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ABSTRACT

A computer algorithm was developed which estimates the latent and sensible heat |oads as well as
the commodity moisture loss and temperature distribution which occurs during the bulk refrigeration of
fruits and vegetables. This paper discusses commodity thermophysical properties and flowfield parameters
which govern the heat and mass transfer from fruits and vegetables. Commodity thermophysical properties
include transpiration and respiration, while flowfield parameters include psychrometric properties and
convective heat and mass transfer coefficients. In addition, the modeling treatment of these properties and
parameters is described. This paper discusses the modeling methodology utilized in the current computer
algorithm and describes the development of the heat and mass transfer models. This paper aso compares
the results of the computer algorithm to experimental data taken from the literature. Existing bulk load heat
transfer models are also reviewed.
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INTRODUCTION

The storage life of acommodity is drastically affected by the temperature and humidity of its
surroundings. Precooling has long been known to effectively retard ripening and control microbial processes
(Baird and Gaffney, 1976). The refrigeration of fruits and vegetables retards respiratory heat generation,
wilting due to moisture loss, and spoilage caused by the invasion of bacteria, fungi and yeasts. Refrigeration
also retards undesirable growth or sprouting by the commaodity itself (USDA, 1986).

To ensure optimum commodity quality during refrigeration, the temperature and humidity of the
conditioned air within the refrigerated facility must be precisely controlled. In order to properly design such
afacility and its associated refrigeration equipment, the designer must estimate both the sensible and latent
heat loads due to the stored commaodity. This requires knowledge of the complex interaction of the various
thermophysical processes which occur within and around fresh fruits and vegetables. These processes
include convective heat and mass transfer as well as transpiration and respiration.

This paper describes a computer algorithm which was developed to aid in the design of bulk
refrigeration facilities for fruits and vegetables. This computer model utilizes a porous media approach to
estimate the latent and sensible heat loads due to the bulk refrigeration of fruits and vegetables. The
combined phenomena of transpiration, respiration, air flow, and convective heat and mass transfer are
included in the model. In addition to latent and sensible heat loads, the computer algorithm also predicts the
commodity moisture loss which occurs during refrigeration and the temperature distribution within the
commodity.

This paper describes the pertinent factors which govern the heat and mass transfer from fresh fruits
and vegetables. These factors include both thermophysical properties of commaodities as well as flowfield
parameters. Accurate treatment of these various thermophysical properties and flowfield parametersis
necessary to assure that the computer algorithm yields reasonable results. The present work describes this
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treatment, which is based upon a thorough review of awide variety of sources. In addition, this paper
compares the results of the computer algorithm to experimental data taken from the literature. This paper
also reviews existing numerical models for determining the heat transfer in bulk loads of fruits and
vegetables.

A review of the literature has revealed several existing models of the heat transfer in the bulk
refrigeration of fruits and vegetables. These models include those developed by Bakker-Arkema and
Bickert (1966), Baird and Gaffney (1976), Adre and Hellickson (1989), Gan and Woods (1989), Tabot et
al. (1990) and MacKinnon and Bilanski (1992). However, these model s do not suitably fulfill the needs of
the designers and operators of bulk refrigeration facilities. These models do not adequately address the
effects of transpiration, respiration and evaporative cooling as well as temperature gradient within the
commodity. In addition, these models do not estimate sensible and latent heat loads and they are not
generalized to model a wide variety of commodities. Thus, the current computer algorithm was devel oped
to estimate the latent and sensible heat 1oads as well as the moisture loss and temperature distribution in the
bulk refrigeration of fruits and vegetables. This current computer algorithm is capable of modeling awide
variety of commodities.

THERMOPHY SICAL PROPERTIES OF COMMODITIES

The estimation of the mass and heat transfer which occurs in the bulk refrigeration of fruits and
vegetables requires knowledge of various thermophysical properties of commodities. Mass transfer
calculations require the determination of the transpiration rate which depends upon the air film mass transfer
coefficient, the skin mass transfer coefficient and the vapor pressure lowering effect of the commodity.
Heat transfer calculations require the determination of the heat generation due to respiration.

