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ABSTRACT: Sunburn (or sun scald) of fruit surfaces exposed to direct sunisamgor economic
problem of fresh apples and other important horticultural crops. There is a critical need to
maximize evaporative efficiency and avoid excessive water use. A process-based energy
balance model has been developed and compared with field data for apple skin temperatures
during evaporative cooling to reduce sunburn on apples in the Pacific Northwest. The model
worked well although it tended to slightly over-predict during times with high advective heat
energy. Automated control of evaporative cooling by cycling based on fruit core temperatures
workedwell inacontrolled test stand and minimized total water use. Model results support the
management of overtree evaporative cooling systems based on pulsing water applications at
sufficiently high rates so that sufficient free water evaporating from the fruit surface will
maintain core temperatures of exposed fruit in the 30° to 32°C range. Resultsindicated that the
model could potentially be used with sensor (e.g., thermocouples) feedback for the initiation,
management and control of overtree evaporative cooling systems to reduce sunburn and
conserve water.
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INTRODUCTION

Sunburn (discoloration or burning of fruit surfaces exposed to direct sun) can discolor
the skin and negatively affect the appearance of several important cropsincluding fresh apples,
pears, grapes and other fruitsaswell as vegetables, such as peppers and tomatoes. This paper
has focused on sunburnon applessinceit isaserious economic problemin many fruit growing
areas in the Pacific Northwest of the USA and around the world. The surface blemished fruit
cannot be sold for fresh market consumption which receives the highest prices.

Many orchardists are utilizing overtree evgporative cooling to control temperature of
exposed fruit by the use of sprinklers applying water over the tree during the warmest times of
the day to minimize sunburn (also called sun scald). Asthisappliedwater evaporates, it directly
cools the leaves, fruit and the orchard ar depending on local climatic conditions and the rate
water isapplied. The avoidance of excessive leaf and fruit temperatures during the hottest part
of the day can greatly reduce the incidence of sunburn. Use of evaporativecooling just prior to
and for about an hour after sundown and sometimes around sunrise has aso been found to
improve color development on red and red-griped apples (especialy early varieties) prior to
harvest.

In some areas, orchardists may be using evaporative cooling for 35-75 days or more per
season. Consequently, evaporative cooling activities potentially impact several major areas of
total orchard management including pest and disease control, fruit maturity, fruit storage
characteristics, fruit color development, seasonal irrigation water requirements, and irrigation
scheduling. Inaddition, expensive investmentsin water treatment facilitiesin the orchards and
packing sheds due to poor water quality (primarily calcium carbonates) are often necessary to

removesurfacedepositsonfruit. Scientifically-basedirrigation scheduling programswith actual
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measurements of soil and or plant parameters are mandated when these evaporative cooling
systems are used since they will somewhat suppress transpiration. In addition, evaporative
coolingis avery inefficient use of water (e.g., amount of water applied per total amount needed
by plant) since most of the water islos by intent. Evaporative cooling requires large amounts
of water and water conservation and minimizing water logging of soilsiscritical inboth arid and
humid areas. All of these factors cause increases in system instdlation and operating costs
which must be recovered through higher prices from improved fruit grade.

However, orchardists are experiencing several problems with evaporative cooling as a
result of one or a combination of the following: a) existing irrigation systems are used which
were not designed to meet the higher hydraulic and operational requirements of evaporative
cooling; b) there is an inadequate supply of water for both irrigation and cooling, evaporative
cooling water application ratesare too low and soils may becometoo dry; c) water applications
cannot be cycled to maximize evaporative efficiency and avoid excessive water use; and d) poor
water quality causing deposits on fruit and/or leaf burn from salt accumulations. This paper
reports on research addressing the third issue.

Almost all apples can sunburn regardlessof fruit color. Somered varietiesof apple may
color over burned areas so the damage may not be visually evident, but these apples often have
storage problems due to the internal damage. The physiologica mechanisms and causes of
sunburn are not well understood and much work remains to be done by plant physiologists on
thissubject. Data on the threshold conditions where burn begins to occur are not available for
any variety, however, it iswell known that there are big differences between varietiesin their
susceptibility to sunburn. Some of the more sunburn susceptible applevarietiesare* hJonagold',
‘Braeburn’, ‘ Golden Supreme’, ‘ Ginger Gold’ and ‘ Fuji’.
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Limited past research on evaporative cooling of apples has been associated only with
improving red color development ranging from about 3.9 L s* ha® continuous applications to
around 10.9 L s* ha pulsed on 15 minute cycles (Unrath, 1972a, 1972b; Unrath and Sneed,
1974; Griffin, 1974). These studieswereall successful at improving red color development on
'Red Delicious apples.

