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COOLING AND MASS TRANSFER RATES IN FRESH FRUITS

I

INTRODUCTION

An aged apple tree stands near the mouth of the
Columbia River at Vancouver, Washington,
bearing the following inscription:
in the Pacific Northwest.

with a marker

"The oldest apple tree

The seed was brought from

England and planted by the Hudson's Bay Company in 1826"
(Luce,

1976) .

Fruit production in Oregon,

Washington,

and

California accounted for a mere 0.25 percent of the total
orchard crops in the United States in 1850 (USDA,
However,
years,

1854).

production has increased dramatically over the

especially in apples and pea-rs .

By 1986,

the three

Pacific Coast states produced 47 percent of the apples and
95 percent of the pears in the United States
Stover

(USDA,

1986).

(1987) estimated the 1987 apple harvest in

Washington to be a record 85 million boxes.

By the end of

October 1987 the total Washington apple harvest was
reported as 104.7 million loose boxes

(Stover,

1988).

This tremendous in-crease in production accompanied
with a world wide demand for fresh fruit throughout the
year has created the need for sophisticated handling and
storage systems.

Basic information about the heat and

mass transfer characteristics of fresh fruits is essential
to the proper design of such systems.
A primary postharvest concern of fresh fruits is

rapid removal of field heat
picking temperature

to

(cooling the

storage

fruit mass

temperature).

from

Rapid

cooling of fruit has been shown to retard ripening and
biological
retards

spoilage,

extend quality.

the physiological processes

mo is ture

is

of respiration and

the most abundant compound in fruit

Gaffney,

diseases

1985).

are several

Moisture
factors

represents

an economic

loss

storage/packing facilities.

loss,

Moisture

to producers
Fruit

weight and uncontrolled moisture
shrinkage and shriveling,

and

is

loss

also

and

generally sold by

loss means weight loss,

all of which affect quality and

Overpacking containers

weight loss

bruising,

(Gentry,

affecting quality and

marketability of the product.

price.

Cooling fruit

loss .

Water
1970;

plus

to allow for estimated

is a common practice.

Inclusion of this

additional weight to guarantee minimum standards at
shipping,

costs producers millions

Thus,
mass

of dollars

accurate prediction of postharvest heat and

transfer from fresh fruit under various

handling conditions
facilites,

is necessary to develop

equipment,

both fruit quality to
producers.
1.

each year.

The

and procedures

and

improved

that will maximize

the consumer and profits

specific objectives

to determine

storage

of this

for

the

study were:

fruit temperature variations

experienced during grading and sizing operations

in a commercial

storage/packinghouse,

to experimentally determine cooling
characteristics,

mass

transfer

transpiration coefficients

rates,

and

for refrigerated

berries.
3.

to experimentally determine and model cooling
rates and mass
apples.

transfer rates

of refrigerated

II

LITERATURE REVIEW

Temperature is the most important environmental
factor influencing heat and mass transfer and ultimately
the deterioration rate of fresh fruits and vegetables.
Kader (1985) stated that for each ICC above optimum,

the

rate of deterioration increases two-to-three fold.
Consequently various methods for rapid removal of field
heat have been developed depending upon physical
characteristics of the product.
methods are hydrocooling,
cooling,

The most frequently used

forced-air cooling, vacuum

and hydrair cooling.

Forced air cooling of fruit in high humidity,

low

temperature environments slows the rate of moisture loss.
However,

several other phenomenon occur simultaneously.

These include:
product,

conduction heat transfer within the

convection heat transfer at the surface, mass

transfer (moisture loss) due to transpiration,
heat generation due to respiration,
due to transpiration,
al.

(1980)

internal

evaporative cooling

and other effects.

and Srinivasa Murthy et al.

Abdul Hajeed et

(1976) explained

that the inherent loss of free water from the surface must
be taken into account when determining overall energy
transfer.

2.1 CONDUCTION HEAT TRANSFER
The removal of field heat from fruit involves the
transfer of heat by conduction.
(McAdams,

1954),

The Fourier Rate Equation

quantifies the conduction heat transfer

process:
3.
A

=

k dT
"K dx

'

(1)

wh ere,
q — heat transfer rate, W
A - area normal to direction of q, m2
k = thermal conductivity, W/m«K
~— "= temperature gradient in the x direction,
T = temperature,

K/m

0

C or K

Using a differential control volume and applying the
first law of thermodynamics,
by Welty et al.

(1976)

the energy equation derived

is:

<?.k VT + u" ' + * = pcv^
where,
u'''

= rate of internal heat generation, W/hr-m2

<)> = dissipation function (viscous and shear
stress functions)
p = density, kg/m3
cv = specific heat at constant volume, J/kg-K

(2)

DT
= substantial derivative
Dt
=*

ai + v ai + v ai + v ax
x
z
at

ax

yay

az

vx = velocity in x direction,

m/s

■= velocity in y direction,

m/s

vz = velocity in z direction,

m/s

v

A = differential operator
No fluid motion exists within the fruit,

thus the

velocity and dissipation terms are not included.
conductivity and density are assumed constant.
transfer is by conduction, hence,
as c

(Welty et al.,

pressure)

1976;

c

Thermal
All heat

cv can be approximated

= specific heat at constant

for the study of the storage of fruits.

Equation 2 th.en becomes,

a • Az T +

c

P i

dT
dt

(3)

where
a =

PC,

t = ti.me,

thermal diffusivity, m2/hr
second.s

(hours)

Fruits (and veget-ables) have been modeled as slabs,
cylinders,

and spheres.

Small berries in flats are an

example of fruits that have been modeled as slabs,

certain

varieties of pears and carrots have been modeled as
cylinders,

and apples,

modeled as spheres.

oranges,

and tomatoes have been

Researchers

(Abdul Majeed et al.,

1980;

Srinivasa Murthy et al.,

1976) used a one

dimensional approach in solving equation 3 letting,
I d (r 3T)
rn ar
dx

a« AZT

(4)

where,
r = radial vector from midplane of object,

m

n = 0 for a slab
n = 1 for a cy1inder
n ■= 2 for a sphere
Physical models and coordinate systems used for modeling
heat transfer in fruits and vegatables are shown in Figure
1 .
Sustituting equation 4 into equation 3 with the
appropriate value of n results in:
2

1

.31

Q

at

I

3 T
+ u'
k
" 3r2

t

i

2

3T
a at

T + 1 ax
r ar
" ar

1

ax

a

at

3 T + 2 3T
3r2
r ar

a

2

+

s

for a slab

(5)

for a cylinder

(6)

for a sphere

(6)

2

*i

Internal heat generation in fresh fruit is due to the
chemical process of respiration which results in the
production of heat.

Respiratory heat generation has not

been taken into account by numerous researchers.

This

assumption has negligable effects when analyzing single
pieces of fruit, however,

respiratory heat generation

contributes significantly in bulk situations,
elevated temperatures,
rates

(Baird et al.,

storage at

and during cooling at very slow

1976).

Slab

Cylinder

Sphere

Figure 1.

Physical Models and Coordinate Systems for use
with Equation 4.

2.1.1

Initial and Boundary Conditions
Boundary conditions encountered depend on whether or

not unsteady analysis is used.

For unsteady conduction,

the initial condition is:
TCr.O) = T0

(8)

where
T0 = temperature of surrounding fluid medium,

°C

Fruit is fairly symetrical about its central axis,
thus the boundary condition that describes symetery is
often used by researchers.

This condition is stated as:

dT(0.t)
= 0
dr
Convection,

radiation and evaporative cooling also

affect boundary conditions.
equation (4)

(9)

Baird's (1976)

solution of

included convection effects by using the

condition:
.

dT(R.t)
dr

MTS

(10)

- T.)

where,
R = cylinder or sphere radius,
width , m

or slab half

h = convective heat transfer coefficient,

W/m2*K

Ts = surface temperature of product, K
T

= ambient air temperature, K

Abdul Majeed et al .

(1980)

and Srinivasa Murthy et

10
al.

(1976,

1974) used the concept of "enthalpy potential"

to describe the boundary condition which incuded the
effects of evaporative cooling.
The expression reads:

dT(R.t)
dr

S + Wcpw -(Hs

- Ha)

(11)

where,
W = humidity ratio of air,
air

kg water vapor/kg - dry

CpW = specific heat of water vapor at constant
pressure, J/kg °C
Hs

= enthalpy of saturated air at temperature Ta,
J/kg

Ha = enthalpy of unsaturated air at temperature
Ta, J/kg
The enthalpy of the saturated air-vapor mixture was
then assumed a second degree polynomial in te.mperature ,
H = a + bT + cT<
Other researchers
1985;

(Bellagha et al.,1985;

Chau et al.,

Haykawa et al.,

(12)

1984,

1978,

1985;

1982;

Gaffney et al.,

Sastry et al.,

Dyner et al.,

1982;

1964) used the

relation,

k

dT(

^t:) + he(Ta-T(R,t))

- Lm = 0

(13)

where,
h

= effective heat transfer coefficient, W/m2 K

11
L = latent heat of vaporization,
m = rate of moisture

J/kg

loss per unit area,

kg/s-m2

Radiation effects have been included by Chau et al .
(1984,

1985)

steady state

and Gaffney et al.
situations.

(1985),

but only during

Radiation should be

included for

products with high transpiration or respiration rates
(Chau 1985).

Heat

transfered by radiation can be

expressed by the equation:
qr - a F A £ (T,«

-

Ta*)

(14)

where
qr = rate of heat transfer by radiation,
a = Stefan-Boltzman constant,
F = shape

W/m2

5.67 x 10"° W/m2'KA

factor

e = surface emmisivity
Ts

= absolute
K "

temperature of the product surface,

Ta = absolute temperature of the
surrounding, K

2.1.2

solid

Bulk Commodities

Bulk commodity situations must be

approached

differently than individual pieces of fruit.
developing analytical models
to

facilitate a solution.
1.

In

several assumptions were made

Researchers assumed that:

Thermal properties of the products and air are
constant throughout the process,
which varies with temperature

except respiration,

(Gaffney et al.,

1977;

12
Baird et al. ,
2.

1976) .

No conduction heat transfer occurs between the
individual products
al.,

3.

1985;

Baird et

1976)

Air velocity in all interstices is constant
(Bellagha et al.,
et al
al. ,

4.

(Bellagha et al.,

,1976;

1985;

Gaffney et al.,

Bakker-Arkema et al,

1966;

1977;

Baird

Gillou et

1958) .

No mass transfer occurs between the product and the
cooling medium (Gaffney et al.,
1976; Bakker-Arkema et al.,

1977;

Baird et al.,

1966; Gillou et al.,

19 5 8).
5.

No temperature gradient exists within the product
(Gaffney et al. ,
Gillou et al. ,

2.1.3

1977; Bakker-Arkema et al ,

1966;

1958) .

Steady State Conditions
When temperature equilibrium between product and air

is reached,

the fruit temperature

(surface and internal)

is different than the air due to respiratory heat
generation and the effects of moisture evaporation from
the product surface.

Chau et al.

(1985) derived steady

state condition equations to adjust equations 5,
to account for this situation.
conditions equations 5,

6,

6,

Under steady state

and 7 become:

and 7

13
2

d

T

= 0

dr2

(15)

2

d

T

dr2

+

1 ax
r <3T

+

u'
k

(16)

2

3 T

ar2

+

(17)

r ai

These equations were used in mass transfer modeling
to determine surface temperature, mass average
temperature,

and temperature at any location within the

produc t.
2.1,4

Mass-AveraEe Temperature
The mass average temperature of a product undergoing

transient cooling is defined as a single value from the
temperature distribution that would become the uniform
product temperature under adiabatic conditions
al.,

1965).

(Smith et

Smith noted the thermal resistance of fruits

and vegetables creates a large temperature gradient during
transient cooling.

