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ABSTRACT

A review of solutions for heat conduction with heat flux
boundary conditions is presented for cylindrical geometries. A
solution is selected that is sufficiently general to be applied
to a food heating problem associated with the Skylab space
flights which are to be conducted by the National Aeronautics
and Space Administration.

The problem is to compute the total time required to
heat food cans to a desirable temperature for consumption with-
out having the temperature, at any point in the system, becom-
ing higher than the boiling temperature of water for the given
cabin environment.

This problem is solved, by using a piece-wise, analyti-
cal solution scheme programmed on the digital computer. The
results of the analysis for a typical data case are presented
graphically and in tabular form. In particular the effect of
qo,Cxﬂ and Ro as parameters on a graph of T versus heating
time, a typical family of dimensionless temperature profiles,
and a table (Table 6.2) demonstrating the range of expected
heating times predicted for Skylab are presented as primary

analytical results.



vi
The conclusions based on the results are stated and

the possibility of system improvement is discussed.
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NOMENCLATURE

English

Radial surface area of can contents, ft2

Function name, Appendix D
Specific heat at constant pressure (BTU/lbm °R)

Radial increment chosen to perform numerical inte-
gration in computer program, Appendix G

Function name, Appendix D

Exponential function

Functional representation

Fourier modulus,CXt/Roz, dimensionless

Modified fourier modulus,cltfiaRoz, dimensionless
Integral function, reference eguation 2.7

Bessel Function of the first kind and of order zero
Bessel Function of the first kind and of order one

Thermal conductivity (BTU/ft hr °F)

Index
Index
quo . .
Flux conduction parameter, X , dimensionless

General dimensionless heat flux

Applied radial heat flux (BTU/hr—ftz)

Radius variable, ft

Outer radius of can, ft (unless otherwise stated)

Dimensionless radius variable, r/Ro

vii
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S Partial sum of a series

s Index

T(r,t) Temperature at a particular radius and time, °F
T Mean temperature level of system, °F

Tmax Maximum allowable system temperature, °r

Tmin Minimum temperature at which food is consumed, Op
t Time, hr

v Volume of can contents, ft3

Greek
. o 2 K

& 4 Thermal diffusivity, £ft“/hr , #cp

[} Material density, Lb /ft3

m

{%n Roots of Bessel Function J1 multiplied by R
Pon Roots of Bessel Function Jl 3

o] Dimensionless temperature, %1543%—%—2

max
Miscellaneous

( )C Evaluated at the food centerline

( )I Initial

( )n nth derivative of a function with respect to time
()" nth order partial sum of a series

I = R Evaluated at R

r o o
( )s Evaluated at the food surface

Evaluated at Ro
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CHAPTER I
INTRODUCTION

Historically food canning is a recent innovation, the
practice was first started in 1809, by a Frenchman named
Nicolas Appert.l Appert discovered that food could be pre-
served by heating it in heremetically sealed containers.2
However, he did not understand why the food was preser&ed.

In the decades following Appert's discovery, much
empirical data was produced which specified for how long a
time and at what temperature a particular food container should
be heated to preserve its contents without destroying their
palatabilify and nutritional value.

Much of modern day food technology still depends on
empirical data and on simple physical models. This lack of
advancement in the state-of-the-art of canning is the result
of no economic, social, or scientific demands for changé.
Since the standard methods of canning have presented no cost
problems, no health problems, and have been adaptable to most
new scientific requirements; the industrial procedures have

changed very little.

lG. Borgstrom, Principles of Food Science, Volume I,
Food Technology (New York: The Macmillan Company, 1968).

2Appert's "cans" consisted of glass jars with cork
end plugs sealed with wax.




However, several recent developments have upset the
status quo of canning technology. Some of these developments
are the increased resistance of virus and bacteria strains to
the present thermal-death treatments, the increased variety of
foods being canned, and the increased use of canned foods in
environments other than the surface of the earth.

This last development has resulted in activity designed
to produce the new thermal technology required to use canned
products in high-altitude flight, in earth orbit, and, in the
future, for interplanetary space flights.

Obviously, for space flight, new and improved thermal
modeling is needed to replace the old, empirical methods and
earth surface models that have sustained the canned food indus-
try in the past. Some of the more important new environmental
and design requirements encountered in space flight are the
lack of a gravitational force, no free thermal convection,
reduced atmospheric pressure, and the low-power consu@ing,
light-weight heating systems consistent with spacecraft design
criteria.

In conjunction with meeting the requirements stated
above, new thermal models must have boundary conditions that
correspond to given environments and that maintain the stan-
dard human comfort levels oﬁ crew members.

The first‘spacecraft environment where canned foods

are to be heated and consumed by crewmen is that of the Skylab
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Program flights produced by the National Aeronautics and Space
Administration. The Skylab environmental conditions that are
included in the thermal heating model of this thesis are zero
3

gravity, maximum allowable system temperature of 150° F.,” and

a storage temperature of 70° F.

3This value is 10° F below the boiling point of water
at a 5 psi cabin pressure.



CHAPTER II
THE SYSTEM ANALYSIS
THE PHYSICAL SYSTEM

The system to be modeled is that formed by a thin
wall (1/64 inch thick) aluminum food can (see Figure 2.1)l
containing various homogeneous and nonhomogeneous fdods. An
electrical resistance heater is wrapped around the can; resis-
tance heating also occurs at the bottom of the container. The
container's top is insulated. The can wall contains a thermo-
couple2 placed such that the temperature at the radial boun-
dary between the can‘and its contents is constantly measured.
Because of the spacecraft environmental constraints mentioned
earlier, the temperature, at any point in the system, cannot
~ become greater than a givén'value, Tmax‘ Tmax is the upper
limit used by the thermocouple to trigger the heating circuit.
The heating procedure is as follows.

Initially the system is at a uniform constant tempera-

ture (can storage temperature). The system is activated and

lFigure 2.1 shows the Skylab Food Tray with several
opened food cans in the various heating sockets and an orange
juice container in the drink holder.

2The thermocouple actually measures the temperature at
the exterior surface of the can. The small wall thickness
(1/64 thk) and high termal conductivity of the aluminum can
makes this a negligible thermal resistance.

4



FIGURE 2.1

THE PHYSICAL SYSTEM



a constant heat flux, dg s is uniformly applied to the can's
bottom and radial exterior. The heat flux (see graphical
representation, Figure 2.2) is maintained until the thermo-
couple signals that the can/food interface is at Tmax' At
this time, the heater is shut off. Then, under the zero flux
boundary condition, the can contents redistribute their energy
by conduction (no free convection in the can contents in
zero g). Heat is conducted inQard from the regions of high
temperature at the previously heated boundaries to the regions
of lower temperature, the can top'and center. The heater
remains off until the temperature at one of the boundaries
first reaches a value, Tmin' The heater is turned on and a
uniform heat flux 95 is again applied to the can bottom and
circumference.

This sequence of events is repeated until the tempera-
ture of the can's contents at the geometrical centerline is at
T . . Since T__ and T_. differ very little (15° R), the

. a4
temperature profile in the food becomes approximately flat ™ as

the heating cycles continue.

3The thermal energy level at the can centerline is
within some predetermined error of the value, Tmin'
4

The 15° R variation between Tmax and T represents

min
a 1% percent variation in the value of Tmin (595° R).
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THE ANALYTICAL MODEL

The analytical model (see Figure 2.3) is the same as
the physical model except for the following differences.

Both ends of the can are assumed to be insulated (infi-
nite cylinder). The can contents are assumed uniform; that is
no gas globules (voids) are mixed in with the food or separate
the food from the can wall. The entire can is assumed to be
perfectly insulated during the periods when the heat source is
shut off.

The assumption of an infinite\cylinder as compared to
the actual cylinder is based on two considerations. First,
the heating time computed using such an assumption is conserva-
tive. Secondly, the general relation5 describing the actual
physical system boundary conditions is so complex that the com-
puter programming and estimated computer solution times are
beyond the scope of this thesis.

The assumption of complete insulation during periods
of no heat flux will reduce somewhat the conservatism of the
infinite cylinder approximation.

The assumption of gas voids being absent during heat-
ing in zero gravity is justified by the earth gravity stowage

of the cans prior to any space flight. It is felt that the

5Nurettin Y. Olcer, "On the Theory of Conductive Heat
Transfer in Finite Regions with Boundary Conditions of the
Second Kind," International Journal of Heat and Mass Transfer,
8:529-56, 1965,
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gravity environment's stratification of the can contents and
the interparticle bonds (e.g., coagulated grease) formed dur-
ing stratification are strong enough to remain stable in the
zero gravity environment. This, in the absence of any further
disturbance, precludes any random arrangement of food and gas
globules from occurring.

In the event an unexpected agitation induces a signifi-
cant number of trapped gas pockets into the food, the conduc-
tion model breaks down. Gases have low conductivities and
radiation will become an important heat transfer mode.

The differential equation and boundary conditions that
describe the general analytical model are presented and dis-

cussed below.

=

AT d %t 1 3
¢t "X\32Z *t T or (2.1)
r
The general boundary and initial conditions are:
T(r,t=0) = nonzero, nonconstant function of (2.2)

radius

0, heater off

q
o
kR = constant, heater on (2.3)

(Q) -
ar, -

wall
Equation (2.3) represents a constant heat flux at the

boundary.

Lim ET(r,tn = finite value (2.4)

r—e0



11

Thus, the solution needed is the one for an on-off,
constant heat-flux (i.e., alternately on and then insulated
9, = 0) applied at the radial boundary of an infinite right
circular cylinder with an arbitrary initial temperature dis-
tribution.

CHRONOLOGY OF RESEARCH PERFORMED
IN THE LITERATURE

The lumped-heat-capacity method6 (Newtonian heating or
cooling) is a simple approximate method for solving unsteady
state heat transfer problems for arbitrary geometries.

The approach's principle assumption is that the heated
body possesses negligible internal resistance to conduction
heat transfer (i.e., K is lafge). Thus, there are negligible
temperature gradients within the body, and its temperature is
essentially constant (i.e., one value of temperature character-
izes the thermal state of the body);

The energy entering the body at its surface must all
be étored within it, resulting in a temperature increase.

The equations associated with this method are:

Ag = C ¥V == = constant (2.5)

6J. P. Holman, Heat Transfer (New York: McGraw-Hill
Book Company, Inc., 1963): see also F. Kreith, Principles of
Heat Transfer (Scranton: International Textbook Company, April,
1963): and P. J. Schneider, Conduction Heat Transfer (Cambridge:
Addison-Wesley Publishing Company, Inc., September, 1957).
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Upon integrating (2.5), for a constant heat flux, the

result is:

T(t) - T, = (t - tg) (2.6)

I

The assumption of high thermal conductivity for all
known canned foods is bad.7

The actual temperature distribution is in general not
uniform, but it is nearly so at the end of the heating process.
The assumption of a constant heat flux is not compatible with
the on-off flux requirehent of the physical system.

With all the necessary assumptions made to provide a
solution, the results of the lumped-heat-capacity method can
serve as the ultra-conservative solution to check, roughly,
the more elaborate methods. | ]

It is apparent that the total heating (on) time for
the (on-off) cyclic heat-flux system would be greater than the
time calculated from the lumped-heat-capacity model.

Another readily available method of approximating a
solution is provided by the finite difference technique. This
method is used largely for nonhomogeneous materials, for non-
linear boundary conditions (radiation), for boundary conditions

which are functions of space or time, and for unusual shapes.

However, its use is not limited to those conditions.

7Most canned foods gave thermal conductivities ranging
from (.37 to -18 BTU/hr-£ft-~ R) compared to a range of (6 to
235 BTU/hr—-ft-_  R) for metals.
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For this problem, the method's utility is best judged
by comparing desired solution accuracy to the time required
to converge to a final answer. For a problem where several
solutions of a set of finite difference equations are required
to correspond to the various sets of boundary conditions, the
amount of computation time8 for an accurate answer becomes -
guite large.

