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A DESIGN HANDBOOK FOR PHASE CHANGE THERMAL
CONTROL AND ENERGY STORAGE DEVICES

1. INTRODUCTION

A. Definition

Phase change thermal control devices have been discussed extensively in the
literature. These articles often refer to a device of this type by different names such as
thermal capacitor, thermal flywheel, heat of fusion device, latent heat device, and fusible
mass device. However, all these terms refer to a component which is used to either
thermally control a medium or store energy by utilizing a material which undergoes a
change of phase.

There are a number of phase change transformation classes given by Lorsch [1] as

° Solid-liquid transformations (melting/freezing) (e.g., melting or freezing of
ice or water)

o Liquid-gas transformations (vaporization) (e.g., boiling of water)

°® Solid-gas transformations (sublimation) (e.g., sublimation of solid carbon
dioxide at atmospheric pressure, “‘dry ice”)

° Solid-solid transformations (e.g., transition of the rhombic form of sulfur
to the monoclinic form)

° Liquid-liquid transformations (e.g., the transformation occurring when two
liquids are immisible such as water and phenol).

Very little energy is released or absorbed by liquid-liquid transformations, and it
is questionable whether this is a true class of phase change. The liquid-liquid
transformation is neglected in the remainder of this work. Liquid-gas and solid-gas
transformation classes have large volume changes associated with them, a feature which
requires heavy and complicated pressure vessels or special design features, such as internal
bellows. For this reason, they also are not considered herein. Solid-liquid transformations
are of great importance because most classes of materials undergo this type of
transformation without exhibiting large volume changes while releasing or absorbing
relatively large quantities of energy. The fourth transformation is also of interest because
the energy exchange can be significant and a number of materials display this
phenomenon in a temperature range near their melting point. Consequently, for the
purpose of this document, phase change processes are limited to solid-liquid and
solid-solid transformations.



B. Applications

There are a number of uses to which phase change devices have been applied.
Some of these are:

Thermal damping of oscillatory outputs (e.g., Skylab space radiator fluid
outlet)

Inhibition of thermal excursions (e.g., Lunar Roving Vehicle drive control
electronics)

Maintaining constant temperature (e.g., Pegasus IIl coating experiment-
thermocouple reference)

Energy storage (e.g., solar heating and cooling energy storage such as
illustrated by the MIT house application)

Control mechanisms (e.g., Skylab 40°F vernatherm valve)

Temperature indication (e.g., mushroom thaw warning indicator).

Brief descriptions of most of these applications through 1973 are given by
Humphries [2]. Figure 1 depicts thermal responses for the first three applications.

Typically, a phase change device is passive with no moving parts, consisting of an
external housing and the phase change material (PCM), with or without interspersed filler
material (Fig. 2). Usually this device is in intimate thermal contact with the medium
which it is thermally controlling. Although shown in a simplified form, this device can be
applied in an almost infinite number of geometrical configurations with a myriad of
different filler configurations.

C. Phase Change Material

Studies have shown that to qualify as a good PCM the material should possess the
following characteristics:

High heat of fusion per unit mass and volume

Proper melting point (or range).

Other property requisites, but not requirements, for a good PCM are:

High thermal ditfusivity

High coefficient of thermal conductivity
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Figure 1. Responses of a phase change device.
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Figure 2. A phase change device.

Noncorrosive

Low coefficient of expansion

High flash point

Good wetting characteristics

Minimum of void spaces (in solid-solid state)
Stable

Congruent phase change

Little or no supercooling

Relatively pure

Nontoxic.

Economic factors of importance are:

Low cost

Present and future availability.



There are a number of classes of materials which have been investigated for use in
phase change devices. Some of the more important are:

] Inorganic salt hydrates (e.g., glauber’s salt Na;SO4'10H50)
L Organic compounds (e.g., paraffins C Hy15)
° Eutectics of the above (e.g., 88 mole percent acetic acid + 12 mole

percent benzoic acid)
® Natural elements (e.g., sulphur, S)
L Water.

Of these materials, paraffins have been the most widely used, primarily in the space
program.

D. Scope of Study

This section presents an overview of phase change devices; that is, it gives
definitions, typical applications, and general limitations of this study. Section Il presents
PCM property data. Since most of the past devices have used paraffin as the PCM,
Section Il is primarily devoted to this class of materials. However, a large volume of
nonparaffin data excerpted from other studies is given in the appendices. These data
should allow the designer to use this document without resorting to time consuming
literature searches for property data. Section Il details the derivation and use of a
nondimensional computer program. Section 1V presents results of parametric studies
performed using this nondimensional model. Using typical paraffin property data and
thermal boundary conditions commensurate with earlier applications, optimum thermal
design of the containment device is given parametrically. Examples for typical designs are
given to illustrate use of these data. The intent of this study is to present sufficient data
to allow the thermal designer to “‘short cut” time consuming analyses by either using the
given numerical model and altering it to suit his application or, where possible, by using
the parametric data directly. At a minimum, these data should allow thc designer to get
starting point estimates for his design. Section V outlines related topics. These topics
include data which compare analytical and experimental results, discussing some of the
discrepancies between the two. Section V also includes schemes for estimating convective
effects. Other containment cases not covered by the examples used in Section 1V are
also given in Section V.

The reader should keep in mind that the treatment of phase change devices given
in this document is limited to thermal aspects. As such, other topics of importance such
as structural and material designs and selection are not addressed. Also, specialized
subject matter such as the kinetics of the phase change process and chemical



phenomenon (e.g., supercooling, incongruent melting, and dendrite formation) are not
discussed. Although convection analysis is discussed, details of convection stimulii such as
buoyancy and surface tension forces are ignored. The reader is referred to survey reports
by Grodzka [3,4] and a text by Chalmers [5] for information in these areas. Due to the
large number of possible design configurations, this report addresses only typical and
simplified schemes.

ll. PROPERTY DATA

In several space-related applications of phase change devices, a paraffin has served
as the PCM. Major emphasis in this section is given to those properties which are
typically needed in a thermal design of selected paraffins. These include the melting
temperature, transition temperature, heat of fusion, heat of transition, specific heat,
density, thermal conductivity, viscosity, and coefficient of volume expansion.

Since hydrocarbon properties are dependent on purity, differences in reported
property values may be directly related to differences in purity, a quantity often not
specified.

Although this section is devoted to properties of paraffins, some of the properties
of certain nonparaffins are presented in Appendix A. These have been extracted from
several different references, and, in some cases, some paraffins and paraffin mixtures are
included there also.

It is understood that the term paraffin generally denotes any of the saturated
aliphatic hydrocarbons of the methane series CyHp,49- Property data herein are

principally limited, however, to thosc members of the family lying between n-Undecane
(Cy1Hz4) and n-Triacontane (CyoHg,) because the corresponding range on melting
temperature has included that of previously considered applications.

A. Sources, Availability, and Estimated Cost of Selected Paraffins

Table 1, which is based on a reported survey [6], shows a limited selection of
companies and laboratorics capable of supplying several selected paraffins in quantities
adequate to be used in phase change devices. Also, the availability of Sunoco P-116
paratfin wax from the Sun Qil Co., C;4-C,¢ paraffin from Conoco, and a C,5-C,,
paraffin mixture from Enjay is noted in Reference 1.

Information relative to type, grade, and physical property data availability from
the suppliers listed in Table [ is outlined in Table 2 based on a review [6] of their
products.



TABLE 1. POTENTIAL SUPPLIERS OF SELECTED PARAFFINS4

Company Address
American Petroleum Institute Carnegie-Mellon University
Standard Reference Materials Schenley Park

Pittsburgh, Pennsylvania 15213

Aldrich Chemical Co., Inc. 940 West Saint Paul Avenue
Milwaukee, Wisconsin 53233

Analabs Inc. 80 Republic Drive
North Haven, Connecticut 06473
Chemical Sample Co. 4692 Kenny Road
Columbus, Ohio 43221
Eastman (Kodak) Organic 2400 Mt. Read Boulevard
Chemicals Rochester, New York 14650
Gallard-Schlesinger Chemical 584 Mineola Avenue
Manufacturing Corp. Carle Place, New York 11514
The Humphrey Chemical Co. Devine Street

North Haven, Connecticut 06473

Lachat Chemicals Inc. 20200 Ashland Avenue

Chicago Heights, lllinois 60411
Phillips Petroleum Co. Bartlesville, Oklahoma 74004
Polysciences Inc. Paul Valley Industrial Park

Warrington, Pennsylvania 18976

a. From Table 9 of Reference 6.

The cost of paraffins is influenced significantly by purity, and it also varies
considerably with source. The ultrahigh purity standard reference materials available from
the American Petroleum Institute (API) cost $95 for a 5 ml unit [6]. Some price
estimates for two grades of several paraffins are given in Table 3. All but the last three
entries in Table 3 correspond to prices for relatively small quantities of reasonably high
purity paraffins, probably made available for laboratory rather than large-scale
commercial purposes. The last three entries denote some paraffin mixtures which can be
obtained in large quantities.
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TABLE 3. SOME APPROXIMATE PRICE DATA FOR SELECTED PARAFFINS

Approximate?
Purity Unit Cost Quantity
Material Formula (percent) $/kg ($/Ib) kg (Ib) Reference
n-Nonane CyH, 99 26.46 (12.00) | 2.72 (6) 6
n-Nonane CoH,p 95 14.29 (6.48) 2.72 (6) 6
n-Decane C,0H;, 99 16.26 (7.38) 2.77 (6.1) 6
n-Decane C,oH;, 95 12.87 (5.84) 2.77 (6.1) 6
n-Undecane C,,H,, 99 23.47 (10.65) | 2.81 (6.2) 6
n-Undecane C; Hy, 95 14.21 (6.44) 2.81 (6.2) 6
n-Dodecane C,,H;4 99 16.45 (7.46) 2.86 (6.3) 6
n-Dodecane C,,H,y, 95 12.65 (5.74) 2.81 (6.2) 6
n-Tridecane C,3H;,¢ 99 3499 (15.87) | 2.86 (6.3) 6
n-Tridecane C,3H;5 95 22.29 (10.11) | 2.86 (6.3) 6
n-Tetradecane | C,4H;, 99 18.95 (8.59) 2.90 (6.4) 6
n-Tetradecane | C,4H3, 95 15.62 (7.09) 2.90 (6.4) 6
n-Pentadecane | C,sHs, 99 41.34 (18.75) | 2.90 (6.4) 6
n-Pentadecane | C,sHj;, 95 30.13 (13.67) | 0.68 (1.5) 6
n-Hexadecane Ci6Hiaa 99 35.27 (16.00) | 0.68 (1.5) 6
n-Hexadecane CieHsa 95 20.08 (9.11) 2.90 (6.4) 6
n-Heptadecane | C,,H;4 99 37.89 (17.19) | 2.90 (6.4) 6
n-Heptadecane | C,,H;4 95 30.13 (13.67) 0.68 (1.5) 6
n-Octadecane C,sH;4 99 18.65 (8.46) 2.95 (6.5) 6
n-Octadecane C,sHjg 95 30.13 (13.67) | 0.68 (1.5) 6
n-Nonodecane | C,qoH,4 99 40.70 (18.46) | 2.95 (6.5) 6
n-Nonodecane | C,9H,q 95 27.93 (12.67) | 0.68 (1.5) 6
n-Eicosane Cz0Hs, 99 26.05 (11.82) | 2.99 (6.6) 6
n-Eicosane Cy0Hs, 95 41.15 (18.67) | 0.68 (1.5) 6
P-116 Paraffin - 0.14 (0.065) Not specified 1
C,5-C, ¢ Paraffin mixture - 0.11 (0.05) 4536 (10,000) 1
C, 4-Cy ¢ Paraffin — 0.11 (0.05) Not specified 1
1 1

a. Prices shown are approximate based on 1974 publications. All but the last three
entries shown in the table correspond to prices quoted for the small quantities
indicated which, more than likely, are for laboratory applications and are not
totally indicative for large commercial orders. Also, it should be noted that
there is also variation in prices with supplier.




B. Melting and Transition Temperatures

Table 4 contains published [7,8] values of the melting and transition
temperatures for the listed paraffins.

For commercial grades of paraffins, some variations in the phase change
temperaturgs are to be expected. Impurities even tend to cause some difference in the
melting and freezing temperatures. Some reported [6] experimental results which show
the effect of purity on the fusion temperature for several grades of certain paraffins
supplied by two manufacturers are given in the lower two segments of Table 5 together
with the corresponding fusion temperature for the high purity paraffins available from
APIL. Similar results and API data for solid-solid phase transition temperatures are given in
Table 6.

For the seven paraffins listed in Tables 5 and 6, correlations of phase change
temperatures corresponding to API data with the number of carbon atoms in the chain
are shown in Figure 3.

C. Heat of Fusion and Heat of Transition

The energy values associated with solid-liquid and solid-solid transitions as
published by API {7] or either by Timmermans [8) are also listed in Table 4. The
effects of purity on these energy values based on comparisons between measurements [6]
on two commercial grades (lower two segments of Tables 7 and 8) and values reported
by the API for high purity paraffins are listed in Tables 7 and 8, respectively, for several
paraffins.

For the seven paraffins listed in Tables 7 and 8, correlations of the heat of fusion
and the heat of transition with the number of carbon atoms in the chain are shown in
Figures 4 and 5, respectively, for the data available from API.

It is interesting to note also the effect of the mixing of two different paraffins on
the heats of fusion and transition. As an example, the results reported [6] for a
hexadecane-octadecane binary system are shown in Figure 6.

D. Specific Heat

The specific heat is temperature dependent in each phase with an increase in
specific heat occurring with an increase in temperature. There is a change in specific heat
between two phases. Data for all the paraffins listed in Table 4 have not been obtained.
For some of the listed paraffins, specific heat data over a range of temperature are given
in Reference 8. These have been plotted in Figures 7, 8, and 9. There are obvious gaps in
the data in the vicinity of phase transitions. Data given in Reference 9 for C,,H;,,
Ci6Hz4, CigHyg, and C,4H,, are shown in Figures 10 through 13, respectively.
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TABLE 7. COMPARISON OF HEAT OF FUSION FOR SEVERAL

GRADES OF SELECTED PARAFFINS

Heating Cooling Purity
(Solid - Liquid) (Liquid - Solid) (Mole %)
Material kJ/kg (Btu/lb) kJ/kg (Btu/lb) or Grade
n-Undecane 142 ( 61.2) 142 ( 61.2) 99.96 *0.03 )
n-Dodecane 216 ( 93.2) 216 ( 93.2) 99.969 + 0.025
n-Tridecane 154 ( 66.5) 154 ( 66.5) 99.91 +0.06
n-Hexadecane 235(101.5) 235 (101.5) 99.90 *0.06 > *
n-Octadecane 244 (105.0) 244 (105.0) 99.90 £ 0.08
n-Nonadecane 187 ( 80.6) 187 ( 80.6) 9990 +0.08
n-Eicosane 248 (107.0) 248 (107.0) 99.90 +0.08 y
n-Undecane 140 ( 60.4) 143 ( 61.7) 99 )
n-Dodecane 218 ( 94.0) 220 ( 94.9) 99
n-Tridecane 145 ( 62.5) 159 ( 68.5) 99
n-Hexadecane 237 (102.0) 235 (101.5) 99 > * %
n-Octadecane 248 (107.0) 245 (105.6) 99
n-Nonadecane 180 ( 77.5) 180 ( 77.5) 99
n-Eicosane 249 (107.5) 245 (105.5) 99 y
n-Undecane 142( 61.4) 141 ( 61.0) 99.75
n-Dodecane 218 ( 94.0) 212 ( 91.3) 99
n-Tridecane 154 ( 66.2) 150 ( 64.8) 99
n-Hexadecane 239 (103.0) 235 (101.5) 99
n-Hexadecane 244 (105.0) 237 (102.0) 95 5 ok
n-Octadecane 243 (104.6) 242 (104.5) 95
n-Nonadecane 182 ( 78.3) 179 (77.2) 95
n-Eicosane 255 (110.0) 243 (104.8) 95
n-Eicosane 241 (104.0) 234 (101.0) 90 J

* Supplier A

** Supplier B
*** Supplier C



TABLE 8. COMPARISON OF HEAT OF TRANSITION FOR SEVERAL GRADES OF

SELECTED PARAFFINS
Heating Cooling Purity
(Solid = Solid) (Solid = Solid) (Mole %)
Material kJ /kg (Btu/1b) kJ /kg (Btu/lb) or Grale
n-Undecane 439 (18.9) 439 (18.9) 99.96 + 0.03
n-Tridecane 416 (17.9) 416 (17.9) 9991 +£0.06 *
n-Nonadecane 514 (22.2) 514 (22.2) 99.90 + 0.08
n-Undecane 409 (17.6) 405 (17.4) 99
n-Tridecane 433 (18.7) 470 (20.3) 99 x
n-Nonadecane 513 (22.1) 516 (22.3) 99
n-Undecane 403 (17.4) 422 (18.2) 99.75
n-Tridecane 403 (17.4) 406 (17.5) 99 *hE
n-Nonadecane 495 (21.4) 499 (21.5) 95
* Supplier A
** Supplier B
*** Supplier C
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chain [from Fig. 5(a) of Reference 6].
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Measurements of specific heat for several paraffins using samples from two
manufacturers are reported by Reference 6. These are tabulated in Table 9 together with
values for the same materials from APL

Comparative examination of data shown in Figures 7 through 13 and listed in
Table 9 indicates that the specific heat of paraffins is sensitive to impurities.

E. 6ensity

The density of the liquid phase decreases with temperature and data for most of
the considered paraffins are shown in Figure 14. The values agree with those reported in
Reference 6. For C,4H;39, Ci6H;34, C;3Hjg, and C,oH,,, density data are also plotted
in Figures 15 through 18, respectively, which are from Reference 9 and which include
some solid phase density measurements. For these paraffins, density changes across the
solid-liquid phase transition ranged from 5 to 8 percent.

F. Thermal Conductivity
There is a limited amount of thermal conductivity data available for paraffins.

Most reported values are only for the liquid phase. For selected paraffins Table 10 lists a
limited amount of liquid thermal conductivity data, which were reported in Reference 6
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Figure 14. Liquid phase density of several paraffins.
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DENSITY, hg/m?

Figure 18. Density of eicusane (C;9Hg,) (from Fig. 7 of Reference 9).
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TABLE 10. THERMAL CONDUCTIVITY OF SELECTED PARAFFINS (EVALUATED
AT PHASE CHANGE TEMPERATURE)?

Material W/m-°C Btu/h-ft-°F
n-Undecane 0.1496 0.0865
n-Dodecane 0.1488 0.0860
n-Tridecane 0.1496 0.0865
n-Hexadecane 0.1505 0.0870
n-Octadecane 0.1505 0.0870
n-Nonadecane - —
n-Eicosane 0.1505 0.0870

a. From Table 8 of Reference 6.

as being available from the APL Thermal conductivity data which are presented in
Reference 9 for the liquid phase of C,4Hs0, C,¢H34, C1sHss, and C,0Hs,, are shown
in Figures 19 through 23. Figure 23 shows a correlation which was extrapolated to
obtain thermal conductivities for C3oHa .

The lack of thermal conductivity data for the solid phase poses some analytical
uncertainties when attempting to analyze the phase change process. This concern and
related considerations are treated in more detail in Section V.

G. Viscosity

Absolute viscosity data for liquid paraffins C; Hzq through C;oHg 2, which are

given in' Reference 7, are shown plotted as a function of temperature in Figure 24.
H. Surface Tension

Values of the surface tension for liquid paraffins C, ,H;4 through C, oHa 2, which
are tabulated in Reference 7, are plotted versus temperature in Figure 25. The data varies
linearly with temperature with an increase of temperature resulting in a decrease of
surface tension.

1. Coefficient of Expansion

Single values of the coefficient of expansion for four of the considered paraffins
are shown in Table 11 which were reported in Reference 6 as being from APL
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TABLE 11. VOLUMETRIC COEFFICIENT OF EXPANSION (60°F/15.6°C)3

Material I/K 1/°F
n-Undecane 10.1 X 107 5.6 X 10
n-Dodecane 9.9 X 10™ 55 x 10
n-Tridecane 9.4 X 10 5.2 X 10"
n-Eicosane 8.5 X 10 4.7 X 10

a. From Table 18 of Reference 6 .

ill. TWO-DIMENSIONAL ANALYSIS OF A PHASE
CHANGE DEVICE

A. Introduction

The analysis of two-dimensional conductive heat transfer within a phase change
device is outlined in this section. Since convection may be present in certain applications,
the design of a phase change device based solely on conduction will in most cases be
conservative (i.e., heat transfer rate to and from material will be lower than in a case
where convection is present). Additional attention is given in Section V to the effect of
convection and how it can be included in the analysis.

The two-dimensional transient heat conduction equation for an isotropic,
homogeneous medium in the absence of sources, sinks, or phase change is

92T + 92T oT )
a —— ——— = —
ax?  oy? ot

In ger;eral, solutions of equation (1) for typical applications can best be obtained
via numerical techniques, other techniques were outlined by Muehlbauer and Sunderland
{10]. For numerical solutions of equation (1), the partial derivatives are approximated by
finite difference analogs. A forward difference analog for the time derivatives can be
used. With regard to the latter, there are two possibilities for a transient problem [11]. If
all temperatures appearing in the spatial analogs are evaluated at the old time level, the
formulation is explicit, and the resulting equation for a node involves only one unknown
at the new time level. The solution for a system of nodes by this method is fairly simple
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and straightforward. If all temperatures appearing in the spatial analogs are evaluated at
the new time level, the formulation is implicit. The resulting equation for a node involves
five unknown temperatures at the new time level. Solution for a system of nodes involves
solving a set of simultaneous equations equal to the number of nodes.

Figure 26 represents a general node (I, J), its surrounding nodes, and the

notational scheme for interconnecting thermal conductances.

(1, 4+1)

GV(l J+1)

(1-14) (1+1,4)

GHILJ) GH(I+1,J)

GVI{LJ)

(1,4-1)

Figure 26. General designations for nodes and connecting conductances.

Physical arguments can be used to formulate the difference analogs previously
discussed. The summation of heat transfer to node (I, J) from all surrounding nodes
should equal the product of the nodal capacitance and the difference in its old and new

temperature. With reference to Figure 26, the explicit formulation based on this physical
approach is

GH(IL)HI[T(I-1,J) - T(L,))] + GHI+1,1)[T+1,J) - T(L,J)] + GVIIH[T,J-1)

-T{A,0)] +GVLI+D)[TAI+1) - T(L,Y)] = c@nDIT (Igt) - TALDI (2)
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The implicit formulation is

GH(L)) [T (I—l,J)—T(I,J)] +GH(I+1,J)['~I: (I+l,J)-—T(I,J)] +GV(LJ) (T (1,J-1)

~TAD +GVAI+HDT LI+ -T (1)) = CADIT (Z? - TA.D) 3)

The tildes denote temperatures at the new time level.

Numerical solution of the explicit formulation given by equation (2) is subject to
a restriction on the allowable time step given by

C(LY)
<
GH(LJ) + GH(I+1,J) + GV(1,]) + GV(L,J+1)

At 4)

For a nodal arrangement, the node having the smallest time step given by equation (4)
governs the entire solution.

The implicit formulation given by equation (3) is not restricted by a stability
requirement, but the solution is not as simple as one using the explicit formula. In
general, it requires a matrix inversion routine and may be impractical for a large number
of nodes.

A technique for handling the phase change when using the explicit formulation
involves keeping a record of the stored energy at each PCM node. The stored energy at
any time is compared to that associated with the initiation and termination of the phase
change. When the accumulated energy at a node lies between these two values, the
temperature prediction is overridden and the temperature is forced to be equal to the
phase change temperature.

The technique for handling the phase change when using the implicit formulation
involves comparison of the predicted temperature with the phase change temperature.
When the predicted temperature first exceeds the latter value, the predicted value is
overridden and the nodal temperature is specified to be the phase change temperature.
The energy associated with the excess of the predicted value over the phase change
temperature is calculated and allowed to accumulate. Once this accumulated energy
reaches a value sufficient to accomplish the phase change, the predicted temperature is
allowed to rise in accordance with the governing conduction equations.
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B. Physical Model

The physical model selected for study corresponds to a phase change device
application which is depicted in Figure 27. Basically, the phase change device consists of
a metallic housing in the shape of a parallelepiped which is filled with PCM and straight
metallic fins which are included to improve the heat transfer mechanism between the
housing and the PCM.

L

RS \‘ / N (Y] /, - _\ / \- N T ‘

~ rd

I\ \\ N ~ A < \ ~ { - / ¢ .
> NN PR | AN I | COVER
N \
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/ 7 N J Y
J -~ { )

N 7 -~ \ /o~ 7 \ \ ' F'N
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\ .
~ A Y
{ -0 ’\\ N [ j Y | v,
N N o . v .
\ \
L )

Figure 27. Phase change device application selected for study.

When the phase change device is operating as an energy sink (i.e., it is storing
energy), either a hot fluid or a hot surface is considered to be in contact with one
surface of the housing resulting in heat transfer into the unit. Hereafter, this surface
which is in contact with the hot medium is referred to as the base. The PCM is used to
absorb the energy primarily via the phase change process. The stored energy may be later
rejected by means of exposing the base or the cover or both to a cooler medium, which
in some applications may be the same medium from which the energy was absorbed
earlier.

