Forced-air precooling of spherical foods in
bulk: A parametric study
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In this paper, 2 mathematical model for forced-air precooling of spherical food products in
bulk is developed. The foods are arranged in horizontal layers stacked one above the other
to form a rectangular parailelepiped with a vertical gap in between the product layers. The
foods are cooled by chilled air blown along the height of the package. The governing
equations for the conduction heat transfer in the foods, simultaneous heat and mass
transfer at the food-air interface and in the air stream are solved numerically using
finite-difference methods. A comprehensive numerical study is performed by varying the
process parameters over a wide range. Typical results showing the variation of moist air
properties along the height of the package and the effect of each parameter on the process
time are presented. The ranges of parameters for advantageous operation of the precooling
system are identified. Correlations are obtained for the process time based on the product

center and mass-averaged temperatures in terms of process parameters. © 1997 by

Elsevier Science Inc.
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Introduction

It is known that perishable produce decays rapidly when stored
at ambient temperature because of the peak activity of decay-
causing pathogens and higher metabolic activity. High storage
temperatures also cause higher moisture loss and hence, wilting
of the produce, because of increased vapour pressure difference
between the product surface and the air in the storage space. It
is also known that these undesirable effects are reduced con-
siderably at lower temperatures, thus prolonging shelf life of
produce. Precooling is the rapid removal of field heat immedi-
ately after the harvest of the produce, prior to transportation or
storage, and is the first operation in the cold chain. Various types
of precooling techniques, such as ice cooling, air cooling, hydro-
cooling, and vacuum cooling are used to lower the temperature
of foodstuffs, and these techniques are described in detail by
Hall (1974) and ASHRAE (1994). The importance of heat and
mass transfer in precocling processes has been reviewed by
Badarinarayana and Krishna Murthy (1976) and Gaffney et al.
(1985a).

Mathematical models proposed in the literature for predicting
the precooling characteristics of a single or an isolated food
product range from the usual lumped system models subjected to
convective heat transfer at the surface to more rigorous models,
which consider coupled heat and mass transfer inside the prod-
uct (Luikov 1975; Rossen and Hayakawa 1977).

Foods such as fruits and vegetables usually contain more than
90% water and may also be subjected to a prewetting process
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before precooling. Both these factors require that the moisture
loss be properly taken into account. Hence, the simple models,
which neglect moisture loss, cannot give completely satisfactory
results.

Although Dyner and Hesselschwerdt (1964) took evaporation
of moisture from the surface of the foods into account, in their
mathematical model, the air used for precooling is assumed to be
saturated. Sreenivasa Murthy et al. (1974, 1976), while account-
ing for heat and mass transfer at the product surface, implicitly
assume that the lowest temperature to which the foods can be
cooled is only the dry bulb temperature (DBT) of the surround-
ing air. This analysis has been subsequently modified by Badari-
narayana and Krishna Murthy (1979a,1979b) and Abdul Majeed
et al. (1980), and these analyses correctly predict the lowest
temperature to which the products can be cooled to be the wet
bulb temperature (WBT) of the surrounding air. However, all of
these models are applicable to an isolated single product and are
invalid for cooling of food products in bulk because of differ-
ences in heat and mass transfer coefficients and warming up of
the cooling medium as it flows through the package.

Some studies do exist that attempt to investigate the precool-
ing characteristics of bulk loads of foods using simplified analy-
ses, but their attention is focused on obtaining temperature data
for the air side of the package (Holdredge and Wyse 1982;
Misener and Shove 1976) or the mass transfer from the surface
of the food products is neglected entirely (Baird and Gaffney
1976).

Here, we attempt to simulate the forced-air precooling of
foods in bulk. The mathematical model developed includes a
number of additional features, such as the temperature and
humidity variation of air along the height of the package, two-
dimensional (2-D) heat flow in the product with internal heat
generation, and simultaneous heat and mass transfer at the
product surface.
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Theoretical analysis

Physical model

The physical model consists of a number of food and air layers in
sequence in the form of a rectangular parallelepiped (Figure 1).
The spherical geometry of the food is chosen, because many
fruits and vegetables can be approximated satisfactorily by this
shape. The foods are packed in horizontal layers, with an air gap
between the layers to facilitate easy loading and unloading of the
foods. If R is the radius of the product and I is the height of the
air gap, the overall height of the package H, containing L
product layers will be equal to L(2R) + (L — 1)1, as shown in
Figure 1. The void fraction of a product layer depends upon the
number of foods in the layer, varying from 0.48 when the foods
are tightly packed to 0.99 when only a single food stands in the
layer. For the results in this paper, each food layer is assumed to
have the same void fraction, and the height of the air gap is
chosen to be equal to the radius of the product. The validity of
these assumptions becomes obvious later.

