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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 tinite dill‘erence 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. [ I.21 on this subject. The 
aim ofall 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 hydraircoohng 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 qf the physical model 
The physical model considers a number of layers 

of spherical food products packed in the form of a 

rectangular pardllelepiped (Fig. I). 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)B as shown in Fig. 1. A spherical coor- 
dinate system is employed for the food product with 
the radius I’ 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 r,,. The 
package is then exposed at the top of the first layer to 
a chilled water spray at a temperature of T,, while 
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NOMENCLATURE 

a thermal diffusivity [m’ s- ‘1 
A area [m’] 

A,, A I, A2 coefficients defined in equation 
(26) 

B,, B,, Bz coefficients defined in equation 
(48) 

C,, C,, C’z coefficients defined in equation 
(50) 

CP specific heat [kJ kg- ’ K- ‘1 
d diameter [m] 
D binary diffusion coefficient of water 

vapour in dry air [m’ s- ‘1 
D ,-D4 coefficients defined in equation (60) 
Fo 
Fr 
9 
1% 
Ah, 
H 
Ja 
L 
ti 
NU 
Pr 
4im 

r 
R 
Re 
SC 

Sh 
t 
T 

Fourier number [dimensionless] 
Froude number [dimensionless] 
acceleration due to gravity [m’ s- ‘1 
enthalpy of water vapour [kJ kg- ‘1 
latent heat of vaporization [kJ kg- ‘1 
height of the package [m] 
Jakob number [dimensionless] 
number of layers 
mass flow rate [kg s- ‘1 
Nusselt number [dimensionless] 
Prandtl number [dimensionless] 
heat of respiration in the food product 
W me31 
radial coordinate 
radius of the spherical food product [m] 
Reynolds number [dimensionless] 
Schmidt number [dimensionless] 
Sherwood number [dimensionless] 
time [s] 
temperature [“Cl 

*0 
Ia’ 
W 
z 

tangential velocity in the film [m s- ‘1 
average velocity [m s- ‘1 
humidity ratio [kg per kg of dry air] 
coordinate along the height of the 
package. 

Greek symbols 
% heat transfer coefficient [W m-z K- ‘1 
4, mass transfer coefficient [kg m-z s- ‘1 
6 film thickness [m] 
0 angular coordinate 
1 thermal conductivity [W m- ’ K- ‘1 
/l dynamic viscosity [N s m- ‘1 
V kinematic viscosity [m’ s- ‘1 
P density [kg m- ‘1 
70.2 process time [dimensionless] 
J/ void fraction [dimensionless]. 

Subscripts 
e entry 
f water film 
fbm 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-‘1 
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 
171. 

(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 

a’T, 2 ar, cot0 
ar2 +;F+ 

aT, I a2T qint 
r2 80 +F$+I, 

c-2 :, aa; (1) 
Liquid film. The coordinate system for the liquid 

.film is shown in Fig. 2. In view of the thinness of the 
film (prpr >> pc,,p,,), the transverse pressure gradient 
is neglected and since the impressed pressure is 
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FIG. 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 : 

1 

-r 

z 

FIG. 2. Physical model. 

Momentum equation 

d 2vU 
pcrdr’ + prg sin 0 = 0. (2) 

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 

(3) 

Mass conservation 

d&p 
~ = - cc,,-27cR 2 sin 0( IV,,-- IV,,,,). 
d0 (4) 

Wuter spray. 

Mass conservation 

dt&, -=a 
dz mwd~c~wd”(wrwd - Wma). (5) 

Here Awdu 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 IO m SC’ are used. The value of Awdu 
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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 

8TWd JTwd -=w - 
at 

WdS 
8Z 

+ %wd’k&u(Tnwd - Tma )). 

Moist air. 

Energy equation 

(6) 

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

+ cwLVs,-- Tma)+%wd&du(Tswd - Tm,) (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. JI 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 : 

+‘%V%u( ws,- W,,,n)+amwdAwdu( Wrwd - w,,,,)’ 

(8) 

Initial and boundary conditions 
Product andjlm. The initial uniform temperature 

of the product gives the following condition : 

att<OforO<r<RandO<B<n, T,=T,,. 

(9) 

Symmetry of the temperature profile about the ver- 
tical axis yields : 

att>OforO<r<Randate=OandA, aT,- 
ae -O. 

(10) 

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

atr=RforOce<n, -A !!iL~aT, 
p dr - r dr (11) 

also at r = R for 0 < B < K, Tp = T, = Tr 

(no temperature jump,condition) (12) 

where Tii, is the product-film interface temperature. 

