Preprint

SUPPLEMENTARY MATERIAL to:

Evaporative coolers for postharvest storage: where to best use
them and how well do they work?

Thijs Defraeye 1*, Kanaha Shoji /, Seraina Schudel /, Daniel Onwude !, Chandrima Shrivastava !

1 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Biomimetic Membranes
and Textiles, Lerchenfeldstrasse 5, CH-9014 St. Gallen, Switzerland

* Corresponding author: thijs.defraeye@empa.ch (T. Defraeye) Empa,

Swiss Federal Laboratories for Materials Science and Technology,
Laboratory for Biomimetic Membranes and Textiles, Lerchenfeldstrasse 5,
CH-9014 St. Gallen, Switzerland



Preprint

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 (Ba [°C] or
Tav [K]) and the relative humidity (@a [%]) (Knox et al., 2017). (Stull, 2011) developed an empirical equation based on
gene-expression programming to directly calculate the wet-bulb temperature (Bwh [°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., ATey =
Tar—Twp, 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, Ra and Ry are specific gas constants
[J kg-1K-1], pa and pv are densities [kg m-3], mq and my are masses [kg], and xq 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], pa 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 Tqa =Ty = Ta =T. The mass fractions define as and related by:
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The density of the mixture (pa [kga ma3]) is thereby related to the density of its components dry air (pa [kga ma3]) and
water vapor (pv [kgy ma-3]) by:
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Here, pv is also called absolute humidity. The following relations connect the three gasses:
pa = pd +pv
4
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The specific gas constants Ra (287.044 J kg-1K-1) and Ry (461.524 J kg-1K-!) are determined from the universal gas
constant R (8.31451 J mol-1K 1), and the molecular masses Mq and My of dry air (28.966 g mol-l) and water vapor
(18.01534 g mol-!) by:

‘ (5)
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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:

P.=Pst 0P, (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?), 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'l] is often rewritten as a direct function of the vapor pressure:
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Here ¢ 1s the ratio of molecular weights of water vapor and dry air (0.622 kgv kga'l). Note that often the specific
humidity (xv' [kgv kgal]) 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 ¢ [%] 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):

p,(T)
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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' [kgvkgal]) and experience the above process, we arrive at the equation:

Typ X, sat b
[e,0+xdr=" [ L dx, (14)
Tap X'

where Lyef is the latent heat of vaporization [J kgi!], xv.av' is the specific humidity of the air parcel corresponding to
the dry bulb temperature [kgv kgal], Xvsat,wb' 1s the saturated specific humidity at the wet-bulb temperature [kgv kga
1], cp.a 1s the isobaric specific heat capacity of the moist air [J kgl 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,a) and water vapor (cp,v) as:

¢, A+x0=c,,(D+c, (x,) (15)

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 (ATe), we get:
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Since the specific humidity x+' is normally <<1 (lying between 0 and 0.03 kgv kga'l in the psychrometric chart), we can
assume that the term (cp,atcpyvxv')= cp,a, so the wet-bulb depression takes the form:
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Additionally, if we replace Xvsat,wb' and xv,a' by the approximation in Eq.(9), we get:
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Here y is is the psychrometric constant ((cp,a/(e.Lv*¢f)) = 0.65 x 10-3 K1) (Simdes-Moreira, 1999). This parameter can be
assumed to be constant as long the assumption xy' <<1 is valid.

If we now rearrange Eq.(18) and consider the psychrometric constant, we obtain Eq.(19):
pv <Tdb > - pv,sat <wa <]:ib ’ ¢a >> + 7/ Patm (]:ib - wa) = 0 (19)

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 6w, < 30
°C (Simoes-Moreira, 1999).

The initial guess for the wet-bulb temperature (Bwb,guess.0, °C) was derived as an approximation from the dew point
temperature (Baew,’C) and the dry-bulb temperature (Ba», °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).

. ) = 7911’17 + AS i 8dew (20)
wb,guess_ y +AS

AS is the slope of saturation vapor pressure at the dew point temperature:



Preprint

_ 4098xp,, 1)
(0, +237.3)°
The dew point (Bdew, °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
(Tav, °C) and relative humidity (9a). Parm = atmospheric pressure (Pa); pv = vapor pressure of ambient air
(Pa); 0av = dry-bulb temperature (in °C); Qdew = dew point temperature (in °C); Owb,guess.0o = initial guess for
wet-bulb temperature (in °C); pvsat = 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 (Ta) and at the corresponding wet-bulb temperature (Twp), so in an idealized evaporative cooler. We
do this calculation for any given set of Ta» and @a.

