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Abstract - Hydrair cooling of perishable food products is expected to incorporate the advantages ofboth air 
cooling and hydrocooling processes. This technique consists of passing cold air over a product which is 
continuously wetted by a spray of chilled water. An analysis which yields the time-temperature histories 
during hydrair cooling of spherical food products is presented. The ranges of parameters in which the process 

is most effective are identified. The cooling speed and the governing parameters are correlated. 

NOMENCLATURE 

a, half thickness of product [m] ; 
A,, A,, . . .,coefficients of equation (11) ; 
Bi, Biot number ; 

CP specific heat of dry air [kJ/kg K- ‘I; 
C PW’ 

specific heat of water vapour 
[kJ/kgK-‘1; 

d, coordinate distance from surface along 
diameter [m] ; 

9, acceleration due to gravity [m/h21 ; 

h, convective heat-transfer coefficient 
[kJ/hm’K-‘1; 

H, specific enthalpy of moist air [kJ/kg] ; 

1,,12,. . ., coefficients of equation (23); 

JI, J2,. . ., coefficients of equation (32); 

;, 

thermal conductivity [kJ/h m- 1 K- ‘1; 
film flow rate per wetted perimeter 

[m2/hl ; 
r, radial coordinate [m] ; 

R radius of sphere [m] ; 
Re, Reynolds number ; 
R T9 temperature ratio defined in equation 

(19); 
t, time [h] ; 

T, temperature [K] ; 

04, velocity of film flow [m/h] ; 

W, humidity ratio [kg moisture/kg dry air] ; 

x, Y, coordinate distance [m] ; 
2, half-cooling time of dimensionless 

time t*. 

Greek symbols 

thermal diffusivity [m2/h] ; 
film thickness [m] ; 
kinematic viscosity [m2/h]. 

Subscripts 

0, 

;: 
if, 

initial condition ; Description of the physical model 
air wet bulb; The physical model used for the analysis of the 
water film; problem is represented in Fig. l(a). The product, 
product-water interface; having an initial temperature of Tpo, is continuously 

m, at 4 = 7112; 

P, product; 

s, air-water interface. 

Superscripts 
* non-dimensional quantity defined in 

equation (19); 

+, non-dimensional independent parameter 
defined in equation (43). 

INTRODUCTION 

HYDRAIR cooling is a new technique of food cooling 
which combines the advantages of the conventional air 
cooling and hydrocooling. The process which consists 
of passing cold air over the product continuously 
wetted by a spray of chilled water, is under preliminary 
stages of investigation. Hydrair cooling has been 
experimentally studied by some investigators [l-3] 
and under certain operating conditions, has been 
reported to be even better than hydrocooling where 
cooling is effected by maintaining a flow of chilled 
water past the product. An analytical study leading to 
the prediction of the cooling performance during 
hydrair cooling of a slab-shaped food product is 
presented by Abdul Majeed [4]. 

This paper presents the results of a theoretical 
analysis of the problem of hydrair cooling in the case of 
a spherical food product. The energy equations for the 
product and the water film are solved using the finite 
difference technique. The results are obtained in terms 
of dimensionless parameters covering the product 
properties and processing conditions encountered in 
food cooling practice. 
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wetted by a film of water having an initial temperature 
of T/e. Cold air with a wet bulb temperature T, flows 
over the wetted product yielding a uniform surface 
heat-transfer coefficient, h. The product has a radius R. 
The thickness of the liquid film varies over the product 
but is symmetrical with respect to the vertical axis. 
Heat and mass transfer takes place from the liquid film 
into the stream of cold air. 

Formulation of the problem 
The coordinate system for the analysis is shown in 

Fig. 1. The film temperature varies with 12, and r but is 
invariant in the jt (azimuthai angle) direction because 
of the symmetry offlow and heat-transfer conditions in 
that direction. Application of the continuity, momen- 
tum and energy equations to the layer of flowing liquid 
results in the governing equation of the form, 

where v, denotes the velocity at any point r in the 
liquid film. For smooth laminar two dimensional flow 
over a vertical surface, U+ is given by [S] 

cg = t sin 4 @y, - ~$2) (2) 

where y, is the distance from the surface to any point in 
the film defined as 

_rr = r - R. (3) 

Due to the heat transfer in the film being two- 
dimensional, the heat transfer within the product also 
is two-dimensional which is written as, 

The two boundary conditions in the r-direction are 
identified from energy balance considerations at the 
product-liquid film interface on diametrically op- 
posite points. To facilitate using these conditions, the 
origin of the coordinate system is shifted from the 
centre to the periphery and the (r, 4) system changed to 
(d,B) system as shown in Fig. l(b) and l(c) by the 
following transformations. 