Evanset al. (1995) found that applications at about 6.25 L s* ha' were sufficient to hold
core temperatures close to the selected temperature range during a 40°C day under sunny
conditions. They aso found that evaporative cooling systems should pulse water applications
on and off so that water is continually evaporating, hydro-cooling is minimized, and water is
conserved.

Surprisingly, there are very few data on the design, management and operation of
overtree evaporative cooling systems for sunburn reduction. Little information exists on
critical plant tissue temperatures for initiation of evaporative cooling although work by Unrath
(19724, 1972b) on apples, Chesness and Braud (1970) on strawberries, and Gilbert et al. (1971)
on grapes suggest that temperature ranges of 30-32.2°C may be appropriate for temperate zone
crops. Availableinformation showsthat starting evaporative cooling based on air temperatures
isavery poor procedure (Middleton and Proebsting, 1971; Thorpe, 1974; Parchomchuk, 1991).
Our data (not presented) showed that the side of nonsprinkled fruit directly exposed to the sun
(where scald occurs) can warm much more quickly (e.g., 10°C to 14°C warmer) and cool off
more slowly than shaded fruit and/or ambient air temperatures.

Availableinformation on the design, management and operation of overtree evaporative
cooling systemsfor sunburn reductionismostly anecdotal experiencesby innovativeorchardists

who are experimenting under the low-humidity and hot summer temperatures typical of many

Page 4



Energy Balance of Evaporative Cooling Evans

USA Pacific Northwest fruit growing districts. Satisfactory criteria for evaluating these
experiencesand concerns, aswell asthelong-term horticultural impacts of evaporative cooling
techniques, are not presently available. Consequently, a research project was initiated by
Washington State University and the Washington State Tree Fruit Research Commission to
devel op knowledge on design and operation of evaporative cooling systemsfor appleswherethe
primary emphasisison reducing thetemperature of exposed fruit tissue (skin) to reduce sunburn.

Thisongoing research effort has shown that the mast appropriate control of evaporative
cooling isbased on direct measurement of exposed fruit temperatures. However, suitable, high
capacity commercially available controllers to accomplish thisare not available, and growers
are not interested in building and maintaining their own control systems. Consequently,
orchardistsare most interested in control systemsbased on easily measured climatic variables,
but skin temperatures are not linearly relaed to air temperatures or any other single
environmental parameter. Thus, since skin temperature is related to several variables, one
approach would be the development of a simple physica model to predict skin temperatures
of fruit exposed to direct sun during cooling, and then use the results to propose management
criteriafor effective, efficient evaporative cooling.

The objectives of this research were to develop asimple, dimatological process-based
energy balance model to predict fruit skin temperatures of individual, exposed uncooled apples
under overtree sprinkling and required water application rates for evaporative cooling under
various conditionsto minimize sunburn. Model results are compared with field data collected

under controlled conditions.

Page 5



Energy Balance of Evaporative Cooling Evans

MATERIALS AND METHODS

In order to help validate the simple energy balance model, a special test stand was
constructed at the Washington State University Irrigated Agriculture Research and Extension
Center near Prosser, WA (latitude :46.2°N; longitude: 119.7° W; elevation: 257 m.) to monitor
skin and interior or core temperatures of two cooled and two uncooled ‘Fuji’ apples. Thetest
stand provided conditions where shading by other trees and branches was not a problem
throughout the daylight hours and variables could be more precisely measured. It was erected
adjacent to acomplete agricultural weather station where el ectrical power and pressurized water
wereavailable. Fruit was suspended from a support arm (towards the south to avoid shading by
the support) so that one hemisphere would always be fully exposed to the sun throughout the
day (worst case). This was done since sunburn damage typically occurs on the upper, south
facing quadrant of thefruit surfacein thePacific Northwest. All four appleswerereplaced every
week using sun exposed fruit picked from treesinanearby orchard so that 9ze and color would
closely follow fruit development in an orchard. It was assumed that smdl differencesin heat
transfer due to mass fluid flow through the tree to the apple (which mostly occurs at night) or
from the the fruit to the tree was negligible and could be neglected for the picked test apples.

Field datacollected in commercial orchardswereal so collected but not used inthisstage
of model comparisons. Data on the size and mass of the test fruit were also collected. Vaues
of the various parameters used in the modeling process are listed in Table 1 (it should be noted
that even though some values change slightly with temperature and humidity, the variation from
30°C levels are small in the ranges used and outside the sensitivity of the model).