Smith also noted if researchers

reported a mass-average temperature more meaning would
come when comparing experimental results of cooling rates.
Smith derived equations which locate the mass-average of
an object between 0.73r and 0.79r.
2.2 CONVECTION HEAT TRANSFER
The convective heat transfer coefficient on the
surface of an object has been well studied.

Researchers

14
use the Reynolds analogies to determine the convective
heat and mass transfer coefficients.
Nusselt,

Prandtl,

Grashof,

The Reynolds,

and Stanton numbers are defined

as :

Reynolds Number = ReD =
\~i n

Nusselt Number = NuD = ~~r
Prandtl Number = Pr = ^P
k
3 „2

Grashof Number = GrD = &^TL P
Stanton Number = St

=

Pvcp

where,
v = velocity of surrounding air,

m/s

D = diameter of sphere or cylinder,
fi = fluid viscosity,

m

Pa s

L = characteristic length = D, m
g = gravitational acceleration,

m/s2

/3 = fluid coefficient of thermal expansion,
AT = Temperature difference,

K"1

"C or K

Several equations which relate object shape to
thermal properties and air velocity have been developed.
Relationships for slabs,

cylinders,

and spheres as

reported by specific authors are summarized in Table 1.
Natural convection for a horizontal cylinder is the same
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Table 1.

Convective Heat Transfer Analogies for Various
Geome tries.

SURFACE
OR SHAPE

EQUATION
(RANGE)

REFERENCE

Flat Surfaces
Vertical

Nu = 0.548(GrPr)1/4

Welty et al.

(1976)

Vertical

NuL = 0 . 555(GrLPr) :L/4
(GrLPr < 109)

Welty et al.

(1976)

Welty et al.

(1976)

Nu - 0 . 27(GrPr)1/4
Welty et al.
(3 x 105 < GrPr < 1010)

(1976)

NuL = 0 . 0210(GrLPr)2/5
(GrLPr > 109)
Hor izontal,
ho t face up,
cold face down

Horizontal,
hot face down,
cold face up
Cy1inders

Nu = 0 . 54(GrPr)1/4
105 < GrPr < 2 x 107)
Nu = 0.lACGrPr)1/3
(2 x 107< GrPrO x 105)

NuD = 0.UeRev1/2 +

0.00128ReD
(ReD > 500)
Welty et al.

(1976)

NuD = 0.43 +0.48Re1/2
(ReD < 500)
Geankoplis

(1978)

Nu = C Rem Pr1/3
Spheres

Nu = 0.31 ReD0-6
(20 < ReD < 150,000)

Welty et al.

(1976)

2 . 2
0.48
ReD + ^T?
(1 < ReD < 25)

Natural
convect ion

Nu = 2.0 +
0.60 Re1/2 Pr1/3
(1 < Re < 70,000)

Geankopolis

NuD = 0.53(GrDPr)1/4
(104 < GrDPr < 109)
1/L - 1/LH+1/LV - D/2

Welty et al.

(1978)

(1976)
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as a sphere (Geankoplis,

1978).

Geankoplis

(1978) also

gives a Nusselt relationship for spheres as:
Nu = a(GrPr)1
where a and m are constants.
al.,

1976)

McAdams

(18)
(1954,

from Welty et

also suggested the use of the equation:
h = C(AT/L)n

(19)

where C and n are constants
2.3

SOLUTIONS
As noted by Baird et al.

(1976),

the absence of

reliable input data creates a problem in attempting to use
any model.

As shown by Hayakawa et al.

(1972),

a great

number of formulae exist for estimating food temperatures.
There are three cla-ss if ication.s given by Hayakawa:
analytical solutions
formulas,

(theoretical formulae),

emperical

and semi - theoretical formulae.

Theoretical formulae are derived from Fourier's Rate
Equation or heat balance equations.

Theoretical formulae

are very accurate, but become difficult to solve when
complex shapes are involved.

Emperical formulae are

obtained by analyzing experimental cooling curves and
obtaining constants.

Hayakawa (1972) notes that emperical

formulae may be applied to any complex shape,

but do not

readily show the relationship of the thermophysical
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properties

to the conduction of heat.

Semi - theoretical

formulae are obtained by applying theoretical
emperical

2.3.1

to

formulae.

Finite Difference

Due

formulae

to

Solutions

the nonlinearities

of boundary conditions most

researchers adopt the finite difference
solutions
difference

to equations

5,

6,

and 7.

technique

One of two

to

find

finite

techniques were used depending upon the

researcher and stability criteria of the problem.

Backward Difference

Solutions

Abdul Majeed et al.(1980),
Srinivasa Murthy et al.(1974,

Hayakawa et al.(1978),

1976)

used the backward

difference method

(implicit)

Hayakawa includes

the respiratory heat generation term

to solve equation 4.

while others neglected the effects.
(1980)

and

Abdul Majeed et a-1 .

and Srinivasa Murthy et al.(1974,

1976)

equation 4 using boundary condition equations
and a method described by Von Rosenberg

solved
9

and 11,

(1969).

Hayakawa

solved differential equation 4 using the boundary
conditions

expressed as equations

9

and 13.

Hayakawa also employed a method where a numerically
estimated temperature distribution was
applying a quadratic

least squares

smoothed by

technique.

The

smoothing produced a stable solution for various physical

18
parameter combinations.
Forward Difference Solutions
The forward difference technique
employed by Bellagha et al.
Baird et al.
1967).

(1976);

(1985);

(explicit) was

Chau et al.

and Bakker-Arkema et al.

Bakker-Arkema et al.

(1984);

(1966,

(1967) used a heat balance

elemental control volume approach to solve for temperature
within a deep bed of biological products.
conditions used were equation 8,

The boundary

and that the entering air

temperature was constant at all times.

The convective

boundary condition was included in the heat balance when
deriving the governing equation.

The resulting equations

were solved using forward difference techniques.
Baird et al.

(1976) used a similar approach to solve

the cooling of a bulk commodity.

Individual products were

modeled as spheres, using equation 7 without the internal
heat generation term.

Boundary condition equations 8,

and 10 were assumed in this model.

9,

The bulk commodity

model was solved using the approach Bakker-Arkema used,
and the previously computed product temperature.
Respiratory heat generation was neglected.
Chau et al.

(1984) used the finite difference

technique to model a single sphere.

The model included

the effects of internal heat generation,

evaporative

cooling,

(1985)

and radiation.

Bellagha et al.

improved

19
the model

further by applying the model

situation.

As with Baird,

the

temperature of the elemental
was

computed.

to a bulk

individual product

layer

in the control volume

The air temperature was computed next and

then the product temperature

in the next elemental layer

computed.

2.3.2

Finite Element Solutions

Finite element techniques have recieved limited
attention.
technique

Hayakawa et al.

(1982)

used the

to simulate cooling spherical

The model

fresh produce.

included linearly dependent density,

thermal conductivity,

latent heat of vaporization,

convective heat transfer coefficient,
generation,

and transpiration rate.

respiratory heat
The

governing

differential equation used was equation 2,
condition was equation 8,
9

finite element

initial

and boundary condition equations

and 13.

2.3.3

Analytical Solutions

Laplace

transform,

direct integration,

of variables are a variety of analytical
have been used to
transfer
solutions

techniques

solve the equations governing heat

in horticultural products.

The resulting

are usually expressed as Bessel

exponentials,

and seperation

Functions,

or simple mathematical expressions.

that
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However,

solutions are usually only possible when

homogeneous conditions

exist

(or are assumed).

Steady State

Solutions

Steady state

conditions exist when there are no

temperature variations with time.

Equations

14,

15,

and

16 have been solved by Chau and Gaffney

(1985),

boundary condition equations 9 and 13.

The equations were

solved using integration by parts.

using

Radiation was

taken

into account and the convective heat transfer coefficient
was

changed from that due to just

the air film,

to an

overall effective heat transfer coefficient which included
radiation.
Sastry et al.

(1982)

derived an equation for a gas

diffusing through a pore.
equation 14,

similar

d^JT
dzr

.
P

dT
dr

respiratory heat generation and evaporative

effects were

to

reads:

.

The

The equation,

taken into account

An exponential solution was

(20)

cooling

in the boundary condition.

then achieved using the

boundary condition:

, dT
. .
k ,
= Lm
dr

Unsteady State

Solutions

(21)

21
Many solutions
problems exist.

to unsteady transient heat conduction

A problem arises

include nonhomgeneous

terms,

both

that many of the models
in the differential

equation and in the boundary conditions.
methods use series

solutions or Bessel functions,

Laplace transformation.
by numerous
equations

investigators

discussed thus

Dyner et al.

(1964)

Bessel

9

and 13.

The

and

functions have been used

to solve the differential
far.
solved equation 6 without the

respiratory heat generation term,
equations

The most common

using boundary condition

solution was accomplished by

as suming that:
1.

The water vapor involved in the mass
process

2.

follows

The difference

the

transfer

Ideal Gas Law.

in the ratios of partial pressure of

the water vapor over the absolute

temperatures

the air film and the air blast is a linear
of temperature and proportional
temperature
Dyner solved the
variables method.
in

to

in

function

the absolute

difference.
equation using the separation of
The resulting solution is

time and a Bessel

exponential

function in space.

The heat balance control volume approach used by
Bakker-Arkema et al.

(1966)

to solve

for

distribution inside a bulk commodity also
Bessel

functions.

the

temperature

involved using

The variables of temperature,

time,

and
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position were made dimensionless which resulted in two
coupled equations that were solved using Laplace
transformation.

The heat transfer coefficient was

calculated using the relation:
St = 2.06 Re'0''2
Respiratory heat generation,

(22)

radiation,

and evaporative

cooling effects were not taken into account.

However,

Bakker-Arkema noted that the difference between the
theoretical and empirical cooling rates was due to the
effects of evaporative cooling.
Gillou (1958) and Baird et al.

(1977) used the

following equation to solve the transient heatxtransfer in
a bulk commodity of produce:

0\T

y f\ y \ \& ')

m

/Mcp
(23)

Mc dT -= hA(T-Ta)dt

where,
M = mass of object,

kg

The equation was then integrated with the condition that
t = 0 at initial product temperature Ti .

The resulting

equation was:
T - T
a = e-ct
T

(24)

where,
C =

hA
Mc„

(25)

A negligable temperature gradient within the product,
constant thermal properties,

and constant surrounding air
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temperature were assumed in this model.
Gaffney (1985),

As noted by

these requirements are seldom met in

practice.
All of the models discussed thus far give
satisfactory results.
researchers,

However,

radiation,

as recently noted by most

evaporative cooling,

and presence

of dissolved solids in the fruit fluid (which creates a
vapor pressure lowering effect) need to be included to
improve results from the models.
2.4

MASS TRANSFER
The mass transfer processes in fruit is referred

to as transpiration.

Transpiration is defined as a

process of moisture transfer through evaporation and
diffusion governed by temperatures and relative
humidities.

Sastry et al.

(1978) defines the

transpiration rate as the mass transpired per unit mass of
commodity per unit time.

The transpiration coefficient is

defined as the mass of moisture transpired per unit mass
of commodity, per unit environmental water vapor pressure
deficit per unit time.

Transpiration rate and

transpiration coefficients may also be expressed on a per
unit surface area basis.
Villa (1973)

stated that moisture transfer from a

moist body can be divided into two parts.
process within the product,

The transfer

and the interaction of product
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surface with the environment.

Moisture transfer within a

product arises from capillary flow and diffusion caused by
a concentration gradient,
loss.

Moisture

loss

due

and does not result
to

surface with the environment
gradient.
while

the

moisture

the

iteraction of the product

is also caused by a pressure

The product surface
surrounding air

in moisture

is

saturated with moisture

is below saturation,

causing

loss from the product.

There are many factors

that must be

taken

into

account when determining the transpiration rate.
et al.

(1985)

categories:
force
the

divided the

transpiration process

driving force and resistance.

(water vapor pressure difference)

relative humidity of the

surface of the product,

solids.