Transpiration

Transpiration is the moisture loss process exhibited by fresh fruits and vegetables. This process
consists of the transport of moisture through the skin of the commodity, the evaporation of this moisture
from the commodity surface and the convective mass transport of the moisture to the surroundings. The
driving force for transpiration is a difference in water vapor pressure between the surface of a commodity
and the surrounding air. Thus, the basic form of the transpiration modd is given as follows:

m= kt(Ps' Pa) (1)

where M 2 isthe transpiration rate per unit area of commodity surface. In its simplest form, the
transpiration coefficient, k;, is considered to be a constant for a particular commodity. However, Fockens
and Meffert (1972) modified the simple transpiration coefficient to model variable skin permeability and to
account for air flow rate. Their modified transpiration coefficient takes the following form:

1
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The air film mass transfer coefficient, k, , describes the convective mass transfer which occurs at the
surface of the commodity and is afunction of air flow rate. The skin mass transfer coefficient, ki,
describes the skin's diffusiona resistance to moisture migration.

Air Film Mass Transfer Coefficient

The air film mass transfer coefficient, k,, can be estimated by using the Sherwood-Reynolds-



Schmidt correlations (Sastry and Buffington, 1982). The Sherwood number, $h, is defined as follows:

kad
d

where d is the diameter of the commodity and d is the coefficient of diffusion of water vapor in air. For
convective mass transfer from a spherical fruit or vegetable, Chau et al. (1987) recommended a Sherwood-
Reynolds-Schmidt correlation of the form:

Sh=2.0+0.552 Re?* g0 @)

Sh=

3)

which was taken from Geankoplis (1978). In the above equation, Re is the Reynolds number, Re = u,d/v,
and <c is the Schmidt number, Sc = v/d, where uy is the free stream air velocity and v is the kinematic
viscosity of air.

Skin Mass Transfer Coefficient

The skin mass transfer coefficient, k,, which describes the resistance to moisture migration through
the skin of a commaodity, is based upon the fraction of the product surface covered by pores. Although it is
difficult to theoretically determine the skin mass transfer coefficient, experimental determination has been
performed by Chau et al. (1987) and Gan and Woods (1989). These experimental values of k, are given in
Table 1, aong with estimated values of the skin mass transfer coefficient for grapes, onions, plums and
potatoes. Note that three values of skin mass transfer coefficient are tabulated for most of the commodities.
These values correspond to the spread of the experimental data.

Vapor Pressure Lowering Effect

In the absence of dissolved substances, the surface water vapor pressure, P, in Eq. 1, isthe water
vapor saturation pressure evauated at the surface temperature of the commodity. However, dissolved
substances, such as sugars, tend to lower the water vapor pressure at the surface of the commodity.
Therefore, the water vapor pressure at the evaporating surface, P,, becomes:

Ps:VPL ' Pws(Ts) (5)

where VPL is the vapor pressure lowering effect of the commodity and P,(T) is the water vapor saturation
pressure evaluated at the surface temperature of the commaodity, T,. The vapor pressure lowering effect for
various fruits and vegetables is given in Table 1 (Chau et al., 1987) while the water vapor saturation
pressure is determined from psychrometric formulae.

Respiration

Respiration is the chemical process by which fruits and vegetables convert sugars and oxygen into
carbon dioxide, water, and heat. The heat generated by the respiration process tends to increase the
temperature of acommodity. This, in turn, increases the water vapor pressure just below the surface of the
commodity, leading to increased transpiration (Sastry et al., 1978).

During the respiration process, sugar and oxygen are combined to form carbon dioxide, water and
heat as follows:

CsH120s+6 O,® 6 CO,+6 H, O+2667kJ (6)

The rate at which this chemical reaction takes place has been found to vary with the type and temperature
of the commodity. In the present work, correlations were developed, based upon data gven by the USDA



(1986), which relate a commaodity's carbon dioxide production rate to its temperature. The carbon dioxide
production rate can then be related to the heat generation due to respiration.
The resulting carbon dioxide production correlations are of the following form:

. e BT
Mcoz =T - g
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+ 329 (7)
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where Moz 8 is the carbon dioxide production per unit mass of commodity (mg/kg h), T, is the mass

average commodity temperature (°C) and f and g are respiration coefficients which are given in Table 1.
The respiration coefficients f and g were obtained via a least-squares fit to the data published by the USDA
(1986).



Table 1. Commodity skin mass transfer coefficient, vapor pressure lowering effect (VPL) and respiration
coefficients.”