Thermocouples (K type, 22 ga.) were inserted into the apples to measure skin and core

(interior) temperatures. The “skin” thermocouples were inserted from the back or non-sun
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exposed side of the apple until it was just under the skin on the exposed side of the fruit.
Infrared thermocouple sensors (Exergen, IRt/c.5) were also used to monitor average skin
temperatures (datanot presented) on the sun exposed surface, and although morevariable, their
averages closely followed the readings of the regular “skin” thermocouples.

The goal of this set of experiments was to maintain exposed skin temperatures at an
maximum arbitrary vaue of 38°C or less using direct evaporative cooling of water from the
fruit surface (measured with infrared thermocouple sensors). This value was chosen because
adequate physiol ogically-based threshold temperatures where surface tissues are damaged by
sunburnwere not available. Thiswas aconservative criterion, and sunburn of thetest fruit was
not observed under these conditions.

However, for thisexperiment, sprayswereinitiated based on coretemperatures (near center
interior) since surface (skin) temperatures are much more variable, and are therefore more
difficult for agrower to implement. Water applications were pulsed on for about 30 seconds
when core temperatures of 33°C were measured and turned off at 32°C, in order to keep the
exposed skintemperature near the 38°C value. Thesevalueswerebased on several yearsof field
data measuring the thermal gradient between exposed skin and the center of the fruit.

Thus, once the core temperature of the apple reached 33°C, afine spray of water was
applied directly to the fruit surface by small spray nozzles about 15cm away until the core
temperature dropped onedegreeto 32°C. These sprays seldom lasted morethan afew minutes,
but could be on almost continuoudy during the warmest periods of the hottest days. The sprays
were pulsed (equivalent to 6.25 L s* ha') to reduce runoff and keep thefruit surface wet most

of thetime.The applied water temperatures (at nozzle) weretypically around 12°C during these
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experiments, but rapidly cooled towards wet bulb temperatures by evaporation during the spray
process.

Table 1. Identification of symbols and other related values of interest (T, is about 30°C).

Definition Symbol Value Units Reference
Thermal Conductivity K¢ 0.422 W/me°C Sweat, 1974
of Green Apples
Thermal Conductivity ks 0.513 W/m°C Sweat, 1974
of Red Apples
Specific heat of apples C; 3660 Jkg°C Sweat, 1974
Emissivity of apples € 0.97 -- (estimated)
Density of Red apples Ps 850 kg/m?® Sweat, 1974
Density of Green apples P 790 kg/m?® Sweat, 1974
Radiative Resistance r ~185 s/m Campbell, 1977
Apple Surface Cond. h, ~32 wW/m?C Thorpe, 1974
Heat transfer coeff. h, 5 W/m?C Thorpe, 1974
for radiation (apples)
Heat transfer coeff. h,, =80 W/m?C Hamer, 1986
for wet apples
Stephan-Boltzmann constant o 5.67E-08 W/m*K* Campbell, 1977
Density of dry air at T, Pa 1.1352 kg/m?® Campbell, 1977
Specific heat of water Cy 4185.5 Jkg°C Campbell, 1977
Specific heat of air Co 1010 Jkg°C Campbell, 1977
Atm. Pressure, sea level P, 101.3 kPa Campbell, 1977
Atm. Pressure at site P 99.53 kPa (estimated)
Emissivity, soil surface €q 0.97 -- Campbell, 1993
Atm. Transmission Coeff. a 0.70 -- Campbell, 1977
Slope, Sat. Vapor Curve A 2.16 g/m*C Campbell, 1977
Psychometric Constant Y 0.6653 kPa/°C Campbell, 1977
Latent heat of vaporization at T, A 2480 Jg Campbell, 1977

A 191.4 W ¢/m®

Short wav e absorptivity ag 0.40 -- Campbell, 1977
Long wave absorptivity a 0.95 -- Campbell, 1977
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The cooling on-off criteria were based on observations that once the core temperature
started decreasing, the skintemperature haddroppedtoat least 32°C, therewassufficient liquid
water evaporating on the fruit surface to continue cooling and additional spraying was not
needed. Applied water volumes could be conserved since evaporative cooling is, by design and
intent, very inefficient from a crop water requirement standpoint.