Resistance

into

two

The driving
controlled by

surrounding air,

heat generation within the product,
the

is

Sastry

respiratory

evaporative cooling at

and presence of dissolved

is controlled by air velocity,

shape,

surface structure,

2.4.1

Equations of Mass Transfer

product

and maturity.

The equation most frequently used to express moisture
loss

from horticultural products

* = Krn(Ps

-

is:

(26)

Pa)

where,
m = transpiration rate,

mg/s-m2

or mg/s»kg
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overall transpiration coefficient,
or mg/s-kg-kPa
water vapor pressure at the
surface, kPa

evaporating

p. = water vapor pressure of the
kPa

The

overall

transpiration coefficient

mg/s-m2-kPa

surrounding air,

is

a function of the

product skin resistance and the resistance of water vapor
diffusing through air at the product surface
al. ,

(Fockens et

1972) .
Chau et al.

(1984,

1985)

expressed the overall

transpiration coefficient as:

K„

1.

(27)

+ !_

where,

The
be

mg/s m2 kPa

K,

skin mass transfer coefficient,
or mg/s kg kPa

K.„

air film mass transfer coefficient,
mg/s mz kPa or mg/s kg kPa

air iilm mass

transfer coefficient

(for a sphere)

expressed by an equation given by Geankoplis

Sh = 0 . 552 Re 0.53

gc0.33

can

(1978):

(28)

1 < Re < 48,000
0.6 < Sc < 2.7
where,
a
Sh = Sherwood Number ■= ~Z~
D

AB
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Sc = Schmidt Number

pD AB

DAB = mass diffusivity of water in air, m2/s
A model was developed by Fockens et al.

(1972) to

take into account the nonlinearity of transpiration rates
The nonlinearity of transpiration rates has been
attributed to an increase in skin diffusional resistance
at high vapor pressure deficits

(Fockens et al.,

1972).

The equation derived is:

m =

JLi_
RrfT
d ^a

1/0 + MS/5

<P,

Pa)

(29)

where,
71 = fraction of surface behaving as a free water
zone
72 = fraction of surface behaving as a porous
membrane
Rd = Universal Gas Constant, J/mole K
Ta = ambient temperature, K
/9 = convective mass transfer coefficient, m/s
6 = diffusion coefficient of water vapor in air,
m2 /s
s = skin thickness, m
M = resistance factor
_ vapor flow through air layer of width s
vapor flow through porous membrane of width s
2.4.2

Repiratory Heat Generation
Respiration in fruits is a normal life process and
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can be expressed by the following equation (Sastry et al
1978):
c: H

6 1206

+

(30)

602-»6C02 + 6H2O + 673 kcal .

Respiratory heat generation tends to increase the internal
temperature of the product which increases the value of
Ps.

Sastry et al.

(1985)

states that the effect is small,

but under saturated storage conditions evaporative cooling
would be negligable.

Without the temperature lowering

effect of evaporative cooling,

the surface temperature

will rise slightly above the ambient air.

This leads to

moisture loss even in high relative humidity surroundings.
The loss of carbon dioxide in the respiration process
has led some researchers to investigate its effects on
total weight loss.

Sastry et al.

(1985),

states that the

carbon dioxide loss should be subtracted from the total
weight loss.

Gaffney et al.

(1985) notes that carbon

dioxide loss is directly related to respiration and is
therefore a function of temperature.

Thus,

when dealing

with products with high respiration rates carbon dioxide
loss should be considered.
carbon dioxide loss,

van Beek (1985)

Sastry et al.

determine carbon dioxide loss,
calculated carbon dioxide loss.

(1985)

reported the

sampled air to

and Gaffney et al.
However,

(1985)

all other

researchers cited did not include carbon dioxide loss in
their calculations.
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2.4.3

Evaporative Cooling

Moisture loss

from the

surface of a product results

in an evaporative cooling effect.
tends

to reduce

a product.

the saturation water vapor pressure within

Sastry et al.

evaporation involves
product,
the

Evaporative cooling

(1985)

noted that since

the removal of latent heat from the

the product surface temperature

surrounding air

temperature.

temperature would reduce

This

is

reduced below

decrease

in

the product water vapor pressure,

increasing the vapor pressure difference between the
product and surrounding air.
The

surface

temperature of the product

to

determine experimentally.

to

the

is difficult

Sensors are bulky compared

small evaporating surfaces

(Sasrty et al. ,

1985) ,

consequently many researchers have used analytical heat
and mass

transfer models

Equations

to predict surface temperatures.

11 and 13 are examples of boundary

conditions which

include evaporative cooling in

determination of the overall transfer of energy.
equation 11 or 13

results

in equations

Use of

from which the

product can be determined.

2.4.4

Vapor Pressure Lowering Effect

The vapor pressure at the evaporating surface
temperature

is not that of pure water due

of dissolved substances

(Sastry et al. ,

to

the presence

1978) .

Gaffney et
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al.

(1985),

noted that a sugar solution would have a

saturation vapor pressure lower than that of pure water
and can be related by Raoult's law as:

f- xa
r

(31)

o

where
Ps = vapor pressure above a solution, kPa
P0 = vapor pressure of pure water,

kPa

xa = mole fraction of water in the solution
The amounts and types of sugars present in the fruit
are not easily determined.

Therefore, Gaffney suggested

using the freezing point depression method given by Moore
(1972)

to determine the vapor pressure at the surface of

the product:
(32)

Tf - Kf.mt
where,
Tf = freezing point depression,

°C

Kf — freezing point depression constant — 1.86 °C
mb = molality (moles of solute per liter of
solvent)
Combining equations

(25)

and (26) yeilds:

K
Kf + 0.018 Tf

(33)

Freezing point values of fruits have been presented
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by ASHRAE (1986), Heldman et al .

(1981), Mohsenin (1980),

and Whiteman (1966).
2.4.5

Air Velocity
Sastry et al.

(1978),

in his review of literature,

states most researchers have found air velocity has a
slight, but not very significant effect on transpiration
rates.

Sastry et al.

(1985) referenced Pieniazek (1942)

as finding increasing air velocities up to 4 m/min
increased moisture loss, but above 4 m/min moisture loss
remained constant.
Constant skin transpiration coefficients with varying
air velocities are evident during steady state situations
where equiLibrium between product and ambient air
temperatures exists.

However,

durring transient cooling

the effects of air velocity would be significant due to
large tempexature differences.
Air velocity does affect overall heat and mass
transfer co-efficients.

Sastry et al .

(1978) notes air

velocity ch.anges the Reynolds number which affects the
heat and aix film mass transfer coefficients.

Sastry

states the variation of heat and ma-ss transfer values has
an important effect on transpiration rates and needs to be
cons idered.
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2.4.6

Product Shape and Size
A product with a large surface area to mass ratio

will lose more moisture than a small surface area to mass
ratio (Sastry,

1985).

Karmarkar et al.

Sastry et al.

(1940)

(1978) reported

finding fruits with small surface

areas having thinner skins than larger fruits, which at
least partially accounts for this trend in transpiration
rates.

Sastry et al.

(1978) also noted that product shape

affects air flow over the product surface,

affecting the

heat and mass transfer coefficients.
Past researchers usually did not express the
transpiration coefficient on a per unit area basis,

due to

difficulties in determining surface areas of horticultural
products.

Sastry et al.

(1978)

stated it would be more

desirable to have transpiration coefficients expressed on
a per unit mass basis.

Surface areas for large volumes of

fruits are difficult to determine.

Sizes,

numbers,

and

surface areas of fruits contacting the sides of the bin
and each other must be estimated.
Recent researchers have used computers to aid in the
estimation of surface area.

Sastry et al.

(1982)

attempting to model a tomato as a perfect sphere,
radius, mass,
regression.

and volume,

measured

and analyzed the data using

A correlation coefficient of 0.89 was found

between radius and mass,

and a similar relationship

between radius and volume.

Surface area was measured by
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peeling the skin and measuring the area with a digitizer.
The regressions performed had correlation coefficients of
0.94 obtained for both area versus weight and area versus
volume.
Bellagha et al.

(1985) also used regression

techniques to determine surface area by weight.

No

explaination was given as to how the relationship was
obtained.

Romero et al.

products,

digitized them,

(1986)

took cross sections of

and then computed a surface area

of revolution using a computer program.

No results of the

attempt were given.

2.4.7

Other Effects
Other effects have been noted by researchers as

attributing to moisture loss.

Fruit maturity has been

noted as affecting the rate of moisture loss.
al.

Sastry et

(1978) notes increased moisture loss in immature and

overmature fruits is due to increased permeability of
fruit skin.

Sastry et al.

(1982)

stated the lack of a

maturity index necessitates the elimination of maturity as
a variable in models.

However,

Sastry (1985)

states

maturity is a factor causing high variabilities in
transpiration readings and must be accounted for in
experiments (i.e.

values of transpiration coeffiecients

may only be valid when fruit is at same stage of
maturity).
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Outer skin structure affects the transpiration rate
at high vapor pressure deficits.

Sastry et al.

(1978),

cited past researchers found a decrease with time in
transpiration coefficients.

The decrease was attributed

to drying of the outer tissue layers,
of cells at the surface,

or due to flattening

causing high diffusional

res is tance.
The waxy coatings on the skin of some fruits helps
decrease moisture loss.
apples,

Pieniazak (1944),

in a study on

noted that if wax was removed an increase in

moisture loss occured.

The layer of wax returned a few

days later, but overall the moisture loss was still
higher.
Cuts and bruises have been noted to increase moisture
loss.

Young fruit tend to have unhealed cuts, which may

explain part of the increased moisture loss.

The presence

of molds and rotting have been attributed to increased
mo isture loss.
The calyxes and stems of fruit also affect moisture
loss.

Sastry et al.

(1978) cited researchers immersing

stems into water, which tended to increase transpiration.
When sugars were added to the water,
increased even more.

transpiration

Sastry (1978) noted that the entry

of nutrients before harvest contributes to initially high
transpiration rates.
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III.

EXPERIMENTAL PROCEDURES

Experiments to determine cooling characteristics and
mass transfer rates and were conducted on Benton
strawberries, Meeker raspberries,
blueberries,

d'Anjou pears,

Golden Delicious apples.

Early Blue and Jersey

and Red,

Starking Red,

and

All experimental data except

temperature measurements during grading and sizing
operations were recorded in an Agricultural Engineering
department laboratory on the Oregon State University
campus.

These fruits were selected due to availability

and progressively later harvest dates during the growing
season.
Berry fruits have a short postharvest life and are
processed and shipped to retail outlets relatively
quickly.

Pome fruits (pears and apples), however, have a

much longer postharvest life and are frequently stored for
relatively long time periods.

3.1

FRUIT ACQUISITION
The strawberries,

raspberries,

and blueberries used

in the studies were obtained from local producers.
berries,

The

picked within the hour of purchase, were

immediately transported to the laboratory,

placed in

plastic berry flats or plastic pint baskets, weighed,
put into a refrigerated chamber.

and

The refrigerated chamber
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inner and outer walls were constructed of galvanized steel
with 8.9 cm of polystyrene insulation in between.

The

refrigerated chamber dimensions were 1.22 m x 1.52 m x
2.03 m.
Moisture contents of the berries were determined by
weighing small groups of berries,
all moisture was removed,

drying in a oven until

and reweighing.

These data were

to be compared with those reported by other authors.
The Benton strawberries and Early Blue blueberries were
placed in berry flats and put into the refrigerated
chamber.
used.

Figure 2 shows the dimensions of the berry flat

The Benton strawberries and Early Blue blueberries

were tested in a unprotected environment subject to forced
forced air velocities.
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refrigerated chamber evaporator coil fans.

No attempt was

made to reduce the air turbulence with a deflection
barrier or protective container.
The Meeker raspberries and Jersey blueberries were
first placed in plastic pints,

then placed in a two by

three configuration into a small protective environmental
chamber within the refrigerated chamber.
the dimensions of the pint baskets.

