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PRESSURE AND VELOCITY DISTRIBUTION FOR 

AIR FLOW THROUGH FRUITS PACKED IN 

SHIPPING CONTAINERS USING POROUS 

MEDIA FLOW ANALYSIS 

M.T. Talbot, Ph.D., P.E. C.C. Oliver, Ph.D., P.E. J.J. Gaffney, P.E. 
Member ASHAAE 

ABSTRACT 
A commercial finite element solution package was 

used to determine pressure and velocity distributions of 
air flow through a three-dimensional orange carton using 
a porous media flow analysis. To verify the porous media 
analysis for this problem, an Indirect method of com
parison was developed. Temperature was measured for 
12 different test conditions during coo/Ing of oranges 
packed in an experimental orange carton. An existing heat 
transfer model was modified to incorporate the calculated 
velocity distribution and provided a predicted temperature 
response. The experimental and predicted temperature 
responses for the 12 tests were compared and this com
parison was used to indirectly evaluate the flow Informa
tion calculated by the porous media flow analysis. 
Although several areas for Improvement were noted, the 
porous media flow analysis was found to provide ade
quate information If variable porosity within the orange 
carton was considered. 

INTRODUCTION 
Losses of fresh fruits and vegetables and other hor· 

ticultural commodities from decay and shriveling as a result 
of poor temperature management during postharvest 
handling, transportation. and marketing are substantial in 
the United States and in other production and consump· 
tion areas of the world. Temperature is the most important 
environmental factor that influences the deterioration rate 
of harvested commodities. Handenburg et al. (1986) 
reported the rate of deterioration increases two- to threefold 
for each increase of 18°F (10°C) above the optimum tem
perature. Thus, improved cooling of fruits and vegetables 
before or during shipment. along with proper temperature 
maintenance throughout the marketing channels, has the 
potential to greatly reduce these losses. 

Nearly all fresh fruits and vegetables are now 
marketed in corrugated fiberboard shipping containers. 

These containers provide a barrier to proper air flow and 
efficient heat transfer required for cooling. Industry sources 
recognize the need for additional research on air move- ' 
ment during cooling of fruits and vegetables in palletized 
shipments. 

To understand and model heat transfer during cooling 
and storage off resh fruits and vegetables packed in fiber
board shipping containers, the pressure and velocity field 
characteristics within the container must be established. 
Both distributions are diffioult to establish experimentally. 
Many interrelated variables are involved during air cooling 
of fruits and vegetables. These include thermal properties, 
physical properties, and size and shape of the product, as 
well as temperature, flow rate, and relative humidity of the 
cooling air. When cooling products in containers, other im· 
portant variables are container size, shape, and wall 
thickness; venting and stacking arrangements; product 
packing configurations; and airflow direction. 

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) evaluate 
the predicted cooling response determined using the 
mathematical flow model in conjunction with an existing 
heat transfer model. 

Fluid Flow Through Porous Media 

The basis of nearly all engineering calculations for 
porous media flow problems have originated from Darcy's 
Law and/or purely empirical findings (Collins 1961; Musk.at 
1946; Scheidegger 1960). Darcy's Law is written as: 1 

Q = kAAh!AL (1) 

Dividing both sides by the cross-sectional area, A. yieldS 
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Vs= kt:i..h!L 

where 
Q = flow rate in volume per unit time 
k = permeability or hydraulic conductivity 
t.h = pressure loss or head 
t.L = length of the flow path 
Vs = superficial velocity. 

(2) 

Later investigators found that application of Darcy's 
Law is limited to very low velocity (creep) flow and becomes 
invalid when inertial forces become effective. Since then, 
several related theories and approaches have been 
developed to approximate the flow of fluid through porous 
media. 

Based on Reynolds' theory for resistance to fluid flow, 
Ergun (1952) illustrated that pressure drop through porous 
media is caused by the simultaneous viscous and kinetic 
energy losses. A general equation for fluid flow through 
porous media was developed: 

t.P!t.L = 150µ.Vs(1 - e)2/0Je3 + 1.75pVf(1 - e)/0Pe3 

(3) 
where 

t.P = pressure loss 
µ. = fluid viscosity 
e = porosity = void volume/total volume 
DP = mean diameter of particles of the porous 

material 
p = fluid density 

In terms of dimensionless groups, the Ergun equation 
can be written as: 

t.PDPe3/ t.LpVf(1 - e) = 150µ. (1 - e)/ p VsDp + 1.75 
(4) 

In three-dimensional form, Equation 3 may be written 
as follows: 

(5) 
where 

xi = x, y, and z rectangular coordinates 
oP!axi = pressure gradient decreasing along 

positive xi direction 
V, = velocity in x, y, and z directions 
f, = 150µ.(1 - e)2/0Je3 
f2 = 1.75p(1 - e)/0Pe3 

Another modification of Darcy's Law that has received 
considerable attention is a simplified, semi-empirical ap
proach to account for nonlinear flow patterns ot air through 
Porous media. This is accomplished by assuming air 
\48'1ocity proportional to the pressure gradient raised to a 
S»Ner. Shedd (1953) introduced the following equation in 
lhe study of air flow through grain storages: 

trlhere 
v = A(aPtan)s (6) 

V = interstitial fluid velocrty 
aP1an = pressure gradient along any direction 
A.a = experimentally determined constants. 