A spherical coordinate system is employed for the food, with
the radial coordinate r measured from the center of the food,
and a Cartesian coordinate system is used for the air flow, with
the z-coordinate measured from the bottom of the package.
Initially, all the foods in the package are assumed to be at
uniform temperature 7,,. The foods are cooled by chilled air
that enters the package at the bottom (i.e., z=0). The foods

generate respiration heat, which is a function of temperature as
given later by Equation 4. The conditions of air at the entry to
the package are assumed to be constant.

Mathematical formulation

The governing equations for the food and the moist air are

written with the following assumptions.

(1) The food is homogeneous and isotropic.

(2) Thermophysical properties of the food, such as specific heat,
thermal conductivity, and thermal diffusivity are tempera-
ture-independent.

(3) Moisture concentration gradient and the evaporation within
the product are neglected (Soule et al. 1966).

(4) The product temperature is invariant in the azimuthal direc-
tion.

(5) Air temperature and humidity ratio vary only in the z-direc-
tion (perfect radial mixing).

(6) The thermophysical properties of moist air are invariant with
temperature (because the temperature range involved in
precooling practices is small, rarely exceeding 30°C even in
the tropics).

(7) Radiative heat transfer is negligible in view of the low ranges
of temperatures encountered in precooling practice.

To obtain the solution in a generalized form that is applicable
to a wide variety of products and processing conditions, the

humidity ratio, (kg/kg) dry air

Notation

a thermal diffusivity, m?s~!

Apu food surface area available per unit volume
of the package, m*>m~>

Ay, A, A, coefficients defined in Equation 13

Bi Biot number

Cy,Cy,C, coefficients defined in Equation 20

C, specific heat, Jkg~1K~!

d diameter, m

D binary diffusion coefficient of water vapor in
dry air, m?s~!

D,,D,,D,;,D, -coefficients defined in Equations 16-19, re-
spectively

Fo Fourier number (dimensionless)

Fo, . process time based on food layers
center temperature (dimensionless)

Fo, mav process time based on mass
average temperature (dimensionless)

g acceleration because of gravity, ms™2

Ah, enthalpy of evaporation, Jkg ™!

H height of the package

I height of the free layer

Ja Jakob number (dimensionless)

L number of food layers

Nu Nusselt number (dimensionless)

Pr Prandtl number (dimensionless)

int heat of respiration of the food Wm ™3

r radial coordinate, m

R radius of the spherical food, m

Re Reynolds number (dimensionless)

Sc Schmidt number (dimensionless)

Sh Sherwood number (dimensionless)

t time, S

T temperature, °C

T moist air dry bulb temperature at any z °C

w velocity, ms™!

z coordinate along the height of the package
measured from the bottom, m

Greek

oy, heat transfer coefficient, Wm™2K ™!

o, mass transfer coefficient, kgm =2 s~ !

0 angular coordinate (dimensionless)

A thermal conductivity, Wm~!K~!

n dynamic viscosity, Nsm 2

v kinematic viscosity, m? s~ !

p density, kgm ™3

U void fraction (dimensionless)

Subscripts

c center or cross section
entry

ma moist air

mav mass average

o initial

P product

pac package

p,c subscript used for dimensional process time

pp total number of foods in the package

pl total number of foods in the layer

ps product surface

psu per unit volume of the package

s saturated, superficial

wb wet bulb

wv water vapor

da dry air

Superscripts

*

dimensionless quantity
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L.2R+ (L-1) 1

Figure 1 Physical model and co-
ordinate system

following dimensionless parameters are defined:

e - ol o E e 4R
_T > r_Ra _Ra psu ~ “ipsufts
po
2
a* = Ama , A= )‘ma , q?:,t — qintR (1)
aP )\P )\PTP”

The following dimensionless parameters are obtained through
nondimensionalization:

a,t Ah, w,(2R) Vina
Fo=-—2%, Ja= Y Re= - Pm  p_ Jma
R Cpma]po Kma Ama
o, (2R) v o, (2R)
Nu=—"" §=—2, sh=—1tb—" )
)‘ma Dwvda pmaDwvda

Dimensionless governing equations
Product ’ -

The (2-D) transient heat conduction equation for the product in
spherical coordinates is:

2
FT; 2 3T  cotb AT

1 T} aT*
+ + *
ar*?  r* or* r*? 96

+qint = aFZ (3)

r*? 46°
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Air Flow Qutlet

Air Flow

T4

Spherical coordinate
system in an
individual product

i i Air Flow Inlet

where
qn =A'(Tp* +A")B 4)
where
AR*TE-D 17.8
a2 e o 4o Q)
Ap Lo

The dimensional form of the internal heat generation g;,, in
Wm™? is

Gine = p, AT, + 17.8)° (6)

where T, is the product temperature in °C, and A and B are
constants for a given product. Gaffney et al. (1985b) have pro-
vided the values given in Table 1 for these constants for foods
indicated for a temperature range of 0 to 27°C.