Figure 3 shows

The small

environmental chamber was constructed of 7.6 mm thick
plexiglass and measured 0.51 m x 0.30 m x 0.50 m.

The

small environmental chamber consisted of a top and bottom
half fitted together,

forming a nearly airtight seal.
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Dimensions of Pint Baskets used for Meeker
Raspberry and Jersey Blueberry Experiments
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d'Anjou pears were obtained from the Mid-C&lumbia
Agricultural Experiment Station in Hood River,
The pears were picked from one tree,
lined with a polyethylene bag,

Oregon.

placed into a box

and transported by car for

approximately 3.5 hours to the laboratory.
Apples were obtained from the Lewis-Brown
Horticutural Farm located two miles south-west of the
Oregon State University campus.

Transportation time was

minimal due to the close proximity of the orchard to the
re search lab.
A larger volume of fruit was used for apple and pear
experiments,

thus a larger environmental chamber was used.

The large environmental chamber was constructed of 7.6 mm
fch-ick plexiglass and measured 0.60 m x 0.64 m x 0.91 m.
Tlie large environmental chamber had a door which could be
seale-d with wingnuts,
3.2

forming a nearly airtight chamber.

FRUIT HARVESTING AND HANDLING PROCESSES

In-field documentation of pome fruit harvesting was
conducted at Hood River,

Oregon.

A tour of the Duckwall-

Po-oley Fruit Company in Hood River,

Oregon provided

knowledge of the processes which freshly harvested fruit
axe subjected to at a storage/packing facility.

On-site

time and temperature data were taken to allow later
laboratory simulation of the processes.
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3.2.1

Fruit Harvesting
Fruit was hand harvested and placed into canvas bags

strapped to the laborers.

Experienced pickers require

from three to five minutes to fill a bag.

Filled bags are

carried to a wooden bin measuring 1.22 m x 1.22 m x 0.91 m
and carefully placed inside to reduce fruit bruising.
Bins hold twenty to thirty bags of fruit,
fruit size.

depending on the

Filled bins are loaded onto a truck or

trailer for transport to the storage warehouse.

Removal

of fruit from the trees and transporting to the storage
facilities normally takes two to three hours.
Fruit are unloaded from the transport vehicles and
placed in stacks outside the cold storage.

Forklifts move

the bins from outdoor stacks into the cold storage as
quickly as possible.

The amount of time the fruit remains

outside the cold storage depends greatly on the volume of
fruit being harvested that day.

Delay of fruit movement

into cold storage may range from a few minutes to several
hours.
3.2.2

Fruit Handling
Bins of fruit stacked three high are brought to the

sizing room by a forklift after being in cold storage from
one to seven days.

The bins are placed on a conveyor and

moved towards the scales as shown in Figure 4a.

The bins

of fruit are electronically weighed and the information

39

Forklift brings
fruit in from
cold storage

Rotator turns
bins 90 degrees

Full bin
weighed
here

/\
^>

ACE

T

DUCK

POOLEY

ACE

T

DUCK

M
±=Qi

ACE

POOEY

OUCK

—>

-n£

Forklift

Conveyor

Hoist

Rotator

Scales

Figure 4a. Removal of Fruit from Storage

Full bin
weighed
here

OUCK

Scales

Figure 4b.

Empty bin
weighed
here

Fruit is
floated
out of the bin
in the bath
ACE

ACE

POOLEY

Bath

Scales

Weighing of Removal of Fruit from Bins.

40
sent to a centralized computer.
The fruit is removed from the bins by forcing the
bins underwater in a 4.40C bath,
float out,

causing the fruit to

thereby reducing bruising (Figure 4b).

Fifty

to seventy parts per million of chlorine is added in all
baths to reduce microorganisms.
water, however,
1.08)

Apples float in fresh

the specific gravity of pears

(1.025 -

requires addition of sodium sulfate to the bath to

induce floation.

Specific gravity of the bath during pear

processing operations is maintained between 1.025 and 1.08
depending upon variety being handled.

The empty bins are

weighed on another scale with 1.8 kilograms subtracted to
account for the weight of water absorbed by the wood.

The

difference between the full and empty weight determine how
much product is credited to the producer.
Fruit is moved in the bath by a current of
circulating water which forces the fruit towards a wire
caged roller as shown in Figure 4c.

The caged roller

allows leaves and small fruit to drop through while
lifting larger fruit into the next section of the bath.
The fruit then encounters a bridge made of solid rubber
rollers.

The rollers

(Figure 4d)

lift the fruit to the

next bath and remove any leaves remaining attached to the
fruit.

The fruit is then moved (towards the grading

lines) by another current of circulating water.
The fruit is brought out of the second bath by
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another set of rubber rollers onto the grading lines.
Fruit is visually graded according to defects,

frost rust,

and other markings on the surface of the fruit.
classifications are used to grade fruit: U.S.
fancy, unclassified,

and culs.

The U.S.

No.

Four

No.

1,

1 grade is

allowed to continue on to the dryer as shown in Figure 4e.
The fancy,

unclassified,

and cul fruit are sent back to

bins and placed back into storage for later processing.
Fancy and unclassified grades are sized during the night
shift.

Cul fruit is used for juice, puree,

or paste.

Wax is sprayed on the fruit to replace the natural
wax washed and rubbed off in the bath and on the rollers.
Figure 4f shows the waxer located just before the dryer.
The dryer temperature is maintained from 50 to 55 degrees
Celcius.

In the dryer (Figure 4f) hot a.lr is blown onto

the fruit to remove moisture and dry the wax.

The fruit

is transported through the dryer by solid rubber rollers
which roll the fruit allowing the entire surface to be
dried.
The fruit exits the dryer and is taken by conveyor to
the sizer as illustrated in Figure 4g.

Each individual

fruit is moved into a small plastic cup traveling towards
the bins, weighed by an electronic load cell,
sent to the centralized computer.

and the data

The computer processes

the data and triggers a switch which drops the fruit from
the cup at the correct bin location.

A normal population
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distribution is assumed, with small and very large fruit
tending to accumulate at a slower rate.
immediatly moved to cold storage.

Filled bins are

The rate at which the

fruit accumulates in the bin determines how long it must
remain out of cold storage.

Figure 4h illustrates an

overhead view of the grading and sizing operations at
Duckwall-Pooley Fruit Co.

Table 2 describes the

processes,

and temperatures encountered

residing times,

along the grading and sizing line.

Table 2.

Description of Grading and Sizing Operations at
Duckwal1 -Pooley Fruit Co.

Process or a.c,tion
Haxvest and transport
D«lay before placement
into stor age
S torage
Re.moval from storage
Bath
Bridge
Bath
Gxading line
Dryer
Sizing line
Delay before return
to storage

Time
2-3 hrs
0- 4 1irs
1- 7 days
12 .5 min
4. 25 min
1. 25 min
3. 75 min
2. 67 min
1. 50 min
1. 25 min
0.5-3 hrs

Fluid

Temperature
"C

air

22. 2

air
air
air
water
air
water
air
air
air

22. 2
0

air

22 . 2

22 . 2

4.4
22. 2
4.4
2.2. 2
51.7

22.2

Figure 4h.
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Overhead View of Grading and Sizing Operations
at Duckwall-Pooley Fruit Co.
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3.3

HEAT TRANSFER EXPERIMENTS
Heat transfer experiments involved simulating the

grading and sizing operations at Duckwall-Pooley,
a box of fruit,

cooling

and cooling both individual and bulk

commodities of fruit.

All berries were tested in bulk

since individual fruit are relatively small.

Apples and

pears were tested in bulk and as individuals.

The

individual fruit was tested both in still and moving air
environments.

Copper - Constantan (T-type)

thermocouples,

made of 0.127 mm diameter wire were used to determine
fruit t e mp erature at specific locations.
3.3.1

Simulation of Handling Processes
Simulations of grading and sizing processes were

cond-ucted to determine the increase in fruit temperature
during those o.p-e.rations .

Pears were being graded and

sized during documentation of those processes.

Access to

pears was limited along the grading and sizing operations
at the Duckwall - Pooley storage facility,

thu-s temperature

data were only recorded at three locations.

Temperatures

were recorded as the pears were brought out of cold
storage,

after the dryer,

and when the pears had been

sized and returned to the bins.

A hypodermic thermocouple

probe was used to determine pear temperatures,

and

Duckwall-Pooley management requested the number of pears
tested be minimized.

Therefore,

one pear was selected
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randomly at each location,

and skin,

1.25 cm deep, and

center temperatures recorded.
Simulation of grading and sizing operations involved
manipulating the ambient temperature and fluid medium
surrounding the fruit to match the process line
temperatures, residing times,
encountered by the fruit.

and fluid medium actually

Table 2 lists the residing

times and temperatures recorded at Duckwal1 -Pooley which
were repeated in the laboratory simulation.
Figure 5 represents the procedures used to simulate
the grading and sizing line operations.
cm x 18.3 cm box half full of pears

A 22.8 cm x 14.7

(same variety graded

and sized at Duckwall-Pooley when temperature

22,2'C

4.4*C

22.2 C

TT

4.4'C
TT

^

48 quart cooler

Air

48 quart cooler

4.25 min.

1.25 min.

3.75 min.

51.7'C

22.2 "C

22.2'C

Air

Food Dehydrator

Air

2.75 min.

1.5 min.

1.25 min.

12.5 min.

22.2'C

^

Figure 5.

6 min.

Procedures used to Simulate Grading and Sizing
Operations at Duckwal1 - Poo ley Fruit Co.
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documentations were performed) was removed from the
refrigerated chamber.

A preselected pear (Pear No.

2,

Table 5) was removed from the box and hypodermic
thermocouples were quickly inserted 1.27 cm under the skin
and into the center.

A soldered thermocouple was also

placed under the skin.

The fruit was placed back into the

box and subjected to 22.2':'C for 12.5 minutes to simulate
the removal from storage.

The pear was then placed into a

48 quart cooler of water with 50 ppm chlorine

(1.025

specific gravity) and 4.4°C for 4.25 minutes to simulate
residense time in the bath.

The fruit was removed from
o

the bath and subjected to air at 22.2 C for 1.25 minutes
to simulate the bridge process.

The fruit was placed back

into the 4.4°C bath for 3.25 minutes to simulate the
second bath.

The fruit was then subjected to an air

environment for 2.75 minutes to simulate the grading
process.

A food dehydrater at 53°C was used to simulate

the drying process.
for 1.5 minutes,

The fruit was subjected to hot air

the rotation action of the rubber rollers

in the dryer was provided by hand turning the fruit.

The

fruit was then returned to the 22.2°C air environment for
a period of six minutes,

simulating the sizing process and

the wait before return to storage.

Data were recorded

every thirty seconds throughout the experiment.
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3.3.2

Cooling Boxes of Fruit
Commercial packing facilities box fruit according to

the number that can be placed into a box which accumulates
a specified weight.

The number of fruit and weight each

box contains varies slightly amoung packing facilities.
Fruit used for box cooling experiments were weighed and
respective sizes grouped together as is done at commercial
packing facilities.

Table 3 lists the size categories and

the numbers of fruit that were packed into a box.

Figure

6 shows the thermocouple arrangement used to determine air
and fruit temperatures during cooling experiments for a
box of fruit that contained three layers.
Table 3.

Size Categories and Number of Fruit used for Box
Cooling Experiments of Pears and Apples.

Fruit weight range
Pears
150 - 200 grams
200 - 250 grams
145 - 180 grams
Apples
175 - 205 grams
200 - 250 grams

No.

of layers
4
3
4

No.

of Fruit
66
48
64
64
48

Data were recorded at fifteen minute intervals for the
first ten hours,

then at hour intervals until storage

temperature was reached.
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icroprocessor

Thermocouple Arrangement used to Determine Air
and Fruit Temperatures during Cooling
Experiments for a Box of Fruit that Contained
Three Layers.

