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ABSTRACT 

The residence time distribution (RTD) studies were conducted to predict the 
flow characteristics in thin film SSHE. The experiments were conducted at zero 
heat flux using water as wrking fluid. A pulse input in form of saturated sodium 
chloride solution was used as the disturbance at inlet and the response in form 
of electrical conductivity was measured at outlet. Thirty-two trials were conducted 
at different flow rates, number of blades and rotor speeds. The E-curves were 
plotted. It was inferred that the flow in thin film SSHE approximates to plug flow. 
Also, as the mass flow rate increased, RTD improved. m e  increasing number 
of blades resulted in appreciable improvement in RED. m e  rotor speed had similar 
effect as that of number of blades on RTD. However, the number of blades had 
more profound effect as compared to rotor speed. Ifthe rotor design is modified 
then RTD can be improved and simultaneously the power consumption can be 
kept at minimum. 

INTRODUCTION 

When a process fluid is heated continuously by directing it through a heat ex- 
changer, not all liquid particles are heated for same length of time. This is because 
of what is called residence time distribution (RTD). In order to facilitate the design 
of process equipment, understanding flow characteristics is of paramount impor- 
tance. Among the approaches to this end, study of residence time distribution 
seems to be most useful. 

Generally, flow pattern is examined in the perspect of two ideal situations which 
are opposite to each other. If the flow in the heat exchanger is such that velocity 
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72 H. ABICHANDANI and S. C. SARMA 

distribution is flat across the flow passage, the system is said to be under plug 
flow condition. In this case, there is no spread of residence time. On the other 
hand, the complete mixing implies that the properties of medium are uniform 
inside the heat exchanger including those at the outlet. It is obvious that a real 
system will not behave exactly as a plug flow or completely mixed one and very 
often deviates quite significantly from both. However, theoretically, as the number 
of completely mixed vessels connected in series increases to infinity, the system 
approaches a plug flow. 

Lin (1979) has discussed theory of residence time distribution of flow and its 
application in estimation of the sterilization efficiency of process equipment. It 
was concluded that for flows in equipments such as plate heat exchangers and 
scraped surface heat exchangers which have either complex channel geometries 
or moving accessory along the flow passage, experimental determination of the 
residence time distribution is necessary because the flow patterns in them become 
too complicated to be adequately described by a mathematical model. Danckwerts 
(1953), Levenspiel (1962), Freeze and Glover (1979) studied the RTD in ver- 
tical thin film scraped surface heat exchangers (0.025 m to 0.1 m diameter and 
0.5 to 0.8 m length). However, no adequate information is available on RTD 
in horizontal thin film SSHEs. 

The purpose of present study is to discuss the RTD in straight-sided horizontal 
thin film SSHE and also to examine the effect of various variables viz. mass flow 
rate, number of blades and rotor speed on the RTD. 

MATERIALS AND METHODS 

The schematic hook-up of experimental set up is shown in Fig. 1. The study 
was carried out under isothermal conditions at zero heat flux. The water was filled 
in feed tank (1) at room temperature and then pumped through a lob-type positive 
displacement pump (2) into the heat exchanger (5). The regulating valves (3) were 
adjusted until the desired flow rate was achieved as shown by rotameter (4). The 
variable speed drive (7) was energized and the rotor's (6) speed was adjusted 
by means of manual speed controller. The rotor was provided with swinging type 
scraper blades. Due to the centrifugal action of blades, the fluid spreads over 
the heat transfer surface in form of a thin film. Saturated soclium chloride solu- 
tion (5 rnL) as tracer was injected at the inlet in form of a pulse (stimuls). Samples 
were drawn from the outlet stream at periodic intervals of 5 s. The conductivity 
of these samples i.e., responses were measured by the conductivity bridge. 

The hold-up volume inside the heat exchanger for a particular flow rate, number 
of blades and rotor speed, was measured by suddenly stopping the pump motor 
and then immediately collecting the liquid in a measuring container. Sufficient 
precautions were observed to ensure the volume of liquid collected was exclusive 
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of that flowing in interconnecting pipes. The tracer was then evenly mixed in 
each hold-up volume and the conductivity was measured. This conductivity is 
termed as mean conductivity (c). The mean residence time (T) is the ratio of 
hold-up volume to the volumetric low rate of liquid. Thirty two experiments were 
conducted. 

On the basis of diameter of experimental heat exchanger (0.34 m) which was 
large when compared to those in the literature, the rotor speed was kept in range 
1.67 to 5 rps to obtain rotational Reynold's number of 3.8 x lo5 to 1 1.7 to lo5. 
The length of heat exchanger was 0.76 m. Material of construction was 
304-stainless steel. 

Flow rate of water was varied from .025 to 0.062 kgls, thereby film Reynold's 
number ranged from 170 to 470. 

Number of blades (variable clearance type) employed in the study were 2, 4, 
6 and 8. Details of blades were as follows: 

Mass - 0.114 kglblade 
Length - .069 m 
Width - 0.0135 m 
Thickness - 0.00175 m 
Material - 304-stainless steel 

RESULTS AND DISCUSSION 

In the pulse form of disturbance, a tracer is injected for a short time at t = 
0 and change in concentration at the outlet is measured. If the observations are 
plotted in terms of dimensionless concentration ( c I ~ )  and time (tlt), the resulting 
graph is called E diagram (Leniger and Beverloo 1975; and Levenspiel 1974). 

For an ideal mixer, it can be shown that: 

where, F (t) is the probability of residence time smaller than or equal to t. 
For n-ideal mixers: 

E (t) = 
nn 

(n - I)! [+] ' -' EXP [ y] 
As can be seen: 
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and maximum is obtained by equating either of them to zero. This yields: 

It can be easily seen that as n + 00, tlf + 1 which represents ideal plug flow. 
Thus, closer the value of tlito unity for which C I ~  is maximum in E(t) diagrams, 
the flow in the processor is near to the plug flow. 

The observed E-curve can also give clues to poor contacting and flow in the 
process equipment. The defects like, channeling, presence of stagnant regions in 
the processor and fluid channeling down two parallel paths, can easily be detected 
from E-curves. 

The data generated during the experiments are illustrated in Fig. 2 to 5. It is 
noticed that all curves start at a certain value of C I ~  essentially because of initial 
conductivity of water. Soft water was used in the experiments. 

Effect of Various Parameters on RTD 

Mass flow rate, M. Figure 2 illustrates the effect of mass flow rate on RTD 
with number of blades as 2 and rotor speed 2.5 rps. A mechanism governing 
fluid flow, film formation and action of rotating blades on heat transfer is ex- 
plained elsewhere (Abichandani and Sarma 1987). As the mass flow rate was 
increased, the RTD improved. This could be attributed to higher turbulence in 
the fillet and of fluid film (the fluid distribution in thin film SSHE is assumed 
to be in form of a triangular fillet in front of the blade and as film past the tip 
of blade). At low mass flow rate of 0.025 kgls (film Reynold's number 170), 
the fluid seemed to be in form of film only which resulted in less turbulence and 
hence poor RTD. The maximum mass flow rate of 0.062 kg1S approxiated to 
n = 8 (t/i = 0.87) of ideally stirred reactors. Thus, it is obvious that the mass 
flow rate for the SSHE should be so maintained that n is maximum. During sen- 
sible heat transfer studies, it was observed that increase in mass flow rate resulted 
in higher values of scraped film heat transfer coefficient. 

Number of Blades, B. Figure 3 shows the effect of number of blades on RTD. 
The number of blades were varied from 2 to 8, keeping the mass flow rate at 
0.025 kgls at 2.5 rps. 

It is interesting to observe the effect of the number of blades on RTD. Higher 
its number, closer the RTD to plug flow. The closest value of t / i  to unity oc- 
curred with 8 number of blades. The increase in number of blades results in greater 
degree of turbulence and radial mixing which are equally responsible for improved 
RTD . 

However, the rotor power consumption increases with number of blades. It 
was also seen during heat transfer studies that increasing the number of blades 
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C - CURVES 
M - 0.025KglS 
N - 2 .5  RPS 

EAL PLUG FLOW 

FIG. 3. EFFECT OF B ON R.T.D. 

beyond 4 did not appreciably increase film heat transfer coefficient (Abichan- 
dani and Sarma 1987). Therefore, it may not be of much advantage to operate 
the SSHE with blades more than 4 merely to improve the RTD. Thus, there ex- 
ists a need in redesigning the rotor that gives improved RTD simultaneously keep 
ing power consumption at minimum. 

Rotor Speed, N. Figure 4 illustrates the effect of rotor speed on RTD with 
mass flow rate of 0.025 kgls and four blades. It was earlier mentioned that in- 
crease in rotor speed would cause higher turbulence in fillet and film and its ef- 
fect is somewhat similar to that obtained from increasing the number of blades. 
Although the closest values of t/? to unity at which C/F is maximum, do not 
vary appreciably; the fact that the peak width of E-curves at higher rotor speeds 
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is narrowed, shows improvement in RTD with increased rotor speeds. It is in- 
teresting to compare Fig. 3 and 4 and observe that the number of blades have 
more pronounced effect on RTD as compared to rotor speed as peak widths of 
curves in former case are relatively narrower. This is obviously due to the in- 
creased fillet volume at higher number of blades and more frequent interception 
of inlet-outlet path which minimizes channeling. 

CONCLUSION 

The flow pattern in horizontal thin film SSHE is demonstrated. The RTD can 
be improved by increasing the mass flow rate, number of blades and rotor speed. 
However, it was found that the number of blades has more profound effect on 
RTD as compared to the rotor speed. If the rotor design is modified, may be 
by staggering the blades, then RTD can be improved and simultaneously the power 
consumption can be kept at minimum. 
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ABSTRACT 

A simple model is proposed to estimate freezing times of foodstuffs of simple 
geometrical shapes (injnite Pat slabs, injnite cylinders, spheres, rectangular 
parallelepipeds andjnite cylinders). This model combines Plank's equation for 
change ofphase period with the unsteady heat transfer solutions Jbr cooling periods 
before and ajter phase change. 