A typical single cell of the device is shown in Figure 28. It is assumed that planes
parallel to the fins and passing through their centers represent planes of symmetry as do
planes parallel to the fins and located midway between two adjacent fins. Consequently,
the analysis is reduced to that of a half-cell represented by the schematic given in Figure
29.
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Figure 28. Typical single cell of phase change device.

The following thermal analysis pertains to the symmetrical half-cell shown in
Figure 29 with the base exposed to a constant heat flux density. The resulting computer
program is also modified for the case of a constant base temperature.

The limitations of the analysis are given by the following assumptions:

Conduction is the only heat transfer mechanism within the
two-dimensional half-cell; the overall phase change device is considered te
be composed of many such cells. (The effects of convection are discussed
in Section V).

The problem is two-dimensional; the cell, therefore, is sufficiently long
that end effects are small.

The cover is perfectly insulated.
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Figure 29. Symmetrical half-cell used in analysis.

L The physical properties, density, specific heat, and thermal conductivity of
the metallic fin, cell base, and cell cover are considered to be identical and
to have constant values. Likewise, the density, specific heat, and thermal
conductivity of the solid and liquid phases of the PCM are considered to
be identical and to have constant values. (The model may be easily
modified to input temperature variant properties.)

To cast the problem in a nondimensional formulation, appropriate dimensionless
parameters are sought. As a means of obtaining the pertinent dimensionless parameters,
differential equations for the temperature in the PCM, the fin, the base, and the cover are
presented and nondimensionalized. The differential analysis is followed by a numerical
analysis which is used for the solutions, the results of which are presented in Section IV.
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C. Differential Formulation

Since the principal objective of the differential formulation is to find the
appropriate dimensionless parameters for the physical model previously described, the
reader interested only in using the results can go directly to the next section on the
numerical analysis,

The differential equations pertinent to each region of the model are presented
below.

1. PCM Region. The energy differential equation is the usual two-dimensional
conduction equation

Q

T

1
ey aat ©)

and the two-dimensional interfacial boundary condition according to Rathjen and Jiji

[12] is
T T 38(x,O\° 36
X, _ g0

where 8(x,t) is the interfacial location or fusion front. Choosing the width W of the PCM
region shown in the symmetrical half-cell in Figure 29 as the characteristic x-dimension,
the PCM height H as the characteristic y-dimension, the PCM fusion temperature Ty as the

characteristic temperature, and denoting a characteristic time by t. result in the following
dimensionless quantitics:

x' = x/W (7
y' = y/H (8)
0 = T/T; ©
t = tt, (10)
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In terms of these, equation (5) can be written as

H\? 220  o%0 H2 20
= = an

+ — aama——
w/ ax'?  3y'?  at, ot
and equation (6) becomes

&), &)

2

1+<H)2(35')2 _ et (aa') (12)
W ax' acprtC at

2. Fin. Treating the temperature distribution in the fin as one-dimensional, i.e.,
T,= T (yvst), with conductive heat transfer from the fin to the PCM, which is analogous

to the treatment of convective heat transfer in the conventional one-dimensional fin
problem, results in

asz+ 5 k /1 \/oT _ Pm Cpm 0T (13)
ay2 km Sz ox O,y k at

m

where the coordinate system is given in Figure 30. The second term on the left in
equation (13) results from considering conduction in the PCM. The temperature in the
fin at x = 0, however, is the same as that in the PCM at x = 0.

~f

Figure 30. Coordinate system and dimensions for fin.
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Nondimensionalization of equation (13) using equations (7) through (10) results in

?0nm  k /H2\/% H2 \/a\ ¥nm
— 22— ()] (=)= = (14)
ay km 82W X O,Y ¢ tC A ot

3. Cell Base. Treating the cell base as a lumped system, i.e., Ty = T(1), and

assuming the base and fin properties to be the same result in the following energy
equation:

q" W+Sz + Ky i (aTm> faw (2 S W+Sz Mo
— — h — = C — ——

a 2 m2\3y /o0 oy Jyo M Pm 2 ) at
(15)

where it has been assumed that the base is exposed to a constant heat flux density, q”
The coordinate system and physical dimensions for the cell base are given in Figure 31.
The subscripts x,0 on the third term on the left side of equation (15) denote evaluation
at 0.5 S, < x < Wand y = 0. In terms of the previously defined dimensionless variables,
equation (15) becomes

Q"H (1 Sz) . Km $2 <39m> . <55> 8 (1 +52><H2)< )<o¢ )df’b
KT¢ W/ Tk 2W\ a3y’ dy’ T H\ W k Mo/t
ka 2 k 2 y 0.0 y .0 a., f/d

In equations (15) and (16) the overbar on the third term oi: the left side denotes a value
spatially averaged over the x-length W,

’] ' /— BASE

L\\\\\\ i\\\\\\\\\\\

Figure 31. Coordinate system and dimensions for base.

(16)
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4. Cell Cover. Since the treatment of the cell cover is analogous to that of the
cell base except for the assumption that the cover is insulated, no new dimensionless
parameters should appear; therefore, the appropriate equation is omitted for brevity.

To this point the dimensionless equations contain a undefined reference time, t.
By selecting this characteristic time to be given by

t, = — (17)

the ratio H? /oth becomes 1.0 in equations (11), (12), (14), and (16). Examination of the

reduced set of equations reveals seven salient dimensionless ratios for this class of
problem. Summarizing these ratios by category, with pure constants omitted, yields

Geometric: R, = H/W '
R3 = W/Sz

‘ K,

Material Properties: Ry = -
RS = Olm/O(

hf

Rg =

Cp Tf

] % H

Thermal Loading: Ry = —
k Ty

These ratios developed with the differential equation formulation of the problem are also
appropriate for the finite difference formulation. Hence, the finite difference equations
are cast in dimensionless form with the seven aforementioned dimensionless parameters
appearing explicitly and serving as focal points for a parametric numerical study.
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D. Finite Difference Formulation

The finite difference formulation begins with a subdivision of the region of
interest into a network of nodal points. For the two-dimensional, symmetrical half-cell
shown in Figure 29, the nodal network and nodal point designation scheme are shown in
Figure 32. The approach provides flexibility for increasing or decreasing the number of
PCM nodes in accordance with the dictates of size and shape, there being M by N PCM
nodes. Also note that all base nodes correspond to J =1 and all fin nodes correspond to

= 1. The number of base or fin nodes is, of course, directly related to the PCM
subdivision. Figure 26 depicts a general node (l,J), its four surrounding nodes, and the
notational scheme for interconnecting thermal conductances.

_’1 S r‘;/— COVER__L

J=N+2 olo o ol olo S,
J=N+1 —‘-: o |ejo e |0 0o]|e|e
olo|o|o|o]e]e
IR RN
ojeo | o ‘
N b PCM S
i
\/ |
o o
oje oo e #
J=1 —O{I ) | el o]_ el oo I $4

/ wa |
1=1 1=M+1
BASE

Figure 32. Nodal grid designation.

Physical arguments can be used to formulate the temperature finite difference
equations. With reference to Figure 26 the net heat transfer to node (L)) from its
surrounding nodes (during time At) should equal the product of the nodal thermal
capacitance and the temperature difference occurring during the time increment. The
explicit formulation based on this approach in nondimensional form is
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GH'(L)) [8(I-1,)) - 6(L1)] + GH'(I+1,J) (6(I+1, 1) -0(1,))] + GV'(1,J) [6(1,)-1)

: _ C'ALY) (80,3 - 6(LD))
-8(LD] + GV'(LJ+1) (6(1J+1)-6(L,D)] = R,? M7 AT (18)

The implicit formulation is

GH'(LJ) [6(1-1,J) - 8(1,J)) + GH'(I+1,1) [(8(+1,3)-8(,D)] + GV'(LY) [8(1,]-1)

C'(1,3) (6(1,3) - 0(1,3))

-9 + GV'(LIJ+D) [FQ,J+1) -8(L,))] =
6(1,J)] GV (LJ+1) [0(1,J+1) - 0(L))] Rle’At'

(19)

In the nondimensionalization of all thermal conductances, the nondimensional value is
obtained by dividing the respective conductance by kB which is the conductance between
two general PCM nodes. Similarly, nondimensional thermal capacitance values are
obtained by dividing the respective dimensional value by pS? Bcp which is the thermal

capacitance of a general PCM node. It should be noted that the nondimensional
conductances and capacitances that are entirely within the PCM have the numerical value
of 1.0. All other dimensionless conductances and capacitances have values other than
unity. As an example, the dimensionless horizontal conductance between the fin and the
lower left hand corner PCM node is

GH'(2,2) = -—2-M— (20)
1+

2R,R,

A dimensionless base nodal capacitance, for example, is

MR,R,

21
R, R, 2n

c'@,1) =

1. Computer Programs. Numerical solutions of the problem described herein via
computers can be affected by use of either the explicit formulation given by equation
(18) or the implicit formulation given by equation (19). The two general approaches
together with the inherent advantages and disadvantages related to each are discussed in
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the general heat transfer literature; see, for example, Chapman [11] or Ozisik [13]. It is
well established that solution of the explicitly formulated set of equations is subject to a
stability restriction which dictates the maximum allowable time increment. This
restriction is given by equation (4). For a small grid size, this requirement leads to
excessive computer time. While solutions of the implicitly formulated set of equations is
not restricted by a stability requirement, the method involves the solution of a set of
simultaneous equations equal in number to the number of nodes. For a small grid size,
large computer storage is needed.

The problem under consideration involves thin metallic fins; most attention,
consequently, has been given to the implicit approach. The stability restriction dictated
by a node located in the fin resulted in extremely small time increments for the explicit
approach.

A computer program based on the implicit approach, equation (19), for the
problem described in this section is given in Table 12. A modification of the program to
accommodate a sudden change in the base temperature rather than imposition of a
constant heat flux density is given in Table 13. In both programs, a band algorithm
technique given by Funderlic [14] is used to solve the equations. A dimensional
computer program based on the explicit approach is presented and briefly discussed in
Appendix D.

2. Instructions for Using Computer Programs. To use the programs, the following
steps are suggested:

a. Establish the grid size (see Fig. 32) by specifying M and N. M represents the
number of vertical columns and N represents the number of horizontal rows within the
PCM. The ratio of N to M must equal R;. The accuracy of the transient results may be
affected by the choice of M and N, particularly in the early part of the transient. The
user should conduct a sensitivity study by altering M and N along with DT (Step f) in a
systematic manner until the results appear to be unaltered to within an acceptable level
by further changes. The influence of the choice of M and N is discussed and illustrated in
Section IV along with discussion of the parametric study.

b. Determine appropriate values for the dimensionless ratios R, through R, as
defined in the analysis. Note that R, is denoted as Rg in the program. Also, for the
constant temperature case R, is not.needed, but a temperature difference (DELT) is
needed. This difference is defined by

Tg
DELT = — -1
T

¢. The dimension card must be set correctly. The dimensions depend on M and
N as indicated below.

A(LL,L1)
TIMIL,N2)
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T2(LL)
GH(M2,N2)
GV(M1,N2)
C(MI1,N2)
F(LL)
TEXC(LL)
D(LL)
MELT(LL)

where

LL

(N2) X (M1)

Ll = (2)X(M1+1)

1]

Ml M+1

M2

M+2

N2 = N+2

d. Input required parameters in accordance with Formats 998 and 999. The
required inputs are shown by the Read statements. NR is reserved for a reference run
number.

e. The program is written with the initial PCM temperature at T If it is desired
to run for other values of initial temperature, set TIN by

TIN = Tinjtial/ Tt

f Select a nondimensional time set by specifying DT. It is suggested that the
magnitude of this time increment be explored for its influence on the accuracy of the
results. Note the discussion given in Step a also.

g. Set ITT. This quantity controls the printout of results. The program is written
to yield output at the end of the first time increment and then on intervals given by

(ITT-1) X (DT)
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The output includes
TIME — Nondimensional time measured from start of melting

TRISE - (TBase - Tf)/Tf (use absolute temperatures)

UCOEF - Nondimensional overall heat transfer coefficient defined by
Ry
UCOEF =
Base " I't

FMELT — Fraction of PCM melted at given time (or solidificd for freeze case)

SQF — Energy stored in fin

SQB —- Energy stored in base

SQT — Energy stored in top

SQS - Energy stored in solid

SQL — Energy stored in hquid

QLAT - Energy used to change phase

QTOT  — Summation of SQF, SQB, SQT, SQS, SQL and QLAT

EIN _ Total energy transferred into base which is dependent on " and time

RATIO -~ QTOT/EIN - check on energy balance.

All the energy values which were listed are nondimensional and evaluated with respect to
initial values of zero. The energy valuc used in the nondimensionalization is the latent
energy for a single PCM node.

The programs given in Tables 12 and 13 can be altered slightly to accommodate
freezing for the case of a constant heat flux density withdrawal at thc base and a step
reduction in the base temperature, respectively. The changes needed to accomplish this
are:

a. In the parameters at the beginning, replace QLATM by -QLATM.

b. In the third, second, and first lines above statement 150, change the
statements to
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TABLE 12. COMPUTER PROGRAM FOR BASE EXPOSED TO A CONSTANT

C »a»

ey
Y1)

run

ooO00oOan

C »#x»

C #»»

10

2v

HEAT FLUX DENSITY

CONSTANT HEAT RATE PROGRAM
DIMENSION Al128s7)s TAL3,42), T2(126)s GH{#s#2), @VI(3

1242)9C(3,42)s FL126)) TEXC(126)s D(126)s 4ELT(126)

IMPLICIT REAL®¥B(A=Hs0=2Z)

R1 ® H/W 3 R2 = 4/51 3} R3 = W/82 ) R4 » K/KN ; wwevssn
22T FY Y YYYYy

RS ® (K/DEN*CP)/(XW/DENWSCPW) § R6 = WYELT/CPWsTMELT
IS TETYEYY )

R7 » HMELT/HTR J RB = QaH/KWaTMELT sxsrsxysssbsunnsssssy
NERERRERERINY

READ(5,998) R1,R2:R3I,R4IRSIR6,R8
READ(5,939) NRaMsN
COMPUTATIONAL PARAMETERS s»x
TInmqgeQ

ODT=0:¢0005

ITT=4y

CWw = 140

TMELT = 140

ITTT = 4

TPHASE = R6

AN = N

AM = M

QLATM = aAMxAN

AM1 = AM + 1.0

ML @ M ¢+ 4

M2 = Mq + 1

NiT = N + 1

N2=aN+2

LLaN2weMq

L1 & 24M1 + 1

L = M2

CO = (R1xx2)%(AMsx2)

INITIAL VALUES

SUS = Q40

SQAF = Qe

SAB = Qe

SAT=Qeg

SAL = pey

ULAT = g

EBOTwmpe

TTCB=Qe0

MM = o

TBOT = Qgeg

TIME = geg

00 10 1 = 1,LL

FUI) m 449

MELT(I)=Q

TEXC{I) ™ Q40

DO 20 Jmi,N2

DO 20 I = 1,M1

T1(lsJ) = TIN



TABLE 12. (Continued); -

C »exx» HORIZONTAL CONDUCTANCESsVYERTICAL CONDUCTANCES
(o »CAPACITANCES wx»
C #»x» ARE CALCULATED sxyxxws
GV(1s1) = 0.0
DO 30 J=m2,N1
DO 30 [=2,M1
GH{Is,J) = 140
Cilsd) = 440
30 GV(Iad) = 140
00 40 J = 2,N1
Cl1ad) = (RGE¥AM)/(2¢0¥REXRII
GV(1sJ) = (AMXR4)/(2¢02R3)
GH(20J) = 2e0/(140 ¢+ AM/(2v0%R3*R4&))
GH(M22J)m0e0
40 GH(1s,J) = 040
DO S0 I = 2,M1
Ctlsl) = (AM®R1*I4)/(R2*RS)
CllaN2)mClLs1)
GV(Is2) m 260/(1¢0 + (R1¥AM/(R2%R4)) )
GY(IaN2)mGV(Is2)
GY(Is1) = Q0
GH(Is1) = gaxAME1/R2
SU GH({I,N2)eGH(1s1)
GH(1s1) = (.0
GH(12N2)=0e 0
GH(M2,1)2040
GH{M2,N2)=040

GHIZ2s1) = 2.0%R4/((R2/R11#(140/(2+0%R3) + 1+0/AM))

UH({2sN2)aGH(201)
GY(122) = R&4/(R3Ix(1+0/7AM + R1/R2))
GV(1,nN2)=GY(1,2)
Cl1s1) = (RixRan(AYMex2))/(200xR2xRIXRS)
Cllan2)=C(101)
DO 55 I=q,M1
59 TTCB=TTCB+C(I1,1)
o #xny TEMPERATURES AT EACH NUDE CALCULATED ww»
WRITE(647500) Ris» R2s R3» R4y RS, R6s R8» 12 No
60 TIME = TIME + DT
DO 70 I = 4,LL
GO 70 J = 1,11
70 A(IsJd) =00
DU 80 J=2,N1
DO 80 I = 1,M1
K = (Jwq)uMg + I
A(KsL=M1) = GVIIsJ)
AlKsL+M1) = GV(I,J0+1)

AlKIL) = amgH(I+1,J) = GVIIsd) = Gv(Iag#a)m(ClI,J)Z(DT

12CO) 1wGHITIWJ)
AlKsL=1) = GH(I2J)
A(KsL+1) = GH(I+1,J)
80 O(K) w «C{T,JisT1(1,4)/(CO¥DT)
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90

110

129
C  »x

150

160

170

180V
175

TABLE 12. (Continued)

D0 90 l=i,Mi

KmiemMy+l
A(IsL) = @GH(I+121) = GH(Is1)} = gvil,2) = C(1s1)7(D7
1%CD)

AlLsL+1) = GH(I+1,1)

AllsL=1) = GHI{Is1)

AlTsL+mi) = GV(1,2)

AlKIL) = mGH(IsN2) = GHII+1sN2) = GVII#N2Z) = C{IsN2)/
1(DT*CD)

AlKsLm1) = GH(IaNZ)

AlKaL+1) = GHII+1,N2)

AlKsL=M1) » GVII,N2)

DO 110 1=i,M1

Kani*M1+]

D(I) = wC(Isq)%Tq(1sg)/7(0T2C0O) = R8/(R1¥AY}
DIK) = =C(IsN2)#T1(1aN2)/(DTaCO)

pl1) = =«C({121)#T1(1,1)/(Cp*0T) = RE/(2¢0%33¥R1)
CALL BANSOL(AsLLILL2DoLL)

VO 120 1 = 1,LL

T2(1) = D(I)
* QUALITY CALCULATED xx»

00 150 Jm2.N1

DO 150 I=p.Mq

Ke{Jmq)aMq + 1

IF(MELTIK)sEWs1) 30 70 150
IF(TE(K)-GT-THELT)TEKC(K’ s TEXCU(K) + (T2(<) = TMELT)
IF(T2(K)eGT+TMELTIFIK) = 10 = TEXC(K)/IRG*TMET)) T2
1(K)aTHELT
IF(TEXC(K).GE-TP%ASE)TE(K)-TMELT+TEXC(<)-T°dASEJF
1 (Km0 QIMELTI(K)®Y

CONTIRUE

DO 160 J = 1,N2

DO 160 1 = 1M1

X = (Jwqjami + 1

T1ilsd) = T2(K)

GQLAT = 0¢0

DO 170 Jg= 2,N1

DO 170 1 = 2,M1

K = (Jmi)anml + [

GLAT = gLAT + [ 10 = FIK))

IF(ABS (ULATM = Q.AT)eLTe0sv001) GO TO 180
IF(TIMECEQsDTIITTT = ITTT + 14

IF(TIMESEQeDT)IGO T2 180

IF(ITTeNECITITIITTIT = ITTT + 1
IF(ITTeNESITTT)GO TO 240

ITTT » 1

DO 175 I=1,M1

EBUTAERCTHICII 1w (TLLIa1I=TINY)
TBOT=TIN®(EBOT/TTLCH)

EBUT=040

TRISE = TACGT = TwELT



C ¥

200

a21¢

220

e4hy
29
999
1000
1500

2000
300U
4000
5000
6000
730V
7500

800V

TABLE 12. (Continued)

UCOEF = RB/(TBOT = TMELT)

WRITE(6,8000)TIMEsTRISEIUCOEF
¥* ENERGY BALANCED w»»»

DO 200 J = 2,Nt

SQUF = SGEF + (Cl1sJ)#(TL(1,J) = TIN)/RS)

0O 210 I = 1,M1

SAT=SAT+{C(IIN2)x(TL1(IsN2)=TINI/RG)

SQB = SEB + (ClI,1)w(T1/'1) & TINI/RG)

DO 220 J = 2,N1

DO 220 I = 2.Mg

K s {Jmqg)eMy ¢+ 1

SASeSUS+{Cwa(T2()sTINI®F(K)/RS)

SALOSQL+ICHr(T2()aTINI®(100uF(K))/RS)

QTOT = SQF + S3B + 588 + SGL + GLAT s+safT

EIN = (AM»%2*R1%8/R6)%(140 + (1¢0/(2+08R3)))I4TIME

RATIU = QTOT/EIN

FMELT=GLATY/QLATM

WRITE(601500)83F,5328,SQT,SWUS,SQLIQLATIJTOT,EINIRATIOS
1 FMELT

SQGF = 0.0

5B = Qe

SQAT=geg

SQAS = g9

SAL = gp

TBGT = pep

IF(ABS(QLATM = QLAT)eqTeQ2ud01) GO TO 69

FURMAT(7F10¢5)

FORMAT(313)

FURMAT(1H 21321XsNF1005)

FORMAT (114 ,'SQF =1 ,F10+5,5Xs'608B =, F10¢5,5X2'3QT =!
1)F10:5,5%, 'SQ5 =',F10e5,5Xs'SQLm?,F10e¢5s/,'3ALAT =}
2sF10e5,5X,'QTOT =1 ,F10¢5,SXs'EIN =',F10:¢5,35X2 1RATIO =t
)F10¢5,5X2) 'FMELTal, F100e53)

FORMAT (141)

FORMATI1IH » I3,NF10e5)

FORMAT(4M »T35,'40RIZONTAL CONDUCTANCE!)

FORMAT{41H »T3S,'vEXITICAL CONDUCTANCE!')