Cooling Individual Fruit
Two one-pint containers of raspberries were cooled

from room temperature to storage temperature.

One pint

wa-s positioned in the refrigerated chamber on a flat
surface in the forced air stream created by the evaporator
coil fans.

The second pint was placed on a flat surface

in a neaxly airtight plexiglass chamber that eliminated
forced air movement past the fruit.
were placed in each pint.

Five thermocouples

Raspberries are relatively

small and tend to fit together,

thus no attempt was made

to precisely locate the thermocouples.

Figure 7

illustrates approximate thermocouple locations used during
all berry experiments.

The thermocouples were inserted

approximately 3 cm down in the filled pint baskets.
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X
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X
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Figure 7.

X

X

X

X

X

X

6 Pints

Thermocouple Locations to Determine Fruit
Temperature for all Berry Experiments.

Air and fruit temperature data were recorded at one
and two minute intervals for the first hour,

then at five

and fifteen minute intervals until the berries reached
storage temperature.
Apples and pears cooled individually were weighed,
largest diameter measured using a set of calipers,
circumference measured using a strip of paper,
determined,

and the data recorded.

largest

length

Table 4 and Table 5

list the weight and physical size data of the apples and
pears.

Thirty-two fruit were sliced along the central

axis and cross sections traced on graph paper after other
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Table 4.

Physical data of Red Delicious
heat transfer experiments.

Apple
No .

Weight
grams

Diameter
meters

Circumference
meters

Length
meters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

143.03
147.12
155.65
202.22
196.40

0.067
0.071
0.069
0.079
0.082
0.071
0.077
0.081
0.080
0.084
0.083
0.087
0.089
0.090
0.085
0.092

0.210
0.217
0.222
0.241
0. 238
0. 221
0. 218
0. 244
0. 248
0.256
0.253
0.269
0.273
0. 273
0.262
0.279

0.064
0.064
0.064
0.073
0.073
0.076
0.079
0.082
0.081
0.083
0.083
0.088
0.081
0.085
0.089
0.094

188.41
199 .65
244.52
246.90
254.67
246.54
301.80
293.43
296.53
300.27
334.60

apples used in

Table 5

Physical data of d ' Ainjou pears used in heat
transfer experiments

Pear
No .

Weight
grains

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

149.63
155.10
200.47
201.35
201.50
201.82
250.48
249.08
2 3 8.70
242.27
308.50
300.43
133.69
210.14
212.42
255 . 25

D i a me t e r
m.e t e r s

0.065
0.066
0.070
0.071
0.078
0.068
0.076
0.076
0.076
0.076
0.082
0.083
0.060
0.072
0.073
0.078

Circumference
meters

Length
meters

0.200
0. 202
0.216
0.222
0. 221
0. 217
0.235
0.238
0.237
0. 235
0. 253
0. 254
0.190
0.221
0.225
0. 241

0.074
0.078
0.081
0.077
0.078
0.083
0.086
0.085
0.088
0.085
0.094
0.092
0.076
0.084
0.083
0.087
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experiments were performed.
of Apple No.'s 7,

10,

and 13,

Representative cross sections
and Pear No.'s 7 and 14,

were selected to aid in modeling cooling rates,

and are

shown in Appendix A.
Apples and pears were tested in the same environment
as the raspberries.

One apple and one pear were placed on

a flat surface in the refrigerated chamber and subjected
to forced air from the evaporator coil fans.

The second

apple and second pear were placed on a flat surface inside
the airtight plexiglass box.
Temperature variations within individual apples and
pears were measured with three thermocouples.

One

hypodermic thermocouple probe was inserted 1.27 cm below
the surface of the skin,

a second was inserted through the

bottom of the fruit into the center.

Figure 8.

A third

Thermocouple Locations to Determine Fruit
Temperatures for Pear and Apple Cooling
Experiments.
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thermocouple, created by a soldered junction of 0.127 mm
diameter copper and constantan wires, was placed just
under the skin of the fruit.

Figure 8 illustrates

thermocouple placement in the fruit.
Air and fruit temperature data were recorded at one
and two minute intervals for the first hour,

then at five

and fifteen minute intervals until the fruit reached
storage temperature.
3.4

MASS TRANSFER EXPERIMENTS
Storage environmental conditions that effect fruit

weight loss includes environmental temperature, humidity,
and air velocity.

Thus,

accurate determi_natjLo_n o.f—these

factors must be achieved to determine transpiration
coefficients.

Environmental conditions surrounding the

fruit and fruit weight loss during experiments were
determined by the use of electronic sensors.

Equipment

included an opticjil^dew. point hygrometer ,__strain gauge
lp_£LcL—e-e-ti—a-fl-d_amp 1 i f i e r ■ vacuum pump ,

0.127 mm diameter

soldered wire copper - constantan thermocouples,
microQJLO.C&S.S-Q3LJSata logger^

and a

Figure 9 illustrates how th(

environmental chamber and equipment were assembled for
moisture loss experiments.

General equipment

specifications are listed in Appendix B.
The dew point sensor was mounted to the wall of the
environmental chamber and the hygometer indicator unit
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placed outside the refrigerated chamber.

A 19 mm diameter

tube connected from the vacuum pump to the dew point
sensor was used to achieve the 0.94 liters per minute air
flow rate necessary for optimum operation of the dew point
hygrometer.

The maximum allowable air flow rate while

still maintaining stability of the sensor was 2.5 liters
per minute.

Air flow for the dew point sensor also

provided an air change for the fruit,

thereby preventing

the air within the chamber from becoming deficient of
oxygen.

The air flow rate of 0.94 liters per minute

replaced the air every 79 minutes and 6.25 hours for the
small and large environmental chambers,

respectively.

The strain gauge load cell was attached to the top of
the environmental chamber by a bolt.

A hook was attached

to the bottom of the load cell and a plastic fruit tray
suspended below.

The load cell amplifier was located

outside the refrigerated chamber.

Thermocouple wires were

inserted through a hole in the side of the environmental
chamber and strung out a hole in the side of the
refrigerated chamber.
The dew point indicator,

load cell amplifier,

thermocouples were attached to a microprocessor.

and
Data

were recorded at variable minute intervals for the first
fifteen hours to document cooling rates.

Data were then

recorded at hourly intervals for the remainder of the
exper iment.
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Storage periods of one to three weeks were used for
berry experiments depending on type, harvest date,
length of previous test.

and

A seven day storage period was

chosen for the first apple experiment since a longer time
period meant missing the harvest of other apple varieties.
Starking Red Delicious apples were picked and data
recorded for a week.

Golden Delicious apples were picked

next and data recorded for 69 days.

Load Cell
Amplifier
Load Ce
Dry Bulb
Temperature

Dew Point
Hygrometer
Fruit Tray

Environmental
Chamber

Figure 9.

Pump
(Vacuum)

Diagram of Environmental Chamber and Equipment
Used for Mass Transfer Experiments.
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IV.
4.1

RESULTS AND DISCUSSION

MOISTURE CONTENT OF BERRIES
Table 6 shows the moisture contents of the berries

used in the experiments.
Table 6.
Berry type

Berry Moisture Content on a Wet Basis.
Test
No.

Avg. MC
%

ASHRAE
(1985)

NA]

90.0

89. 3

Early Blue
Blueberries

86. 1

82.0

NL2

Meeker
Raspberries

86.1

81.0

82. 7

Jersey
Blueberries

80 .4

82 .0

NL

Benton
S trawberries

Heldman et al
(1981)

82 . 8

1

Mold formed before dehydration process completed.

2

Not listed.
All moisture contents determined in the laboratory

were within 5.1 percent of those reported by other authors
listed in Table 6.

Fruit maturity, variety,

and

geographical locations and climate may also contribute to
differences from published values in Table 6.

4.2
4.2.1

HEAT TRANSFER RESULTS
Line Simulation
Figure 10 (Appendix C)

shows the air,

skin,

1.25 cm

deep,

and center temperatures of the pear subjected to the

grading and sizing line simulation.

Table 7 lists the

temperatures recorded at Duckwall-Pooley Fruit Co.

and for

the line simulation.
The differences in temperature values in Table 7 may
be attributed to several factors.

The pear used for the

simulation was physically smaller than an average pear.
Table 7.

Skin, 1.25 cm Deep, and Center Temperatures
Recorded at Duckwall-Pooley Fruit Co. Grading
and Sizing Operations and Laboratory
Simulation.
Duckwall-Pooley
Fruit Co.
Skin 1.25 cm Center
0
C
"C
°C

Out of Storage

Laboratory
S imulation
Skin 1.25 cm Center
0
°C
"C
C

0.0

0.0

0.0

0.4

0.4

0.4

After the
Dryer

18.3

12.8

3.3

20.3

7.3

3.9

After, sizing

16.7

12.2

3.3

13.4

10.2

5.5

The fact that a normal distribution is assumed when sizing
and a random pear selected at Duckwall-Pooley,

there is a

higher probability the. pear was larger in mass and
diameter.

A larger pear may account for the lower skin

temperature at Duckwall-Pooley.

Differences in the 1.25

cm deep and center temperatures may be attributed to the
method used to simulate the dryer.

The air was blown from

one direction and turning the pear was difficult due to
the limited space in the dehydrator and the hypodermic
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thermocouple probes.
Skin temperature of both fruit reacted rapidly to
changes

in surrounding temperature.

center temperatures
dampening,

but exhibited continuous

1.25 cm deep temperature,
is due

to mass

temperature rise

The rise

in the center and

and skin temperature drop after

to residual heat conducting from the

outer layers of tissue
as

1.25 cm deep and

responded more slowly due

throughout the simulation.

the dryer

The

towards

from warm outer layers

ambient conditions were

the fruit center,

to the surroundings.

as well
Unless

further altered internal

the

fruit

temperatures would continue to rise.
The documented increase in internal temperatures
becomes

important after the fruit is returned to storage.

Increased internal
respiration,
moisture

thus

loss.

temperature causes

increased

increasing internal heat generation and

Maintenance of maximum postharvest quality

requires fruit to be cooled back to storage temperature as
rapidly as possible thereby slowing respiration,
turn reduces

internal heat generation and moisture

The processes which fruits
the

which in

grading and sizing line are

encountered at the packing line,
directly into boxes

loss.

are subjected to during
similar
except

to

those

the fruit goes

instead of bins and then returned to

storage.

The residing times

in the air,

bath,

may vary,

but the effects would be similar.

and dryer

Fruit packed
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into boxes would be at increased mass average
temperatures,

and would at best cool very slowly due to

minimal air flow rates past the fruit.

The result of the

slow cooling would adversly affect the time maximum
postharvest quality could be maintained.
4.2.2

Cooling a Box of Pears
Figure 11 (Appendix D)

shows the results obtained

from cooling a box of pears.

The box contained 48 pears

with individual weights varing from 200 to 250 grams.

The

48 pears were placed on three seperate layers in the box
and fruit required approximately 48 hours to cool from
room to storage temperature.

The two peaks in the air

temperature curve reflect daily defrost cycles of the
refrigerated chamber.

The bottom layer cooled faster than

the center layer due to resting on a solid flat surface
with a temperature below 0oC.

The top layer cooled the

fastest due to greater exposure to forced air from the
evaporator coil fans.
Integrating the temperature history values obtained
from the line simulation with those from the box cooling
experiment,

documents the importance of minimizing fruit

exposure to elevated temperatures.

Fruit with a center

temperature of 5.5 *C (as was the center temperature at the
end of the grading and sizing simulation) packed on the
top layer of a box, would require 30 hours to reach
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storage temperature.
Respiration would be at higher levels due to the
elevated temperatures.