;rite total freezing time is obtained by the determination and the summation of 
the precooling, phase change and tempering times. The results produced are at 
least as accurate as or better than any of the previous methods, including regres- 
sion formula and jnite difference computations. 

Tables required for fast and accurate predictions offreezing times of foodstuffs 
with this method are provided. 

INTRODUCTION 

Freezing is one of the most important methods of food preservation. Many at- 
tempts have been made to find a reasonably simple method for predicting freez- 
ing times. Freezing of foodstuffs involves unsteady heat transfer with phase change 
which makes calculation rather complicated. It has been shown that practical freez- 
ing problems involve convective cooling at the surface, and initial superheating. 
Furthermore, during freezing of foods, latent heat, released over a range of 
temperature and thermal properties in either the frozen or unfrozen phases is not 
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82 C. LACROIX and F. CASTAIGNE 

constant. Because of these problems and the inherent nonlinear boundary condi- 
tions, no general analytical solution exists for predicting the freezing times of 
foodstuffs. 

A variety of methods to predict freezing times for foods have been suggested 
and very good reviews and assessments have recently been published (Ramaswamy 
and Tung 1984; Cleland and Earle 1984). These can be classified into two groups. 
The first group are the numerical finite difference and finite element solutions. 
This approach can handle all types of boundary conditions, shapes and variations 
in the thermal properties of the freezing material. Although numerical models 
are more exact, they are difficult to use in practice. They require possession of 
the appropriate numerical programs and computers, something rarely feasible 
for the user of these types of calculation. The second group comprises those 
methods where simplifying assumptions are made. They lead to the solution of 
partial differential equations to yield completely analytical and explicit formula. 
Most of these simplified analytical models are based on modifications of Plank's 
equation (1941), restricted to systems with an initial temperature equal to that 
of equilibrium, constant properties, pseudo-steady state conduction in the frozen 
layer and final temperature at the center equal to the initial one. 

Numerical corrections have been proposed for Plank's equation, without tak- 
ing into account sensible heat above freezing (Nagaoka et al. 1955; Plank 1963; 
Cleland and Earle 1977 and 1982; Hung and Thompson 1983), as well as com- 
binations of equations without change of phase (Mascheroni and Calvelo 1982; 
De Michelis and Calvelo 1982 and 1983). Most of these methods are of limited 
use or are not sufficiently accurate for design purposes. 

In the present report, models are developed for fast and accurate predictions 
of freezing time for various geometrical shaped products (infinite flat slabs, in- 
finite cylinders, spheres, rectangular parallelepipeds and finite cylinders). Tables 
required for calculations are provided. 

THEORY 

The experimental food freezing curve as presented in Fig. 1 can be divided 
into three different areas: 

(1) a cooling period with unsteady state heat transfer, where the product is cooled 
from the initial temperature to the beginning of freezing temperature. 

(2) a phase change period where the temperature shows little variation, corre- 
sponding to the freezing of a large percentage of the water in the product. 

(3) a cooling period with unsteady state heat transfer where the product is cooled 
until the required freezing temperature is reached. 



FREEZING TIME CALCULATION 

SEMILOC SCALE 

t r t  ce 
\ 

V / 

t l  
TIME ( s ) 

FIG. 1 .  EXPERIMENTAL FREEZING CURVE (SEMI-LOG REPRESENTATION) 

The analytical model proposed in the present study is based on the determina- 
tion of time corresponding to each of these periods and the total freezing time 
is the summation of these times: 

where t~ = total freezing time or time required for the product center to cool 
from the initial temperature To to the desired final freezing temperature T,. 

t, = precooling time or time required to cool the product at the location x/L 
= 0.5, from its initial temperature To to the temperature at the beginning of freez- 
ing T,. The location corresponding to x/L = 0.5 (curve 1 in Fig. 2) has been 
chosen so as to approximately compensate for the excess of heat removed from 
points x/L > 0.5 with the heat still to be removed from x/L < 0.5 for infinite 
cylinders and spheres (Mascheroni and Calvelo 1982). For infinite slabs, Lacroix 
and Castaigne (1987a) suggested to consider x/L = 0.4. 
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HEAT 

FIG. 2. TEMPERATURE PROFILES AT THE END OF THE PRECOOLING 
(CURVE 1) AND TEMPERING PERIODS (CURVE 2) 

t,, = phase change time at temperature Te 
t, = tempering time or time required to cool the product center from temperature 

Te to the final freezing temperature Tc (curve 2 in Fig. 2). 

Ball and Olson (1957) and Pflug et al. (1965) showed that the time t required 
to cool a food product can be expressed by the following equation: 

When Fo > 0.15 (which is always the case in freezing calculations) 

f = time required to go through a log cycle on the heat penetration curve (Fig. 
3); function of Biot number and product thickness. 

j = origin ordinate of the heat penetration curve, function of Biot number and 
location in the product and therefore ratio x/L 

t = time 
L = half thickness of the slab or half diameter of the cylinder or the sphere 
Ti = initial temperature 
T, = cooling agent temperature 
T = product temperature at the position x/L 
x = space coordinate (measured from the center of the product) 



FREEZING TIME CALCULATION 

SEMILOG SCALE 

FIG. 3. HEAT PENETRATION CURVE DURING COOLING OF A FOOD PRODUCT 

Plank (1941) defined the following equation for the calculation of the change 
of phase time: 

Where: E = water fraction of the unfrozen product 
X = heat of crystallization of pure water at O°C 

T w = average of ice fractions at temperatures (wl) and Tc ( ~ 2 )  
W 

P and R are constants dependant on the geometrical shape of the product. 



C. LACROIX and F. CASTAIGNE 

DESCRIPTION OF THE METHOD 

Estimation of the Precooling Time t, 

For this calculation Eq. (2) is used with the following parameters: 
t = tr, Ti = To, T = Tej  = j,, f = f,. This results in Eq. (5): 

where j, is the j value at the position x/L = 0.4 for infinite flat slabs or x/L = 
0.5 for infinite cylinders and spheres. jr and f, are function of Biot number, ex- 
pressed in this case by: 

K = Knc + Kc 
2 ( 7 )  

jr and f,. a r  /L2 values for slabs, infinite cylinders and spheres are given respec- 
tively, in Tables 1 ,2  and 3 for Biot number Bi, > 0.1. f, can be calculated from 
fpl,lL2 using: 

when Bi < 0.1, j, = 1 and f, a,/L2 = Ln 101 a .Bi (9) 

where a = 1 for an infinite slab 
a = 2 for an infinite cylinder 
a = 3 for a sphere 

An average thermal conductivity Kr and diffusivity a r  is used since during this 
precooling period, the system behaves with properties of the unfrozen product 
in the central region and with those of the frozen food with temperatures varying 
from Te to values approximating T, near the border (Masheroni and Calvelo 1982). 

Knc, a nc, Kc, a c are respectively, the thermal conductivity and diffusivity 
of the unfrozen product and those of the frozen product at an average temperature 
(Te + T1)/2. 

Estimation of the Tempering Time t, 

For this calculation, Eq. (2) is used with the following parameters: 
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TABLE 1 .  
jcc, jr, (f.cy/L2) VALUES RELATING TO BIOT NUMBERS FOR AN INFINITE SLAB 

t = tc, Ti = Te, T = Tc, jc =jcc and f =fc 

This result in Eq. (10): 

where j,, is the j value for the product center. jcc and fc. a c/LZ values for slabs, 
infinite cylinders and spheres are given respectively, in Tables 1 ,  2 and 3 for 
Biot number Bi, > 0.1 with 
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TABLE 2. 
jcc, jr AND (f.a/L*) VALUES RELATING TO BIOT NUMBERS FOR 

AN INFINITE CYLINDER 
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TABLE 3. 
jcc, jr AND (f.a/L*) VALUES RELATING TO BIOT NUMBERS FOR A SPHERE 
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When Bi < 0.1, jc = 1 and fc crc/L2 = LnlOIa. Bi 

with a = 1 for an infinite slab 
a = 2 for an infinite cylinder 
a = 3 for a sphere 

The property values to be used are those of the frozen product evaluated at the 
average temperature (TI + T,)/2 since the temperature profile is not flat when 
Bi > 0.1 (Fig. 2, curve 2). 

Estimation of t, and t, for Rectangular Parallelepipeds (Bricks) 
and Finite Cylinders 

In the case of rectangular bricks, Eq. (5) and (10) can be used to estimate tr 
and k. The f,, j,, fcand jcc values to be considered in these equations are obtained 
by applying Newman's rule (Chapman 1967; Carslaw and Jaeger 1957): 

where, frl, jrl, fcl and jccl are the values calculated for a slab of thickness equal 
to the length of the brick. 

fr2, jr2, fc2 and jcc2 are the values calculated for a slab of thickness equal to the 
width of the brick. 

fr3,jn, fc3 and jCc3 are the values obtained for a slab of thickness equal to the height 
of the brick. 

In the same way, f,, j,, fc and jcc values to be used in Eq. (5) and (10) for a finite 
cylinder are: 
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where f , ~  j , ~  fCl jCcl are the calculated values for a slab of thickness equal to the 
length of the finite cylinder. 

fr2, jr2, fc2, jcc2 are the calculated values for an infinite cylinder of diameter equal 
to the diameter of the finite cylinder. 