Skin Mass Transfer Coefficient, Respiration Coefficients
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T A portion of this datais reproduced from Chau et al. (1987) and Gan and Woods (1989).

The chemical reaction, Eq. 6, indicates that for every 6 moles of carbon dioxide produced, there are
2667 kJ (2530 Btu) of heat generated. Thus, for every one milligram (3.527 © 10° oz.) of carbon dioxide
produced, 10.7 joules (0.0101 Btu) of heat are generated (USDA, 1986). The rate of respiratory heat
generation per unit mass of commaodity, W (J/kg h), then becomes:

W= (107) ( mcoz) (8)

FLOWFIELD PARAMETERS

In addition to the thermophysical properties of commodities, the current modeling methodology
requires various flowfield parameters. Mass transfer calculations require the evaluation of the water vapor
pressure at the commodity surface and in the surrounding refrigerated air. Heat transfer calculations require
determination of the effective heat transfer coefficient.



Water Vapor Saturation Pressure

In the current algorithm, the water vapor saturation pressure is used to determine the vapor pressure
at the surface of the commaodity which is required for the transpiration calculation. The water vapor
saturation pressure is also used to calculate the water vapor pressure in the refrigerated air.

ASHRAE (1977) indicates that the water vapor saturation pressure can be determined using the
following equation:

log,, (P.s) =10.79586(1-q) +5.0280810g,,(q)
+1.50474 x 10*(1-1Q®2%%Va-1)
+0.42873x 10°3(10* 70959 - 1)
- 2.2195983

(9)

where P, is the water vapor saturation pressure (atm), ? = 273.16/T, apgyiuter AN T apeoite 1S the absolute air
temperature (K).

Water Vapor Pressure in Refrigerated Air

The water vapor pressure in the refrigerated air, P,, can be found as follows (ASHRAE, 1993):

Pw

P~ 062198+ w

(10)

where P isthe air pressure and w is the refrigerated air humidity ratio. The humidity ratio, which is the ratio
of the mass of water vapor in a sample of air to the mass of dry air in that sample, is afunction of the dry
bulb temperature and the wet bulb temperature of the refrigerated air (ASHRAE, 1993).

Effective Heat Transfer Coefficient

The heat transfer, Q, between the surface of a commodity and the surrounding refrigerated air
consists of convection heat transfer and radiation heat transfer. In the present work, an effective heat
transfer coefficient, hy, is used to account for both the convection and radiation heat transfer:

heff = hconvecﬁon + hradiation (11)

where hyneion 1S the convection heat transfer coefficient and h, 40, 1S the radiation heat transfer
coefficient. The heat transfer, Q, between the commodity surface and the refrigerated air can then be
written as follows:

Q=het As( Ts-Ta) (12)

where A, is the commodity surface area, T, is the commodity surface temperature and T, is the refrigerated
air temperature.

Convection Heat Transfer Coefficient

The convection heat transfer coefficient, Nynyeqion » €8N be estimated by using the Nusselt-Reynolds-
Prandtl correlations (Incropera and DeWitt, 1990). The Nusselt number, Nu, is defined as follows:



NU — hconvectiond (13)
Kair

where hyecion 1S the convection heat transfer coefficient, d is the diameter of the commodity and k; isthe

thermal conductivity of air.

Since the convective heat transfer and convective mass transfer processes are governed by similar
mechanisms, a Nussdlt-Reynolds-Prandtl correlation can be formed which corresponds to the previously
described Sherwood-Reynolds-Schmidt correlation given in Eq. 4. This can be accomplished by replacing
the Sherwood number, Sh, and the Schmidt number, Sc, with the Nusselt number, Nu, and the Prandtl
number, Pr = v/a, respectively:

Nu= 2.0+ 0.552 R pr0% (14)

Radiation Heat Transfer Coefficient

In the present work, the radiation heat transfer coefficient, h, o, 1S determined by linearizing the
radiation heat transfer equation. Assuming that the commaodity is surrounded by refrigerated air and that it
exhibits blackbody radiation, the following smplified form of the radiation heat transfer equation is obtained
(Incropera and DeWitt, 1990):

Q=s Al T¢-Ta) (15)
This equation can then be factored to yield the following form:
Q =S (Ts+Ta) (To+T2) As(Ts-Ta) (16)

The radiation heat transfer coefficient, h,,gaion» 1S then defined as follows:

hradiantion:S (Ts+ Ta) ( T52 +T621) (17)

MODELING METHODOLOGY

As depicted in Fig. 1, the computational model is based on a one dimensiona air flow patternin
which the air traverses the full length of the bulk load. In the computational model, the bulk load is
represented as a porous medium composed of "commodity computationa cells.” The refrigerated air is
modeled as "air parcels' which move through the "commodity computational cells."