FORMAT(1H »T35:'THERYAL CAPACITANCE')

FORMAT(1H )
‘FORMAT(1HL12'R12' 3F703)3X3'R2m )F6s1s3X21R3u'IFZe1,3X
1 'R42Y ,F7241,3X%X,'358) ,F541,3%X, 'Ré6=! ,F543,3%,'Rent,F803
223X "'Mmty12,3X,'NR 5 13,3Xs'RUN NOs =1, 14%)

FORMAT(1HO, ' TIME a1, F7¢5,5Xs ' TRISE »1,F7¢5,5X, tUCOEF
1 1, F1045)

CaLL EXIT

EnD

SUBROUTINE BANSOLI(CoNsMsvVaID)

ODIMENSION ClLIDsM)aVI(ID)

IMPLICIT REAL*&8{AwK,0=Z)

L = (mel)/2

L1 = L = 4
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10

11

00
LR
3]0
ple]

2
e
1

TABLE 12. (Concluded)

IR = 1,L14
L = IR

I = 4,LR
J = 2:M

ClIRaJwq) s C(IRNJ)
NP1 s N + 4 = IR

MP1T = M ¢ 4 =
CINPI,MPL) = 040
Cl{IRsM) = C(NPLsw31)
Nl = N = 1

00 9 1 = 4,N1

IPIV = ]

IRE = [ + 14

DO 3 IR s IRE »L

IF(ABSICIIRs1))+=EeABS(C(IPIVLq))) GO TO 3

IPIV = IR

CONTINUE
IFIIPIVIEQe]) 30 TD 8
T = V{l)

LARS

s V{IPIV)

VIPIV) = T

DO & U = 1,M

T = ClI,J)

CiIsJd) = CLIPLIVsJ)
ClIPIvVsJ) = T

Vil

)

= v{l)/CtIs1)

00 6 U = 2,M

ClI.Jd) = C(1aJd)/72(101)
DO 8 IR = IRE.L

T » C(IRs1)

VUIR)

® V(IR) = Tev(l)

00 7 U= 2)M

ClIRsJ=1) = CUIR,J) = T»C(loJ)
C(IR)M) = 040

IF(LeEQeN) GO TO 9

L= (L +1

CONTINUE

VIN

= VINI/C(Nat)

JM = 2

DO 11 ICE = 1.N1
IR = N = ICE

00 10 J = 2,JM
IRM1 = IR = 4 + J

VIIR)

s VIIR) s C(IRsIJINV(IRMY)

IF(JMEQsM) GO TO 11
JM = M o+ 1

CONTINUE

RETURN

END
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TABLE 13. COMPUTER PROGRAM FOR BASE EXPOSED TO A STEP
INCREASE IN TEMPERATURE

*3% CONSTANT BASE TEYPERATURE PRUGRAM
DIMENSION A(243,7)s T1(3,82)s T2(243)s» GH(4282), GY(3
1,82), C(3,82), F(243), TEXC(243), D(243), MELT(243)
IMPLICIT REAL®B(Aw=Hs)=2Z)
¥3% R1 = H/W ) R2 m 4/581 ;} R3I = W/S2 } Rig ®» X/4n | wnsseny

XYY Y VY PPy

*a% RS = (K/DEN®CP)/(KA/DENWRCPW) ; R6 = WMELT/CPWyTMELT »
BRRERRBRNEEL

¥x% R7 & MMELT/HMTR ¢ RE = GWH/KWATMELT ¥ssusrvvvrnypprnsuyn
LI Y YYYYY)

READ(S,998) R1,R2,R3)R4IRSIR6,DELT
READ(52999) NR.MuN
¥x* COMPUTATIONAL PARAMETERS »s#
TIlinmqe0Q
DT = 0«00050
ITT=e
CWw ® 140
TMELT = 4.0
ITTT = 4
TPHASE = Ré
AN & N
AM = M
GLATM & AMxAN
ML = M+ 4
M2 = mq + 4
N1 ® N ¢ 4
N2aN+2
LiengaMg
Ll = 2#M1 + 4
L = M2
CO = (Ria%2)%(AMsw2)
*x% INITIAL VALUES
SQAS = Q0
SAF = Q.0
SUg = 0°0
8ATeQeg
SaGL = g9
ALAT = g
EBOT=geg
TTCcB=geo
TBOT = gep
TIME = Q40
QTOT1 = geg
DO 10 1 = 1.LL
FI(I) = q¢g
MELT(])=Q
10 TEXC(I) = 040
D0 20 1I=4i,Mt
Ti(1s1)mTINSDELT
DO 20 Jm2sN2
20 T1(lsJ) = TIN
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C wx»
o
C »*xx»

30

40

5J

55
C  xx

60

70

79

TABLE 13. (Continued)

*» HORJZONTAL CONDUCTANCES,VERTICAL CONDUJZTANCES
sCAPACITANCES »»
ARE CALCULATED wxxxxsx
Gv(1,1) = Q.0
DO 30 Jm2,N1
DO 30 I=2,Mm1
GH{l,J) = 140
Cilsad) = 140
GY(IsJ) = 140
0O 40 JU = 2,nN14
Cllsd) » (R4AM)/(2¢0%R5%R3)
GV(1sJ) = (AMER4)/(240*R3)
GH(2sJ) ® 2¢0/(140 + AM/{2908R3%R4))
GH(M2,J)=040
GH(1,J) = 040
DO 501 = 2,m1
CiIs1) = (AMNRL%4)/(R2%R5)
ClI)N2)mC(Is1)
GVIIs2) = 2¢60/(1¢0 ¢ (RI®AM/IR2*R4}))
GVII,N2)mGYI(I,2)
GV(Is1) = 00
GH(1,1) = RiéxAM®1/R2
GH(Isn2)eGH(T101)
GH(121) = Q40
GH(1snN2)m0e0
GH(M2,1)m040
GH(M2,N2) =040

GH(241) = 2+0%R4/((R2/R1)¥(14¢0/(240%R3} 4 1e0/aAM})

GH{2aN2)mGH(2s1)

GY(1,2) & R4/(R3Ix(1e0/AM + R1,/R2))
GV(1aN2)mGV(1,2)

Cl1s1) = (RIXRUX(AMEX2))/(2¢08R2ARI*RS)
ClisN2)=mC(141)

DO 55 le1,M1

TTCBeTTCH+C(I1)

*¥» TEMPERATURES AT EACH NODE CALCULATED »xw
WRITE (6,7250) NR

WRITE(6,7500) R1s R2s R3s Rés» R5, R6s» DELTs Y4 N
TIME = TIME + pT

00 70 1 = 4,LL

00 70 U = 1,L1

Allsd) =060

DO 80 U=2,N1

00 80 I =» 1,M1

Ko (Jup)eMy + I

IF (JeNEev2) @0 TD 75

DIK) = aClIsdinT1(1,J)/7(CO*DT)I=BVIIIJ)*¥T1(IsJuy)
GO TO 79

3 DIKI= =wC(I,J) % T1(1,J)/7(CO*DT)

AlKsL=M1) = GVI(IsJ)
A(KsL+M1) = GVIIsJr1)
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C

TABLE 13, (Continued)

AlKsL) = oGRII+1,J1 =~ GV(Tod] = GVILIsJ+i)miCi1,2)/7(D7
1¥Cp ) JwunlIad)
AlKsL=1) = GHILsJ)
20 A{KsL+1) = GHII*1,J)
V0 90 [=1.m1
K= N¥mi+]
AlKIL) = =mGriTaN2) = Grll+1aN2) = gyitan2) = ClIsN2)/
1(0T*C0O)
AlKaL=1) = GH(IlsN2)
AlKsL+1) = GHiT+12N2)
30 AlKsL=M1) = GV{IsNZ2)
LO 110 I=1.M1
K= N*M1+]
116 OIk) = aC(IaN2)xT1UIaN2I/Z(LTCO)
CALL BANSOL (AstLislloDelll)
wo 120 1 = 1sLL
129 T2(I) = pll}
»ed QUALITY CALCULATED *x»
00 150 JU=2,H1
DO 150 [=2,M1
Ke(Jmup2)aml + [
IF(MELT(K)eEGe1) 30 TO 150
IF(T2(K) oGTeTMELT)ITEXC(K) = TEXC(K) + (T2(K) = TMELT)
[FITE(KI+GTITMELTIFI(K) = 40 = TEXC(K)Z(RE*TME_T)J T2
LIR)I=TMELT
lFlTExc(K).uE-TP4A5E)T2<K1-TNELT+TEXC(()-r34ﬁSEIF
1{K)2Q+ 0 MELTI(K ) =1
190 CONTINUE
VO 160 J = ZaN2
DO 2160 I = 1,M1
K =& (Jm2)eM1 + 1
1¢0 T1(lsd) = T2(K}
QLAT = Q0
V0 170 J= 2,N1
Du 170 1 = 2,M1
K = (Jw2)iwxml o+ [
17y GLAT = QLAT + ( 10 = FIK))
T8uT = Q0
DO 175 [=1,M1
175 EBQT’EBOT+(C(Ia1)m(Tl(Iol)-TIN))
TROT=TIN+IEBOT/TTC3)
EBUT®0Q
TRISE = T8QY = THELT
xex ENERGY BALANCED »x»x
SWUF = 040
SAY = Q0
ST = 00
SRS = Qo
SAL = (0
DO 200 J = 2:N1
20y SUF = SQF + (Ct12J)2(Til10d]) = TIN)/RG)
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TABLE 13. (Continued)

DO 210 1 = 1,M1
SQAT=SET+(CIIsN2)M(T1(1sN2)=TIN)/RE)
210 SQB = S@B + (C(I.1)%(TL(1s1) = TIN)/RS)
D0 220 J = 2,N1
DO 220 I = 2,M1
K s (Ju2)sM1 ¢+ 1
SQS=SQS+ (CHx(T2(<)=TINI¥F(K)/R6)
220 SAL®SQL+ (CWe(T2(<)=TIN)#(120=F (K))/R6)
QToT2 = §GF + SQA3 ¢ SQS + SAL + QLAT ¢sarT
QRATE « (QT0OT2=QTOT1)/0T7
UCOEF = (QRATE®RE)/((TBOT=TMELT ) x(M¥¥2)4R1 (1+2#R3)
17(2%R3))

QToT1i=QTOT2

FMELT = QLAT/(AM»AN)

IF (ABS(QLATM = 2LAT)sLT*0:0001) GO TO 180
IF (TIMECEQeDT) ITTT = ITTT ¢+ 1

IF (TIME+EQeDT) G5O TO 180

IF (ITTeNE«ITTT) ITTT = ITTT + 1

IF (ITTeNECITTT) 30 TO 240

ITTT = 1

180 WRITE (6,8000) TIME)TRISE/VUCQEF
WRITE (6415001} 83?0SQBJSQT&SGS;SQL:GLAT;QTDTZ:FHELT

240 IF(ABS(QLATM = QLAT)+Q@Te000001) GO TO 60

1500 FORMAT(1H »10Xs'SQF a1 ;F10¢5,5%X7'8QB a?;F40s5,8%s'8QT
1 w',F10¢5,5X, 7s11%X,'8QS =',F10¢5,5X,'8QL sV F10e8,4X
24 'QLAT =',F10+5,7, 10x» ‘'QTOT s',F10e5 4%, 'FMELT »!
3sF10e5)

998 FORMAT(7F10+5)

999 FORMATI(313)

2000 FORMAT(1H1)

7250 FORMAT (1H144Xs'RUN NO¢ Yy 14)

7500 FORMAT(1HO,9Xs'R1 sV )F703)3Xs'R2 mtsF69123%Xs'R3 at
1:F501,3Xs 'Ré ! )57042/7210%Xs RS =1, F5e4,5Xs'Rb ! F5)
2,4Xs "DELT m',F6eka3XatM = by I2:5%2'N &l 14)

B000 FORMAT(1HO,»9IXs 'TIME =!',F7+5:5x%, 'TRISE mt,F7e5,3%
1+ 'UCOEF =1,F10.5)

WRITE (622000}
CALL EXIT
END
SUBROUTINE EANSOL(CtNNEHiHNENJVtID)
IMPLICIT REAL®B8(A=H,0=2)
DIMENSION C(IDaMI2VIID)
L = (MNEwW+1)/2
L1 = L = 4
DO 2 IR = 4,011
LR = L = IR
DO 2 I = 1,LR
001 J = 2,MNEW
1 CtIRsaJmq) = C(IRsJ)
NP1 = NNEW ¢ 1 = IR
MP1 = MNEW + 1 = I
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11

TABLE 13. (Concluded)

CINP1,MP1) = Q0
CLIRSMNEW) » CINPL1IMP1)
N1 ® NNEW = 1%

DO 9 I = 1,N1

IPIV =

IRE = I + 1

00 3 IR = IRE »L
IF(ABS(C(IRli))'LE'ABS(C(IPIV:i))) GO TO 3
IPIV =» IR

CONTINUE

IF(IPIVeEQeI}) GO TO 5

T = V(I])

VII) = yv(IPIV)

VIIPIV) = T

DO 4 J = 1,MNEW

T = C(IsJ)

Cllsd) = ClIPIV2J)
ClIPIVLJ) =» T

V(I) = ¥(1)/7Ct(Is1)

00 6 J » 2,MNEW

Cllsad) = ClINJ)/ZCULa1)
DO 8 IR = IRE.sL

T = C(IRs1)

VIIR] = Y(IR) = Tav(lI)
00 7 J = 2,MNEW
C(IRsJ=1) = C{IR,J) = T#C(Isd)
C{IRIMNEW) = 020
IF({LeEQeNNEW) GO TO 9

L =L +1

CONTINUE

VINNEW) = V(NNEW)/C(NNEWs1)
JM = 2

DO 11 ICE = 1,1

IR = NNEW = lCE

00 10 J = 2,UM

IRML = IR = 1 + J

VIIR) » V(IR) = C(IRsJI#VIIRML)
IF(JMeEQeMNEW) GD TO 11
JM = M+ 1

CONTINUE

RETURN

END
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IF(T2(K).LT. TMELT)TEXC(K)=TEXC(K)~(T2(K)-TMELT)
IF(T2(K).LT.TMELT)F(K)=1.0-TEXC(K)/(R6*TMELT): T2(K)=TMELT
IF(TEXC(K).GE.TPHASE)T2(K)=TMELT-TEXC (K)+*TPHASE;F(K)=0.0;MELT(K)
=1.0.

¢. In statement 170, change sign to give QLAT = QLAT - (1.0 - F(K)).

d. In the linc above statement 220 and statement 220, make changes to give
SQS=SQSHCW*(T2(K)-TIN)*(1.0-F(K)/R6)

220 SQL=SQL+HCW*(T2(K)-TIN)*F(K)/R6)

An extensive paramectric study for the case of melting with the initial PCM
temperature at the fusion temperature was conducted using the computer program given in
Table 12. This parametric study is discussed in more detail and the results are presented in
Section 1V.

IV. GENERAL PARAMETRIC STUDY

A. Introduction

Presented in this section arc some details and typical results of a parametric study
for a particular phase change device application. Since there are many phase change
device applications, each having its own unique constraints, it would be unrealistic to
propose that the results obtained for a particular set of conditions and constraints could
be quantitatively extrapolated to other conditions and constraints. However, results
obtained for a particular case such as those presented herein may afford valuable insight,
qualitatively, into such considerations as trends and acceptable operating ranges.

y  The parametric study consisted of a thermal analysis of the symmetrical half-cell
shown in Figure 29 with the base exposed to a constant heat flux density. The model
and assumptions are described in Section 1.

B. Scope and Definitions

Numerical results have been obtained using the implicit formulation described in
Section III.
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A band algorithm [14] was used to reduce the required computer storage in
comparison to that which would have been required using a general matrix inversion
routine.

Of the seven dimensionless variables previously given, some of the physical
parameters were considered to be fixed for the computations. Independent variation of
all seven parameters would render the problem untractable.

By selection of a particular PCM and metal for the housing and fins, the three
dimensionless parameters denoted by R4, Rs, and R4 are all fixed. Since aluminum was
typically used in most of the previous phase change device applications and paraffin was
commonly used as the PCM, properties corresponding to these materials were used in the
computations. For the results presented herein, the representative properties used in the
computations for these materials are given in Table 14. With the property values given in
Table 14, the values for the fixed dimensionless ratios are

R, = 1069 ,
Ry = 753

and
Re = 0.381

Values of the geometrical variables and the heat flux density chosen for the numerical
predictions are based on a survey of past applications. The values are listed in Table 135.
For the range of variables outlined in Table 15, there are 300 possible combinations
which indicates the need for an equal number of computer runs to obtain results
encompassing these conditions. Because of the large number of computer runs involved, it
was not practical to conduct a sensitivity study for each run on the choice of M and N
and DT, a suggestion outlined in Section III under the instructions for using the
computer programs. The choice of M and N was made such that the node size S for the
range of geometric variables given in Table 15 never exceeded an approximate value of
0.254 cm (0.1 in.). This value, for some cases, was not sufficiently small to avoid there
being an effect on the character of the transient results. This is discussed later in this
section. '

Specifically, for the results shown hereafter in this section, the parametric
computations were performed for the case of melting only. The entire cell was considered
to be initially at the fusion temperature of the PCM and in the solid phase.

If one assumes that the phase change is reversible, the results can also be applied
to freezing. There is evidence, however, that the ratc of freezing is typically
underpredicted by the model. However, in most designs, these data will indicate
conservatively slower freeze rates than actually occur. Additional discussion of the
freezing case is presented in Section V.
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TABLE 14. PCM AND METAL PROPERTIES USED IN COMPUTATIONS

Specific Thermal Heat of Melt
Density Heat Conductivity Fusion Temperature
. kg lom kJ Btu J Btu kJ Btu
Material = | = = 5 = = — —_— K (R)
m ft kg-°C Ibm-°F sec-m--C hr-ft-°F kg lbm
Metal 2707 | (169) | 0.88 0.21) 160.9 (93) — — -
PCM 80)( 50) | 209 (0.50) 0.15 (0.087) 232.4 (100) | 291.7 (525)

TABLE 15. VALUES OF GEOMETRIC VARIABLES AND HEAT FLUX DENSITY
CHOSEN FOR THE NUMERICAL STUDY

Cell Height, H

Fin Thickness, S,

One Half-Fin Spacing, W

Base Plate Thickness, S,

Heat Flux Density, q"

cm

(in.)

cm

(in.)

cm

(in.)

cm
(in.)
J

s-m?
Btu
h-ft?

1.27
(0.5)

0.127
(0.05)

0.0127
(0.005)

0.0635
(0.025)

1076.4

(341.4)

2.54
(1.0)

0.254
0.1)

0.0508
(0.020)

2152.8

(682.9)

5.08
(2.0)

0.508
(0.2)

0.127
(0.050)

4305.6

10.16
(4.0)

1.016
(0.4)

6458.3

(1365.7) (2048.6)

20.32
(8.0)

2.032
(0.8)
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The problem is transient in character. The computer program provides a printout
of a number of computed quantities at time intervals which can be chosen as any
multiple of the time increment used in the numerical expressions. The quantities
computed at each time included the temperature difference between the base and the
melt temperature (ATb), an overall heat transfer coefficient (U), the latent energy which

represents the amount of PCM which has melted (QLAT), and the sensible energy stored
in the fin (SQS), the base (SQB), the cover (SQT), the solid PCM (SQS), and the liquid
PCM (SQL). Computations automatical’y terminate when all the PCM has melted.

For the geometry considered here, the latent energy associated with the PCM per
unit area of the base is expressed by




2phsH

"o 22

This parameter is defined because it is useful in expressing the latent energy storage
capability of the device. In using equation (22) to determine the latent energy storage
capability, the appropriate area to use with this equation is the inside plan arca of the
device. This leads to a negligible error since equation (22) is based on a symmetrical cell
and the two outermost end cells of the device are unsymmetrical. The latent energy is
linearly related to H for fixed values of S, and W.

C. Results

For the range of H, W, S,, and the physical properties considered in this study,
equation (22) is represented graphically in Figures 33 through 35. Also shown is the case
for infinite W which corresponds to the case for which the entire housing is filled with
PCM without fins. The effect of increasing fin thickness is readily apparent by comparing
the curves shown in Figures 33 through 35.

An important consideration, especially in temperature control design, is the
temperature rise of the base. Ratios of the base temperature rise at the termination of
melting to the absolute fusion temperature of the PCM for the range of conditions
considered herein are shown plotted versus W in Figures 36 through 50. Over the
examined range, the base temperature rise increases with an increase in W. For a specified
set of parameters, the data indicate that the temperature rise approaches an asymptotic
value which corresponds to expected behavior since the problem should reduce to that of
a one-dimensional case as W becomes large. It is also expected that the temperature rise
would increase at very small values of W as the problem approaches that for the heating
of a metal slab. Computations were not performed for these very low values of W. It
should also be noted that some of the values for the base temperature rise which are
shown are too large to be of much practical significance; some of these are included,
however, to indicate trends and to facilitate approximate interpolation. For some of the
larger heat-flux-density cases, the curves are terminated at lower values of W than they
are for the lower heat-flux-density cases because the resultant temperature rises are much
too large for practical considerations.

In Figures 36 through SO as well as in all subsequent figures showing results of
the parametric study, computed data are represented by solid circles. Curves have been
faired through the points; it should be recognized, however, that the value for points on
the curve between two computed values are only approximate.

The data shown in Figures 36 through 50 are cross plotted versus fin height in
Figures 51 through 62. For some geometries within the considered range, the curves
indicate the presence of a relative maximum and a relative minimum. This feature is
attributable to the two-dimensional character of the problem. This characteristic is
discussed in more detail in Appendix B.
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Figure 33. Latent energy storage per unit base area versus Iin neignt 101 1n
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The base temperature rises shown in Figures 36 through 62 correspond to the
termination of melting. If the entire amount of PCM is not melted, the temperature rise
of the base may be considerably less than that reflected in Figures 36 through 62. As an
indication of the transicnt behavior of the base temperature, certain transient data are
plotted in Figures 63 through 77. For some cases, the base temperature rise remains
relatively low over a large percentage of the phase change process and rises rapidly near
the end of the process. In other cases, the rise occurs nearly uniformly throughout the
phase change process. In either case, designs based on the data shown in Figures 36
through 62 should be conservative, especially if the design does not require complete
melting of the PCM. However, as indicated by these data, in cases where base plate
temperature control is the object, it may be more desireable to limit phase change
in order to avert unreasonable fin spacing and/or heights.

Some of the curves shown in Figures 63 through 77 exhibit fluctuations in the
transient base temperature. For those curves where a sharp rise occurs in the computed
base temperature (e.g., the upper curve in Figure 63), the accuracy with which the
predictions describe the actual physical variation is questionable, particularly during the
early part of the transient. The computing model attempts to predict the behavior of a
continuous system with use of a limited number of finite size nodes. Since the phase
change is handled in the model by forcing an entire node to remain at the phase change
temperature until sufficient energy has accumulated to account for the phase change, one
would expect some stepping in the results unless the nodes are made very small. This,
however, is related to the choice of M and N, which in tum dictates computed
requirements. Since the problem examined in the parametric study involved a step input
of a constant heat flux at the base, the initial level to which the computer temperature
rises is dependent on the node size. The influence of N on the computed results is
illustrated in Figure 63 for three runs, in Figure 64 for one run, and in Figure 65 for one
run. For these selected runs, computations are shown for N values of 5 and 10. When 5
is used, a horizontal row of nodes represents 20 percent of the PCM. Obviously, the
precise detail of the transient variation is affected in each case, but the principal
difference is at the beginning; it appears that increasing N results in a smoothing out of
the fluctuations and shortens the initial plateau. The general trend of the results remains
consistent and there appears to be only a slight effect in the latter stages of a run. For
reference purposes the values of N used in the computations are given for the respective
curve in Figures 63 through 77.

The time required for the PCM to melt is depicted graphically in Figures 78
through 89. These times exceed those which would be required by purely latent
considerations because of the effect of sensible heating.

Since there is a certain amount of sensible energy storage, ratios of the total
stored energy at the termination of melting to the latent energy required to change phase
of the PCM are shown plotted versus heat flux density at the base in Figures 90 through
104.

A few additional computer runs were made for selected values of the parameters
to examine the influence of the fusion temperature on the predicted temperature rise of
the base at the termination of melting. The results of these computations are shown in
Figures 105 through 107.
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Figure 63. Transient base temperature rise versus fraction of PCM melted
for H=1.27 cm (0.5 in.) and S, = 0.0127 ¢m (0.005 in.).
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Figure 64. Transient base temperature rise versus fraction of PCM melted
for H=1.27 cm (0.5 in.) and S, = 0.0508 c¢m (0.020 in.).
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Figure 65. Transicnt base temperature rise versus fraction of PCM melted

forH=1.27 ¢m (0.5 in.) and S, =0.127 ¢m (0.05 in.).
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Figure 66. Transient base temperature rise versus fraction of PCM melted
for H=2.54 cm (1 in.) and S, = 0.0127 c¢m (0.005 in.).
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Figure 67. Transient base temperature rise versus fraction of PCM melted
for H=2.54 ¢m (1 in.) and S, = 0.0508 cm (0.020 in.).
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Figure 68. Transient basc temperature rise versus fraction of PCM melted
for H=2.54 ¢cm (1 in.) and S; = 0.127 cm (0.05 in.).
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Figure 69. Transient base temperature rise versus fraction of PCM melted
for H=5.08 cm (2in.) and S; = 0.0127 cm (0.005 in.).
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Figure 70. Transient base temperature rise versus fraction of PCM melted
for H=5.08 cm (2 in.) and S, = 0.0508 cm (0.02 in.).
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Figure 72. Transient base temperature rise versus fraction of PCM melted
for H= 10.16 cm (4 in.) and S; = 0.0127 cm (0.005 in.).
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Figure 73. Transient base temperature rise versus fraction of PCM melted
for H=10.16 cm (4 in.) and S; =0.0508 ¢m (0.02 in.).
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Figure 74. Transient base temperature rise versus fraction of PCM melted
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Figure 75. Transient base temperature rise versus fraction of PCM melted
for H=20.32 ¢cm (8 in.) and S, = 0.0127 ¢m (0.005 in.).
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Figure 76. Transient base temperature rise versus fraction of PCM melted
for H=20.32 cm (8 in.) and S, = 0.0508 cm (0.02 in.).
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Figure 77. Transient base temperature rise versus fraction of PCM melted
for H=20.32 ¢cm (8 in.) and S, = 0.127 cm (0.05 in.).
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Figure 85. Time required for PCM to melt for q"’ = 4305.6 J/s-m?
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Some representative examples illustrating how the results can be used by a
designer are given in the following section. For conditions significantly different from
those used in the computations (Tables 14 and 15), it is suggested that the program
described in Section 11 be used to determine the required design information.

D. Examples

Some hypothetical examples which a thermal designer may encounter illustrating
use of the results arc outlined as follows. All examples assume the designer has selected a
housing design and materials as discussed ecarlier.

Example 1

Given: The heat flux density is specified to be 1076.4 J/ss-m? (341.4 Btu/h-ft?)
and the designer wishes to limit the temperature increase to 5.56 K (10°R). The PCM
melt temperature is 291.67 K (525°R), using these inputs the maximum permissable base
temperature rise ratio is computed to be

ATy 556

— = 19.05 X 107
T, 291.67

Casc a - The designer wishes to use a fin thickness of 0.0127 ¢m (0.005 in.).

® Find an acceptable geometry to satisfy the given conditions. From Figure
51, a height of 2.54 ¢m (1l in.) can be used with a half-fin spacing of
0.127 cm (0.05 in.) to achieve the desired conditions.

° Determine the energy stored. From equation (22) or from Figure 33, the
latent energy storage is 4506 kJ/m? (397 Btu/ft?). The results shown in
Figure 90 show that the total energy stored at the termination of melting
for these conditions is approximately 5 percent higher than the latent
encrgy stored, the difference being sensible energy storage.

Case b — The designer wishes to use a fin thickness of 0.127 ¢m (0.05 in.).

