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Abstract—Hydraircooling is a technique used for precooling food products. In this technique chilled water
is sprayed over the food products while cold unsaturated air is blown over them. Hydraircooling combines
the advantages of both air- and hydrocooling. The present study is concerned with the analysis of bulk
hydraircooling as it occurs in a package filled with several layers of spherical food products with chilled
water sprayed from the top and cold unsaturated air blown from the bottom. A mathematical model is
developed to describe the hydrodynamics and simultaneous heat and mass transfer occurring inside the
package. The non-dimensional governing equations are solved using the finite difference numerical
methods. The results are presented in the form of time-temperature charts. A correlation is obtained to
calculate the process time in terms of the process parameters.

INTRODUCTION

HEAT AND mass transfer play a very important role
in the food processing and preservation methods as
discussed extensively in refs. [1, 2] on this subject. The
aim of all food processing and preservation operations
is to retard metabolic activity and growth of micro-
organisms so that the product can be preserved for a
longer time. Precooling is one such operation wherein
the food products are cooled to their storage con-
ditions by rapid removal of field and respiration heats
immediately after harvest, gather or slaughter. Vari-
ous types of precooling techniques like air cooling,
hydrocooling and hydraircooling are discussed in
detail in refs. [3,4].

Hydraircooling is an efficient method of precooling
food products for which moisture loss is not desirable.
This concept combines the advantages of both air
cooling and hydrocooling. When cold air is passed
over the food products that are continuously wetted
by a thin film of water, there will be more effective
cooling without much moisture loss from the product
compared to other conventional precooling methods
[5]. This paper presents the results of a theoretical
analysis of the bulk hydraircooling of spherical food
products when the water and the air are flowing coun-
ter-current to each other. The governing equations for
the product, film, interstitial water spray and the moist
air are solved using finite difference methods. Time-
temperature histories are obtained in terms of dimen-
sionless parameters covering a wide range of the
product properties and processing conditions
encountered in food precooling practice.

THEORETICAL ANALYSIS

Description of the physical model
The physical model considers a number of layers
of spherical food products packed in the form of a
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rectangular parallelepiped (Fig. 1). The geometry of
the food product is chosen to be spherical because a
large variety of fruits and vegetables can be satis-
factorily approximated by this shape. Chilled water
is sprayed on to the products so as to produce a thin
film of water over each product (Fig. 2). The air is
blown from the bottom of the package in a counter-
flow direction. The food products are packed in hori-
zontal layers, one below the other in an in-line
arrangement in the vertical direction. The water film,
as it flows enveloping the food product, experiences a
certain amount of evaporation (from water film sur-
face into moist air) or condensation (from moist air
onto the film surface), depending on the direction of
driving potential for mass transfer. When the film
approaches the bottom of the product, the water
gravitates on to the next food product directly below.
This gives rise to the formation of a water film on
the succeeding product. Some of the chilled water,
however, is not intercepted by the food products and
falls through the interstitial space of the packing. It is
necessary to leave a small air gap between the product
layers for ease of loading and unloading in practical
situations. If the radius of the product is denoted by
R and the height of air gap by B, the overall height of
the package, H, containing L layers will be
L+2R+(L—1)Basshown in Fig. 1. A spherical coor-
dinate system is employed for the food product with
the radius r measured from the centre of the product
while a Cartesian coordinate system is used with z-
direction measured from the bottom of the package
for the interstitial water spray and the moist air. Thus
z = H corresponds to the top of the package where
water enters.

Initially, all the food products in the package are
assumed to be at a uniform temperature T,,. The
package is then exposed at the top of the first layer to
a chilled water spray at a temperature of Ty, while
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Fo Fourier number [dimensionless]

Fr Froude number [dimensionless]

g acceleration due to gravity [m?s~']

h, enthalpy of water vapour [kJ kg~
Ah, latent heat of vaporization [kJ kg~ ']
H height of the package [m]

Ja Jakob number [dimensionless]

L number of layers

m mass flow rate [kg s™']

Nu  Nusselt number [dimensionless]

Pr Prandt! number [dimensionless]

¢ heat of respiration in the food product
Wm™7]

radial coordinate

R radius of the spherical food product [m]
Re Reynolds number [dimensionless])

Sc Schmidt number [dimensionless])

Sh Sherwood number [dimensionless]

t time [s}

T temperature [“C]

~

NOMENCLATURE

a thermal diffusivity [m?s~"'] vy tangential velocity in the film [ms~']
A area [m?] w average velocity [m s~ ']
Ay, A,, A, coefficients defined in equation w humidity ratio [kg per kg of dry air]

(26) z coordinate along the height of the
B,, B, B, coefficients defined in equation package.