Ion ~.ne major difference between Equation 6 and Equa
~ t~e absence of porosity, which is assumed to be 
POrou with .other characteristic properties of the fluid and 

s medium into constants A and 8. 
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Talbot (1987) reported on numerous research studies 
of the cooling, heating, and drying of semi-inti nite systems 
of bulk-piled agricultural products such as fruits, grains, 
vegetables, nuts, and root crops using the theory of fluid 
flow through porous media to determine the pressure and 
velocity fields. This extensive theory of porous media flow 
for the study of air flow through agricultural commodities 
was generally classified into three areas of study. The first 
area is a development of equations for prediction of 
pressure drop as a result of air flow through bulk fruits and 
vegetables. The second is the prediction of pressure and 
velocity field distributions for air flow through bulk agri
cultural products. The third, and most limited, area of study 
is the development of equations to predict the pressure 
drop for air flow through fruits and vegetables packed in 
shipping containers. Wang and Tunpun (1969) studied the 
pressure drop vs. airflow relationships for tomatoes in bulk 
and in cartons. Haas et al. (1976) used a modified Shedd 
equation to develop relationships between pressure drop 
and air velocity for oranges in bulk and in cartons. Chau et 
al. (1983) used both the Shedd and Ergun equations to 
predict the pressure drop as a function of air flow for 
oranges in bulk and in cartons. No studies exist which 
predict pressure and flow fields through fruits or vegetables 
packed in containers. 

EXPERIMENTAL TEMPERATURE MEASUREMENT 

Direct measurement of air pressure and velocity within 
the packed carton is not feasible with current instrumen
tation. The measurement of temperature is the best direct 
method that can be used as an indication of the velocity 
pattern of the air passing through the carton as the product 
is cooled. 

Experimental Orange Carton 

The physical problem selected for modeling an indi
vidual carton packed with oranges, using porous media 
flow analysis, was an experimental box approximately the 
size of a commercial packing container used for oranges. 
The experimental box, shown in Figure 1, was constructed 
of 3/4 in. (1.8 cm) plywood with a lining of 3/4 in. (1.8 cm) 
insulation board and interior dimensions of 15 by 11 by 11 
in. (38.1 by 27.9 by 27.9 cm). The box was constructed with 
10 air vents, which allowed analysis of various airflow pat
terns through the box of oranges during cooling. The air 
vents were constructed by drilling holes in the box at the 
desired locations, as indicated in Figure 1. Using threaded 
pipe flanges attached to the outside of the box, 1 in. (2.5 
cm) inside diameter (i.d.) threaded pipes were installed so 
that the ends of the pipes were flush with the interior sur
face of the insulation. 

Description of Experimental Facilities 

A forced-air cooler designed specifically for research 
by Baird et al. (1975) was used for this study. Air velocity, 
air temperature, relative humidity, container venting, and 
product stacking arrangement were important variables 
related to cooling biological materials that could be con
trolled. Temperature distribution within the individual prod
uct and within the product container, static pressure loss 
across the product container, and product moisture loss 
were among the parameters that coulc be measured dur
ing a test. 
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Figure 1 The experimental orange carton 

Basic Construction of Precooler 

Figure 2 shows the general location of the com· 
ponents and the air circulation diagram for the cooling 
facility. The product chamber was initially designed to ac
commodate a product load with maximum dimensions of 
4 by 4 ft (1.2 by i.2 m) cross section and 8 ft (2.5 m) high. 
This allowed cooling tests using pallet boxes or pallet loads. 
In order to study an individual carton, the product chamber 
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was modified as shown in Figure 3 to accept the experi
mental orange carton mentioned above. 

The location of the air-handling unit and airflow pat
terns is shown in Figures 2 and 3. To simulate the forced
air cooling of a carton of fruit, the experimental carton and 
the entrance plenum for this carton were securely fastened 
to the top of the product bin. As illustrated in Figure 3, the 
air entered the plenum of the experimental carton and 
underwent a 90° turn prior to entering one, two, or three 
1-in. (2.5 cm) i.d. inlet holes. The air passed through the 
product and exited through one, two, or three 1-in. (2.5 cm) 
i.d. outlet holes. Table 1 presents the inlet and outlet combi
nations evaluated during this study. The air then continued 
into the product chamber and through the precooler 
(Figure 2). 

The airflow rate leaving the carton was measured 
through the use of a pressure differential flow element in
stalled in a 1-in. (2.5 cm) i.d. pipe connected to the 
threaded pipe flanges attached to the outlet of the carton. 
The flow rate was determined as a function of the difference 
between velocity and static pressure, measured with a11 
electronic differential pressure manometer. When more 
than one outlet was used, a hot-wire anemometer was 
used to measure the relative flow leaving each hole. 

The damper In the top of the experimental carton 
plenum was used to bypass air for tests with low airflow 
rates through the product carton. At the start of a test the 
experimental carton with the exit vents sealed was attached 
to the plenum. Cold air was circulated through the plenum 
fora few minutes until the desired entering air temperature 
was achieved at the entrance to the experimental carton. 
Then the desired exit vents were opened to start the test. 
The venting arrangements were obtained by the use of 
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Figure 2 Forced-air precooler components and air circulation diagram (Baird et al. 1975) 

408 



( ) 

AIR 
BYPASS 

S([ NOf[ 
I 

( 
PLEMJM 

EXPERIMENTAL 
CARTON SOX 

PRODUCT BIN 

l () 

NOTE I ' AIR ENTERS THROUGH SOME 
COMBINATION OF THREE 
INLET VENTS. 