(a) For the region d = 0 to R and H = 0 to n 

r = (R - d) and 4 = (0 + n) (5) 

(b) For the region d = R to 2R and B = 0 to 71 

r=(d-R) and@=@. (6) 

Introduction of substitution given by equations (5) or 
(6) into equation (4) will yield the same equation given 

by. 

8 T‘. 2 tJT_ cot0 PT., 
Td!L + ____ 2 + --..--.; + 

(d - R) dd (d - R)- t,B 

Water film 
(Initial temperature Tfa 1 

FIG. I. Physical model and coordinate system. 
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The initial and boundary conditions of equation (1) 
are obtained as follows: 

The initial uniform temperature within the liquid 
film yields : 

T, = T/, at t = 0 for R I r < (R + 6) 

and 0 5 C$ 4 271. (8) 

A continuous flow of water is assumed from the top of 
the product to maintain a film of flowing water. This 
gives the condition, 

T, = T/, at 4 = 0 for R < r I (R + 6) 

and t 2 0. (9) 

At the surface of the water film the energy exchange 
with the air stream takes place by a combination of 
sensible and latent heat transfer. This is taken into 
account using the definition of enthalpy potential [6] 
which when applied to the liquid film yields, 

_k aT,= c +“,C /ar p (H,-H,) atr=(R+& 
PW 

for 0 < 4 I 271. and t > 0 (10) 

where H, is the specific enthalpy of the free stream air 
which is generally unsaturated. The enthalpy of un- 
saturated air can be represented with sufficient ac- 
curacy by the enthalpy of saturated air at its thermo- 
dynamic wet bulb temperature [7]. The enthalpy of 
saturated air can be expressed as a function of the 
temperature by a second degree polynomial as, 

H=A,+A,T+AzT2. (11) 

At the product-water interface, a good thermal 
contact between the two is assumed to exist resulting in 
the same temperature for both product and water film. 
Thus, 

Tp=Tif(4,t) atd=O andd=2R 

for 0 I 0 I 7~ and t > 0 (12) 

Tf = T,/(c,b, t) at r = R 

for 0 I C#J I 271 and t > 0. (13) 

Equations (l), (8) -(lo) and (13) completely define 
the problem of heat conduction in the liquid film. 

For the product, based on the physical model, the 
following initial and boundary conditions are written 
for equation (7): 

T,, = Tpo at t = 0 for 0 5 d 5 2R 

and 0 I 0 I z (14) 

dT 
A=0 ate=0 forO<d<2R andt>O 
ae 

and 
(15) 

aT 
-I=0 at tI =n for O<d 5 2R and t 20 
ae 

(16) 

Energy balance at the interface results in, 

kar,=_kaT, p ad ’ ar 

and 

at d = 0 for 0 I 0 2 n and t > 0 (17) 

- k,%r_ -k,F 

at d = 2R for 0 < 0 I n and t > 0. (18) 

Equations (7), (14)-(18) completely define the pro- 
blem of heat conduction within the product. 

In order to obtain the results in a generalised form, 
the governing equations and boundary conditions are 
non-dimensionalised using the following definitions : 

r-R d*=$, r*=-, T; = 
Tp - T. 

6 Tpo - To’ 

T, - T. 
T;=p, 

Ts - Ta 

Tzo - T, 
T,* = ~ 

T,o - To 

T, = Tif - Ta 
I/ 

Tfo - 7’0’ 

&=F, k*=k, UP cl*=--, 

P % ’ “/ 

t* = cr,t 

R= ’ 
R*LgR3 g*=6, 

2’ m v f R’ 
where 

(19) 

The dimensionless distance r* varies from 0 at the 
product surface to 1 at the film surface. The variation 
of the film thickness 6 with 4 is given by [5], 

(20) 

where Re, represents the film Reynolds number de- 
fined by 

Re, = g 
v f 

For a constant volume flow rate over the product 
surface, 

6 = R6: cosec2’3 4. (22) 