Moist air
(1) Energy equation:
Tk, 1 Tk, ShPrA% a*
+ =RePra* + =
AT R 25¢
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X (Wps - Wma)(Tp"; -TF)

*azT‘:" 1 * g% % *
=ya —527 + -Z-NU a Apsu(Tps - Tma) @)

The void fraction ¥ is determined from the total volume of any
food layer V,,,, and the volume V,, of the foods contained in it,
using the equation:

- (Vtotal - Vpl)

8
I/;otanl ( )
{ assumes a value of 1.0 for the air layer; ie., in between the
product layers (this layer henceforth is referred to as the free
layer). The third term on the left-hand side of Equation 7 results
from the sensible cooling of water vapor from the temperatures
of the evaporating surface to that of the adjacent moist air.
The energy source terms; i.e., the third term on the left-hand
side and second term on the right-hand side of Equation 7 vanish
for the free layer in between the product layers.

{2) Species (water vapour) conservation equation:

1 oW,
ma ma
+ —~RePra*
v aFo 2 erra az*
Pra* 0*°W,, ShPra*4},
Ve o T 250 e ) @

For the free layer, the second term on the right-hand side of
the above equation vanishes, and ¢ assumes a value of 1.0. It
should be noted that in Equation 7, the contributions of the axial
diffusion and the time-derivative terms become insignificant at
higher values of RePr and RePr/H*, respectively. Similar re-
marks also apply to Equation 9 for Re Sc.

Initial and boundary conditions

Product. For Fo<0,0<r*<1land 0<06< 'rr,Tp* = 1.0, sym-
metry of the temperature profile on vertical axis yields:
For Fo > 0:

aT*
at 0=0 and 6=, =0 10)
00
At r*=0,T7 is finite.
At r*=10and 0<0 <,
aTy Nu A* « . JaShPr \*
P I T "I

Moist air. For Fo<0,0 <z* <H* T =T%,.

For Fo>0:
at z*=0, T} =TF. and
*
at ¥ =H* Gk =
’ az*

Table 1 Constants in Equation 6 in the range 0-27°C

Apple :A=459%x 10" % and B=2.66
Peaches :A=1.37x10"7 and 8=3.88
Brussels sprouts : A=4.87 X 10~ % and B=2.47
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Species. ForFo<0,0<z*<H*W,, =W,

mao*

For Fo > 0O:

at z*=0, Wha = Waae and
W,

at  z*=H*, —= =0
az*

The saturated humidity ratio over the temperature range of 0
to 30°C taken from ASHRAE (1993) is correlated by the follow-
ing equation:

Wy = A+ AT, + A, T} (12)

The linear regression of the data yielded the following values
for constants 4,, A;, and A, with a correlation coefficient of
0.999.

Ay =0.4206547 x 1072 (dimensionless),
A, =0.1077632 X 1073 K71,
A, =0.2153878 X 107 K72 (13)

The WBT of the air at any point along the height of the
package is found using the following implicit psychrometric rela-
tion (ASHRAE 1993).

W (2501 — 2.381T,, )W, — (T,py — Tiyp,)
ma T 2501 + 1.805T, — 4.186T,,

(14

Nondimensionalization and rephrasing of Equation 14 yields:

D\T*> + D,T*> + D,T% + D, =0 15)
where

D, =2.381C,T,, (16)
D, =2.381C,T,, — 2501C, an
Dy =2.381C,T,, — 4.186W,,,T,, — T,, — 2501C; (18)
D, = 2501W,,, + 1.805W,,,T%.T,, + T%.T,, — 2501C, 19
and with

Co=A,, Ci=AT,,, C,=A,T} (20)

To calculate the heat and mass transfer coefficients for the
food products, the entire package is assumed to form a packed
bed. There are many correlations for evaluating heat and mass
transfer in packed beds. For example, the correlations of Bird et
al, 1960 (applicable for 0.35 <4 <0.94, Re > 13); Rowe and
Claxton 1965 (0.26 < < 0.63, 130 < Re < 2000), and Gnielinski
1981 (0.26 < < 0.94, 1 <Re < 10%), give, respectively, 87, 90,
and 81 for Nu and 84, 87, and 77 for Sh, for the typical values of
Y = 0.55 and Re = 3400.
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However, Gnielinski’s correlation applies for wider ranges of
Re and ¢ and is found by Gnielinski to be in very good agree-
ment with the experimental data from 21 independent sources,
each covering a certain range of parameters. Furthermore, it
combines the laminar and turbulent correlations into a single
expression, which is applicable over the complete range of
Reynolds number mentioned above. The theoretical basis for
construction of such comprehensive correlating equations has
been discussed by Churchill and Usagi (1972). Hence, Gnielinski’s
correlation is preferred in the present study, according to which
the Nusselt number is given by the relation:

Nu =f, ¢wNusingle sphere @n
where
N gngie sphere = 2 + (Nuk, + NuZ,,)"” @
where
Nuy,, =0.664Pr'/> Rey/” (23)
0.037 Ref,‘,':u Pr

N = 155443 Re, S 1(Pr/3— 1) @9
and ' -

_ meB (25)

€
L
pee v\"pac

The void fraction U Of the package is determined from the
total volume (V,,.) of the package and the volume V,, of the
products contained in it using the Equation 26.