Calculation of Phase Change Time 

For the change of phase period, an equation similar to the original Plank's Eq. 
(3) (Plank 1941) is used : 

PI and R, are constants dependant on the geometrical shape of the product. P, 
and R, to use in Eq. (21) have been determined by Lacroix and Castaigne (1987a 
and b) : 

for slabs PI = 0.51233 
R1 = 0.15396 

for infinite cylinders P, = 0.27553 
RI = 0.07212 

for spheres P, = 0.19665 
Rl = 0.03939 

for bricks of dimensions 2L, 20, . L, 202 L (assuming 2 L to be the smallest 
side of the brick as in Fig. 4), P, and R, are given by the following equations: 
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PI = P [ - 0.02175. 1 - 0.01956 . 1 - 1.69657 ] (22)  
(BT), Ste 

R1= R [5.57519. 1 + 0.02932 . 1 + 1.582471 ( 2 3  
(BTIc Sfe 

where P and R are Plank's constants given by Ede's charts or in Tables 4 and 
5 (Castaigne and Lacroix 1985). 

2.L2 = 2. p,. L 

-.I= 2.L J 

B 

FIG. 4. CHARACTERISTIC DIMENSIONS FOR A RECTANGULAR 
PARALLELEPIPED (A) AND FOR A FINITE CYLINDER (B) 

for finite cylinders of dimensions 2 L, 2 P, L (assuming 2 L to be the diameter 
of the cylinder) (Fig. 4), P, and R, can be obtained from Tables 4 and 5, con- 
sidering @, = 1. If p2 < 1, P1 and R, values for @, = @, = 1 are used in Eq. (2 1). 
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It can be noticed that when @,, or P2 is higher than 10, the product shape will 
be assumed infinite. 

The freezing point for most materials is not sharp, since latent heat release 
and the change in thermal conductivity take place over a range of temperature. 
To take this into account, Pham (1984) defined a "mean freezing temperature" 
which is found to be approximately 1.5 K below the initial freezing temperature 
for Tylose, meat and similar material. This temperature is to be used in the calcula- 
tions as temperature T, (change of phase temperature). 

TESTING OF THE MODEL 

Testing of the model was carried out by comparing numerical experimental 
datas obtained from the literature for different geometrical shaped food products. 
Datas on Karlshrue test substance (tylose) were taken from Cleland and Earle 
(1977) for infinite flat slabs (43 experiments), from Cleland and Earle (1979a) 
for infinite cylinders (30 experiments) and spheres (30 experiments). Data on 
Tylose and meat were taken from Cleland and Earle (1979b) (72 experiments) 
and De Michelis and Calvelo (1983) (19 experiments) for rectangular bricks and 
from De Michelis and Calvelo (1983) (4 experiments on meat) for finite cylinders. 
These experiments cover a wide range of conditions that are commonly found 
in food freezers. They provide a database of 194 experiments for two materials, 
with two final temperatures, a variety of regular geometries and wide variations 
of Biot number, initial temperature and cooling medium temperature (Table 6). 
More details on the data used to test the model can be obtained from Lacroix 
and Castaigne (1987a and b). 

The deviations between the experimental freezing times and the corresponding 
calculated times were expressed as a % error (percentage difference between ex- 
perimental and predicted freezing times). The model gives very good agreement 
with data for all the shapes tested (Table 7): the means of % errors are closed 
to zero and the standard deviations are very low for this type of calculations. 
From Table 6, it can be concluded that this method is equivalent in terms of ac- 
curacy for the various infinite and finite shapes tested with a reliable finite dif- 
ferences method. 

A systematic assessment of major freezing time prediction methods has been 
carried out by Cleland and Earle (1984). This paper includes numerical methods 
(finite differences methods) as well as simple formula (Pharn 1984; Hung and 
Thompson 1983; De Michelis and Calvelo 1983; Cleland and Earle 1982). Table 
8 summarizes in general terms the performance of these four analytical methods 
and the method exposed in the present paper. It appears from Tables 7 and 8 
that our method works satisfactorily compared to the various methods tested, in- 
cluding regression formula and finite difference~ computations. Moreover, Table 
9 shows that Lacroix and Castaigne's model performs equally well under the 
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various experimental set of conditions used in the present study. Inaccuracy is 
always less than 15% and more often less than 10% in all the cases, even in ex- 
treme situations. Cleland and Earle (1984) discussed the strengths and the 
weaknesses of the four recent analytical prediction methods tested in their study. 
Each of them has a specific range of experimental conditions where it allows 
reliable prediction but it is not equally accurate over the whole data set. Differences 
between experimental and predicted freezing times are sometimes very high. For 
example, Cleland and Earle's method involved errors as high as 30% for a final 
center temperature equal to - 18 "C. The Hung and Thompson method showed 
reverse trends with a poor fit to - 10°C final center temperature. The method of 
Pham gave the most consistent results over the whole data set and the method 
of De Michelis and Calvelo apparently performed worse than the others in terms 
of spread. It appears in Table 9 that the accuracy of Lacroix and Castaigne's 
method is almost not affected by Biot number, heat transfer coefficient, initial 
and final center temperatures and cooling medium temperature values over the 
wide range of experimental conditions used in the present study. 

CONCLUSIONS 

The method presented in this paper has the following advantages: 

allows simple and fast calculations of freezing time for a variety of simple 
geometrical shaped products; 

is based on heat transfer principles rather than on empirical corrections; 

requires no use of graphs, empirical constants or advanced algebra; 

yields values for the precooling, freezing and subcooling times separately; 

agrees with experimental data as well as or better than any other previous method, 
including finite difference computations, for the wide range of experimental con- 
ditions used; 

is equally accurate over the wide range of conditions tested; 

allows calculations for different initial temperatures and various final temperatures 
at the thermal center; 

is easily programmable in scientific calculators (such as HP41C) or micro- 
computers (programs for HP41C are available from the authors upon request). 
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An example of freezing time calculation for french fries is detailed in Annex 1. 
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LIST OF SYMBOLS: 

Bi - Biot number (hL/K) 
C ,  - Specific heat (J/Kg "C) 
E - Water fraction in the product 
f - Time required to go through one log cycle on the heat penetration 

curve (s) (Fig. 3) 
Fo - Fourier number a.t/L2 
h - Heat transfer coefficient (W/mZOC) 
j - Origin ordinate on the heat penetration cruve (Fig. 3) 
jx/= - j value at the position x/L 
K - Thermal conductivity (W/,K) 
L - Half thickness of the slab, half diameter of the cylinder or of the 

sphere (m) 
Ste - Stephan number ( p  c. Cpc. (Te - Tl)lp nc. E. X. w) 
t - Time (s) 
T - Product temperature at the position x/L ("C or K) 
T, - Final temperature at the center of the frozen product 
Te - Temperature for beginning of freezing 
Ti - Product initial temperature of the non-stationary periods 
TI - Coolant temperature 
To - Product temperature at t = 0 
X - Space coordinate measured from the product center (m) 
a - Thermal diffusivity (m2/s), CY = K/p.CP 
p - Density of the product (kg/m3) 
X - Heat of crystallization of pure water at 0°C (Jlkg) 
- 
w - Average ice content of the product at Tc (W,) and T, (W2) 

Indices r, c and nc indicate values of the considered variable for respectively, 
precooling period, tempering period (or frozen product at temperature (Tc + T1)/2) 
and unfrozen product. 
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ANNEXE I. FREEZING TIME CALCULATION FOR FRENCH FRIES 

(a) Dimensions: thickness: 0.010 m 
width: 0.012 m 
length: 0.08 m 

(b) Thermophysical data: 

Unfrozen Product 
Knc = 0.45 W1m.K 
vnc = 1 100 kg/m3 
Cpnc = 3800 J/kg K 
a n c  = 1.077 X lo-' m2/s 

Frozen Product 
Kc = 1.7 W/mK 
(P, = 980 kg/m3 
C,, = 1800 J/kg K 
a, = 9.637 x lo-' m2/s 

(c) Thermal data: 

Initial temperature To = 45 OC 

Cooling medium temperature T, = -26°C 

Mean freezing temperature T, = - 2.5 "C 

Final freezing temperature (product center) T, = - 18 "C 

(d) Others 

Water content E = 75% = 0.75 

Average ice content W = 0.85 

h = 70 w/m2 K 

(a) Constant values 

a, = 5.357 x lo-' m2/s 
P = 0.255 (from Tables 4 and 5) 
R = 0.069 
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(b) Freezing time, calculation 

Thickne s Width Length Average 
1 x lo-' m 1.2 x 10-~rn 8 x 10-~m v a l u e  

P Biot number 0.326 0.391 2.605 
R j r  

2  
1.023 1.028 1.074 1.1295 

E 4 f r . d r / L  8 6 .5  1.74 

f r  373 43 7 5197 194 

O t r  103 s 
0 
L 

T Biot number 0.206 0.247 1.647 
E .  

2 1.031 1.037 1.160 1.2402 
r ~ F : . * ~ / L  12.3 10 2.22 
P 319 374 3685 164.5 
E L c  92 s 
R 

P C Biot m b e r  0.206 
H H 5 t e p h a n  number 0.1765 
A A P1 -0.488 
S N R ,  1.988 

TOTAL F R E E Z I N G  TIME = 667s  = 11 min 7 s  
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ABSTRACT 

?he information of thermal conductivity of milk is required for the design of 
hed exchanger equipment in the dairy processing. lhermal conductivity of whole 
milk was experimentally determined by a steadystate, parallel disk, relative method 
at various concentrations from 37to 72.4% total solids) and temperature range 
between 40 to 90°C. ?his thermal property of milk increasedc with rise in 
temperature and decreased with increase in total solids content and its values 
varied from 0.278 to 0.491 W/m K. An expression has been proposed for deriva- 
tion of milk thermal conductivity from temperature and total solids content. 

INTRODUCTION 

Thermal and physical properties of milk are required for adequate design and 
analysis of the process. Some of these properties may be evaluated readily by 
simple additive rules, others, such as viscosity and thermal conductivity cannot 
be predicted with precision. Among the thermal properties, thermal conductivity 
of milk has received rather little attention from the authors. With few exceptions, 
most of the data on thermal conductivity of milk and milk products in the 
past were obtained at low concentration and temperature. 