On introduction of equations (ll), (19) and (22), the 
governing equations and boundary conditions take 
the following dimensionless form : 

Product. 

a2 T* a2 T* 
d + I,@*)% + h(d*)$- 

+ r,(d*,0)% = 4% (23) 
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Tf = 1 at t* = 0 for 0 I: d* I 1 and 0 < 0 I 7~ 

(24) 

aT* 
p=O at 6’= 0 for 0 
ae 

2 d* 5 1 and t* 2 0 

(25) 

s=O at t?= 7~ for 0~ d* I 1 and t* 20 
a9 

(26) 

3_ 2 

ad* - - 

R, sin2j3 4 aT; 

k*6* m ar* 

at d* =0 for 01 0 <n and t* >O (27) 

aT* R sin213 C$ aT; P=2--z- 
ad* k* 8; 

ar*at d* = 1 

where 

for 0 2 Q I 71 and t* > 0 (28) 

2 
I,(d*) = 

(d* - 0.5) 
(29) 

1 
lz(d*) = (d* _ 0,5)2 

cot 0 
13(d*, 0) = 

(d* - O.5)2 

Liquid $lm. 

a2 T* 
J’(4)+ + Jz(9hr*)s - J,($,r*)z 

(30) 

(31) 

T; = 1 at t* = 0 for 0 2 r* 5 1 

and 0 I 4 < 27~ (33) 

T; = 1 at C#J = 0 for 0 < r* < 1 

and t* > 0 (34) 

TF = T$(4,t*) at r* = 0 

for 0 2 4 I 27~ and t* > 0 (35) 

at r* = 1 for 0 < 4 I 27c and t* > 0 (36) 

where, 

J1($) = sin’ 4/S;’ (37) 

2 sin’ f$ 

‘2(” ‘*) = s:[J*(d) + 6zr*] 

+ iPrlR* 
f5:2r*2( 1 - r*/2)cos 4 

Jd4) + Gr* 
(38) 

6z2r*(1 - r*/2)sin & 
J,(d,r*) = Pr,R* ~~~__ .._ ~ 

J4(4) + 6zr* 
(39) 

J4(4) = sin2 3 d, 140) 

J, = k* BiS;( T;* - 7: j, 142) 

In equations (41) and (42), the non-dimensional 
temperature parameters T&, and T,i are obtained by 
defining a new parameter. T’ as, 

(43) 

The specific heat of air at constant pressure, C, is 
assumed to be constant at 1 kJikg K- ‘. The quantity. 

WC,, may be assumed constant at 0.021 kJ/kgK-‘. 
The coefficients of equation (11) for the range of wet 
bulb temperatures from - 10 to + 1O’C are: 

A, = 9.30770, A, = 1.75289. A, = 0.02193 

144) 

which yield H in kJ/kg. 

From equations (19), (20) and (22), 

6: = [3Re,/R*]’ ’ 

where 

(45) 

Re, = Res at 4 = rrj2. (46) 

The values of the parameters required for com- 

putation are those of k*, CI*, R*, T:. T;,,. T&. Re,, Pr, 
and Bi. 

METHOD OF SOLUTlOh 

The solution of the energy equation for the product 

and the film given respectively by equation (23) and 
equation (32) is obtained numerically using the finite 
difference technique. AD1 method is used for the 

solution of equation (23). The equations are solved 
simultaneously by an iteration procedure described 
hereunder. 

At a time step, a value is assumed for T$ at every 
C$ in equation (35) to solve the energy equation 