(48)

. . . Greek symbols
> fi t . .

Co. C|,(§'O_) coefficients defined in equation o, heat transfer coefficient [W m~? K]
c specific heat [kJ kg~ ' K] ', mass transfer coefficient [kg m~?s~ ']
LA A (m] 5  film thickness [m)
D binary diffusion coefficient of water 0 angular coordmgtg N w

vapour in dry air [m?s~ '] A therma.l co.nduc.tmty w m2 K™
D ,-D, coefficients defined in equation (60) H d.ynamlc' v1s'cosn'y N S,m_ | ]

v kinematic viscosity [m?s~']

p density [kg m™?]

T2  process time [dimensionless]

W void fraction [dimensionless].
Subscripts

e entry

f water film

fbom  fluid bulk mean

fi interstitial water spray

0 initial

ma  moist air

P product

s saturated (also used for superficial

velocity)

u per unit volume of the package [m™?]

wb  wet bulb

wd  water droplet.
Superscripts

*, **  dimensionless quantity.

cold unsaturated air at a temperature of T,,,. is blown
from the bottom of the package. The products are
cooled by the combined action of chilled water and
air. The conditions of entering water and air are main-
tained constant throughout.

Mathematical formulation
The bulk hydraircooling problem described above
involves transient, simultaneous heat and mass trans-
fer. The following assumptions are made to simplify
the formulation :

(a) The food product is homogeneous and isotropic.

(b) The thermophysical properties of the product
are independent of temperature [6].

(c) Moisture concentration gradients and internal
moisture evaporation within the product are ignored
[7].

(d) The product temperature is invariant in the
azimuthal direction.

(e) Air temperature and humidity ratio vary only
in the z-direction.

(f) Radiation heat transfer between the products is
negligible because of the low ranges of temperatures
encountered in precooling practice.

Governing equations

The governing equations are written separately for
the product, water film over the product, the inter-
stitial water spray and the moist air.

Product. The two-dimensional, transient con-
duction equation as applicable for the product in
spherical coordinates is

0*T, g%_'_cot()% lasz_'_ﬂ
ot T rar Pt 00 r*00* A,
I oT,
=5 a O

p

Liquid film. The coordinate system for the liquid
film is shown in Fig. 2. In view of the thinness of the
film (ppr » pmaPma)» the transverse pressure gradient
is neglected and since the impressed pressure is
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FI1G. 1. The physical model and coordinate system for bulk hydraircooling of food products.

taken as constant, the streamwise pressure gradient
becomes zero. The governing equation for the
momentum in the liquid film with quasi-steady
approximation is written as follows:
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b
i
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-

FIG. 2. Physical model.

Momentum equation

d% ,
Hrgyr TPigsin 0 =0. @

The above equation is written under the assumption
that the viscous forces balance the gravitational forces
and hence the acceleration terms are negligible [8].

Energy equation

oT: v 0Ty _  J0°T;
3t TR0 U)o

1 8°T,
Mass conservation

&
;"gv = — 0 2nRsin O(Wi—Wo). (4

Water spray.
Mass conservation

dm
_a':ﬁ = amwdAcAwdu(Wswd - Wmn ) (5)

Here A4, is the area of water droplets available per
unit volume of the package. The determination of this
quantity requires the diameter of the water droplet
and the number of water droplets contained in a unit
volume of the package. In this investigation an aver-
age droplet diameter of 0.85 mm and an average drop-
let velocity of 10 m s~ ' are used. The value of A4,
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can then be calculated if the mass flow rate of water
through the interstices is known. As will be seen later,
these assumptions have, however, very little influence
on the final results and the interstitial water spray is
found to have a negligible effect on the bulk hydrair-
cooling process.