Calculation commences with a specified initia temperature and humidity for the commodity bulk
load and the air contained within it. As shown in Fig. 1a, the time-stepping begins with the first refrigerated
"ar parcel" moving into the first "commodity computational cell." At the same time, each of the initia "air
parcels' moves from its origina cell into the adjacent cdll, while the "air parcel” within the last "commodity
computational cell" moves from the bulk load into the plenum of the refrigeration unit. Within each
"commodity computational cell," the commodity surface water vapor pressure, P, and air stream water
vapor pressure, P, are determined based upon the commodity surface temperature, T, the "air parcel”
temperature, T,, and the "air parcel's’ mass fraction of water vapor, m.. These vapor pressures are then
used to calculate the commodity transpiration, M 18, for the time-step, ?t. The mass fraction of water
vapor in each "air parcel" is then updated to reflect the effects of transpiration. Subsequently, within each
cell, the heat generation due to commoadity respiration, W, the heat transfer from the commodity, Q, and the
evaporative cooling due to transpiration are calculated for the time-step. Then, within each cdll, the
commodity temperature and the "air parcel" temperature are both updated to reflect the effects of the
calculated respiration, heat transfer and evaporative cooling, thus completing the calculations for this time-



step.

As shown in Fig. 1b, thefirst "air parcel" moves to the second "commaodity computational cell" and
a newly refrigerated second "air parcel" moves into the first “commodity computational cell.” This second
"air parcel" encounters the previously updated commodity temperature in the first "commodity
computational cell.”

As the time-stepping continues, each "air parcel” traverses the entire commodity bulk load. The
mass fraction of water vapor contained in each "air parcel,” when it exits the bulk load, is used to calculate
the latent heat load corresponding to that "air parcel," while its temperature is used to calculate its sensible
heat load. As this agorithm time-steps towards a steady state, an estimate of the time histories of the latent
and sensible heat loads, as well as commodity moisture loss and temperature distribution, are obtained.

DESCRIPTION OF THE MASS AND HEAT TRANSFER MODELS

The modeling of the mass and heat transfer, between the air and the bulk load of commodities
within a"commodity computational cell,”" is achieved by formulating the mass and heat transfer with
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Figure 1. Computational model of refrigerated air flow through bulk load of commodity.

respect to a single commaodity item, and then multiplying by the number of items resident within the
"commodity computational cell."

Mass Transfer Calculation

The moisture loss from a single commodity item is modeled using Eq. 1 and Eq. 2. Both P, and P,
are evaluated at the previous time step by utilizing Eq. 5 and Eq. 10. For one computational cell, the
transpiration rate becomes:

m:=m As nc (18)

where m 19 is the total transpiration rate in the computational cell, M 20 is the transpiration rate per unit



area of the commodity surface, A, is the surface area of a single commodity item, and n. is the number of
commodities in the computational cell.

During the time step, ?t, the mass of water vapor in the air of the computational cell increases as
follows:

my20'=my20°+m, Dt (19)

where m,o! is the updated mass of water vapor in the air, my,o° is the mass of water vapor in the air from
the previous time step, I 20 is the transpiration rate and ?t is the time step size. The updated mass

fraction of water vapor in the air of the computational cell, md, then becomes:

1
MHu20

1_
my ——F——7
m2+mt Dt

(20)

where m. is the mass of air in the computational cell at the previous time step. This completes the
transpiration calculations for one computational cell for the current time step.

