able free water from SD. These might include the water
potential gradient between juice and seed and the acidity
of the juice. Even though previous work demonstrated no
effect on germination of juice versus distilled water when
applied as the germinating medium (15), the total soluble
solids (TSS) and acids may be associated with in-fruit seed
germination. Fruit produced in 1985-86 contained low
TSS and acid (11) and in-fruit seed germination was high-
est. Low seed germination occurred in 1988 while brix and
acid levels in the juice were high (11). Mobayen and Milth-
orpe (13) reported that citrus seed germination was de-
layed in high salt medium. If in-fruit seed germination in
grapefruit depends on leaked juice from SD, it is probable
that water movement from juice to seeds is more favorable
when juice contains low TSS and acid because a greater
water potential gradient occurs. Acids and TSS of juice
from SD vesicles were lower than from normal vesicles
(data not shown), however, no information is available
about critical levels of water potential to allow water move-
ment from juice to seed and subsequently seed germina-
tion. It is suggested that further studies should evaluate
seasonal and grove changes in water potential gradient be-
tween juice components of healthy and disordered vesicles
and the seeds and any influence this has on seed germina-
tion.
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AN APPROACH TO BETTER DESIGN OF PRESSURE-COOLED PRODUCE CONTAINERS
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Abstract. To determine a better method for design of the vent
locations of pressure-cooled produce containers, a commercial
finite element model was used to determine the pressure and
velocity fields for air flow through a three-dimensional orange
carton using porous media flow analysis. An existing heat
transfer model incorporating the calculated pressure and vel-
ocity data was modified and used to calculate the cooling
response for oranges packed in an experimental shipping con-
tainer with six different vent arrangements. The calculated
cooling response was compared to the experimental cooling
response to evaluate the feasibility of porous media flow
theory for the finite boundary condition of air flow through
fresh produce packed in containers. Although several areas
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for improvement were noted, the porous media flow analysis
was found to provide valuabie information if variable poros-
ity within the orange carton was considered.

Temperature is the most important environmental fac-
tor that influences the deterioration rate of harvested com-
modities. Thus improved cooling of fruits and vegetables
before or during shipment, along with proper temperature
maintenance throughout the marketing channels, has the
potential of greatly reducing these losses.

Pressure- (forced-air) cooling is a popular precooling
method developed by Guillou (7) extensively used on com-
modities which are highly perishable or susceptible to
water-borne decay organisms. When applied for cooling
of products in fiberboard containers, air is forced into and
through the vented containers stacked and placed in the
air circulation system. The air flows through the vents on
the side of the containers exposed to the fan outlet,
through the spaces between the products, out the side of
the containers exposed to the fan outlet, and then back to
the fan.

Although pressure cooling is a fairly rapid, efficient,
and economical method of cooling of produce in contain-
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ers, the containers must be designed carefully for proper
operation of the system. Vent openings must be of proper
size and in proper arrangements. Increasing the number
of openings increases the uniformity of air movement at
all points in the containers and therefore increases the un-
iformity of cooling with the containers.

In practice, how are the container vents currently
selected? From the standpoint of the container manufac-
tures, any location, number, and size of the vent holes can
be produced to satisfy the customers desires. The major
concern of the manufacturer is maintnance of the strength
of the container, economy of material inputs, and cus-
tomer satisfaction with an affordable container at a pro-
duction profit. Cutting vents in the side panels of the con-
tainers can greatly reduce the stacking strength. The pack-
inghouse personnel that procure the containers from the
manufactures receive bids on containers with particular
specifications of size, construction, vent patterns, shapes,
and sizes, as well as, external printing. The distinctive and
decorative packer or grower logo and other printed infor-
mation common to a particular product may be of more
importance than the venting specifications. Although some
percentage of total vent openings may be specified as a
rule or thumb or obtained from literature, the ultimate
decision concerning container venting is more arbitrary
than scientific.

What would be a better way to optimize the venting
specifications of containers? The purest technique would
be to conduct experimental evaluations of numerous com-
binations of vent patterns, sizes and shapes, with every
combination of container size, product size, and packing
configuration. The time and labor involved in such an ef-
fort are probably not feasible. However if a computer
model were developed and verified with a limited number
of experimental tests, this tool could be used to evaluate
any number of venting and product packing combinations
in a fraction of the time required for experimental analysis.

Talbot (13) summarized the considerable amount of
published information on heat and mass transfer of fruits
and vegetables and on various aspects of air cooling pro-
duce packed in shipping containers. No studies exist which
predict the pressure and velocity fields for airflow through
fruits or vegetables packed in shipping containers.

To understand and model airflow during pressure-
cooling of fresh fruits and vegetables packed in fiberboard
shipping containers, the pressure and velocity field charac-
teristics within the container must be established. Both dis-
tributions are difficult to establish experimentally. There
are many interrelated variables involved in air cooling of
fruits and vegetables. These include thermal properties,
physical properties, size, and shape of the product and
temperature, flow rate and relative humidity of the cooling
air. When cooling products in containers, additional vari-
ables of importance are container size, shape and wall
thickness, venting and stacking arrangemeitts, product
packing configurations, and the direction ot air flow.