of the film. ST;/&* at r * = 0 for all values of Cp are 

calculated from which iiTj/&* at d* = 0 and d’ = I 
are determined for 0 < 0 5 7~. These are used in 
equations (27) and (28) and energy equation for 
product is solved. The values of Tf so obtained at d* 
= 0 and d* = 1 for various values of 4 are compared 
with the values corresponding to those assumed for 
interface temperature T$ in equation (35). If they are 
different, another set of values are assumed for TjC/ in 
equation (35) and the procedure is repeated. This is 
continued till the assumed values of interface tempera- 
ture and those obtained from the solution of equation 
(23) agree within allowable tolerance. In the actual 
computation, an arbitrary uniform value, say 1.2, is 
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assumed for T$ at every 4 in equation (35) and 
following the above procedure, a set of values of Tp* at 
the product surface are calculated. Another arbitrary 
uniform value, say 1.5, is assumed for T$ in equation 
(35) and a second set of calculated values of Tz are 
obtained at the product surface. From the two sets of 
assumed and calculated values, a third set of values of 
T$ is determined by the use of an iteration scheme. 
This new set of values of T:/ is used to calculate a new 
set of Tz at the product surface and the corresponding 
values of T$- and Tz are compared at every point. If 
the assumed value of T$ and the calculated value of 
T,* do not agree within allowable tolerance at each 
point of the product surface, other values of TrJ as 
determined by the iteration scheme are assumed and 
the calculations repeated till the assumed value of T$ 
and the calculated value of Tz agree at every point. 
The iteration scheme by which the correct values of T:f 
are obtained in about five iterations is described 
hereunder. 

Figure 2 gives a schematic representation of the 
iteration scheme. DEF represents the relation between 
the assumed value TA and the calculated value Tc of 
the temperature at the product-liquid interface. Two 
arbitrary values of TA, say TA1 and TAz are assumed 
and the corresponding values of T,, and T,, are 
obtained after solving the governing equations for the 
liquid film and the product. The points (TA1, T,,) and 
(Taz, T,--) are represented by D and F. 03 represents 
the line, T, = TA. OB and I)F (or DF produced) 
intersect at G. The value of T,, at G, say TAX is used to 
calculate a third value of T, say Tc3. The point (TA3, 
Tc3) is represented by I-I. I is obtained by proceeding 
from H parallel to DF. Using the value of TA at I, point 
J is obtained. Iterations are proceeded likewise till 
point E, where TA = T, is reached. Here convergence 
is ensured even if the initial guess values of TA1 and 
T,, are far away from the converged value. 

Assumed wives of interface temperature 

FIG. 2. Schematic representation of iteration scheme. 

ltESULTS AND DISCUSSIONS 

The results are computed for the following govern- 
ing parameters : 

(i) The dimensionless wet bulb temperature of air, 
T,’ is varied from 0.04 to 0.2 in increments ofO.04. This 
corresponds to a wet bulb temperature range of 
2-10°C. 

(ii) The dimensionless initial water temperature, 
Tf,, is varied from 0.1 to 0.4 in increments of 0.1. This 
corresponds to a temperature range of 5-20°C. 

(iii) Bi is varied from 0.1 to 10.0 as 0.1,5.0 and 10.0. 
This range of Bi values covers air velocities up to 5 m/s 
characteristic dimension of the product up to 20cm 
and thermal properties of a wide variety of products. 

(iv) The film Reynolds number, Re, is varied from 
0.1 to 1000 as 0.1, 1.0, 10.0, 100 and 1000. This 
corresponds to a film thickness range of0.04 to 0.9 mm 
(over the surface at # = 90’). 

The above ranges of parameters cover the process- 
ing conditions, product sizes and thermophysical 
properties normally encountered in precooling prac- 
tice. As the main emphasis in the analysis is on the 
effect of process parameters, the product dependent 
parameters such as T&, k*, IX* and R* are given 
representative values during computation. 

For the above values of variables, analytical results 
are obtained in terms of dimensionless temperature 
within the product against dimensionless time para- 
meter. The analysis also yields the temperature profile 
across the product sections. 

Figure 3 shows typical temperature profile within 
the product at different times prevailing along a 
diameter at two different values of 8. As is expected, the 
profiles are symmetrical with respect to the centre for 0 
= 90”. For 6 = 30”, the temperature at d+ = 0, which 
is a point near the bottom surface, comes down with 
time whereas at d* = 1, a point near the top surface, all 
profiles approach one temperature which is the initial 
temperature of water with which the top surface is 
always in contact. 

Figure 4 shows the effect of variation of Rem at a low 
value of T,‘. At the chosen values of other parameters, 
there is no effect of Re,,, for its values greater than 10. 
Also, for Re, 7 1, the final temperature of the product 
at the centre approaches the initial water temperature, 
indicated by RT. Re,,, < 10 results in a higher product 
temperature in &he beginning of the cooling process 
than for Re, 2 10. This is because, in the beginning of 
cooling, higher heat flux from the product produces a 
higher interface temperature than T,, due to the 
insufficiency of film flow for carrying away all the heat, 
However, at the later stages of cooling, the interaction 
of air with water film helps to reduce the film 
temperature in the case of low Re,,,. 