Based upon the previous logic, it was decided £o fore-
go the finite difference technique and to seek an apprbximate
or exact solution where accuracy and computation time are more
easily controlled.

Another approximate solution method was considered; it
is called the Schmidt Plot.9 The method is used to solve
unsteady state heat transfer problems of arbitrary geometry
that are one-dimensional and have known initial temperature

distributions (usually in the form of raw data). This method

was dropped from consideration because it is graphical, it is

primarily intended to be performed by hand, and it is not easily

programmed.lo

8The time is large either for hand or computer cbmpu—
tations using this method.

9Holman, loc. cit.; see also Schneider, loc. cit.

10Each computation starts over again with the same
graphical techniques. The process is not set down in terms of
general relations that can be iterated only by a change of
input values.

=7



14
The next type of solution considered was the analyti-
cal solution. Extensive collections of unsteady state con-
duction solutions can be found in the literature.11
The first special case solution was found in Carslaw
and Jaeger's book12 and is rewritten here in the terminology
of this thesis (see Appendix A for change of variables).
The boundary conditions for which it is wvalid are a
variable initial temperature distribution and a zero surface

flux. These are the boundary conditions that exist when the

heater is shut off and the can contents are cooling down to

T . .
min
) o —FomI 3
2 1 m obeh)
e = T _-,I-. 2 2 (2.7)
max R J ‘<P )
o oo 1 o om

The auxiliary equations associated with (2.7) are:

2
p Xtbh (2.8)
om 2
R
o
o
I = J[ T(r ,t=0) I @) r ar (2.9)
0
11

H. S. Carslaw and J. C. Jaeger, Conduction of Heat in

Solids (24 ed.; Oxford: Clarendon Press, 1959); see also
Schneider, loc. cit.

12Carslaw and Jaeger, loc. cit.
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The physical significance of the auxiliary equation
(2.8} is discussed later.

The second special case solution was also found in
Carslaw and Jaeger's book and is written as follows (see Appen-
dix B for change of variables).

The boundary conditions for which it is wvalid are .a
constant surface flux and a zero initial temperature distribu-
tion. These boundary conditions do not exist during tﬁe can's

heating process.

oo
6 = ZQT F + 4 (R2 - %) - R? IEZ e Fom
o
max m=1
J, (fm)
2
¥ 21 P ) (2.10)

The auxiliary equations associated with (2.10) are:

Fo =QﬁE§ (2.11)
R
o
2
F _oxt ¥’ (2.12)
om 2
R
(o)
Q = quo/K (2.13)

The physical significance of the auxiliary equations

is discussed later.

S¥ TZE. ;i;}‘,;.'
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The boundary conditions for which the third special
case solution13 is valid14 are a constant surface flux and a
constant, nonzero initial temperature profile. This is the
set of boundary conditions that exists when the heater is first
turned on. Equation (2.14) appears to be a valid solution from
zero until the can wall first reaches Tmax' It does not repre-
sent a total solution to the problem, only a solution for the
original set of boundary condifions. It claims, as one of its
special cases, eguation (2.10).15 The solution is written

below (see Appendix C for change of variables).

F
0 = 20 F o+ % (RZ - &) - R? E(e om
T T °©
m= 1

Jo ©n) ) ~ (2:14)
2
st JO ('eom)

The auxiliary equations associated with (2.14) are

equations (2.11), (2.12), and (2.13).

13S. J. Lis and P. P. Nuccio, Method of Heating Food in
Aerospace Flight, Techn. Doc. Report No. AMRL-TDR-63-135, Bio-
medical Laboratory, 6570th Aerospace Medical Research Labora-
tories, Aerospace Medical Division, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio, December, 1963.

14

1

See discussion on page 2/ before applying (2.14).

lsSee discussion on page 2/ before applying equation

(2.14).
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Langford presents a different kind of solution to the
unsteady heat conduction problem. The capability of the solu-
tion is best described by this abstract:

New solutions of the heat equation are exhibited
for the case in which both the temperature and heat
flow rate are prescribed at a single fixed boundary.
The prescribed temperature and heat flow rate may be
any arbitrary infinitely differentiable functions of
time. The new solutions are applicable for one-
dimensional (radial) heat flow in spheres, cylinders,
and slabs.

Special solutions may be obtained by choosing spe-
cial forms for the prescribed boundary temperature and
boundary heat flow rate. These special solutions
include the classical solutions of the heat equation,
new sequences of polynomial and quasi-polynomial solu-
tions of the heat equation, and new closed-form solu-
tions to constant-velocity phase change problems with
spherical and cylindrical symmetry.

According to Langford, the temperature distribution in
an infinite, right, circular cylinder as a function of time

is:

OO0
0(R,t) = Z [@ (R_,t) ™ (R%/4) - %(q)_(R_,t)
m=0

" (r%/4)] (2.15)

The functions, E™ and Cm, are given for m20 by general

relations (see Appendix D). E™ and C™ are functions only of

the cylindrical geometry.

16David Langford, "New Analytic Solutions of the One-
Dimensional Heat Equation for Temperature and Heat Flow Rate
Both Prescribed at the Same Fixed Boundary (With Applications
to the Phase Change Problem)," Quarterly of Applied Mathematics,
24:315-22, 1966.
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In order to use eguation (2.15) to compute tempera-
ture values at radial points for any given time, it is only
required that complete time histories of both heat flux and
temperature are known or can be accurately constructed at the
surface, Ro (i.e., at the boundary). If these histories are N
available and analytic, then a complete time history of tem-. -
perature at any point in the system can be generated using
(2.15).

An attempt was made to construct the required time-
history inputs for equation (2.15). The approximations con-
structed were read into a computer program. The results of
the program indicated an increase in heating time of nearly
50 percent over the time determined from the lumped-heat-
capacity method of solution.

It should be mentioned that the construction of the
heat flux, surface temperature time histories for the computer
program are somewhat arbitrary and of unknown accuracy. Hence
the results obtained are, to say the least, questionable.

Olcer presents an analytical solution which is suffi-
ciently general to be applied to the present problem.17

In this work general expressions are derived for
unsteady temperature distributions in finite regions of arbi-

trary geometry, under conditions of prescribed heat flux on all

l?Olcer, loc. cit.
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boundaries and with time-dependent heat sources and arbitrary

initial conditions. The temperature fields are expressed in

the form of uniformly convergent series solutions.

The general result of the paper specialized to the

case of an infinite cylinder with a constant heat flux applied

to its radial exterior and a nonzero, nonconstant initial -tem- -

perature distribution is (see Appendix E):

g(Fo' Foms Ror Ry Iny Q'<Dm"€zm) =0

(2.16)

(2.17)

(2.18)

m 1
0 -F
2 - e or Im Jo (Pm)\
+ 1/R
° 3% @) /
m=1 o om
The auxiliary equations associated with (2.16) are:
R
- 2 o
T = (2/Ro ) Jr T(r,t=0) rdr
0
R
o
I, = f T(r,t=0) Jo(fm) rdr

0

5o
i

roots of Bessel Function, Jq

multiplied by R

,P = roots of Bessel Function, J
om 1

(2.19)

(2.20)

v B
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_ 4t .
Fo = ;—5 , fourier modulus (2.21)
o
2
_oxtn? , modified fourier modulus (2.22)
om R 2
o]
a R
o o©
Q= , (2.23)

Some of the auxiliary equations have significant physi-
cal meanings.
T in eqguation (2.17) represents the initial, mean tem-

perature level of the systemn.

F_ in equation (2.21) is the fourier modulus and F

o} m

in equation (2.22) is a modified fourier modulus.

Q in equation (2.23) is the flux conduction parameter.
It represents the ratio of heat per unit axial length crossing
~ the system boundary to the ability of the system materials to
conduct this heat into the interior of the cylinder. A large
value of Q represents a conduction (K small) controlled process
(i.e., changes in 9 dp not affect the process to a large
degree). A small value of Q indicates that the process is con-
trolled by the imposed heat flux.

Several special cases of equation (2.16) and its aux-
iliary equations are needed to correspond to the different sets
of boundary conditions present in this problem.

The first is for a constant boundary heat flux and a

constant initial temperature distribution. These are the
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boundary conditions when the can is first heated up to Tmax'

The eqguation as specialized from the general equation (2.16)

is:
2 2
e — [Fo+% (R% - %) (2.24)
max
oo —FomJ
Y }E: ('e o £m)
2
m= 1 49 Jo (fzm)
co -F
om 5 e
2 e m o ({m)
+ l/Ro 2 )
J ¢%m
m= 1 o
The auxiliary equations that change are:
T = T, = T(r,t=0) ' (2.25)
R
o]
I =T, fJo ) rar (2.26)
0
The remaining auxiliary equations are (2.19) through
(2.23).

Since the same boundary and initial conditions were used
in the derivation of equation (2.24) as were used for a previ-
ously discussed solution (equation (2.14)); eguations (2.14)
and (2.24) should be the same. They are not; they differ by the

second bracketed term in egquation (2.24). The term is rewritten.
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0 -F
om
2 e Im J;(f%ﬂ
o JOZ (4%m)

(2.27)

Lis and Nuccio18 lists Carslaw and Jaeger as their
source for equation (2.14). ihe page referred to in Carslaw and
Jaeger's book19 contains only the solution for a zero initial
temperature distribution (which is our equation (2.10) from Cars-
law and Jaeger). Apparently the authors, Lis and Nuccio,20
incorrectly made the assumption that the zero initial tempera-
ture condition of Carslaw and Jaeger's could be changed to a
constant, nonzero initial temperature condition simply by add-
ing in a constant initial temperature term. As it has just been
shown, this is not true. The term indicated (eguation 2.27))
must also be accounted for. Therefore, before any conclusions
" based on the results of Lis and Nuccio are made, the effects
of (2.27) on the stated results should be considered. Also,
it can be easily shown that by setting T, = 0 in eqguation
(2.24), I, = 0. This causes the term (2.27) to be zero.

Therefore, equation (2.10) is simply a special case of equation’

(2.24). Eguation (2.10) is also a special case of the general

18Lis and Nuccio, loc. cit,

19Carslaw and Jaeger, loc. cit.

20Lis and Nuccio, loc. cit.
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theory, equation (2.16). This is as it should be.

In the physical model the heater is controlled by a
thermocouple at the wall. Hence the wall temperature of the
conduction model must be monitored. The wall temperature is
determined from equation (2.24) with R = 1. Then, for a con-
stant heat flux and for a constant, nonzero temperature dis-

tribution, the wall temperature is eguation (2.28).

: -F
‘A L _ 29 1 § e__om
Ol_ leall = T — [FO + g - (43 2)}
, r max I m

= R m= 1
()

e Sera) e

The auxiliary equations are (2.25), (2.26), and (2.19)

through (2.23).
After the initial heat-up cycle, the wall temperature
must again be monitored for the case of a nonuniform initial

temperature distribution. The result from equation (2.16) with

) (2.29)

R=1 is:

SO
0 = 0|lwall = 22— [r + 2 e 7
= ati = 47 - o T8~ 2
max \Pm
m=1
Z( ~POI“)

m= 1
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The form is the same as (2.28), but the auxiliary equa-
tions are different. The auxiliary eguations are equations
(2.17) through (2.23).

The next special case required of equation (2.16) is
for the boundary condition of zero flux with an arbitrary ini-
tia; temperature profile. This occurs physically during the
cool-down periods of the food boundary from Tmax to T . .

min

From equation (2.16) with Q = O:

: om I J
oL 2 R e n Yo ) (2.30)
=T _-T |R 2
max o J (42m)

= 1 °

The auxiliary equations are equations (2.17) through
(2.22).