Energy equation

a de a de
¥ oy, ¥
at YIS 9z

Wads
+ md de (’xmwdAcAwdu(Wswd - Wma ))

fi

Wyds
— Woa— W,
n'1r,c,,f (amwdAcAwdu( swd mu)hv
+ ahwdAcAwdu(Tswd - Tma )) (6)

Moist air.

Energy equation
The equation for the conservation of energy in the
moist air is written as follows :

0T 0T, 0 Tha
pmuCpmn <|l, —61_ + Wy 7;‘) = l/”1mu —azz—

+ athfu(Tsf_ Tmn) + ahwdAwdu(Tswd - Tma) (7)

where ¥ is the void fraction which is defined as the
ratio of the volume of the void to the total volume of
any layer. ¢ assumes a value of 1.0 in the air—water
spray region as there are no products.

Conservation of species. The equation for the con-
servation of water vapor in the moist air can be written
as follows:

0 Wha

W oW
Pms (ll/ o1 + W 2z ) = 'l’pmaD_a—z—i_

+ amI‘Al‘u( Wsl’ - Wmn) + amwdAwdu( Wswd - Wmn ) .
®
Initial and boundary conditions

Product and film. The initial uniform temperature
of the product gives the following condition :

at:<0for0<r<Rand0<O<n, T,=T,.
®
Symmetry of the temperature profile about the ver-
tical axis yields:
o7,
"b? = 0.
(10)

An energy balance at the product-film interface
results in:

att>0forO0<r<Randatf =0andn,

aT, aT,

atr=Rfor0<f<n, —%,—f= -Ara—rf (11

alsoatr=Rfor0<fO<n, T,=T,=T
(no temperature jump condition) (12)
where T is the product—film interface temperature.
Atr=R, v,=0, and (13)
dv,
tr= — =0
atr= R+96, ar 0 (14)

The assumption of initially uniform temperature of
the water film results in:

at1 <0, forR<r<R+dand0 <O <m,

Tr=Ty. (15)

A continuous supply of spray water at Ty, is
assumed to be available for the top layer to maintain
a film of flowing water. This gives the condition:

attr>0forR<r< R+dandatf =0,

T; = T, (first layer) or Tj, (subsequent layers).

(16)

Here Tt represents the bulk mean temperature of
the fluid collected at the bottom of the preceding food
product. The following expression is used to calculate
the bulk mean temperature at any 0-coordinate:

§

m’rp 'GCprf‘bm ,g = J; prD327rr sin HC,,,-Tr dr (l 7)

aT,

at@ =mnandfor R<r < R+, ¥l

=0. (18)

At the surface of the liquid film which is in contact
with the air, the energy transfer takes place due to
the combined effect of heat and mass transfer. The
temperature difference between the film surface and
the free stream air acts as the driving force for the
sensible heat transfer, whereas the vapor pressure
difference causes evaporation of water at the film sur-
face resulting in the transfer of latent heat. This
boundary condition is written in terms of the sensible
and latent heat transfers as follows:

att>0andr=R+6,for0 <0<,

aT,
— A5, = (Tt Tona) + U (Wir— Wona )b,
(19
Water spray -
Atz = H, ’hﬁ = r"lr,c = ”"lrc —’hn'c. (20)
Att=0for0<z<H, T,y=Te. (21)
Att>0atz=H, T, =T. (22)
Moist air
Att=0for0<z< H,
Tow = Tmao and Wma = Wmao' (23)
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Att>0atz=0, T,,=Tpn and W,,=W,..
(24)

Atz=H, aT"“‘—~O d aW"“’—O 25
z=H, —==0, an 5 — 0 29

The humidity ratio of saturated air is expressed as
a second degree polynomial in terms of its temperature

as follows :
W,=Ag+A,T,+A,T? (26)

where the coefficients 4,, 4,, and A, are constants
shown below for a temperature range of 0-25°C