Talbot (13) reviewed the historical evolution, diverse
fields of application, and mathematical representation, of
the theory of fluid flow through porous media. He also
reported on numerous research studies of the cooling,
heating, and drying of semi-infinite systems of bulk piled
agricultural products such as fruits, grains, vegetables,
nuts, and root crops using the theory of fluid flow through
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a porous media to determine the pressure and velocity
fields.

The objectives of this study were to (1) determine the
feasibility of the theory of flow through porous media
analysis for finite boundary conditions of air flow through
fresh fruits and vegetables packed in shipping containers,
(2) use a commercial finite element model to predict air
pressure and velocity distribution for air flow through
fruits packed in fiberboard packing containers, and (3)
compare the predicted cooling response data determined
using the mathematical flow model in conjunction with an
existing heat transfer model with the experimental cooling
data.

Materials and Methods

The physical problem selected for modeling an indi-
vidual carton packed with oranges, using porous media
flow analysis, was an experimental box with dimensions
similar to a commercial packing container used for
oranges. The experimental box, with dimensions, is shown
in Figure 1. The box was used in the evaluation of temper-
ature response during cooling of the oranges and con-
structed to allow 10 possible air inlets or outlets for analysis
of various air flow patterns through the box. The inlet/out-
let holes were constructed by drilling holes in the sides of
the box at the desired locations as indicated in Figure 1.
Using threaded pipe flanges attached to the outside of the
box, 1 inch (2.54 c¢m) inside diameter (i.d.) threaded pipes
were installed so that the ends of the pipes were flush with
the interior surface of the insulation.

A forced-air cooler designed specifically for research,
with a capability of controlling all of the important vari-
ables relating to cooling biological materials, was used for
this study (2). Air velocity, air temperature, relative humid-
ity, container venting and product stacking arrangement
were the variables that could be controlled. Temperature
distribution within the individual product and within the
product container, static pressure loss across the product
container, and product moisture loss were among the
parameters that could be measured.

Air entered the experimental carton through some
combination of any three 1 inch (2.54 cm) inlet holes. The
air passed through the product and exited through some
combination of any five 1 inch outlet holes. The venting
arrangements were obtained by the use of rubber stoppers
which were large enough to seal the pipes at the inlet or
exit vent. The vent openings which were not needed for a
particular test were plugged. Table 1 presents the inlet
and outlet combinations evaluated during this study.

The air flow rate leaving the carton was measured
through the use of an “annubar” flow element installed in
a 1 inch inside diameter pipe connected to the threaded
pipe flanges attached to the outlet of the carton. When
more than one outlet was used, a hot-wire anemometer
was used to measure the relative flow leaving each hole.
The flow rate was determined as a function of the differ-
ence between velocity pressure and static pressure. The
pressure difference was measured with an electronic dif-
ferential pressure manometer.

Twelve tests were conducted with an experimental
orange carton packed with 18 kg of size 100 Valencia
oranges using air flow rates ranging from 1.53 x 10~ to

Proc. Fla. State Hort. Soc. 101: 1988.
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Fig. 1. The experimental orange carton.

2.06 x 102 m*/s. These tests were conducted on 6 different
venting arrangements with two flow rates for each. Consid-
ering the numbered vent locations shown in Figure 1, the
flow patterns (boundary conditions) presented in Table I,
were evaluated.

Each cooling test was conducted using 88 sized fruit
which were weighed and placed into the experimental

Table 1. Boundary condition inlet/outlet vent locations and flow rates.

Balanced air flow
rate, m¥s per each

Boundary inlet vent
condition Inlet Outlet
number vents vents [€))] (2)

1 2 7 1.58 E-3 1.01 E-2
2 1,3 6,8 1.56 E-3 440 E-3
3 1,2,3 6,7,8 121 E-3 6.09 E-3
4 2 4,7, 10 5.31E-3 2.06 E-2
5 2 7,10 4.72 E-3 1.33 E-2
6 1 6 1.53 E-3 5.46 E-3

Proc. Fla. State Hort. Soc. 101: 1988.

orange carton in a face-centered cubic packing arrange-
ment, which was the same configuration termed square-
staggered by Chau et al. (3). This stacking pattern resulted
in 5 horizontal layers of fruit, with 18 fruit in the bottom,
middle and top layers and 17 fruit in the second and
fourth layers. Thermocouples were placed at the center of
58 oranges and at the surface of 10 oranges. Ten ther-
mocouples were also placed in the air spaces adjacent to
the surface thermocouples to measure the air temperature
within the orange carton. Other temperature measure-
ment included the entering and leaving air temperatures.
The thermocouples were constructed from 36-gauge, insu-
lated copper-constantan wire. The location of the oranges
in each layer of the thermocouples are shown in Figure 2.
Temperature was recorded on a microprocessor-con-
trolled data acquisition system capable of receiving 80 ther-
mocouple inputs. The product in the experimental orange
carton was brought to a uniform temperature in the reheat
section just prior to placement of the carton into the cool-
ing chamber. The cooling air temperature was constant.
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After a literature review and temperature response
data analysis, application of a 3-D finite element nonlinear
porous media flow analysis for the problem under consid-
eration was thought feasible. A general purpose commer-
cial finite element analysis package, DeSalvo and Swanson
(4), is available which contains an option that allows the
modeling of nonlinear steady state fluid flow through a
porous medium. This solution technique was studied and
appeared to be applicable to the case at hand. A limited
review was unable to identify other commercial solution
packages which offered the needed analysis option and
capabilities. In addition to evaluating the feasibility of the
finite element porous media flow analysis, this study is also
evaluating the feasibility of applying a comniercial com-
puter program.