It is recalled that the boundary and initial conditions
imposed in the derivation of equation (2.7) are the same as
those used above: and, upon inspection, it is seen that the two
equations are identical. Therefore, the general theory, equa-
tion (2.16), has as a special case eguation (2.7). Also, it is
shown (see Appendix D) that the superposition of equations (2.7)
and (2.10) produces the general theory, equation (2.16).

The final special case of equation (2.16) is the one
for which the boundary heat flux is zero, the radius is Ro' and
the initial temperature profile is nonuniform. This gives the

food boundary temperature, measured by the thermocouple, as a
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function of time during the cool-down periods of this analy-

sis. Evaluation of equation (2.30) for R = 1 yields:

o ~Fom
0 e = 2 ——r 2.31
Tmax - T Ro Jo({%m)
m= 1

The auxiliary equafions are the same as those of equa-

tion (2:30).
It is noteworthy that many other solutions to the basic
differential equation, equation (2.1), exist. However, these
solutions are for different boundary and initial conditions
than (2.2), (2.3), and (2.4). The primary sources of these
other solutions are footnoted.2l

Table 2.1 is presented as a summary of available solu-

tions for constant heat flux boundary conditions in infinite

21R. B. Bird, E. N. Lightfoot, and W. E. Stewart, Trans-
port Phenomena (6th ed.: New York: John Wiley & Sons, Inc.,

1

1965); see also Carslaw and Jaeger, loc. cit.; R. V. Churchill,
Operational Mathematics (2d ed.; New York: McGraw-Hill Book
Company, Inc., 1958); Holman, loc. cit.; W. M. Kays, Connective
Heat and Mass Transfer (New York: McGraw-Hill Book Company,
Inc., 1966); Kreith, loc. cit.; A. V. Luikov, "Heat and Mass
Transfer Institute, Minsk, BSSR, USSR," Analytical Heat Diffu-
sion Theory, James P, Hartnell, editor (New York: Academic
Press, 1968); Schneider, loc. cit.; and C. R. Wylie, Jr.,
Advanced Engineering Mathematics (2d ed.; New York: McGraw-
Hill Book Company, Inc., 1960).




TABLE 2.1

SUMMARY OF SOLUTIONS FOR HEAT FLUX BOUNDARY CONDITIONS ON THE SURFACE
OF INFINITE RIGHT CIRCULAR CYLINDERS
Problem Statement Solutions Literature®
Item Boundary Conditien(s) & Initial Condition(s) Available Source Comments
1 (1) Constant initial & final temperature Eg.'s (2.5) & Bird, et al.; (1) Approximation best for
profales. (2.6) Lumped- Holman; Kays: high thermal conductivity]
(2) Heat flux known as a time function. Heat-Capacity & Kreith materials.
Method
2 (1) Arbitrary boundary arnd initial condi- Finite Holman; and (1) Best for unusual boundary
tions. Difference Schneider conditions. ,
Technique (2) TUnusual geometries.
3 (1) Arbitrary boundary and initial condi- Schmidt Plot Holman; and 1) Graplical technique.
tions. No eguation Schneider 2) Useful for one dimension
only.
(3) Not easily progranmmed.
4 (1) Zero surface flux. Eq. (2.7) Carslaw and (1) Valid for cool-down
(2) Arbitrary initial temperature dis- Jaeger sequence of thesis prob-
tribution. lem.
(2) Special case of eguation
(2.16).
5 (1) Constant surface flux, Eqg. (2.10) Carslaw and (1) Special case of eguation
(2) 2Zero initial temperature distribu- Jaeger (2.16).

tion

9¢



TABLE 2.1 (continued}

Problem Statement Solutions Literature®
Item | Boundary Condition(s) & Initial Condition(s) Available Source Comments
6 (1) Arbitrary boundary conditions. Eqg. (2.15) Langford (1) Temperature and heat flux]
- time histories must be
known at radial surface.
(2) Taime histories must be
analytaic.
7 (1) Constant or zero flux boundary condi- Eq. (2.16) Olcer (1) Represents a general
tion. analytical solution to
(2) Arbitrary initial temperature distri- the problenm.
bution

85ee Bibliography.

LZ
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circular cylinders.22 It also contains the respective bound-

ary and initial conditions and selected comments.

22Some of the solutions presented in Table 2.1 are
valid for semi-infinite and finite cylinders as well as other
geometries.



CHAPTER III

DEVELOPMENT AND DISCUSSION OF A PROGRAMMING TECHNIQUE

FOR APPLYING THE ANALYTICAL SOLUTION

Eguation (2.16), its auxiliary equations, the special
cases of (2.16), and their auxiliary equations are in effect
a collection of analytic solutions,'accounting for the chang-
ing boundary and initial conditions, of each segment of the
problem. What is reguired is to put these equations together
to form a piece-wise solution to the overall heat transfer .

‘ problem,

The logic that underlies the assimilation of the
piece-wise solution is based on two facts. The first fact is
that five different sets of boundary conditions are applied
to equation (2.16) generating five special cases. The second
 fact ié that the criteria for choosing the appropriate set of
boundary conditions (special case eqguation) for a given phy-

sical situation is whether the boundary temperature is T

II
Tmax' or Tmin and from what direction the boundary temperature
is approaching TI' Tmax' or Tmin‘ The five sets of boundary

conditions are presented in Table 3.1.
The use of the given boundary conditions in conjunc-
tion with equations (2.16) through (2.23) to produce the

reguired piece-wise solution is demonstrated in Table 3.2.

29



TABLE 3.1

BOUNDARY CONDITIONS

Boundary Temp.:
Heat Flux:

T .
min
9o

. Boundary Comments
Condition Description (See Figure 2.2)
A Initial Temp. Dist.: Constant, nonzero Initial system configuration.
Boundary Temp.: ’I‘I
Heat Flux: 95
B Initial Temp. Dist.: vVariable, nonzero System configuration when
Boundary Temp.: Tmax boundary heats up to Tmax’
Heat Flux: 95
C Initial Temp. Dist.: Variable, nonzero System configuration when the
Boundary Temp. : Tmax boundary begins to cool down
Heat Flux: 0 from T, .
max
D Initial Temp. Dist.: Variable, nonzero System configuration when the
Boundary Temp.: T _. boundary cools down to T_ . .
: min min
Heat Flux: 0]
E Initial Temp. Dist.: Variable, nonzero System configuration when the

boundary begins to heat up from

T . .
min

0]



TABLE 3.2

PIECE-WISE SOLUTION SCHEME

Initial & Final

Equation used to
iterate to reg'd
boundary condition

Equation used to
generate temp. dist.
in food at time reg'd

Boundary & record system boundary condition
Time Span Conditions time is reached
1 (Initial Initial: A N/A N/A
heat-up)
Final: B Eqg. (2.28) Eg. (2.24)
2 (1st cool Initial: C N/A N/A
down)
Final: D Eg. (2.31) Eg. (2.30)
3 (Heat- Initial: E N/A N/A
up)
Final: B Eg. (2.29) Eg. (2.16)
4 (Cool Initial: C N/A N/A
down)
Final: D Eg. (2.31) Eg. (2.30)
5 (Heat- Initial: E N/A N/A
up)
Final: B Eg. (2.29) Eqg. (2.16)

q5ee Table 3.1.

I¢
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The piecé—wise solution scheme in Table 3.2 has been
programmed for the Univac 1108 computer and is executed by the
computer in the sequence suggested by Table 3.2 Steps (4) and
(5) of the sequence are repeated by the machine until, at
either Step (4) or (5), the centerline temperature is greater
than.or equal to Tmin'

The basic flow diagram used to execute the piece-wise
solution technique is presented in Figure 3.1. A completely

detailed flow chart, listing of the program, and an example

of the program output are presented in Appendix G.
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Read Input
Variables

é

Initialize
Arrays to Zero
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wall
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elapsed time.
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¥
s
No T = T
P — wall max
Yes
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Total Time = Time
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FIGURE 3.1
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and exactly the time re-
gquired for T
equal T
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CHAPTER IV

DISCUSSION OF INPUT DATA TO THE

COMPUTLR PROGRAM

The determination of thermal properties of foods is
not complete and is the subject of many studies today. How-
ever, several methods of estimating'these propefties exist and
have been used for many years.l Most of the methods are based
on the percentage of water a canned food contains and the fact
that the dehydrated remainder of the can contents is a fibrous
material similar to balsa wood or cork in its material proper-
ties. Using-this logic a total homogeneous property is deter-
mined by multiplying the weight fraction cf a particular
component by its known property value and adding the results
for all componénts together. The mathematical statement of

" the described operation is:
(4.1)

Total Homogeneous Property = (Weight Fraction)iX

i=1 (Property)i

The requirement for the present study is to determine
the range of material properties to be expected in canned

foods. This was accomplished using equations similar to (4.1)

lR. L. Earle, Unit Operations in Food Processing (lst
ed.: Fairview Park, Elmsford, N.Y.: Pergamon Press, 1966).

37
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(see Appendix H). The results of the work are presented in

Table 4.1.

TABLE 4.1

MATERIAL PROPERTY RANGES TO BE EXPECTED
IN CANNED FOODS

Property Lower Intermediatea, Upper
(Units) Limit Value Limit
Thermal
Conductivit . 184 «235 . 3081

(BTU/hr-ft-"R)

Density
(1bm/ft3) 25.28 39.2 59.15

Heat Capacity
at Constant

Pressure . .36 .60 .944
(BTU/lbm- R)

Thermal 4
- Difﬁusivity .0055 .01 .02
(Ft“/hr)

aRepresentative of an average material property.

Along with the material property ranges exhibited in
Table 4.1, it was decided that additional useful data would
be produced by the material properties of pure water (H20).

These properties are accurately known and readily available.

2Earle, loc. cit.; see also J. P. Holman, Heat Trans-
fer (New York: McGraw-Hill Book Company, Inc., 1963).
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The properties of water in conjunction with the values
of Table 4.1 yield an expanded set of properties. The new

property group is displayed by Table 4. 2.

TABLE 4.2

MATERIAL PROPERTY RANGES CONSIDERED
FOR ANALYSIS

Property Lower Intermediate Upper

(Units) Limit * Values Limit
Thermal a

Conductivity .184 .235 . 3081 . 368

(BTU/hr-ft-R)

Density a
(1bm/ft3) . 25.28 39.2 59.152 61.84

Heat Capacity
at Constant .36 .60 .944 L9972
Pressure )

(BTU/1bm-R) '

Thermal : a
Difﬁusivity .0055 .0058" .01 .02

(Ft“/hr)

4Values are for water at llOoF; see Holman, loc. cit.

The values in Table 4.2 are those that are entered in
the digital computer program.

Another input variable to the program is the outer
radius of the can. There are only two can sizes to be used in
the Skylab Program. One size has an outer radius of approxi-

mately 1.34 inches and the other of 2.34 inches.
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One more input variable that must be considered prior
to executing the analysis is the applied heat flux, d5°

A range of realistic boundary heat fluxes for this
analysis was determined from Lis and Nuccio.3 This reference
suggested a nominal value of heat flux to be used. The nominal
value's selection was based on the classic aircraft and space-
craft design considerations of availability of power and mini-
mization of system weight. This nominal heat-flux value is
800 (BTU/hr—ftz). The anticipated flux range has been arbi-
trarily built around the central flux value (see Table 4.3).
The flux variation in Table 4.3 is considered to be representa-

tive of available spacecraft power levels.,

TABLE 4.3

RANGE OF HEAT FLUXES CONSIDERED
FOR ANALYSIS

Minimum . Nominal Maximum
Heating Heating Heating
Rate Rate Rate
400 2 800 2 1200 2
(BTU/hr-£ft°) (BTU/hr-£ft°) (BTU/hr-£ft“)

35. J. Lis and P. P. Nuccio, Method of Heating Food in
Aerospace Flight,.Techn. Doc. Report No. AMRL-TDR-63-135, Bio-
medical Laboratory, 6570th Aerospace Medical Research Labora-
tories, Aerospace Medical Division, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio, December, 1963.
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Three of the input variables-heat flux, can radius,
and thermal conductivity-are combined to form a single input
parameter (see page 20). This parameter is called the flux
conduction parameter. It has been previously defined, but its

definition is rewritten for clarity.