Ay =3.879x10"?
A, =2173x10"*
A, = 1.605x 1072, @n

The wet bulb temperature of the air at any point is
found using the following psychrometric relation [9]
W = (2501 —2.381 T, )W — (Tra — Tup)

™ 25014 1.805T,,, —4.186T,,

(28)

Non-dimensionalization

To obtain the solution in a generalized form so
that it is applicable to a wide vanety of products
and processing conditions, the following non-
dimensionalized variables are defined :

T— wac .
T,

k4
po wac

T = r*=r/R; z*=2z/R;

H* = H/R; yff =y/R,wherey,=r—R;
6*=06/R; Fo= apt/Rz; A* = DpfAc;
'1** = )'ma/)‘f;

a* = ap/al‘; a** = amn/af;

p** = pma/pf; Cp** = Cpmn/cpf;

dls = dus/R; v = vo/(rimye/pR?);

L 3 J— .
v = "ma/Vr,

Rer = mgye/peveR; A¥= A/R?;
Fri = [(’hﬂ'pc/prz)/\/(gR)]; A}, = AyR;
Aby = AyauR;  Nup= o, 2R[2,,;
Sh; = 0 2R/pmaD;  Re, = w2R /vy, ;
Reys = Woas@ua/Vma 5  Remua = (Ws+ Woas)dua/Vena 5
Stma =V/D;  Nuyy = thyaua/Ama s
Shoa = Oua@ud/PmaD s mME = mig/my, ;

Mite = Mo/ 5 Ml = Mige[Mg ;
Pre=viac; Priaa = Voa/lma s
ke = titmalrive; Ja = CoeAT/Ah,,
AT = Tpo—Ture; @i = [qmR*[2,AT];

Ry =T, /AT.

Rm = mﬂ'pe/mfc 3

(29)

The governing equations are now rephrased in
terms of the above non-dimensional variables.

Dimensionless governing equations

Product.
T} 9*Ty 2 0T} cotf T}
0Fo — or* T arr T ¥ 00
1 8T**
o —6(;2 g (30)
Liquid film.
Momentum equation
d?u} R
b _e; sin 6. 31

&= P

Energy equation

an* U:RerPrr aTr* _ 1 1 asz* asz*
ot T @ et e |
(32
Mass conservation
dm?f‘l’ Shy Rk kK ;
o= 3Re, Se v¥*p**m sin O(We— W),
(33)
Water spray.
Mass conservation equation
dmt  Shygp**v**A¥, AXR,,
= e (W= W) (34)

F - Re,- Sc ‘ma d\td
Energy equation

0T}  Re,yv** Pr, 0T}
oFo ~  a*d*, 0z*

Rewd Shwd P**V** ZA:duA: Prl' Rm
Re; Sc, d*ia*m¥
X (T\td + RT)( Wswd - Wma)
Rewd Nuwd }'**V**A:duAc*Rm (
Re, diza*mt
Rewd Shwd p**V** 2A\:"‘duAt:"l Prf Rm(l +‘Ia)
B Ja Re Sc,, dX2a*m}

X (Wswd"' Wma)'

Tstvd - Tr:u)

(35)
Moist air.
Energy equation
waT,:a Ih,‘,‘,a RerPrr aT;a
dFo  p**AXa*R, 0z*
_ IPE 22T*, Nupa**A*
T a* 9z*? 2a*
Nu,qa** Ay,

d¥ya*

(T*-Tx)

(Toha—Tma)- (36)
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Conservation of species

oW a + m¥. Ree Pry OW,.,
v oFo ~ p**A¥a*R, o:*
Prov**  QW..  ShePri AXv*
= - Wyi—W,.
Scma a* 7 0z*? 2S¢, a* (W= W)

Shya Pre Ak v**

St'ma ll*d,fd ( u/swd - Wma ) (37)
Initial and boundary conditions
Fo<0,forO0<r*<10and0<0<n TF=10
(38)
T}
Fo>0,at@=0andnfor0<r* < 1.0, 30 = 0.
(39)
Atr*=10,for0 <0 <m,
oT* oT*
e e I 40
P P2 0

Alsoatr* =1.0,for0<0<n, Tf=T=T¢.