The model description involves creating the desired
geometry, selection(s) from the element library, specifica-
tion of geometric (real) constants describing properties of
elements, and identification of material properties (e.g.,
viscosity conductivity, and density).

The nonlinear porous media flow case involves the sol-
ution of the

168

() [KI{P} = {Q)
where
[K] = the transmissivity matrix
{P} = pressure vector (unknown)
{Q} = mass flow rate vector
and the calculations of the pressure and mass flow distribu-
tions.
he momentum equation is simplified to
(2) —(grad P) = Reff V

where

grad = gradient of a scalar function
P = pressure

V = seepage velocity vector

(3) Reff = p/K + BplVI

gas viscosity

absolute permeability of porous medias
visco-inertial parameter

density.

Substituting Equation 2 into the continuity equation
yields
(4) d(kaP/ax)/ox + d(kaP/dy)/ay + o(kaP/9z)/dz = O
where k = p/Reff. Equation 4 is nonlinear because Reff is
a function of velocity. The coefficients of permeability, k,
are (kx, ky, kz) internally calculated for each coordinate
direction as
(5) k = Kp/(p + KBplV))

Combining Equation 2 and 3 yields
(6) —(grad P) = uV/K + BplVI V.

In order to verify the calculated solutions of the com-
mercial package, the solutions were used to solve porous
media flow problems solved by other workers. The two-di-
mensional rectangular grain bin problem solved by Seger-
lind (11), one of the three-dimensional grain bin problems
solved by Khompis et al. (8), and the pressure drop as a
function of airflow for oranges in-bulk and in-cartons sol-
ved by Chau et al. (3), were modeled using the commercial
package. Based on the results of this modeling, it was con-
cluded that commercial package was an excellent analysis
technique for investigating the pressure and velocity distri-
butions in orange cartons.

The use of the porous media analysis to study the pres-
sure and velocity distributions as air flows through a con-
tainer of oranges presented several questions that were
not significant problems for previous workers. A primary
concern was the overall scale of the porous media used in
this case. This scale was finite when ompared to the semi-
infinite cases studied by others. Because of the small di-
mension of the packing container, boundary (wall) effects
could be significant. The wall contact with the fruit or veg-
etable presented two possible difficulties. The drag caused
as the air passes the wall was one consideration. The sec-
ond concern, which has been reported by other workers
(9, 10, 12) relates to the variance of the voidage or porosity
adjacent to the walls when compared to the central portion
of the porous media.

Other researchers have reported the significant pres-
sure drops produced by the air inlets of packing contain-
ers. This point was another possible significant difficulty
when comparing the pressure drop of the porous media
(fruit or vegetable within the cartons) to that of the pres-
sure drop across the inlet(s) and exit(s).

Another consideration in terms of fruits and vegetables
was the compaction possible during packing and sub-
sequent shrinkage with time due to physiological changes

Proc. Fla. State Hort. Soc. 101: 1988.
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and moisture loss. The porosity may change, for example,
if the product becomes more compact due to shrinkage or
handling. The porosity next to the inside top of the carton
could increase allowing more air to pass through this area.

The modeling of the experimental work of Chau et al.
(3) was expanded to model an individual carton packed
with oranges. The physical problem selected for solution
was the experimental box shown in Figure 1.

An 8 node 3-D isoparametric thermal solid element,
which allowed modeling of nonlinear steady-state flow
through a porous media, was used. The node and element
locations are shown in Figure 3. The model consisted of
1815 nodes and 1400 elements. The nodes adjacent to the
walls of the experimental box were placed 1.5 inch (3.81
cm) from the walls in order to account for the locations of
the vent openings. The remaining interior nodes were
placed every 1 inch.

The boundary conditions for the air flow rates were
obtained from the experimental temperature response
study of size 100 square staggered packed oranges and the
flow patterns and flow rates are shown in Table 1. The
boundary conditions were specified at the nodal locations
corresponding to the inlets and outlets vent locations,
which were point sources. The no-flow or impermeable
boundary condition 8P/dn = 0, was automatically enforced
on the boundary when no pressure values were specified.