A Campbell Scientific CR10X datalogger was used to collect the data and to initiate
water spray events. Testswere conducted from early August through the harvest periodinlate
September. Supporting climatic data (e.g., ar temperature, humidity, solar radiation, wind
speed) were also monitored us ng the adjacent Washington Public Agricultura Weather System

station (PAWS: http://www.paws.prosser.wsu.edu/ ).

Observation indicates that sunburn isaprogressive phenomenon and accumulates over
time. Some varieties appear to become more susceptible as they begin to approach maturity.
Darker (e.g., morered colored) fruit also tend to absorb heat faster than green fruit which may
contribute to the increase in varieta sensitivity to sunburn as season progresses. Thereisno
question that the albedo changes as the fruit darkens and more heat is absorbed causing higher
temperaturesin thefruit. Sincethefruitisalso increasing insizeduring thisperiod, thereisan
increase in thermal mass as the season progresses and the fruit does not cool as quickly.
THEORETICAL CONSIDERATIONS

For sunburn protection, it is desirable to reduce fruit surface temperatures during the
warmest parts of theday. To coal fruit, al sources of incoming heat energy “loads’ that cause
the exposed fruits' temperatures to rise must be countered. If the amount of heat extracted is
greater than the tota incoming heat energy, the temperature of the fruit will decrease. If the

amount of heat extracted islessthan the incoming energy, fruit temperature will increase. The
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heat “load” on fruit that is exposed to the sun has two principal components: 1) direct radiative
heating from the sun; and, 2) advective heating from hot air originating from outside the block
moving through the orchard.
There are basically three ways of using water to reduce crop temperatures. Inorder of
increasing effectiveness, these are:
1) evaporatewaterinair (undertree or overtree) and usethecircul ation (convection)
of the cooled air to reduce fruit temperatures (convective cooling);
2.) apply water to the leaves and fruit, using the " cool" water to extract the sensible
heat from theplant organsand carry it away vialiquid "runoff" (hydro-cooling);
3) apply water to the leaves and fruit and directly extract heat by sensible to latent
heat transfer (evaporative cooling).
All water-based orchard cooling techniqueswill use one or more of thesemechanisms, and their
relative contribution will depend on climatic conditions, water application rates, application
uniformity, and system operation. It can be shown that the most effective of these cooling
modes will be evaporation of water from the fruit surface followed by removal of the water
vapor by mass air movement (Mervaand van der Brink, 1979; Barfieldet al., 1974; Barfield et
al., 1990; Chesness, et al., 1979; Hamer, 1986). Themost effective fruit temperature reductions
occur when the water directly evaporates from the surface of the fruit. Evaporation of water
requireslarge amounts of heat (2.43 MJkg of water @ 30°C), and the heat for evaporation will
come directly from solar radiation and/or any other heat source that is in contact with the
evaporating water including air and vegetation. Theinterrel ationshi p of these mechanisms can

be shown through both the mass and energy balance equations.
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Figure 1. Diagram of the conservation of
mass used for model development. M, is the
mass of water applied, M, isthe massof water
that runs off and M, isthe mass of evaporated
water.

Figure 2. Heat energy balance diagram for the
evaporative cooling model. R, is the tota
incoming radiation; R, is the sensible emitted
radiation of the fruit; E, is the sensible heat
supplied by the applied water; H isthe sensible
heat flux from the fruit; AE is the sendble to
latent heat transfer by evaporation, and E; isthe
sensible heat flux within the fruit.
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Using asimple control volume approach wherethe fruit surface is the outer boundary

and the fruit is assumed to be spherical, the mass balance equation from Figure 1is:

aM. dM, dM
a _ e _ r_
dt dt dt

I (1)

where | is a dimensionless interception-efficiency factor ranging from about 0.6 at high
application ratestoabout 0.2 atlow water applications (Businger, 1965); M, isthe massof water
applied by the sprinkler; t istime (seconds); M, is the total mass of evaporating water (taking
latent heat) from the fruit surface; and, M, is the mass of water that runs off (or drips off) the
fruit. The mass of water retention/storage (not evaporated) on the fruit surface is considered
negligible with respect to the other components

The heat energy balance equation from Figure 2 is:

_ _ dT (2)
Ep = (R, R) +E,~H-AE = p,C—

where R, isthe total incoming radiation (W/n¥); R, is the emitted radiation (sensible) by the
fruit (W/m?); E, isthe sensible heat supplied by the applied water (W/m?); H isthe sensible
heat flux from thefruit (W/m?); AE isthe sensibleto latent heat transfer by evaporation (W/nv);
E; isthe sensible heat flux within the fruit (W/n¥); p,isthe density of air; C, isthe specific heat
of air; and dT/dt isthe change in temperature over time (seconds) inthe control (fruit) volume.
In an assumed steady state situation where the coretemperatures are relatively constant during
cooling, E; is constant or p, C,*dT/dt can be set equal to zero. It should be noted that the
climatic variables needed for the model are essentially the same needed for scientificirrigation
scheduling using a Penman-based evapotranspiration model (Camp, Sadler and Y oder, 1996).