(41)
At y¥=0, vy¥=0, and (42)
at y¥ = 6%, g;—i =0 (43)
Fo<0,forO<y¥<dé*and0<g0<n, T*¥x=T¢
(44
Fo>0,at0 =0and 0 < yf < 0%,
T*=Ttor TE,. (45)

The expression for the bulk mean temperature of
the film crossing any radial line, T%,,, is as follows:

l 1
Thn = {.—,,- '[ 2no sin OT#(1 +y2) dys*}. (46)
m 0

iip
At0 =mand 0 < y} < 5%, aalgr*=0. 47)
At yf = 6* and 0 < 0 < m, that is, at the film surface,
— gyi; = By+ B, T*¥+ B,T¥? (48)

where B,, B, and B, are defined as shown below

Nug ¥*Tk,  Shy Pro, A%
Bo==" 2S¢, C}* Ja (Co= W)
B = Nug A**  Sh; Pr,,, A**
' 2 28¢p, C¥*Ja
Sh Py A%*
By= ol m (49)

P 28Cn  Cr*Ja ¥

In the above boundary condition, C,, C, and C,

are the coefficients of a quadratic expression of satu- -

rated humidity ratio at the film surface in terms of its
temperature and are as follows:

Wye=Co+C T*+C,T}? (50)
where
Cy= Ag+A RATH+ A,R}AT?
C, = A, AT+24,RAT?
C, = A,AT?. (51)
Atz* = H*, mf =m. = mt—mj, (52)
Fo<0,forO<:z*< H* TX=TF (53)
Fo>0,atz*=H* T¥=T¢ (54)
Fo <0, for0 < z* < H¥,
Tho=The and W,, =W, (55
Fo>0,atz* =0,
T* =T, and W_, = W,. and (56)
at z* = H*, %:0 and 6;2/:3:0' 57

The Nusselt number and the Sherwood number
in equation (49) are evaluated using the following
equations [10] which are valid for Re, > 180:

Nug = 12700 =) ** Re2*® Pr23’
She=1.27(1— )% Re** Sc533. (58)

The following correlations are used to determine
the Nusselt number and the Sherwood number at the
water droplet surface [11]:

Nu,g = 2.04+0.6Re2S, Pro3?
Shys = 2.0+0.6Re3, Sc2.33. (59)

After finding the air dry bulb temperature 7%, and
the humidity ratio, W,,,, the wet bulb temperature is
determined using the following psychrometric

relation :

D\TX +D,TX +D:T4 = D, (60)
where
D, =2381C,AT

D, = 2.381C,AT+2.381C,R,AT—2501C,
D, = 2.381CoAT+2.381C,R,AT—2501C, — AT
—4.186ATW,,
D, = 2501C, —2.381CoRAT — TAHAT 2501 W,,,
+2.381RATW,,,—1.805TX,ATW,,. (61)

METHOD OF SOLUTION

The following expressions for the film thickness
(6*), and the tangential velocity (v,) are obtained by
solving the film momentum equation :

3Fri m,

/3
* _
0% = <27‘[ sin? ORef> 62)
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—

F1G. 3. Finite difference grid system for the product, film,
and the accompanying air, water-spray region.

2

&
vy =

Rep . ooy 10
Fr sin 06 (6_* —53ei) (63)

The dimensionless governing equations along with
the initial and boundary conditions are solved using
finite difference techniques. The energy conservation
equations for both the product and the film are solved
simultaneously using the Peaceman—Rachford Alter-
nating Direction Implicit (ADI) procedure. In view
of the symmetry existing with respect to the vertical
axis, only a semi-circular region of the product needs
to be considered for numerical analysis. The com-
putational domain and the layout of the finite differ-
ence grid are shown in detail in Fig. 3 for one product
layer with the adjacent air gap. A non-uniform grid 1s
adopted for the solution of moist air and water in the
interstices between the products. This non-uniform
grid is obtained by horizontally extending the radial
lines ending on the product surface. In the region in
between the product layers, a uniform grid is adopted.