The input coefficients needed to use the commercial
finite element program are indicated in Equation 3. The
gas viscosity and the density for air were taken from stand-
ard data tables. The absolute permeability of the porous
media and the visco-inertial parameter are derived from
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Fig. 3. The node and element locations used to model a three-dimen-
sional orange carton.
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experimental results. Chau et al. (3) presented a variation
of the Ergun equation as

(7)  APh = K; p V(1-€¥D2 * g + Ko p Vi (1-€)D € g,
where

AP = pressure loss or head

h = the length of the flow path

V, = the superficial velocity

€ = porosity = void volume/total volume

D, = mean diameter of particles of the porous ma-
terial

K,, K, = experimentally determined Ergun product coef-
ficients

8¢ = Newton’s Law gravitational constant

and the rest of the symbols are as previously defined.

Comparing Equation 7 and Equations 2 and 3, the ab-
solute permeability of the porous media, K and the visco-
inertial parameter, B, needed for the model input can be
equated as
(8) /K = K, [(1-€)*/D2 €*]
and
(9 B = Ky [(1-€/Dye’.

Chau et al. (3) detrmined K; and K, by fitting the ex-
perimental data and reported all the parameters required
to solve Equations 8 and 9 for bulk packed oranges. For
size 100 oranges arranged in a square staggered stacking
pattern the following values were reported: D, = 0.0735
m; € = 0.405; K; = 1566; and K, = 2.22.

In addition, the air viscosity and density were assumed
not to vary significantly during the cooling process, and
the values for these properties were obtained for an aver-
age test temperature of 50°F (10°C) u. = 1.762 x 10-° kg/m-
sec; and p = 1.24 kg/m®.

Before solving Equations 8 and 9, the important topic
of variable porosity must be considered. A comparison of
the temperature response calculated by commercial pro-
gram using the constant porosity and derived input
parameters specified above with the corresponding experi-
mental temperature response, produced poor agreement.
Predicted temperatures were warmer in regions adjacent
to the walls of the container and slightly cooler in the cen-
tral portion of the container away from the walls. The con-
cern for the variation of the voidage or porosity adjacent
to the walls was expressed above and concluded to be the
major factor resulting in the poor fit of the experimental
temperature response. These preliminary comparisons are
not presented, rather the input parameters were adjusted
to account for the anticipated variable porosity as de-
scribed below.

The distance of penetration from the wall of the vari-
able porosity for oranges packed in a three-dimensional
orange carton is a subject requiring additional research.
Ridgway and Tarbuck (10) reported that the variation in
porosity of large random beds existed to about 5 sphere
diameters from the wall. Pillai (9) indicated the porosity
variation could penetrate up to three particle diameters
from the wall for two-dimensional randomly packed beds,
but concluded that assuming a constant porosity byond
one particle diameter would result in an error of less that
10%. For the current study, calculation of the porosity ad-
jacent to the walls of the carton was possible using basic
geometric relationships. However, the calculations beyond
the first set of elements were complex due to the overlap-
ping of the oranges in the three-dimensional stacking pat-
tern. Therefore, the variable porosity was calculated within
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the regions occupied by the finite elements adjacent to all
6 interior walls of the experimental orange carton. Due to
the size of the elements adjacent to the wall the variable
porosity was calculated in a region one-half the orange
diameter from each wall.

The procedure for calculating the porosity adjacent to
the walls was accomplished by first assuming the oranges
were perfect spheres. The volume of the oranges or por-
tion of an orange lying within the elements and the volume
of the elements adjacent to the wall were calculated. The
porosity was defined in Equation 7 as the ratio of the void
volume to total volume. The void volume was calculated
by subtracting the volume of the oranges from the volume
of the elements. The total volume was the volume of the
elements adjacent to the walls.

The porosity for the elements was calculated using a
more accurate technique (numerical integration) than em-
ployed by Talbot (3). Talbot indicated the porosity of the
remaining 800 elements in the central portion of the car-
ton remained equal to the constant porosity reported by
Chau et al. (3). However, since the overall of void volume
did not change, the porosity of the central portion should
have been reduced to correspond to the increase in the
porosity of the elements adjacent to the walls. The porosity
of the different element types is shown in Table 2.

The commercial program has the capability of assign-
ing individual material properties (B, K, etc.) to each indi-
vidual element. Therefore, the Equations 8 and 9 were
solved based on the porosity for each of the selected
groups of elements considered and using the values of D,
K, and Ky specified above. The results of these calculation
for B and K are shown in Table 2. The model was used to
solve the 12 orange carton air flow boundary conditions
presented in Table 1.

The porous media analysis output provided the total
velocity (magnitude of the velocity vector) and the 8 com-
ponents of the velocity vector at the centroid of each ele-
ment (Figure 4), in addition to the element volume and
pressure gradient. To obtain the necessary data for the
heat transfer model, the output was reorganized using the
Post-Processor and 3 Fortran programs (13).

The objective of the current study was not to devote a
considerable amount of time in developing a specific heat
transfer model before the feasibility of the porous media
flow approach was assessed. Further it was considered es-
sential that a validated heat transfer model be applied so
as to concentrate the evaluation on the flow model results
rather than attempting to simultaneously validate both the
porous media flow analysis and a heat transfer analysis.

The literature contains many citations of heat and mass
transfer models. However, the approach of this study was
to use the one-dimensional explicit finite difference num-

Table 2. Summary of variable porosity and inpui data.