Q= , flux conduction parameter (4.2)

Based on equation (4.2) Table 4.4 is generated which

is analogous to Table 4.3 for heat flux.

TABLE 4.4

RANGE OF THE FLUX CONDUCTION PARAMETER

Minimum Maximum
Flux Conduction Flux Conduction
Can Radius Ro Parameter Parameter
(In) (R) (R)
1.34 121.38 728.26
2.34 211.96 1271.74

From Table 4.4, it is seen that the maximum range of
the flux conduction parameter is from 121.38 (R) to 1271.74 (R).
This important input variable is not read directly into
the computer, but is calculated using (4.2) from other input

data.
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By introducing the parameter the number of unique
input variables of O is reduced to three. They are Q,¢{, and
RO.

After examination of the data presented in Tables 4.2,
4.3, and 4.4 and taking into account the knowledge that two
sizes of cans are to be heated, it was decided that twenty-
four data cases should be submitted to the computer.

Mathematically, with three values of dg four values
of K anéCX, and two values of ﬁo; there are ninety-six possi-
ble combinations of the input variables. However, only twenty-
four of these combinations have any physical meaning.

The twenty-four data cases submitted to the computer

are summarized in Table 4.5 (they will generate adequate out-

put data to draw the correct results and conclusions).



TABLE 4.5

SUMMARY OF DATA CASES FOR THE COMPUTER

Can Thermal Thermal Flux Material
Data Radius Conductivity Diffusivity Conduction Most Closely
Case (in) (BTU/HR-FT-R) (FT2/HER) Parameters (R) Represented
1 1.34 .184 .02 ‘ 242.75 Bacon
2 1.34 .184 .02 485.51 Bacon
3 1.34 .184 . .02 728.26 Bacon
4 1.34 ’ .235 .01 1906.07 Fat Beef
5 1.34 . 235 .01 380.14 Fat Beef
6 1.34 . 235 ' .01 570.21 Fat Beef
7 1.34 . 368 .0058 121.34 Water
8 1.34 . 368 .0058 242.75 Water
9 1.34 .368 .0058 364.13 Water
10 1.34 .3081 .0055 144.97 Asparagus
11 1l.34 .3081 . .0055 289.95 Asparagus
12 1.34 © .3081 .0055 434,93 Asparagus
13 2.34 .184 .02 423.91 Bacon
14 2.34 .184 .02 847.83 Bacon
15 2.34 .184 .02 1271.74 Bacon
16 2.34 «235 .01 331.91 Fat Beef
17 2.34 «235 .01 663.83 Fat Beef
18 2.34 " .235 .01 ' 995.74 Fat Beef
19 2.34 .368 .0058 211.96 Water
20 2.34 .368 .0058 423.91 Water
21 2.34 . . 368 .0058 635.87 Water
22 2.34 . 3081 .0055 253.16 Asparagus
23 2.34 .3081 .0055 506.33 Asparagus
24 2.34 .3081 .0055 759.51 Asparagus

£V



CHAPTER V

DETERMINATION OF ERROR ENVELOPES ASSOCIATED

WITH THE ANALYSES

The error is defined by equation (5.1): it is, in
general, a function of the same arguments as the dimensionless
temperature, 0 {(equation (2.16)). In addition the error is a

function of M, the finite number of series terms taken.
ERR = £(F_, F__, R, R, I_, Q,\Pm,fom, M) (5.1)

For the material property ranges of canned foods and a
given food can radius, the variation of only six of the nine
arguments of (5.1) significantly effect the error. This six

argument effect is demonstrated by (5.2).
L
ERR™ £(F_, F_, R, Im"Pm' M) (5.2)

The first two arguments in (5.2) are functions of t.
The next three are functions of the size of the radial incre-
ment used in the digital computer program. The last argument
is the number of series terms taken.

Based on the experience gained by use of the program
to evaluate data range effects, equation (5.2) is replaced

with equation (5.3).
ERR = f(Xt, DR, M) (5.3)

44
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The most apparent and the hardest error type to con-
trol is the undamped error phenomena; it is associated with
the first argument of (5.3). The error is produced in egua-
tion (2.16) and its special cases when the Xt product in the
exponential terms of these quations approaches zero. Egua-
tion (5.4) demonstrates the form of the terms under discussion

for a given radius.

M

General Form = Z (e—(const)CXt) X (5.4)

m= 1
(Bessel Functions = f(m))

The exponential term is the damping term, it damps out
the error oscillations that occur when the series of Bessel
Functions are evaluated for a finité numbér of terms. If the
product Xt approaches zero the exponential (damping) term
approaches one. At this value, one, there is no damping; this
causes the worst case error.

The second variable in (5.3) that effects the error is
the radial increment size chosen for numerical integration per-
formed by the computer. The form of the integration is demon-

strated by equation (5.5).

o
Integral = J[Jb ({h) rdr (5.5)
0
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In equation (5.5) the radius, r, is an argument of the
Bessel Function ({% = f(r)), appears by itself in the inte-
grand, and is the variable of integration.

The smaller the size of the radial increments taken the
more accurately the integral is evaluated and the smaller the
error induced into equation (2.16) and its special cases.

The last argument of (5.3) to be discussed is the num-
ber of terms of the series used. The first few (one to seven)
terms add great accuracy to the equation being evaluated, but
the accuracy effect of .adding terms dies out exponentially as
M increases. Twenty terms of the series in equation (2.16)
and its special cases were taken.

Proof of series convergency is furnished by two dif-
ferent methods. The first is the small (less than 1/2 a per-
cent) accuracy improvement noted when forty terms of the series
- are compared to the twenty terms used. The second methodl
uses only five terms of the series and maintains the accuracy
level of twenty terms. The method uses a simple algebraic
closed form to converge a series by using three of its partial
sums. A partial sum of the series is defined, generally, by

equation (5.6).

lM. Abramowitz and A. Stegun, Handbook of Mathemati-

cal Functions (New York: Dover Publications, Inc., 1964).
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n

st = E (general series term)i (5.6)

i=1
The convergency relation is:

n Sn + 2 _ (Sn + 1)2
Series Sum = = - —7 (5.7)
s + S - 28

,Both of the methods converge to the same temperature
- profiles.
| An estimate of the total error involved in the analysis
can be attained by comparing the theoretical requirement of
zero heat flux during a cool-down cycle (heater shut off) to
the actual numerical results. For the perfectly insulated. con-

dition the energy in the system remains constant aé does T,
which is proportional to the system energy. Therefore, any
variation in the value of T, as numerically computed, at the
beginning and end of a cool-down cycle is error.

T initial - T final
T initial

% ERROR = 100 x (5.8)

The maximum error encountered for any cool-down cycle

and for any data case is less than one-half of a percent.



CHAPTER VI
RESULTS

The majority of the results of the computerized anal-
yses are displayed graphically. Therefore, each figure (graph)
is presented and discussed individually. For presentation pur-
poses a nominal data case (Case 17,.Table 4.5) has been chosen.
The effect of each parameter is then demonstrated while all
other parameters remain fixed at their nominal values.

The first typical result is demonstrated in Figure
6.1: it is a temperature profile for the nominal data case
(Case 17, Table 4.5). Curves 1 and 2 are intermediate profiles
for 1/3 and 2/3 of the time required for the can wall to first
reach Tmax; Curve 3 is the temperature when the can wall first
does reach Tméx' The rémaining odd numbered curves correspond
" to times when the can wall heats to Tmax’ and the remaining
even numbered curves correspond to the time when the can wall
cools to Tmin' Curve (16), the last profile, occurs when the

can content's temperature at the centerline is greater than or

equal to T y and the wall temperature is less than or equal

min
to Tmax’ Notice the flatness of this final profile.
Figure 6.2 demonstrates that T remains constant

(except for round off error) during a cool-down cycle (line
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segments AB, and CD in Figure 6.2) (qO = 0). This is consis-
tent with the criteria of zero heat flux (no energy leaving
the system) that exists during cool-downs. Figure 6.2 (Case 7,
Table 4.5) is plotted using a large scale to show more clearly
the constant energy steps that occur during any data run for
cool-down segquences.

Figure 6.3 represents the effects of heat flux as a
parameter on a plot of T versus heating time for the nominal
data case (Case 17, Table 4.5). The can size (RO = 2.34 in.)
and the thermal diffusivity (O(= .01 th/hr) are held constant
in Figure 6.3. As the heat flux applied at the radial surface
increases, the total heating time decreases; and T increases
at a faster rate. For T = T in (595° R), the heating time is

approximately .40 hours (1420 seconds) with 9, = 1200 (BTU/hr -
ftz), and approximately .70 hours (2585 seconds) with g, = 400
(BTU/hr-ft2) a decrease of 80 percent in heating time for a
corresponding increase of 200 percent in heat flux. The cross-
over of the curves of Figure 6.3 that occurs during low times
is caused by the longer initial heating periods (initial time
the heater is on and the initial time that is requifed for the
wall to first reach Tmax) required for the lower surface heat
rates.

Figure 6.4 represents the effects of thermal diffusiv-

ity as a parameter on a plot of T versus heating time for the

nominal data case (Case 17, Table 4.5). The can size (RO =
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2.34 in.), and the heat flux (qd = 800 BTU/hr—ftZ) at the can's
radial surface are held constant in this plot. As the thermal
diffusivity increases, heating time decreases and T increases
at a faster rate. For T = T in (595° R), the heating time is
approximately .13 hours (470 seconds) for®d= 02 ftz/hr; and
approximately 1.63 hours (5875 seconds) for X{= 0055 ft%hr, an
increase of 1150 percent in heating time for a corresponding
decrease of 265 percent in thermal diffusivity.

‘Figure 6.5 represents £he effects of can size (outer
radius) as a parameter on a plot of T versus heating time with
constant flux (800 (BTU/hr—ftz-O R)) and thermal diffusivity
(.01 (ftz/hr)). As the can radius increases, heating time

increases, and T increases at a slower rate. For T = Tmin
(595° R), it takes approximately .06 hours (225 seconds) éo
heat a small Skylab food can (Ro = 1.34 in.) and approximately
.49 hours (1780 seconds) to heat up a large Skylab food can
(Ro = 2.34 in.), an increase of 690 percent in heating time
for a corresponding increase of 75 percent in. can radius.
Figure 6.6 represents the variation of food centerline
temperature with time with thermal diffusivity as a'parameter
for the nominal data case (Case 17, Table 4.5). As the thermal
diffusivity increases heating time decreases and Tc increases
at a faster rate.

An oscillation between consecutive data points is dis-

played in Figure 6.6:; the oscillation generates two parallel
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curves. The data points in the higher valued curve correspond
to heat-up solutions (equation (2.16)), and those in the lower
valued curve correspond to cool-down solutions (equation
2.30)). Also, three additional data points for low times are
plotted from equation (2.24) correspending to the first three
temperature distributions analogous to those of Figure 6.1.
The random effect noticed for the individual data points at
the centerline as contrasted to the smooth curveé of the aver-
age property T versus time (e.g., Figure 6.3) is caused by the
use of mean initial conditions rather than initial distribu-
tions when changing from a heat-up to a cool-down solution (or
vice versa). The curve fitted to this data is linear. The
differences between these three solutions (equations (2.16),
(2.24), and (2.30)) are demonstrated by Table 6.1.

Figure 6.7 represents the variation of food centerline
temperature with time with heat flux as a parameter for the
nominal data case (Case 17, Table 4.5). As the heat flux
increases, heating time decreases; and Tc increases at a
faster rate. The comments, stated for Figure 6.6, about the
oscillation of consecutive data points apply to Figﬁre 6.7, as
well.