The quantity R,-R, isthe net absorbed radiation (W/n¥) flux. R, can be written as:
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R, =S,(l-a)+eo(T +273)" (3)

where S; isthe total short wave radiation; « isthe reflectance of the apple surface (about 0.6);
o isthe Stephan-Boltzmann constant (5.67E-8 W/[m** T*] with T in Kelvin); T, isthe ambient
air temperature(°C)); and €, is the emissivity of the atmosphere given by the equation

(Brutsaert, 1974):

1/7

e,=0.58x*py, (4)

where p,, is the vapor density measured at the 1to 2 m height. Thefirst termin Equation 3is
the short waveradiation and the second term accountsfor thelong wave contribution(L ). Since
only one hemisphere of thefruit receivesincoming radiation (and most of that isin the top half
of the hemisphere), the other half of thefruit receivesvariablereflected radiation by the canopy

and ground, the net absorbed radiation can be re-written as.

A A,

_ e Ar Ad Ar
R.ps™ asl (I)Sp“‘ (I)Sd+ ()8 1+ a,[ (=) I+ ()L

o ©))

where A, A, A, and A are the projected surface areas perpendicular to the sun, the projected
areaexposed to sky diffuseradiation, the projected area exposed to reflected radiation from the
ground and canopy, and the total surface area of the fruit (e.g., 4nr® for asphere), respectively.
The short wave absorptivity, a, is equal to 1 minus the reflectance, «, as defined in Table 1.
Typical values for these area ratios for a fully exposed whole fruit are 1/4, 1/2 and 1/2,
respectively, but they may be altered under |ess exposed conditions. However, if we only look
at the "hottest" part of the fruit surface (relatively small areas where the sunburn occurs)

perpendicular to thesun, the A /A, A /A, and A /A ratioswould be 1, 1, and O, respectively. S,
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S,, and S, are the corresponding short wave radiation terms (W/nr), respectively. L and L, are
the long wave rediation terms (W/n¥) for the air and ground, respectively. ¢ and ¢, are the
respective emissivities (both about 0.97) from the fruit and the ground (Campbell, 1977). The

above short wave components can be determined by the following equations (Campbell, 1977):

5,=S,+ 5, (6)

Sp=1fp* S, (7)

where § isthe direct irradiance and f, is the fraction of the total solar beam reaching the fruit

given by (Campbell, 1993):

£ - 1.82
1+ 0:45 (8)
S/ S,,~0.45
S, isdefined as:
S4=0.5%S5 *(0.91-a") *Sing (9)

where S, is the solar constant (1360 W/nr), @ is the sun elevation angle, and "a" is the

atmospheric transmission coefficient (=0.7 for aclear day) with an exponent "m"" defined as.

(P/P,)

= 1
g Sind (10)

where P is the atmospheric pressure, and P, is the atmospheric pressure at sealevel. S, can be

calculated as:
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S,=a* 5, (11)

S isdetermined by:

S,=r (5;5in¢+S)) (12)

where r, isthe reflectivity of the surface (about 0.4 for an apple, 0.6 for bare ground).

The incoming long wave radiation is:

L=e,0(T +273)* (13)

Lg=ego(Tg+273)4 (14)
The long wave reflected radiation from the ground is:

4
L=e 0T, as)

where T, is the ground temperature. The emitted radiation is calculated as:

pacp ( Tfs_ Ta)

r
r

R =e,0(T +273)"+ (16)

where T, is the temperature (°C) at the fruit surface; and, r, is the radiative resistance.

Using the mass balance relationship, E,, (W/m?) can be written as:

W

E=C'x[IT—2(T-T.) I(T. -T)] 17
= b3 —_ —_ - — —
w dt fs dt fs r ( )

where C' is a units conversion of I/sto W/m? °C ([4.19 Jg°C * 1 g/ml * 1000 ml/L * W-5/J] /

sprinkler spacing[S] inm?); T, isthetemperature (°C) of thewater a thefruit surface (assumed
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to be about wet-bulb temperature, T, which generally appliesto field sprinkler systems); and
T, isthetemperature (°C) of water running off the fruit (usually assumed equal to T, so that the
second term is 0).