ASHRAE (1985) reports heat of

respiration rates for pears at 0oC and 50C ranging from
7.8

- 10.7 and 17.5 - 41.2 mW/kg,

respectively.

core temperature can double respiration rate,

Thus,

increasing

internal heat generation and causing higher moisture loss,
even at high relative humidities.
A pear with a 5.5°C center temperature and located on
the top layer represents a best case situation.

The sides

of the box in the experiment were exposed to forced air
flow,

under normal conditions this may not be the case.

Boxes just packed with fruit at packing facilities are
immediatly stacked onto pallets.

Packed boxes at or near

the center of the stack may not be exposed to forced air.
Pears in some packing facilities are wrapped in thin
sheets of tissue paper.

The tissue paper would further

restrict convective heat transfer.

The factors mentioned

above would contribute to increasing the time required to
cool the fruit to storage temperature,

allowing

respiration and i-nternal heat generation to continue at
higher levels,
4.2.3

causing unwanted loss in fruit quality.

Cooling of Individual Fruits
Figures 12 and 13

(Appendix E)

represent the cooling

rates for single pints of raspberries in forced and still
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air environments,

respectively.

Temperatures were

recorded at five locations throughout each pint,

as shown

relative to a top view of a pint in each figures'

upper

right hand corner.
Temperature profiles 1 and 4 of Figure 12 decline
more rapidly than temperature profiles 2,

3,

and 5.

Air

flow was directed towards thermocouples 1 and 4 and may be
the reason for the faster declines in temperature.

The

time required to reach storage temperature is over twice
as long (263 minutes longer)
than in Figure 12.

Also,

for the berries in Figure 13

closer proximity of the profiles

in Figure 13 illustrates how the lack of forced air
reduces the convective heat transfer effect on the fruit.
Reliance on natural convection allows the interstitial air
space temperatures to be closer to berry temperature
thereby increasing cooling time.
Pears and apples also were cooled in both a still and
forced air environments.

Figures 14 and 15 (Appendix E)

show the cooling rates obtained for Pear No.
No.

14 (Table 4),

respectively.

Pear No.

a forced air environment, while Pear No.
a still air environment.

Pear No.

7 and Pear

7 was cooled in
14 was cooled in

14 required 660 minutes

to reach storage temperature, while Pear No.

7 required

220 minutes.

show the

Figures 16 and 17

cooling rates of Apple No.

(Appendix E)

13 (forced air) and Apple No.

(still air) as listed in Table 3,

respectively.

7

Apple No.
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13 required 280 minutes to reach storage temperature,
while Apple No.

7 required 650 minutes.

Variations in

required cooling times are again primarily attributed to
large differences in the convective heat transfer
coeffic ients.
Flats of berries were also cooled in both forced air
and still air environments.

Benton strawberries and Early

Blue blueberries were cooled in a forced air environment,
while Meeker raspberries and Jersey blueberries were
tested in still air.

Figures 18 and 19

(Appendix E)

illustrate the berry flat cooling rates in forced air.
Fruit temperatures shown are an average of three locations
per flat.

The initial abrupt air temperature increase in

Figure 18 was caused by opening the door to the
refrigerated chamber.

All subsequent abrupt temperature

rises were due to the evaporator coil fans cycling on and
off.

The Benton strawberries required 132 minutes to

reach storage temperature in the forced air environment.
The cooling rate of Early Blue blueberries was 50 minutes
slower than Benton strawberries.

Figure 20 (Appendix E)

illustrates the average fruit temperature of three
locations in a six pint configuration of Meeker
raspberries cooled in still air.

The Meeker raspberries

required 15 hours to reach storage temperature.
21 and 22

Figures

illustrate the cooling rates of two trays of

Jersey blueberries which both required 18 hours to reach
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storage temperature.

The Jersey blueberry fruit

temperatures in Figures 21 and 22 (Appendix E)

are

averages of five and six locations throughout the six pint
configuration,

respectively.

Cooling rates of Meeker

raspberries and Jersey blueberries were five to six times
longer than Benton Strawberries and Early Blue blueberries
in still air compared to the forced air surroundings.
Longer cooling times again indicate reliance on natural
convection to remove heat.
The Starking Red Delicious and Golden Delicious
apples cooled slower than the berries due to the still air
environment and having masses two to seven times greater.
No internal or skin temperatures were recorded since
piercing the skin of the apples would induce unrealistic
moisture loss through the wound.

Therefore,

only

interstitial air temperatures were recorded to determine
approximate fruit mass temperature.
(Appendix E)

Figures 23 and 24

illustrate the average temperature of nine

locations throughout the Starking Red Delicious and Golden
Delicious apples.

The apples required approximately 40

hours to reach storage temperature.
High flow of refrigerated air past individual fruits
facilitates rapid cooldown.

Rapid cooldown is critical in

reducing respiration which in turn lowers internal heat
generation and moisture loss.

Moisture loss through

transpiration has been reported to increase with air
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velocities up to 4 m/min.

Air flow rates above this

threshold appear to have minimal effect on transpiration
(Pieniazak,

1944).

Consequently,

the desired solution is

to optimize the trade off between minimizing cooling time
and minimizing mass loss through transpiration.
4.2.4

Simulated Cooling of Fruit
A finite element program written in FORTRAN entitled

ADINAT (Automatic Dynamic Incremental Nonlinear Analysis
of Temperatures, ADINA Engineering Inc.,

1981) was used to

simulate the cooling of an individual apple.

Apple No.

10

(Table 3) was selected to model since it was nearly
symmetrical.

The apple cross section was enlarged and

divided into 165,

four sided elements.

eight temperature measurement nodes,

Each element had

and the entire apple

was composed of 556 temperature measurement nodres .
25

(Appendix F)

Figure

illustrates the apple cross section and

element arrangement.
One,

two,

with ADINAT.

or three dimensional problems can be solved
Temperatures,

specific heats,
radiation,

thermal conductivities,

convective heat transfer coefficients,

internal heat generation,

input as linear functions of time,
variables,

and density can be

functions of other

or a nonlinear function such as a polynomial.

Consequently input files are large and difficult to
create.

For example,

the file for Apple No.

10 was
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thirteen pages.
The apple cooling simulation was two dimensional as
the apple was considered to have a thickness of unity.
Temperature was input as a function of time to simulate
the evaporator coil fan effect.

Internal heat generation

was input as a function of temperature, based on the
temperature of any node in the apple at any certain time.
Thermal conductivity,

density,

and specific heat were

considered constants.
Accurate determination of the convective heat
transfer coefficient presented a difficult problem.
Errors associated with physical measurement of air
velocity past an apple may be significant.

Direction of

air flow in relation to the stem or calyx end may induce
localized velocity variations that cause recorded data to
be. questionable.

Therefore,

the convective heat transfer

coefficient was adjusted until the simulated data matched
the experimental data.

The convective heat transfer

coefficient obtained was 39.25 W/m2•K, which compares
favorably with approximate values given by Welty et al.
(1976)

for forced air convection.

Figure 26 (Appndix F)

illustrates the ADINAT

temperatures obtained from the program plotted with the
experimental temperature data.

The location within the

apple from which the ADINAT temperatures were chosen are
shown as circles on Figure 25.

The simulated skin
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temperatures closely predict the experimental data,
including cycling effects created by the evaporator coil
fans .
4.2.5

Temperature History of Bulk Fruits
Table 8 lists the average hourly air dry bulb,

fruit

and dew point temperatures recorded after the fruit in
each experiment reached storage temperature.
bulb,

fruit,

Air dry

and dew point temperatures recorded as the

experiments were conducted are illustrated in Figures 27
33

-

(Appendix G). (The high peaks in the air and dew point

temperatures were caused by the refrigerated chamber's
daily defrost cycle/

Average fruit temperatures for each

exper iment^owere,„l,ow.e.r.....t.han.~ the -sur-roundi~ng.,ai.r -temperature
indicating that e.vaporative cooling effects were
outweighing respiratory heat generation effects,
to decrease product temperatures.
temperatures minimized respiration,
prodution of heat.

tending

Refrigerated storage
thus decreasing the

Evaporative cooling due to

transpiration at the surface of the product tends to
decrease fruit temperatures.
Figure 27 illustrates the temperatures recorded for
the Benton strawberries.

Fruit temperatures were recorded

for the first two days of the experiment,
thermocouples removed.

then the

Figure 28 illustrates the

temperature recorded for Early Blue blueberries.

Fruit
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Table 8.

Average Hourly Air, Fruit, and Dew Point
Temperatures Recorded After Storage Temperature
Was Reached.

Fruit

Air
Temp .
"C

Fruit
Temp .
0
C

Dew
Point
°C

Test
Period
hrs

B.

Strawberries

0.44

-0.28

-4. 58

2.3-167

E.

Blueberries

0.81

-0.17

-5.68

3-166

M.

Raspberries

0.01
0.11
-0.05

-0. 29
-0. 10
-0.47

-1.39
-0. 68
-1.86

20-212
20-96
96-212

J.

Blueberries

-0.59

-0. 93

-3.11

18-330

J.

Blueberries

-0.51

-0. 88

-3.19

18-551

0.45
-0.99

0.991
-0.951

-0. 24
-1.24

40-86
87-167

-0.97

-1.001

-1.43

40-1653

S.R.D. Apples
G.D. Apples

(1)
(2)
(3)

(1)
(2)

1

Air temperature is for interstitial air spaces

temperature is an average of three locations in the flat.
Meeker raspberry fruit temperature is an average of
three locations in the six pint configuration.

The high

transpiration rate of raspberries relative to blueberries
required the dew point hygrometer air flow rate to be
increased from 0.94 liters per minute to 1.88 liters per
minute to prevent moisture condensation on the inside of
the environmental chamber.

Initiation of the air flow

rate increase is evident on Figure 29 where the dew point
temperature begins decreasing after 96 hours.
The dew poirvt temperature becomes greater than the
fruit ternperaXu.Cje_dur ing each daily defrost cycle.

This
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phenomenon causes water vapor to condense on the fruit
increasing the mass.

The moisture may evaporate once the

dew point falls below fruit temperature,
may be reabsorbed by the fruit.
reported by other researchers,

or possibly some

This phenomenon has been
especially in cherry

s torages.
Figures 30 and 31 represent the air and dew point
temperatures for the Jersey blueberry experiments.

The

gap in the dew point temperature of Figure 30 was due to
sensor fouling.

The sensor was removed,

cleaned,

placed back into the environmental chamber.

and

The dew point

temperature in both experiments required approximately
eighty hours to reach a steady temperature.

The fruit

temperature was below the air temperature except just
before defrost.

The ml.ssing data toward the end of the

experiment in Figure 31 represents a power failure.
Figures 32 and 33 illustrate the air dry bulb,
interstitial air space,

and dew point temperatures

recorded above the apple mass for Starking Red Delicious
and Golden Delicious,

respectively.

Apple internal

temperatures were not recorded since obtaining
temperatures meant piercing the fruit skin,
unnatural moisture loss.

leading to

Two degrees Celcius were added

to air temperature in Figure 33 to improve clarity.
The Starking Red Delicious apples'

environmental

chamber temperature was initially slighty above the
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recommended storage temperature,

thus after eighty-six

hours the refrigerated chamber temperature was decreased.
The point at which the refrigerated chamber temperature
was decreased is reflected by the drop in the air
temperature at approximately ninety hours.

The dew point

sensor became fouled near the end of the experiment,

and

subsequent data considered unacceptable.
4.3

MASS TRANSFER RATES OF BULK FRUITS
Simple linear regressions were performed on all

experiments to assess mass transfer coefficients.
mass values, mass transfer rates,

Initial

and correlation

coefficients obtained from the regressions are listed in
Table 9.

Regression lines were plotted with the

experimental data as illustrated in Figures 34 - 42.
Figure 34 illustrates the initial moisture loss
recorded during the Benton strawberry cooling period.
Note the similar shapes of the moisture loss and cooling
curve (Figure 18).
linear,

The initial moisture loss was not

thus the regression was performed as mass versus

the natural log of time.