NOTE 2 ' AIR EXITS THROUGH SOME 
COMBINATION OF SEVEN 
OUTLET VENTS. 

Figure 3 Modification of product bin to 
accommodate experimental orange carton 

rubber stoppers which were large enough to seal the pipes 
at the inlet or exit vent. The vent openings that were not 
needed for a particular test were plugged. A reheat sec
tion. as shown in Figure 2, was a self-contained unit placed 
adiacent to the product chamber so that a containerload 
of product was rolled out to heat the product to a predeter
mined uniform temperature before initial and repeated 
tests. 

Experimental Test Procedures 

Twelve tests were conducted with an experimental 
orange carton packed with 40 lb (18 kg) of size 100 Valen
oa oranges using airflOIN rates ranging from 2.6 to 43.6 cfm 
(1 .6 by 10-3 to 2.6 by 10-2 m3/s). These tests were con
ducted on six different venting arrangements with two flow 
rates for each. Considering the numbered vent locations 
snown in Fi_gure 1, the flow patterns (boundary conditions) 
presented in Table 1 were evaluated. The airflow rates per 
:"'arrangement, also shown in Table 1, are the flow rates 

rough each of the Inlet vents for a particular boundary 
~itron . The total inlet flow rate for Boundary Condition 

is twice the value reported in Table 1 . 
..,, ~ach cooJi~g test was conducted using 88 sized fruit 
Ota~ were w~1ghed and placed into the experimental 
rnen?e c~~on in a face-centered cubic packing arrange
~~ w 1ch ~hau et al. (1983) reported as square
tlttaye red. This stacking pattern resulted in five horizon-

rsof fruit, with 18 fruit in the bottom, middle, and top 

409 

5TH LAYER 
(TOP) 

4TH LAYER 

3RD LAYER'° 

·2ND LAYER 

IST LAYER 
(BOTTOM) 

DIRECTION OF 
AIR FLOW 

D 

6, INLET /OlJTLET VENT 

0 FRUIT 

THERMOCOUPLE 

Figure 4 Fruit and thermocouple locations in 
experimental orange carton 

layers and 17 fruit in the second and fourth layers. Ther
mocouples constructed from 36-gauge, Insulated copper
constantan wire were placed at the center of 58 oranges 
and at the surface of 10 oranges. Ten thermocouples were 
also placed in the air spaces adjacent to the surface ther
mocouples to measure the air temperature within the 
orange carton. The locations of the thermocouples in each 
layer of the oranges are shown in Figure 4. Other temper
ature measurements included the entering and leaving air 
temperatures. 

Temperature was recorded on a microprocessor
controlled data acquisition system capable of receiving 80 
thermocouple inputs. Each thermocouple and other data 
inputs were read at 3-, 6-. 12-, or 15-minute intervals, based 
on the total length of the test run. A longer time interval was 
used for the lower flow rate tests. The oranges in the ex
perimental carton were brought to a uniform temperature 
by the reheat section just prior to placement of the carton 
into the coo Ii ng chamber. The temperature of the cooling 
air entering the experimental carton was controlled at a 
constant temperature. 

POROUS MEDIA FLOW ANALYSIS 

After a literature review and temperature response 
data analysis, a three-dimensional finite element nonlinear 
porous media flow analysis was chosen for the problem 
under consideration. A general purpo3e commercial finite 
element analysis package (DeSalvo and Swanson 1983) 
was found to contain an option that allows the modeling of 



TABLE 1 
Boundary Condition Inlet and Outlet Air Vent Locations and Airflow Rates 

Boundary Balanced Airflow Rate, cfm (m3/s) 
Condition Inlet Outlet per Each Inlet Vent 
Number Vents Vents (1) (2) 

1 2 7 3.3 (2.0 E-3) 21 .3 (1 .3 E·2) 
2 1, 3 6,8 3.3 (2 .0 E-3) 9.3 (5.7 E-3) 
3 1, 2, 3 6, 7,8 2.6 (1.6 E-3) 12.9 (7.8 E-3) 
4 2 4, 7, 10 11.2 (6.8 E-3) 43.6 (2.6 E-2) 
5 2 
6 1 

nonlinear, steady-state fluid flow through a porous medium, 
and appeared to be applicable to the case at hand. 

Commercial Finite Element Package 
A typical analysis consists of three phases: pre

processing (analysis definition), solution, and post
processing (interpretation of results) . 

The pre-processing phase is very important since the 
accuracy of the solution depends directly upon the degree 
of accuracy of the problem description. Input data pre· 
pared in the analysis definition would Include the model 
description, boundary conditions. and the analysis type 
and options. 

The model description involves creating the desired 
geometry, selectlon(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 user must ensure 
dimensional homogeneity. 

The analysis is performed in the solution phase. For 
the nonlinear porous media flow case, this involves the 
solution of the matrix equation 

[K] {P} = {Q} (7) 
where 

[Kl = transmissivity matrix 
{P} = pressure vector (unknown) 
{ Q} = mass flow rate vector 

and the calculations of the pressure and mass flow 
distributions. 