® Find an acceptable geometry. From Figure 53, it is seen that a fin height
of 10.16 ¢m (4 in.) with a half-fin spacing of 0.254 c¢cm (0.1 in.) can be
uscd.

o Determine the energy stored. From equation (22) or from Figure 335, the

corresponding latent energy storage is 15 128 kJ/m? (1333 Btu/ft?). At
the termination of melting, the towl stored energy exceeds the latent
value by approximately 5 percent as shown in Figure 95.



Example 2

Given: The designer is limited by space to a plan area for the phase change device
of 0.0697 m? (0.75 ft?); the heat flux density is specified to be 2152.8 J/s—vm2 (682.9
Btu/h-ft2); the duty cycle of the controlled medium requires latent energy 948.9 kJ (900
Btu) of storage. For these conditions, latent energy storage per unit area is

E" = — = 1.3614 X 10* kJ/m? (1200 Btu/ft?)

Case a — The designer wishes to use a fin thickness of 0.0127 ¢m (0.005 in.).

L] Find the geometry. From Figure 33, it is noted that the required height is
approximately 7.62 cm (3 in.) regardless of fin spacing over the range
shown.

L Determine the base temperature rise. Assume a half-fin spacing of 0.254

cm (0.1 in.) and a height of 7.62 ¢m (3 in.). From Figure 54, the
corresponding base temperature rise at the termination of melting is

ATy = 0.132 X 291.67 = 38.5K (69°R)

Case b — The designer selects a fin thickness of 0.127 cm (0.05 in.).

e Find the geometry. From Figure 35, it can be seen that there is a wider
range of fin height-spacing combinations which will satisfy the latent
energy storage requirements.

L] Determine the base temperature rise. First, assume a fin height of 10.92
cm (4.3 in.) and a half-fin spacing of 0.127 c¢m (0.05 in.). From Figure
56, the corresponding temperature rise of the base at the termination of
melting is approximately

ATy, = 0.027 X 291.67 = 7.88 K (14°R)

L Determine the base temperature rise for a second acceptable geometry.
Second, assume a fin height of 8.38 c¢cm (3.3 in.) and a half-fin spacing of
0.508 c¢m (0.2 in.). From Figure 56, the corresponding temperature rise of
the base at the termination of melting is approximately

ATy, = 0.06 X 291.67 = 17.5K (32°R)
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Example 3

Given:

In a phase change device the designer wishes to utilize 0.0127 c¢m (0.005

in.) thick fins and he wants to limit the base temperature rise to 13.89 K (25°R).
Conscquently, the base temperature rise ratio is not to exceed

Case a

Case b

Example 4

Given:

=48 X 107

— A heat flux density of 1076.4 J/s-m? (341.4 Btu/h-ft?) is required.

Determine acceptable geometry and the corresponding latent energy
storage capacity. From Figure 46, a height of 1.27 cm (0.5 in.) can be
used with a half-fin spacing up to approximately 0.48 cm (0.19 in.). The
corresponding latent energy storage capacity, from equation (22), is 2338
kJ/m? (206 Btu/ft?).

Determine acceptable geometry and the corresponding latent energy
storage capacity. From Figure 51, heights up to 3.81 cm (1.5 in.) for a
halt-fin spacing of 0.254 ¢m (0.1 in.) and up to 9.65 c¢cm (3.8 in.) can be
used for a half-fin spacing 0.127 ¢m (0.05 in.). The corresponding upper
limits on the latent energy storage capacity, from either equation (22) or
Figure 33, are 6923 kJ/m? (610 Btu/ft?) and 17 114 kJ/m* (1508
Btu/ft?), respectively.

- Assume an imposed heat flux density of 4305.6 J/s-m? (1365.7 Btu/h-ft2).

Determine an acceptable geometry and the corresponding latent energy
storage capacity. From cither Figure 46 or 57, the fin height cannot
exceed 1.27 c¢cm (0.5 in.) for a half-fin spacing 0.127 ¢m (0.05 in.). From
equation (22) or Figure 33, the corresponding latent energy storage
capacity is 2247 kJ/m? (198 Btu/ft?).

A phase change device is required to have a fin height of no more than

5.08 ¢m (2.0 in.) and its base is to be exposed to a heat flux density of 2152.8 J/s-m?
(682.9 Btu/h-ft?):

Case a

— The designer wishes to use a fin thickness of 0.0127 ¢m (0.005 in.) to

store as much energy as possible.
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Determine the base temperature rise if the designer selects a half-fin
spacing of 0.3175 ¢m (0.125 in). From Figure 48, the maximum base
temperature risc is



ATy = 0.21 X 291.67 = 61.3K (110.3°R)

which js too large for most practical considerations.

® Determine the base temperature rise for a half-fin spacing of 0.127 cm
(0.05 in.). From Figure 48, the maximum base temperature rise is

ATy = 0.095 X 291.67 = 27.7 K (49.9°R)

Case b — Assume the designer selects a fin thickness of 0.0508 cm (0.02 in.)

L Determine the base temperature rise for a half-fin spacing of 0.3175 cm
(0.125 in.). From Figure 43, the maximum base temperature rise is

ATy = 0.088 X 291.67 = 25.7 K (46.2°R)

L Determine the base temperature rise for a half-fin spacing of 0.127 c¢m
(0.05 in.). From Figure 43, the maximum base temperature rise is

ATy == 0.043 X 291.67 = 12.5 K (22.6°R)

Case ¢ — Assume a fin thickness of 0.127 c¢cm (0.05 in) is selected.

L Determine the base temperature rise for a half-fin spacing of 0.3175 cm
(0.125 in.). From Figure 38, the maximum base temperature rise is

ATb =~ 0.060 X 291.67 = 17.5K (31.5°R)

L Determine the base temperature rise for a half-fin spacing of 0.127 cm
(0.05 in.). From Figure 38, the maximum base temperature rise is

ATy = 0.030 X 291.67 = 8.8 K (15.8°R)

Example 5

Given: A phase change device is to be designed to have its base exposed to a heat
flux density of 2152.8 J/s-m? (682.9 Btu/h-ft?). Space constraints restrict the plan area
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to 0.0557 m? (0.6 ft?) and the maximum base temperature at 5400 s (1.5 h) is not to
exceed the PCM fusion temperature by more than 8.33 K (15°R). Consequently,

ATy, 8.33

~ ~ 286 X 107
Te = 29167 &

An estimate of the required latent energy storage capacity is
E'é = 2152.8 X 5400/1000 = 11 625 kJ/m? (1024 Btu/ft?)

Determine the acceptable geometry to satisfy these conditions. An examination of
Figures 33 through 35 reveals that the maximum acceptable height is 6.35 cm (2.5 in.)
and that the required height must be greater than this as the fin spacing is decreased and
as the fin thickness is increased.

Case a — Consider a fin thickness of 0.0127 cm (0.005 in.). The specified
conditions cannot be met for this case (at least considering geometries used herein) as can
be seen in Figure 54.

Case b — Consider a fin thickness of 0.0508 (0.02 in.). Figure 55 shows that a fin
height of 7.62 cm (3.0 in.) and a half-fin spacing of 0.127 cm (0.05 in.) will facilitate
maintenance of the base temperature rise constraint. An examination of Figure 34
indicates that the latent energy storage capacity is also satisfied. Figure 67 shows that the
time required for the PCM to melt is 5760 s (1.6 h.).

V. RELATED TOPICS

In the preceding section, attention has been given to certain properties of several
paraffins and to an extensive numerical study of a particular phase change device. The
results of the parametric study should be helpful to the designer of phase change devices
for applications compatible with the model, but the user needs an awareness of features
that may require more specialized treatment in a critical design. Some of these important
features which are discussed in this section include: (1) filler, (2) convection, (3)
solid-phase thermal conductivity, and (4) consideration of an application with a
nonuniform thermal boundary condition.

A. Filler

The principal reason for using a filler is to improve the flow of energy to or from
the PCM. Most nonmetallic PCM’s, particularly the paraffins, have very low thermal
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conductivities; consequently, large thermal gradients may be required to eftect the desired
heat transfer between the PCM and the heated or cooled surfiuce ot the phase change
device. Incorporation of the metallic filler within the PCM region yiclds a composite
medium with a higher effective thermal conductivity. [t the application imposes a size
limitation on the phase change device, utilization of a filler reduces the volume available
for the PCM. Consequently, when considering the cnergy storage capacity, the large heat
of fusion of the displaced PCM is replaced by the specific heat-temperature rise product
for the filler.

Fillers are discussed in References 2, 15, and 16. Some types which have been
considered are:

L Aluminum powder

o Aluminum foam

L Aluminum wool

L] Aluminum honeycomb

° Copper foam

] Alumina (Al,03) foam

L Alumina (Al,;Oy) powder
® Aluminum fins (straight).

Based on tests involving aluminum wool, aluminum foam, copper foam. and aluminum
honeycomb, it is reported [15] that honeycomb offers distinct advantages over the other
three types. The results of a number of performance tests on honcycomb are given.

Straight fins offer some advantage over honeycomb in certain cases since better
thermal contact between the filler and the housing of the phase-change device may be
possible. Fins can be welded to the housing or they may be provided integrally with the
housing via milling or casting.

The numerical study treated in Sections III and IV applies specifically to
straight-finned arrangements. Likewise the experimental work prescnted in Reference 2
pertains to applications with straight fins.

The designer should evaluate the advantages and penalties of using a filler.
Fabrication, thermal contact resistance, added weight, reduced energy storage capacity,
and improved effective thermal conductivity are all interrclated factors. The effects of
straight-fin spacing, height, and width on the thermal performance of the model treated
in Sections IIl and IV are reflected in the results. Some comparative insight into the
effect of the use of honeycomb filler may be obtained from the results of tests presented
in Reference 15.
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B. Convection

The physical model and the parametric numerical study which are presented in
Sections III and IV are based on the conductive mode of heat transfer only within the
PCM. If motion occurs within the liquid phase of the PCM, the heat transfer is affected.
This behavior may require special consideration for applications where the liquid is
subjected to surface or body forces of sufficient magnitude to initiate and sustain the
motion. For the considerations given herein, there appears to be no previous or
contemporary treatment of the formidable problem of an exact analysis of convective
motion in enclosed cells of liquid. Some experimental correlations exist for certain cases,
and these have been applied with some success to phase change problems. A brief
background review and some considerations related to PCM studies are presented in the
following paragraphs to aid the user in his study of convective effects.

1. Brief Review of Convective Considerations. If one neglects body force fields
other than gravity and surface forces other than surface tension, convective motion
within the liquid of a PCM could still be due to one or more of the following effects:

° Buoyancy forces
L Surface tension forces
L Density change as the PCM undergoes a phase change.

In early studies of buoyancy driven convection, Lord Rayleigh [17] related the
Nusselt numbers (Nu) to the product of the Grashoff number (Gr) and the Prandtl
number (Pr). The product of the latter two is known as the Rayleigh number (Ra).

Numerous experimenters have conducted studies that were related to
hydrodynamic instability caused by buoyancy as it effects the heat transfer process,
including the studies cited in References 18 through 29. O'Toole and Silveston [30]
verified the Nusselt number versus Rayleigh number correlation for a fluid confined
between two parallel plates (Fig. 108). A number of authors, including Edwards and
Catton [31] later showed the effect of L/d ratios for closed cells (Fig. 109), where L is
the cell height and d represents fin cell spacings.

The critical Rayleigh number is defined as the value at which convection begins.
In the region below the critical valuc, the heat transfer is substantially by conduction
only (i.e., Nu=1). The critical value, which depends on the boundary conditions, is 1708
for a fluid confined between two infinite horizontal, isothermal, conducting walls; it is
720 for the case of a fluid confined within a nonconducting walled container [29]. As
shown for a bounded cell (Fig. 109a), this critical value tends to increase as the cell sides
approach one another (i.e., as L/d increases), and it also tends to increase as the walls
become more conducting (Fig. 109b).

Although scientists have been aware of surface tension driven convection for some
time, quantitative studies of this phenomena appear to be scarce. The flow patterns

created in Bénard’s classic experiment [32], which produced cellular circulation patterns
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in a very shallow liquid, were initially attributed to buoyancy cffects: however. Block
[33], Pearson [34], Scriven [35], and Sternling {361 later proved that this phenomenon
was due to surtace tension driven convection. The initial discovery of this phenomenon is
attributed to Marangoni [37], and the term “Marangoni Flow™ is commonly associated
with this phenomenon.

The nature of the Marangoni flow, as discussed by Young, Goldstein and Block
[38], is that temperature variations across a free gas/liquid interface produced variations
in the shear force along the surface. This is duc to the dependency of surfuce tension on
temperature, which is estimated by Gambrill [39] to be lincar:

g = 0Oy + bT (23’

Since the coefficient “b” is negative, an increase in temperature at the surface is
accompanied by a subsequent decrease in the surface tension. Hershey [40] has shown
qualitatively that a depression occurs in the surface at a local hot spot, causing the liquid
to flow away from the hot zone and toward the cold zone (Fig. 110). McGrew and
Larkin [41] photographed this ¢ffect for a number of configurations, producing dramatic
verification of the phecnomenon.

HOT FLUID

COLD FLUID

Figure 110. Surface tension convection patterns (Fig. 13 of Reference 2).

The level of surface tension driven convection is correlated by using the
Marangoni number, Ma, which is given by

-do dT

dT dy
ia= — (
pYe

LZ

v
\-‘.\

150



The critical Marangoni number for a fluid fixed between a rigid and free surface is given
as 80.

Nields [42] has stated that the onset of convection in a standard one-g field
might be better determined by correlating the Nusselt number with a normalized
parameter, R, given by

Ra Ma
R = + (25)

Racr Macr

This assumes that buoyancy and Marangoni driven convection are additive.
Grodzka [43], however, noted that experimental data on buoyancy and Marangoni
surface effects indicated that such an additive relation does not hold. Regardless, the
convective currents caused by Marangoni flow in a standard one-g gravitational field are
usually small compared to those caused by buoyancy. For most fluids at normal
temperatures, Pearson [34] has shown that a liquid thickness of 1 cm or less must be
attained before Marangoni effects overshadow buoyancy effects.

For systems with small characteristic dimensions, the nondimensional Bond
number, Bo, is given by

Gravity Forces pgl?
Bo = =

= 26
Surface Tension Forces g (26)

This number is sometimes used to evaluate the relative importance of Marangoni effects
as compared to buoyancy effects. From equation (26), it follows that a low Bond
number indicates a high degree of surface tension effects.

Although surface tension effects exist at all unlike interfaces, only the liquid/gas
interface (as opposed to liquid/liquid and liquid/solid interfaces) is expected to produce
appreciable resulting flows. However, no proof of this conjecture was noted in the
literature surveyed.

Volume change driven convection can be caused by the phase change process.
During freezing, the new layer of frozen material at the interface tends to contract, since
the solid density is usually greater than the liquid density. Consequently, the liquid near
the front will flow toward the interface to fill the volume shrinkage caused by
solidification. During melting, the liquid at the interface tends to flow away to allow for
the volume created by melting. Tien and Koump [44] have stated that this effect will
cause both the freezing and melting process to be retarded. This retardation is due to the
ingress of warm fluid during freezing and the egress of warm fluid during melting (Fig.
111)
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FREEZING MELTING
Figure 111. Volume change driven flow patterns (Fig. 14 of Reference 2).

If liquid circulation is created in the melting processes, warm fluid could be
drawn into the interface, thereby, augmenting the melting process.

Tien and Koump [44] have also shown, in a computational exercise for a
fictitious system where the solid density is 25 percent greater than the liquid density,
that only a 10 percent reduction in the freezing rate occurs due to volume change
effects. Since paraffins experience only a § to 10 percent volume increase on melting, it
can be inferred that an even smaller effect can be expected in paraffins for similar
conditions.

In summary, the principal modes of heat transfer that are involved in a typical
one-g static phase change process are conduction and convection. Convection is caused
only by buoyancy driven currents for reasonable container sizes. Surface tension effects
are negligible, except for very thin films, and volume change effects may be ignored.

2. Zero Gravity. Since a number of applications of phase change devices [2]
have been in space flight situations, some attention is devoted here to zero-g
performance.

When comparing environs of near Earth orbital space with that of the Earth,
several differences are noted in the heat transfer process. In Earth orbit, the reduced
gravitational force is nearly balanced by the centripetal orbital force, creating an effective
zero-g environment. Effects caused by reduced pressure, radiation field, meteoroid
bombardment, and three-dimensional spacecraft maneuvers are also possible.

Restricting the hypothetical phase change device under consideration to be a
hermetically sealed container that is isolated from exterior thermal effects by insulation
and antipenetration shields and to be aboard a nonmaneuvering vehicle, then reduced
gravity remains as the only important alien effect.

The primary effect of reduced gravity on the heat transfer mechanism is in the -
lessening or elimination of buoyancy convection. Typical measurements of the net

152



gravitational acceleration force on a spacecraft indicates acceleration levels of the order
1 X 10”7 g. Using nonadecane paraffin properties, a typical Rayleigh number of this low
level of gravitational acceleration is

Ra = 0.01 L3 AT 27

Equation (27) indicates that, for reasonable container sizes (i.e., less than 15 c¢m (6 in.)
cell depths), the temperature difference across the liquidus portion of the cell must be
2 444°C (830°F) to produce buoyancy driven convection. Since this temperature
difference is well in excess of normal operating values, buoyancy stimulated convection
may be considered negligible.

At one-g, Marangoni flow or surface tension-driven convection is normally
unimportant; however, at zero-g this is not necessarily true. As discussed earlier, liquid
flow caused by surface tension at a liquid/vapor interface may occur.

A group of experiments, performed during the mission of NASA’s Apollo-14,
revealed that the surface tension driven phenomena in zero-g is a reality and can produce
significant convection [45,46]. Using data from these experiments, Grodzka [46] has
plotted the relation existing between the Marangoni number and the ratio of effective
thermal conductivity to actual conductivity (Fig. 112). These data show a rapid increase
in the convective level at a Marangoni number slightly greater than 300. The temperature
difference in the Krytox test liquid was only 2.5°C (4.1°F) in this instance.

Close examination of these data stimulates some questions. Applying these data to
nonadecane paraffin contained in a cell with a 15.24 cm (6 in.) characteristic dimension
at a Marangoni number of 300, a Keff/K of 12 is predicted in Figure 112. This is a very

high convective level. The temperature difference across a parallel plate system required
to reach this convective level is only 0.0011°C (0.002°F); however, for this same system,
a Rayleigh number of 4.32 X 10° is predicted at one-g. From this, a Keff/K of only 2.5

is indicated, which is a convective level well below that predicted by the tentative surface
tension data. This conflicts with earlier investigators, who reported that for this condition
at one-g, Marangoni driven convection is unimportant. This could be explained, at least
partially, by the fact that the Apollo 14 data were taken for a free surface, whereas the
Figure 108 correlations were taken for top and bottom bounded cells.

Using nonadecane paraffin properties, evaluated at the phase change temperature,
the Marangoni number is given by

Ma = 2374 ATL (28)

This indicates that for reasonably sized cells, a temperature difference of only 0.003 K
(0.006°F) is necessary for the onset of Marangoni driven convection in a paraffin filled
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device at zero-g. This fact, along with the high levels indicated in Figure 112, suggests
that Marangoni convection can be appreciable at zero-g.

Since the magnitude of volume change effects discussed earlier were low for
freezing (where buoyancy driven convection is negligible) as well as for melting, it may
be implied that the volumetric effects are negligible for pure conduction as well as
convective processes. Consequently, the volumetric effects on the heat transfer process
are negligible for zero-g operation. Heat transfer modes occurring in a phase change
device at zero-g are then reduced to Marangoni-driven convection and pure conduction.
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Figure 112. Heat transfer characteristics of Bénard cells (Fig. 15 of Reference 2).
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A sceondary etfect of reduced gravity which can significantly alter the heat
transter process is the ullage gas position. In g typical rectangular cell containing ullage
volume, the ullage gas may configure itselt in any of a number of possible modes. A
number ol possible cell ullage locations are given by Reference 2, those of more
importance arc shown in Figure 113. When heating/cooling from the bottom, only
configurations d and ¢ (Fig. 113) would alter the normal process; however, when
heating/cooling trom the top or sides, configurations a, b, d, and ¢ would all reduce the
yate of heat transfer due to the insulating effect of the ullage gas. Small bubbles
oceurring in the liquid could induce convective currents. In a zero-g field, this motion
could be caused by the Marangoni tlow phenomon causing the bubbles to migrate toward
warm zones. Also. bubbles could be entrupped in the freezing solid (configuration d of
Fig. 113), thereby decreasing the apparent thermal conductivity of the PCM. Fortunately,
paralfins have the property of being good surface wetters, which in zero-g tends to foree
the ullage to form in the center of the cell (configuration ¢ of Fig. 113): however,
msulTicient quantitative data are available on these phenomena to determine the effect on
the heat transler process under given conditions.

Figure 113, Zero-g ullage configurations (Fig. 16 of Reference 2).
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Grodzka [4] has examined effects of the space environment on the microscopic
processes. She concluded that complex coupling effects between phase change kinetics
and various possible complex coupling effects between phase change kinetics and various
possible modes of convective motion cannot be predicted accurately without actual flight
data. She also concluded that the magnitude of magnetic and electric fields likely to be
encountered in the Earth’s orbit are not expected to alter phase change behavior
significantly from that observed on Earth. Finally, she stated that radiation fields
encountered in Earth orbit are expected to have little effect, except perhaps in the case
of an organic PCM where long time exposures will result in the buildup of impurity.
Although the later statement applies to a paraffin, no definitive information on this
effect could be found in the literature surveyed.

Although insufficient reduced gravity data are available to corroborate these
findings, some observations have been made as to the mechanisms of heat transfer in a
phase change device. When a free surface is present and thermal conditions are proper,
Marangoni convection may be present. Insufficient data are currently available to
determine quantatively the influence of this phenomenon. In the absence of surface
tension effects, conduction is the primary process governing heat transfer. The
conduction process may, however, be altered by the ullage gas location. Furthermore,
secondary effects of property degradation due to radiation may occur if the PCM is
organic.

v 3. PCM Related Considerations. Regarding buoyancy-driven convective currents
in the liquid during the melting of a PCM, a major factor is the positioning of the heated
surface. If the heated surface is located at the bottom of a PCM cell during melting,
convection may significantly augment the heat transfer. Conversely, the role of
convection is minor, vanishing for one-dimensional cases, when the heated surface is at
the top of the cell. The contribution of convection in the liquid to the heat transfer
during solidification depends on positioning of the cooled surface, but it also depends on
the amount by which the initial liquid temperature exceeds the fusion temperature of the
PCM.

Prensner and Hsu [47] reported on studies of natural convection in air within
closed cells. Their work revealed the possibility of a number of different
geometry-dependent convective patterns, even under steady state conditions. Such studies
attest to the formidable task of analytically predicting the transport mechanism occurring
during natural convection within a bounded fluid. When considering convection within
the liquid during melting of a PCM, the problem is further complicated by the fact that
one of the boundaries is moving (i.e., the interface). Even if accurate predictions of the
convective mechanism were possible, another unpredictable feature occurring in finned
PCM devices is the tendency for the PCM to melt up the fin with the solid PCM core,
subsequently, falling to the heated surface.

While the aforementioned difficulties appear pessimistic, some success has been
reported [2, 48] on approximately accounting for convection during the melting of a
paraffin. The approach made use of the correlations given by O’Toole and Silveston [30]
which are:
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1700 < Ra < 3500 Nu = 0.00238 Ra®8'6

3500 < Ra < 10° Nu = 0.229 Ra®-23? (29

105 < Ra < 19°

pd
=
1]

0.104 (Ra)®+395 (Pr)° -84

Although the correlations given by equation (29) were determined from data on steady
state heat transfer through horizontal layers of fluid, they were used as a means of
estimating the convective effect within the liquid of finned PCM cells similar to the one
modeled in Section lII. The scheme involved continuous replacement of the thermal
conductivity of the liquid by an effective thermal conductivity, which was calculated by

Keff = Nu X k 30)

It was recognized that this scheme would not yield true temperatures in the liquid
because the convective mechanism therein was being artificially replaced by conduction in
a hypothetical medium with a larger thermal conductivity than that of the liquid PCM.

Figure 114 shows some experimental data for the interface location during
melting of a paraffin inside a cell similar to the one modeled in Section 1II. Also shown
are numerical predictions for conduction only and for inclusion of convection in the
manner previously described. The numerical predictions shown in Figure 114 were
achieved with an explicit formulation which was subject to a stability requirement. For
nodes located in the fin, this requirement demanded excessive computer time;
consequently, temperatures along the fin were approximated with the aid of
measurements from thermocouples attached to the fins. With the approximate inclusion
of convection, the predictions were promising. The predicted interfacial positions
followed the same trend as the experimental data. Although magnitudes did not exactly
agree, the difference appeared to be due to a shift in time and might have been
associated with starting conditions. Use of this approach for including convection is
discussed more extensively in Reference 2. Also presented is a more detailed discussion of
the computer program and several comparisons between predictions and experimental
data. The computer program is also listed and briefly discussed in Appendix D.