Atr= R, v. = 0, and (13) 

duo atr= R+d, -=O. 
dr (14) 

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

at t < 0, for R ,< r < R+6 and 0 < 0 < n, 

Tr = T,, . (15) 

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

at t > 0 for R < r < R+6 and at 0 = 0, 

Tr = Trc (first layer) or Trbm (subsequent layers). 
(16) 

Here Trbm 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 Q-coordinate : 

s 

6 
4p l&r Trtm lo = prv,2nr sin BC,,,-Tr dr (17) 

0 

ate=nandforRcr<R+& aTr dB=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 : 

atf>Oandr=R+&forO<tI,<n, 

-4% = adr,,--n,,)+%,r(Wsr- W,,)Ak. 

(1% 

Water spray ’ 

At z = H, tifi = tizre = t&-rizR,. 

At t = 0 for 0 < z ,< H, Twd = T,. 

Att>Oatz=H, Twd=Tr,. 

Moist air 

(20) 

(21) 

(22) 

At t = 0 for 0 < z < H, 

Tm = T,,, and W,,,, = W,,,,, . (23) 



Att>Oatz=O, T,,,,=T,,, and W,,= W,,,,,. 
(24) 

Atz= H, 
ar,, a w,, 
aZ = 0, and aZ = 0, (25) 

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

Dimensionless governing equations 
Product. 

aT; a=Tp* 2 ar; cot e aT; 
aF0 -ar*‘+F$C+ p2 a@ 

W, = A,+A,T,+A*T; (26) 

where the coefficients AO, A ,, and A2 are constants 
shown below for a temperature range of O-25°C 

A,, =3.879x 1O-3 

A, = 2.173 x 1O-4 

A, = 1.605x lo-‘. (27) 

The wet bulb temperature of the air at any point is 
found using the following psychrometric relation [9] 

+$tg+q:“‘- (30) 

LiquidjIm. 

Momentum equation 

d=v: & ~ = - -sin ~9. 
dyF2 Fr: 

Energy equation 

(31) 

w 
mu 

= (2501-2.381T,,)W,-(T,,-T,,). (28) 
2501+1.805T,,,,-4.186T,, 

Non-dimensionalization 
To obtain the solution in a generalized form so 

that it is applicable to a wide variety of products 
and processing conditions, the following non- 
dimensionalized variables are defined : 

Mass conservation 

(32) 

drir&, Sh -= - 
de 2 Rer SC,, 

v**p**2x sin 0( W,,- W,,). 

(33) 

T* = T- Twbe 
Tpo - Twbe 

; r*=r/R; z*=z/R; 

H* = H/R; y: = y,/R, where y, = r-R; 

6* = 6/R; Fo = a&R’; 1* = I,/&; 

I** = 1,,/1,; a* = a,lar; a** = a,,/ar; 

v** = Lh; p** = PmalPr; c:* = C,,.lC,,; 

4% = dw,lR ; us* = vdW~,l~rR=~ ; 

Re, = rizR,/pfvrR ; Af = AC/R2 ; 

Frr = [(h,l~$~Y./@R)l; 4, = Ad; 

Gdll = Awd,, R ; Nur = a,,2R/I,, ; 

Shf = ~,,,~2Rlp,,,,D ; Re, = w,2RIv,, ; 

Rewd = ~w~s4d~m. ; Remwd = (w, + wd&&,,, ; 

SC,, = vlD; Nuwd = ahwd&lL ; 

Shwd = amwddwdlpmaD ; ti$ = hh%e ; 

ti& = ril&hr, ; rh& = ti,,/ril, ; 

Prr = vr/ar ; Prma = v,,/a,, ; R, = ti,&i~,-~ ; 

+I& = ti,,/r& ; Ja = C,rAT/Ah,, 

AT= T,-Tw,; tdt = [qintR’l&Arl; 

Water spray. 

Mass conservation equation 

dr$ -= 
dz* 

Shwd p**v**A:d,A:R, ( WIwd _ w,, ), 
& SC,, d$ 

(34) 

Energy equation 

a% Rewd v** Prr dT* 
-= 
ah a*ed azid 

+ 
Re,, Shwd p**v**‘Az,,A: PrrR, 

Re, SC,, a$ia*ti$ 

X (T:d+&)(Wwi- wma) 

Re,, Shwd ~**v**‘A$~~A$ Pr, R,(l + Ja) - 
Ja Rer SC,, &$‘a%: 

(35) 

Moist air. 