H (W/m?), heat flux can be written as:

H= pacp ( Tfs_ Ta)

rfa

(18)

wherer;, is the boundary layer resistance (§m) of turbulent heat flow transfer from the fruit to

theair. Thisresistance term can be estimated as (Campbell, 1977):

r,=0.7*%307x (%) 19)

where d is a characteristic length approximately equal to 0.84 times the fruit diameter (m)
(Campbell, 1993) and u is the wind speed (m/s).
AE (W/n) can be written as:

o 2T mT) APl o

r r
v v

)

va

(20)

where A isthe latent heat of vaporization (2.429 MJkg); A isthe slope of the saturation vapor
curve (kPa/°C); r, isthe vapor diffusion resistance; p',, is the saturation vapor density (kg/n);
and; p,, isthe vapor density at ambient air temperature (kg/m®). However, because of the waxy
surface of thefruit, the water film is often discontinuous or in water "beads’ on the fruit surface
resulting in an effectiveresistanceto vapor transfer (probably timevariant depending on cooling

intervals) referred to asr,.. For purposes of this model, thisisestimated as:
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1.0 _ Tva
ve (1-£)) £ (1)

Yo+
r (r
va

+r )
Vs va

wheref,, isthe fraction of total surface that is wetted (estimated or measured) and has alarge
effect on the energy balance. The model is sensitive to this value (about 0.5 with uniform
coverage on a spherical shape, but apples are not spherical and have wax on their skin so that
water beads develop so that an f,, of about 0.60 or 0.75 may be more appropriate). ris the
surfaceresistanceto vapor transport whichistypically alarge number dueto thewax onthefruit
surface so that r,, can be approximated asr, /f,,. Theresistanceto vapor transportinair, r,,, can

be estimated by the equation (Campbell, 1977):

r =0.7%283%,[ 2 22)
u

whered and u areas previously defined. The latent heat term (Equation 17) can also be shown

to be equal to:

AE=AC/dEf
dt

(23)

wheredE/dt isthe heat flux in the fruit fromthe energy bal ance equation (generdly unknown).
For asteady state condition with a constant gradient across the fruit, E; can be shown to

be:

E=—"22F (24)
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where T, is the fruit core temperature (°C) and r, is a potentidly time varying internal heat
transfer resistance (§m) that issmall at small timesand large at very long times. If T,,=T,, the
term is zero (simplest case).

Using the valuesin Table 1 and assuming that heat transfer by conduction from dry to
wet areasisnegligible, steady state conditionsapply , water temperature (T,,) isassumed equal
to the wet bulb temperature (T,,,), and low wind conditions exist, the above equations can be
substituted, combined and reorganized to solve for skin temperature, T, and application rate,
dM /dt, can be estimated. To solve for skintemperatureit isnecessary to set or calculate: S;,

T,T,=T,, RH, u, |, and dM /dt, whereas dM /dt has to be estimated. Thus, T is:

a Ta ch
- €,0(T,+273)* + p,C (Z2+ 2+ =)
r rfa rt
dM dM AAT A(p!l .-
+clir —2 + ol — = &+ 2 . 2P pv"")] / (25)
Y dt T dt r r

ve ve
[p.C (i+i+i) + C/I% + C/% + ﬂ]
@P'r r r dt dt r

t r fa ve

T, = [R

abs

Likewise, to solve for the water application rate, dM/dt, it is necessary to set or
caculate: S, T, T, =T, Tt» RH, u,and . Asbefore, dM,/dt must be estimated and necessary
variablessubstituted, combined and reorganized to solve for dM/dt. Thus, the equation to solve

for the application rateis:
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T T T
%=—{Rb—efo(T+273)+pc(_a+ ay _foy
dt ans a @Pr r. r,
dM 1.1 1 AA
- clr —<L - T C (—+ + )+
T dt esLP, p(rr r,, rt) rve] (26)
AT, AN(Pya—P,,)
+ 2 = va .,/ c'I(T-T,)