The effect of varying Re,,, at a high value of Tz is 
given in Fig. 5. This condition represents smaller 
temperature difference between water and air. Here 
also, the trend in cooling characteristics is similar to 
that in Fig. 4. Cooling with low Re, is slower because 
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FIG. 3. Typical temperature profile within product. 

Ocf0.60 k: 0.60 R:3.5xlt? 

T&O.60 T&O.20 4=a286 Bi =l.O 

T; ~0.04 

CENTRE 

L I I I I I 
0 0.1 0.2 0.3 0.h 0.5 

t* 

FIG. 4. Effect of film Reynolds number al low Tz. 

of low interaction between air and water due to low 
vatue of Bi. 

Figure 6 shows the effect of varying Re, at a low 
value of Bi. It is found that the cooling rate increases 
with Re,,, up to a value of Re, = 10, beyond which the 
influence of Re, is negligible. The increase in cooling 
rate with Re, is due to the condition of low Bi 
considered here which stipulates a low heat-transfer 
coefficient. Hence the contribution of air in the cooling 
process is not significant and cooling rate is mainly 
dependent on the liquid flow rate which increases with 
Re,,,. 

The eifect of varying Re, at a high value of Bi is 

presented in Fig. 7. It may be seen that the trend in 
cooling characteristics is reversed in this case com- 
pared to that at low value of 8i. Due to the high Bi 
considered, the influence ofair wili be felt in the cooling 

of the film significantly at lower values of Re,. 
In Fig. 8 is given the effect of variation of Bi at two 

different values of T;,,. It may be seen that for values of 
other parameters considered, variation of Bi over a 
wide range produces very little effect on the cooling 
characteristics for T_&, = 0.1 whereas for T& = 0.4, 
the influence of Bi is significant. This is because, in the 
latter case, the temperature difference between water 
and air is high which results in high heat-transfer 



Heat transfer during cooling of spherical food products 329 

potential. This produces greater cooling at higher Bi 
values, However, it may be seen that smaller difference 
between air and water produces faster cooling rates. 

The effect of Bi variation at a low and a high value of 
Re, is shown in Fig. 9. As may be seen, for Re, = 0.1, 
there is considerable increase in the rate of cooling as 
the Bi is increased. This is due to the fact that at high Bi, 
there is more effective interaction of air and water, 
resulting in the fast reduction in the film temperature 
which approaches the air temperature represented by 
‘0’ on the T: scale. At very high Re,, variation of Bi 
over wide range has only small influence on cooling 

because of the high flow rate associated with high Re,. 
Effect of parameters such as T&, k*, a* and R* have 

also been studied by varying them over wide ranges for 
fixed values of other parameters. It is observed that 
only negligible effect on the cooling characteristics is 
produced by these parameters with the exception of 
T&. 

Figure 10 shows the effect of variation of T& on the 
cooling characteristics. It may be observed from the 
figure that change in T$, affects the cooling rates over 
wide range of Bi values. The higher cooling rates 
accompanying higher T& are due to a larger tempera- 

&0.60 h== 0.80 Rkxlt? 

l&=0.60 l& =0.20 RT SO.091 Bi *l-O 

J 1: =0.16 

CENTRE 

l 0 
I- 0,6- 

O.b- 

0.2 - 

FIG. 5. Effect of film Reynolds number at high TJ. 

cC:O.60 h*= 0.60 R53.M 

l&,=0.60 T;, .0.20 f .0.06 RyO.231 

Bi ~0.1 

CENTRE 

FIG. 6. Effect of film Reynolds number at low Bi. 
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‘X:0.80 h’= 0.60 R:3.5x10g 

T&I =0.60 T;o =0.20 T; =0.00 RT =0.231 

Bi ~10.0 

1.0 \, CENTRE 

FIG 7. Effect of film Reynolds number at high Bi 

-----___-__--- 
0.6 

FIG 8. Effect of Biot number for low and high values of T,, 

ture gradient existing within the product due to the 

higher initial temperature of the product. However, 
faster cooling rates here do not necessarily indicate 
lower product temperatures since T& appear in the 
definition of Tp*. 