'Correspondence should be sent to Dr. G. R. More, Scientist, Dairy Engineering Division, National 
Dairy Research Institute, KARNAL-132001. INDIA 

Journal of Food Process Engineering 10 (1 988) 105-1 12. All Rights Reserved. 
@ Copyright 1988 by Food & Nutrition Press, Inc., i'kwnbull, Connecticut. 105 
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Riedel (1949) measured thermal conductivity of fresh ahole milk (3.6 % fat), 
whole milk (2.5% fat) and its concentrates at concentration degree of 1.9 and 
2.54 skimmilk, buttermilk and whey at 1.5,20,50 and 80 "C. Leidenfrost (1959) 
studied homogenized unsweetened condensed milk (10% fat, 67% water) and its 
derived samples at concentration degree 0.30, 0.60, 1.52 and at about 20, 40, 
60 and 80°C. Konrad and Rabke (197 1) made thermal conductivity measurements 
on skimmilk and its 20, 30 and 40% total solids concentrates, 2.5% fat whole 
milk and its 7.6% fat 27% solids-not-fat concentrate at about 20 and 60°C. 
Fernandez-Martin and Montes (1972) have used a steady-state and relative method 
for determining the thermal conductivity of skimmilk, half-and-half milk, whole 
milk and their concentrates up to about 30 to 40% total solids, over the temperature 
range of 5 to 75 "C. A nomogram is also presented for the ready derivation of 
milk thermal conductivity from temperature, total solids content and fat to solids- 
not-fat ratio. Agrawala and Ojha (1972) also used a steady-state method for deter- 
mining thermal conductivity of concentrated milk (up to 28% total solids) for 
a temperature range of 40 to 90°C, whereas Sweat and Parmelle (1978) employed 
a line heat source conductivity probe for measuring thermal conductivity of con- 
densed milk and evaporated milk over a limited temperature range (0, 20 and 
40 "C .) 

The purpose of this investigation was to determine whole milk thermal con- 
ductivity over wide ranges of temperatures and composition and to develop an 
expression on this behavior for prediction of this thermal property. 

MATERIALS AND METHODS 

A steady-state, parallel-plate, resistance method was employed for determin- 
ing the thermal conductivity of whole milk. The design of the thermal conduc- 
tivity apparatus was based on Bate's (1936) work and a modified unit used by 
Agrawala and Ojha (1972). 

(1) Sample preparation: Fresh cow milk from Jersey Bull Mother Dairy Farm 
of Indian Institute of Technology, Kharagpur was taken for this study. The fat 
content of the sample was determined by the standard Gerber test and was about 
4.1 %. The concentrated milk sample for measuring thermal and physical pro- 
perties was prepared by the traditional method @e and Ray 1952). The total solids 
content of the sample was determined by Gravimetric method. The prepared sam- 
ple was allowed to cool down to room temperature before using it for the 
experiment. 

(2) Apparatus: The thermal conductivity apparatus was made of two separate 
parts. The upper part consists of a copper cylinder which encloses an electric 
heater of 500 watt capacity (Fig. 1). A 6 mrn thick circular perspex (Polymethyl 
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methacrylate) disc was fixed below the heater as a reference material. A uniform 
temperature all along the top surface of reference disk was achieved by proper 
fabrication of the heating coil and the further distribution of this heat was made 
uniform by fixing a 2 mm thick brass disk between the heater and the reference 
material. A fiber glass insulation was provided at the top of the heater to reduce 
the radiation losses. 

The lower part of the apparatus consists of a bekelite cup of which bottom was 
closed by a 2 rnrn brass disk. The upper part sits in the slot of the lower one 
and makes a space of 11 rnrn thickness for keeping the sample. This bekelite 
material acts as an insulation to the sample and the upper part. The cooling brass 
disk, which provides a surface to the product, was maintained at constant 
temperature by circulating a large quantity of uniformly distributed water through 
the channels made at its bottom. The cooling water, maintained at constant 
temperature in the thermostatically controlled water bath, was circulated through 
the channels of the apparatus by a centrifugal pump. 

This method for the study was chosen because it would not let convection cur- 
rents develop in the sample under test and moreover, fat separation from the sample 
during the experiment was minimized by having less thickness of the product 
and minimum temperature difference between the surfaces. Therefore, even the 
cooling water was heated to bring down this difference. The heating and cooling 
plates were designed such that the temperature distribution on the surfaces was 
uniform. For cooling plate, this was achieved by having channels to guide the 
incoming and outgoing water side by side and hence reducing temperature dif- 
ference within cooling water. 

For measuring the temperature at different points in the thermal conductivity 
apparatus, copper-constantan thermocouples were employed. The average tem- 
perature at the surface of perspex disk was measured by fixing three thermo- 
couples on each side. Three more thermocouples were fixed on the top surface 
of the heating coil. Similarly, three thermocouples on each side of the cooling 
brass disk were also fixed for measuring the average temperature at the bottom 
surface of the sample and that of the cooling water. In each case, thermocouples 
were placed 120" apart from the center and with radial distances of 1 cm, 2 cm 
and 3 cm, respectively. The thermocouple T, was connected to a temperature 
controller for maintaining a constant temperature of the heating coil. The 
temperature of the heater was varied with the help of voltage control by a variac 
(rheostat). A digital temperature indicator, calibrated at room temperature, was 
used for measuring temperature at different points in the apparatus. For quick 
positioning of the different thermocouples, a selector switch was put in the cir- 
cuit. More details of the thermal conductivity unit is given by Agrawala and Ojha 
(1972). 

(3) Procedures: First the temperature of water in the waterbath was brought 
to about 2 to 3 degrees below the average temperature of the sample to be main- 



THERMAL CONDUCTIVITY OF MILK 109 

tained and the thermostat was set. The thermal conductivity apparatus was levelled 
with a level gauge. The sample was put in the sample chamber with a uniform 
thickness up to the slot of the lower cup. The upper part of the apparatus was 
put over the sample. Care was taken to avoid any trapping of air bubbles be- 
tween the sample and the perspex disk. This was achieved by maintaining a pro- 
per level of the sample, putting upper part from slanted to horizontal position 
and by giving little rotation to it. Also during the experiment, the sample was 
heated to a slightly higher temperature to remove air bubbles present inside the 
sample. The heating coil temperature was maintained in such a way that the 
temperature drop across the sample remained about 3 "C. It helps to reduce the 
convection current within the sample. Initially, temperature of the heater was 
kept higher than the required one in order to reduce the time required to bring 
the system to steady-state (Mohsenin 1980). The voltage in the heating coil was 
regulated in such a way that the deviation from its set temperature was minimum. 
When the sample came to steady-state, which was generally achieved after 4 to 
5 h, a constant temperature was observed at least for another 2 h and when it 
was confirmed that there was no more change in the temperature of the system, 
the final temperature at each point was recorded. 

The water-bath was then set for the next higher temperature and the above men- 
tioned procedure was repeated for different temperatures. Similar method was 
adopted for finding the thermal conductivity of samples at various concentrations. 
Thermal conductivity was determined by application of Fourier's law of undirec- 
tional conduction of heat and for steady-state condition it becomes, 

Under steady-state condition and if heat losses are negligible, the ratio of the 
temperature difference across a perspex disk and a layer of the sample is. equal 
to the ratio of their thermal resistances. 
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For determining the apparatus constant, at a constant temperature, heat from 
the electrical heater was allowed to flow down through the perspix disk, distilled 
water layer and away through the cooling water. The apparatus constant was com- 
puted by using the following equation, 

RESULTS AND DISCUSSION 

The thermal conductivity of whole milk was determined at temperature range 
between 40 and 90°C and at four different concentrations 37, 50, 60, 72% total 
solids content. The thermal conductivity apparatus was calibrated over the 
temperature range of 40 to 90°C using glycerol and the values of the apparatus 
constant are shown in Table 1 and the reproducibility of measurements assessed 
by thermal conductivity determinations on distilled water. The error was found 
to be within -1.38%. 

TABLE 1 .  
APPARATUS CONSTANT (Ac) FOR DETERMINATION OF 

THERMAL CONDUCTIVITY 

Average Temperature Apparatus Constant 
of Reference Material A,, W/m K 

Oc 

The thermal conductivity of concentrated whole milk was calculated employ- 
ing equation 2 and its results are graphically presented in Fig. 2. This shows that 
the thermal conductivity increases with rise in temperature and decreases with 
increase in total solids content. This trend is in conformity with the litrature 
(Konrad and Rarnbke 1971; Agrawala and Ojha 1972; Fernandez-Martin and 
Montes 1972). The effect of concentration on thermal conductivity is more pro- 
minent as compared to the effect of temperature. At 37 % total solids content ther- 
mal conductivity increases from 0.455 W/m K at 40°C to 0.491 Wlm K at 90°C 
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FIG. 2. VARIATION IN THERMAL CONDUCTIVITY OF WHOLE MILK 
WITH TEMERATURE AT VARIOUS CONCENTRATIONS 

(about 7.8% increase), whereas at 40" it varies from 0.455 to 0.278 Wlrn K (about 
38.8 % reduction) by increasing total solids content from 37 to 72.4%. This shows 
about 0.005 Wlrn K reduction in this thermal property with 1 % increase in total 
solids compared to 0.00072 Wlm K increase with 1 "C rise in temperature. The 
temperature of each sample was calculated from the mean of top and bottom 
temperature during the test. 

Following equation is developed from the experimental data of thermal con- 
ductivity of whole milk. The form of equation is based on the expression pro- 
posed by Riedel (1949). 
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Where the thermal conductivity K of whole milk is related to its total solids 
percentage (37 < x < 72) and temperature (40 < T < 90°C). Calculated values 
from the expression fits the respective experimental data within f 0.88%. 