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).

_dr_ 0" 23
" k, (T)-1(t) (23)

Here, I represents the respiration-driven fruit quality index [%] and ks is the temperature-dependent rate constant
[s1]. In this equation, this temperature corresponds to Tav for the postharvest life calculation in the absence of
evaporative cooling and Tw, 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 (Io) is assumed to be 100%. In
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this study, the threshold for loss of fruit quality (Itnr) was set to 10%. We assumed that below this value, fruits are no
longer marketable.

The temperature dependence of the rate constant ke [s1] was accounted for using the Arrhenius equation.

-E
k(T) =k, , exp[ wf j (24)
’ RT

where kot is the pre-exponential reference rate constant [s-!], Eat is the activation energy [J mol-!], and R corresponds
to the universal gas constant (8.314 J mol! K-1). The values of kot and Eas were determined based on the optimal
storage conditions and the coefficient Qio for every fruit (Defraeye et al., 2019; Shoji et al., 2022). The Qo value for
a fruit corresponds to the ratio between the rate constants of degradation reaction in the food at different
temperatures. Q1o typically lies between 2 and 3 for most fresh produce (Robertson, 2016).

k(T +10) 25)

QlO,fr = kﬁ (T)

The optimal storage conditions, values of Q1o,i-, and the parameters of the kinetic quality models are detailed in Table
1. The postharvest life (PL# [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.

In(Z,,/1,,)

PL,(T) ===

(26)

Note that the initial quality index Iini for this calculation can be the initial fruit quality at the time of harvest (Io) 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.

APL = PL (T, (T )~ PL,(T},) @7)

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. APLs is the maximal gain in postharvest life that is
achieved under ideal conditions. However, in reality, APLs: might be lower as the wet-bulb temperature is not exactly
reached by evaporative cooling.

In some regions in the world, Ta» or Tws 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 Ta» or Tws 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 Ekinetic quality models employed for
calculating the gain in postharvest life due to evaporative cooling for apple, banana, mango, and tomato.

Fruit Optimal Postharvest Q1o Activation | Pre-exponential | Reference
storage life at optimal | value | energy rate constant
temperature | temperature [-1 [kd moll] | [s1]
[°C] [d]
Apple 1.5 115.0 3 70.66 6.386 x 108 (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

3.1 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 (ECMWPF, 2022). Reanalysis climate data are widely investigated and used in climate studies from
regional to global scales (Hersbach et al., 2020; Hu and Mallorqui, 2019; Naseef and Kumar, 2020; Renfrew et al.,
2021; Rodriguez 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 ° latitude
and 0.25 ° longitude). We used the monthly dry-bulb temperature (Ta» [K]) and the dew-point temperature (Taew [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):

17.625(T,,~273.15) 17.625(T;,~273.15)

9=0. Ole[ Tpy-30.11 T, -30.11 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).

3.2 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.
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(a) Downloaded ERAS reanalysis with India state boundary ~ (b) ERAS5 data on India (c) Calculated values on India (d) Temperature depression on India
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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).

3.3 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.

(a) Dry-bulb temperature (°C) (c) Postharvest life when stored at (e) Postharvest life difference between storage in
dry-bulb temperature (days) ambient conditions (dry-bulb temperature) and in an
evaporative cooler (wet-bulb temperature) (days)

(b) Wet-bulb temperature (°C) (d) Postharvest life when stored
at wet-bulb temperature (days)

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

8
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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.

3.4 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.
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Figure 4. Screenshot of the open-access map.
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4 Theory evaporative cooling

4.1 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 (Tabin, @in). 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 (gc) is defined as the extent to which the dry-bulb temperature of the
air leaving the cooler (Tabout [K]) or cooling pad matches the wet-bulb temperature of the approach flow (Twb,n [K])
(ASHRAE, 2015, 2012; Dogramaci and Aydin, 2020):

T, —-T

db,in db,out
S (29)
db,in_ wh,in
Here Tap,in 1s 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).

10
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Point C
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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.

4.2 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 (RHouwt = @ouwt = 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

11



Preprint
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.