V=V,
ll"pa(: = % (26)

pac
In Equation 21, f‘l‘pac is the shape factor given by:

Fape =1+ 1.5 = 55) @7

The Sherwood number is evaluated in an analogous manner. The
dimensionless mass average temperature of the food can be
calculated using the following relation:

3 = 1 -
* o * k2 o1 *
T}, = 2f9=0fr‘=0Tpr sin 8 dr* de (28)
Method of solution

The above set of governing equations and nonlinear boundary
conditions forms a compiex mathematical problem, the solution
of which cannot be obtained by analytical methods. Therefore,
these equations are solved using finite-difference numerical tech-
niques.

In view of the symrmetry about the vertical axis, only a
semicircle with a radius equal to that of the product can be
considered as the computational domain. The computational
domain and layout of the finite-difference grid are shown in
Figure 2. For simplicity, only one food layer with the adjacent
free air gap is shown in the figure. A nonuniform grid is adopted
for the solution of the moist air equations for the product layer.
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Produet region

VA Air region

t

-
I

Figure 2 Finite-difference grid system for the product and
air region

This nonuniform grid is obtained by horizontally extending the
radial lines ending on the food surface. In the region between
the food layers; i.e., the free layer, a uniform grid is chosen.

The Peaceman—Rachford alternating direction implicit (ADI)
procedure (Peaceman and Rachford 1955) with forward time-
centered space (FTCS) differencing is employed to advance the
temperature in the product from time Fo to Fo + A Fo (that is,
from time level n to n + 1). The ADI procedure accomplishes
this task in two half-time steps. In the first half-time step, the
equation is implicit in the r-direction, while in the second half-
time step, it is implicit in the 6-direction, giving rise at each
half-time step to a simple tridiagonal system of linear algebraic
equations. These are solved using the Thomas algorithm (see,
e.g., von Rosenberg 1969). The energy and species conservation
equations are solved using the FTCS differencing, except for the
convective terms, for which upwind differences are used (Roache
1982).

In view of the small temperature differences involved, the
internal heat generation term in Equation 4 and nonlinear
boundary condition at the food surface Equation 11 is linearized,
as is normally done for a radiation boundary condition (e.g.,
Carslaw and Jaeger 1959).

Because of the nonexistence of the radial symmetry at the
center of the food, the radial gradient cannot be prescribed at
the center. Therefore, to calculate the product center tempera-
ture, a local Cartesian mesh is used as employed by Hwang and
Cheng (1970), the applicable equation being:

* 2 2 2
T} =an*+aT,,*+an*
dFo aX*?  gY*2  9Z*?

+qF, 29)

The coordinates X, Y, and Z in the above equation are
measured from the center of the spherical food. The discretized
form of the above equation gives the center temperature in
terms of the temperatures at its six nearest neighboring points,
four of them (in the plane 8 =m/2) being equal. Thus, the
center temperature can finally be related to the temperatures of
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the neighboring points on the lines 6 =0, 6 =w/2 and 6 = .
Some numerical experiments are performed to determine the
grid size and the time-step for which the numerical solutions are
stable and grid-independent.

Although implicit methods, which permit larger time-steps,
are employed in the present study, it is often helpful to obtain a
preliminary estimate of the time-step from criteria applicable to
explicit methods. Linear stability analyses show that the explicit
form of finite difference equations for the product, in the ab-
sence of the heat source term, are stable, provided that £ <1,
where £=V"*!/V" is the amplification factor, V' being the
amplitude function (see, e.g., Roache 1982). When a source term
of the form shown in Equation 4 is present, the stability criterion
for the explicit method should be modified to accommodate an
exponential growth of temperature with time, which is the true
solution. The modified criterion for stability states that (Richt-
myer and Morton 1967; Smith 1985) & <1+ A4'B(T}}; +
A")Y8~ A Fo, according to which the implicit methods are uncon-
ditionally stable, while the explicit methods should comply with
the time-step restriction:

1 2Ar*2 2(i — 1)*Ar*2A92
AFo< —

< +
2la4+4/G—-1 4+ (j—1)7A02/tan’(j ~ 1)A8

(30)

where i > 2 and j > 2. The above restriction holds irrespective of
the strength of the heat source, although for common fruits and
vegetables, the contribution of the respiration heat is insignifi-
cant.

Various grids with the number of grid points ranging from 15
to 51 in the r-direction and from 17 to 53 in the 6-direction with
time-steps of 0.0005, 0.001, 0.0025, 0.004, and 0.005 are exam-
ined. A total of 75 numerical experiments are performed to
determine the grid size and the time-step. Finally, a grid size of
37 X 39 and a time-step of 0.001 have been found to give reason-
ably accurate results.