NOMENCLATURE 

A Cross section of area, taken at right angle to the direction of heat 
flow, m2. 

Ac Apparatus constant and is equal to the ratio of Kp and x , /x~ ,  W.m K. 
K Thermal conductivity, W.m K, Kd for distilled water, K, for milk, Kp 

for perspex material. 
q Rate of heat transfer, W. 
T Temperature, 0,; T, and T2 are the temperatures at the top and bottom 

of the reference material and T j  is temperature of sample bottom 
layer. 

X Percentage of total solids constant. 
x Thickness in m, xp for perspex and Xm for milk. 
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ABSTRACT 

Experimental product-side heat transfer coeflcients were studied in a laboratory 
scale thin-$lm wiped-surjhce (17;Ws) evaporator under diferent rotational speeds, 
liquidflow rates and temperatures of the heating medium. Experiments were con- 
ducted with water, and 10, 30, and 45% sugar solutions in order to simulate 
the conditions during evaporation offruit juices. Dimensionless correlations for 
heat transfer coeflcient were established. It was shown that the "equivalent 
diameter" of the liquid bow wave formed in the front of wiper blade could be 
used as a characteristic dimension. Magnitudes of unstable and stable modes of 
evaporator performance were determined and different regimes related to the li- 
quid flow were revealed. 

INTRODUCTION 

Thin-film mechanical evaporators are extensively used in food and chemical 
industries for concentration of high viscosity or heat sensitive products. The ma- 
jor advantages of such units are associated with the mechanical action of rotating 
close-clearance blades which considerably improve product-side heat transfer coef- 
ficients. Vigorously agitated liquid films are continuously removed from the heat 
transfer wall by the blades and due to very short contact times product degrada- 
tion is minimized. 

'Present address: Department of Fruit and Vegetable Processing, Institute of Fermentation Industry, 
Warsaw, Poland. 
2Address correspondence to author Rao. 
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Although thin-film mechanical evaporators have been known for a long time, 
very little information explaining heat transfer phenomena in these units can be 
found in published literature. Few theories that explain heat transfer phenomena 
in mechanically agitated liquid films can be found in review articles such as that 
of Harrod (1987) and Abichandani et al. (1987a). In contrast theories have been 
developed for liquid-full scraped-surface heat exchangers (without phase change) 
however, their usefulness for thin-film mechanical evaporation has not been 
proved. 

Data on thin-film mechanical evaporators are also scarce because of very com- 
plex flow patterns and heat transfer phenomena in such systems. The majority 
of research work in the past was directed towards the influence of process 
parameters on the performance of thin-film evaporators, rather than on explana- 
tion of heat transfer and hydrodynamic phenomena in them. In general, it is 
recognized that many physical forces that influence liquid films create different 
regimes of evaporator operation. However, extremely limited and sometimes con- 
tradictory information is published on the specific ranges of evaporator opera- 
tion and the effects of process variables on their magnitudes. 

This study on heat transfer in TFWS evaporation was undertaken with the 
following objectives: (1) modeling the heat transfer in an TFWS evaporator and 
establishing dimensionless correlation under the wide range of variables studied, 
(2) to determine the effect of process variables on the wiped-film heat transfer 
coefficients, and (3) to recognize the modes of evaporator operation and deter- 
mine the range of the specific regimes. 

Fruit juices are sensitive materials and they can degrade when subjected to high 
temperatures. Therefore, we simulated conditions during commercial vacuum con- 
centration of fruit juices. As model liquids water and sugar solutions were 
employed, because their physical properties are similar to those of fruit juices. 

REVIEW ON MODELLING OF HEAT TRANSFER 

Heat transfer in mechanical thin-film evaporators is affected by flow pattern 
as well as by boiling mechanisms. Liquid film thickness varies in such units both 
axially and circumferentially. According to visual observations (Bott and Romero 
1966; Kiss et al. 1977; Nakamura and Watanabe 1982), the rotating wiper pushes 
the liquid layer in front of it forming so called "bow wave" or "liquid fillet". 
The thickness of a liquid film flowing vertically down decreases due to reduction 
in volume as a result of evaporation. Under certain process conditions, when fluid 
flow rate is lower than a specific minimum value, the heat transfer wall can become 
partially nonwetted, and so called "hot spots" are formed on the surface. 

The complexity of the flow pattern is enhanced due to the boiling phenomena. 
A number of researchers (Lustenader et al. 1959; Bott and Romero 1966) main- 
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tained that the evaporation process takes place only from the interface between 
the liquid film and the vapors, and that the violent wiping action at the heat transfer 
surface surpresses nucleation. However, contrary opinion was presented by 
Ziolkowski and Skoczylas (1966). They assumed that there is nucleate boiling 
inside the product film, and that the presence of vapor bubbles enhances turbulent 
flow conditions and controls the intensity of heat transfer. According to Frank 
and Lutcha (1980) both boiling mechanisms could be expected in thin-film 
mechanical evaporation and the hydrodynamic conditions of the boiling film are 
related to the specific heat fluxes. At low values of heat flux and under laminar 
flow, evaporation takes place mainly from the surface. This mechanism is altered 
after attainment of a critical value of the heat flux and then heat transfer takes 
place due to vapor bubbles formed at the heat transfer surface or at overheated 
spots inside the film. Visual observations confirmed that both boiling mechanisms 
existed during evaporation from falling liquid films. 

Bott and Sheikh (1964) suggested that the flow pattern and heat transfer in thin- 
film evaporators depends on the blade system design and its characteristics. Dif- 
ferences in flow patterns and the influence of process variables on it were also 
claimed especially between hydrodynamic blades (with self-aligning minimum 
clearance between the blade tip and the wall) and fixed-blades (blades rigidly 
fastened to the shaft to five constant clearance, usually 1-3 mm) (Skoczylas 1967). 

Because of very complex flow patterns, mathematical analyses of heat transfer 
in thin-film wiped-surface evaporation are based usually on simplified models. 

Dimensionless Correlations 

A number of articles have been published in which attempts were made to 
establish correlations for heat transfer coefficient during TFWS evaporation. Dif- 
ferent dimensionless groups have been employed that represent physical forces 
expected to be significant. 

Selection of the characteristic dimension groups seems to be very difficult. Bott 
and Sheikh (1966) attempted to use an evaporator internal tube diameter as a 
characteristic dimension in wiped-surface evaporation of water-glycerol solutions 
(45, 62, and 85%). They assumed no nucleate boiling in the conditions of their 
experiments and established the correlation: 

Using the tube diameter as the characteristic dimension probably gives only 
approximate results, because the real flow patterms of the thin films may be 
neglected. 

In other models, the thickness of liquid film was employed as the characteristic 
dimension. This approach, however, has disadvantages because calculation of 
the average film thickness of the evaporating film is very difficult. Several authors 
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presented equations for calculation of film thicknesses (Taeymans 1983; Abichan- 
dani et al. 1987b), but their usefulness is usually limited. Frank and Lutcha (1980, 
1981) presented an equation for calculation of heat transfer coeffcients for water 
and sugar solutions in a fixed-blade thin-film evaporator using film thickness as 
a characteristic dimension: 

Nu, - 2.5 .loJ Re 0.357 Wem 0.183 ( 1 + 0.566. pr 0.35 1.13) 
K1 (2) 

where the film thickness was calculated from the equation: 

Ziolkowski and Skoczylas (1966) assumed that the heat transfer is influenced 
by turbulent flow of the evaporating liquid layer, which is controlled by the size 
of vapor bubbles formed on the heat transfer surface. According to the heat transfer 
theory, bubble diameter equals ( ~ l p g ) ~ . ~ .  The product-side heat transfer coeffi- 
cient was assumed to be independent of the temperature difference across 
evaporating film and the liquid feed rate when the surface was completely 
wetted. They presented the correlation: 

The same authors also presented an alternative expression, where internal tube 
diameter D was used as the characteristic dimension: 

As has been mentioned before, visual observations proved that the "bow wave" 
exists as an important element of flow pattern in mechanically agitated thin films. 
Mathematical analyses of the geometry of "bow wave" have been made by Kern 
and Karakas (1959) and Bott and Romero (1966). Their simplified models for 
TFWS evaporation contained the geometry of the "bow wave" as a characteristic 
dimension. This dimension, called "equivalent diameter", was calculated as: 

The above definition of the "equivalent diameter" was applied by other re- 
searchers also. Bott and Romero (1966) and Bott and Azoory (1969) used this 
parameter for establishing the correlations for heat transfer (without evaporation) 
in thin-film scraped-surface heat exchangers. Jian and Yu (1984) developed the 
correlation for heat transfer in fixed-blade thin-film evaporation of water and 
CMC-water solutions (0.1655-1.489%); the later are non-Newtonian shear- 
thinning liquids. Experimental data for CMC-water solutions were correlated by 
the dimensionless equation: 
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Nu, - 1.3503 ( ~ e ) ~ ~ - ~ ~ ~  (Re r)e 0-22 Pr Oa4 (UD,) -Oa4 

and data for water by: 

Nu, - 0.21 942 .1 O - ~ ( R ~ ) , ~ . ~ * ~  (Re& 0.534 (UD,1-0.4 (8) 

Correlations presented above were established for specific ranges of process 
variables studied but generally no information is given on different regimes of 
evaporator operation. In the study on heat transfer in a thin-film scraped-surface 
heat exchanger without phase change, Bott and Azoory (1969) reported two dif- 
ferent flow regimes of fluid flow controlled by flow Reynolds number: "laminar" 
for Re = 100 and "transition" for Re = 100 - 1000. 

MATERIALS AND METHODS 

Experimental data were obtained during nearly 350 runs conducted with model 
liquid foods: water and 10, 30, and 45% sugar solutions. Magnitudes of studied 
process parameters are listed in Table 1. 