Neither the temperature nor its radial gradient can
be prescribed at the centre of the product owing to the
non-existence of radial symmetry of the temperature
profile about any radial line at the centre. This prob-
lem is overcome by employing a Cartesian coordinate
system at the centre. After a number of numerical

experiments, a grid size of (17 x 19) and a time step of
0.0025 are selected.

The finite difference analogues and the detailed
method of solution are available in ref. [12].

All the computations are performed on the com-
puter systemt VAX 8810 of the Indian Institute of
Science, Bangalore. A typical run covering a dimen-
sionless process time of 0.60 took about 250 s of CPU
time. It may be noted that a dimensionless process
time (Fo = a,t/R?) of 0.60 corresponds to 48 min of
physical process time for an average value of
a,=13x10"7 m? s~' and for a typical product
radius of 0.025 m.

Numerical solutions are obtained for the following
values of the parameters so as to cover a wide range
of precooling conditions of practical interest.

T# is varied from 0.0625 to 0.2187. This cor-
responds to the entering spray water temperature
ranging from 5 to 10"C.

Rey is varied from 5.0 to 50.0 in steps of 5.0. This
corresponds to an entering water mass flow rate of
0.018-0.18 kg s~ ".

m, is varied from 0.5 to 10.0.

T¥. is varied from 0.0625 to 0.1875. This cor-
responds to an entering air dry bulb temperature of
5-9°C.

W e 18 varied from 0.0017 to 0.0046.

A* is varied from 0.1 to 1.0 in steps of 0.1. This
corresponds to product thermal conductivity of
0.0585-0.585 W m~' K~' for a constant value of
thermal conductivity of 0.585 W m~' K~ ' for water.
These values cover a wide range of thermal con-
ductivity values for common fruits and vegetables [9].

¥ is varied from 0.5 to 0.75 in steps of 0.025.

The values of the other parameters are as follows:

a* =09136; o**=137.5, A*=4000;
Cr* =02402; d} =34%x10"7; Fr;=0.004;
Ja=005;, L=6; Pr,=788; Pr,, =0.7482;

g%, =0.003; Sc,, =0.665; Ai**=0.042;

p** =1.273%x 1072

It may be noted that the values of the dependent
quantities A, A%,., Co, Cy, Co, 1. Mk, Nup, Nu,q,
R.. Ry, Re,, Ren.4, Sh, Shy., and v** can
be calculated from those of other independent
parameters.

Abdul Majeed [5] solved the hydraircooling prob-
lem for a single spherical product. In his analysis
the water droplets and the air-side temperature and
humidity distributions are not considered. The pres-
ent analysis is used to reproduce his results for a
typical set of parameters by considering a single pro-
duct layer with a large void fraction (Y = 0.9948).
Satisfactory agreement is found between the two
results as shown in Fig. 4, with the cooling times
differing by about 4%. Thus single product hydrair-
cooling problem can be thought of as a special case
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Fi1G. 4. Comparison of results for single product hydraircooling.

of the present, more general bulk hydraircooling
problem.

RESULTS AND DISCUSSION

Typical time-temperature histories are presented in
Fig. 5. It is observed that the cooling rate is slightly
different for different layers. In general it is found that
the first three layers from the top begin to cool faster
initially. After a certain time, these layers lag behind
the bottom layers. After a reasonably long time when
a nearly steady state is reached, it can be seen that the
bottom layers (layers 4, 5 and 6) have reached lower
temperatures than the top layers, namely, layers 1, 2
and 3. This trend appears to be typical of a counter-
current hydraircooling process and can be explained
as follows.

The top layers cause a considerable rise in the tem-

1 . r . T
Tl = 0.2857 Re, = 6.28
0.9} Mhe = 6.35  Tnee = 0.11 b
vg os Wnee = 0.0032 » =08
.81 = 0.5 1
2 ¥
[+ 4
: 0.7F 1—6 Different Layers in 1
T Bulk Hydraircooling
« 06} E
o 7 — Hydraircooling of
¥ stk Single Product[s]
5
7] 0.4L
o
=
B osf
1ad
o
0.1+
5 6
o . N i R "
0 0.1 0.2 0.3 0.4 0.5 0.8

FOURIER NUMBER

FiG. 5. Typical cooling curves during bulk hydraircooling
and single-product hydraircooling.

perature of water film initially. Also, the simultaneous
heat and mass transfer occurring between the film and
the air appears to be slightly insufficient to effect a
considerable drop in the water film temperature and
result in the same rate of cooling in the bottom layers.
At larger times, the water film comes in contact with
the already cooled product layers and the simul-
taneous heat and mass transfer from the water film
to the air further reduces the temperature of the film
as it flows down the package and results in a faster
cooling in the bottom layers.