The effectiveness of hydrair cooling can be seen by a 
comparison with the conventional air cooling. Figure 
11 gives the comparison for a typical set of parameters. 
A low value of 0.1 is used for the film Reynolds number 
Re, as hydrair cooling is effective only at low values of 
Re,. The figure shows that, at Bi = 5.0, air cooling 

requires 60 y0 more time than hydrair cooling to bring 
down the temperature to a value of T,* = 0.2. The 
difference is less at low value of Bi. 

It may be seen that hydrair cooling also helps to 
eliminate dehydration of moist food products which is 
common with conventional air cooling. The presence 
of a continuously flowing liquid film over the product 
surface prevents the formation of a vapour pressure 
gradient across the product-liquid interface which is 
the driving force for moisture transfer. 

The foregoing discussions reveal that the major 
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influencing parameters on the hydrair cooling process 
are Re,, Bi, 7’& and the difference (AT),, f between the 
initial temperature of water and the wet-bulb tempera- 
ture of the air defined by, 

(AT),,f = Tfo - 7-l. (47) 

With a view to correlate the factors that affect the 
cooling, the first half cooling time, Z,,, is taken to 
indicate the cooling speed. In conventional cooling 
practice, half-cooling time is a measure of cooling 
speed. In hydrair cooling, due to the presence of water 
film over the surface of the product, it is observed that 
halfcooling time does not remain constant throughout 

the cooling process. However, the first half-cooling 
time may be taken to compare the rate of cooling 
under different conditions. Of the variables affecting 
cooling, it has been shown that, the value of the film 
Reynolds number, Re, governs the pattern in which 
the different parameters affect the cooling rate. Thus, it 
may be seen that when Re, is included, the variables 
become uncorrelatable. Hence, a correlation of the 
first half-coohng time, Z,,, with (AT),, I, Bi and Ti,, is 
obtained for different constant values of Re,. Since 
hydrair cooling is found to he advantageous only at 
lower values of Re,,, the values chosen for Rem are 0.2, 
0.5 and 1.0. The correlation is obtained by the multiple 

K’lO.80 IS*= 0.80 R*4.Sx10y 

&=0.60 T;,,=O.M 6 ~0.08 Ry0.231 

Rem = 0.1 ond 1WO 

CENTRE 

FIG. 9. Et&et of Biot number for low and high values of Re,. 

40.80 k: 0.80 R:3Sr16 

Tfo=0.20 1: =O.OB Re,=l.O 

Bi ~1.0 and 10 

CENTRE 

I 

Ret. 10. Effect of initial product temperature. 
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Hydroir EC= 0.80 k: 0.80 R:3.5x10g 

Ceoti”g R,.~O.231 T&=0.20 RemsO. 

T&*0.6 T;=O.O6 

~ Hydroir cooling I 
-----Air cooling 1 

CENTRE I 

J I I I i 
0 0.1 0.2 0.3 0.4 0.5 

t’ 

Frc;. 11. Comparison with air cooling. 

Table 1. %0,5 = a,(A.T)zi,BP’7$,“’ 
l__~_.__l__._.._ ._~ _-.__ _ _-_~.^~~~_._._.-_~. ~_~~_ 

Product Correlation 
geometry Re, a1 a2 u3 (14 coefficient 

______-__l._.____-_ __-_-.--._ . ..~___ ~...__-.-.. _ . . . -. ~.. ~~ ~~~~ . 
0.2 0.2440 0.0497 - 0.1807 - 0.1066 0.997 

Sphere 0.5 0.2422 0.0989 - 0.0900 - 0.0980 0.973 
1.0 0.2246 0.1110 - 0.0483 - 0.1526 0.955 

- _-..._--__.~_ .~ --... I ..--. - ~-~...- ..- .-. -.---. --- ~~ 

linear regression analysis and is of the form : 

Z o,5 = a, (A’F):;,L%F T;$. (48) 

The coefficients a,, a,, a3 and a4 are given in Table 1. 
The correlation covers values of (AT),, ,. up to 0.16, 

Bi up to 5.0, T& from 0.4 to 0.7 and is applicable over 
wide ranges of tl*, k* and R* as it is found that the effect 
of varying these parameters has negligible influence on 
cooling. 

The correlation can be used for quick estimation of 
the first half-cooling time of products when the 
processing conditions and product properties are 
known. This would also be useful in obtaining an idea 
about the relative performance of the hydrair cooling 
process compared to other precooling techniques. 