4. Solid Phase Thermal Conductivity. Nearly all published thermal conductivity
values for paraffins apply to the liquid phase. Since the mechanism of heat conduction is
typically different in solids than in liquids, one should expect some difference between
the thermal conductivity value for the solid phase and that for the liquid phase of a
PCM.

In studies reported in References 2 and 49, attempts to analytically predict the
transient interfacial location during the phase change of a paraffin were more successful
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for the case of melting than for the case of solidification. Two plausible explanations for
the lack of success with solidification existed. One explanation was simply that the true
value of the thermal conductivity of the solid phase may not have been used in the
analysis. Knowledge of the thermal conductivity of the solid is more critical in analyses
of solidification than in those of melting. Another possible explanation was related to the
character of the solid-liquid interface during the phase transition. During melting, the
interface appeared smooth. During solidification, however, it was covered with numerous
projections called dendrites. Their presence may have affected the interfacial heat transfer
rate. The discrepancy may also have been due to a combination of both effects.

Thomas and Westwater [SO] studied the nature of the interface during freezing
and melting of n-octadecane. Measured interfacial velocities exceeded analytical
predictions by as much as 100 percent; the diffcrence was attributed to irregularities at
the interface.

Bailey and Davila [51] monitored the position of the solid-liquid interface during
solidification of hexadecane and octadecane. Bailey and Liao [52] found that effective
solid thermal conductivities, which yielded agreement between predictions and
experimental measurements, exceeded published values by factors ranging from 2.5 to 3.

Dyer and Griggs [49] measured interfacial positions during solidification of
nonadecane and hexadecane; they also determined the values of solid thermal
conductivity which forced agreement between the measurements and numerical
predictions. The work was extended to include measurement of the thermal
conductivities of solid nonadecane and hexadecane. The measured values did not agree
with the values required to force agreement between experimental and analytical results
(Table 16).

As previously mentioned, values of thermal conductivity for the solid phase of
paraffins are less prominent in the literature than are those for the liquid phase. Some of
the available values are summarized in Table 16 for reference.

In summary, analytical predictions of the solidification of paraffins suffer
accuracy due to the aforementioned effects. The designer needs to exercise some
judgement in the selection of an appropriate thermal conductivity value to use for the
solid phase. Uncertainty associated with the effect of interfacial irregularities (i.e.,
dendrites) renders the problem less amenable to an exact treatment.

C. Example Application with a Nonuniform Thermal
Boundary Condition

The parametric study, which is presented in Section 1V, pertains to a numerical
analysis of a symmetrical half of a single PCM cell. The results can be extended to
multicell phase change devices by appropriate scaling provided that the thermal boundary
condition imposed on the full-scale device is uniform and agrees with the type analyzed.
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TABLE 16. SOME REPORTED THERMAL CONDUCTIVITY VALUES FOR THE
SOLID PHASE OF CERTAIN PARAFFINS IN W/m-°C
(Btu/h-ft-°F)

Paraffin Paraffin
Source Wax Nonadecane Hexadecane Octadecane
McAdams [53] 0.24 - — -

(0.14)

Bailey and Liao - - 0.49 0.41
[52]2 (0.28) (0.24)
Dyer and Griggs - 0.35 0.52
(4912 (0.20) (0.30)
Dyer and Griggs — 0.26 0.35 -
[49] (0.15) (0.20)
Powell and — — — >~(0.19
Challar [54] (=0.11)

a. Value used to force agreement between analytical and experimental results.

One application of phase change devices involves heat transfer between the device
and a flowing fluid. In such applications, the thermal condition existing at the separating
surface between the PCM and the fluid is not necessarily uniform. An analysis of the heat
transfer between the fluid and the PCM is not a simple problem. The entire apparatus
including PCM, housing, and flow passage could be subdivided into a thermal network of
nodes and interconnecting thermal resistances, and an appropriate numerical study could
be performed. Such an approach, however, could involve a large number of nodes,
particularly if much internal detail is needed. For a specific case, this approach may be
the most desirable as well as productive; however, it certainly does not appear feasible to
attempt to generalize it into an extensive parametric study, not only because of the vast
nature of the task but also because of the large number of parameters which would be
involved. The unwieldiness of the problem is evident from the integral analysis presented
by Baily and Liao [55] even where some simplifying assumptions were incorporated. An
approximate approach which utilizes input from the parametric study is outlined in the
following paragraphs.

The model under consideration is depicted in Figure 115. Fluid flows through the
flow passage and makes intimate thermal contact with a surface separating it from a
device filled with a PCM. For this model, it is assumed that the lower side of the flow
passage is insulated or that a symmetrical PCM device is also located on the other side.
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Figure 115. Physical model for heat transfer between a phase change
device and a flowing fluid.

An energy balance on a differential length of the flow passage yields the following
differential equation:

aT,, . 9T, 82T,
pCpY+me 3 =kApE—2_—kB(Tm—TS) (31)

oA

Neglecting any effect due to the surface separating the PCM and fluid, the instantaneous
heat transfer between the surface and the PCM can be equated to the instantaneous heat
transfer between the flowing fluid and the surface. This equality can be expressed by

(T, - Ty = Ug(Tg-Tp) (32)

m

The right-hand side of equation (32) represents the instantaneous heat transfer per unit
area between the surface and the PCM. The two-dimensional character of the problem has
been masked by use of an overall heat transfer coefficient based on the difference
between the surface temperature and the PCM fusion temperature. Equation (32) can be
rearranged to yield the surface temperature as
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B Tm Tf

T +
S 1+ (Up/h)  1+1/U

(33)

Equation (33) implies that TS= Tm when h greatly exceeds UO and TS = Tf when UO
greatly exceeds h.

The elimination of Tg in equation (31) with the aid of equation (33) and the

neglection of heat conduction in the flowing fluid give

oT oT T T

m . m f m
A—2 4 e —- = hB - 34
Po i T M° <1+h/UO 1+h/U0> G4

Equation (34) can be solved numerically for both spatial and temporal variations of T ;

the solution, however, requires input of the convective heat transfer coefficient h for the
flowing fluid and the overall coefficient Uy for heat transfer with the PCM. The

computer programs (listed in Section IV) provided a value of Uy as part of the output.

This value is determined by dividing the instantaneous heat transfer per unit area between
the surface and the PCM by the difference in the surface temperature and the fusion
temperature of the PCM. Although the computations apply to a symmetrical cell, use of
the Uy values may be acceptable since lateral heat conduction between adjacent PCM

cells is probably much less significant that heat transfer between the surface and the
PCM. If this hypothesis is valid, the Uy values may serve as a convenient aid in analyzing

the variation of T,,. The solutions discussed in the following paragraphs are restricted to

those cases for which the aforementioned assumptions are meaningful.
The time derivative can be approximated by
T -T
oT Mi+1,n~ Min

=~ 35)
ot At

The space derivative can be approximated by

T -T
oTy, - Mit1n  Mi+] n-1 36)
0x Ax

The first subscript denotes time while the second subscript denotes space.
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Insertion of the difference expressions given in equations (35) and (36) into
equation (34) and some rearrangement result in

1 h B Tf m ¢ y pc.A
T = =P 27
Mitln  fpe A me, B +h/Up) AT Mitln-l At Min

+ +
At Ax l+h/U0

(37)

Equation (37) facilitates computation of the temperature of a node in the fluid at time
t + At from the previous temperature of that node at time t and the temperature of the
adjacent node at x - Ax and at time t + At. The nodal pattern is illustrated in Figure 116.
The computations require input of the initial temperature distribution in the fluid (i.c.,
temperatures along the horizontal axis of Figure 110) and the transient variation of the
fluid temperature at the inlet to the flow passage (i.c., temperaturcs along the vertical
axis of Fig. 116). The internal convective heat transfer coefficient tor the flowing fluid
must be estimated from knowledge of the character of the flow (e.g., laminar,
fully-developed, turbulent, etc.). The value of UO is dependent on the amount of PCM

which has undergone phase change; consequently, the computational scheme should
incorporate sequential alteration of Ug. One mcthod employed in the following

computations involved representing Up as a function of the fraction of PCM which has

undergone phase change. The fraction is determined at each location and used in the
functional representation to determine Uy for use in the computation of T .

5 e o o ° e o o
X
w 4 ® e O ° e o @
a
Z
w 3¢ e e o o e o o
2
=
— 29 e e o . e o o
1?-.-.; ® ® ° ® ® L
0Op—o—o—0—0—0—0—0—>
0 1 2 3 4 5 6 7

n
(x DISTANCE INDEX)

Figure 116. Nodal pattern for calculating bulk temperature of flowing fluid.
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A computer program which facilitates computations of the type previously
outlined is listed in Appendix C. Exploratory calculations have been made, but the
predictions have not been corroborated by any experimental data. The program was
developed and intended as a tool for investigating the effect of the phase change process,
flow rate, and internal convective heat transfer coefficient on the temperature at the exit
of a flow passage which exchanges energy with the phase change device. Without some
history of comparison with experimental data, the integrity of the results can only be
conjectured at this stage.

The following parameters were used in two computer runs to examine the
influence of the internal convective heat transfer coefficient inside the flow passage. The
results were generated for the case of a sinusoidal variation of the fluid temperature at
the inlet of the flow passage. Initially, the flow was stagnant with the fluid in the passage
and the entire phase change device considered to be at the fusion temperature of the
PCM.

° Length of phase change device — 31.7 cm (1.04 ft)

L] Width of phase change device — 7.6 cm (3 in.)

L PCM thickness — 3.8 cm (1.5 in.)

L Flowing fluid — Water

® Flow rate — 1.89 gm/s (15 1b/h)

. PCM fusion temperature - 32.2°C (90°F)

® Ug variation with fraction of PCM melted, f ~ Ug=86.02-76.45 f
Btu/h-ft?-°F or Uy =488.36 - 434.03 { J/s-m?-°C

L Temperature variation of fluid at passage inlet ~ T;.¢=110 + 10 sin
(6.283 t) °F with t (h) or Tiptet = 43.33 + 5.56 sin (2,26 X 10% t) °C
with t (s)

L Convective heat transfer coefficient inside flow passage — Ist Run:

h =283.86 J/s-m?-°C (50 Btu/h-ft*-°F); 2nd Run: h =28.39 J/s-m?-°C (5
Btu/h-ft?-°F).

The results for the fluid temperature at the exit of the flow passage are shown in .
comparison to the inlet temperature variation in Figure 117. For both heat transfer
coefficients, the temperature drop across the passage decreases as the PCM melts (as
would be expected). The relative influence of the heat transfer coefficient on the
temperature drop across the passage is evident,
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APPENDIX A

PROPERTY APPENDIX

Tabulations of certain properties for a number of phase change materials are given
in this appendix. They have been included principally to serve as a convenient reference
for the user; they are not intended to be exhaustive. For more detail regarding the
advantages and disadvantages of the listed materials, the referenced literature should be

consulted.

Following is an index for the tabulations:

Table A-1.

Table A-2.

Table A-3.

Table A-4.

Table A-S.

Table A-6.

Table A-7.

Table A-8.

Table A-9.

Table A-10.

Table A-11.

Fusible Materials with a Heat of Fusion Greater than 185.96 kJ/kg (80
Btu/lb) Listed in Order of Increasing Melt Temperature from 4.4 to 65°C
(40 to 150°F). (Table 3-1 of Reference 15).

Comparisons of Fusion Properties of Selected PCM’s Reported in Reference
56 (From Table 3 of Reference 56)

Properties of Six PCM’s Studied in Reference 57 with a Fusion Temperature
Between 273 and 373 K (From Table 2 of Reference 57)

Melt Temperatures of Fifteen Low Temperature PCM Candidates (From
Table 6 of Reference 57)

Four Low Temperature PCM’s Recommended in Reference 57 (From Table
7 of Reference 57)

PCM’s Used in Tests Reported in Reference 58 (From Table 1 of Reference
58)

Comparative Data on Waxes and Inorganic Hydrates (From Reference 59)

Melting Temperature of Some Mixtures Investigated for Air Conditioning
Thermal Energy Storage (From Table 3-1 of Reference 1)

Melting Temperature and Heat of Fusion of Inorganic Salt Hydrates (From
Table 3-3 of Reference 1)

Melting Point, Heat of Fusion, and Latent Heat Density of Some Inorganic
Hydrates (From Table 3-4 of Reference 1)

Melting Temperature and Heat of Fusion of Some Inorganic Hydrate
Eutectics (From Table 3-5 of Reference 1)
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Table A-12.

Table A-13.

Table A-14.

Table A-15.

Table A-16.

Table A-17.

Table A-18.

Table A-19.

Table A-20.
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Calorimetric Data for Some Organic Thermal Energy Storage Materials for
Solar Heating (From Table 3-6 of Reference 1)

Melting Temperature and Heat of Fusion of Organic Materials for Air
Conditioning-Hydrocarbons and Halogenated Hydrocarbons (From Table 3-7
of Reference 1)

Melting Point and Heat of Fusion for Some Organic Eutectics (From Table
3-7 of Reference 1)

Melting Temperature and Heat of Fusion for Some Acetamide-Organic
Eutectics and Compounds (From Table 3-7 of Reference 1)

PCM Data for Some Alcohols, Phenols, Aldehydes, Ketones, and Ethers
(From Table 3-7 of Reference 1)

PCM Data for Organic Acids and Miscellaneous Organics (From Table 3-7 of
Reference 1)

Calorimetric Data for Air Conditioning Organic Materials (From Table 3-8 of
Reference 1)

Melting Point and Heat of Fusion for Clathrates and Semi-Clathrates Melting
Congruently Above 0°C (32°F) (From Table 3-9 of Reference 1)

Melting Point for Organic-Inorganic Eutectics (From Table 3-10 of Reference

1).



TABLE A-1. FUSIBLE MATERIALS WITH A HEAT OF FUSION GREATER THAN

185.96 kJ/kg (80 Btu/lb) LISTED IN ORDER OF INCREASING MELT
TEMPERATURE FROM 4.4 TO 65°C (40 TO 150°F). (FROM

TABLE 3-1 OF REFERENCE 15).

Melting Point

Heat of Fusion

Material °C (°F) kJ/kg (Btu/Ib)

Tetradecane C, 4H;, 5.6 (42) 227.6 (98)
Formic Acid HCOOH 7.8 (46) 246.1 (106)
Pentadecane C, sH;, 10 (50) 206.7 (89)
Myristic Acid Ethyl Ester

CH,(CH;), ,COOC, H; 11 (5D 185.8 (80)
Acetic Acid CH;CO,H 17 (62) 185.8 (80)
Hexadecane C;¢H; 4 18 (64) 236.8 (102)
Lithium Chloride Ethanolate

LiCl'4C, Hg 21 (69) 185.8 (80)
n-Heptadecane Cy ;H; 4 22 (71) 213.6 (92)
d-Lactic Acid CH; CHOHCOOH 26 (79) 185.8 (80)
Octadecane C,gH; ¢ 28 (82) 243.8 (105)
13-Methyl Pentacosane C, 4 Hg 4 29 (84) 195.1 (84)
Methyl Palmitate C, ,H;,0, 29 (84) 104.3 (88)
Nonadecane C,4H,, 32 (90) 220.6 (95)
Trimyristin (C, 3 H, ,C00); C; H,; 33 (91 202.0 (87)
2-Dimethyl-n-docosane C, 4 Hg 35 (99%) 197.4 (85)
Eicosane C,¢Hy, 37 (98) 246.1 (1006)
1-Tetradecanol CH3(CH, ), ,CH, OH 38 (100) 229.9 (99)
Camphenilone CoH, ;O 39 (102) 204.3 (88)
Caprylone (CH3(CH; )4 ), CO 40 (104) 257.7 (111)
Docosyl Bromide C, ,Hy s BR 40 (104) 202.0(87)
Heneicosane C; , Hy 4 41 (105) 213.6 (92)
7-Heptadecamone C, ;H;3 4,0 41 (105) 199.7 (86)
1-Cyclohexyloctadecane Cy 4 Hj g 41 (106) 218.3 (94)
4-Heptadecanone C, ;H; 4,0 41 (106) 197.4 (85)

169



TABLE A-1. (Concluded)

Melting Point Heat of Fusion
Material °C (°F) kJ/kg (Btu/lb)
8-Heptadecanone C, ;H;,0 42 '(107) 202.0 (87)
Cyanamide CH,; N, 44 (111) 209.0 (90)
Docosane C,;Hy ¢ 44 (112) 248.5 (107)
Methyl Eicosanate C; {Hy, 0, 45 (113) 227.6 (98)
Tricosane C,3Hgg 47 (117) 232.2 (100)
3-Heptadecanone C; ;H;3,0 48 (118) 216.0 (93)
2-Eptadecanone C;,H340 48 (119) 216.0 (93)
Camphene C;yH, 4 50 (122) 239.2 (103)
9-Heptadecanone C, ,H3,0 51 (123) 211.3 (91)
Tetracosane C, 4Hsg 51 (124) 253.1 (109)
Elaidic Acid C, §H340, 51 (124) 218.3 (94)
Methyl Behenate C;4H460, 52 (126) 232.2 (100)
Pentacosane C, s Hs 5 54 (129) 236.8 (102)
Ethyl Lignocerate C54Hs,0, 54 (129) 216.0 (93)
Hypo Phosphoric Acid H4 P, Oy 55 (131 213.6 (92)
n-Hexacosane C, ¢ Hsy 56 (133) 255.4(110)
Myristic Acid C, 3H,,COOH 57 (1395) 199.7 (86)
Heptacosane C, ,Hs ¢ 59 (138) 234.5 (101)
Ethyl Cerotate C, gHs 60, 60 (140) 222.9 (96)
Octacosane C,gHgg 61 (142) 253.1(109)
Nonacosane C,9Hg g 64 (147) 239.2 (103)
Stearic Acid C, ,H35CO,H 64 (148) 199.7 (86)
Triacontane C3 o Hg 4 65 (150) 250.8 (108)
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TABLE A-4. MELT TEMPERATURES OF FIFTEEN LOW TEMPERATURE PCM

CANDIDATES (FROM TABLE 6 OF REFERENCE 57)

PCM

Melt Temperature
K (°R)

n-Dodecane

Transit-Heat

Formic Acid/Formamide (75.5/24.5)
Transit-Heat

Acetic Acid/Formic Acid (53.1/46.9)
Acetic Acid/Water (58%)

n-Decane

Formic Acid/Potassium Formaté (75/25)
Heptanone4

Hydrazine Hydrate (N, Hy - H,O)
Monomethylhydrazine

Tricaproin

Tributyrin

Ammonia

Ammonia Hydrate (NH; ' H,0)

263.4 (474.1)
257.2 (463.0)
256.4 (461.5)
252.2 (414.0)
250.7 (451.3)
246.8 (444.2)
243.3 (437.9)
241.7 (435.1)
240.2 (432.4)
233.2(419.8)
220.8 (3974)
213 (383.4)
198 (356.4)
195 (351.0)

194 (349.2)

173



"BIEP PIIBUIS? SJuasaIday ‘e

(990°1) 8€'V (67°0) T0S'0 (019 L18 prbr
umouun umouup (6'v¥) 0TL prios (FH1) L'pee (1S€) S61 pIUOWIWY
w(0€7°0) p8'1 2(150°0) 880°0 (9'19) L86 prbry
umouyun umouup umouun PHOS | ¢(0°06) T 60T< ($'€8€) €1T uroxdestr
2(TTS0) e81°C p(T80°0) pTH1°0 (€15)7T8 pmbry
umouyun umouyun umouNun prjos mA0.0QV mm.@ONA vav 01 .v-o:O:anoI
p(1L5°0) p81°C (080°0) 8€1°0 (8'9%) 0SL pinbry
p(1TS°0) p81°C 2(§80°0<) 9P 1°0< (6'6%) 008 pos (€T6) V1T (P €LY) €9T AUEIIPO(J-U
do-a1\ 0,3y doH U\ O, W AR oseyd ar) M (do) N WOd
nig o ng A ar/ 8y mg/ o amjeradwa
A8 oﬂ_ouam \AHSCUZGCOU \S_mcyﬁ— uoisnJ Jo jeay PRI
AINSSAIJ JUBISUO)) [euLIayJ,
(LS IDNTYHITY A0 L TT9VL WOI )
LS FONTITITY NI AFANTWNOITY S.NOd TINLVIAINAL MOT 4N0d "S-V 19VL

174



(001 X IL°61) ¢.01 X 8L'8T (1'¥S) 998 (T6p1) 1°59 °0%¢H ') unrwediy,
- (9'89) 6LL (0°'6%1) 0°59 85y®H Jues0deIdO-U %
- (8°€S) 798 (1'0€D) S'¥S 0%ty LsH ULIB)SIL],
(.01 X $S°00) ¢.01 X 0°0€ (9°8%) 6LL (T6T1) 0'vS i & A0 QUBSOIRIIIJ-U €
(0.01 X TS'60) ¢ 01 X 1'EY (0°€13) 0181 (602D v6v ONI*H D 0I1TUOPoI-O
(5,01 X SS07) ¢.01 X 00T (9°65) 168 (L'ST1) S 9% *0YtH% ) ULIAR[II], z
(.01 X 06'87) ¢.01 X TTH (1'6%) LOTI (I'S¥1) 829 Z0%H %) SUTLURIPIUI[AUIYJ-W
(901 X 1L°61) ¢.01 X 8L'8T (1'¥S) 998 (T6P1) 1°59 °0%H' %D unrueduy, I
(.01 X 08°81) ¢01 X St'LT (€89 PLL (+'28) 0°ST i3 ¢ Lo SUBI3PRIOQ-U
P\ w M\ W (do) Do B[NUWLIO,] SWeN s3utneq
a/N a/ 3y jurog sunpw
UOISuUd | 9oeyIng Aysua(g

(85 GONTYAATY 40 [ 419V.L WOdD)
8S HONIYIATYE NI A4140dTd SLSHL NI A4S SANOd "9-V 414V

175



ure1IdUN

sousnpuy [eA0Yy o) Arejsudold ‘umouyupny

judBdyNsul
BIEP ‘P33ONPUOD 1S3) PIJTWI] ‘umouqun

(uonerdudd 10de ) juonisoduwiodap Aq pajrury)
(4,0T7) D01

umouyup :uoneoymbry uo uolsuedxyg
umouNU :AAIONPUO.) [RULIIY
(4,-91/M4 08°0-05°0) J,3N/[ LYEE-T60T — Pinbry

(d,-Wql/mg 05°0-5£°0) O34/ T60T-¥9¥1 — PUOS
:JB3H o1j100dg

(QU/mg 6 111~) 3/1(01) 9'T~ :UoIsng Jo JedY

Areyoudold uonisodwos [eUIBW ‘UMOUUN)

dJqefreae Aqipeal ‘desy)

sura[qoxd [erads ou ‘101aBY3q
WO sutwexa o3 payestiqe] apdures [ewIg

JOIARYDq JB[IWIIS SABY PINOYS SIUT[RISAIOOINN
'$9[94A5 Auew 10j suyyjered Surnow mojf jo
$189) uo paseq ‘3urjoosradns [RWITUIW JIQNYXI
poys suyyyeied sinjersdurs) Sunew ysiy

(JOVIQIYUT UOTIEPIXO UM ISYSTE)
(1,00%) D,00T

%07-S1 :uonesyinbry uo uosuedxy

(4.-13-u/mg $80°0~)
Do S-W/L 9p1°0~ :ANARONPUO) [EUWLIDY],

(4,-q1/mg
89'0-8%°0) D,3/f LERT-610T — pmbry
(d.-q1/mg
8%°0-S+'0) D34/ 610T-9881 -~ PIIOS
:1B3Y o1y1o0adg
(qi/mg
8 1L~) B4/ [(01) L9' [~ :uOISN] JO JESH

9[qeIS PUB SAI}OBAIUOU A[[RIJUDT saxem
‘sonyse(d pue s{eiaw 350w Yim sjgnedwo)

so)eIpAH duesIiou]

(auI[eIsAIS0IDIW PUE SUTJJeIR]) SOXEM

S[ELI2IE 91BPIPUE))

Aiqepreay /1so)

Aiqeotiqey

Aiqisioasy
d8uey)) sseyq

armjeradway,

J1qeMO[TY
WINWIXEWN

sanradoag
[ewIay ],

Anqiqedwo)
S[RLIDIEN

(65 FONTYFATY WOYD) SALVIAAH DINVOIONI ANV SAXVM NO VIVA FJALLVIVIWOD

LV A714VL

176



TABLE A-8. MELTING TEMPERATURE OF SOME MIXTURES INVESTIGATED FOR
AIR CONDITIONING THERMAL ENERGY STORAGE (FROM
TABLE 3-1 OF REFERENCE 1)

Mole Relative Melting
Weight Weight Point

Composition (gram) (%) °C (°F)
NA,SO, 142.04 37.2

10 H,O0 180.15 47 .4 18 (64)
NaCl 58.44 15.4
Total 380.63 100.0
Na, SO, 142.04 37.8

10 H,0 180.15 48.0 10 (50)
NH,Cl 53.49 14.2
Total 375.68 100.0
Na, SO4 142.04 37.6
10 H,O 180.15 47.6

1/2 NaCl 29.22 7.1 1363)
1/2 NH,Cl 26.75 7.1
Total 378.16 100.0
Na, SO, 142.04 35.8