The time-steps chosen range from explicit limit to about 10
times as large. Although implicit methods, while being stable,
may permit time-steps up to 50-100 times the explicit limit (see
Pearson 1965), such large time-steps have not been used in the
present study in the interest of preserving accuracy. The chosen
grid size and time-step give 0.04% difference in process time, and
changes in temperature are found only in the fourth decimal
place when compared to a grid of 51 X 53 and time-step of 0.001.
All of the computations are performed on the computer system
CYBER 992. A typical run covering a Fourier number of 0.54
took about 3764 s of CPU time for a package of 50 food layers.

The nondimensionalization of the governing equations and
the initial and boundary conditions show that the parameters
governing the problem of heat and mass transfer in bulk air
precooling are Re, \*, ¥, a*, g&,, T¥,., Th., and L as other
independent parameters, such as the Pr, Ja, and Sc, become fixed
for air-water systems. The parameters C,, C;, and C, become
constant once the product initial temperature is specified;
whereas, AY,, Nu, and Sh are dependent parameters that can be
calculated from the values of other independent parameters.

The thermophysical properties chosen for the product repre-
sent average values for a number of fruits and vegetables. The
process conditions, namely, the entering air velocity, DBT, and
WRBT are selected based on values encountered in precooling
practice. In addition, the parameters shown in Table 2 are held
constant at the values indicated, and the properties of moist air
are taken at a temperature of 10°C and a humidity ratio of 0.005
(RH 70%).
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Table 2 Values of the parameters held constant

Product initial temperature, 7,, :32°C

Free layer height, / :0.6d, m

Moist air Prandtli number, Pr  :0.71

Moist air Schmidt number, Sc  :0.56

Jakob number, Ja :76.6

Dimensionless cross-sectional :400
area of the test section, A%

Thermal conductivity of moist
air, A,

Specific heat of moist air, C,,, :1010.2, Jkg " 'K ™!

Density of moist air, py,, :1.24, kgm ~3

Kinematic viscosity of moist  :1.4184 X 105, m2s~!
air, vy,

Coefficient of diffusion of water :2.5201 x 10 "5 m2 s~
vapor in dry air, D, 4,

:0.025, Wm 'K~

The computer program is validated by reproducing results
from the existing literature (Badarinarayana and Krishna Murthy
1979a).

Process time

Traditionally, quarter- (r, ,,) and half-cooling times (7, ,,) have
been employed as quantitative measures of the cooling rates of
foods (Thevenot 1955). Half-cooling time is defined as the time
required to reduce the difference between food temperature
(usually at the center) and the coolant temperature to half of the
initial value. Quarter-cooling time can be defined similarly. Such
definitions are suitable when the foods are subjected to pure
convective cooling, because the cooling curves then approximate
to a straight line when plotted on semilogarithmic coordinates.
Thus, knowing either (t, ,,) or (7, ,), the time required for any
degree of cooling can be calculated using simple relations. When
the foods are cooled by the combined action of sensible and
latent heat transfers, as in the present case, the semilogarithmic
plot of the cooling curve will not be a straight line. For this
reason, a process time to characterize the cooling process is
defined as below.

The process time is the time required for the difference
between the product center temperature and inlet air WBT to
reach 20% of the temperature difference between the food’s
initial temperature and the inlet air WBT. In other words, it is
the time required for T* to equal (0.2 + 0.8T.%.). The dimen-
sionless process time is denoted by Fo, . and is used as a
measure of the efficacy of the cooling process.

Because the foods in different layers in the package will have
different cooling rates, the process time of each layer in the
package will be different. The last layer, which takes the maxi-
mum time to reach the above prescribed temperature, is taken as
the reference to define the process time for the entire package.
Because some investigators (Smith and Bennett 1965; Baird and
Gaffney 1976) have presented cooling curves of foods in terms of
the mass average temperature (7. ), the process time based on
mass average temperature (Fo, ,,), which is the time required
for T*, to equal (0.2+ 0.8T%,), is also determined for the

mav
purpose of comparison.

Results and discussion

The variation of center temperature and mass average tempera-
ture with time for foods in various layers for typical values of
parameters are shown in Figures 3 and 4. Clearly, these curves
exhibit a transient behavior typical to bodies subjected to cooling
at the surface; namely, rapid cooling followed by leveling off of
temperature at larger times. It can be seen that the first layer;
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Figure 3 Typical cooling curves for product center and sur-
face (7,,=32°C, T;,,=0.3125, T}, ,=0.25, Re=5287,
$=0.50, A=459%x10"% B=266, L=30, a*=166, and
A*=0.55)

Mass caverage temperature

: First layer

: Tenth layer

: Twentieth layer
: Thirtieth layer

R

DIMENSIONLESS TEMPERATURE
)
o

[=]
S
e g b eaaa e b bl

0.0 T T T T T T T T O T T T T T T T

0.0 . .
FOURIER NUMBER

Figure 4 Typical variation of mass average temperature
{1,,=32°C, T,;,“ag=0.3125, Tk,.=0.25, Re=5287, ¢=0.50,
A=459x10"° B=2.66, L=30, a*= 166, and A\*=0.05)

i.e., the food layer nearest the entry of air, cools faster and
reaches the lowest temperature; whereas, the last layer cools
slower and is at the highest temperature in the package. The
layers in between reach intermediate temperatures in ascending
order from the first to the last.