The correlation coefficient

obtained was 0.94.
The overall Benton strawberry mass loss showed an
upward bow.

The upward bow represents a decreasing mass

transfer rate.

Strawberries located on the top layer in

the berry flat appeared dried out as well as those exposed
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Table 9.

Regression and Correlation Coefficients
Obtained from Regression Analysis.

Fruit

Initial mass
value
kg

Mass tranfer
rate
mg/s

B.

Strawberries

7.863

2 .385

0 . 998

E.

Blueberries

3.866

0. 361

0. 995

M.

Raspberries

2.075
2.076
2.070

0.036
0 . 046
0.026

0 . 904
0. 785
0 . 519

J.

Blueberries

2.161

0.033

0. 767

J.

Blueberries

2.181

0.024

0.912

13.977
13.972

0.060
0.039

0.753
0 . 509

12.036

0.031

0. 996

S.R.D.

Apples

(1)
(2)
(3)

(1)
(2)

G.D. Apples

to air through the holes in the bottom of the flat.
Decreasing mass transfer rates may be attributed to outer
skin layers drying,

causing increased diffusional

res istance.
Raspberry mass loss was divided into three regimes:
1.

overall mass loss;

mass loss;

and 3.

2. before air flow rate increase

after air flow rate increase mass loss.

Figures 37 and 38 represent the regimes just described.
The increasing and decreasing of the fruit mass was
attributed to the dew point temperature increasing above
the fruit temperature during the daily defrost cycle.
Figure 29 illustates periods when dew point temperature
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exceeded fruit temperature.

The result was condensation

of moisture onto the fruit, which in turn increased fruit
mas s .
Figure 39 illustrates the first Jersey blueberry mass
loss experiment.
began cycling,
declined.

Initially,

fruit mass declined rapidly,

increased slightly,

and then steadily

The second Jersey blueberry experiment results

were similar to the first.

Initial mass loss during the

second Jersey Blueberry experiment was less than the
first.

Immature and overmature fruit exhibit increased

moisture loss due to increased permeability of fruit skin
(Sastry et al.,

1978).

Immaturity of Jersey Blueberries

in the first experiment may account for the higher mass
transfer rate.

The mass began cycling and increased after

the initial mass loss,

then steadily declined with the

mass transfer rate increasing with time.

The mass

transfer rate increase is more noticable during the second
Jersey blueberry experiment since it was performed over a
longer time period (Figure 40).

Missing data near the end

of the experiment represents a power failure.
Decreasing the air temperature during the Starking
Red Delicious apple experiment reduced moisture loss.
Therefore,

two regimes are discussed:

temperature decrease;
The mass loss,

and 2.

1.

before

after temperature decrease.

illustrated in Figure 41,

first increased

then decreased with time as did previous experiments.

The
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increasing and decreasing of the mass may be attributed
the dew point rising above the fruit temperature.
Although,

interstitial air space temperatures were

recorded instead of fruit temperatures,

the dew point rose

above interstitial air space temperature.

The fruit

temperature will be higher than the interstitial air space
temperature due to the existance of a gradient.

The

difference between the fruit and the interstitial air
temperatures may not be as great as the difference between
the interstitial air space and air temperatures above the
apple mass.

Moisture would condense on the fruit during

these high dewpoint periods,

resulting in an increase in

mass .
Decreasing the storage temperature 1.370C reduced the
mass transfer rate by over one third.

The decrease in

mass transfer may be attributed to a slowing of
respiration within the apple.

Reduction of respiration

would decrease transpiration rate,

resulting in a lower

mass transfer rate.
The Golden Delicious apple mass data in Figure 42
shows a upward bow which represents a decreasing mass
transfer rate.

The decreasing mass transfer rate may be

due to outer tissue layers drying,
diffusional resistance

(Sastry,

causing increased

1978).
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4.4

DETERMINATION OF TRANSPIRATION COEFFICIENTS
Determination of transpiration coefficients presents

a difficult situation for the experiments performed.
Transpiration coefficients can be expressed on a per unit
mass basis or on a per unit area basis.

Individual berry

surface areas would be difficult to determine.

Also,

lack

of suitable air film mass transfer coefficient analogies
limits models to a few specific geometries.
4.4.1

Determination of Surface Areas

An assumption the berry mass represents a continuous
solid surface was used to determine berry flat surface
area (Figure 2).

The area exposed to the air would be the

top surface and holes in the bottom of the flat.

The

surface area calculated for the Benton strawberries was
0.26 m2.

The surface area for Early blueberries consisted

of only the left half of the flat or 0.13 m2,

since half

as much blueberry volume was used compared to
s trawberries.
The Meeker raspberries and Jersey blueberrie.;; were
contained in pint baskets

(Figure 3).

Exposed surface

area consisted of the top and four sides.

The bottom

rested on the fruit tray and was not exposed to the air.
Fruit touching the slats on the pint basket would also not
be exposed to the air.

Therefore,

the pint slat surface

area was subtracted from the total surface area exposed.
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The experiments contained six pints,

thus the exposed

surface area was 0.155 m2.
4.4.2

Determination of P3
Relative humidity and air water vapor pressure at

saturation were determined using the psychrometric
equations presented in ASHRAE (1985).

The average values

of air dry bulb and dew point temperature from Table 8
were used as input to the equations.

The water vapor

pressure of the air was determined and the results
presented in Table 10.
4.4.3

Determination of Ps
Product water vapor pressure at saturation was

determined using average fruit temperatures from Table 8
and the psychrometrie equations given in ASHRAE (1985).
The water vapor pressure was assumed to be at saturation,
and the vapor pressure lowering effect due to dissolved
substances accounted for.

The fruit freezing point

depressions for determining VPL (vapor pressure lowering
effect) were obtained from ASHRAE (1985)
Table 11.

and are listed in

The vapor pressure lowering effect and water

vapor pressure of the product were calculated using
equation 29 and the results presented in Table 11.
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Table 10.

Relative Humidity, Vapor Pressure at Saturation
(Pas), and Water Vapor Pressure for Air (P.).

Fruit

Relative
Humidity, %

Pas

Pa

kPa

kPa

B.

Strawberries

65.92

0.63116

0.41606

E.

Blueberries

58.45

0. 64791

0 . 37870

M.

Raspberries

89.01
93.81
89. 17

0.61186
0.61616
0.58745

0. 54462
0.57802
0 . 52632

J.

Blueberries

81 . 00

0.58188

0.47410

J.

Blueberries

79.92

0.58588

0.47062

95.34
98.02

0.62833
0.56291

0.59905
0.55717

83.02

0.57038

0.47353

S.R.D. Apples

(1)
(2)
(3)

(1)
(2)

G.D. Apples

Table 11.

Freezing Point Depression (Tf), Vapor Pressure
Lowering Effect (VPL), Vapor Pressure at
Saturation (Pas), and Product Water Vapor
Pressure (Ps=Pas*VPL).

Fruit

■ f

VPL

C

Pa
kPa

Ps
kPa

B.

Strawberries

0. 8

0.99

0.59740

0.59446

E.

Blueberries

1. 6

0.98

0. 60280

0. 59361

M.

Raspberries

0.6
0. 6
0. 6

0. 99
0.99
0.99

0. 59676
0 . 60621
0.58789

0.59331
0.60334
0.58722

J.

Blueberries

1. 6

0. 98

0.56566

0.56217

J.

Blueberries

1. 6

0.98

0.56808

0.56430

(1)
(2)
(3)
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4.4.4

Determination of Overall Transpiration Coefficient
The overall transpiration coefficient was determined

on both a mass and area basis.

The initial mass and

calculated area for each experiment are presented in Table
12.
11,

Using equation 26 and the values from Tables 9,
and 12,

10,

the overall transpiration coefficients were

calculated on a per unit mass and area basis and are
presented in Table 13.
Table 12.

Experimental Values for Initial Mass and Area

Fruit

Initial Mass
kg

Area
m2

B.

S trawberries

7 .902

0. 26

E.

Blueberries

3.873

0..13

M.

Raspberries

2.077
2 .077
2.077

0..15
0..15
0..15

J.

Blueberries

2. 178

0,. 15

J.

Blueberries

2. 178

0 . 15

(1)
(2)
(3)

Comparison of transpiration coefficients with other
researchers was performed on both a mass and area bases.
Tables 14 and 15 list overall transpiration coefficients
on a mass and area basis,

respectively.

air movement (forced or still),
identified.

Fruit variety,

and researcher are

7:
Table 13.

Overall Transpiration Coefficients Determined
on a Mass and Area Basis.

Fruit
mg/s.m2•kPa

mg/s•kg -kPa
B.

Strawberries

1.72

52 .46

E.

Blueberries

0.43

12 . 99

M.

Raspberries

0. 36
0 . 88

0.21

4. 84
11. 88
2. 76

(1)
(2)
(3)

J.

Blueberries

0.17

2 .41

J.

Blueberries

0. 12

1. 64

The higher transpiration coefficients reported by
Chau et al.

(1987)

in Table 14 for strawberries and

blueberries may be largely attributable to amounts of
fruit used when determining mass loss.

Chau et al.

(1987)

tested fruits individually, while transpiration
coefficients determined in this study were for bulk
commodities.

In bulk storage not all of the product

surface area is exposed to the surrounding air.

Fruit

touching the sides of the container and one another,
reduces surface area actually experiencing moisture loss.
The result is lower moisture loss per unit mass of
commodity.

Fruit variety may also attribute to

differences of values.
Differences of transpiration coefficients for Early
Blue and Jersey blueberries listed in Table 14 may be due
to air movement,

relative humidity,

and variety.
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Table 14.

Comparison of Transpiration Coefficients on a
Mass Basis (mg/s•kg•kPa) Reported by Other
Researchers and Those in Table 13.

Fruit

Environment

KM

mg/s•kg-kPa

Researcher
(Year)

Benton
S trawberries

forced air

1. 72

Chadwick
(1988)

Paj aro
S trawberries

still air

2 . 81

Chau
(1987)

forced air

0.43

Chadwick
(1988)

Jersey
Blueberr ies

still air

0. 17

Chadwick
(1988)

Jersey
Blueberries

still air

0. 12

Chadwick
(1988)

Tifblue
Bluberries

still air

0. 66

Chau
(1987)

Early Blue
Bluberries

Early Blue blueberries were exposed to relatively dry
forced air (58 percent relative humidity)

compared to

still air and 80 percent relative humidity for Jersey
blueberries.

The lower relative humidity caused a higher

vapor pressure difference between the product surface and
the surrounding air, which will increase moisture loss.
Table 15 lists the overall transpiration coefficient
on a area basis compared to values presented by other
researchers.

Differences of overall transpiration

coefficients for both strawberries and blueberries
determined in this study and those reported by Romero et
al .

(1986) and Chau et al.

(1987) may be due to the

methods used to determine area,

environment,

and fruit
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Table 15.

Comparison of Transpiration Coefficient on a
Area Basis (mg/kg•m2 • kPa) Reported by Other
Researchers and Those in Table 13.
Environment

Fruit

Researcher
(Year)

mg/s- m2- kPa
Benton
S trawberries

forced air

Paj aro
Strawberries

forced air
(178-437 cm/s)

Paj aro
S trawberries

still air

Early Blue
Bluberries

forced air

Tifblue
Bluberries

forced air
(163-368 cm/s)

Chadwick
(1988)

52 .46
12.2

-

Romero
(1986)

18.4

Chau
(1987)

11. 2
12.99
1.56

-

Chadwick
(1988)
Romero
(1986)

2.42

Jersey
Blueberries

still air

2 .41

Chadwick
(1988)

Jersey
Blueberries

still air

1.64

Chadwick
(1988)

Tifblue
Bluberries

still air

1 . 94

Chau
(1987)

variety.

Romero et al.

(1986)

and Chau et al.

(1987) used

individual fruit and assumed each was a perfect sphere
when

determining surface area.