Figure 6.8 represents the variation of food cylinder
surface temperature (measured by the thermocouple) with time

for the nominal data case (Case 17, Table 4.5) with thermal

diffusivity as a parameter. The plot consists of data points
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corresponding to the cyclic heat-up (leall = Tméx = 610° R)

and cool down (T'wall = Tmin = 5959 R) times of the can wall

during the heating process. The general effects suggested by
Figure 2.2 are present in this plot. They are the increase in
time for each cool-down cycle as the number of cool-down cycles
increases, and the decrease in the heat-up cycle time for each
cycle as the number of cycles increases. The latter éffect is
diminished visually because of the overall scale in Figure

6.8: but, nevertheless, it is present in the graph.

The heat-up times are very short (less than 3 seconds)
for the canned food data ranges because the low capability of
foods to conduct heat allows the heat to remain at the can wall
where it is first applied. This causes the wall temperature to
climb rapidly to Tmax' causes the heater to shut-off, and initi-
ates a cool-down cycle.

Cool-down cycles are relatively long, again, because of
the slow conduction of heat into the food'é interior.

The relative size of cool-down and heat-up cycles is
readily apparent from Figure 6.8. As®{increases, heating times
decrease in Figure 6.8.

Figure 6.9 represents the variation of food cylinder
surface temperature {measured by the thermocouple) with time
for the nominal data case (Case 17, Table 4.5) with applied

heat flux as a parameter.
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The same general effects noted for Figure 6.8 also
apply to Figure 6.9.

Figure 6.10 represents the variation between heat flux
and total heating time with thermal diffusivity as a parameter.
The can size is held constant (Ro = 1.34 in., for the small
Skylab can). The constant &X curves are approximately linear -
in Figure 6.10. The general trend is that the larger values
of dgs for a given &, require a shorter heating time. jAlso,
the larger constant X lines required shorter heating times for
any given heat flux.

Figure 6.11 represents the variation between heat flux
and total heating time with thermal diffusivity as a parameter
for the large Skylab can size (Ro = 2.34 in.). The trends are
the same for Figure 6.11 as they are for Figure 6.10.

From the twenty-four data cases submitted to the com-
puter (Table 4.5) the range of heating times to be expected
for the Skylab food system has been determined. The informa-
tion is displayed in Table 6.2, page 65.

Finally, the impact of the infinite cylinder assump-
tion on the results of this paper is examined. Since there
are no available solutions to the finite cylinder with the
constant flux Boundary condition; the assumption is made that
the heating time difference (error) between infinite and

finite cylinders is approximately the same for constant

-

I e
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TABLE 6.2 -

RANGE OF HEATING TIMES TO BE EXPECTED FOR
SKYLAB CANNED FOODS

a Heating Time
Data Case (Hours) Comment s
Case 3 .02 hours Shortest Time
Case 17 <5 hours Nominal Data Case
Case 22 2.1 hours Longest Time

aReference Table 4.5.

temperature boundary conditions (where the error is knownl) as
it is for the constant flux boundary condition (error unknown).
Fof the constant temperature boundary condition the
error is derived from a plot of heat transfer percentage
(finite flux/infinite flux) versus FO with the cylinder slen-
derness ratio (height/radius) as a paramete_r.2 The worst case

error determined by employing this assumption is 20 percent.

lF. Kreith, Principles of Heat Transfer (Scranton:
International Textbook Company, 1963); also personal communi-
cation between this investigator and Charlton Chen, May 24,
1972.

2Chen, loc. cit.



CHAPTER VII -
CONCLUS IONS

The range of heating times (Table 6.2) is acceptable
for the detailed schedules presently incorporated into crew
activity timelines. However, the requirement that a crewman,
at some time in the future, might desire or require a quick,
hot meal that is not on a schedule deserves consideration.
Since the foods are extremely sléw heat conductors and the
cabin pressure limits the duration of the wall fiux, other
means need to be examined to optimize the system heating time
or to create a more optimum heating system.

Reduction of the heating time range of the present
system type would require changes in existing design parameters.
Several paths of optimization could be considered. The first
might be to optimize the area of the can (or container) exposed
to heat flux (e.g., long thin cans, large flat rectangular
containers, etc.). The second method might require a small
pressure chamber where the environment pressure could be tem-
porarily increased causing an increase in acceptable Tmax
levels and, consequently, causing the heater to not be shut
off as frequently. This would shorten the heating time.
Other methods should also be conceived and investigated that

could improve the system performance.
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The pdssibility of a different system opens a large
spectrum of techniques some of which have been critiqued and
discarded by the designers of this system and similar systems.1
However, the possibility of radiation ovens (heaters), hot
liquid (e.g., water) heating systems, and other devices should
be investigated for future space flights.

Such a system, once developed, would allow much greater
freedom in planning and scheduling prior to any lengthy mis-
sion, and would allow greater flexibility in spontaneous time-

line changes during a space flight.

ls. J. Lis and P. P. Nuccio, Method of Heating Food in
Aerospace Flight, Techn. Doc. Report No. AMRL-TDR-63-135, Bio-
medical Laboratory, 6570th Aerospace Medical Research Labora-
tories, Aerospace Medical Division, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio, December, 1963.
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APPENDIX A

Change of Variables in Solution of Carslaw and Jaeger

to the Variables of this Thesis

The equation (1) is from page 204 of Carslaw and Jaeger..

2 2
a E - t
vV o= zi-jfr' f(r')ar' + 25- e Kol /3 (1)
& 7o

a

!

n =1

a
J (r _/a)
LB % r'f(r')J_(r'e /a)ar’

2 0
Jo (0(n)

The boundary conditions associated with (1) are:
Initial temperature f(r) (2)
Zero surface flux (3)

The variables in (1) are:

v = temperature at a particular radius and (4)
time

a = outer radius of cylinder (5)

r = radius variable (6)

r' = dummy variable of integration (7)

t = time . (8)

& = positive roots of J; . » (9)

The following substitutions for the variables are

made in equation (1).

T(r,t) - T

T - T
max

e = (10)
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A= K - (11)
RO = a ‘ (12)
'f%’=“n (13)
m=n (14)
T(r,t=0) = £(r") (15)

The following definitions are also substituted in

equation (1):

5 :
T = 2/RO2 Jpr T(r,t = 0) dr (16)
0
ott-Fn?
om = —~ji%— , modified fourier modulus (17)
R
R
o
1 =) r T(r,t=0) J (£ )rar (18)
0

Then as a final result:

I J
0 = 2 _ 1 :{: e m Yo ©n) (19)
J

Equation (19) is the same as equation (2.30) which is

a special case of the general result equation (2.16).



APPENDIX B -

Change of Variables in Solution of Carslaw and

Jaeger to Variables of this Thesis

The equation (1) below is equation (11), Chapter 13,
page 329, of Carslaw and Jaeger. The equation is stated in

terms of the variables of Carslaw and Jaeger.

-F a 2

_ .o 2kt r 1 '
Vo= =5 +== -7 (1)
a 2a
o0 7
2 2 o(r¥s/a)
-2 Z exp(—kCJ(S t/a%) W ERCR)
S s o s

The boundary and initial conditions associated with
(1) are:
a. Constant heat flux Fo
b. Zero initial temperatufe

The variables in equation (1) are:

v = v(r,t) = temperature distribution (2)
F_ = heat flux : (3)
k = thermal diffusivity (4)
a = outside radius (5)
r = radius (6)
t = time (7)
&, = positive roots of J; (8)
K = thermal conductivity (9)
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The substitutions required to convert equation (1) to

the variables used in this paper are:

T = Vv (10)
d, = _Fo (11)
= K (12)
R = a (13)
o
= (14)
om s
M= s {(15)

Applying equations (10) through (15) to equation

(1) the following result is obtained:

+g R o 2
o0 ) 2Wt 1 r 1
T(r,t) = =% =2 '3 ( 7 - 3) (16)

o} o}

o0

2 }i: (Zcx~f;2 é) o (€m)
=1 T

2
m \Fom Jo( om)

Applying the forthcoming definitions to equation (16)

will complete the change of variables.

F_= EiE-, fourier modulus (17)
o R 2
o
R
Q = —v— , flux conduction parameter (18)
R = r/Ro, dimensionless radius variable (19)
R
— 2 o
T = 2/R Jr T(r,t=0)rdr = O . (20)

o)
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9 + T(;*t) -_T,-i-, , dimensionless temperature (21)
max
2
p Xt ¥n’ , modified fourier modulus (22)
om R 2
o

Equations (17) through (22) applied to equation (16)

give the result:

20 1 2
o=—T—— Fo+Z (R -~ &) (23)
max
SO \
J
N R2 Z (e—Fom \eo (fm) )
m=1 om Jo(\‘::)m)

This is eguivalent to a special case of equation (2.16),

of the thesis, for the same boundary conditions.



APPENDIX C -

Change of Variables in Solution of Lis and Nuccio

to the Variables of this Thesisl

The equation (1) is from page 14 of Lis and Nuccio.

1 _
- 2 | (1)

O 2 2
Z e(—“ﬁn Z‘/rl ) J, (ré/rl)

2
n=1 n Jo QSL)

The boundary conditions associated with (1) are a con-
stant heat flux and a constant, nonzero initial temperature
distribution.

0 = temperature excess above initial temperature (2)

= T(r,t) - T(r,t=0),for T(r,t=0) = constant

F_ = heat flux : (3)
o = thermal diffusivity (4)
T = time (5)
k = thermal conductivity (6)
r = radius variable (7)
r, = outside radius | (8)

B

positive roots of J, (9)

The following substitutions for the above variables

are made.

lsee discussion on page 2/ before applying (1).

o]

At e

"
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qo = FO (10)
K=%k (11)
RO = rl (12)
> ;t% (13)
M=N (14)

The following definitions are used to complete the

conversion of (1) to the wvariables of this thesis.

Xt

F , fourier modulus (15)
o) R 2
o
0 = TR , flux conduction parameter (16)
K
R = %— , dimensionless radius variable (17)
o
T =5 fT (r,t=0)rdr = T(r,t=0), for (18)
RG
0
T(r,t=0) = constant

_ T(r,t) - T

== —r , dimensionless temperature (19)
max
o’(tﬁz
F = , modified fourier modulus (20)
om R 2

o

Equations (10) through (14) and then equations (15)

through (20) applied to equation (1) give the result, (21).
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_ 2Q
=7 - T(r,t=0) Fo
max

oo
-F
_ RZ : j{: e Om Jo ({;)
2
m=1 «m JO ('fom)

NS

- %) (21)

This is equivalent to a special case of equation (2.16)

for the same boundary conditions.



APPENDIX D -

Change of Variables in Solution of Langford to

the Variables of this Thesis

The equations (1), (10), (11), (12), (14), (15), and
(16) are written below and their variables defined as they
appear in Langford. Equations (13) and (17) are written in

a more programmable form than the form of Langford.

(1)
o0

“u(x,t) = Z

=0

n

The variables in (1) are:

Y(x,t) = dimensionless temperature at any point

in the cylinder at any time

(«[—n (t) c® (x%/4) - % q, (€) E" (x2/49

(2)

(3)

n

f’n(t) = d—n [}(t)] (4)
dt

# (t) = dimensionless temperature distribution (5)

at the surface RO for all time

R
qn(t) = 5 [q(ta
dt
g(t) = dimensionless temperature distribution

at the surface RO for all time

81
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X2 )
Z = P (8)
1
ZO =7 (9)
E°(2) = 1n (z/2) (10)
1 .
E7(2) = 2(1n Z/zo - 2) + Zo(ln z/Z + 2) (11)
Ez(z) = (1ln Z/Z 3) ZE +2Z2Z 1 Z
- n o 4 o B ZO
2
+ (1n Z/Zo + 3) Zo /4 (12)
n n n
Z YA n
EMNZ) = =2— 2 + Z In 2/2 (13)
(n1)? L (an? °
! = !
Zg eo nz—l Zon - jej
+ +
(n1)? =1 [_(n-j)!]2
n_-.1 n - j n - j
Z j -1
+ Z o 2( 2/1) (cj+zoe'
&1 [n - Y Vi=1 n-3+1
for n)2
0
c'(z) = 1.0 (14)

1
c (z2) = (2 - zo) - Z 1n(z/zo) (15)



cz(z)

c®(z)

2 2
(2= - zo )Y/4 + zo(z - zo)

zo(z + zo{z) ln(Z/Zo)

n

n -1 z" - Zon
~Z_ E + — -
(nt) =

n - 5 Zo En -1-3
c + j o+ 1

1 .
z J
o

1 (51

)2
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(16)

(17)

The following variable substitutions and definitions

are made in equations (1) through (17).