The porous media flow problem is formulated in a 
manner identical to that used for the thermal analysis, re· 
ql!iring only a change of variables to use thermal analysis 
to obtain a solution. Pressure is the variable rather than 
temperature. The momentum equation is simplified to 

where 
grad 
p 
v 

and 

where 

-(grad P) = ReffV 

= gradient of a scalar function 
=pressure 
= seepage velocity vector 

Reff = µJ K + f3plVI 

µ, = gas viscosity 
K = absolute permeability of porous media 
{3 = visco-inertial parameter 
p = density. 

(8) 

(9) 

Substituting Equation 8 into the continuity equation 
yields 

7, 10 
6 
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10.0 (6.0 E-3) 28. 1 (1. 7 E-2) 
3 .3 (2.0 E-3) 11.6 (7.0 E-3) 

a(kaP!ax)!ax + a(kaP!ay)lay + a(kaP!az)!az = o (10) 

where k = pf Reff. Equation 10 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 · 

k = Kpl(µ. + Kf3plVI) (11) 

Combining Equations 8 and 9 yields 

-(grad P) = µVIK + f3pi\il V (12) 

which is the same format as Equation 5. The solution results 
are evaluated in the third phase, where the user determines 
if the objective of the analysis was met. 

This commercial package is available and useful for 
the type of analysis under consideration. Although straight
forward, procedural familiarization is required during the 
analysis definition phase in selecting the geometry and 
elements, as well as specifying the input parameters and 
boundary conditions. 

Verification of the commercial finite element package 
for porous media flow problems was obtained by calcula
tion and comparison to previous published studies. The 
two-dimensional rectangular grain bin problem solved by 
Segerlind (1982), a three-dimensional grain bin problem 
solved by Khompis et al. (1984), and pressure drop as a 
function of air flow for oranges in bulk and in cartons solved 
by Chau et al. (1983) were modeled using the commercial 
package. The results were excellent, validating the com-
mercial package for investigating pressure and velocity - -
distributions in orange cartons. 

Three-Dimensional Orange Carton 

Use of porous media analysis to study air flows 
through a container of oranges presented several prob
lems not encountered in previous studies. A primary con· 
cern was the overall scale of the porous media used in t~is 
case. This scale was finite when compared to semi-infinite 
cases studied by others. Because of the small dimension 
of the packing container, boundary (wall) effects could be 
significant. The wall contact with the fruit or vegetable 
presented two possible difficulties. The drag caused as: 
air passes the wall was one consideration. The sec~ . 
concern, which has been reported by other workers (Pt: 
1977; Ridgway and Tarbuck 1968; Stanke and ~ck 
1979), relates to the variance of the voidage or porosity~ 
jacent to the walls when compared to the central porti 
of the porous media. . 

Pressure drops produced by the air inlets of pack'': 
containers were of concern when comparing the ~re:-SU!t1f 
drop through porous media (fruits or vegetables within 



Figure 5 The node and element locations used to model 
a three-dimensional orange carton 

cartons) to that of the pressure drop across the inlet(s) and 
ex1t(s). 

Another consideration in cooling of fruits and veg
etables was possible compaction during packing and 
subsequent shrinkage with time due to physiological 
changes and moisture loss. Porosity may change, for ex
ample. 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 
:hrough this area. 

Experimental results of Chau et al. (1983) were ex
panded to model an individual carton (Figure 1) packed 
with oranges. An eight-node, three-dimensional isopara
metnc thermal solid element, which allowed modeling of 
nonlinear steady-state flow through porous media, was us
ed . The node and element locations are shown in Figure 
5 The model consisted of 1815 nodes and 1400 elements. 
re first interior nodes were placed 1.5 in. (3.8 cm) from the 

.vaJfs. while the remaining interior nodes were placed every 
1 

in . (2.5 cm) along the axis of the experimental box. Larger 
node spacing near the wall was necessary due to the 
Dhyst~al spacing of the vent openings. 

Airflow rate boundary conditions used in the model 
=:.,e the same conditions used during the experimental 

perature response study of size 100 square staggered 
~ked oranges. The inlet/outlet locations and flow rates 

e Shown In Table 1. Volume flow rates were converted to 
~flow rates using air density for the inlet air tempera-
1 ~0 or a particular experimental test. 32° to 35°F (0° to 
lions C). Boundary conditions were specified at nodal loca
The ~~i'respond1ng to the inlet and outlet vent locations. 
'lllQs 0 w_ rate was specified at inlet(s) and the pressure 
bou~ified at t.~e outlet(s). The no-flow or impermeable 
boi.Jncia ry cond1t1on, <JPl<Jn = O, was applied on solid 

nes where no pressure values were specified. 
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Input Coefficients 
Input coeHicients for the commercial finite element 

program are shown in Equation 9. Viscosity and density for 
air were taken from standard data tables. The absolute 
permeability of the porous media and the visco-inertlal 
parameter were derived from experimental results. 

Chau et al. (1983) presented a variation of the Ergun 
equation as 

t:.P/h = K1µVs(1 - e)210Je3 gc + K2pV5
2(1 - e)/Ope3gc 

(13) 

Equation 13 Is analogous to Equation 3. Comparing 
Equation 13 and Equat ions 8 and 9, the absolute 
permeability of the porous medium, K, and the visco
inertial parameter, 13. is given by 

1 IK = K1 ((1 - e)2/0J~3] .(14) 
and 

(3 = K2 [(1 - e)/0Pe3] (15) 

Chau et al. (1983) determined K, and K2 by fitting ex
perimental data and reported all the parameters required 
to solve Equations 14and15 for bulk-packed oranges. For 
size 100 oranges arranged in a square·staggered stack· 
ing pattern, the following values were reported: 

DP = 0.245 ft (0.0735 m); E = 0.405; K1 = 1566; and 
K2 = 2.22. 