The present model, though somewhat complex, is
more realistic and predicts process times and final
product temperatures which are substantially differ-
ent from those predicted by a simple analysis for a
single product. This can be clearly seen in Fig. § where
the results of single-product hydraircooling of Abdul
Majeed [5] are also presented for the same set of
parameters. It can be seen from the latter part of the
transient that lower final temperatures are possible in
bulk hydraircooling as compared to the single-prod-
uct hydraircooling. At a dimensionless time of 0.6, the
product reaches a dimensionless temperature of about
0.275 during single product hydraircooling whereas
the products reach much lower temperatures in the
range of 0.08-0.17 (excepting the first layer) in bulk
hydraircooling. For such final temperatures the single
product analysis would predict the requirement of
lower water and air inlet temperatures and/or higher
velocities with the resulting increase in refrigeration
capacity. It is also found in general that the bulk
hydraircooling analysis predicts lower process times
than the single product analysis. Thus the present,
more general analysis leads to economical design and
operation of the precooling equipment.

Figure 6 depicts a similar comparison with bulk air
precooling process [13]. Both sets of curves are drawn
for identical values of product and air parameters and
for typical values of water conditions to facilitate a
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F1G. 6. Comparison of bulk hydraircooling with bulk air precooling.

realistic comparison. In each case the first and sixth
layer in a six-layer package are considered for com-
parison. It is observed that bulk hydraircooling is
much faster than the bulk air precooling. During con-
ventional forced air precooling, only the product
layers at the entry of the air are cooled faster than the
farther layers with the process becoming ineffective
beyond a certain number of layers. In bulk hydrair-
cooling the air flowing through the package serves to
abstract the combined sensible and latent heat from
the water film thus maintaining the cooling potential
of the film as it flows down the product layers. This
permits the inlet water and air temperatures in bulk
hydraircooling to be somewhat higher than those used
in hydro- and air cooling practices. Thus the bulk
hydraircooling process while resulting in lower final
temperatures of the products and reduced processing
times, also effects a saving in the energy required for
refrigeration. Though the calculations presented here
are performed for a six-layer package the process is
found to remain effective for a much higher number
of layers, the actual number of them being dependent
upon the process conditions.

Figure 7 shows typical temperature profiles within
the product and the film during bulk hydraircooling
at different radial lines (@ = =/3, 2n/3) for different
values of Fourier number. Temperatures are plotted
from the product centre to film outer surface. The film
thickness is plotted on a much enlarged scale. It can
be seen that the product temperature decreases from
the centre towards the surface of the product. With
increasing time, it can also be seen that the tem-
perature profile is becoming flatter. It is interesting
to note that the film temperature variation is insignifi-
cant. This may be attributed to the thinness of the film.

The variation of the temperature in the product in
the tangential direction at a time, Fo = 0.2, is shown
in Fig. 8. It can be seen that the product temperature
does not vary significantly in the tangential direction

for the top layer. However, for the bottom layer, the
temperature varies slightly, especially at the surface
of the product. This could be due to the rapid rise in
the temperature and humidity of the incoming air in
the bottom-most layer.

Figure 9 shows the variation of temperature in the
product at a fixed 8 and at different radial distances
with time, Fo. As is expected the product surface cools
much faster than the interior.

Figure 10 shows the variation of product tem-
perature with time at a fixed radial location and
different angular positions. It can be seen that the
temperature variation is insignificant with 6.