Also of interest in bulk cooling are the variations of moist air
properties; namely, humidity ratio, and dry and wet bulb temper-
atures along the height of the package. These are shown in
Figures 5 and 6. Initially, the sensible heat transfer to adjacent
air and evaporation from the surface of the foods take place at
the expense of the internal energy of the foods. Hence, while the
foods cool, the DBT increases all along the height of the package
up to a certain Fourier number, depending upon the parameters
chosen (Figure 6). If the surrounding air is saturated, the foods
now reach a steady state, the potential for heat as well as mass
transfer between the foods and the air having been reduced to
null. On the other hand, if the surrounding air is unsaturated, as
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shown in Figures 5 and 6, further evaporation may occur by a
decrease in the internal energy of the foods as well as sensible
heat transfer from the surrounding air to the foods. Finally, the
foods reach a steady state, in which the sensible heat transfer to
the foods is balanced by the latent heat required for evaporation.
Therefore, the DBT decreases with time all along the height of
the package during later times (Figure 6). The humidity ratio and
the WBT, however, continue to increase along the height of the
package for all times (Figures 5 and 6), as can be expected. The
reason the air temperature varies linearly as it passes through
the product layers is because the surface area of a sphere
increases linearly along any diametral axis. The DBT is found to
be constant in the air gaps between the food layers.

Effect of Reynolds number on process time

When the Reynolds number is increased from 1700 to 12338
(corresponding to air velocities of = 0.5 to 3.5 m/s), the process
time decreases, as shown in Figure 7, because of enhancement in
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heat and mass transfer coefficients. However, this favorable
effect begins to wear off at values of Re ranging from 5000 to
8000, for various combinations of parameters. Beyond this range,
increasing the air velocity does not produce any substantial
decrease in the process time. Therefore, it is advisable to operate
the precooling plant at Re values ranging from 5000 to 8000 (i.e.,
1.4 to 2.3 m/s), which is the most advantageous range. The
flattening of the curves in Figure 7 is caused by the film resis-
tances for heat and mass transfer becoming negligibly small at
high values of Re, whence the enthalpy of air in contact with the
food surface will be approximately equal to that of the adjacent
air. In addition, if the DBT and WBT of the inlet air are equal,
the food surface attains the temperature and humidity ratios of
the adjacent air. The Heisler’s charts can now be used to deter-
mine one-fifth of the cooling time, which, for zero surface
resistance (i.e., 1/Bi — 0), is found to be = 0.28, as indicated in
Figure 7. This is to be strictly compared with the one-fifth
cooling time of the first layer for case ¢ =0.85 (large void
fraction) and T%,, = T% . = 0.3125. Nevertheless, it can be seen
that even the process time (i.e., one-fifth cooling time of the last
layer) agrees well with this value.

Effect of void fraction on process time

The void fraction ¢ is varied from 0.48 (corresponding to close
packing of the layer; i.e., the foods touching one another) to 0.99
(corresponding to a single food standing in the layer). Increasing
Y has the effects of decreasing the food load and the surface
area of the foods. Furthermore, the heat and mass transfer
coefficients, in general, decrease with ¢, although less rapidly at
lower Re. In discussing the effect of ¢ on process time, it is
important to consider the state of moist air adjacent to the foods
in the last layer, and the rate of cooling of that governs the
process time of the entire package, as mentioned earlier. At
lower values of s, the heat and mass transfer coefficients are
high. The air reaching the last layer has higher humidity ratio
and temperature, and hence lower potential for heat and mass
transfer. When s is increased, Nu and Sh decrease, and the air
near the last layer has a greater potential for simultaneous heat
and mass transfer, the food load decreasing at the same time.
Therefore, the effect of ¥ on process time is decided by the
complex interaction among Nu and Sh, the state of air at the last
food layer, and the food load. As shown in Figure 8, decrease in
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the load seems to outweigh other effects at lower values of Re,
and process time is found to decrease with i, particularly when
L =30. However, at higher values of Re, net change (either
increase or reduction) in process time with { is not significant,
whether L = 30 or 10.