It is to be noted that the anafysis presented above is 
for cooling of a single product. In bulk cooling, the 
presence of other products can affect the pattern of air 
flow and film flow past the product. The film flow 
pattern can still be assumed same as only point contact 
can theoretically exist between spheres. Hence analysis 
will hold good for bulk cooling also provided that Biot 
number is calculated based on the convective heat- 
transfer coefficient for the air flow conditions prevail- 
ing around individual product. 

The accuracy of the analytical prediction has been 
established with the help ofelaborate ex~rimentation, 
the details of which will be presented in a subsequent 
report. 

CONCLUDING REMARKS 

An analysis which yields the time temperature 
histories during hydrair cooling of spherical food 
products is presented. The cooling speed and the 
governing parameters are correlated. It has been 
observed that hydrair cooling process is beneficial at 
lower values of film Reynolds number, i.e. at lower film 
flow rates, for smaller differential between air and 
water temperatures. The cooling effect is pronounced 
at higher values of Biot number. i.e. at higher air 
velocities. 
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ANALYSE DU TRANSFERT THERMIQUE PENDANT LE REFROIDISSEMENT HYDRAIR DE 
PRODUITS ALIMENTAIRES SPHERIQUES 

RCumi - Le refroidissement hydrair des produits alimentaires pirissables est envisage pour allier les 
avantages du refroidissement a l’air et du refroidissement a l’eau. Cette technique consiste en un passage d’air 
froid sur un produit qui est continuellement humidifie par un brouillard d’eau pulvbis&e. On presente une 
analyse qui d&it l’histoire temps-temperature pendant le refroidissement hydrair de produits spheriques. 
On determine les domaines des paramitres dans lesquels le micanisme est les plus efficace. La vitesse de 

refroidissement est exprimee en fonction des paramitres. 

UNTERSUCHUNG DES WARMEUBERGANGS BE1 “HYDRAIR-KUHLUNG” VON 
KUGELFORMIGEN LEBENSMITTELN 

Zusammenfassung-Die “Hydrair-Kilhlung” von leicht verderblichen Lebensmitteln sol1 sowohl die 
Vorteile der Kaltluft- als such der Eiswasser-Ktihlung vereinigen. Das Verfahren besteht darin, kalte Luft 
iiber ein Produkt zu leiten, welches kontinu~erlich von Eiswasser bespriiht wird. Es wird uber eine 
Untersuchung berichtet, in welcher der zeitliche Tem~raturverlauf in kugelf~rmigem Kiihlgut wiihrend der 
“Hydrair-K~hlung” ermittelt wurde. Die Parameter-Bereiche, innerhalb deren das Verfahren ameffektivsten 
ist, werden bestimmt. Die Kiihlgeschwindigkeit und die bestimmenden Parameter werden miteinander in 

Beziehung gebracht. 

AHAJIM3 IIEPEHOCA TEIIJIA IIPH 3OAHG-BO3JIYIIIHOM OXJIA?KJ(EHMH 
IIMIIIEBbIX IIPOJIYKTOB C@EPAYECKO@ (DOPMM 

AHnoTamin - Bonrro-eoanyumoe oxna~nenne nnmeabni 11pOnylc~0~ BKnlOLfaeT B ce6r npeHMyurecTna 

BO3nyLUHOrO Ii BOLlRHOI.0 OXJIa;KXeHHS. MeTOnHKa COCTOUT B ~pOnyBs%iHH XOJlOnHOI'O BOWlyXa Han 

n~ny~oM.He~~p~BHo cMaSHBaeMbtM 0xnamnefiHoii ~0~~06 asposonbro. IlpHBeneH aHamf3,n03~0- 

nK~~~~ IlOJIyYHTb B~MeHHy~ 3aB~C~MO~b TeM~e~Typ~ ZIpa BO~HO-BO3ny~HOM O~a~ReHHH 

nsimesbtx nponyxroe c+epwsecKoii QtopMbi. Onpenenenbi miana30HbI napaMeTpoB. B xoropbrx npouecc 
RBJIleTCK HatiOJlee 3#$eKTHBHblM. ROJIyqeHa 3aBHCWMOCTb Memny HHTeHCHBHOCTblO OXJEGUAeHKIl I4 

OCHOBHbIMH IlapaMeTp?.MH. 