Air viscosity and density were assumed constant dur
ing the cooling process, and were evaluated at an average 
COOiing test temperature Of 50°F (10°C) 

µ, = 1.2 by 10-s lb/ft-sec (1.8 by 10-s kg/m-sec); 
and 

p = 7.7 by 10-2 lb/ft3 (1.2 kg/m3). 

Variable Porosity The commercial program calcu
lated temperature response using constant porosity and 
input parameters specified above. A comparison of calcu
lated temperature response with the corresponding ex
perimental response indicated poor agreement. Predicted 
temperatures were warmer in regions adjacent to the walls 
of the container and slightly cooler in the central portion of 
the container away from the walls. The effect of the varia
tion of the voidage or porosity adjacent to the walls was a 
major factor resulting in the poor fit of the experimental tem
peratu're response. Therefore, the model was modified to 
incorporate the effect of variable porosity . 

The variation of the porosity as a function of distance 
from the interior wall of a th ree·dimensional carton packed 
with oranges is a subject requiring additional research. 
Ridgway and Tarbuck (1968) reported variation in poros
ity of large random beds to about five particle diameters 
from the wall. Pillai ,(1977) indicated variation in porosity up 
to three particle diameters from the wall for two
dlmensional randomly packed beds. but that constant 
porosity beyond one particle diameter would result in less 
than 100/o error. For the current study, calculation of the 
porosity adjacent to the walls of the carton was possible 
using basic geometric relationships and numerical integra
tion. The variable porosity was calculated within the 
regions occupied by the finite elements adjacent to all six 
interior walls of the experimental orange carton. The ele
ment size adjacent to the wall was approximately half the 
diameter of an orange. The oranges were assumed to be 

. r---i ____ _ 



TABLE2 
Summary of Variable Porosity and Input Data 

Element Number of Porosity 
Location Elements 

Center 800 0.32 
Corners 8 0.44 
Edges 112 0.58 
4 Surfaces (27.9 by 38.1 cm) 384 0.52 
2 Surfaces (27.9 by 27.9 cm) 128 0.52 

perfect spheres. The volume of the oranges or portion of 
an orange lying within the elements adjacent to the walls 
was calculated. The porosity was defined in Equation 3 as 
the ratio of the void volume to total volume. The total volume 
was the calculated volume of the elements adjacent to the 
walls. The void volume was calculated by subtracting the 
volume of the oranges from the volume of the elements. 
Since the overall constant porosity used did not change, 
the porosity of the remaining 800 elements in the central 
portion of the carton was reduced to correspond to the in
crease 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 ({3, K, etc.) to each indi
vidual element. Therefore, Equations 14 and 15 were 
solved based on the porosity for each of the selected 
groups of elements considered and using the values of 
DP' K1 , and K2 specified above. The results of these 
calculations for {3 and Kare shown in Table 2. 

Output Data Reorganization 

The porous media analysis output provided the total 
velocity (magnitude of the velocity vector) and the three 
components of the velocity vector at the centroid of each 
element (Figure 6), in addition to the element volume and 
pressure gradient. To obtain the necessary data for the 
heat transfer model, the output was reorganized. This was 
accomplished with the post-processor and three 
FORTRAN programs. The post-processor was used to 
select, sort, and perform several mathematical operations 
on the element output information. 

The first FORTRAN program calculated the compo
nent mass flow rates at the centroid of each element by 
multiplying the component velocity at the centroid by the 
density of the air and the area of the face normal to the 
velocity component. The area was calculated by dividing 
the element volume by the element dimension in the direc
tion of flow. The heat transfer coefficient for each element, 
discussed below, was also calculated using the total 
velocity. 

The second program calculated the mass flow rate 
across an element face by averaging the values of the 
mass flow rate at the centroids of the elements sharing the 
face. This was performed for each of the three component 
axes. For faces that were adjacent to the orange carton 
walls, the mass flow rate was of course zero except at in
let(s) or outlet(s). 

The third program calculated the flow rates into each 
element. The flow could enter from any of six faces. For 
example, the flow into a particular element could be from 
both the positive and negative x-axis faces. In addition, the 
program created an identification procedure such that the 

K (3 
tt2 (m2) tt-1 (m-1) 

2.6 E-6 (2 .4 E-7) 192.3 (641.1) 
1.0 E-5 (9.2 E-7) 60.3 (200 .9) 
4.2 E-5 (3 .7 E-6) 19.8 (66 .0) 
2.3 E-5 (2.1 E-6) 30.8 (102.7) 
2.5 E-5 (2.3 E·6) 29.2 (97.2) 
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entering temperatures were logically identified and corre
lated with the corresponding mass flow rate from the 
source element. This identification variable was necessary 
because the temperature leaving each element varied as 
a function of time. 

The model was used to solve the 12 orange carton 
airflow boundary conditions presented in Table 1. The out
put from the model solution was available in a tabular 
report-type printout, user-specified output selection, and 
various graphical plots. ' 

HEAT TRANSFER MODEL 

Selection of a Model 

The literature contains many citations of heat and 
mass transfer models. The approach of this study was to 
use two validated heat transfer models together to calcu
late the temperature response using the flow model results. 
The one-dimensional explicit finite difference numerical 
model for individual fruit using heat transfer equations for 
a homogeneous sphere without heat sources reported by 
Baird and Gaffney (1976) was used without major changes. 
The numerical model to predict temperature distribution 
within bulk loads of products (bed model), also reported 
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lnitial produc t temperature, 6t, total coolln9 
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Figure 7 Flow diagram for the computer program to solve 
orange carton heat transfer equations 

by Baird and Gaffney (1976), was modified for the current 
study. 