(a) Flow-over evaporative cooler

e
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(excluding liquid water)

‘ Airflow rate G,
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| Heat flow rate Q, ;, Heat flow rate Q,
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(b) Flow-through evaporative cooler
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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 (pout = 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 .
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Q.=CHTC(T,-T,,)4,, (30)

nut
4.3 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):

GG+G0

v,out v,evap

xGxG+G =0

v,out v,evap

(31

Here, the mass flow rate of moist air (Ga [kga s!]), volumetric mass flow rate (J, [ma® s!]) and water vapor flow rate

(Gv [kgv s1]) are related as follows:
G, =xG,=xpV, (32)

Note that the mass and density of moist air can be approximated equal to that of dry air, so ma = mq and pa = pq, by
which Ga = Ga. This assumption simplifies further equations since the moist air density pa can now be approximated
by pa. 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:

Gv,evap = (xv,out _‘xv,in ) Ga (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:

G, oy =CMIC(p,, —p,,,) 4 (34)

The CMTC is the average convective mass transfer coefficient at the air-material interface within the cooling pad or
material [s m1], As is the surface area for mass exchange [m?], pv,s is the vapor pressure at the surface [Pa], and pv,n
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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(’xv,out _‘xv,in ) Ga <U> = CWC<U>(pv,s _pv,in)As <¢O,bulk’Dcc’Dec> (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 (¢popux), 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:

P =Posa (L) = Do (T (T3 2)) (36)

As the vapor pressure at the surface equals the saturated vapor pressure pysat at the material surface temperature Ts
[K]. We can rewrite the equation then as:

(xv,out X, in ) G, <U> =CMT C<U> (pv,sat (T wh <Tdb > D, >) ~Pin ) A, <¢o,bu1k ,D.., Dec> (37)

4.4 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:

Qa,in - Qa,out = 0
h,,G,~h,,.G,=0

a,out —a

(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 s1]).
The enthalpy of moist air ha [J kgal], a gaseous mixture of dry air and water vapor, is defined as:

h,=x,h, +xh,

a

hy=c, (T-T,,)+L’ (39)

hy=c,,(T-T,.,)

where Lvf is the heat of vaporization or latent heat at Trero (2.5 MdJ kgl at Treto = 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,a 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
kga1], xa is the mass fraction of dry air in the gaseous phase [kgakgal], hy is the enthalpy of water vapor [J kgv1], ha
is the enthalpy of dry air [J kga!]. Then the heat balance is written as:

h,.G,—h,,.G, =0

a,out
('xd mhd in + 'xv mhv in ) G (xd,outhd,out + xv,outhv,out ) Ga
ref (40)
|:xd,incp,d (T('ib,in - Tl"ef,O ) + xv,in (Cp,v (T;lb,in - T;ef,O ) + Lv ):| Ga

_ ref
- |:xd,outcp,d (T;ib,out - Tref,O ) + xv,out (Cp,v (T;l’b,out - T;‘ef,O ) + Lv ):| Ga

The unknowns in this equation are the mass fraction xv.ou, and temperature at the outlet Tabout. The mass fractions
are related by the following relation xa= 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 (xa>>> xv = 0.005-0.03, Figure 5, so xa= xa = 1). In that case, we get:

ref
I:xd,incp,d (Tdb,in - Trc{f’,O ) + xv,incp,v (Tdb,in - Trc{/",O ) v va :I G

— ref
- I:xd,outcp,d (Tdb,aut - T;’e/‘ 0 ) + xv aut p.v (Tdb,out - T;'ef,O ) v outLv ] G

(41)
(T \ ref

I:xd,incp,d (Tdb,ln - ];ef,O ) + x5 Jin p v \*db,in ref 0) + xv /nLv :IGa

_ v o ) ref

- |:xd,outcp,d (Tdb,out - T;ef',O ) + NyoutS pv \Tdb,out Tref',O} + xv outLve :I Ga

ref _ ref
Cp,d (Tdb,m - ref 0) G +‘xv va Ga cp,d (Tdb,out _7:'ef,0)Ga +‘xv outLv Ga ( )

42

Cpa (]:z’b,in - ]:lb,nut ) G, + (xv,in Xy out ) Lref G,=0

This equation can be rewritten in terms of the evaporated water at the cooler surface Gy,evap. Thereby, the sensible
enthalpy difference between inlet and outlet is directly related to the evaporation process at the surface:

Cpa (Tdb,in =T, ouz)G = ( Xy in = Xy our )L’LfG (43)
it (3, 5 VLG, = 1 (5,0 .06 = G = LICMTCp ~p ) A, (48
Cha (Tdb,in ~ Ty o ) G, =CMTC (pv,s —DPuvin ) AsLief (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 (Tab,out = Twh,in), we get from Eq.(42)-(45)

Cpa (Tdb,in - wa,in)Ga + (xv,in Xy our <wa,ma P, = 100%>)LrvefGa =0

(46)
pod (Tdb,in Ty ) G, =- (‘xv,in =Xy our <wa,in Py = 100%>) Lief G,

c

Cp,d (YZib,in wh,in ) G CMTC(pv sat < wh m> - pv,in ) ASLI\:ef 47

4.5 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 g [-] the airflow rate also
determines its evaporative cooling capacity Qevap [W]. The efficiency and cooling capacity are calculated by:

& = ];b,in _T:ib,out (48)
ec
T;lb,in - wa,in
ref
Qevap _L Gevap (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
(Dogramaci and Aydin, 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 (gec) 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 (Dogramaci and
Aydin, 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
1s 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); (¢) 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 0°,
east 90°). 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:

(pv,sat <wa,in <Tdb,in Py >> ~Pyin <Tdb,in Py >)
Cpd (Tdb,m Ty <]:1b,in Py >)

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

G,(U)=CcMTC(U) ALY (50)

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 Ta» and
@a. Finally, we get:

AQC.U.pd .g

‘As <¢0,bulk’Dcc’Dec> = CMTC<U> ‘Pt (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 ¢o,pulk, 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):

D — U'pll ‘g
“« CMTC<U>BH,,1 'Asf <¢0,bulk’DCC>

(52)

Here, Asfis the surface area of the evaporative material for mass exchange per volume unit of the cooler [m2m-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:

(pv,sat <wa,m <Tdb,in P, >> ~Pyin <Tdb,m P, >)
Cpd (Zib,in T <Tdb,ma §0a>)

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

G,(U)=cMTC(U) ALY (53)

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]:

e 0y =GV A e <U>(pv,m, (T (T000.)) = P (T 00))

4, 4, Cpa (Tdb,in I <Tdb,in 5Dy >)

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

L (54)

1 AS ¢ u ’Dcc’Dec (pv,sa va,in T'db,in’gaa _pv,in ]-:ﬁz,in’gaa ) L
U=S5e-— (o >CMTC<U> < < >> < ) LY (55)
pu pu Aec cp,d (Z/b,in - va,in <T:1b,in H (Da >)
This equation can be rewritten using the psychrometric constant y (= 0.65 x 10-3 K-1):
Cp d cp d 1 (pv,sat <wa,in <];b,in ’ wa >> _pv,in <T0'lb,in H ¢a>)
}/ = = = re} = (56)
L:ef % LV € thm (T;b,in - wa,in <Tc'7’b,in s (Da >)
M d
We rewrite the equation then accordingly:
1 AS ulk > Dcc > Dec me
U=8a___ (Ao ) CMTC(U)yP,, —— &7
pa pa Aec cp,d

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:

y ,D..,D, Y
U= i s <¢0’macm « &> CMTC<U> 7Patm Lv 9
P, A o
A4 D,.,D, Y
U= i s <¢0,macr0’ cc? ec> CMTC<U> 7Patm
p. e e
A By oo Do D) ¢ L "
_ L s \ 70,macro® *~cc®ec CMTC<U> ( p’d J ])atm —
P Aec leej cp’d
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A D.,D A D.,D
U — L s <¢O,macro > e ec> CMTC<U> Patm _ L s <¢0,muc‘ro’ cc? ec> CMTC<U>£
pa Aec & pa Aec MV
M, (60)

A D _,D
_ i s <¢O,macm > eeo ec> CMTC <U> Patm
2, A, 0.622

This airspeed is thereby independent of Ta» and @a . 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 ¢o,puik
and Dc. 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:

— Aec.U'pa.g
 CMTC(U)-P,

atm

4, <¢O,bu/k ,D,..D, > (61)

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

Aec .U'Ioa 8
CMTC(U)-P,

atm

A <¢o,bu1k D, Dec> =4, <¢O,bulk D, > DA, =

Aec.U.pa .g
CMTC(U)-P,

atm

Asf‘ <¢0,bulk ,D,. > D A, =

U-p,-¢
DeL’ = -
CMTC<U> : Patm ' Asf <¢O,bulk ’ Dcc >

(62)

Here, Astis the surface area of the evaporative material for mass exchange per volume unit of the cooler [m2m-3].