In practice, although the foods may tend to be packed ran-
domly, the void fraction for each product layer still lies between
the same two limits mentioned above, and its effect on the
process time is not too large in this range, particularly at high-
Reynolds numbers, which are typical for precooling operations.
Furthermore, the variation of air gap height in the range 0 <7 <
2R is found to affect the process time by less than 3%. Hence, it
can be concluded that the results obtained here are applicable to
practical precooling systems.

Effects of thermal conductivity and thermal diffusivity of
the foods on process time

The effects of product thermal conductivity and diffusivity can-
not be easily discerned by plotting the dimensionless process
time Fo, . against a*, because Fo,, . itself contains a,, which, in
turn, contains A,. Hence, in Flgures 9 and 10, a*Fo . Ge,
Analp.c R?) is shown plotted against 1/\* and 1/a*, respec-
tively.

The product thermal conductivity is varied from 0.1 to 1.3
Wm~!K~!. Figure 9 shows that an increase in thermal conduc-
tivity generally causes a decrease in the process time. However,
values of 1/A* greater than about 30 do not result in any
significant improvement in cooling. This is because the foods
approach the behavior of a lumped system, where the foods’
internal resistance becomes negligible, and the air-side heat and
mass transfer coefficients alone govern the process time. The
process times with the foods approximated by lumped systems
are also shown in Figure 9. However, a simple calculation reveals
that common fruits and vegetables undergoing air precooling
(minimum w, = 1.5 m/s, ¢ = 0.55, D, around 50 mm resulting in
ay =55 Wm2K™!, A, =04 Wm~1K-1) cannot be approxi-
mated by a lumped parameter model (ie., the Biot number
Bi=a,D,/(6N\,) =12 is much larger than 0.1). The thermal
conductivities of apples (0.418 Wm™'K™!), grapes (0.464
Wm~!K~™1), tomatoes (0.61 Wm™'K™!), and peaches (0.557
Wm~!K~!) are indicated in Figure 9, from which it is clear that
there are large differences in process times predicted by the
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distributed and the lumped parameter models. Figure 10 shows,
as can be expected, that an increase in foods’ thermal diffusivi-
ties results in reduced process time.

Effects of dry bulb and wet bulb temperatures on
process time

As shown in Figure 11, an increase in the dry bulb temperature,
while the wet bulb temperature is held fixed, causes a negligible
change in the process time. This can be explained as follows. As
the DBT is increased at constant WBT, the humidity ratio
decreases; hence, the potential for mass transfer is increased. At
the same time, the potential for sensible heat transfer between
the products and the surrounding air is reduced. The net effect is
that the potential for combined sensible and latent heat transfer
is unaltered. Alternatively, it can be said that the enthalpy of the
entering moist air remains almost unaffected, resulting in the
above behavior.

1
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804
© ]
Q 3
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Figure 10 Effect of thermal diffusivity on process time {7,
=32°C, 7*,,=0.3125, 7%,.=0.25 A=459x10"%, B=
2.66, L=30, and A*=0.1)
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From Figure 12, it appears that the process time decreases as
the WBT is increased, while in reality, the opposite is the case.
This ambiguity lies in the definition of process time. An examina-
tion of this definition reveals that the particular dimensionless
product center temperature, at which the process time is as-.
sumed to have elapsed, itself depends upon the WBT. On the
other hand, if the process time is defined in such a way that it is
independent of the WBT, the expected trend can, indeed, be
obtained. However, from the physics of the present problem, it is
clear that the final steady-state temperature that can be attained
by moist bodies such as foods corresponds to the WBT of the
surrounding air. Hence, it is essential to base the definition of
process time on the WBT of entering air.

Effect of the number of layers on process time

It can be seen from Figure 13 that the process time increases
with increase in the number of food layers for any set of
parameters. Two curves are shown in this graph, one pertaining
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Figure 12 Effect of wet bulb temperature on process time
(1,,=32°C, T7,,=0.3125, A=4.69X 10-%, B=266, L=
30, a*=166, and \*=0.1)
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Effect of respiration heat on process time

Equation 4 contains two parameters 4 and B, which are differ-
ent for different products. The values of 4 and B are chosen in
such a way that a wide variety of fruits and vegetables are
covered. It is found that an increase in either A or B results in a
marginal increase in process time, as shown in Table 3. Hence, it
can be concluded that the respiration heat released has a negligi-
ble effect on the process time.

Correlation for process time

The following correlations for the dimensionless process times
Fo, . and Fo,, .,,, respectively, based on the center temperature
and the mass average temperature, in terms of the process
parameters, are obtained using multiple regression analysis:

0.0 0' S — '2'0' S '4'0' S— '6'0' S— 'Bo Fop,c =00Re"lll!nZa*a3)\*a4vab‘;5Aa6Ba7La8 31
NUMBER OF LAYERS
Figure 13 The variation of process time with number of
|a$ers (7. —32°C. T*. 03125 T*.=0.25 Re=5287 FOj, may = BORe"! 2™ 2N T A S B TL G2)
bo ’ mae o ’ wbe . ’ .