Heat Transfer Model Modifications 

Each three-dimensional element defined by the 
porous media flow analysi·s was treated like an individual 
bed similar to the bed model reported by Baird and 
Gaffney (1976). Air flow for the Baird and Gaffney (1976) 
bed model was one-dimensional or plug flow, while for the 
P.orous media flow analysis the air flow was three· 
dim.ensional. A typical three·dimensional element is shown 
1n F1gu re 6. The ai rtlow rate in or out of each face of the ele
ment was determined from data provided by the flow 
model. 
. To determine the temperature of the air entering a par· 
bcula: .element from adjacent elements (or inlet boundary 
COnd1t1on) the enthalpy entering each face of the element 
'was.used. Assuming ideal mixing and neglecting variation 
~~density and specific heat, the resulting temperature 
·•vm the mixture was calculated from 

(16) 
IWiere 

m,, m2. m3 = airflow rates entering element 
through faces 1, 2, and 3, 
respectively 

T,, T2, T3 = temperature of air entering element 
through faces 1, 2, and 3, 
respectively 
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= total airflow rate entering element, 
m, + m2 + m3 

= temperature as a result of perfect 
mixing. 

Equation 16 was rearranged in terms of Tm to give 

Tm = (m, T, + m2 T2 + m3 T3)/m1 (17) 

Tm was used as the entering air temperature for the indi
vidual fruit model. 

Convective Heat Transfer Coefficient 

The convective heat transfer coefficient, h, was ob
tained from Baird and Gaffney (1976), who presented an 
"effective heat transfer coefficient" as 

h = 1.17(k8 /0)[p.V.0/µ.0 ]
0529 (18) 

The velocity, v •. in Equation 18 was defined as the super· 
ficial velocity. The best representative velocity for determin· 
ing the convective coefficient from the model was identified 
as the calculated velocity at the centroid of the element. 
This velocity was defined as the superficial velocity by 
Ergun (1952). The magnitude of the centroid al velocity vec· 
tor, I VI, was substituted for v. in Equation 18 and pro· 
vided the following relationship for determining the convec· 
tive heat transfer coefficient in terms of the velocity at the 
centroid of the element: 

h = 1.17 (k.10) [P.IVI Dlµ..]0529 (19) 

Using the individual fruit model, the temperature at 
each point within the individual product tor the specified 
period and element was calculated using the convective 
heat transfer coefficient (Equation 19) and the entering air 
temperature (Equation 17). 

The final step consisted of calculating the temperature 
of the air leaving the element. This was accomplished by 
an analysis similar to the bed model used by Baird and 
Gaffney (1976). 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 

m1 Ca (oTm/av) dv dt = - Pp CP (aTP/at) dt dvp (20) 
where 

T8 , TP = temperature of the air and product, 
respectively 

A = cross·sectional area of the packed bed 
p8 , Pp = density of air and bulk density of product, 

respectively 
c,, cP = specific heat of air and specific heat of 

product. respectively 
t =time 
v. vP = volume of the element and volume of the 

product, respectively. 

The volume of the product is related to the volume of 
the element by the porosity, e, 

VP = (1 - e)v (21) 

Inserting Equation 21 for the product volume in the 
energy balance above and solving for the change in air 
temperature resulted in 

JTm/av = - (1 - e) fpP cP!rh1c.] JTP/Jt (22) 
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Figure 8 Predicted (P) vs. experimental (E) data for 
Boundary Condition 1-1, third layer, 
thermocouples: (a) 31, 36, and 45; 
and (b} 32, 39, and 46 

By considering the differential control volume (ele
ment) to be a finite volume, Equation 22 was approximated 
by 

ti.Tmlll.v = -(1 - e)(ppcpln\c.]LlTplLlt (23) 

The temperature leaving each face of an element was 
determined from the air temperature change calculated 
using Equation 23, and the value of the air temperature that 
entered the element was calculated using Equation 17. 
Then the procedure was repeated for the next element. 
The flow diagram for the computer program used to solve 
for the temperature response for the individual fruit model 
and Equation 23 is shown in Figure 7. 

Heat Transfer Program 

A fourth FORTRAN program was written to solve the 
heat transfer model, outlined by the flowchart procedures 
presented in Figure 7, using the reorganized flow model 
results. The physical and thermal properties of size 100 
Valencia oranges reported by Gaffney and Baird (1980) 
were used for individual and modified bed models. For the 
vent locations used on the experimental carton, the flow 
model results were symmetric top and bottom. Therefore, 
only the bottom 700 elements were used in the heat 
transfer program in order to reduce the number of calcula
tions required . 
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Figure 9 Predicted (P) vs. experimental (E) data for 
Boundary Condition 1-1, second layer; 
thermocouples: (a) 23 and 26; 
and (b) 24, 27, and 29 

Temperature Response Data Reorganization 

A FORTRAN program was written to reorganize rrw 
calculated temperature response so that the thermocoupe 
locations in the model corresponded as closely asp~ 
ble to the experimental thermocouple locatlons. The 78 
thermocouple locations were assigned an air, product'»' 
face, or center time-dependent temperature value usi~ 

I 
I 

the temperature value for a particular set of elements I~ 
the 700 elements available. The thermocouple loc _ _ 
within the model corresponded with the physical loc~ 
in the experimental carton . '1 

Experimental vs. Predicted Temperature Responll 

Boundary Condition 1·1 was selected for presenta1k!' 
from the 12 boundary conditions shown in Table 1. !!! 
boundary condition provided a good test for the m~ 
because of the low flow rate and restrictive single inlet d 
exit locations. 