R=X

R%/4 = 2

1/4 =

Z

o]

8(R,t) =Uu(X,t)

O(R_,t) = f(t)

On(Ro,t)
qn(Ro,t)

index m =

dn/dtnff(ta

qn(t)

index n

(18)

(19)
(20)

(21)

(22)

(23)

(24)

(25)

Applying equations (18) through (25) to egquation (1)

and ‘equations (10) through (17) to (1) gives the following

results:

'.:vi—t‘“-'
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oo
0(R,t) = }Z: 0 (R_,t) c™(r /4) - % q, (R ,t) (26)

jou (R2/4]

The auxiliary equations for E and C become:

£® - 1n RZ (27)
El = R2/4 (1n R2 - 2) + % (1n R2 + 2) (28)
EZ = RS (In RZ - 3) R’ in R? + 1/64 (29)
= 56 n - +l6 n
(1n RZ + 3)
m 1 - R? - 2  RrZ® 15 RZ
E =( — Z I ——'n—z (30)
4" (m') = (m?)
m-1
0
+Em ) + E :
4" (m! j 2
;-1 @ [m - )1
m-1 m - j
1 ' 2
L [(m Mm - 01 ) Lo
j =1 m=J i=1

cC” =1.0 (31)



174 (R2 - 1) - 1/4 1n R

2

)

4
R = 1 11/16 (R - 1) - 1/16 (R® + &4
1n R2
_E" T +R2m—l

4 m 2
4" (m!)

m -1
- . 1 - Eﬂl— j + E

jzi:l a3 (51)
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(33)

(34)



APPENDIX E -

Change of Variables in Solution of Olcer to

the Variables of this Thesis

The general result from Olcer, specialized to the gen-

eral boundary conditions of this thesis is:

a
2
- 2 20kt  aQ fr 1
T(r,t) = 2/a fF (r) rdr + e * ok ( > 2» (1)
0 a _
o0 2
20 Z exp(—K,%_l t) J (4 r)
Ka 2
J (L a)
Lo U M, Y
. OO 2
.2 exp(—K}{m t Jo(Hmr)
a.2
m=1
a
(f F (r) I (/[mr) rdr)
0
2
Jo (,l/ma)
Where:
a = outer cylindrical radius (2)
F(r) = initial temperature distribution (3)
r = radius (4)
k = thermal diffusivity (5)
K = thermal conductivity (6)

86
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/ym = (positive roots of Jl)/a - (7)
Q = applied constant heat flux (8)
t = time (9)

The following substitutions for the above variables

will be made:

Ro = a (10)
T(r,t=0) = F(r) (11)
= K (12)
wﬁ'om = R 4 , (13)
dq, = Q (14)

Also the following variable groups are defined:

Xt

F_ = —— , fourier modulus (15)
o R 2
o
IR0
Q = R , flux conduction parameter (16)
R = Ef-, dimensionless radius variable (17)
o
o
T-2%5 fT(r,t:O) rdr (18)
R
o 0
L - (19)
0 = g(r,t) —_TT. , dimensionless temperature (20)



88

R -
o
I =f T(r,t=0) Jo(f’m)rdr (21)
2
F ___°<th , modified fourier modulus (22)
om R 2
o

Then, upon substituting equations (2) through (22) -

into equation (1), we have:

o (F , F__, R, R, I,0,L € ) S (23)
=[TZQ___T] Foo+ % (R - %)
max

-F

o0
om
_ RZ Z (e Io (fm)
2
m=1 \Pm Jo(\Pom)

o0 om
1 € Tn Jo (*Pm)
& §
m=20

2
g, )

A more appropriate form of equation (23) for the spe-

cial case of a zero heat flux boundary condition is:

o(F_, F ., R, R, T, 0,3, L) (24)

L
R

vt
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The auxiliary equations associated with equation (24)

are:

R

e}
T = 2_2 f T(r,t=0)rdr
Ro 0
R
(o]
I = f T(r,t=0) J_(Pr)rdr
0

The equation (24) and its auxiliary equations (
(26) have several special cases that are of interest.

plifications are stated in the main body of the thesis.

(25)

(26)

25) and

The sim-

3

gl o

31-«.‘:&



APPENDIX F -

Superposition of Solutions from Appendix A and
- Appendix C to Get the Constant Initial

Temperature Result Equation (2,24)

From Appendix A, equation (19):
F

o ““om
o 2 1 [ zz: e I, J, ) ]
- T - T 2 2 ‘
max R J P )
o " o om
let T = T(r,t=0) (1)
From Appendix C, equation (21):
_ 2 1 2 1
max
o0
2 Z Fon®t o (Pm) .
- R e >
m= 1 .¢>m Joef;m)

To get the total solution the following superposition
is performed:

0, + 0, = 0 = Egq. (1) + Eq. (2) (3)

e 1 5 =

total =

The result is:

90
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, Q 2
0 = Tmax =Tz, t=0) QFo + 2 (R - %) (4)
(o o) -F
ZZ(e on (f))
o) m 1
- R 2 T3
m=1 \f; Jo (fzm) Ro

This is equivalent to equation (2.24) which is the gen-

eral result for a system with a constant, nonzero initial tem-

perature distribution.



APPENDIX G -

Computer Program, Program Flow Chart,

and Sample Printout

The following pages consist of a combined program list-

ing and flow chart (pp. 33-36) and a sample printout (pp. .93-

119) for data case 3 (Table 4.5).
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sC

{ENTRANCE )
1
1
SUSS TR FSVERSIER IS PR IFIEIIPLIE LB I N ST PACVSEFUUTITEVSETIICRIFESSIRTRIISINGSS
AJ0= BFSSEL FUKC OF JERN DRNEG( IN) WITH ABRUNENT AMieR .
AJI= BESSEL FUKC OF JEFD PECER(JN) WITH ARGUTFNT &~1'wAnN .

=L
»C
»C
C
=L
=C
=t
=L
=C
oL
=L
=L
=C
oC
=L
=C
L
=L
sC
C
aL
o
L
*C
L
»C
oL
st
C
«C
L
«C
sC
~C
L2
L
=t
L

a
[¢]

-READLS ,55) (AXI(]),1=1,12)

55 FORMAT( 1246)

Amy= FOOT AF EESSEL FUNC S0, DIVIPTD BY QUTSIDE RaCIuS OF lanri/fs

AX= BLPHANUCERIC ARRAY RHICH COWNTAINS THE TITLE FMR THE ABSICCAC 0=
EACH GraPu

AYz ALFHALUMERIC ARRAY LHICH CONTAINS THE TITLE FOR THE CROINATES
0F EACH CFaPH

COUNT= FLPATING PT. VALVE OF INDEXY, KNRI | MINUS (NE

DR= RADIAL CCRDINATE INCREMFNT [1IN)

DT= TICS [&TFREMENT {SE2)

ERR= FaY ALLTARLE EREIQ RETWEEN TEMP AT Can/FoNn INTERFACE, AND T

ERR2= FaX ALLTWAGLE EFFFR BEWM.ECY TEMS aT F77R JENTEGLINE &LD TH70s

ERR3= MAX ALL(WABLE ERRTR SETWEEN SUCCESSIVE TEFMS (F THE TEMPEPATs

PROFILE

FO= FRURIER MOCULUSIDLESS)

N= NO. (F TEPMS (F THE BESSEL SERIES SEQUTRED

NRI= KO, {F FaDIAL COAFDINATE INCBEMENTS, PLUS ONE

Q= FLUX COADUCTICN PAFANMCTES (R)

QUIXmY= UNIVAC 1108 SUBRRUTINE THAT PROOUCES MICFRFILM GRAPYS

ROOT= FODT OF THE BESSEL FURDT, JUR(COTIZO

T= TIRE[SEC)

TBAR= FIe'l TeERmal LEVEL OF CAN CONTENTS, FOR A PARTICULAR INITIAL=

TEMPERATUSE DISTRIBUTIDAC(R) -

TD= THEFRAL DIFFUSIVITY €€ Tay CANTENTS [ IN2/°ET) b

TEMP= TEMP, FCR A PAETICULAT FARfUS  TIME vatue  CUrED CVER ALL Ns

TEMPD= ARRAY (€ TErELEATUCT (ERILNATES TO BE FLATTFC W MICROFILM Fs=

“«a e a9 a

LI IR I B IR W I

THE FIRSTCLLLEST) TIFE vALYE (R) -
TEMPU= TEFP AT CAN/FDND INFEFeTE FTR A FARTICULAR TIRF(R) =
THETAz CLESS TEMPERQTUCE DJCTRIBUTICY hd
TIMEz ARFAY 0F TIFE VALUES FOR LYTCH LaLl “TEFP TG AT THAXY CR TMINCs
TIN=/VALUE (F INTEGRAL FE N TREAP Bl E APPERYIMATI™Y ( IN2-R) .

TX= THEE=AL CONDUCTIVITY 1€ CAN C#THTC (BT /HE-FT-8)

TMAX= PAX ALLMLAZLE VOLLE (€ SYSTTM T9-8 AT &ny POINT(R)

TMIN= LALEP QUITCHING VALUE (€ SYSTEM TEMP FEASURED AT CAN/FOCD

INTERFACE(R )

TOI= VALUE OF INTEGRAL FRT) TSaP FULE APPENYTNATION (IN2-R)

X= RADIAL CCSTINATE (DPISCHSICHLESS), Y=R/RQ

X0= AFGUPENT OF BISSEL FunT Je

X1= ARGLTFNT OF ECSSEL FUts JO

¥= ARRAY (F TEMP CRDINATE VELLES T BE PLOTTED (W MICROFILM, I.E.
FOR A PARTICULAR RaDIUS &%3 TIPT VALLE(R)

DIFENSION TEFPC31,3S9) AXI22) AV(22) AYI(22) AJI(49), nnnw«uu

l ARD(40) XC31) VeI TEVEN(31) TRC2YY 1010 31) T",l 40)

1.TIFEC 299) FO¥ 299 TUETAC 31, 399), TRRRM 399, A 0L 31,400, AYE( 22)

FEAD(S,55) (ax(1), 1=1,12)

REAB(S,55) (AY(T), I=1,12)

® a & a8 4 0o

REAC(S,55) cavit1) 1=1,12)

“« 8 a& 0

SUCEIBISSIIEC IS SIS LIRS EISI VST SIS URIIVSFSEEEFFISIISSZZFENESERBIBISIISTS
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vy T
'

1
1
= 4
1
Lo T YT Yy Y Ty Y Yy LYY vy Py Yy ey e R Y Yy Yy Y Y Y YTV NV YIY Y Y]
=t
=C FEAD THE ROOTS F THE BESSEL FURCTICON, JI s
«C