Energy equation 

ac& 
I(/-- aF0 + 

rh& Rer Prl aT,*, 
p**A,*a*R, az* 

RT = T,,/AT. (29) 
+ Nuw~;~*A’du (T,*,, - T&). (36) 
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The governing equations are now rephrased in 
terms of the above non-dimensional variables. 
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Conservation of species 

ti 
a W,, m$, Rer Pr,. a W,, 
dFo ’ p**A:a*R, a:* 

w,, = c,+c,T:+c2T,;2 (50) 

where 

C, = A”+A,R,-AT+A2R;AT’ 
Pr,- v** II/ a z W,, 

=- 
SC,, a* 

~ + shrprrAz”** (W,,- W,,) 
az* - 2Sc,, a* 

+ 
Sk, f’rrALv** ( Wswd _ wm, ), 

SC a*d* 
(37) 

nld wd 

C, = A,AT+2A1R,AT’ 

Cl = A,AT’. (51) 

At z* = H*, tizy: = ti;,*, = tit; - ri& (52) 

Initial and boundary conditions 
Fo<O,forO<z*<H*, T,$,=T; (53) 

Fo > 0. at :* = H*, 
Fo < 0, for 0 < r* < I .O and 0 < 0 < rt. T,* = 1 .O 

T& = T,$ (54) 

(38) Fo < 0, for 0 < z* ,< H*, 

Fo > 0, at 0 = 0 and K for 0 < r* < 1.0, 
aT* 
p = 0. 

T& = Tf,, and W,,, = W,,,,, (55) 

a0 Fo > 0, at z* = 0, 
(39) ~ , 

At r* = 1.0, for 0 < 0 < rc, 
T& = T&, and W,,,, = W,,,,, and (56) 

at -?* = H* 
iiT,*, 
-=O and %=O. (57) 7 a:* (40) 

The Nusselt number and the Sherwood number 
Also at r* = 1 .O, for 0 < 0 < K, T,* = T: = T,:. in equation (49) are evaluated using the following 

(41) equations [IO] which are valid for Re, > 180 : 

At y: =0, v$ =O, and (42) NM, = 1.27(1 -t+b)“.“’ Ret59 Pr,!&” 

at y: = 6*, 
do; 
_ = 0 (43) 

Shr= l.27(l-11/)“~4’ Re;5”S~&“. (58) 
dy: The following correlations are used to determine 

Fo<O,forO<y:<6*andO<O<rr, T;C=T,T, the Nusselt number and the Sherwood number at the 
(44) water droplet surface [I I] : 

Fo > 0, at 0 = 0 and 0 < J: < 6*, Nu,, = 2.0+0.6Rez:d Prz:’ 

TF = T$ or T&,,. (45) Sh,, = 2.0+0.6Rec&, SC::‘. (59) 

The expression for the bulk mean temperature of After finding the air dry bulb temperature T& and 
the film crossing any radial line, T;“bm, is as follows : the humidity ratio, W,,,;,, the wet bulb temperature is 

T&,, = i 
1 I’ 1 

determined using the following psychrometric 
2nv$ sin OT:( I + y:) dy: . (46) relation : 

sp 0 

d T: 
D,T$‘+D,T,$‘+D,T,:, = D4 (60) 

AtO=nandO<y,*<6*, x=0. (47) where 

At J$ = 6* and 0 < 0 < n, that is, at the film surface, D, = 2.381C2AT 

ar: Dz = 2.381C,AT+2.381C,R,AT-2501C, 

ay: 
- Bo+B,T$+B,T,:2 (48) 

D, = 2.381CoAT+2.381C,R,AT-2501C, -AT 

where B,, B, and Bz are defined as shown below -4.186ATW,, 

B. = - 
NurA**T*. 

2 md + 2y; ygi,;:, (Co- WIna) D, = 2501C,-2.381CoR,AT-T&AT-2501 W,, 
ma P 

+2.381R,ATW,,-1.805T:,ATW,,. (61) 
NUr RI** B,=-- Shr Prmn I** 

2 + 2Sc,, C,j+* Ja ‘I 
METHOD OF SOLUTION 

B2 = 2F;p;*;;*,: c2. (49) The following expressions for the film thickness 
ma P (a*), and the tangential velocity (t+,) are obtained by 

In the above boundary condition, Co, C, and Cz solving the film momentum equation : 
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: 

6* = (2;;i;te3”’ (62) 



-_ + -_ 5-9°C. 
I+‘,,,,, is varied from 0.0017 to 0.0046. 

FIG. 3. Finite difference grid system for the product, film, corresponds to product thermal conductivity of 
and the accompanying air, water-spray region. 0.0585-0.585 W mm’ 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]. 