Heat Transfer Calculation

In order to make the modeling of the commodity heat transfer tractable, the commaodities were
assumed to be spherical in shape with uniform internal heat generation due to respiration. It was further
assumed that the temperature within a commodity varied only in the radial direction. With these
assumptions, the governing form of the transient heat equation is formally written as follows (Incropera and
DeWitt, 1990):

ElaeZﬂQH W=r cﬂ (21)

2N 9r g Tt

An explicit finite difference technique was applied to Eq. 21 by dividing a commodity into N
spherical shells. The resulting finite difference equation applicable to the center node is given as follows:

kAl 0 0 r CV1(T%'T(1))
T2-T) ¥ rviw,=——m—— 22
Dr( 2 1) V1 VW1 Dt ( )
For the interior nodes, the finite difference equation becomes:
KA of(T.1-T7) , KA(TP4 - T0 revi(Ti-T
AT T)  KA(TR T, T ovi(THTY) 3
Dr Dr Dt

At the surface of the commodity, convection heat transfer, radiation heat transfer, and evaporative cooling
due to transpiration must be considered. Thus, the finite difference equation at the commaodity surface
becomes:

kA . rc T-79
Sr”l(T%.l-T%HheffAs(TS-T%)-LmAs+rvNWN= V“(DTt” o)

(24)

The formulation given by Eq. 22 through Eq. 24 defines the temperature distribution within asingle
commodity item. However, Eq. 24 requires knowledge of the temperature of the air parcel resident within
the "commodity computational cell," T,%. This air temperature is determined at each time step by
performing a heat balance between the air parcel and that portion of the bulk load which is contained within



the "commodity computational cell:"

o (T&-TI)

Nec heff As( Tg' Ta ) =Mma Cp.a Dt (25)

where c, , is the specific heat of air. This completes the formulation of the heat transfer model for one
computational cell.

Since Eqg. 22 through Eqg. 25 are explicit finite difference equations, they can be solved directly for
the updated nodal temperatures. The heat transfer calculation begins at the commodity center node and
proceeds outward to the air parcel. This completes the heat transfer calculation for one computational cell
for the current time step.

EXPERIMENTAL VERIFICATION OF THE COMPUTER ALGORITHM

To verify the accuracy of the current computer algorithm, its calculated results were compared with
experimental data obtained from the literature. Baird and Gaffney (1976) reported experimental data taken
from bulk loads of oranges. They recorded commodity center and surface temperatures at the air exit of a
bulk load for a period of two hours. The bulk load of oranges was 0.67 m (2.2 ft) deep and the
commodities were initialy at 32°C (90°F). The refrigerated air was at a temperature of
-1.1°C (30°F) and approached the bulk load with a velocity of 0.91 m/s (3.0 ft/s). Figure 2 shows Baird
and Gaffney's experimental data along with the output from the current computer algorithm. Comparison of
the model results with Baird and Gaffney's data on oranges shows that the current algorithm correctly
predicts the trends of commoadity temperatures with a maximum error of 1.4°C (2.5°F).

Gan and Woods (1989) gathered experimental data on swedes (rutabagas) during cooling in athin
bed. Air at 4.96°C (40.9°F), 83.71% relative humidity flowed at a velocity of 0.53 m/s (1.7 ft/s) through a
bed of swedes which was initialy at a temperature of 21.7°C (71.1°F). Commaodity center temperature and
moisture loss were recorded for a period of eight hours. Figure 3 shows the Gan and Woods temperature
data a ong with the output from the current agorithm, while Fig. 4 shows the Gan and Woods moisture loss
data along with the output from the current algorithm. It is seen that the current algorithm correctly predicts
commodity temperatures within 2.2°C (4.0°F) and moisture loss within 0.38%.
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Gliemes et al. (1989) collected temperature data for the cooling of strawberriesin athin bed. Air
with a velocity of 3.0 m/s (9.8 ft/s) and a temperature of 2.1°C (36°F) was used to cool the strawberries for
aperiod of 16 minutes. Asshown in Fig. 5, the output from the current algorithm compares favorably with
the data from Gliemes et al. The maximum error between the computer algorithm and the experimental
results was 1.9°C (3.4°F).

CONCLUSIONS

This paper has described the development and performance of a computer algorithm which
estimates the latent and sensible heat |oads as well as the moisture loss and temperature distribution in the
bulk refrigeration of fruits and vegetables. This agorithm, which was developed as an aid to both the
designer and the operator of refrigeration facilities, is capable of modeling a wide variety of commodities. In
addition, this paper described the thermophysical properties of commodities and the flowfield parameters
which govern the heat and mass transfer from fresh fruits and vegetables.
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A mathematical model for transpiration was identified which utilizes a variable transpiration
coefficient consisting of an air film mass transfer coefficient and a skin mass transfer coefficient. A
Sherwood-Reynolds-Schmidt correlation was given for the air film mass transfer coefficient while values of
the skin mass transfer coefficient for various commaodities were tabulated. In addition, the vapor pressure
lowering effects of various commodities were tabulated from published data.