Six thermocouples from the fi rst and third layers 
five thermocouples from the second layer (Figure-4) • 
selected for direct comparison of temperature res 
curves of predicted vs. experimental data. For each I 
two sets of two or three thermocouples were sel 
parallel to a line from inlet to exit. One set of thermocou 
was located near the side of the carton and the ottlrJef 
was near the center of the carton. For the left side 
third layer. thermocouples 31, 36, and 45, and 32. 39 . . 
46 were selected and plotted in Figure 8. For the left 
ot the second layer, thermocouples 23 and 26. and 24. 
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Figure 10 Predicted (P) vs. experimental (E) data for 
Boundary Condition 1·1, first layer, 
thermocouples: (a) 1, 10, and 15; 
and (b) 4, 11, and 18 

and 29 were selected and plotted in Figure 9. For the left 
gde of the bottom layer, thermocouples 1, 10, and 15, and 
"· 11 . and 18 were selected and plotted in Figure 10. 

In order to consolidate the large amount of data for 
each test into a more compact presentation, a regression 
D10t of the predicted temperature vs. the experimental tern· 
oera1u~e was !ormed for each thermocouple location for 
1'te entire cooling test time. Center, su rfaoe, and air temper
arures wer~ all considered. For Boundary Condition 1-1 , 
with a coo!1ng test time of 14 hours, and Boundary Condi· 
~ 3·2, with a cooling test time of 2.8 hours, the regression 
~are presented in Figure 11. 

DISCUSSION 

Several trends exhibited by all 12 boundary conditions ::S ~dent in ~igures 8 through 10. The firsttrend indicated 
bec%er e experimental and predicted cooling responses fit 
~~range~ near the walls of the carton (regions with 
<II the Porosity) than for oranges in the center or core 
1D carton. The oranges in regions with least exposure 
""~variable porosity exhibited a slower predicted 
"8 rimental temperature response. In Figure Ba. for 
llit~r thermo~ouple 31 and side thermocouple 36 in 
~~f of the third layer of oranges, the predicted data 
f1gu,9 Sb n;,ore cooling than the experimental data. In 
"-ttie i · 11 e same trend applied tor thermocouple 32 
a ~~~vent , while the experimental data indicated 
-...-.39° ingrate than the predicted data for thermo

and 46. The difference between predicted and 
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Figure 11 Regression plot of the predicted temperature 
vs. the experimental temperature for Bound· 
ary Conditions: (a) 1-1 and (b) 3·2 

experimental temperature responses for thermocouples 
32, 39, and 46 illustrates a second general trend, an in· 
creasing ly poor fit of the experimental temperature 
response as the distance from the air inlet increased for 
oranges near the center of the carton. 

In Figure 9, the predicted response was lower than ex· 
perimental data for thermocouples 23 and 24, which were 
in the second layer of oranges adjacent to ihe inlet carton. 
This was also a general trend. The predicted vs. experi· 
mental data for second-layer thermocouples 26 and 27 
exhibited poor agreement. Thermocouple 26 was in the 
central portion of the carton near but not adjacent to the 
carton wall and thermocou pie 27 was in the central portion 
of the 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 10a, thermocouples 1, 10, and 15 are adja· 
cent to the bottom and the left side of the orange carton. 
As expected, the predicted and experimental temperature 
responses indicate that the predicted data 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 
1 Ob also indicate a lower predicted than experimental tem
perature response. 



In regions where the porosity was increased (one-half 
orange diameter from the interior walls) . the predicted 
temperature curves were generally lower than the experi
mental temperature curves. This is logical since more cool
ing air would pass through this region. In the regions where 
the porosity was constant, the predicted temperature 
curves were generally higher than the experimental cool
ing curves. In addition, in areas close to the Increased 
porosity areas. the fit was worse than in areas close to the 
core of the oranges in the carton. This indicates that the 
variable porosity should be extended a further distance 
from the interior walls toward the center. 

In Figure 11, the regression plot of the predicted tem
perature vs. the experlmental temperature illustrates that 
the predicted data underestimated the cooling response 
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 Conditions 1-1 and 
3-2, respectively. 

Experimental Error 

Although the equipment and procedures used to 
measure the experimental temperature response have 
been developed and improved over several years, 
numerous factors directly affect the final temperature 
measurement. The Instrumentation accuracy. the control 
of the airflow rate. the control of the inlet air temperature, 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 that have a direct bear
ing on the final temperature readings. Considering these 
and other factors, the temperature readings are estimated 
to be within ±2°F (t1°C). 