Lo ST 2 T o 2 N PN L Y YR R YRy PRI YRy P RN P Y P Y P L SRS YRR R Y

1
DO SUP VT U EFUSSCRSSTIRF ISP TISIRIREZSIBERFEFRFPERRSSLEIREIESSRESSEREZLEIS
S B0 130 I=1,3¢.5 *
. BEFPVCCU TN LIS STV IS IS IV S ST LSS IYITYIFENIFIBSIEI SIS DR BEEICRLEEFIERDIES
[ ] 1
[ 1
A 1
. DO SRS IR SSER YA SRS LI NSV I FEN IR R IR IS S SIS LT L ALSSBES S L VT FSLABIRIZ VRS
) - READ(S,230) RIOT 1) ROOTC J+1) ROOTC [+2) FOOTL [+3 1 ROQT( Jo4) -
. Sess SEPNBSBIBIVIFIUNIFASFEAISIIAVEI VSIS VIR EG IR ABERBERSY
[ H
[ ] 1
[} 1
. - SRERE B SUFEVFFEFSVERIFRIV VLS IEANESEESZRETREFIETISRERLERY
cestceevecrancaannaa® 330 COITIVU -
« 230 FOAMAT(5F10.5) -
Lt 222 2 2 2 21T Y » ¥ L SEEPEIEUEUNFEFIFEFSNREIETEFUBERES
H
1
1
. » e PSS EIBIEPINEEEPEFVSIIVSERERLESSEFENSSERFEIZNTRRSLY
aC
B =L WERD "IN SYSTEM PAFAFETERS -
, s - . .
DEGBSODPUIFEISFP SV VEFISYSRLEBEABISESSIB SRS ISSANEETIZSESISSLVSIUFBAVZLISBLZRES
1
VELLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLCKCCLL
1 )]
PEUS SIS UEISIIISSIISPEEISEISICSEEISNISIEISLFBLSAIFILESSPERSLESEIZSSLEFSVPEBREFLEE c
® 31 F¥anrS S56&) RO, VD, TRAX, TMIN CR, DT, TI ARI - o
- 54 FURMATITF10.3,115) L )]
® 32 FEADLS,57) N TX,00 . 1
= ST FORMATCI1O,2F19. ) » ]
& L2 SSTLBIFVZUBEEINSVISIEEIBEP S EREVEZSTRIFSTIEFIILIEBILSERFS D
1 ]
1 ]
1 b
PSS UPESRISEITLILISSELSSVESFIJEESSEBSLFEZLFESSSLSUTUESSSESVSEBESUSTSRERERRESS D
C B
«C TNITIALIZE ARRAYS TO ZERQ » D
=C 1]
SUCTSPREG LV ISSIVSISSISVEVS IS IV SXEERESSESSTSEESNEINSUSELSESLETLTIERSERZRERS D
1 ]

N

%4



e

-

o

PPBIPPEIIPIIIIEDIIPIDIDIIEIIDIIPIIDIIIDID

R N N NN N N K- N N-N.N_N-N- 2 N N- N - NN NN N B2 R - N .

X R s Ea o R N e N e Ne N No Na R N Nu e Ne o Ny Ryl

1

1

1

7
SRS EVSSEISITSISERIVNERIVSCPBUSNSPULELPIBIFSIERSERSEIEVZLASPEILNZRBSSANEEY
. oesa 1=1,31 -
SRTUBEZIRFLEGLTESITISIVISTIRIBEBICTIEI VSRSV SED ARSI EDI RSB EBEFASVIEFRIBFIIEZNY

I

1

¥
FUSE ISP C IS TSRS A LSS SERSINNSSRERERSUINTIBSFLIVLESRSSVIBETIERIBUNESCES
.. oose J=1,399 -
FOBAGB ISP LBERZ L USSR FESBESNFETABIEFIECRERBEISI LV RS R SFSRIILIEELEERBAIESESSS

1

T

1
SEGFUESSBINSETIIZIZIISEIEES TSRS IS S B SN SS LTI IFICEFRL LB ISP LSS SESAEEBSRES
.. DCS8 K=1,40 . -
FRBPSS LSS EBISFFEUFSIIBIREILIEFVSIFIDISERESDEIISLPESSPFIERSULBLVRIRTETLERZESS

1

1

1
SETFVFISFEFIFELEFEIVISR LSV IBEFESEFLEISLZLEENETRSB LS IENFISUZLBJLBREREIEZRS
. TINCK )=0. *
L AJMT,X)=0. =
. AJI(K)=0. .
3 AMUCK )0, =
L X(11=0. »
® Y(13)=0. L]
L TEMPX 11=0. =
» TO( 1)=0. -
» YOI I¥=0. ~ L
] TIMEC 5)=0, s
» TBARC 3)=0. -
. FX J1=0. * . -
= THETAC T, J)=0. .
. TEMPC T, J)=C. »
SEBNBUBIIIBL TIPS ESRENBELSSSZUBLANEETINIRIIVSSSESLRVEAESLEINERSEFISEZREL

1

1

1
SBBFSEILFTSTISIZRICREVISITSIISABELEIF LS IFUBISLSNSORLEFEIFRZISVEZLIZUSIZINILY
. 58 CONTINUVE -
BB FSVSIFENIISVRIESUSIIENSSIABIVUL IS EICRNIPSRIS USSP ISEEIYEVISTIEVEBENILEEY

1

¥ .

!

BN IIA NSNS IV RSN INES SIS IVIEIS SIS INENSSSSIRINERS
s
«C WRITE HEABINGS AND PRINT (T SYSTEM INFORMATION L

-
o

mITECE, TTTT)
VRITECE, TTIT)
VRITECE, TTIR)

TTI8 FORMATIS4X, ‘NEW DATA CASE*)
WRITECE,TITT)
WRITECE, TTTTY

I7TT FOFPATCIX, *
H
2emmemmmt)
WRITECE,9811)

9811 FCRMAT(SSX, ‘RCOTS OF J14/7)
WRITE(6,9812)

a2 &as

LK B B BB A B B B BN

)
LR

U000 ODOO000DD00000000000CUDOYDOODIONCOUVI0U000T00000DUO0RO0DO0000
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&om—— T

® 9812 FORMATIANY, "K* 30X ‘BADTI(KI/) .
BSOSV IB SISV DPRIUSIANIVENESRRSELINTFLICRNSSISIRSNIFNLUVIRTRUEISRLTEEBINEN
1
1
1
DIRDOPS LS LIV IR LB EIRER Y IPIPINTIIGVSTLSYSTIEEIRESRISSSITRESREENNEDITNIIINE
L Y | DO 9813 J=1,40 .
. SISV FBEIIEL USSRV ISIFIIIIBSIEFEESISUSZLFESTATZSVILEINTETLISIVVUIRUEVRSRLS
L] H
A 1
A 1
. BASINSEVSEP SIS UTEIESSIN I VS L USUNEEFIESFSRESIBSYIRSIIXPSTYTIEURFFLERINSEES
A . WRITEC L 9814 J ROOTC 3) *
A » 9814 FORMAT(43X _12,28% F15.5) .
‘ - FERESS RN 3 ESSBNSIRIVEIERLAEFIRRIRSEFSITIZRSBERRIVESS
[} T
A 1
A T
“ BRYTSFIFLSFFIER PSR SILSTE YIS UBIEEIFJENLTSSTISINISNEEINTINSZUNSEVES ISR FESNES
cmesessccssasencans® 9813 CONTINUE *
. KRITE(E,TFIT) P
. WRITE(6,1699) . .
® 1099 FCRMAT( 61X, *SYSTEM PROPERTIES//) .
3 WRITE(E,127) ° .

® 127 FORMAT(1X, *DUTER< 5X_ MAY MTAT( &X_¢INTTIAL Y, AX, ‘FAXIMUM SX, MINT«

- UMY TX S THEPMAL ¢ &X <THERMAL * 5X ¢RADJAL ¢ 7X *TINE?, TX, KO, OF4 6%
. 2X, K0, CF ) \
. WRITE( 6,128 =
® 128 FORMATC 1X, “EADIUS €6X, ‘FL‘_‘X‘,”Y. ‘TE'P".P‘,7X. ‘ﬂLL{".'AE}!E‘.‘OX, {TEMP ATex
L4 1,8X COND_* X ‘DIFFe 6X, <INCFEMENT 3X, ¢INCREMENT¢ &X, ¢RADIALY éXs
- 2,'TERMS) »
. URITE(6,129) s
® 329 FOPRATI2Y € IN)¢ SX, SABYU/UR=¢ §Y (01 TX $TEMP (F¢ 4X UHICH FNDe
- 10/, 5X, “CBTU/NR= £X_4CFT2/¢ TX, *( IKTHESY! SX, ¢ SEC ¢ 5X, ' INCREMENTS
» - 25°,2X,¢0F BecL¢) . . L A
L d $ILEIAZOVE CATD NOT FROTESSED - FARENTHESES DTN T MATCHIIIE -
L] WRITE(€ 2089} -
& 2089 FORMATOISX, *FT2) 17X _SySTEMIR) s 3Y «IS EATEACR)® 84X, ‘FT-R)¢ 8X, *»
L ZKR )¢ 30X _“ALrMLESS) €X *SERIES//) -
- WRITE(6,7777) »
- EDz TD»265D . /tuy, -
- WRITECE I5€) RO QD TT _TMAX TMIN 7K, FD,0R OT ARI N =
& 158 FORMATL9CFR 3 4X), 2( 18 4X)//) -
L] WRITE(6, TT7T7) -
SEESTPIZ I IS IR OSIFATI RIS P US S IERI PSS IV TSI ISR ISLTEISSS AT NBENENTEEETES

1

[~A-X-N-N-N- N~ N-N-N-N-R-N-N-R- RN~ R-N-N-N-R-R-R-N-N-N-R-N-R-R-R--R-R-N- 0= R-N-N-R-R- NN K-N.J
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DOV CEVP SIS CO GBS LSS VLSS VIS LTERSV AR DNSSFIVIFUTUNTIESSPINSEFRFZSLINIBINEE
oL .
=L SECTION OF PRDG CPRRESPONDING TO INTTIAL TYFP DISTRIBUTICN, AND THs
»C TIrE RTOD FOR TRE walL 70 FIFST HEAT {P 10 Trax, .
L -
- Q= (DOsRDI/TTR~12.) »
- =87 L
WISV S BATNS YIRS PIEVISEES LIS EIIEII SIS ET LRSS FUISFEFER LIS FRESFETIRSSSEFIESS

1

1

1
AU FL SIS CNTISISDL SRS XATZINB L EIF IS SSL RSP RSIIFZSZNNE U BN S SV REZISIVE ARSI Y
[ PO - BO2201 K=} N s
BREBISVVDUVEAZLVEFIIUNRILUIEJERIFIFIVIZIISNEIFSRLFFIINSSTSRINSRSSBALIRINIRERE

1

1

1
-» EE 22 EFSFSNLE sa308R = - BEVEFRSE
= AFRAK )= RODT(K /RO 4
- Xi= ROsAMINK) »
L4 AJI(K )= BSSL(X], 1) -
FOURS SN BUTEEIS SIS IR ARSI FIGFSINESASIF SRS USLEI VSRR SSENSESUSESRRSBESEIFES

1

!

!

BB EI SR BN AR I YRS ST SIS IS S S VIR IS SS TN IR ST AN ENINSEUSRLNIEVEY

A

A

[]

A

L

]

A

A

[

]

[

A

a

L T B23301 J=1 ,KRY .
. a WL SIS LB ISP IV PSS VLIS ISSEISCRISFSELIFSRSIUIFLESIEEAZIUNISLISEIENIUSRUENSLENSS
AB !

AL ‘ 1

AB , P 1 * .

. B SOLIES AP EIITSE LRSS FIEILEISESFNSF VPSS SEISSISINENSENNSISNEIBISAFSUERELIBEE
aB - CouI= FLEATE ))-1. >
as - R= CUNTSDR L]
AB - XO= ReRDOTIKI/FD M
AR = KRIDC S Xz BSSLEID 1) L]
AB - T S$1=AI0( ), X) RsDR .
A B -y SSSSURSEEEZNISYNYSENVASTEANBESINNISESEILIITINLBATEEINNG
AB !