$=0.68, A=459%x10"6, B=266, L=75, a*=166, and
A*=0.05)

to the process time based on the center temperature, and the
other, based on the mass average temperature. For purposes of
comparison, the process time of a single food is also shown. Bulk
cooling can be seen, in fact, to be better than cooling of a single
food until the layers increase to a certain number. This is
because of better heat and mass transfer taking place in the
package loaded with various foods, as compared to a single food.
With a further increase in the number of layers, the air reaching
the last layer becomes relatively warmer and more humid, and
this becomes the governing factor for the process time, rather
than the heat and mass transfer coefficients. Hence, beyond a
particular number of layers, the process time for the package is
higher than that for the single food. This particular number of
layers, for typical parameter values used in forced-air precooling
practice, is around 13, as can be seen from Figure 13.

The number of food layers cannot, of course, be increased
indefinitely, because there comes a situation, where an extra
layer added to the package would be unable to cool to the
required storage temperature, however large the cooling time
allowed might be. This threshold number of layers depends upon
the parameters chosen. For the parameters shown in Figure 13,
the threshold number of layers is found to exceed 75, the
determination of the exact number itself requiring prohibitively
large computing time.

Table 3 Process times

where the regression coefficients a0 to a8 and b0 to b8 are
given below:

a0 =1.2434, al=-03044, a2= -0.1045,
a3=—7.7052%x 1073, ad4=-0.3703, a5= —0.1036,

a6=52149x 1073, a7 =0.0481 and a8 = 0.1023.
b0 =1.2096, bl = —-0.4160, b2=—-0.1307,

b3=—7.5844x 1073, bd=—-05272, bS5=—0.1460,
b6=4976 X 1073, b7 =0.0458 and b8 =0.1434.

These correlations are obtained using 1367 runs each with 30
food layers, yielding 41010 (= 1367 X 30) datapoints. From the
regression analysis, the multiple correlation coefficient, standard
error of estimate, and the percentage of error are found to be
0.949, 0.0975, 10.02, and 0.968, 0.1072, 7.99 for the above two
correlations, respectively.

The correlation between the theoretical and correlated pro-
cess times is shown in Figure 14, in which 2400 datapoints
pertaining to the first and last layer only are shown to preserve
clarity. With the remaining datapoints included, the correlation
would, of course, look much better, but at the expense of clarity.
The correlations developed above can be used to estimate the
process time; i.e., the one-fifth cooling time, for given values of
process parameters and the ranges of the parameters to be used
are given in Tables 2 and 4.

Process time (Fo, ) with

Process time (Fo,, .) without

heat of respiration

heat of respiration

Sl. no. Re First layer Last layer First layer Last layer
A=4.49x 107 % and B=2.66

1 1762 0.381611 0.883647 0.381047 0.880946

2 10575 0.285022 0.376249 0.284728 0.375726
A=1.37%x10"7 and B=3.88

3 1762 0.382365 0.887058 0.381047 0.880946

4 10575 0.285422 0.376944 0.284728 0.375726
A=1.37x10"7 and 8=3.88

5 1762 0.384085 0.895642 0.381047 0.880946

6 10575 0.286316 0.378548 0.284728 0.375726
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Table 4

Re 1762-12350

¥ 0.48-0.85

a* 142-199(i.e., 0.10x 10°%-0.14 x 10" ®m2s 1)
A 0.09996-0.02777 (i.e., 0.25-0.90 Wm 'K )

T¥oe 0.125-0.3125 (i.e., 4-10°C)
A and B see Table 1
L 1-30

Conclusions

A mathematical model is developed to describe the simultaneous
heat and mass transfer occurring during the bulk air precooling
of spherical foods. The governing equations are solved using
finite-difference numerical methods. A sensitivity analysis is per-
formed to evaluate the effect of each parameter on process time.

The main conclusions from the present investigation are as

follows.

(1) The range of Reynolds numbers for the advantageous opera-
tion of the precooling system is found to be 5000-8000
(corresponding to air velocities = 1.4 to 2.3 m/s), for the
parameter values investigated.

(2) As the void fraction increases, the process time decreases at
low-Reynolds numbers, but there is no substantial change in
process time with void fraction at higher Reynolds numbers.

(3) An increase in thermal conductivity of the food results in
lower process time (at very high values of A, the lumped
parameter model for product energy equation is found to
predict process times reasonably accurately, although such
high values are not characteristic of actual fruits and vegeta-
bles).

(4) During the relatively small periods of time employed for
precooling (typically a few hours compared to days for stor-
age), the heat of respiration does not have a significant effect
on the process time.

(5) Increase in the thermal diffusivity of the foods results in
lower processing time.

(6) The process time increases (almost linearly) with increasing
number of food layers.

(7) The process times based on the center temperature and the
mass average temperature are correlated in terms of the
process parameters.
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