TABLE 1. 
PROCESS PARAMETERS 

evaporation temperature, OC 50 

steam temperature, OC 110,130 

rotational speed, rprn 70,150, 500, 900,1300 

liquid feed rate, kglhr 23, 58, 87, 132 

evaporated solutions water and water-sugar solutions 
(1 0%, 30%, 45% sugar) 

A schematic of the experimental installation is shown in Fig. 1. Liquid was 
pumped from a feed tank to the shell-and-tube heat exchanger, where it was 
preheated with steam to boiling temperature. The feed temperature was main- 
tained within f 1.5 " by means of a temperature controller. The feed solution enter- 
ing the evaporator was spread with a rotating dial distributor mounted on the shaft, 
providing complete circumferential coverage of the surface by the liquid. Evapora- 
tion process took place under vacuum in the TFWS vertical evaporator, described 
in detail below. Evaporated vapors were separated from the concentrate in the 
glass separation chamber and condensed in two tubular water coolers placed in 
series. Condensate was pumped out and collected for measurements. Concen- 
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trated liquid was pumped out with a Waukesha pump to a collecting tank. After 
volumetric measurements, condensate and concentrate were remixed and the solu- 
tion, after a check of the sugar content, was returned to the feed tank. 

Evaporator 

A vertical TFWS evaporator made up of a "304" type stainless steel pipe 5 1.6 
mm inside diameter, 213.0 rnm long, with a wall thickness of 4.0 mm, equipped 
with a steam jacket, was constructed in the Department of Food Science and 
Technology, NYS Agricultural Experiment Station. The heat transfer area was 
0.0371 mZ. The evaporator was equipped with three floating carbon wiper blades 
carried on the shaft. The blades were slotted on the surface. Three thermocouple 
wells were incorporated for the measurement of heat transfer wall temperature. 

According to different names given to the blade systems in the literature, the 
blades used by us could be called "hydrodynamic blades", or "zero clearance 
carbon wipers" (Freese and Glover 1979), or "Smith blades" (Nakamura and 
Watanabe 1982). 

Measurements 

For wall temperature measurements thermocouples made from 0.25 mm Teflon 
coated copper-Constantan wires were employed. They were placed inside heat 
resistant 5.0 mm diameter ceramic tubes that were inserted tightly into wells made 
in the heat transfer wall. Thermocouples placed in the evaporator wall were fas- 
tened with an epoxy cement. Prior to starting the experiments, all thermocouples 
were calibrated in a constant temperature bath at boiling and freezing points, and 
at other intermediated points against a standard mercury thermometer. 

Experimental data were collected about 15 rnin. after temperatures and the other 
variables had stabilized. During the experiments all the measured parameters were 
controlled: feed, steam, and evaporation temperatures, absolute pressure in 
separator, feed rate, and rotational speed of wiper blades. All needed corrections 
were made immediately. Runs were interrupted and repeated if detected differences 
between assumed and measured values were higher than f 2%. All runs were 
duplicated. 

All temperatures were recorded on an Apple II+ microcomputer with the aid 
of a data logger (Digistrip 111, Kaye Insts.). Temperatures were recorded onto 
discs every 10 s. 

Rotational speed of the shaft with wipers was measured with a tachometer. Ab- 
solute pressure inside separator was measured with a set of mercury manometers. 
Feed rate was calculated from the electronic scale readings of the weight of the 
feed tank. Condensate and concentrate rates were calculated from the weighted 
amounts of liquids collected during the run. Steam pressure in the jacket (dial 
manometer) and vacuum level after the condenser (dial vacuumeter) were noted. 
Sugar content in feed solution and concentrate were determined with a 
refractometer. 
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Calculations 

Magnitudes of the heat transfer coefficients were calculated using a program 
written in Fortran language and dimensionless correlations were established us- 
ing a statistical program (Minitab, Pennsylvania State Univ.) on a Prime 9750 
computer. 

Wiped-Film Heat Transfer Coefficient 

The amount of heat transferred to process liquid from the condensing steam 
consisted of sensible and latent heat. Latent heat was calculated from the amount 
of collected condensate. Generally, the feed temperature was very close to evapora- 
tion temperature (within f 3.0°C), so that the effect of sensible heat could have 
been neglected. Nevertheless, sensible heat calculations were included in the com- 
puter program to make the results as precise as possible. 

Magnitude of latent heat was calculated from the equation: 

Sensible heat was calculated from the equation: 

If tf < tb liquid had to be preheated inside evaporator to boiling temperature. Con- 
sequently, total heat flux was calculated as: 

Linear variation was assumed between adjacent measuring points and an average 
wall temperature was calculated as a mean weighted temperature: 

The overall heat transfer coefficient included wiped-film heat transfer coeffi- 
cient and wall coefficient was calculated from the equation: 

The product heat transfer coefficient was then obtained from the equation: 

where 6 is wall thickness between the thermocouples and the inner tube surface. 
In our evaporator 6 = 1.5 mm. Thermal conductivity of "304" type stainless 
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steel was taken form literature (Kreith 1958) and for computer calculations linear 
relationship between h and wall temperature was established from tabulated data 
as: 

where t, is mean wall temperature between thermocouples and the inside wall 
surface. 

Physical properties of water and sugar solutions were taken from literature and 
then mathematical expressions for them were derived for calculating the dimen- 
sionless groups. 

Physical properties of evaporated solutions (besides q,) were calculated at the 
measured boiling temperature. The physical properties of sugar solutions were 
determined for average sugar content during the evaporation, i.e., between the 
feed solution and the concentrate. Average axial mass flow rate was calculated 
as the arithmetric mean value of the feed and concentrate rates. 

RESULTS AND DISCUSSION 

Modes of Evaporator Performance 

Based on the computer records of the wall temperatures as a function of time 
and the range of variables studied the performance of the evaporator can be divided 
into stable and unstable modes. Unstable range was found for lower wiper rpm 
values and feed rates. Generally, unstable mode of operation was characterized 
by unexpected and large fluctuations in the measured wall temperatures as a func- 
tion of time. Fluctuations recorded during evaporation of water are presented 
in Fig. 2. Within unstable range, significant temperature changes were noticed 
during short periods of time. After increasing the rotational speed or the feed 
rate above the specific values, such fluctuations completely disappeared and the 
wall temperatures remained almost constant. 

It was also found that for unstable mode of operation wiped-film heat transfer 
coefficients were considerably lower compared to those for the stable mode. It 
is likely that, under specific process conditions, within the unstable mode of 
evaporator performance part of heat transfer surface was not wetted by the li- 
quid, so that partly dry overheated regions were formed on the wall and these 
in turn produced the measured strong fluctuations in evaporator wall temperature. 
Detailed analysis of the physical phenomena responsible for unstable conditions 
during evaporation is presented below. 

Experimental data obtained within unstable mode of operation have not been 
applied for establishing correlations and the analysis presented below deals only 
with the stable mode. 
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I I I 
0 100 200 300 

Time (sec) 

FIG. 2. FLUCTUATIONS OF MEASURED WALL TEMPERATURES 
DURING THIN-FILM WIPED-SURFACE EVAPORATION OF WATER 

Regimes of Fluid Flow 

Influence of the rotation speed N on the heat transfer coefficient presented in 
Fig. 3 for 23 kglh and t, = 130°C can be divided into three regions. For N = 
70-150 rprn relatively low values of h, were noticed for all liquids and these were 
related to unstable mode of operation. Further increasing N resulted in increase 
of h, but after attainment of 500 rprn h, became almost constant for N values 
up to 1300. Additional measurements conducted with water within the rprn range 
of 150-500 rprn revealed that for 70-200 rprn the evaporator operation was 
unstable. In the rprn range of 250-350, rapid increase in heat transfer coefficient 
was noticed within stable mode of operation. 

The two different regions found for stable mode could be called "transition" 
and "turbulent" regimes. Magnitudes of process parameters for both regimes 
are presented in Fig. 4. Laminar regime could exist within the mentioned unstable 
mode of operation. However, there is no evidence that the above names repre- 
sent flow regimes similar to those known from fluid mechanics theory. The dif- 
ferent physical behavior noticed in the regions was related to specific liquid flow 
velocities (both axial and circumferential) but probably also were influenced by 
the boiling mechanism or the other physical forces that existed in the system. 
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6 
6 10 % sugar sol. 

30 % sugar sol. 

= 23.0 kglhr 

k=  130 % 
I r .  , - m  n 8 m 

FIG. 3. EFFECT OF ROTATIONAL SPEED ON HEAT TRANSFER COEFFICIENT 

Correlations for Heat Transfer 

Separate dimensionless correlations for heat transfer in transition and turbulent 
regimes were established. Unstable mode was omitted from the analysis. 

For the modeling of heat transfer in TFWS evaporator we selected Nusselt (Nuc), 
Prandtl, Reynolds (Ree), and Froude (Fr,) numbers. These dimensionless groups 
were derived from theoretical analysis by Bott and Azoory (1969) and they repre- 
sent physical phenomena expected during TFWS evaporation. Froude number 
was included instead of rotational Reynolds number because it represents the ratio 
between centrifugal and gravitational forces in thin-film mechanical evaporators. 
We assumed that evaporation in the descending fluid took place mainly in the 
"bow wave", so that the characteristic dimension used was the equivalent diameter 
D, of a triangular liquid fillet as defined by Bott and Romero (1966). 

The temperature difference across the wiped film was assumed to influence 
heat transfer coefficient and it was taken into consideration by the factor (qlqw), 
which is the ratio between product viscosities in boiling liquid and wall 
temperature, respectively. Finally, the general correlation for TFWS evapora- 
tion was assumed to be: 

Nu, - a ( ~ e , ) ~  PF ( ~ r , ) ~  (TII~,,,,)~ 



K. STANKIEWICZ and M. A. RAO 

turbulent regime 

2 0 4 0 6 0 8 0  100  120 140  

Feed rate (kglhr) 

FIG. 4 RANGES OF MODES AND REGIMES OF EVAPORATOR PERFORMANCE 

where a, b, c, d and e are constants to be determined. Constant "a" depends 
on the geometry of an evaporator as well as number and arangement of blades. 