[ ] 1

() 1

l ' WSS S LRSI ZEEFSSUTAIETLSBNIBTSFINRYBESLSNSSIITLESRELTIBREIIBLEESSSUEEREEELE
R o iniceaeenaiaaea® 3301 EANTINUE .
A « Km9=0. .
L} - KK=ANRI-1 *
. 3888y BPHSEVOREIPERLISUSVESSITSNFIIBSSICYUSESETLIEIERERERT
] 1
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NEW CATA CASE

ROOTS OF J1
i 4
x ROOTIK)
! 3.831M
2 7.01559
3 10. 17347
a 13.32369
5 16.47663
6 1961586
T 22.7¢008 ’
s 25.90347
. . 29.04683
10 32.169¢8
1 35.33231
. 12 38.47477
13 81.61799
1% 4875932
15 47.92146
16 51.04354
17 5418555 i
18 57.32753
19 60.46946
20 63.61136
21 €5.15500
22 ¢8.33150
;23 . 71.47300
'3 . 74.61450
. 25 - 17.75¢06 .
, .’ 26 ° §7.897¢8
. 27 84.03910
28 . 87.18048
29 99.32220
30 93.4£370
n 96.€6530
12 $9.749680 -
k] 102.86849
3% 106.02990
35 109.17150
% 112.31310
r - 115.45460
38 118.59¢20
9 121.73770°
a0 124.67929
SYSTEM FROPERTIES
OUTER FAY WEAT  INITTAL max TP nINTFLS THEPmAL THERmAL RrapIaL TIME No. oF N o
RADIUS FLUx TERP ALLOUABLE  TEMP AT trwn. CIFF INCFEFENT  INCFEFENT  RaniaL TEEMS
any (8 TY/HR~ (R TEMP € AMICM FoCD (BTU/HR- tFT2/ CINCHES) (SEC)H INCEEFENTS  (F BT
F12) SYSTEM(R) 1S EATEN(R)  FT-R) KA ) (DrLESS) SERIE

1.340 1200.0600 5$130.000 £10.600 595.600 .18% 02 ._lJ‘l.. 1.600 1 29
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FLUX CPeCUCTION PARAMETER: 7282646 R

TIMES .33233+09 FOURIER MODz .37128-02 TBAR= .530$5+03
(R/RO M DLESS) TEMPERATURE( DEG _R)

000 465.628

.13 499 ca?

.200 526¢.45¢

.300 529697

K10 529.998

.50 529.599

.e50 529.999

.1G9 530.017

.860 530.75¢

.990 549 %01

1.050 58¢.G15
TINE= 66667460 FOURIER NCD= .749756-02 TBAR= .53¢R3+03
¢R/RO M DLESS) TEMPERATUFE(CEG .R)

800~ 899,165

.109 S68.262

‘.230 522.372

’ . L300 * 528 661

800 529.€81

.560 : 529.995

450 530.655

.T080 530.640

.a08 535.120

.s00 554 .£57

N 1.c02 €06 857
TIE= 10000401 FOURTER MAD= _11138-01 TBAR: 54221403
R/RON DLESS Y TEMPERATURE(TEG _R)

.000 . . 509.701

.108 . S13.870

.260 521.905

.300 527.432

%0 529.887

509 529.977

.50 . 530.398

.780 532.579

.00 Sn1.612

e

TEMP AT CL=

ToMP AT CL=

TEMP AT CL=

~

MESE4403” -
L3

DLESS TEMPERATURE

-.80"

-.38

.04

- - -.90

-.00

4 -.00
-.¢0

.00

) .00
.13

.10

49317403

OLESS TEMPERATUPE

-.3e
-.27,
-.08;
-.0T.
-.oé?
-.0%
00
.60
. .06
- .30
.98

.5G970+03

DLESS TEMPERATUPE

-.25
-.20
-.10
-.03
-.60
-.00
.00
.03
.18



.900
1.090

TIME= .30000+01 FOURIER MCO=

CR/RONDLESS)

.000
.100
.200
.300

.500
-600
.160
.860
.900
1.000

TIME= .4G300+01 FOURIER MD= .94553-01

(R/ROM BLESS)

0090,
.100
‘.209
» ," .300
.%00
500
.00
700
.800
.90
1.000

TIME= .11000+82 FOURTER MOD= 12252400

(R/RO Y OLESS)

.600
-100
.200
-390
%00
500
600
.J00
.800

S6T.967
€23.684

54763403

TEMPERATURE(DEG.R)

486.819
489.614
456 626
505.027
513.371
522.196
513.663
548.979
566.265
580.363
585.755

= .58779+03

TEMPERATURE(BEG .R)

877,878
483.097
494.920
$06.565
516.721
527.137
$39.382
554.593
$76.0¢3
611.457
€70.948

.56555+03

TEMPERATURET DEG .R)

502.154
504,309
510.5¢8
$20_ 446
532.990
$47.028
S61.161
5§73.923
583.972

g
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a7
1.17

- T

TEMP AT CL= 48682403 = .
1 4

DLESS TEMPERATUFE

-.55 "

~:59

--.41

- -3

-.20

¢ -.09
.08

.23

a5

KX

&3

TEP AT CL= .47767+03

CLESS TEMPERATUFE

.85

TEMP AT CL= .50215+063

DLESS TEMPEFATURE

-.38%
-.32
-.24
-.11
.02
.21
.39

~ 58

.67



e v

.900
1.000

TIRE= ,12000+02 FOURIER MCD= .13366+00

(R/RODLESS)

.000
.100
.200
.300
500
.500
.600
.To0
.800
.900
1.000

TIME= .25000+02 FOURTER MO0z 27846400

(R/RO X DLESS)

L0009
.100
) .200
’ .7 .300
400
540
.690
100
.00
.900
1.000

TIFE= .26000402 FOURTER MO0z .28960+00

(R/ROVDLESS )

.000
.100
.200
.00
.%00
.500
.600
.T00
.800

5490.305
592.425

TBAR= 56570403

TEMPERATUPE(DEG .R)

491.995
497.830
510.924
524.727
537.555
549.999
562.431
$75.396
592.922
624668
€82.205

TBAR= S58345+03

TEMPERATURE(CEG .R)

559.937
560.787
563.248
567.057
571.810
5771.006
582.111
586.613
590.0¢88
592.286
592.963

TBARz 58351403

TEMPERATURE(DEG .R)

542,027
547,156
557.738
566.816
5713.027
577.959
. 582.726
S8R.TED
600.830

N

118

15
.78

- -

TEMP AT €Lz .49199+03 ~ -

DLESS TEMPEFATUFE

-.a7
-.40
-.23
-.06
.09
. .25
.50
.56
.78
1.18
1.90

TEMP AT CL= .55994+03

DLESS TEMPERATUFE

.37
.38
.41
K1
52
.58
.65
.70
I5
7
.18

TEMP AT CLz .54203+03

DLESS TEMPERATUPE

.15
.21
38
K1
.53
59
.65

P .73

1)
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.900 629.136 1.2
1.000 685.522 1.94
TIRF= .T6600+02 FOURIER MOD= .BHE51400 TBAR= .60118+03 TEMP AT CL= 60114407 -
v
(R/RDMDLESS) TEMPERATURE(DEG.R ) DLESS TEMPEFATURE
.000 601145 .88
.100 601.146 .88
.200 601.150 .e8
.309 601.156 €8
.400 601.164 .89
.509 601,173 . .89
.600 601.181 .89
.709 : 601.188 .89
.800 601.194 .89
.500 601.197 .89
1.000 . 601.198 : .89

N

PAGE 0.



APPENDIX H

Calculation of Material Property Ranges to be Used

with the Computer Program

A. Discussion of Formulae

The following formulae were taken from page 334 of -

Earle.

The formula for specific heat at constant préssuré is:

BTU P .2(100 - P)
c _-—) -2 _ (1)
o) (LBm _°xr 10 100

Where P is the percentage of water in the can contents.

The formula for thermal conductivity above freezing is:

BTU . .22P .15(100 - P)
K (HR—FT—R) = =360 * T 100 (2)

Where P is defined previously.
The density formula is based on the weight fraction

method and is a standard computation procedure.

m

(ZS‘)composite= Z ¥, W), (3)
i="1

) Ry =

composite — average material density

(&)i = food component density

120

vl B
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(W)i = weight fraction of component present
M = number of components present

Usually canned foods are two component varieties (e.g.,
water and green beans). However some, such as beef stew, have

many components.

The contents of a can, other than water, are typiéaliy
a fibrous mass when they are dehydrated. It is well known that
the material properties of the fibrous residues are vefy close
to those of balsa wood or cork.

The material properties of such residues are taken to
be those of cork in this analysis.

Thermal diffusivity is directly related to the proper-

ties just discussed. Therefore, the only formula required is:
K
C%=2W5— (4)
p

B, Computation of Material Property Ranges

1, Specific Heat:

a. Highest Value (Asparagus (Lis and Nuccio)):

From (1):

_ 93 .2 (100 - 93)
% =100 * 100
C =

.944 (BTU/LBm - R)

vl A
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b. Intermediate Value (Fat Beef (Lis and Nuccio)):

From (1):

50 .2(100 - 50)

€ =00 * 100

o °Rr)

P

.6 (BTU/LBm -

c. Lowest Value (Bacon (Lis and Nuccio)):

From (1):
20 .2 (100 - 20)
Co = Too * 100
(o]
cp = .36 (BTU/LBm - “R)

Thermal Conductivity:

a. Highest value (Asparagus (Lis and Nuccio)):

From (2):

.32(93)  .15(100 - 93)
K=""50 * 100
K = .3081 (BTU/HR-FT-°R)

b. Intermediate Value (Fat Beef (Lis and Nuccio)):

From (2):

.32(50) + .15(100 - 50)
100 100

K = .235 (BTU/HR-FT-°R)

c. Lowest Value (Bacon (Lis and Nuccio)):

From (2):
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.32(20) + .15(100 - 20) )
100 100

K =

K .184 (BTU/HR-FT-R)

3. Highest Value (Asparagus (Lis and Nuccio)):

a. Highest Value (Asparagus (Lis and Nuccio)):

Material Density (LBm/FT3)

Water 62.4 (Holman)
1

Cork 16.0 (Weast)

From (3):

3= .93(62.4) + .07(16)

)

59.152 (LBm/FTB)

b. Intermediate Value (Fat Beef (Lis and Nuccio)):

From (3):
8= .5(62.4) + .5(16)

B= 39.2 (LBm/FT3)

c. Lowest Value (Bacon (Lis and Nuccio)):
From (3):
= .20(62.4) + .8(16)

Y= 25.28 (LBm/FT3)

lR. C. Weast (ed.), Handbook of Chemistry and Physics
(45th ed.; Cleveland: The Chemical Rubber Co., 1964-1965).

YR 1 ) oo ar
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4. Thermal Diffusivity: -
a. Largest Value (Bacon (Lis and Nuccio)):

From (4):

3
o= .184 BTU | LBm - R I FT

HR-FT-R | .36 BTU | 25.28 LBm

o<~ .020 (FT2/HR)

b. Intermediate Value (Fat Beef (Lis and Nuccio)):

From (4):
o= .235 BTU l P73 lLBm—oR
HR-FT-CF I 39.2 LBJ.6 BTU

- .01 (FT2/HR)

c. Smallest Value (Asparagus (Lis and Nuccio)):

From (4):
X = .3801 BTU ' LB_-R ’ er3
HR-FT-R | .944 BTU | 59.152 LB_

A= .0055 (FT?/HR)

C. Summary of Material Properties

Along with the upper, intermediate, and lower values of
the properties just defined, another data point of interest is

useful. The most obvious set of properties to use are those of
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water. A tabulation has been constructed on page 39 of the

main report summarizing all of these values.