The interstitial water mass flow rate decreases by a
very insignificant amount as it passes along the pack-
age. This is due to the evaporation of a small quantity
of water from the water droplet surface into the air
stream. Figure 11 shows the variation of interstitial
water temperature as it passes along the package.
Even a small quantity of water evaporating from the
droplet surface causes considerable decrease in its
temperature because of the large value of the enthalpy
of evaporation associated with water. It can be seen
that as time progresses the temperature variation
becomes steeper.

Figure 12 shows the typical variation of air tem-
perature as it passes through the package. Both the
dry bulb and wet bulb temperatures are plotted on
the same graph. It is observed that the air temperature
varies almost linearly as it passes through the product
layers and is more or less constant in the intervening
space. This is due to the combined effect of the for-
tuitous property of a sphere—that its surface area
varies linearly along any diametral axis, and the insig-
nificant angular variation of the water filp surface
temperature. The air may pick up from or dissipate
heat to two different sources: one is the film which
has very large surface area and the other is water
droplet which has a relatively smaller surface area. In
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fact, the film surface area is two orders of magnitude
higher than the water droplet surface area and hence
the individual contribution from the surface of water
droplets is very small.

The air may dissipate or pick up heat depending on
the driving potential between air and the film surface
at any location. Since the aim of hydraircooling pro-
cess is to make use of the evaporation from the water
film to the air stream as an additional cooling means,
the parameters for the water and air like Ty, T, and
W .. are so chosen in the present investigation that
the air wet bulb temperature is always smaller than the
water at any location for any time. These parameter
values are estimated from a number of numerical
experiments. The air thus picks up heat from the film
surface as well as the water droplet surface and
becomes hot. Because of the insignificant contribution
from the water droplet surface area the air passes
through the air layers without any noticeable
change in its temperature.

Figure 13 shows the typical variation of air
humidity ratio as it passes through the package. It is
observed that the air is becoming more humid while
passing through the package. The saturated humidity
ratio corresponding to its temperature is also plotted
in the same graph. Because of the large film surface
area available for evaporation to take place, the enter-
ing air which is unsaturated picks up moisture, and
the moisture pick up by air is higher in the product
layers than in the air layers.

Figure 14 shows the time—temperature histories of
actual food products (potatoes, peaches and apples)
during bulk hydraircooling. The product dimensions,
properties and the processing conditions are all
depicted on the figure.

Process time

Process time is the time for which the hydrair-
cooling is to be carried out to obtain the storage
temperature suitable for the food product prior to
transport. The storage temperature is different for
different fruit and vegetables. For instance, for food
products such as apples, cabbage, lettuce and peaches
for which hydraircooling is desirable to avoid moist-
ure loss, a storage temperature of about 10°C is
required. This corresponds to a dimensionless tem-
perature of about 0.2 for an initial product tem-
perature of 35°C and entering air wet bulb tem-
perature of .3°C. In the majority of the cases
investigated, the top layer is found to take the
maximum time to reach the storage temperature.
Hence the time taken by the top layer to reach a
dimensionless temperature of 0.2 is considered as the
process time for the entire package.

Correlation for process time
A correlating equation for the process time 1, , in
terms of the process parameters TF, Req, mik,, TX..
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W aes 4*, and i is developed using multiple regression
analysis. A total of 61 data points are used for cor-
relating the process time. The correlation fits the data
very well with the multiple correlation coefficient and
the standard error of estimate being, respectively,
0.9364 and 0.021, and is given below

To2 = AOTX" Ref iy T Win A*" 7 (64)
where the value of the coefficient 20, and the exponents
al, a2, a3, a4, a5, a6 and g7 are: a0 = 1.8428;
al =047; a2 = —0.0618; a3 = —0.0269;
a4 =0.0394; a5 = 0.0737; a6 = 0.0316; a7 = 0.0071.

CONCLUSIONS

A mathematical mode! is developed to describe the
simultaneous heat and mass transfer occurring during
bulk hydraircooling of spherical food products. The
governing equations are solved using finite difference
numerical methods. The results are presented in the
form of time—temperature charts. The present analysis
yields final product temperatures which are sub-
stantially different from those obtained by a simple
analysis for a single product. The effect of interstitial
water spray on the cooling rate is found to be insig-
nificant. A correlation is obtained for the process time
in terms of the process parameters.
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