k0 pre-exponential reference rate constant [s-1] 

L length scale [m] 

Lvref latent heat of vaporization at Tref [J kgl-1] 

ma mass of moist air [kg] 

md mass of dry air [kg] 

mfr mass of the fruit [kg] 

ml mass of liquid water [kg] 

mv mass of water vapor [kg] 

Ma molecular mass of moist air [g mol-1] 

Md molecular mass of dry air [g mol-1] 

Mv molecular mass of water vapor [g mol-1] 

Nu Nusselt number [-] 
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pa   total pressure of moist air [Pa] 

pd  partial pressure of dry air [Pa] 

pv  partial pressure of water vapor [Pa] 

pv,sat   saturated vapor pressure [Pa] 

PL   postharvest life of fresh produce [d] 

∆PL  maximal gain in postharvest life of fresh produce [d] 

Patm   atmospheric pressure [Pa] 

Pec   evaporative cooling power [J s-1] 

Pr  Prandtl number [-] 

Qa   heat in the air [J s-1] 

Qc,s   convective heat extracted from the air at the product interface [J s-1] 

Qec,fr   heat that can be used to cool all the fruit in the evaporative cooler [J s-1] 

Qevap   heat extracted from evaporation of water so evaporative cooling capacity [J s-1] 

Q10   Q10 value [-] 

R   universal gas constant [J mol-1 K-1] 

Ra   specific gas constants of moist air [J kg-1K-1] 

Rd   specific gas constants of dry air [J kg-1K-1] 

Rv   specific gas constants of water vapor [J kg-1K-1] 

Re  Reynolds number [-] 

rp   radius of the particles [m] 

t   time [s] 

T   temperature in Kelvin [K] 

ΔTev   maximal temperature depression achieved by evaporative cooling [K] 

U   air speed [m s-1] 

Uref   approach flow air speed [m s-1] 

Upb   superficial air speed in the packed bed [m s-1]  

V  volume [m3] 

Vpb   physical air speed in the packed bed [m s-1]  

Vcc,uc   volume of a particle in a unit cell [m3] 

Vt   total volume of the unit cell [m3] 

aV   volumetric flow rate of moist air [ma3 s-1] 

ws   solid material matrix content of porous material [kg mPM-3] 

wPM   moisture (liquid and vapor) content of porous material [kg mPM-3] 

X   dry-base moisture (liquid and vapor) content of porous material [kg kgdm-1] 

xd   mass fraction of dry air [kgd kga-1] 

xv   mass fraction of water vapor or specific humidity [kgv kga-1] 
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xv'   mass fraction of water vapor or specific humidity defined per unit of dry air [kgv kgd-1] 

  dependent variables are placed within angle brackets 

 

Greek symbols 

Δ  difference, interval 

ε  ratio of molecular weight of water and dry air [kgv kgd-1] 

εec  efficiency of the evaporative cooler [-] 

γ   psychrometric constant [K-1] 

λ  thermal conductivity [W m-1 K-1] 

φ  relative humidity [-] 

θ  Temperature in degrees Celsius [ºC] 

ρa  density of moist air [kga ma-3] 

ρd  density of dry air [kgd ma-3] 

ρv   density of water vapor or absolute humidity [kgv ma-3] 

ϕ0,bulk  bulk porosity of the porous material [-] 

ν  kinematic viscosity [m2 s-1] 

Subscripts 

a  moist air 

atm  atmosphere 

bulk  bulk 

cc  charcoal 

d  dry air 

dew  dew-point 

db  dry-bulb 

evap  evaporated 

eq  equilibrium 

ec  evaporative cooler 

fr  fruit 

guess_0 initial value for the iterative calculation 

h  heat  

ini  initial 

in  inflow 

l  liquid 

lat  latent 

out  outflow 

pb  packed bed 
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ref  reference conditions 

s  surface 

sat  saturated 

t  total 

thr  threshold for quality loss  

uc  unit cell 

v  vapor 

wb  wet-bulb 

 

Abbreviations 

AF  analogy factor 

CHTC  convective transfer coefficient 

CMTC   convective mass transfer coefficient at the air-material interface 

COP  coefficient of performance 

PL    postharvest life  

ΔPL   difference in postharvest life due to evaporative cooling  

RH   relative humidity 
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