A model was developed which relates respiratory heat generation to commodity temperature via
carbon dioxide production. Empirical correlations were developed and presented which relate the carbon
dioxide production of various commodities to their temperature.

Psychrometric functions were given for the calculation of the water vapor pressure in the
refrigerated air and at the commodity surface. A Nussdlt-Reynolds-Prandtl correlation was given for the
convection heat transfer coefficient. An expression for the radiation heat transfer coefficient as a function
of temperature was derived. An effective heat transfer coefficient was defined as the sum of the convection
and radiation heat transfer coefficients.

This paper described the modeling methodology which was devised for studying the mass and heat
transfer processes within a bulk load of commodities. In the computational model, the bulk load is
represented as a porous medium composed of "commaodity computational cells' and the refrigerated air is
modeled as "air parcels’ which move through these "commodity computational cells." The modeling of the
mass and heat transfer between the air and the bulk load is achieved by formulating the mass and heat
transfer with respect to a single commaodity item and then multiplying by the number of items resident within
the "commaodity computationa cell."

A mass transfer model was developed to update the mass fraction of water vapor within each
"commodity computational cell" at each time step based upon the transpiration model identified in the
literature. An explicit finite difference formulation of the transient heat equation in spherical coordinates was
derived which accounts for both radiation and convection heat transfer at the commodity surface. This
formulation yields the temperature distribution within the commodities resident in each "commodity
computational cell" at each time step. It also yields the temperature of the "air parcel” resident within each
"commodity computationa cell" at each time step.

To verify the accuracy of the current algorithm, its calculated results were compared with
experimental data obtained from the literature. The results of the heat transfer model were compared to
experimental temperature data for oranges, swedes and strawberries, while the results of the mass transfer
model were compared to experimental moisture loss data for swedes. The results of these comparisons
show good agreement between the numerical results and the experimental data for both temperature and
moisture loss.



~o00>>>

hconvecti on

het

NOMENCLATURE

surface area of center node
surface area of it" node

single commodity surface area
specific heat of commaodity
specific heat of air

diameter of fruit or vegetable
carbon dioxide production vs.
temperature correlation
coefficient

carbon dioxide production vs.
temperature correlation
coefficient

convection heat transfer
coefficient

effective heat transfer coefficient

h, giaiion F@diation heat transfer coefficient

k

=

A Aol

=

[

3 3

My20

My20

Mcoz

s Z

QD

TV UTUVZ

w

Pus(T)

thermal conductivity of
commodity

air film mass transfer coefficient
thermal conductivity of air

skin mass transfer coefficient
transpiration coefficient
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mass of water vapor in air at
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transpiration rate per unit area of
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atmospheric pressure
ambient water vapor pressure
water vapor pressure at
evaporating surface of
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water vapor saturation pressure
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evauated at temperature T

Prandtl number

heat transfer

radiation heat transfer

commodity radius

Reynolds number

Schmidt number

Sherwood number

time

commodity temperature

temperature of center node at

timet

temperature of center node at

timet+ 2t

dry bulb air temperature

air temperature at time't

air temperature at timet + ?t
dry bulb air temperature

in absolute degrees (K)

temperature of it" node at

timet

temperature of it" node at time t
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mass average temperature of

commodity

temperature of surface node at

timet

temperature of surface node at

timet+ 2t

product surface temperature

free stream air velocity

volume of center node

volume of it node

volume of surface node

vapor pressure lowering effect

humidity ratio

rate of respiratory heat

generation of commodity per unit

mass of commodity

rate of respiratory heat

generation of commodity per unit

mass of commodity for center

node
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rate of respiratory heat
generation of commodity per unit
mass of commaodity for node i
rate of respiratory heat
generation of commodity per unit
mass of commodity for surface
node

thermal diffusivity of commodity
coefficient of diffusion of water
vapor in air

length of node in radia direction
time step size

dimensionless temperature ratio
kinematic viscosity of air

density of commodity
Stefan-Boltzmann constant
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