10 H,O 180.15 45.4 7 (45)

KCl 74.55 18.8
Total 396.74 100.0
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TABLE A-10. MELTING POINT, HEAT OF FUSION, AND LATENT HEAT DENSITY
OF SOME INORGANIC HYDRATES (FROM TABLE 3-4
OF REFERENCE 1)

Heat of Fusion
(Literature) Latent Heat Density
Melting Point kJ E_t_lf) kJ (Btu
Material °C (°F) kg \ Ib m3\ ft?
CaCl, - 6H,0 28.9 (84) 170.2 (73.3) 2.86 X 10° (7688)
MgCl, - 6H,0O 117.2 (243) 172.3 (74.2) 2.69 X 10% (7226)
Ca(NO; ), ' 4H,0 42.8 (109) 142.1 (61.2) 2.59 X 10° (6954)
Mg(NO,), - 6H,0 95.0 (203) 159.8 (68.8) 2.34 X 10° (6271)
Zn(NO;), - 6H,0 36.1 (97) 130.0 (56.0) 2.69 X 10°% (7219)
Al(NO;); - 9H,0 70.1 (158) 155.6 (67)4

a. Experimental value
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TABLE A-11. MELTING TEMPERATURE AND HEAT OF FUSION OF SOME
INORGANIC HYDRATE EUTECTICS (FROM TABLE 3-5
OF REFERENCE 1)

Heat of Fusion

Melting Point lﬂ 1_315

Composition Wt.% °C (°F) kg\ Ib
CaCl, 37
Ca(NO; ), 23 approx. 13 (56)
H,0 40
CaCl, 41
MgCl, 10 25 (57) 174.5 (75.1) Experimental
H,0 49
CaCl, 48.0
KCl 4.3 27 (81)
NaCl 0.4
H,0 473
Ca(NO,; ), - 4H,0 45 25 (77) 129.7 (55.8) Calculated
2n(NO;), - 6H,0 55
Ca(NO;); - 4H,0 67 30 (86) 136.0 (58.5) Calculated
Mg(NQO;), * 6H,0 33
Ca(NO,), - 4H,0 | 72 35 (95) 138.9 (59.8) Calculated
AI(NO,), - 9H,0 | 28
Mg(NO; ), ' 6H,0 53 61 (142) 148.1 (63.8) Calculated
Mg(NO,), - 6H,0 | 18 32 (90) 130.1 (56.0) Calculated
2n(NO, ), - 6H,0 | 82
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TABLE A-13. MELTING TEMPERATURE AND HEAT OF FUSION OF ORGANIC
MATERIALS FOR AIR CONDITIONING-HYDROCARBONS AND
HALOGENATED HYDROCARBONS (FROM TABLE 3-7
OF REFERENCE 1)

Melting Point He:;tjof];’tlasion
Compound °C(F) l—(g(—lg—)
n-Tetradecane 5.9 (42.6) 225.5 (97.1)
n-Pentadecane 9.0 (48.2) 162.9 (70.1)
n-Hexadecane 18.2 (64.8) 233.9 (100.7)
n-Hexadecylbromide 14 (57.2) —
I-Heptadecane 11.2(52.2) 131.1(56.5)
I-Octadecane 17.9 (64.2) 129.1 (55.6)
I-Pentadecyne 10 (50) —
l-Hexodecyne 15 (59) —
p-Xylene 13.2 (55.8) 159.9 (68.9)
Tridecylbenzene 10 (50) 168.3 (72.5)
Tetradecylbenzene 16 (60.8) 173.3 (74.6)
2-Nonyl naphthaleno 12 (53.6) —
3-Chlorobiophenyl 17 (62.6) —
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TABLE A-14. MELTING POINT AND HEAT OF FUSION FOR SOME ORGANIC
EUTECTICS (FROM TABLE 3-7 OF REFERENCE 1)

Heat of Fusion
Melting Point kJ Et_U)
Compound Mole % °C (°F) kg \ Ib

a Chloroacetic Acid 31.0

16. . 44, .
Phenol 69.0 6.5(61.7) 144.1 (62.1)
B Chloroacetic Acid 35.0
Phenol 65.0 11.8 (53.2) 138.2 (59.5)
o Chloroacetic Acid 28.0

13.4 (56.1 141.6 (61.0
p Cresol 72.0 ( ) ¢ )
« Chloroacetic Acid 30.9 15.8 (60.4) 189.6 (81.7)
o Cresol 69.1 ) ) ’ '
Acetic Acid 88.0 .

9.5 (49.1 84.6 (79.5
Benzoic Acid 12.0 ( ) : ( )
Naphthalene 25.0 14.5 (58.1 109.0 (46.9
Diphenyl Methane 75.0 5 (58.1) 0(46.9)
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TABLE A-16. PCM DATA FOR SOME ALCOHOLS, PHENOLS, ALDEHYDES,
KETONES, AND ETHERS (FROM TABLE 3-7 OF REFERENCE 1)

Heat of Fusion
Melting Point E ( _l_3_t_u_>
Compound °C (°F) kg \ Ib
Alcohols and Phenols
1-Decanol 6.1 (43.0)
I-Undecanol 15 (59.0)
Glycerol 18 (64.4) 200.4 (86.2)
m-Cresol 12 (53.6) 94.0 (40.5)
2-Chlorophenol 7 (44.6)
3,3 Dimethyl Cyclohexanol 11 (51.8)
Aldehydes, Ketones, and Ethers
1,4 Dioxane 11.8 (53.2) 145.3 (62.6)
2-Decanone 14 (57.2)
n-Tridecanol 15 (59.0)
Parahlehyde 12.6 (54.7) 104.4 (45.0)
2,5 Dichloroaceiophenone 14 (57.2)
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TABLE A-17. PCM DATA FOR ORGANIC ACIDS AND MISCELLANEOUS

ORGANICS (FROM TABLE 3-7 OF REFERENCE 1)

Melting Point

Heat of Fusion

kJ Btu)
kg \ Ib

Compound °C (°F)

Organic Acids
Formic Acid 8.4(47.1) 276.7 (119.0)
Acetic Acid 16.6 (61.9) 201.3 (86.6)
Acrylic Acid 12.3 (54.1) 154.9 (66.6)
n-Octanoic Acid 16.3(61.3) 148.2 (63.7)
n-Nonanoic Acid 12.3(54.1) 128.1 (55.1)
Oleic Acid 14 (57.2)

Other
Diethyl Isophthalate 11.5(52.7)
Dimethyl Adipate 8.5(47.3)
1,2 Ethylene Diamine 8.5(47.3)
m-Cresyl Acetate 12 (53.6) _
2,5 Dimethyl Analine 14.2 (57.7)
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TABLE A-19. MELTING POINT AND HEAT OF FUSION FOR CLATHRATES AND
SEMI-CLATHRATES MELTING CONGRUENTLY ABOVE 0°C (32°F)
(FROM TABLE 3-9 OF REFERENCE 1)

Melting Point

Heat of Fusion

kJ Btu)
kg \ 'Ib

Composition °C (°F)
Type 1 Clathrate Hydrates
H,S-6.1 H,0 0.4 (33)
H,S- 6.1 H,O 29.5(85)
CO, - 6.0H,0 9.9 (50)
Cl, - 7.3 H,0 9.7 (50)
SO, - 6.0H,0 7.0 (45) 246.9 (106.3) Calculated
SO, - 6.1 H,0O 12.1(54)
C,H,0-6.9 H,O 11.1(52)
Type 11 Clathrate Hydrates
C4Hz; O 17.2 H,0 4.4 (40) 255.2 (109.0) Experimental
(Tetrahydrofuran)
C4HgO - 2H,S-17H,0 21.3 (70) 276.1 (118.9) Experimental
(CH;);COH - 2H,S - 17H,0 7.3 (45) 1
)
Amine Semi-Clathrate Hydrate
(CH;);N - 10 1/4 H,0 5.9{43) 238.5 (102.7) Experimental
Tetrabutylammonium Salt Semi-Clathrate
Hydrates
Bu,NF - 32H,0 24.9 (77)
BusNCl - 32H,0 15.7 (60)
Buy;NBr-32H,0 12.5(54)
Bu,NNO, - 32H,0 5.8(42)
BusNOH - 32H,0 30.2 (86)
BuysNHCO; - 32H,0 17.8 (64)
(BuyN); HPO, - 64H,0 17.2(63)
(BuyN),C,0,4 - 64H,0 16.8 (62)
Bu,NCHO, - 32H,0 12.5 (54) 184.1 (79.3) Experimental
Bu,NCH; CO, - 32H,0 15.1(59) 209.2 (90.1) Experimental
Bu,NC¢H;CO, - 32H,0 3.5(38)
Tetraisoamylammonium Salt Semi-Clathrate
Hydrates
i-Am, NF - 40 H, 0 31.2(88)
i-r-Am4NCl - 38 H, 0 29.8 (86)
irAm4NOH - 40 H,0O 31 (88)

i"Am4 NCH02 " 40 H20

15-20 (59-68)
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TABLE A-20. MELTING POINT FOR ORGANIC-INORGANIC EUTECTICS
(FROM TABLE 3-10 OF REFERENCE 1)

Urca Eutectics-Binary

Melting Point

A Mole % A Wt. % A °C (°F)
NH, ClI 17.5 15.9 101 (214)
NH,4 Br 23.5 334 76 (169)
NH, 1 25.5 45.2 66 (151)
NH,NO, 47.5 4.7 46 (115)
NH,SCN 39.5 48.4 32(90)
LiNO, 16 18 76 (169)
LiNO; 45.5 48.1 104 (219)
NaNO, 23 29.5 84 (183)
KNO, 16 24.3 110 (230)
Ca(NO3 ), 9.4 22 92 (198)
Ca(NO; 1, 25 48 140 (286)
St(NO; ), 15 38 67 (153)
Ba(NO; ), 10.5 33.8 96 (205)
K,CO;, 7 14.8 102 (216)
Urea Eutectics-Ternary
Melting Point
A B Mole % A | Wt.% A|Mole % B | Wt.% B °C (°F)
NH, Cl NH4NO, 4 2.4 46 53 35(95)
NH,Cl NH,4 SCN 4 2.5 40 46 20 (68)
NH4NO; | LiNO, 34 40 7 7.1 34 (93)
NH4NO; | LiNO; 46 51 32 31 65 (149)
NH4NO; | NaNO, 41 47 8 9.7 35(995)
NH4NO, | KNO, 44 49.9 4 5.7 43 (109)
LINO, NaNQ, 24 20 10 13 56 (133)
LiNO, NaNOQ, 45 49 3.5 4.6 100 (212)
LiNO; KNO; 16 17 0 9.5 62 (144)
LiNO;, KNO; 45 43 19 27 96 (205)
LINO, CaNO; ), 16.5 18.1 1.5 4 62 (144)
LiNO; Ca(NO; ), 41 44.5 4 9.2 82 (180)
LiNO, Sr(NO; ), 12 11 8 23 45(113)
LiNO;4 Na(NO; ), 16 17 1 4 68 (154)
LiNO, Ba(NO; ), 44 46 1 4 92 (198)
NaNO, KNO;, 22.3 27.7 7 10.3 73 (163)
NaNO, Ba(NO; ), 17.5 20.5 4 14.4 68 (154)
KNO, Ca(NO; ), 3 4 14 20 89 (192)
KNO, Ca(NO; ), 18 20 24 42.5 125 (257)
KNO, Ba(NO; ), 8.5 11.5 5.5 19.3 80 (176)
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TABLE A-20. (Concluded)

Acetamide Eutectics

Melting Point

A Mole % A Wt. % A °C(°F)
NH4NO, 32 39 38 (100)
LiNO, 20 23 2577
NaNO, 15 20 59 (138)
KNO, 6 9.8 72(162)
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APPENDIX B

THERMAL RESISTANCE VARIATION

Some of the results of the parametric study which are shown in Section V exhibit
interesting trends. Specifically, some plots of the temperature rise at the termination of
melting versus fin height demonstrate a relative maximum, a relative minimum, or both.
Several curves in Figures 51 tnrough 62 indicate this behavior. A plausible explanation of
this behavior is presented in this appendix.

The physical model, which was treated in Section IV, is shown in Figure B-1.
Heat flows directly from the bottom into the PCM. Heat also flows into the PCM

through the fin and top. The relative thermal resistances of these paths is dependent on
the geometry.

TOP

2

| !

g
: AN\
f 2 1

- T [T W
N

7R

)|

Z

7

%

FIN

IO

o
_.V)

e

BOTTOM

Figure B-1. Physical model.
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Some insight into the thermal resistance behavior may be gained by means of a
simple but nonexact viewpoint. Suppose the cffect of the top is ignored and the PCM
and fin are each represented by a single node. The resulting thermal network, including
thermal resistances, for the heat flow betwcen the bottom and the PCM is indicated in
Figure B-2. The equivalent thermal resistance for this arrangement is related to the
parameters by

Keq Ky B = LO/[2W/H+2 (K/I(W)HS/(2H2 + WS(K/K,)] (B-1)

The right-hand side of equation (B-1) was evaluated for the range of geometrical
parameters covered in the parametric study. The thermal conductivity ratio (K/Kw) of
1069 was also used. The results are plotted in Figures B-3 through B-5. The effect of

geometry on the equivalent thermal resistance for the simplificd network is shown by the
curves.

H/KS,B Ww/2K  HB
AMNA—G— W\~
FIN NODE
BOTTOM NODE PCMM NODE
AN~
H/2K W8

Figure B-2. Simplified thermal network.
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Figure B-3. Variation of equivalent thermal resistance with height for a
fin thickness of 0.0127 ¢cm (0.005 in.).



EQUIVALENT THERMAL RESISTANCE x Ky B
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Figure B-4. Variation of equivalent thermal resistance with height for a

fin thickness of 0.0508 ¢in (0.02 in.).
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Figure B-5. Variation of equivalent thermal resistance with height for a
fin thickness of 0.127 ¢m (0.05 in.).
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APPENDIX C

COMPUTER PROGRAM FOR EXAMPLE DESCRIBED IN SECTION V

An example application of a phase change device with a nonuniform thermal
boundary condition is discussed in Section V. The equation used to compute the
temperature variation of the flowing fluid is equation (37). The computer program shown
in Table C-1 was written to facilitate the calculation of the mean fluid temperature from
equation (37). This program occupies approximately 7 K words of storage. The data
shown in Table C-2 is required for each run. In addition, the user must supply routines in
the function subroutines COEFF and TEMP. COEFF calculates Ug and TEMP generates

the inlet temperature of the fluid. Note that there are provisions for up to three different
functions for Ug and the inlet temperature. The function used during any run is chosen

by the data entered in the data card (Table C-2). There are provisions for multiple runs
within one computer job. The program reads nine cards, processes the run, and then
returns to read nine more. If none are present, the program terminates. For each run,
header information is printed, such as flow rates, and fluid and PCM properties. Two
time steps are printed simultaneously, one on the left-hand side of the page, the other on
the right-hand side of the page. A description of the output data is given in Table C-3.
At the end of each run, the total energy stored, QTOT, is printed.
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TABLE C-1. COMPUTER PROGRAM USED TO COMPUTE FLUID TEMPERATURE
VARIATION AS IT FLOWS THROUGH A PHASE CHANGE DEVICE

REAL LENGTH,MLUMP,MDOT
INTEGER IIMELTIMECLY .
DéngTSIUN IMEAN(2,500)+QTAB(500)50ud21500)sTLUMPI(2
1,50 ’ '
COMMON IBUFFsLINCT,)OLDTMESNODECT
9998 READ (5,10VU,eND®9999) TFREEZ
100 FORMAT (F1U.2)
READ (5,11V) SPHEATIMDOTIMTXFERINIDTHILENGTHIXSTEP
1, TIMELNS THMRESTP
110 FORMAT (3F10+2/2F1042,F10¢5/F1042,%19+5)
READ (5,35V) RMDJ)XBECT
150 FORMAT ‘2F1Q9e2)
READ (5,19V) SPAC,VISCIPRAN/COND
190 FORMAT (4F10+2)
READ (5216Y) HEIGHTsHTFUSIEPHLMPICINLMPIRHOLMP
160 FORMAT 'F1Ve5,4F10:2)
READ (5217U) IWRIT,ISUPX
170 FORMAT (2130)
READ (5,18U) ITMPINJIUORTN
180 FORMAT (2110)
WRITE (64199
199 FORMAT ('1')
WRITE (052001
200 FORMAT ("0 ' s T49, ' vunmp s s sasrprss b un s b st agbsarananysn
ISR T IR E LA ARSI YT YITYYRY Y 2 VYR
WRITE (6+220! LENB3THsXSECT
220 FORMAT ' ', 138, 'CAPACITOR » LENGTH ®'F7+3,' FTe',s TR
1, 'FLOW PASS<AREA ='F744p"' SBRsFTe!,T1154'%")
WRITE (6+230) HEIGHT,SPAC
230 FORMAT ' ', T3B,)'DIMENDIONS » PCM MEIGH! s'sF7e3,0
1 FTo!', T8O, "FLOWPASS HEIGHT =',F7e¢4,!' STe')T115,18")
WRITE (642401 WIDTH

240 FORMAT (' ',7149,!'s HeyIDTH ®IF7¢b4,! 2Te'sT115,41)
WRITE (62210]
210 FORMAT ' ‘T 49 INu st X pa b a Sy n R SRR R G E P R AN NN a N

RIS RS LI R Y NN R N YU R Y AV ]
WRITE (6s2V0)
WRITE (64250} MDOT,V1SC
250 FORMAT (' ',738,'FLUID * FLOW RATE ®'sF7¢3,' LB
1/7HRe ') TBU 4 ' VIGCOSITY =')F7e4, ! LB/FTeMRe'HT115, 's")
WRITE (6+s260) SPHEAT)PRAN
260 FORMAT (' ',138,'PROPERTIES & KPECIFISI HT ®m1,F543,"
1 BTU/LB=F'2780,'PRAND NO ®'sF743,T1150'%")
WRITE (64270) RHO,COND
270 FORMAT (' ',T49,'sx DENSITY =1,F743,' .3/CUB FT',T80
1+ 'THERM COND m1,F743,¢ BTU/HRwFTapt,T1152'8")
WRITE (6,210
WRITE (6s200)
WRITE (6s280) HTFUS,CONLMP
280 FORMAT ' ',138,'pCHM ¥ HEAT JDF FUS ®',F5,0,!
1 BTU/CUB F1'2T80,'THERM COND =1,#43, ' 3TU/HR=FTaF!
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TABLE C-1. (Continued)

2,T115,'»")
WRITE (©2290) SPHLMP,»TFREEZ

290 FORMAT ' '»13B,'PROPERTIES # SPECIFIC MT m'yF5e3,!

1 BTU/LB=F'sTHO, 'FREEZE TEMP ='F: ¢3,"' FI'aT115,'%")
WRITE (623V0) RHOLMP

300 FORMAT (' "oT49,'DENSITY m's)F7e3,!' L370uB FT'sT115,"

310

320

330

30

14t

WRITE (6,210}

WRITE (64200

WRITE (62310} XSTEPsITMPIN

FORMAT (' ',T138,'RUN ¥ KaSTEP s'sFVak,' FT1,78¢C
12 ' TEMPeIN RTN | 1,11,7118, "%t

WRITE (62320} TMESTPsIUORTN

FORMAT (' ',T38,'PARAMETERS » TIvEagTEiP =1,F7¢3,! HRS

1,TBO'UQD™RIN | 114,T1158s"'81)

WRITE (62330) TIMELN

FORMAT ' '",T49,'y TIME LENGTH ='F7+¢3s' HMRS')T145,'s?
WRITE (6,210)
C1eRHOMXSECT*SPHEAT/TMESTP
C2aMDDT*8BPHEAT/XSTEP
NODECTwLENGTH/XSTEP+2
TIMECTwTIMELN/TMESTP
VOLUMESWIDIHAXSTEP*HEIGHT
MLUMP=RMULMNPX¥VOLUYE

UCONST=1/ (HELIGHT/(22CONLMP))
DIA=2¢48PAL
REYNOwDIA¥MDOT/{RMO¥XSECTaVISCH
IHTSWe1

IF (HTXFER*EG+Qs0) IMTESW=Q

DO 4 J=qsNUDECT
TMEAN(1,J)®TFREEZ
TLUMP(12J)®TFREEZ

QTAB(J)I=mU e

IRITSWeIWRIT=q

IBUFF=Q

LINCTm25

OLDTME®=9990

DO 3 TIME=l,TIMECT
TaTIMEAIMESTPR

IF (IRITSW*EWIWRIT) IRITSW=0
IRITSWsIRI ISw+1
TMEAN{(2,1)=TEMPIN({ITMPINGT)

DO & NODE®Z,NODECT
X®(NODE=1 ) ¥X5TEP
UOmCOEFFIQIAB(NODE) s VOLUMEIHTFUB» FRASTNIIUDRTN)
IF (FRACTNeLT«0s99) @0 TO 3¢
TLUMP{2sNOLE ) =QLDRINODE )}/ (MLUMPRSPHL M) *TLUMP (1, NODE)
TMPPCHMRTLUMP(2,NODE)

UOmUCONS |

G0 TO 4V

TMPPCM=TFRLEZ
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TABLE C-1. (Continued)

40 IF (IWTBWekQe1) GO TO 20
BRATZ2=X/{D1IAYREYNOSPRAN)
HTXFER®w(COND/DIA)IHEATIGRATZ)
20 Chas(HTXFER*WIDTH®UOD) 7 (UD+HTXFER)
CS=l/(C1+C2+Cy4)
TMEAN(2sNQUE )uCEn (CASTMPPCM*C28TYEAN( 24 NOVE=1 ) #CY
1+TMEAN(L2NUDE))
WA=C2x (TMEAN(2,NODE ) =TMEAN(2,NIDE=L) )
UBeCl» I TMEANI2,NODE )= TMEANI1,NODEY)
Quule (QA+QB)*TMESTPXBTEP
GTABINODE ) =WTAB(NODE) +Q
OLDQ{NOVE ) =Q
IF (IRITSWeEGIWRIT) CALL PRNTIT{TMEAN(Z/NODE)»QTAB
1(NODE} sFRACTNIUDI T TMEAN(201)2XsNODES HTKFERI IBUPX)
4 CONTINUG
DO 2 JmlsNVDECT
TLUMP(1sJ )= TLUMPI 20 J)
2 TMEAN{(12J)®TMEAN{2,J)
3 CONTINUE
UTOTwo
DO 10 J=2,NODECT
1C QTOT=QTOI+UWTAB(J)
WRITE (62140} Q10T
140 FORMAT (OSX2'WTOT =V ,F102)

GO TO 99ve
9999 CALL EXI!
END

SUBROUTINE PRNTIT(TMEANIQTABIFRCTN2JI*TITEMPINI XoNODE
1IHTXFRI ISUFX)

DIMENSION TMEAN1(S00),QTABL(500),FRCTNLIIS00),UDL(500)
1/HTXFR1 (500}

COMMON 4BUFFILINCT,OLOTMESNODELST

IF (ISUPXsEQs0sANDINODESNENODECT) RETURN
IF (FRCTNsGT«140) FRCTN®10

IF (IBUFF+EQ@eQ) BO TO 10

IF (DLOTME*EWT) 30 TO 20

IBUFF=Q

OLDTMEs=]

G0 T9 3v

20 TMEAN1 (NODE )STMEAN

QTABL1(NVUVE !'=@TAR

FRCTNL(NUDE )=FRCTN

VD1 {NOOR I =sUC

HTXFR1 (NODE ) =HTXFR

RETURN

10 IF (OLODTMESEW.T) @G0 TO 4O

IBUFFaY

OLOTME=T

PRNTTM=ULD I ME

PRNTTPuTEMPIN

Qo0 To 2v
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TABLE C-1. (Continued)

30 IF (LINCI+UEs68) 30 TO BO
WRITE (621001 PRNTTM,PRNTTPsT,TEMPIN
100 FORMAT ('0',T9,'TIME a',F6¢3,T2B, 1 TEMAIN =',F742,T84
1)'TIME =')F603,T103,'TEMPIN 81 ,4F742)
WRITE (62140
GO TO 40

SO WRITE (62110) PRNTTM,PRNTTPIT,TEMPIN

140 FORMAT ('1',79, 'TIME »')F6e3,TaB) ' TEM2IN «')F7:2,TB4
12'TIME ®',F6:3,T103,'TEMPIN wl4F742)

WRITE (62140}

140 FORMAT (’0'ol9;'X';Tis:'TEHP':TZBo'3'0T36u'CHANaE':Th7
1,700, TS5, '"HTIXFER', T80, 'X'sT88s'TEMP'»T100,'Q',T109
2)'"CHANGE'2aT119,'UD'»T126s 'HTXFER!)

LINCTw4
40 IF (LINCTeLTe72) 30 TO 60
WRITE (62160)

160 FORMAT ('1',79,1X7,T16+ 'TEMP!,T28,'2'»T36» 'CHANIE'»T47
15'U0" TS5, 'HTXFER'JTBO,» "X ' s TBBs 'TEMD ' »T100V,'Q',T109
25 "CHANGE's 1119, 1U0!',T126, 'HTXFER?)