This study assumed the

berries constituted a continuous solid mass which,
comparitively underestimates actual surface area of
exposed fruit.

A higher transpiration coefficient on a

area basis results.

Transpiration coefficients for

blueberries reported by Romero et al.

(1986)

are close to those reported by Chau et al.
air.

in forced air

(1987)

in still

Blueberry transpiration coefficients determined in
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this study were five to eight times greater for forced air
than still air.

Differences in transpiration coefficients

for blueberries in this study may be attributed to
relative humidity,

air movement,

and fruit variety.

Differences in all transpiration coefficients listed
in Tables 14 and 15 may be attributed to several factors.
The method to determine area employed by other researchers
assumes the fruit are single spheres, while the area in
this study assumed a continuous solid surface of fruit.
In reality,

fruits are not stored individually, but as

bulk commodities.

Assuming the surface is flat may

underestimate the area, but many berries are in contact
with one another and the walls of the berry flat,

reducing

thereby the actual surface area exposed to air.
The transpiration coefficients for the Meeker
raspberries during the second and third regimes were
compared to one another.

The dew point temperature

dropped when the air flow rate was increased resulting in
a lower relative humidity.

The decrease in relative

humidity reduced the water vapor pressure in the air.

The

decrease in the water vapor pressure resulted in a greater
water vapor pressure difference between the air and the
fruit.

Thus,

theoretically the mass transfer rate in the

third regime should have been greater than the second.
The greater water vapor pressure difference should have
increased mass loss,

but did not.

The reported decrease
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in mass loss may be attributed to two factors.

The

average fruit temperature decreased 0.37"C , causing the
respiratory heat generation to decrease.
the literature,

As discussed in

respiratory heat generation is a driving

force for moisture loss,

thus a decrease in respiratory

heat generation should decrease moisture loss.

The dew

point increased above fruit temperature during defrost
more frequently and at greater temperature differences in
the third regime than in the second.

Greater amounts of

condensate may have been deposited on the fruit leading to
increased mass through reabsorption of moisture.
The second Jersey blueberry overall transpiration
coefficient was 0.77 mg/s.m2»kPa less than the first.

The

decrease may have been be due to the fruit maturity.
Immature fruit tend to have higher rates of moisture loss
(Sasrty et al.,

1978).
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V.

SUMMARY AND CONCLUSIONS

Orchard crop production in the three Pacific
Northwest states has become a multi-million dollar
industry over the past century.

With increased production

the need for sophisticated storage and handling systems
has become increasingly important.

Basic knowledge of

cooling and mass transfer characteristics of fruits are
necessary inputs to the proper design of storage and
handling systems.
Numerous models have been developed by researchers to
predict the cooling charcteristics for various geometries
of food products.

Equations to determine mass transfer

rates as relationed to enviromental surroundings have been
developed .and applied to indiviual fruits.
commonly stored as bulk commodities,

Fruits are

thus application of

mass transfer analogies to bulk situations needs to be
conducted to obtain more realistic moisture loss data.
Experiments were conducted to determine cooling and
mass transfer charactelstics of several local varieties of
fruit.

Data were anlyzed and overall transpiration

coefficients determined for strawberries,
blueberries.

raspberries,

and
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Conclusions derived from the study were:

Products in still air, high humidity environments have
much lower transpiration coefficients than fruits in
forced air,

low humidity environments.

Overall transpiration coefficient of Starking Red
Delicious apples was reduced due to a lowering of the
storage temperature midway through the experiment.
Jersey blueberries transpiration coefficients are not
constant with time in a still air environment.
Maturity affected transpiration rates of Jersey
blueberries.

Berries picked later in the season had a

transpiration coefficient 30 percent lower on a per
unit area and mass basis.
The results show ADINAT can be applied to simulate the
cooling of an apple and is capable of producing
reasonable results.

Continued advancement would bring

a better understanding of actual internal temperatures
of complex shaped fruits.
The difference between transpiration coefficients
listed in Table 13 and those reported by other
researchers may be attributed to many factors
including fruit variety, maturity,
conditions,

experimental

comparison of individual and bulk fruit,

and the method used to determine surface area.
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VI.

RECOMMENDATIONS

Recommendations for future research:

1.

Improvement of methods for drying fruit after the
grading lines to control increases in core
temperatures, respiration, and moisture loss.

2.

Determine temperatures of fruit packed in fruit boxes
and stacked on pallets to determine how long center
boxes require to cool.

3.

Increase mass transfer experiments conducted on bulk
commodities to increase knowledge and obtain a more
realistic view of moisture loss during extended
storage periods.

4.

Develope methods to determining surface temperatures
of larger fruits without damage to the surface
structure.
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APPENDIX A.

Cross Sections of Apples and Pears
used in Cooling Experiments
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APPENDIX B.

Descriptions and General Specifications for Equipment
used in Cooling and Mass Transfer Experiments.
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EsterLine Angus PD2064 Potentionmeter.
Range:

0 - 4 V

Resolution:

0.1 mV,

0.1 "C or "F

General Eastern System llOODP Condensation Dew Point
Hygrometer.
Range:

- 40oC to + 80oC
± 0.4oC (over entire operating range)

Accuracy:

0.1oC

Resolution:
Outputs:
Input:

100 mv/'C, 4 mA (§ -40*C,

6 mA @ +60oC

115 V (AC)

Universal Electric Co. Vacuum Pump
Input:

115 V
1170 RPM

C & E Instrument PM-1000 Flowmeter.
Capacity:

Model P1200

0-1.2 kg

OHAUS Scale Corporation.
Capacity:

Beam Balance

0-21.1 kg

Hottinger-Baldwin Measurements,
Capacity:

10230

0.25-2.25 1/min

Mettler Electric Scales.
Capacity:

Model No.

0-45 kg

Inc.

U1T Load Cell
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Hottinger-Baldwin Measurments,
Sensitivity Range:
Output:

Inc.

MGT 32 TA Amplifier

±0.2 mV/V to ± 2 mV/V

± 10 V

Imperial Manufacturing Ice Cold Coolers,

Inc.

1.22 m x 1.52 m x 2.03 m walk In refrigerator
Copeland Refrigeration System.
Model no. FBA-0050 -IAA-001
Input:

115 V

Refrigerant:

R12

Omega Engineering Copper-Constantan (T-Type) Thermocouple
Wire
Gauge:
Max.

0.127 mm diameter

Temp.:

105oC
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APPENDIX C.

Temperature Variations Within d'Anjou Pear No. 2 Subjected
to the Grading and Sizing Simulation.
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Figure 10.

Temperature Variations "Within d'Anjou Pear No. 2 Which Was Subjected to
the Grading and Sizing Operations.
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APPENDIX P.

Center Temperatures of d'Anjou Pears
Cooled in a Box with Three Layers.

Air
Top Layer
Center Layer
Bottom Layer

D
A
O

-

o

o

3

o
L.
<D
a

E
o

-4

-J—
40

20

60

Time, hours
Figure 11.

Center Temperatures of d'Anjou Pears Cooled in a Box Tfith Three Layers.
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APPENDIX E,

Coo-ling Rates of Individual and Bulk Fruits.
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Figure 12.

Cooling Rate of a Single Pint Basket of Meeker Raspberries in a Forced
Air Environment.
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Figure 13.

Cooling Rate of a Single Pint Basket of Meeker Raspberries in a Still
Air Environment
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Figure 14.

Cooling Rate of d'Anjou Pear No. 7 in a Forced Air Environment
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Figure 15.

Cooling Rate of d'Anjou Pear No. 14 in a Still Air Environment
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Figure 18.

Cooling Rate of Red Delicious Apple No. 13 in a Forced Air Environment
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Figure 17.

Cooling Rate of Red Delicious Apple No. 7 in a Still Air Environment
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Figure 18.

Cooling Rate of a Flat of Benton Strawberries in a Forced Air Environment.
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Figure 19.

Cooling Rate of Half a Flat of Early Blue Blueberries in a Forced Air
Environment.
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Figure 20.

Cooling Rate of Six Pint Baskets of Meeker Raspberries in a Still Air
Environment.
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Figure 21.

Cooling Rate of Six Pint Baskets of Jersey Blueberries (Experiment l)
in a Still Air Erivironment.
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Figure 22.

Cooling Rate of Six Pint Baskets of Jersey Blueberries (Experiment 2)
in a Still Air Environment.

■Interstitial Air Space

o

o

©
L.

3
O

a
E
<0

-i H
-2
10

T—
20

30

Time, hours

Figure 23.

Cooling Rate of Interstitial Air Space for Starking Red Delicious Apples
in a Still Air Environment.
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Figure 24.

Cooling Rate of Interstitial Air Space for Golden Delicious Apples in a
Still Air Environment.
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APPENDIX F.

Element-Arrangement and Comparison of Experimental and
ADINAT Results for Red Delicious Apple No. 10.
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Figure 26.

Comparison of Experimental Data and ADINAT Results for Red Delicious
Apple No. 10.
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APPENDIX G.

Air Dry Bulb, Fruit, and Dew Point Temperatures
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Figure 28.

Air Dry Bulb, Fruit, and Deyr Point Temperature History for Early Blue
Blueberries in a Forced Air Environment
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Figure 29.

Air Dry Bulb, Fruit, and Dew Point Temperature History for Meeker
Raspberries in a Still Air Environment.
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Figure 30.

Air Dry Bulb, Fruit, and Dew Point Temperature History for Jersey
Blueberries (Experiment 1) in a Still Air Environment.
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Figure 31.

Air Dry Bulb, Fruit, and Dew Point Temperature History for Jersey
Blueberries (Experiment 2) in a Still Air Environment.
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Figure 32.

Air Dry Bulb, Interstitial Air, and Dew Point Temperature History for
Starking Red Delicious Apples in a Still Air Environment.
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Figure 33.

Air Dry Bulb, Interstitial Air, and Dew Point Temperature History for
Golden Delicious Apples in a Still Air Environment.
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APPENDIX H

Graphs of -Mass Versus Time Plotted with Regression Lines
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Figure 34. Initial Moisture Loss of Benton Strawberries Plotted With Regression Line.
Regression Line: Mass = 7.961 - (0.0198 x In(Time)), R = 0.97.
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Figure 35. Mass Versus Time for Benton Stratrberries Plotted With Regression Line.
Regression Une: Mass = 7.863 - (2.385 x Time), R = 0.998.
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Figure 36.

Mass Versus Time for Early Blue Blueberries Plotted Vith Regression Line.
Regression Line: Mass = 3.866 - (0.361 x Time), R = 0.997.
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Figure 37.

Mass Versus Time for Meeker Raspberries (Regime 1) Plotted With Regression
Line. Regression Line:
Mass = 2.075 - (0.036 x Time), R = 0.95.
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Figure 38. Mass Versus Time for Meeker Raspberries (Regimes 2 and 3) Plotted With
Regression line. Regression Line (Regime 2) Mass = 2.075 - (0.046 x
Time), R = 0.87; (Regime 3) Mass = 2.070 - (0.026 x Time), R = 0.72.
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Mass Versus Time for Jersey Blueberries (Experiment 1) Plotted TTith
Regression Line. Regression Line: Mass = 2.616 - (0.033 x Time),
R - 0.88.
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Figure 40. Mass Versus Time for Jersey Blueberries (Experiment 2) Plotted With
Regression line. Regression line: Mass = 2.1B1 - (0.024 x Time),
R = 0.95.
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Figure 41.

Mass Versus Time for Starking Red Delicious Apples Plotted With Regression
line. Regression Lines: (Regime 1) Mass = 13.977 - (0.060 x Time),
R = 0.88: (Regime 2) Mass = 13.972 - (0.039 x Time), R = 0.71.
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Figure 42. Mass Versus Time for Golden Delicious Apples Plotted With Regression Line.
Regression line: Mass = 12.036 - (0.031 x Time), R = 0.998.