rve rve

DISCUSSION AND RESULTS

The heat energy “load” onfruit that is exposed to the sun hastwo principal components.
1) direct radiative heating from the sun; and, 2) advective heating from hot air originating from
outside the block moving through the orchard. Taking a simple physical approach, some
calculations can be made to give the relative magnitude of the amount of water required for
effective overtree evaporative cooling of exposed fruit. Assuming that agrower wanted to cool
apples under conditions where the incoming solar radiation has an intensity of 800 W/m? with
an air temperature of 35°C (reasonable numbers for the middle of a summer day), it would
require the complete evaporation of about 3.13 L s* ha' applied above thetree canopy just to
equal (neutralize) the energy from only the incoming solar radiation. However, thereisalso an
advective (wind) component that istypically at least equa to the solar radiative heating during
periods of high air temperatures, low relative humidity and low to moderate wind speeds. This
meansthat at least 6.25 L s* ha' would haveto be continuously applied over thetree during this
“hot” period of the day to just equal both the incoming radiative and advective heat energy and
maintain the exposed fruit surface at ambient air temperatures (in this example 35°C) under
these assumed conditions. Cooling the exposed fruit to below ambient temperature would
reguirethe application of additional water. These basic calculations are supported by field data
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measuring actual exposed fruit temperatures on hot summer days in south central Washington
of cooled and uncooled fruit (Evans e al., 1995). Higher wind speeds and/or higher ar
temperatures would increase the amount of water required for effective evaporative cooling.
In fact, ambient air temperatures above 40°C are common during the growing season.

The energy balance model (Equation 24) was written in Visual Basic, and was run
under the same environmental conditions as measured inthefield (e.g., RH, solar radiation, air
temperature, wind speed). As would be expected, the model results were sensitive to the
estimated value of f,, (fraction of total surface that is wetted) used in the calculations) and the
resistanceto vapor transport (r,.). Vauesof f, of 0.75and| of 0.6 were used for thisanalys's
at this stage of fruit growth. The approximation of r,, as r /f, appears to overestimate the
resistance term by about 25% and more work needs to be done to better define this value.

The model results were compared with data collected from the test sand when the fruit
isbeing cooled (initiation of cooling is based on skin temperature thresholds). Datafor August
14, 1998 are presented in Figures 3 and 4. Figure 3 showsthe basic climatic data during the day
for the model resultsin Figure 4. Themodel results are presented on Figure 4 compared to the
measured average skin and core temperatures of both cooled and uncooled apples on the test
stand. It canbeseenthat thereisfairly close agreement with the measured and predicted cooled
fruit skin temperatures until later in the afternoon when the model dlightly overestimated. The
effectivenessof evaporative coolingis seen by comparing the large differences between cooled
and uncooled fruit temperatures. The slight overestimation later in the day was due to small
increasesin wind speeds and greater evaporation rates that cooled the wetted skin temperatures
faster when water was not limiting.  This samepattern of model to measured val ues represents

conditions evident for several other daysin 1998.
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Actual water applications were pulsed based on measured core temperatures of on at
33°C and off at 32°C, which were probably too conservative because of the frequent water
pulses used in this experiment. Cooled skin temperatures did not rise about abut 36°C during
cooling but showed considerably more variability than core temperatures. Thisrelatively high
variability is due to the rapid influences of applied water temperatures as well as solar heating
after surface layers of water have evaporated, indicating why skin temperatures are a poor
measure for controlling cooling.

Many of the simplifying assumptions used inthe model were based on quasi -steady state
or moving average conditions, whereas the measured skin temperatures were instantaneous
values. Thus, when comparing the difference of the model to the measured values during
cooling, therange of the differencesin total magnitude was small (about 5°C) and the variation
inthe model output waslessthan the magnitude of differencesinthe measured data (about 3°C).
The average skin temperature over the cooling test period was 31.68°C and 32.22°C for the
measured and model, respectively. Linear regression of the overall model results compared to
measured cooled skin temperature of the datain Figure 4 had an R? of 0.7324 (Figure 5), and
most of the variability occurs in the cooling interval.

Thisset of experiments showed that pulsing of water applicationsat thedesired rateswas
sufficient to maintainthetarget fruit temperatures during cooling. Continuouswater applications
would have been excessive. Thereisacompromisebetweenrelativelevel sof sunburn protection
and water application rates. Running the model over a season shows that average application
rates below about 6 L s* ha' may not minimize sunburn on extremely hot days. This is
supported by observation and field data. Consequently, at lower rates, the decision must be

made to either accept increased burn damage over the entire block on extreme days or to cool
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smaller blocks of more valuable fruit varieties at higher application rates. If the decisionisto
use evaporative cooling on asmaller area, the piping and pumping system must be designed to
handle the increased locd flows at required pressures.