4.6 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!]) equals the latent heat supplied by the evaporation of water
(Qv,evap [J s1]). This energy balance is detailed as:

Qc,s - Qv,evap = O
A Tuu) (176,
CHTC(T, ~T,,,,) A, +CMTC(p,, - p,,, )AL’ =0

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 = Twp),
we get:

CHTC(wa,m ~Tpin ) A+ CMTC(pv,sat <7:¢7b,m > ~ P ) As,vLCef =0 (64)

CHTC (wa,in <Tdb,in H (Da > - Tdh,in ) As,h + CMTC (pv,sat <wa,in <Tdb,in 4 ¢a >> - pv,in <Tdh,in s (Da >) AS,VL’ff = 0 <65)
Here Asn, and Asyv 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:

CHTC (wa,m <Tdb,in P, > Ty in ) +CMTC (pv,sat <wa,m <Tdb,in Py >> ~Puin <Tdb,in P, >) Ly =0 (66)

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

CMTC _ (wa,m <Tdb,in Py > ~Topin ) (Tdb,in T <Tdb,m »Pa >)

CHTC (pv,sal <wa,in <Tdb,m Py >> ~ Pyin <Tdb,in @, >) Ly i (pv,sat <wa,in <Tdb,in @, >> ~ Puin <Tdb,m @, >> Ly
(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.

CMTC _ (Tdb,in T <]—:1b,in7(0a>) _ 1 69
CHTC (pv,sat <TWb,in <Tdb,in > P, >> B pv,m <Tdb,m P, >)L}\:ej }/I)atmL}ff
CMTC _ 1 __ £ 69)
CHTC yP, L c¢,,P,,

4.7 Convective mass transfer coefficient and surface area for evaporation

We estimate the CMTC and the specific surface area Asrin a simplified way. If we assume uniform spherical particles,
the specific surface area Asr [m2 m-3] is calculated as:

ACC uc ACC uc 4 RC(JZ 3
Ay = ﬁ - E(l = Bovune ) - ﬁ(l = Bovunk ) - R_cc(l = Poun ) (70
3 cc

Here Accuc is the surface area of the charcoal in a unit cell containing a spherical particle, Vecuc is the volume of that
particle in the unit cell, and V¢ 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 Ast = 29 m?2 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 = Ast. 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):

—4 Ud 05 Ud 0.667

A, 1= u

CHTC =2 —_T0hk ) g 5 i +02| ———2 Pl (71)
p Pobulk Va (1 ~ o, bulk ) Va (1 ~ o, bulk )

4.8 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,
19792):
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Nug, = (0.5Re,, " +0.2Re "7 | Pr* (72)
The parameters in this equation are:
Ny CHTCLyyy _CHTCd, ¢y,
y = =
! //La //La 1- ¢O,bulk
Upb ¢o,buzk
Re . — Vpb 'Lref,pb _ ¢O,bulk g 1_¢0,bulk _ Upb d p
= = =
g Va Va Va (1 - ¢0,bulk )
_ d ¢O,bulk
ref,pb — “'p 1— ¢
0,bulk (73)
14 _Yn
pb
¢O,bulk
4 5
6—r7r
g 3 6,
14 2 P
A, Axr] 3
crrc=4(1,-1,,,)

s,h

Pr is the Prandt]l number, va is the kinematic viscosity of air [m2 s-1], Vb is the physical airspeed in the packed bed
[m s-1], Upp 1s the superficial airspeed in the packed bed [m s-1], Lretpb 1s the characteristic length of the packed bed
[m], Aa is the thermal conductivity of the air [W m-! 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). Nuyp 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. Tab,in 1s 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 Repy range from
22 — 8 000. This correlation can be rewritten directly as a function of the CHTC:

1-—
crre =2 Loy,

o (74)
P 0,bulk
A, 1-
CHTC =—3M(0.5 Rep,*+0.2Re,, 7 ) pr
P 0,bulk
05 0.667
Upb ¢0,bulk Upb ¢O,bu]k ( 7 5)

_ A 1o puk 0.5 Popute 1= 9o,butk 02 opute 1= 90.puk P03

dp (I)O,bulk Va Va

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

. Uod 0.5 Uod 0.667
cHTC = o -0 o 5 ke +02| ——PP | |p0 (76)
p  Po,bulk Va (1 — o, bulk ) Va (1 —do,bulk )
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4.9 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 s1]), 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, [J s1]:

rej
of
Qv,evap _ Lv G

v,evap
Q., CHIC,(T,-T,

L - out)

COP = )

Aﬁ

Here T is the surface temperature of the fruit, and Tou 1s 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 [m?2]

Accuc surface area of the charcoal in a unit cell containing a spherical particle [m?2]
Acc frontal area of evaporative cooler, perpendicular to flow direction [m2]
Ast 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]

Dee 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-]

Eec energy extracted by evaporative cooler [J]

Elat energy needed by latent heat for evaporation [J]

g gravitational acceleration [m s-2]

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

Ga mass flow rate of moist air [kga s1]

Gy mass flow rate of water vapor [kgy s1]

Gv,evap evaporated water at the cooler material surface [kgy s1]

ha enthalpy of moist air [J kga]

ha enthalpy of dry air [J kga1]

hy enthalpy of water vapor [J kgv!]

I overall fruit quality index [-]

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

ko pre-exponential reference rate constant [s-]

L length scale [m]

Lyref latent heat of vaporization at Trer [J kgi'!]

Ma mass of moist air [kg]

mq mass of dry air [kg]

mer mass of the fruit [kg]

mi mass of liquid water [kg]

my mass of water vapor [kg]

M. molecular mass of moist air [g mol-!]

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

M, molecular mass of water vapor [g mol-1]

Nu Nusselt number [-]
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Pv
Pv.sat
PL
APL
Patm
Pec
Pr
Qa
Qcs
Qec,fr
Qevap
Q1o

ATev

Uref
Upb

Vpb
Vcc, uc

WPM

Xd

Xv
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total pressure of moist air [Pa]

partial pressure of dry air [Pa]

partial pressure of water vapor [Pa]

saturated vapor pressure [Pa]

postharvest life of fresh produce [d]

maximal gain in postharvest life of fresh produce [d]
atmospheric pressure [Pa]

evaporative cooling power [J s-1]

Prandtl number [-]

heat in the air [J s-1]

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

heat that can be used to cool all the fruit in the evaporative cooler [J s1]

heat extracted from evaporation of water so evaporative cooling capacity [J s1]

Q1o value [-]

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

specific gas constants of moist air [J kg-1K-1]
specific gas constants of dry air [J kg-1K-1]
specific gas constants of water vapor [J kg-1K-1]
Reynolds number [-]

radius of the particles [m]

time [s]

temperature in Kelvin [K]

maximal temperature depression achieved by evaporative cooling [K]
air speed [m s1]

approach flow air speed [m s-]

superficial air speed in the packed bed [m s1]
volume [m3]

physical air speed in the packed bed [m s-]
volume of a particle in a unit cell [m3]

total volume of the unit cell [m3]

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

solid material matrix content of porous material [kg mpm-3]

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

dry-base moisture (liquid and vapor) content of porous material [kg kgam]
mass fraction of dry air [kga kgal]

mass fraction of water vapor or specific humidity [kgv kgal]
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Xy mass fraction of water vapor or specific humidity defined per unit of dry air [kgv kga]

() dependent variables are placed within angle brackets

Greek symbols

A difference, interval

e ratio of molecular weight of water and dry air [kgv kga]
€ec efficiency of the evaporative cooler [-]

Y psychrometric constant [K-1]

A thermal conductivity [W m-! K-1]

0] relative humidity [-]

0 Temperature in degrees Celsius [°C]

Pa density of moist air [kga ma-3]

pd density of dry air [kgd ma-3]

pv density of water vapor or absolute humidity [kgy ma-3]
$0,bulk bulk porosity of the porous material [-]

% 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

1 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

APL difference in postharvest life due to evaporative cooling
RH relative humidity
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