The initial temperature was obtained by reheating the 
carton of oranges as packed with thermocouples in place. 
Although lt was possible to apply heat until the oranges 
were at almost the same steady-state temperature, the 
amount of time required to accompllsh 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 filted with a new 
load of oranges that had been prepared with thermo
couples. The heattransfer model required an initial product 
temperature and the average initial experimental temper
ature was used as the initial boundary condition since the 
temperature of only 58 of the 88 oranges was known. The 
standard deviation was such that the experimental and 
model thermocouple initial temperatures could be slight
ly different, up to 6°F (3.3°C). This altered the cooling curve 
of the model and produced a poorer comparison of experi
mental to model data (Figure 10a). 

Convective Heat Transfer Coefficient 

The convective heat transfer coefficient reported by 
Baird and Gaffney (1976) for cooling of oranges in beds 
was used in this study. This coetficient appeared to be 
satisfactory for the accomplishment of the current project 
objectives. 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 
doubled. The model was very sensitive to this forced 
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change. Extension of this study could lead to an improv
ed convective heat transfer coefficient. 

Variable Porosity 

Preliminary evaluation of the model did not appl~ 
variable 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 experimen1a1 
temperature response. The results indicate the distance a 
penetration from the wall of the variable porosity lor 
oranges packed In a three-dimensional orange carton 
should be Increased. Additional experimental work 1s 
needed to provide the necessary variable porosity data for 
varlous sizes and shapes of cartons, and with various pro
duct packing arrangements. Increased porosity due to 
compaction near the top of the container should also be 
addressed. 

Approximate Model Thermocouple Location 

Future efforts should be made to design the elemen1 
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 corrr 
paring experimental and numerical temperature response 

CONCLUSIONS 
This study involved the application of several existing 

procedures in a unique way. A commercial fi nite eleme11 
solution package was used to determine the pressure ana 
velocity distribution for air flow through porous media This 
procedure was first verified by comparing the results from 
porous media analysis with the results from research 
related to pressure and velocity distributions for air 110# 
through two- and three-dimensional grain bins. Based 
upon favorable results, the porous media technique was 
used to model pressure loss through oranges in bulkalll2 
oranges packed in simulated orange cartons. Again. 
favorable results led to the evaluation of pressure and 
velocity distributions of air flow through a three-dimensi~ 
orange carton using the finite element porous media rtoir 
analysis. However. the airflow field for the orange cartel 
was not known and not readily measurable using curnd 
instrumentation. To verify the porous media analysis forlhl 
problem. an indirect method of comparison was 
developed. The experimental temperature was mea~ 
for 12 different test conditions for oranges packed_~ 
experimental orange carton and cooled using an e~ 
mental cooling facility. The flow boundary conditlons atO 
rates used for the 12 tests were used as input data f()( f'll 
porous media flow model to calculate pressure and veltl> 
ity distributions for the oranges packed in the ex per:: 
tal orange carton. The absolute permeability and the 
inertial input parameters were calculated using exper:= 
tally determined Ergun product coefficients. or 
diameter. and variable porosity. An existing heat I~ 
program was modified to incorporate the calculated flf1//t 
ity distribution and provided a predicted tempe ad' 
response. Experimental and predicted temP~' ctfllt 
responses for the 12 tests were compared an? th~ 
parison was used to indirectly evaluate the flow info POlf!! 
calculated by the porous media flow analysis. The 
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media flow analysis was found to provide adequa 8 
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... 310n if variable porosity within the orange carton was 
..... , sidered, although several areas for improvement were 
:~:ed Together the porous media flow model and heat 
·· a~sfer model have the capability to solve the pressure 
~no velocity di.stri~utions and tem~erature response. for 
anous combinations of carton size and shape; size, 

~ · rnber. and location of vent holes; packing arrangement; 
'- ·e and shape of fruit or vegetable; airflow rate; and cool· 
• ~ temperatu re typically encountered in the field . The 
:ee. nique described provides a valuable tool for improv
.. and designing systems fo r cooling fruits and veg· 
,:aotes 1n shipping containers. 
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DISCUSSION 
W.E. Stewart, Jr., Professor, University of Missouri-Kansas 
City, Independence: It appears that Ergun's equation, which 
predicts apparent velocities, boundary-layer effects due to walls 
and varying porosity, and varying heat transfer coefficients on the 
fruit products, would tend to be the reason for the variations 
between predicted and experimental results. An Improved model 
would seem an appropriate change. 

M.T. Talbot: Dr. Stewart, thank you for your question/comment. 
The model fit better in some regions than in other regions, as you 
pointed out. The boundary condition selected for reporting was 
more ditticult tha,n several others that produced better results. 
Preliminary investigations revealed no rough approach that would 
adequately predict the velocity distribution. One of the objectives 
of the study was to evaluate the feasibility of the porous media 
approach. The finite element approach has been used to predict 
flow and pressure patterns by other researchers. A second objec
tive was to use a c-0mmercial finite element program, which was 
based on the Ergun Equation. The porosity at ditterent areas (vari
able porosity) within the orange carton must be specified to obtain 
satisfactory results from the porous media model. For this study, 
the porosity was calculated for the region adjacent to the interior 
walls (increased). For the remainder of the model, the porosity was 
specified as a constant (lowered). If the latter porosity had been 
calculated and specified as a function of the distance from the 
Interior wall of the carton, the model would have provided much 
improved results, which Is a subject for fu ture research. We feel 
the results are encouraging and that the model does have merit. 

The paper addresses your concern in more detail. During my 
oral presentation, the failure of the light pointer prevented me from 
discussing in detail the difference between the predicted and the 
experimental results. 