LINCT=2

60 LINCT=LINCIi+1
WRITE (62150) X, TMEANLINODE ) ,QTA31(NOIEI2PRCTNL(NODE)
10UDLINODE) s HT XFR4YINODE) 2Xs TMEANIQTAISFRUTNIUOC, ATXFF

150 FORMAT (' '26F1002,11%26F10142)

RETURN
END
FUNCTION CUEFF(QTABIVOLUMEIHTFUSIFRACTNIIVORTN)
VOLMLT=WIAB/HTFUS
FRACTN®=ABSIVOLMLT/VOLUME)
IF (FRACTN®*GE+0199) RETURN
GO TO (10,2+3),1UORTN
1 CONTINUE
¥¥a USER SUPPLIED UO VARIATION ROYTIND
+48 GOES BETWEEN STATEMENTS 152
sy SELECTED WHEN IUORTN=1.
IF (FRACIN*GT+s25) GO TO 10
COEFFm1U6112=242456#FRACTN
RETURN
10 COEFFmE4132=35,374FRACTN
RETURN
2 CONTINUE
¥¥u A SECOND UD VARIATION ROUTINE
¥my MAY GO BETWEEN BTATEMENTS 283,
48y SELECTED wHEN IUORTN=2:
COEFFaBUU WU
RETURN
3 CONTINUE
¥y A THIRD UO VARIATION ROUTINE CAN 30
soy AFTER STATEMENT 3.
2% SELECTED WHEN IUORTN=3»
RETURN

201



202

e NeNe|

a0

10

20

30

40

10

290

TABLE C-1. (Concluded)

END

FUNCTION TEMPIN(ITMPINT)

GO TO (12231 ,ITMPIN

CONTINUE ,
sux USER SUPPLIED INLET TEMPERATJRE
¥»% ROUTINE GOES BETWEEN SBTATEMENTS
vy 182 SELECTED WHEN ITEMPIN®1s
IF (Te@T*1+S) @30 TO 10
TEMPIN®1¢3847

RETURN

IF (Te@GTeS5«5) A0 TO 20
TEMPIN®S®Ueb644n12:9274T+9:¢8264TxT
RETURN

IF (Te@1%1V5) GO TO 30
TEHPINt:OB'O*SIN((301#15/15)4T)
RETURN

IF (Te@Ve14+0) GO TO 40
TEMPIN=1485:165#157¢5338T+3:8985T»T
RETURN

TEMPIN®61407=404+9847

RETURN

CONTINUS

x¥s A SECOND TEMPERATURE VARIATION
¥xy ROUIINE MAY GO BETWEEN STATEMENTS
¥¥» 253¢ SELECTED WHMEN ITEMPIN®2s
TEMPIN®1CGQs0+20:04T

RETURN

CONTINUE _
swu A THIRU INLET TEMPERATURE VARIATIIN
s¥x ROUTINE MAY GO AFTER STATEMENT
wuy 3¢ SELECTED WHEN ITEMPIN®I:
RETURN

END

FUNCTION HEAT(GRATZ)

IF (GRATZ¢@Tes04) 30 TO 10

EXmeQs26

HEAT®2 27 4GRATZS8EX

RETURN

IF (GRATZ+GTe+03) G0 TO 20

EXumQ4Q?

HEAT®7¢268GRATZA»EX

RETURN

HEAT®7:¢5%2

RETURN

END
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TABLE C-3. DESCRIPTION OF OUTPUT DATA FROM PROGRAM

LISTED IN TABLE C-1

Data Name Description Units
TEMP IN Fluid inlet temperature °F
X X location in the capacitor ft
TEMP Temperature at X °F
Q Accumulated heat transfer into the PCM Btu
at X

CHANGE Fraction undergone change of phase
Uo U Btu

0 h-ft2-°F

: - Btu

HTXFER Convective heat transfer coefficient between T °F

fluid and flow passage wall
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APPENDIX D

COMPUTER PROGRAM USED TO FACILITATE THE EXPLICIT NUMERICAL STUDY

The computer program used to facilitate the explicit numerical study is outlined
and described in this appendix. A copy of the program for a melting run with inclusion
of convective effects is given in Section D.l; the corresponding notation is described in
Section D.2; and the steps are discussed in Section D.3.

After listing this program, it was discovered that the program described in Section
D.1 would not run for the case of M = 1. The statements causing this incompatibility are
indicated in Scction D.1 by an arrow placed at the left of the appropriate statement.

A copy of the computer program for a solidification case is given in Section D.4.
A comparison of the appropriate statements with those shown in Section D.3 generally

illustrates the modification to accommodate M = 1.

The statements which were included in the solidification program to allow
for changing the effective interfacial area for nodes experiencing melting are underlined.
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D.1. COMPUTER PROGRAM FOR MELTING

DIMENSION RV(5,31) , RH(5,31) , C(5,31) , QS(5,3 1), T1(5,31)
DIMENSION T2(5,31) , F(5,31) , Q(5,31) , QRAT(5,31), T3(1 ,31)
DIMENSION TM1(9), TM2(9), TM3(9), TM4(9), TIM(9)
DIMENSION QRA2(5, 31)

COMPUTATIONAL PARAMETERS
N=27
M=4
AM=M
MM=M+1
NN=N+2
NJ=N+3
NI=N+4
ND=9
NDP=8
TAU=1.1
KCOUNT=1
MCOUNT=1
MFIN=500
EPS=1.E-06
KCHK=1000
JOE=1
DT=1.0E-04
TAU2=(10.*DT)+(DT/3.)

PHYSICAL PROPERTIES
TAMB=80.

TIN=73.5
HTOP=1.E-08
HBOT=5.0
G=(32.2*3600.*3600.)
WAX
DEN=47.2
TK=0.087
CP=0.5
TTR=73.04
HTR=22.108
TMELT=89.8
HMELT=73.357
TREF=50.0
BETA=0.00045
VIS=14.3
CL=CP
TKL=TK
BOTTOM PLATE DENOTED BY 1
DEN1=171.0
TK1=93.0
CP1=0.22
FIN DENOTED BY 2
DEN2=171.0
TK2=93.0
Cp2=0.22
TOP PLATE DENOTED BY 3
DEN3=72.5
TK3=0.09
CP3=0.33
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55 GEOMETRY PARAMETERS

56 W=0.75/12.0

57 H=2.625/12.0

58 B=5.0/12.0

53 =W/(2 0*AM)

60 $1=0.032/12.0

61 $2=0.008/12.0

62 $3=0.25/12.0

63 F2JM=1.0/(32.0*$*12.0)

64 VERTICAL RESISTANCES

65 RV(1 2)=(S1/(TK1*SZ*B))+(2./(HBOT*SZ*B))
66 DO 10 I=2,M

67 10 RV(I 2)=(S1/(2 *TK1*$*B) )+(1./(HBOT*S*B))
68 RV(1,3)=(S, (TK2*S2*B))+(S1/{TK1*S2*B))

69 DO 20 I=2,MM

70 20 RV(I,3)=(1./(2.*TK*B))+(S1/(2.*TK1*S*B))
71 DO 30 J=4,NN

72 30 RV(1,d)=((2.*%S)/(TK2*S2*B))

73 DO 40 J=4,NN

74 DO 40 I=2,MM

75 40 RV(I,J)=(1./(TK*B})

76 RV(T, +3)=(S3/(TK3*32*B))+(S/(TK2*52*B))
77 DO 50 =2 ,MM

78 50 RV(I,N+3)=(S3/(2.*TK3*S*B))+(1./(2.*TK*B))
79 RV(1 N+4)=(S3/(TK3*52*B))+(2 /(HTOP*SZ*B))
80 RV(2,N+4)=(53/(2.*TK3*B*(S+(S2/2.))))+(1. / (HTOP*B*(S+(S2/2.)) )
81 —D0 60 I=3,MM

82 60 RV(I,N+4)=(S3/(2.*TK3*S*B))+(1./(HTOP*S*B))

83 HORIZONTAL RESISTANCES

84 RH(2,N+3)=((S2+S) /(2.*TK3*S3*B) )
85 —D0 70 I=3,MM

86 70 RH{I,N+3)=(S/(TK3*S3*B))

108 140 C(I,d)=
109 —=(1=(C(3
110 Q2=Q1+(

(
3

(S**2)*B*CP)
)*(TTR-TREF))
DEN*(S**2)*B*HTR))

87 DO 80 J=3,NN
88 80 RH(Z,J)=(52/(2.*TK2*S*B))+(1./(2.*TK*B))
89 DO 90 J=3,NN
90 —*D0 90 I=3,MM
91 90 RH(I,J)=(1 /(TK*B
92 RH(2,2)=((52+S)/( 2.*TK1*S1*B))
93 ——D0 100 I=3,MM
94 100 RH(I,2)=(S/(TK1*S1*B))
95 RH(2 ,N+3)=RH(2 ,N+3)+RV(1 LN+3)
96 NODAL CAPACITANCES
97 C(1,2)=((DENT*S1*S2*B*CP1)/2. )
98 DO 110 I=2,MM
99 110 ¢(1,2)= (DEN]*S]*S*B*CP])
100 DO 120 J=3,NN
101 120 €(1 J)=((DEN2*52*S*B*CP2)/2 )
102 C(],N+3)=((DEN3*52*S3*B*CP3)/2.)
103 C(Z,N+3)=(S3*B*(S+(SZ/2.))*DEN3*CP3)
104 —*=D0 130 I=3,MM
105 130 C(I,N+3)= DEN3*S3%*S*B*CP3)
106 DO 140 J=3,NN
107 DO 140 1=2

(DE

4

N
MM
*
(
*

—~
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111 ——==(3=02+((C(3,4) )*(TMELT-TTR))

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

Q4=Q3+(  DEN*(S**2)*B*HMELT))
INITIALIZATION OF PERTINENT QUANTITIES
TIME=0.0
QWAX=0.0
QBW=0.0
QSW=0.0
QTW=0.0
QTOP=0.0
QFTR=0.0
QTTR=0.0
V1=0.0
v2=0.0
DMO=0.0
DO 150 J=2,NJ
DO 150 I=1,MM
150 T1(I,d)=TIN
—>IF(TIN LT.TTR)QSIN=(C(3,4)*(TIN-TREF))
——— [F(TIN.GT.TTR.AND.TIN.LT.TMELT) QSIN=Q2+((C(3,4))*(TIN-TTR))
——— IF(TIN.GT.TMELT)QSIN=Q4+((C(3,4))*(TIN-TMELT))
DO 160 I=1,MM
160 T](I,N+4)=TAMB
DO 170 J=3,NN
DO 170 I=2,MM
170 QS(1,J)=QSIN
DO 180 I=1,MM
Q(1,2)=0.0
180 Q(I,N+3)=0.0
DO 190 J=3,NN
190 Q(1,J)=0.0
DO 199 J=2,NI
DO 199 I=1,MM
F(I,d)=0.0
199 QRAT(1,J)=0.0
READ(5,11) (TM1(1), I=1,ND)
READ(5,11) (TM2(I), I=1,ND)
READ(5,11) (TM3(I), I=1,ND)
READ(5,11) (TM4(I1), I=1,ND)
READ(5,11) (TIM(I), I=1,ND
11 FORMAT(8F10.0)
WRITE(6,22) TIME,W,H,N,M
22 FORMAT(1X,5HTIME=,E15.8,10X,2HW=,E15.8,10%,2HH=,E15,8,10X,2HN=,12,
15X,2HM=,12)
WRITE(6,33)Q1,Q2,Q3,Q4
33 FORTAT(]X,BHQ]=,E15.8,1OX,3H02=,E]S.8,10X,3HQ3=,E15.8,10X,3HQ4=,E1
5.8
WRITE(6,44)
44 FORMAT(2X,4HI J,5X,19HVERTICAL RESISTANCE,6X,21HHORIZONTAL RESIST

ANCE,6X,17HNODAL CAPACITANCE,6X,1THTEMPERATURE,5X,7HQS(1,d))
DO 200 J=2 ,NI

D0 200 I=1,MM

IF(J.EQ.N+4) GO TO 1

GO TO 2
Qs(1,d
RH(I,J)=
c(1, J) o



167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

199

200
201
202
203
204
205
206
207
208
209
210
21
212
213
214
215
216
217
218
219
220
221

210

2 IF(I.EQ.1)RH(I,J)=1.E08
IF(J.EQ.2.0R.J.EQ.N+3)Q5(1,J)=0.0
IF(1.€Q.1)Q5(1,d)=0.0
WRITE(6,55)1,J,RV(I,J),RH(I,J),C(1,d),T

55 FORMAT(1X,I2,1X,12,5X,E15.8,10X,E15.8,1

200 CONTINUE
DO 889 J=3,NN

889 T3(1,J4)=T1(1,J)

COMPUTATION SECTION COMPUTATION SECTION COMPUTATION SECTION

3 TIME=TIME+DT
DO 210 J=3,NJ
QRAT(1,0)=({T1(2,J)-T1(1,d)VRH(2,3))+((T1(1,d-1)-T1(1,3))/RV(1,J)
+((T1(1,3+1)-T1(1,3))/RV(1,J+1))

1(1,J),Qs(1,3)
0X,E15.8,6X,E16.8,4X,E15.8)

QRAT(MM,Jd)=((T1(M,d)-T1(MM,J))/RH(MM,J3))+((T1(MM,0-1)-T1(MM,J))/RV
(MM,3))+((TT(MM,0+1)-TT(MM,J) ) /RV(MM,J+1))

210 CONTINUE
D0 211 J=3,NJ

=00 211 I=2,M

QRAT(I,d)=((T1(I-1,3)-T1(I,d))/RH(1,J))+{(T1(1+1,d)-T1(I,d))/RH(I+
1,9))+((T1(1,3-1)-T1(1,9) ) /RV(1,3) )+((T1(I,d+1)-T1(1,d))/RV(1,J+1)

211 CONTINUE

212 DO 220 J=3,NJ
DO 220 I=1,MM

220 QS(I,3)=QS(I,J)+(QRAT(I,J)*DT)
DO 240 I=2,MM

240 T2(I,N+3)=T1(I,N+3)+((QRAT(I,N+3)*DT)/C(I,N+3))
T2(1,N+3)=T2(2 ,N+
DO 250 J=3,NN
DO 250 I=2,MM
IF(QS(1,J).LT.Q1)T2(I,J)=TREF+(QS(I,J)/C(I,J))
IF(QS(I,J).GE.Q1.AND.QS(I,J).LE.Q2) T2(I,J)=TTIR
I§§QS(I,J).GT.QZ.AND.QS(I,J).LT.Q3) T2(1,d)=TTR+((QS(1,J)-Q2)/¢C(I,
J

IF(QS(1,J).GE.Q3.AND.QS(I,J).LE.Q4) T2(1,J)=TMELT
WHEN GOING FROM MELT TO FREEZE OR VICE-VERSA CHANGE THE FOLLOWING CARD
IF(QS(I,J).GT.Q3.AND.QS(I,J).LT.Q4) F(I,3)=(QS(1,J)-Q3)/(DEN*(S**2
Y*B*HMELT)
IF(QS(I,J)GT.Q4) T2(I,J)=TMELT+((QS(I,J)-Q4)/C(1,d))
WHEN GOING FROM MELT TO FREEZE OR VICE-VERSA CHANGE THE FOLLOWING CARD
IF(QsS(1,J).GE.Q4)F(I,d)=1.0
IF(Qs(I,J).LE.Q3) F(I,J)=0.0
250 CONTINUE
SPECIFICATION AND/OR DETERMINATION OF FIN TEMPERATURES
THE FOLLOWING DO LOOP ASSUMES FIN TEMPERATURES FOR ITERATION
DO 255 J=3,NN
255 T12(1,0)=T3(1,J)
DO 260 L=1,NDP
IF(TIME.GE.TIM(L).AND.TIME.LE.TIM(L+1)) GO TO 4
260 CONTINUE
4 FAC=(TIME-TIM(L))/(TIM(L+1)-TIM(L))
T2(1,2)=TMI(L)+((TMI(L+1)-TMI1(L))*FAC)
T2(1,8)=TM2(L)+((TM2(L+1)-TM2(L))*FAC)
T2(1,15)=TM3(L)+((TM3(L+1)-TM3(L))*FAC)
T2(1,21)=TM4(L)+((TMA(L+1)-TM4(L))*FAC)
DO 270 I=1.MM

—



—=D0 283
1

270 T2(1,2)=T2(1,2)
UNSPECIFIED FIN TEMPERATURES DETERMINED BY STEADY STATE EQUATIONS
256 MCOUNT=MCOUNT+1

DO 280 J 3,NN

+(T2(1,3+1)/RVv(1,J4]

-
o
\-/C_-—H'ﬂ

1,
1,
1)/
5 CONTINUE
280 CONTINUE
IF(MCOUNT.GT.MFIN) GO TO 8
DO 281 J=3,NN
DIF=T2(1,J)-T3(1,J)
IF(ABS(DIF).GT.EPS) GO TO 256
281 CONTINUE
IF(JOE.EQ.2) GO TO 285
JOE=JOE+]
DO 888 J=3,NJ
DO 888 I=T,MM
888 QS(I,J)=QS(1,d)-(QRAT(I,J)*DT)

DO 282 J83 NJ
QRA2(1,3)=((T2(2,0)-T % éRH%? ,Jd))+((T2(1,3-1)-T2(1,d))/RV(1,J)
+(

,J))

)+((T2(1,0+41)-T2(1,d))/RV(1,

QRAZ(MM, ((T2(M,d)-T2(MM,d)) /RH(MM,J) )+ ((T2(MM,d-1)-T2(MM,J) ) /RV

(MM, 3) V+((T2(MM,3+1)-T2(MM,0) ) /RV(MM,J+1))

282 CONTINUE

DO 283 J
J

=( 2(1
J+ ))/R
)= -T2(
(T ~T2(
3,NJ

1=2

QRA2(I,J)=

;,J)) ((

283 CONTINUE
DO 284 J=3,NJ
DO 284 I=1,MM

284 QRAT(I,J)=(QRAT(I,J)+QRA2(I,J))/Z.O
GO TO 212

285 MCOUNT=1

N
M
(
I

y={(T2(1 ) /RH(T,))+((T2(T+1,3)-T2(1,
T ( J-1 1,d))

-1,9)-T2(1,J) 1,d))/RH(I+
»J=1)-T2(1,3)) /RV( ((T2(1,9+1)-12(1,9)) /RV(

2 1,041)

286 QRAT(I,2 T2(1,2)-T1(1,2))*C(1,2)/DT)

287 QS(I,2)= *(T2(1,2)-T1(1,2)))
1,3)+QBW
JRV(T,N+3)+QTH
)/R

v(1,3))
300 QSW=QSW+( ( -T2(2,d))/RH(2,d))
DO 310 I=1,MM
310 QTOP=((T2(I,N+3)-TAMB)/RV(I,N+4))+QTOP
DO 311 J=3,NN
311 QFTR=QFTR+QRAT(1,J)
DO 312 I=1,MM
312 QTTR=QTTR+QRAT(1,NJ)
QWAX=( QBW+QTW+QSW) *DT+( QWAX)
RAT 10=QSW/QBW

290 QTW=(T2(

et St —
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212

278
279

281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
3N
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

930

945

946

947

949

950

313
314

315
316

ERROR=( (QBT - (QBW+QSW+QTW+QTOP+QFTR+QTTR) ) *100.0) /QBT
DO 930 J=3,NN

DO 930 I=2,MM

V2=V2+(F(I,d)*(S**2)*B)

CONTINUE

DAVG=((2.0*v2)/(W*B))*12.0
QMELT=((V2-V1)*DEN*HMELT) /DT

vi=v2

v2=0.0

DELT=ABS(T2(1,2)-TMELT)

PR=(VIS*CL)/TKL

RA=( (DEN**2)*G*CL*BETA*DELT*(DAVG**3))/(VIS*TKL*1728.0)
IF(T2(1,2).LE.TMELT) RA=0.0
IF(RA.GT.1.E05)TK=(TKL*D.104*(RA**0.305)*(PR**0,084))
IF(RA.GE.3500.0.AND.RA.LE.1.E05) TK=(TKL*0Q.229*(RA**0.252))
IF(RA.GE.1700.0.AND.RA.LT.3500.0) TK=(TKL*0.00238*(RA**0.816)
TKR=TK/TKL

DO 945 I=2,MM

IF(F(1,3).LT.0.25) GO TO 945
RV(1,3)=(1./(2.*TK*B))+(S1/(2.*TK1*S*B))

CONT INUE

DO 946 J=4,NN

DO 946 I=2,MM

IF(F(I,J).LT.EPS) GO TO 946

RV(I,d)=(1./(TK*B))

CONTINUE

DO 947 1=2,MM

IF(F(I,NN).LT.0.75) GO TO 947
RV(I,N+3)=(S3/(2.*TK3*S*B) )+(1./(2.*TK*B))

CONTINUE

DO 950 J=3,NN

IF(F(2,J).LT.0.25) GO TO 949
RH(2,0)=(S2/(2.*TK2*S*B) )+(1./(2.*TK*B))

CONTINUE

DO 950 I=3,MM

IF(F(I,J).LT.EPS) GO TO 950

RH(I,d)=(1./(TK*B))

CONTINUE

IF(KCOUNT.EQ.KCHK) GO TC 6

KCOUNT=KCOUNT+1

GO TO 7

WRITE(6,66) TIME, QWAX, ERROR

FORMAT (1X,5HTIME=,E15.8,10X ,5HQWAX=,E15.8,10X ,6HERROR=,E15.8)
DO 313 J=3,NN

AJ=J-3

BJ=g-2

IF(F(2,d) .GT.F2JM) DFLO=(BJ*S*12.0)

DFIN=(AJ*S*12.0)

IF(F(2,J).LT.EPS) GO TO 314

CONTINUE

DO 315 J=3,NN

Ad=J-3

IF(F(MM,J).LT.1.0) DMID=((AJ*S)+(F(MM,J)*S))*12.0
IF(F(MM,J).LT.1.0) GO TO 316

CONTINUE

WRITE(6,67) DFIN, DFLO, DAVG, DMID



334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

67

68

77

88

99
320

FORMAT(1X,5HDFIN=,E15.8,10X ,5HDFLO=,E15.8,10X,5HDAVG=,E15.8,10X,5H
DMID=,E15.8)

DDOT=(DMID-DMO) /DT

DMO=DMID

WRITE(6,68) RA, TKR, QMELT, DDOT
FORMAT(]XSBHRA=,E]S.8,1OX,4HTKR=,E15.8,10X,6HQMELT=,E15.8,10X,5HDD
0T=,E15.8

WRITE(6,77) QBW, QSW, QTW, QBT, RATIO

FORMAT (1X,4HQBW=,E15.8,3X,4HQSW=,E15.8,3X,4HQTW=,E15.8,3X,4HQBT= E
15.8,3X,6HRATIO=,E15.8)

WRITE(6,88)

FORMAT (2X,1HI ,2X,1HJ, 10X, 1THTEMPERATURE, 10X, T5HFRACTION MELTED,10X
,1THENERGY RATE,10X,13HENERGY STORED)

DO 320 J=2,NJ

DO 320 I=1,MM

WRITE(6,99)1,J,T2(1,J),F(I,J),QRAT(I,J),Q5(I,J)
FORMAT(1X,12,1X,I2,8X,E15.8,8X,E15.8,8X,E15.8,8X,E15.8)

CONTINUE

KCOUNT=1

DO 330
T1(1,d)=T
JOE=1
IF(TIME.LT.TAU) GO TO 3
WRITE(6,111) MCOUNT
FORMAT(1X,13)

STOP

END
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Al

AM

BETA
BJ
C(LY)
CL

CpP
CP1
CP2
CP3
DAVG
DDOT

DELT

DEN

DENI1
DEN2
DEN3

DFLO?

DFIN

214

D.2. DESCRIPTION OF PROGRAM NOTATION

J-3, used in computing interface location

value of integer M converted to floating point

length of section, ft

volume expansivity of wax, R

J-2, used in computing interface location

thermal capacitance of node (1,J), Btu/°F

constant pressure specific heat of wax, Btu/lbm°F
constant pressure specific heat of wax, Btu/lbm°F
constant pressure specific heat of bottom plate, Btu/lbm°F
constant pressure specific heat of fin, Btu/lbm°F

constant pressure specific heat of top plate, Btu/lbm°F
average height of liquid based on amount melted, in.
interfacial velocity for nodes adjacent to centerline (I = MM), in./h

absolute value of temperature difference between bottom plate and
interface, °F

wax density, Ibm/ft3
bottom plate density, 1bm/ft
fin density, Ibm/ft3

top plate density, lbm/ft3

approximate interfacial location for nodes adjacent to fin (I = 2) based on
amount melted being equal to F2JM, in.

interfacial position for nodes adjacent to fin (I = 2) based on any amount
being melted, in.



DIF

DMID
DMO
DT

EPS
ERROR

F(1,J)

FAC

F2IM

HBOT?

HMELT
HTOP?

HTR

JOE

KCHK

temperature difference used in comparing new and old temperatures
during iteration when solving steady state equations for unspecified fin
temperatures, °F.

interfacial position for node adjacent to centerline, in.