Number

Element location of elements  Porosity, € K B
Center 800 0.319 2.3588E-7 641.1
Corners 8 0.440 9.1536E-7 200.9
Edges 112 0.578 3.7406E-6 66.0
4 Surfaces, 384 0.522 2.0978E-6 102.7
27.94 x 38.1 cm

2 Surfaces, 128 0.529 2.2487E-6 97.2

27.94x 27.94 cm
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erical model for individual fruit using heat transfer equa-
tions for a homogeneous sphere without heat sources re-
ported by Baird and Gaffney (1), without major changes
and to modify the numerical model to predict temperature
distribution within bulk loads of products (bed model) also
reported by Baird and Gaffney in such a way to treat each
of the model generated elements as a bed. Each three-di-
mensional element interacted with surrounding elements.

The bed model reported by Baird and Gaffney (1) re-
quired major revision for the current study. Each of the
three-dimensional elements defined by the porous media
flow analysis was treated like an individual bed similar to
the bed model reported by Baird and Gaffney (1). How-
ever, a major difference between these two studies was the
nature of the air flow. In the Baird and Gaffney (1) bed
model, the air flow was one-dimensional or plug flow,
while in the porous media flow analysis the air flow was
three-dimensional. The three-dimensional nature of the
air flow presented several analysis complications but the
calculated velocity and pressure distributions allowed de-
termination of the air flow rate at any location within the
defined element model (orange carton).

A typical three-dimensional element is shown in Figure
4. The air flow rate in or out of each face of the element
was determined from data provided by the flow model.

In order to determine the tmperature of the air enter-
ing a particular element from adjacent elements (or inlet

Proc. Fla. State Hort. Soc. 101: 1988.



boundary condition) the enthalpy entering each face of

the element was used. The air entering through each face

would mix within the element. Assuming ideal mixing and

neglecting variation of the air density and specific heat,

the resulting temperature from the mixture was calculated

as illustrated below

(10) Ithl + ﬁlQTQ + rh3T3 = l’i’ltTm

where

m,, me, mg = air flow rates entering element through
faces 1, 2, and 3, respectively,

T,, Ty, T3 = temperature of air entering element
through faces 1, 2, and 3 respectively,

m, = total air flow rate entering element, m, +
my + mMm;

Ta = temperature as a result of perfect mixing.

Equation (10) was rearranged in terms of T, to give

(11) Tm = (rthl + ri'l2T2 + I’hng) /rh[

T,, was the entering air temperature for the individual
fruit model.

The “effective heat transfer coefficient”, h, was ob-
tained from Baird and Gaffney (1) who presented the fol-
lowing relationship:

(12)  h = 1.17 (k/D) [p,V.D/p,].

The velocity, V,, in Equation 12 was defined as the super-
ficial velocity. The best representative velocity for deter-
mining the convective coefficient from the model was iden-
tified as the calculated velocity at the centroid of the ele-
ment. This velocity was defined as the superficial velocity
by Ergun (5). The magnitude of the centroidal velocity
vector, |V] was substituted for V, in Equation 12 and pro-
vided the following relationship for determining the con-
vective heat transfer coefficient in terms of the velocity at
the centroid of the element: _

(18)  h = 1.17 (k,/D) [p,IVI D/p,].

Using the individual fruit model, the temperature at
each point within the individual product for the specified
time period and element was calculated.

The final step consisted of calculating the temperature
of the air leaving the element. This was accomplished by
an analysis similar to that used by Baird and Gaffney (1).
The change in the energy of the air as it moved through
the element (control volume) was equal to the change in
the internal energy of the product within the element

m, ¢, (0T ,/3v) dv dt = —p, ¢, (8T/1) dt dv,,.
where
T, T, = temperature of the air and product, respec-

tively

A = cross-sectional area of the packed bed

Pa Pp = density of air and bulk density of product, re-
spectively

Cn €, = specific heat of air and specific heat of product,
respectively

t = time

v, v, = volume of the element and volume of the prod-

uct, respectively.

The volume of the product is related to the volume of
the element by the porosity, €,
(14) vy = (1-€)v

Inserting Equation 14 for the product volume in the
energy balance above and solving for the change in air
temperature resulted in the following:
(15) 0T /av = — (1—€) [p, ¢/ ™ c,] 9T /0L

By considering the differential control volume (ele-
ment) to be a finite volume, Equation 15 was approximated
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by
(16) AT /Av = — (1-€) [p, ¢/ m, c,] AT /AL

The temperature leaving each face of an element was
determined from the air temperature change calculated
using Equation 16 and the value of the air temperature
that entered the element calculated using Equation 11.
Then the procedure was repeated for the next element.
The flow diagram for a fourth Fortran program used to
solve for the temperature response for the individual fruit
model and Equation 16 is shown in Figure 5. The physical
and thermal properties of size 100 Valencia oranges re-
ported by Gatfney and Baird (6) were used for individual
and modified bed models. For the vent locations used on
the experimental carton, the flow model results were sym-
metric top and bottom. Therefore, only the bottom 700
elements were used in the heat transfer program in order
to reduce the number of calculations required.