II/ is varied from 0.5 to 0.75 in steps of 0.025. 

The dimensionless governing equations along with 
N* = 0.9136; LX** = 137.5; A: = 400.0; 

the initial and boundary conditions are solved using C,$* = 0.2402; L& = 3.4x IO-‘; Fr, = 0.004; 

finite difference techniques. The energy conservation 
equations for both the product and the film are solved 

Ju = 0.05; L = 6; Prr = 7.88; Prma = 0.7482; 

simultaneously using the Peaceman-Rachford Alter- q;, = 0.003 ; SC,, = 0.665 ; A** = 0.042 ; 
nating Direction Implicit (ADI) procedure. In view 
of the symmetry existing with respect to the vertical P ** = 1.273 x 10-3. 

axis, only a semi-circular region of the product needs It may be noted that the values of the dependent 
to be considered for numerical analysis. The com- quantities A$, A,$,,, Co, C,, C?, tit&,, ti$, Nur, Nuwd, 
putational domain and the layout of the finite differ- R R,, Re,, Remwd, Slur, Shwd, and v** can 
ence grid are shown in detail in Fig. 3 for one product bz’calculated from those of other independent 
layer with the adjacent air gap. A non-uniform grid is parameters. 
adopted for the solution of moist air and water in the Abdul Majeed [5] solved the hydraircooling prob- 
interstices between the products. This non-uniform lem for a single spherical product. In his analysis 
grid is obtained by horizontally extending the radial the water droplets and the air-side temperature and 
lines ending on the product surface. In the region in humidity distributions are not considered. The pres- 
between the product layers, a uniform grid is adopted. ent analysis is used to reproduce his results for a 

Neither the temperature nor its radial gradient can typical set of parameters by considering a single pro- 
be prescribed at the centre of the product owing to the duct layer with a large void fraction ($ = 0.9948). 
non-existence of radial symmetry of the temperature Satisfactory agreement is found between the two 
profile about any radial line at the centre. This prob- results as shown in Fig. 4, with the cooling times 
lem is overcome by employing a Cartesian coordinate differing by about 4%. Thus single product hydrair- 
system at the centre. After a number of numerical cooling problem can be thought of as a special case 
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experiments, a grid size of (I 7 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. [ 121. 

All the computations are performed on the com- 
puter system 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 
cl,, = I .3 x IO-’ 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. 

rz is varied from 0.0625 to 0.2187. This cor- 
responds to the entering spray water temperature 
ranging from 5 to IO’ C. 

Re,- 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- ‘. 

uiz& is varied from 0.5 to 10.0. 
r,*;,, is varied from 0.0625 to 0.1875. This cor- 

responds to an entering air dry bulb temperature of 

A* is varied from 0.1 to I .O in steps of 0.1. This 

The values of the other parameters are as follows : 
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0.7 - 

0.6 - 

0.5 - 

= 0.2857 Re, = 6.28 

T&r = 0.11 - 

wn,. = 0.0032 A* = 0.8 

ly = 0.9948 L = 1 

1 - Present Analysis 

2 - Reference [5] 

0.3 - 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

FOURIER NUMBER 

FIG. 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 

0.9 

t, 
a 0.8 

P 0.7 

E 

l-6 Different Layers in 
Bulk Hydraircooling 

$ 0.8 7 - Hydraircooling of 

; 
0.5 Single Product[J] 

ii! 0.4 

P 0.3 

1 0.2 
0 

0.1 

J 
0 0.1 0.2 0.3 0.4 0.5 0.0 

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. 5 where 
the results of single-product hydraircooling of Abdul 
Majeed [S] 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 [ 131. 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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FIG. 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 (0 = n/3, 2x/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, FCJ = 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 0 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 8. 

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 film 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 Trc, 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 I3 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 I4 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 7,,* in 

terms of the process parameters T,& Ref. ri$,,. T,*,,. 
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FIG. 14. Hydraircooling of actual food products. 

W,,,, 1*, and II/ 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 

50.2 = aOT,r”’ Re:’ ti,fT,$” W&~*“I/I’~ (64) 

where the value of the coefficient ~0, and the exponents 
ul, a2, ~73, ~4, ~5, a6 and a7 are : a0 = 1.8428 ; 
al = 0.47; a2 = -0.0618; a3 = -0.0269; 

u4 = 0.0394 ; a5 = 0.0737 ; u6 = 0.03 I6 ; a7 = 0.007 I. 

CONCLUSIONS 

A mathematical model 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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