The correlation obtained for the transition regime was: 

Equation (17) is valid for: Mf = 58-87 kglh and N = 150-500 rpm. 
The correlation obtained for the turbulent regime was: 

Equation (18) is valid for: Mf = 87-133 kglh and N = 500-1300 rpm. The 
magnitudes of RZ for Eq. (17) and (18) were 0.96 and 0.63, respectively. 

Effect of Process Variables on Heat Transfer Coefficient 

Calculated product-side heat transfer coefficient obtained within wide range 
of process variables allowed us to analyze the influence of studied parameters 
on the evaporator performance. 
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Figure 3 presents the magnitudks of heat transfer coefficients obtained during 
evaporation of different liquids. In general, the coefficients calculated under similar 
process conditions were higher for less viscous liquids, indicating the important 
role of viscosity in TFWS evaporation. It was also found, that the rules govern- 
ing the influences of process varables on heat transfer coefficients were similar 
for all working liquids employed in our study. 

Figure 5 shows the influence of rotational speed on the heat transfer coeffi- 
cients for 10% sugar solutions. Only for the lower feed rates (23.0 and 58.0 kglh) 
unstable mode and transition regime were detected. For M 2 87.0 kglh and N 
2 500 rpm heat transfer coeffcients remained almost independent of both food 
rate and rotational speed. 

In Fig. 6 and 7 variations of heat transfer coefficients with liquid feed rate are 
presented. hp was influenced by the feed rate at low rotational speeds (70 and 
150 rpm). Therefore, it appears that the axial flow rate controls the magnitude 
of flow regimes. For rotational speeds higher than 500 rpm almost no effect of 
feed rate on heat transfer was noticed. 
The influence of two steam temperatures on heat transfer coefficient is presented 

in Fig. 8. Higher hp values obtained within unstable mode of operation for lower 
steam temperature were probably due to the difference in specific heat flux. Con- 
siderably lower heat flux found for t, = 110°C could be related to the gentle 

- 

- 
t,= 110 OC 

Feed rates : 

23 kglhr - 
58 kglhr 

87 kglhr 

0 132 kglhr 
, , I  I I 

FIG. 5. EFFECT OF ROTATIONAL SPEED ON HEAT TRANSFER COEFFICIENT 
FOR 10% SUGAR SOLUTION 
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N = 70 rpm 

t,= 110 % 

0 

I I I I I 1 1 

Feed rate (kglhr) 

FIG. 6. EFFECT OF FEED RATE ON HEAT TRANSFER COEFFICIENT, N = 70 

evaporation from the surface. It is likely that for t, = 130°C nucleate boiling 
took place, which is associated with the formation of vapor bubbles on the heat 
transfer surface. Violent formation of overheated vapor bubbles could cause 
unstable conditions on the heat transfer surface. When the liquid film is very thin 
it can be easily disrupted by the vapor bubbles, thus partly unwetted regions are 
frequently formed on the wall. Such phenomenon, however, causes decrease in 
the effectve heat transfer surface and consequently in the magnitude of the heat 
transfer coefficient. Increasing the rotational speed provides more uniform cover- 
ing of the surface with the liquids and supresses the formation of the unwetted 
regions. Similar effect is expected with increasing feed rate. 

CONCLUSIONS 

The experimental thin film evaporator was satisfactory for studying heat transfer 
rates. Thermocouples in the walls were useful for determining product side heat 
transfer coefficients and also for detecting unstable operation of the evaporator 
as indicated by large fluctuation in the measured wall temperatures. Unstable 
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0 

2 0 4 0 6 0 8 0 100 120 140 

Mf (kg/hr) 

FIG. 7. EFFECT OF FEED RATE ON HEAT TRANSFER COEFFICIENT, N = 500 

operation of the evaporator occurred when the rpm of the wiper blades was 70-150. 
Rapid increase in h, was observed for rpm range 250-350. Under similar condi- 
tions of evaporation, magnitudes of heat transfer coeffcient were lower for high 
viscosity liquids. 

+ 
- + 4 

0 
* " 

NOMENCLATURE 

= 500 'prn 

ts= 130 OC 

constants (Eq. 16) 
heat transfer area, m2 
number of blades on the shaft 
product heat capacity, J kg-' K-' 
evaporator tube inside diameter,m 
equivalent diameter (Eq. 6) ,m 
acceleration due to gravity, m s - ~  
product-side heat transfer coefficient, W m-2 K-I 
liquid film thickness,m 
mean liquid mass flow rate during evaporation, kg s-I 

water 

+ 10 % sugar sol. 

H 30 % sugar sol. 

0 45 % sugar sol. 
I I I I 1 
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FIG. 8. EFFECT OF STEAM TEMPERATURE ON HEAT TRANSFER 
COEFFICIENTS, FOOD RATE 58 KGIHR 

condensate flow rate, kg s-I 
mass flow rate of the feed solution, kg s-I 
rotational wiper speed, s-I 
heat flux, W m-l 
total heat rate, W 
latent heat, W 
sensible heat, W 
heat of evaporation of water, J kg-' 
boiling temperature, "C 
feed temperature, "C 
steam temperature, "C 
measured heat transfer wall temperatures, "C 
temperature drop across the liquid film, "C 
average axial velocity of film flow, ms-I 
heat transfer coefficient (Eq. 13), W rn-l K-I 
average circumferential velocity of film flow, ms-I 
sugar fraction in feed solution (kglkg) 
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Greek letters 

6 heat transfer wall thickness between the thermocouple and inside 
diameter,m 

h liquid thermal conductivity, W m-' K-' 
Xw thermal conductivity of heat transfer wall, W m-' K-' 
f liquid viscosity, Pa.S 
f w  liquid viscosity in wall temperature, Pa.S 
P liquid density, kg m-' 
u liquid surface tension, N m-' 

Dimensionless groups 

Fre - N~ De D/q Froude number for equivalent diameter 

3 2 2  G a - g D  p /q Galileo number (eq. 5) 

K1 = r/Cp A$, criterion of the phase change (eq. 2) 

K2 = r/Cp (tb+273.1 5) criterion of the phase change (eq. 4) 

Nu = hpDllc Nusselt number 

Nue = hpDefi Nusselt number (characteristic dimension - 
equivaknt diameter) 

Num = h p M  Nusselt number (eq. 2) 

NU' = hp (dpg)  O.Sfi Nusselt number (eq. 4) 

Pr = CpqA Prandtl number 

R e = 4 M / n D q  Reynolds number 

Ree=8M/DeqB Reynolds number for equivalent diameter 

Re, - N D~ p/q rotational Reynolds number 

(Rer), = N D De ~1l.l rotational Reynolds number for equivalent 

diameter 
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(I3eri= N D (01pg) Oa5 p 111 rotational Reynolds number (eq. 4) 

2 2 W e m = N  D p m l a  Weber number (eq. 2) 

n, = p o3lg p4 dimensionless group (eq. 3) 

n2 = ( O I P ~ ) ~ . ~  o p1q2 dimensionless group (eq. 4) 

n3 = o p DITI* dimensionless group (eq. 5) 
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ABSTRACT 

7he results of an experimental investigation of the strength characteristics of 
pressurized food cans are compared with existing models of thin- walled cylinders 
as they pertain to the common unbeaded can. AJter using the data to establish 
the empirical quantities in the models, good agreement was found between theory 
and experiment. 7he models were then used to predict strength characteristics 
of hypothetical cans. 

INTRODUCTION 

A recent experimental investigation of the strength characteristics of pressurized 
food cans was conducted to investigate potential material and thickness changes 
that might be possible if pressurization became a more popular processing option 
in the future (Brewbaker 1986). 
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Buckling of cylinders under external pressure has been studied extensively 
(Yamaki 1984). A useful semiempirical design approach that is relatively simple 
to use has been developed (Baker et al. 1972 CH. 10). This method estimates 
the panel resistance of a cylinder, after reducing its physical parameters to non- 
dimensional factors and provides a lower bound, which 90% of the cylinders 
should exceed. The method is applied to thin-walled cylinders and is accurate 
over a wide range of sues and material strengths. This buckling model does not 
require the material yield point, only the dimensions and modulus of elasticity. 

Buckling of cylinders in compression has been examined closely, and a useful 
design approach, which uses both theoretical and empirical factors, has been 
developed by Harris et al. (1957); and Baker et al. (1972; CH 10). This general 
method was developed from tests on a wide array of cylinder sizes and materials. 
The method predicts a buckling stress for unpressurized cylinders, then adds a 
factor to that stress if the cylinder is pressurized. As before, material yield points 
are not considered. From the Harris approach, the average load resistance is 
calculated, rather than a lower bound. 

In the interest of brevity and because we used the referenced theoretical and 
empirical models without alteration this paper does not repeat any of the details, 
which can be obtained from the original references or the complete documenta- 
tion (Brewbaker 1986) of this project. 

The objective of this paper is to compare the results of this experimental study 
with existing thin-walled cylindrical models as they pertain to the common un- 
beaded can, and then use the verified models to predict the strength characteristic~ 
of some typical hypothetical cans. 

MATERIALS AND METHODS 

Two strength criteria were used in this study. One is the resistance to stacking 
loads, an axial load distributed around the top (and bottom) of the can. This load 
resistance is defined as the maximum distributed axial load, in pounds, that a 
can will withstand before significant deformation; a common compression testing 
device was used for this portion of the investigation. The other criterion is the 
resistance to side wall deformation due to external pressure. This panel resistanceis 
defined as the maximum difference in external pressure and internal pressure in 
psig, totally surrounding the can that it will withstand before deformation; enclosed 
pressure vessels were used to obtain this data. 