A Fortran program was written to reorganize the calcu-
lated temperature response so that the thermocouple loca-
tions in the model corresponded as closely as possible to
the experimental thermocouple locations. The 78 ther-
mocouple locations were assigned an air, product surface
or center time dependent temperature value using the
temperature value for a particular set of elements from
the 700 elements available. The thermocouple location

a + kK , h, radius, number of points in fruit,

p p

initial product temperature, At, total cooling
time, print frequency, test number, specific heat
of air, specific heat of product, total weight of
product, air mass flow rate, number of layers in
bed, bed depth, entering air temperature.

Read:

| Compute input data combinations which remain constant.
|

4;1'
Compute the temperature at each point within the
individual product for the specified time period and the
specified layer in the bed.
1
Compute the mass-average temperature of the product for
the specified layer in the bed.

Compute the temperature of the air entering the next
layer of the bed based upon the amount of heat lost by
the product in the preceding layer.

Is

layer # = total
number of layers
in bed?

No

Yes

Yes |Print time and
all temperatures
for that time
period.

Is
time period
4 = print

Increase time
by one time
increment

total time?

Fig. 5. Flow diagram for the computer program to solve orange carton
heat transfer equations.
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within the model was selected as close as possible to the
physical location for the experimental carton.

Results and Discussion

From the twelve boundary conditions reported by Tal-
bot (13), Boundary Condition 1-1 was selected for presen-
tation. This boundary condition was one of the most diffi-
cult to model because of the low flow rate and restrictive
single inlet and exit locations.

Six thermocouples from the first and third layers and
5 thermocouples from the second layer were selected for
direct comparison of the temperature response curves of
predicted versus experimental data. For each layer, 2 sets
of 2 or 3 thermocouples were selected parallel to a line
from inlet to exit. One set of thermocouples was located
near the side of the carton and the other set was near the
center of the center of the carton. For the left side of the
third layer, thermocouples 31, 36, and 45, and 32, 39, and
46 were selected and plotted in Figure 6. For the left side
of the second layer, thermocouples 23 and 26, and 24, 27,
and 29, were selected and plotted in Figure 7. For the left
side of the bottom layer, thermocouples 1, 10, and 15, and
4, 11, and 18, were selected and plotted in Figure 8.

In order to consolidate the large amount of data for
each test into a more compact presentation, a regression
plot of the predicted temperature versus the experimental
temperature was formed for each thermocouple location
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Fig. 6. Predicted versus experimental data for Boundary Condition
1-1, 3rd layer, thermocouples: {a) 31, 36, and 45; and (b) 82, 89, and 46.
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Fig. 7. Predicted versus experimental data for Boundary Condition
1-1, 2nd layer, thermocouples: (a) 23 and 26; and (b) 24, 27, and 29.

for the entire cooling test time. Center, surface, and air
temperatures were all considered. For Boundary Condi-
tion 1-1 with a cooling test time of 14 hours, and Boundary
Condition 3-2 with a cooling test time of 2.8 hours, the
regression plots are presented in Figure 9.

Several trends exhibited by all 12 boundary conditions
are evident in Figures 6 through Figure 8. The first trend
indicated that the experimental and predicted cooling re-
sponses fit better for oranges near the walls of the orange
carton (regions with increased porosity) than for oranges
in the center or core of the orange carton. The oranges in
regions with the least exposure to increased variable poros-
ity exhibited a slower predicted versus experimental tem-
perature response. This is opposite the trend reported by
Talbot (13) and is attributed to the reduction of the central
porosity with the increase in the variable porosity in the
regions adjacent to the walls of the carton. In Figure 6a,
for the corner thermocouple 31 and side thermocouple 36
in the left half of the third layer of oranges, the predicted
data indicated more cooling than the experimental data.
The same would have held for thermocouple 45 if not for
the lower initial temperature of the exprimental data. In
Figure 6b, the same trend applied for thermocouple 32
near the inlet vent, while the experimental data indicated
a faster cooling rate than the predicted data for ther-
mocouples 39 and 46. This illustrates a second general
trend. The predicted cooling response for oranges near
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Fig. 8. Predicted versus experimental data for Boundfary Condition
1-1, 1st layer, thermocouples: (a) 1, 10, and 15; and (b) 4, 11, and 18.

the center of the cartons illustrated an increasingly poorer
fit to the experimental temperature response as the dis-
tance from the air inlet increased. The difference between
predicted and experimental temperature responses in the
third layer for thermocouple 46 and thermocouple 32 il-
lustrate this trend.

In Figure 7, the predicted response was lower than ex-
perimental data for thermocouples 23 and 24, which were
in the second layer of oranges adjacent to the inlet carton.
This was also a general trend. The predicted versus experi-
mental data for second layer thermocouples 26 and 27
exhibited poor agreement. Thermocouple 26 was in the
core of the orange carton near but not adjacent to the
carton wall while thermocouple 27 was in the core of the
orange carton, just below a line from the inlet to exit vent.
Thermocouple 27 exhibited a better predicted to experi-
mental data fit than thermocouple 26. Thermocouple 29
was adjacent to the outlet carton wall just below the outlet
vent and the predicted and experimental data were in close
agreement.