The evaporative cooling process can be optimized in areas with low humidity and high
daytime temperatures common to many fruit growing regionsin the Pacific Northwest (USA)
by the use of model or afruit temperature-based initiation and duration control of pulsed water
applications aslong as sufficient water (e.g., 6.25 L s* ha') is continuously available. Hydro-
cooling should be minimized, not only becauseit isless efficient but al so because orchard soils
may become saturated over extended periods|eading to disease, excessive deep percolation and
other problems. Pulsing appearsto use the least amount of water that is effectivein maintaining
exposed skin temperatures below critical levels. Rapid wetting followed by water evaporation
directly from the fruit surface was shown to be effective in controlling fruit temperatures at the
higher water application rates in both field tests and by the model.

Systems in windy areas need to be designed for higher application rates and shorter
intervals between pulses. Droplet sizes need to be larger and sprinkler spacing must be closer
to provide the necessary application uniformity and penetration of the canopy.

It must be noted that evaporative cooling is not a water conservation measure and will
require extrawater above required irrigation amounts. Based on the soil water measurements
and irrigation scheduling results under evaporative cooling conditions, totd seasonal water
application amountswill befrom 25% to 40% greater than historical irrigation requirementsfor
an orchard (Evans et al., 1995). Even though transpiration is suppressed, additional water is

required since, by design, muchislost to the atmosphere on a high frequency bass (e.g., daly).
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The model agrees with observations that overtree sprinkle/microsprinkle systems that
apply water at low application rates (e.g., 3.13 L s* ha') tend to evaporate most if not all the
applied water beforeit reachesthe fruit. These |osses are exacerbated due to the applications of
very fine droplets (fogging or misting) which have a higher evaporation rate because of
increased surface area. Thus, droplet sizes should be large enough to penetrate the canopy and
wet al crop surfaces, and small sprinklers should be located asclose to the canopy as practical.
At appropriate flow rates, some type of control system will generally be required to pulse or
"cycle" the water applications.

CONCLUSIONS

Evaporative cooling is the conversion of sensible to latent heat by a conduction
controlled heat transfer from the fruit to the evaporating droplets/water film on a plant surface
followed by removd of the water vapor by mass air movement. A process-based model was
developed and partialy verified using this concept during the evaporative cooling process.

Theintent of devel oping the model wasto predict skin temperatures during evaporative
cooling based on climatic variables to prevent sunburn for controlling these systems. The
aternativeisto control EC based on sensorsembedded in fully exposed fruit within the orchard
which also works well but is more labor intensive. The model worked reasonably well for
control purposes athough it tended to slightly over-predict skin temperatures during timeswith
higher advective heat energy. The mode can also be used to initiate cooling inmorning which
is an important decision for growers to save water and to avoid sunburn.

In addition to improving the advective components, work is needed to better define the
range of values for the wetted fraction of the fruit surface (f,), estimates of fruit runoff losses

( dM,/dt ) and resistance to vgpor transfer (r,.) terms. Results of this model indicate that it is
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appropriate for controlling cycled water applications based on sensor feedback (e.g.,

thermocouples measuring skin or core temperatures) to reduce water use even though it tends

to dlightly over estimate skin temperatures during cooling under relatively high advective

conditions.

Experiencegained withthismodd hasshown that, inaddition tothefact that evaporative

coolingisnot atrue steady state problem, thefollowing considerationsare currently limitations.

1.

Water applications may be pulsed so that fruit surface goes from wet to dry and
back to wet (r,, changes with time). Water applications are also not uniformin
Space or time.

o (reflectance) of the fruit changes over season as apple matures and changes
colors. A fruit color algorithm based on temperature, ultraviolet light and other
variablesis needed to further refine the skin temperature predictions by variety
and stage of growth.

Heat distribution within and around the fruit istransient and non-uniform which
may require development of afinite dement model to accurately solve (beyond
the scope of this study).

RH and T, are affected by sprinkling itself which changes AE rates.

The advective components of the model need additional refinement.
Estimations of the wetted fraction of thefruit and the surfaceresistance to vapor

transport need to be improved.

Thisresearch has shown that use of afew easily measured climatic variables including

solar radiation (S;), ambient air temperature(T,), wet bulbtemperature (T,,,,) or relative humidity

(RH), and wind speed (u) along with estimates of the resistance to vapor transport (r,,), fraction
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of thefruit that is wetted and fruit runoff losses (dM,/dt ) can be used to reasonably predict skin
temperature and various selected water application rates (dM /dt) of appleswhen water supply

isnot limited and applications can be cycled.
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Figure 3. Climatic data on August 14, 1998 used to generate the model results.
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maintained at about 31°C, “UC ave’ refersto the temperatures of uncooled fruit (control).
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