The steel three-piece, welded side seam cans used in this study were essentially 
common 303 ~ 4 0 6  food cans without beading. Thickness and temper were varied. 
Two common canmaking tinplate tempers were used. CAT4 tinplate is con- 
tinuously annealed, while DR8 is double reduced. The DR8 temper is a stronger 
steel, used for making thin cans. The aluminum cans used in the tests were taken 
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directly from supermarket shelves and were unbeaded, twopiece cans with ends 
that were necked in and of the 206x406 size. 

RESULTS AND DISCUSSION 

Panel Resistance 

All of the cans in this study failed by buckling when tested for panel resistance, 
and the experimental results showed no difference in the two steel tempers used. 

Figure 1 shows the experimental results versus the predicted values. The model 
was capable of reproducing with fair accuracy the actual panel resistance of the 
cans. Differences between predicted and actual panel resistances was from 7% 
to 18% for the steel cans. The difference increased as thickness increased. 

The difference between predicted and actual panel resistances may have been 
due to a faulty pressure gauge used in the experiment; many faulty Bourdon tube 
pressure gauges have an increasing discrepancy as the pressure increases. On 
the other hand, it may be due to the use of 90% lower bound predicted values. 
The method worked particularly well with the aluminum cans, despite their less 
than cylindrical shape. 

Assuming the results to be accurate, the predicted values can be improved by 
multiplying by a constant of 1.1. The result is also shown in Fig. 1. The buckling 
method, designed orignally for cylinders used in aircraft and rocketry, can be 
applied to the case of cans buckling under external pressure. It appears to be ac- 
curate as well for cans which are not quite cylindrical. 

Load Resistance 

In axial loading, the cans showed both yielding and buckling. These two failure 
phenomena are of course quite distinct, and so will be treated separately. 

Figure 2 shows the load resistance results obtained in this study and associated 
predicted values for the cans which exhibited buckling, the DR8 steel cans and 
the aluminum cans, when unpressurized. CAT4 cans did not buckle in 
compression. 

The buckling method was consistent in modeling the load resistance of the cans. 
Even the aluminum cans were fairly well approximated. The difference between 
predicted and actual values varied from 2 % to 27%, with the predicted values 
always higher. This may be due to the fact that the buckling method theory was 
based on tests with carefully constructed cylinders. In buckling, any deviation 
from a perfectly cylindrical form can reduce the load resistance of a cylinder 
(Yarnaki 1984). Therefore cans, because of their construction, may be further 
from a perfectly cylindrical surface than the test cylinders from which the buckl- 
ing method was derived. 
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By placing a factor, 0.9, before the predicted load resistance values, the agree- 
ment between predicted and actual results can be increased, Fig. 2. 

The model used predicts that the load resistance of a can should increase as 
its internal pressure is increased. For example, Fig. 3 shows the predicted ver- 
sus actual load resistance of a 7.15 mil steel can as a function of its internal 
pressure. Although the results follow the model at low pressure, at higher inter- 
nal pressures yielding became the predominant failure mode. 

Yielding of cans in compression occurs when the stress at any location in the 
can exceeds the yield strength of the material. Such yielding leads to failure of 
the can; other shapes may deform to a configuration of greater load bearing 
strength, but this is not true of cylinders. In compression, then, determining the 
load at which can failure thru yielding will occur is reduced to finding the point 
of maximum stress in the sidewall and calculating the load at which that stress 
will exceed the yield strength of the material. 

Unfortunately, finding the stress at every point in the can is difficult without 
certain assumptions. Most importantly, the can must be assumed symmetric about 
its long axis. Also, the load must be applied symmetrically about that axis. With 
these assumptions, points on the sidewall that are on the same horizontal plane 
of the can will have identical stresses. 

In this study, the different can types tested for load resistance yielded at dif- 
ferent internal pressures. For example, the DR8 steel cans generally yielded at 
pressures above 12 psig. The aluminum cans yielded at 43 psig, the only pressure 
at which they were tested. The CAT4 steel cans yielded at all pressures, including 
zero pressure. 

The simplest way to calculate stresses in a compressed can is to assume that 
it is a perfect cylinder loaded vertically at the edges and internally by pressure. 
Assuming there were no secondary edge loadings on the sidewall, stresses within 
the can would be due to the primary loads: compression and pressure. For a given 
internal pressure an iterative process is required to find the load resistance. The 
resistance values calculated by this method, are from 1.7 to 2.7 times higher than 
the actual results. 

This method assumes the absence of edge loads. However, edge loads must 
have been present, because in every case, yielding occurred at the edge of the 
sidewall, near the lid. 

A simple edge load which must have been present in these cans was the mo- 
ment created by eccentric loading. Because of the way the cans are lidded, the 
compressive load was actually loading the can along a circle of slightly greater 
radius than that of the sidewall, Fig. 4. The difference is labelled A. For the pur- 
poses of modeling this load, the eccentric load, can be replaced with an equivalent 
load and a moment. The moment would be along the edge, bending it outward. 
If A is not too large, the magnitude of the moment would be equal to the com- 
pressive load times A. 
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PRESSURE 
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FIG. 4. CAN LOADING 

Although the previous discussion applies to steel cans, the aluminum cans also 
had eccentric loading, although in this case the load occurred inside the radius 
of the sidewall. 

The moment creates an additional stress that is largest right at the edge of the 
sidewall. 

The value of A was fitted to the experimental results. When A was assumed 
to be constant it was found to be equal to 1.2 mil. The load resistance values 
were improved slightly by using a thickness parameter in the expression for A, 
Fig. 5. 

The moment due to eccentric loading dramatically reduces the load resistance 
of the cans. Using the empirical A excellent agreement between predicted and 
experimental results can be obtained, for all of the cans tested. 

More involved models of the stresses within compressed cans were also studied 
(Brewbaker 1986). The sidewall and ends were considered separately under the 
primary loads of compression and pressure, and then the edge loads and moments 
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due to their interaction at the junction are calculated, based on the fact that, under 
these loading conditions, the edge must remain intact. This approach does not 
match the accuracy of the previous method without including a moment due to 
eccentric loading. One thing it does predict, however, is an edge moment due 
to bulging of the can lids under pressure. This would tend to decrease the load 
resistance of the can as the pressure was increased. 

Yielding in Coke-type aluminum cans occurred at the junction between the cylin- 
drical sidewall, and the conical section leading to the upper end. A model was 
developed which predicts the stresses on the sidewall at this junction due to the 
primary loads, and the secondary edge loads. Again, it does not predict the ac- 
tual results without the addition of an eccentric loading effect (Brewbaker 1986). 
In this case, the eccentricity may be due to the difference at the junction between 
the model and the actual cans. The model assumes a match between the two sec- 
tions, the actual cans have a slightly discontinuity. 

Figure 6 shows the predicted load resistance of a 4.88 mil 7up aluminum can 
versus pressure using both the failure mode models. At low pressures, failure 
would be by buckling, by yielding at higher pressures. Figure 7 shows the situa- 
tion for a 6.6 mil DR8 steel can, and Fig. 8 for an 8.8 mil CAT4 can. For these 
cases, the experimental results gave fair agreement. 

CONCLUSIONS 

The buckling and yielding models just discussed have been designed to be quite 
general. It is probable that they could be used to predict buckling and yielding 
in cans of many different sizes and materials, provided they were fairly cylin- 
drical and unbeaded. However, this study only compared the models to one general 
size of food cans. With this in mind, these models will now be used to predict 
load and panel resistances in hypothetical food cans of the 303 x406 size, the 
same size as the tests. 

Figures 9 and 10 present predicted panel and load resistances versus pressure 
for three 303 x406 Aluminum cans of different thicknesses (4, 6 and 8 mil). In- 
cluded are the strength standards determined from the study (Brewbaker 1986) 
for cans currently being used. These standards are 40 psi in panel resistance, 
and 900 lb in load resistance. As the pressure within the can is increased, less 
material .is required to meet those standards. From Fig. 9, 38 psi of internal 
pressure is predicted to give a 4 mil Aluminum can an adequate panel resistance. 
Unfortunately, as seen in Fig. 10, this pressure does not confer the same benefit 
to the can in load resistance. 

Figure 11 summarizes for steel and Aluminum cans of different thicknesses 
the predicted internal pressures required to meet the strength standards. For DR8 
steel cans, panel resistance is the critical parameter. For aluminum cans, panel 
resistance is important for the thicknesses above 6 mil. Below 6 mil yielding of 
the can becomes critical. 
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Note that for steel cans, increasing the internal pressure to 37 psi allows a 
decrease in can thickness to 4 mil. For thicknesses below 4 mil other strength 
considerat'jns may take precedence, such as ease of puncturing or fatigue 
resistance. For the aluminum cans, the minimum possible thickness may be about 
4.8 mil, which would require about 50 psi of internal pressure. Yielding is the 
critical factor at this point, and lowering the load resistance standard to 800 lb 
would allow a 4 mil can to be used. For all practical internal pressures, a 4 mil 
aluminum can would not reach a compression of 900 lb, the standard, without 
yielding. 

Figure 11 is a graphical guide to studying the benefits of pressurized food cans. 
It can be used to calculate the cost savings of switching to pressurized cans, pro- 
vided economic data on canning and processing costs were available. For exam- 
ple, the steel in the sidewall of an 8.3 mil can costs about 3.4 cents. For a 6 
mil can, this cost is about 2.6 cents (Leonard 1980). According to Fig. 11 then, 
a material cost savings of over 25% could be gained by pressurizing the can. 
Of course, this ignores the other costs associated with pressurization. 

It is also useful to speculate on material changes. For example, below 6 mil, 
the cost difference between steel and aluminum cans becomes fairly narrow, and 
a switch from steel to aluminum could be contemplated (Leonard 1980). Similar 
graphs could be used to gauge the prospects of plastic cans. 
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