In Figure 7a, thermocouples 1, 10, and 15, are adjacent
to the bottom near the side of the orange carton. As ex-
pected the predicted and experimental temperature re-
sponses indicate that the predicted temperatures would
have cooled faster if not for the lower initial experimental
temperatures. The predicted and experimental tempera-
ture responses of thermocouples 4, 11, and 18, in Figure
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7b, also indicate a lower predicted than experimental tem-
perature response.

In Figure 9, the regression plot of the predicted tem-
perature versus the experimental temperature illustrates
that the predicted data underestimated the cooling re-
sponse of the oranges in the experimental carton. If the
predicted and experimental data were identical, the data
fitting line would have a slope of 1.0, while the actual data
exhibited a slope of 0.93 and 0.96 for Boundary Condition
1-1 and 3-2, respectively.

Although the equipment and procedures used to meas-
ure the experimental temperature response have been de-
veloped and perfected over the last 10 years, there are a
number of factors which directly effect the final tempera-
ture measurement. The instrumentation accuracy, the con-
trol of the air flow rate, the control of the inlet air temper-
ature, the precise location of the thermocouples, the size
and shape of the oranges, and the uniformity of packing
the oranges, are but a few of the many variables which
have a direct bearing on the final temperature readings.
Considering these and other factors, the temperature
readings are estimated to be within * 2°F (1.1°C).

The initial temperature was obtained by reheating the
carton of oranges as packed with thermocouples in place.

BOUNDARY CONDITION 1—1, 14 hours

Slope = 0.926; R Squared = 0.933

Experimental Temperature, degree C.

Predicted Temperature, degree C.

BOUNDARY CONDITION 3-—-2, 2.8 hours

Slope = 0.978; R Squared = 0.963

Experimental Temperature, degree C.

0 10 20 30

Predicted Temperature, degree C.

Fig. 9. Regression plot of the predicted temperature versus the experi-
mental temperature for Boundary Conditions: (a) 1-1 and (b) 3-2.
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Although it was possible to apply heat until the oranges
were at almost the same steady state temperature, the
amount of time required to accomplish this was excessive
in terms of productivity as well as physiological mainte-
nance of the oranges. Deteriorated oranges required the
entire orange carton to be emptied and filled with a new
load of oranges which had been prepared with ther-
mocouples. The model required an initial product temper-
ature and the average initial experimental temperature
was used in the heat transfer model. The standard devia-
tion was such that the experimental and model ther-
mocouple initial temperatures could be slightly different
up to 6°F (3.3°C). This altered the cooling curve of the
model and produced a poorer comparison of experimental
to model data (Figure 8a).

Over the several hours required for a complete test
run, the air temperature control had a tendncy to drift if
not manually corrected periodically. The model air tem-
perature was a constant and did not account for actual test
variations.

Because of a desire for increased accuracy 36-gauge
thermocouple wire was used. However, this wire was very
fine and easily damaged. Thermocouples were calibrated
using an ice bath but at high temperatures slight variations
between thermocouples were evident. Also the large
number of thermocouple leads presented a requirement
for diligent attention to detail.

The convective heat transfer coefficient reported by
Baird and Gaffney (1) for cooling of oranges in beds was
used in this study. This coefficient appeared to be satisfac-
tory for the accomplishment of the current project objec-
tives. In order to investigate the sensitivity of the model,
one test was evaluated with the convective heat transfer
coefficient halved and another with the coefficient dou-
bled. The model was very sensitive to this forced change.
Therefore if an improved value for the convective heat
transfer coefficient were developed the model would pro-
vide a better fit of the experimental data.

A tendency in modeling research is to force the model
to fit the experimental data. For this study a similar ap-
proach was not appropriate since the development and
verification of a heat transfer model was not the objective.
The major emphasis was the evaluation of the porous
media technique for this type problem.

Preliminary evaluation of the model did not apply vari-
able porosity and fit of the experimental data was very
poor. A method for determining and applying the variable
porosity was developed and this improved the fit of the
predicted temperature response to that of the experimen-
tal temperature response.

Additional experimental work is needed to provide the
necessary variable porosity data for various size and shape
cartons, with various product packing arrangements. In-
creased porosity due to compaction near the top of the
container should be also be addressed.

Future efforts should be made to design the element
size and grid location to allow the physical location of the
thermocouples to coincide with the center of a single ele-
ment. This would provide a more reliable method for com-
paring experimental and numerical temperature response.

Summary

This study involved the application of several existing
procedures in a unique way. A commercial finite element
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solution package was used to determine the pressure and
velocity distribution for air flow through a porous media.
This procedure first was verified by comparing the results
from the porous media analysis with the results of research
related to the pressure and velocity distributions for air
flow through two- and three-dimensional grain bins. Based
upon favorable results the porous media technique was
used to model research concerning the pressure loss
through oranges in bulk and oranges packed in simulated
orange cartons. Again favorable results led to the evalua-
tion of the pressure and velocity distributions of air flow
through a three-dimensional orange carton using the finite
element porous media flow analysis. However, the air flow
field for the orange carton was not known and not readily
measurable using current instrumentation. In order to ver-
ify the porous media analysis for this problem an indirect
method of comparison was developed. The experimental
temperature was measured for 12 different test conditions
for oranges packed in an experimental orange carton and
cooled using an experimental cooling facility. The flow and
boundary conditions used for the twelve tests were used as
input data for the porous media flow model to calculate
the pressure and velocity distributions for the oranges
packed in the experimental orange carton. The absolute
permeability and the visco-inertial input parameters were
calculated using experimentally determined Ergun prod-
uct coefficients, orange diameter, and variable porosity.
An existing heat transfer program was modified to incor-
porate the calculated velocity distribution and provided a
predicted temperature response. Considerable work was
involved after obtaining the calculated velocity distribution
in order to determine the predicted temperature response.
The experimental and predicted temperature responses
for the 12 tests were compared and this comparison was
used to indirectly evaluate the flow information calculated
by the porous media flow analysis. Although several areas
for improvement were noted the porous media flow
analysis was found to provide valuable information if vari-
able porosity within the orange carton was considered. The
objective of this study was not to develop a comprehensive
model to evaluate the many variables related to forced air
cooling and to predict the cooling response of produce
packed in containers. However, the porous media flow
model and heat transfer model have the capability to solve
the pressure and velocity distributions and temperature
response for any size and shape carton, any size, number
and location of vent holes, any packing arrangement, any
size (close to spherical) fruit or vegetable, for any air flow
rate and cooling temperature typically encountered in the
field. Suggested improvements will produce a very valu-
able tool for designing systems for cooling fruits and veg-
etables in cartons.
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Abstract. Temperature management is essential in maintain-
ing vegetable quality during postharvest handling opera-
tions. For many crops, precooling is the recommended proce-
dure to extend storage life sufficiently for shipping and retail-
ing. The objectives of this paper are: 1) to provide information
concerning recommended storage conditions for selected veg-
etable crops; 2) to provide a procedure for evaluating harvest
and handling operations for addition or modification of pre-
cooling systems; 3) to explain precooling principles and
methods; and 4) to present a simple, yet accurate method for
determining precooling schedules as part of an overall quality
control program in the packinghouse.

The value of 1986-87 Florida vegetable crops exceeded
$1 billion; of the total production for this growing season,
75% was shipped to other states, and exported to Canada
and other countries (1).

The key to maintaining present markets and securing
new markets lies in the ability of shippers to consistently
supply high quality produce capable of withstanding sub-
sequent handling to distant markets. Quality refers to those
characteristics which consumers associate with each com-
modity that are dependent upon the particular end-use,
such as sweetness in melons and sweet corn, tenderness in
snapbeans, and crispness in carrots and cucumbers. It also
refers to freedom from bruises, blemishes, disorders, dis-
eases and shrivel.

Precooling is the rapid removal of field heat to temper-
atures approaching proper storage temperature and is the
first line of defense in slowing the biological processes
which reduce product quality. It has been in use in Florida
since the introduction of hydrocooling of celery in the
1920’s (9). Precooling, in conjunction with refrigeration
during subsequent handling operations, provides a cold
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chain to maximize storage life and control disease and
pests. The term “storage life” is purposely used in this text,
since “shelf life” has the connotation that the commodity
“sits on the shelf”, implying no subsequent refrigeration.

The keyword to produce quality maintenance is “time-
liness”; timely and careful harvest and transport to the
packinghouse, rapid packing and precooling, and rapid
transport to the market or buyer. Also, once a product is
cooled, the cold chain must not be broken during sub-
sequent handling.

Although many larger packinghouses incorporate pre-
cooling in their handling operations, smaller packing-
houses often rely on short-term storage in refrigerated
rooms or in some circumstances load directly into refriger-
ated trailers. Refrigerated trailers, in particular, should not
be loaded with produce which has not been adequately
precooled since most trailers are designed to maintain tem-
perature and as such do not have the additional refrigera-
tion capacity necessary to remove field heat from an entire
load of produce.

There are many excellent publications available which
provide great detail concerning individual precooling
methods. A selected group for further study includes:
Hardenburg, et al. (3), Kader, et al. (4), Mitchell. et al. (6),
Ryall and Lipton (7), and Stewart and Couey (10). The
purpose of this report is to systematically review the chief
concerns which must be addressed when evaluating a par-
ticular packinghouse operation for precooling. These con-
cerns include:

1) storage requirements for various crops;

2) evaluating harvest and handling operations;
3) precooling concepts and methods;

4) determining precooling schedules.

1. Storage requirements

The storage life or relative perishability of a crop is
reflected in its respiration rate. Once harvested, a vegeta-
ble continues life processes independent of the plant, and
as a result, must utilize its own reserves. Many crops, such
as greens, celery and lettuce, are cut at harvest which
causes additional stress. Respiration is the process of life
by which oxygen is combined with stored carbohydrates
and other components to produce heat, chemical energy,
water, carbon dioxide and other products. The respiration
rate varies by commodity; those commodities with a high
respiration rate utilize the reserves faster and are more
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