DMID evaluated at previous time, in.

time increment, h.

arbitrarily set small number used as a comparator

percent error in computed energy balance based on transfer rates, percent.

mass fraction of node (I,J) which has undergone phase change since start
of process

time ratio used in linearly interpolating specified fin temperatures at a
particular time in terms of bracketed data values.

fraction of S which corresponds to 1/32 in. (arbitrary)
acceleration of gravity, ft/h?
PCM section height (see Fig. 40), ft.

heat transfer coefficient between external fluid and bottom plate,
Btu/h-ft2-°F

heat of fusion, Btu/lbm
heat transfer coefficient between external fluid and top plate, Btu/h-ft2-°F
heat of transition, Btu/lbm.

integer designation of vertical column in which a mode is located (see
Fig. 40)

integer designation of horizontal row in which a mode is located (see
Fig. 40)

counter used in refining the heat transfer computation before progressing
in time

integer used to control printing of results at desired times (see definition
of KCOUNT)
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KCOUNT
M
MCOUNT

MFIN

MM

ND
NDP

NI

NJ

NN

PR
Q(LJ)
QBT
QBW
QFTR
QMELT
QRAT(LJ))

QS(L))

QSIN

QSW

216

integer counter used to print our results at times when KCOUNT = KCHK
number of wax nodes in a horizontal row
counter used in determining unspecified fin temperatures

maximum value of MCOUNT which when exceeded causes program to
stop

M+1 (see Fig. 40)

number of wax nodes in a vertical column

number of data points for measured fin temperatures

ND-1

N+4

N+3

N+2

Prandt! number

unnecessary variable — replaced where needed by QS(1,J)
instantaneous heat transfer rate through bottom, Btu/h
instantaneous heat transfer rate through bottom to wax only, Btu/h
instantaneous rate of heat transfer to fin, Btu/h

energy which accounts for amount of wax melted at any time, Btu
the instantaneous net rate of heat transfer to node 1,J, Btu/h

the energy stored by node 1,J above TREF for wax and above O for metal
nodes, Btu

the energy stored by node 1,J above TREF corresponding to initial
temperature throughout network, Btu

instantaneous heat transfer rate from fin to wax, Btu/h



TIME
TIN

TK

TKL
TKR
TMELT
TREF
TTR
Ti(1,J)
T2(LY)

T3(1.J)

TAU2
TK1
TK?2
TK3
TIM(L)
TM1(L)
T™2(L)
TM3(L)
TM4(L)

VIS

instantaneous value of time, h.

initial temperature of all nodes, °F

wax thermal conductivity (artificially allowed to vary in liquid to account

for convection), Btu/h-ft-°F

thermal conductivity of liquid, Btu/h-ft-°F

ratio of effective thermal conductivity to thermal conductivity
fusion temperature of wax, °F

arbitrary reference temperature (should be less than TIN), °F
transition temperature, °F

temperature of node I,J at time t, °F

temperature of node 1,J at time t+At, °F

temperature of node 1,J in fin at beginning of each iterative step used in

finding steady state solution, °F

arbitrarily defined time value used in print-out control, h.
thermal conductivity of bottom plate, Btu/h-ft-°F
thermal conductivity of fin, Btu/h-ft-°F

thermal conductivity of top plate, Btu/h-ft-°F

time value corresponding to input data of measured fin temperatures, h

measured bottom plate temperature (input data), °F
first measured fin temperature (input data), °F
second measured fin temperature (input data), °F
third measured fin temperature (input data), °F

viscosity of liquid, Ibm/h-ft
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Vi volume of wax melted at time t, ft3

V2 volume of wax melted at time t+At, ft3

w width of wax cell, ft

1. This assumes that some finite thickness must have melted before it could be
detectable on the film. The number DFIN is the height comresponding to a node with

any amount melted.

2. This was included to be general but has not been used to date as bottom plate
temperatures were specified as input data.

3. This has been included but set at a small value to essentially correspond to the top
being insulated.
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D.3. DISCUSSION OF COMPUTER PROGRAM FOR MELTING

In the following discussion, references are made to line numbers corresponding to
those designated on the copy of the program.

LINES DISCUSSION

1-4 required dimension statements for subscripted variables; values should be
(MM, NI) for all double subscripted variables except T3 for which they
should be (1, NJ); values should be ND for single subscripted variables.
NOTE: Q(MM,NI) is superfluous and can be omitted with lines 136-140.

5--23 specification of computational parameters

24--54 specification of physical properties

55-63 specification of geometry parameters

6482 computation of all vertical thermal resistance values RV (L)

83-95 computation of all horizontal thermal resistance values RH(I,J);note that line

95 is a special definition which amounts to bypassing node (1,N+3) which
was done to overcome stability criterion required by this small corner node

96--108 computation of all nodal capacitance values C(1,J)

109-112  computation of energy stored by a wax node relative to TREF for the start
and end of phase transition and the start and end of fusion, respectively

113--144  initialization of pertinent quantities; the initial value of the stored energy
depends on the relationship of the initial temperature to the reference
temperature TREF; note that lines 136--140 are superfluous and can be
omitted; some initialization of certain parameters is done in the DO loop
between lines 160 and 172 which are set primarily to avoid random printout
and are not essential to the computation done in the heart of the program

145—-150 input data values for measured fin and bottom plate temperatures and
corresponding time values

151--172  printout of initial values for checking purposes and printout of certain
computed quantities for informational purposes

173--174  initially defines T3(1,J) for all fin nodes and scts these equal to the initial
temperatures T1(1,J)
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175 beginning of main computation scheme
176 time is stepped forward by At
177188 loops which compute and store the net rate of heat transfer to nodes (L))

based on old temperatures T1(L,J); the rate of heat transfer to node (1J)is
given by

T(I-1,J)-T(1,Y) + TI+1,1)-T(1,J) + T(,J-1)-T(1,J) + TAJ+D-T(LY)
RH(LJ) RH(LJ) RV(LJ) RV(1,J+1)

q1)) =

this expression must be modified accordingly for nodes near a boundary
which are not surrounded by four neighbors

189-191 computation of total energy stored by node (I,J) since the start which is
given by

Qstored = t'z qat

ur.e

192-193  computation of new top plate temperatures T2(I,N+3) from the expression

q(ILhHAt
T2(1,]) = TI(1L)) + ———
(LD (L) o)
194 sets the corner plate node (1,N+3) temperature equal to that of the second

node (2,N+3); omission of the corner node in the computation scheme was
done to avoid stability problems due to its small size

195-208 computation of new wax node temperatures from the energy stored by the
nodes and their capacity and/or phase change enthalpy values; when the
stored energy lies between Q1 and Q2 the new temperature is forced to be
the transition temperature and when it lies between Q3 and Q4 the new
temperature; is forced to be the fusion temperature; also the fraction of the
node which has undergone phase change is calculated from the relationship
of the stored energy to Q3 and Q4; note that certain designated cards need
to be changed when running the program for freezing as contrasted to
melting

209-210  beginning of determination of fin temperatures
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211-212

213--220

221-222

223

224 -237

238

239

240-242

243-254

255-257

258

all new fin temperatures are set to T3(1,J) which simply represents an
assumed value always corresponding to the previously computed value except
at the very beginning at which time it is set as the initial temperature

interpolation scheme which assigns new temperatures to the three nodes on
the fin and one on the bottom plate corresponding to positions where
temperature measurements were made; the new temperatures are linearly
interpolated from the input data

assigns all nodes along the bottom plate the same value of new temperature

beginning of iteration process to determine unspecified fin temperatures from
steady state equation; fin nodes were not treated as transient cases due to
their extremely small capacitances that would impose a severe stability
criterion

iteration process used to determine unspecified fin temperatures; in each
iteration, T2(1J) is computed from steady state equations and then
compared with T3(1,J) which corresponds to the calculated temperatures
during the previous iterative step; the interation is continued until the
differences between computed fin temperatures and their corresponding
values for the previous iterative step are all acceptably small; should the
iteration exceed MFIN counts the program is directed to stop

when counter JOE equals 2, the new temperatures at all nodes are
considered to be the solution at the particular time and the program
advances to line 259

increase of counter JOE to 2

the encrgy stored at each node (L,J) is reset back to its original value; this is
to allow for an improved computation of the net heat transfer rate to each
node to be made and then a recomputation of the stored energy and the
corresponding new temperatures

computation of net heat transfer rate to each node using new temperatures
T2

calculation of net heat transfer rate to each node as the average of that
based on old temperatures T1 and new temperatures T2

return to line 189 which consists of redirecting the computation through
that of computing improved new temperatures, energy storage values, and
fractional melted values by using the improved (averaged) heat transfer rate
(Lines 255-257); this corrective technique is only employed once

221



259--278

279-282
283
284
285-286

287

288
289-290

291-293

294

295-315

316

317
318
319-320

321-332

333--335

336--337

338-351

222

computation of various heat transfer quantities from the new temperatures
obtained at time t+At

computation of volume of melted wax

computation of average liquid depth from the volume melted
computation of energy required to melt the wax which has melted
resetting of V1 and V2 for next time step

determination of absolute value of temperature difference between bottom
plate and the fusion temperature

computation of the Prandtl number
computation of the Rayleigh number

determination of effective liquid conductivity due to convection by using
correlations of O’Toole and Silveston

computation of ratio of effective liquid conductivity to actual value

recomputation of thermal resistances in the liquid by using the effective
thermal conductivity rather than the actual value

counter check which controls printing out of desired results as well as
computation of interfacial position

counter advance
by-pass of printing results except when line 316 is executed
write statement for printing results

computation of interface position for columns next to fin and next to
centerline

write statement for printing results

calculation of interfacial velocity and renaming interfacial position to provide
for determining its change at the next time step

write statements and corresponding formats for printing results



352358 reinitialization of pertinent quantities for next time step

359361 setting new temperatures for current time step to be old temperatures for
the next time step

361 reinitialization of counter

363 comparison of time to upper limit value which when exceeded results in
stopping the program

364 -365  printing out of value of counter used in fin temperature iteration
366 STOP

367 END
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SPECIFY PARAMETERS

[ SET INITIAL CONDITIONS, x-01

COMPUTE HEAT TRANSFER RATES §(1,J)
FROM T1 VALUES

1

EVALUATE ENERGY STORED BY

LINE 176
- ° °
= t+AL ®0c00c0c00000ee NS

NODE {1,J) FROM q{1,J) -

JOE =2
COMPUTER T2 FROM ENERGY STORED
VALUES EXCEPT FOR FINS AND

BOTTOM PLATE . GULI+G'0)
Q) =—"—— =

2

]
NO COMPUTE HEAT TRANSFER
RATES FROM T2 VALUES q'(1 J)
YES

DETERMINE DEPENDENT QUANTITIES
VARIQOUS HEAT TRANSFER VALUES
INTERFACIAL POSITIONS

YES RECOMPUTE THERMAL
Ra > 1700 RESISTANCES IN LIQUID

NO

A

[ PrINT RESULTS |

TH1,9) = T2(1,4)
JOE = 1

224

YES

sTOP

Figure D-1. Skelton flow chart.




D.4. COMPUTER PROGRAM FOR SOLIDIFICATION

C TEST 230»15 FREEZZ TEST 3/& INCH CELL
OIMENSION RY(5231)) RMISs31), Ci5,31), QS(5,31)s Ti(5
1,31)
DIMENSION T2(5,31)) F(5231), QRAT(5,31), T3(1,34),0RA2
1(5,31)
OIMENSION TM1(25), TM2(25), TM3(25)s TM4(25), TIM(2S)
PIMENSION VR(5431)) HR(5,31)
C COMPUTATIONAL PARAMETERS
N=27?
Me
AMaM
MMaM+1
NNsN+2
NJoN+3
NIisN+&
ND=23
NDPm=22
TAUml«5
KCOUNTa}
MCOUNTm}
MFIN®S00
EPSmieEmQg
KCHK=1000
JOEw}
DT=0400005
TAUR=(10exDT)+(DT/30s)
_AfFwm4Q.
UN=1eQsEPS
C PHYSICAL PROPERTIES
TAMB=BO.
TIN=2100
HTOP=l+EaQB
HBOT=5,
Ge(32e1742%36000436004)
C WAX
DENa#7.2
TKnQes087
CPmla5
TTR=73404
HTR=22:408
TMELT=59.8
HMELT=73¢357
TREF=SQ0.
BETA=0400045
VIiS=14.3
CL=aCP
TKL=TK
c BOTTOM PLATE DENOTED BY 1
DEN1=171.
TK1893.
CP1e(e22
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C

C

FIN DENOTED BY 2

DEN2=171
TK2m33e

CP2mQe22

TOP PLATE DENOTED BY 3

DEN3m72¢5

TK3I=0+09
CP3=04+33

C GEOMETRY PARAMETERS

c

WmQe73/124¢0
Hm2e625/1240
Be5:0/1200

Smw/(2snAM)
S1=0:032/12+0
§2m0e008/1200
§3=0425/1240
F2UMmi40/(32:025%1240)

VERTICAL RESISTANCES

10

20

30

40

50

RV(laa)-t51/(TK1psana))+t2¢/tHBOT»SE¥B))

00 10 Ims2,MM
RV(I:E)-(SI/(2-4T<1454B))+(1c/(HBOT¥S!B))
thias)-tS/tTKE;samal)+(81/tTK1452tB!)

DO 2C 1=2,HMM
RVIIs3)m(le/(2eaTKkaB) ) +(S1/(2exTK1xS4B))

DO 30 Um&sNN

RV(laJ)m((2ex5)/7(TK28S24B))

DO 40 Jm&sNN

DO 40 I=2,MM

RV(IaJd)=(le/(TK»B))
RV(11N+3)-(53/tTK3¥5248)l#(S/(TKE#SZ!B))

DO 50 [w2,MM

RVIIaN+4) = (S3/(2¢4#TK38S*B)) ¢+ (1s/(HTOP2S»B))
RV(IJN+3)-(S3/(2-$TK3554B))+(1o/(204TK¥Bl)
RV(laN##Y*(S3/(TK34SE¥B))*(2-/(HTOP¥SZ¥81)
RV(2)N+4)'(83/(2-4TK3¥B#(S+(52/20))))+(1‘/(HTDP¥B'(S+

1182/2¢)1 )

MORIZONTAL RESISTANCES

70

80

90

DO 70 Iw2,MM

RH(Is2) = (8/(TK1#51i%8))
RH(I»N+3)e(S/(TK3»53%8))

0O BO JU=m3sNN

D0 BO =2,MM

RM(IsJ) » (Le/(TKRB))

DO 90 J=3sNN

RH({2sJ)= (S2/7(2+xTK2xSxB)) <+ (1e/(2e2TK*B))
RH(22,2)w((S2+S)/(2e%TK12512B))
RH(2aN+31m((52+5)/(2e#TK3#S34B))
RH{2sN+3)=RH(22N+3)+RVI1aN+3)

C NODAL CAPACITANCES

226

Clis2)m((DENL#S1+524B¥CP1)/20)
DO 110 I=2,MM



110 ClIs2)m(DENL1*S145xBaCPL)
D0 120 JU=3,NN

120 C(lod)-ttDEN2¥82¥S¥B¥CP2)/20)
C!10N+3)-((DEN3¥SE¥SB484CPBI/20)
D0 130 I=2,MM

130 ClIJN+3)m(DEN3#S34S%B*CP3)
C(24N+3)-t53¥8¥(8+(52/20))4DEN3¥CP3)
DO 140 J=3,NN
00 140 Tm2,MM

140 ClIsd)m(DENS(S»x2)nBaCP)
Ql = (C(2s3)%(TTR=TREF))
02-01+¢(DEN#(S!;E)!B#HTR))
Q3 = G2 + IIC!213))¥(TMELT'TTR!)
Q4®Q3+( (DENS(S*42)xBrHMELT))

INITIALIZATION OF PERTINENT QUANTITIES
TIME=Q4Q
QWAX=0s0
QBw=040
@Sw=04(
QTHeQeQ
RQTOP=04+0
QFTR=040
QTTR=0.0
Vi=s{0.Q
veu0eQ
DMO=Q .+«
D0 150 Js2,Ny
D0 150 I=i,MM

15C T1(1,4)mTIN
IF(TINOLT-TTR)USIN-(C(EJ3)l(TIN-TREF))
IF(TIN-GToTTRoAND-TIN-LT-TMELT) WUSIN=Q2+(C(2,3)»(TIN
1=TTR))
IF(TIN‘GTOTMELT)OSIN'Q#*((C(213))¥(TIN-T”ELT))
DO 160 I=i,MM

160 TI(IsN+4)=uTAMB
00 17C u=3,NN
DO 170 I=2,MM

170 @S(1sJ)im@SIN
DO 199 Us2,NI
DO 199 I=1,Mm
FiladimQeQ

199 QRAT(I,U)m0e0
READ(S,11) (TM1(I), I=m1aND)
READI(5,11) (TM2(I)s I=1sND)
READ(5,11) (TM3(1)) ImisND)
READIS,11) (TM4(I), Im1sND)
READ(5,11) (TIM(I)s ImisND)

11 FORMATI8F1040)
00 910 KTCmis, NO

9310 TIM(KTC)®mTIMIKTC) /36000
WRITE(6222) TIMEswoarsNIM
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22 FORMAT(1Xa§HTIﬂE-JE1508:10X0?Hw-iE15o8110X32HH-)51508
1,10Xs2KN=, 12015X,2HMm,12) ‘
WRITE(6233)1G1,GE2,03204
33 FORWAT(1X13H01'JE1508:10X03H02-JE15'301OX13HG3IJE1508
1,10Xs3H04=)ELSeB)
WRITE(6s44)
Wk FORMAT(2Xs4MI Js5X219HVERTICAL RESISTANCE»6X
1,2 HHCRIZONTAL RESISTANCEs6X217HNODAL CAPACITANCE26X
2s11HTEMPERATURESSX27HES (10 d))
D0 200 J=2.NI
DO 200 I=i,MmM
IF(JesEUeN+4) GO TO 1
GO TO ¢
1 QS(I,J)1e0e0
RM{IsJ)mleEQS
C(IrJ)=0QeQ
2 IF(IsEQel) RH(IsJ)mieEQE
IF(JEQe2s0ReJIEQIN+3) US(12J)u000
IF(IsEQel) GSI1aJ)=m0e0
wRITE(é:SS)I:J:RV(IJJ)JRH(I:J)aC(I:JloTliloJStQS(ItJ)
55 FOR%AT(1x:IEJinIE:SX:EIS-&:1CXJEI5'8510X:E15-806X
10S15e8,4xX0E1508)
200 CONTINUE
DO %00 Jm3,NJ
DO %00 Im2yMM
VRIIaJ)mRY(I4J)
#00 HR(IsJ)mRHITsJ)
DO B89 J=3,)NN
889 T3(1,J01=T1{1,J)
C COMPUTATION SECTION COMPUTATION SECTION COMPUTATION
C SECTIUN
3 TIME=TIME«DT
DO 210 JU=3.NJ :
ORAT(l:J)-((TI(ZJJ)-T1(15J))/RH(Z:J)i#((Tl(iaJ-il‘Tltl
11J>)/RV(1:J))*((Tlll:J#l)-T1!1:J))/RV(11J+1))
GRAT(MMJJ)-t(Tl[MlJ)*Tl(MMJJ))/RH(MNJJ))*((Ti(MMJJ'l)
1-T1(MMIJ))/RV(MMJJ))+((Tl(MMJJ#l)'TlIMHIJ))/RV(HMJJ
2+1))
210 CONTINUE
IF(MeERGeLIGO TO 212
DO 211 J=3aNJ
DO 211 I=2,M
QRAT(I:J)-(lTl(I-i:J)-Ti(I:J))/RH(IJJ))+t(T1(I+1JJ)‘Tl
1(1:Jl)/RH(I*I:JJ)*((Tl(IaJ-i)-TllloJ))/RV(IJJ))'((TI(I
2sJel1eTi(Isu))/RVITNI*L))
211 CONTINUE
212 DD 220 Jm3,NJ
DI 220 Isil,mm
220 GS{I12J)=QS(1sJi+(GRAT(INJI#DT)
DO 240 I=2,MM
240 TZ(IIN+3)-71[IJN+3)¢((QRAT(I)N*3)¥DT)/C(IJN¢3))
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no

Oon

C
C

T2(1oN+3)mT2(2,N+3)

DO 250 Um3,NN

DO 250 I=2,mMM

IF1QS(Iad) el Toul) T2(1sJ)=mTREF+(0S(12J)/C(Tad))
IF(QS(IoU) oGECWLoANDQSITaU)eLEeQ2) T2(1»J)=TTR
IF(3S(Iau) eGTeQ2eANDGSITIad)eLTeq3) T2(I1sJ)mTTR+((QS(]
1)Ji=Q2)/C(1sd))

IF(QRS{1aJ)eGECU3eaNDIQRS(Tad)sLESQH) T2(1oJ)mTHMELT

WHEN GOING FROM MELT TO FREEZE OR VICE®VERSA CHANGE THE

FOLLOWING CA
IF(QS(1aJ)eGTeR30ANDOGS(IauloLTeQ4) FlIloJd)ms(Q4m=QS(]
10J))/7(DEN%(Sxx2) 23 4MMELT)

IFIGS(1,U)eGEeQ4) F(1,J)2040

IF(QS(IsU)eGTeQ4) T2(IaJd)=TMELT+((QS(IsJ)mG4)/ClLsd))

WHEN GOING FROM MELT TO FREEZE OR VICE=VERSA CHANGE THE

FOLLOWING CA
IFLQS(IsU)eLEeQ3) FUIsJ)m1e0

250 CONTINUE
C SPECIFICATION AND/OR DETERMINATION OF FIN TEMPERATURES

255

260

270

THE FOLLOWING DO LOOP ASSUMES FIN TEMPERATURES

FCR ITERATION
D3 255 Jw3,NN

T2(1,J)=T3(1,4)
DO 260 L=i1,NDP
IF(TIMEZGECTIMIL)oANDeTIMECLE«TIMIL*L)) GO TO &
CONTINUE
FACS(TIME®TIMIL) ) /Z(TIM(L+1)aTIv(L))
T2(102)=TML(L)+((TML(L+1)=TMI(L))NFALC)
TE(iJS}-TME(L)+((TﬂE(L+1)'TM2(L))iFAC)
T2(1545)=TM3(L)+((TM3(L+1)=TMI(L))*FAC)
T2(1,21)aTM4(L)+((TM4(L+1)mTHL(L))XFAC)
DO 270 I=i,MmM
T2(I,2)=T2(1,2)

UNSPECIFIED FIN TEMPERATURES NDETERWINED BY STEADY STATE

256

5
280

281

EQUATIONS

MCOUNTaMCOUNT+1

DO 280 Js=s3IyNN

T3(1,0)=T2(1,J)

IF(JeEQeBoORYJIEGL15) GO TO &

IF(UeEQe21) GO TO 5
Ta(iid)'((TE(llJ-i)/RV(ilJ))+(T?(2:J)/RH(2:J))#(TZ(IIJ

1+1)/RV(1:J+1)))/((lo/RV(t:J))+(1-/RH<2:JJ)#(1-/RV<1:J
2+1)))

CONTINUE

CONTINUE

IF(MCOUNTeGTeMFIN) GO TO 3

DO 281 U=3,NN
DIFsT2(1,J)=T3(1,1)
IF(ABS(DIF)+GTeEPS) GO TO 256
CIONTINUE

IF(JOE«EQe2) GO TO 285
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230

JOE=JQE+1
DO 888 J=3,NJ
DO B8E Isil,MM
838 QS(IlJ)-DSIIQJ)'(QRAT(IldllDT)
0D 282 Jw3aNJ
ORAZ(l)J)'(!TE(EJJJITZ(iJJ)’/QH(ZJJ))#((TZ(ioJ'l)-TZ(I
1:J>)/RV(X:J))*(!TE(l:J*l)-TEtloJ))/RV(i;J#i)}
QRAE(MHIJII((TE(NIJ)-TE(MMJJ))/RH(HMJJ))*((TE(HHJJ'i)
1'T2(Mﬂod))/RV(MM:J))+!(TE(MMJJ+1I'T2(Mﬂ:J))/RV(MHDJ
2+1))
282 CONTINUE
IF(MeEGe1)1GO TO 283
DO 283 J=3sNJ
DO 283 I=2,M
GRAE(I:JI-((TZ(I-laJ)ﬂTE(I:J))/RH(IJJ))4((T2(I+1;J)-T2
1(IoJ))/RH!I+1JJ))+((TE(I:J-ii-TZ(InJ))/RV(10J1)+((TE(I
2,J+1)aT2(10J))/RVIT0J*1))
283 CONTINUE
DO 284% J=3sNJ
DO 284 Ismsi,mM
284 QRAT(IIJ)’(QRAT(IJJ)¥GR‘2(IJJ))/200
GO0 TO 212
285 MCOUNT=}
DO 401 Jw3aNJ
D2 401 I=2,MM
IF(F(I:J)-GT-EPS-ANDoF(IoJ)OLTOUN) GO TO 402
IF(F(I1sJ)sGTeUN) 30 TQ %03
g0 TO 4014
403 RVIIsJ)myRITI»J!
RY(I,J))=rMR{I2J)
G0 TO 401
402 RV(I,JImYR(IaJI/AF
R(IsJ)mHR(IsJI/AF

RV(IsJel)mVRIIsJe1) /AF
RM(I+1,J)mHR(I+1,J)/AF

401 CONTINUE
DO 286 I=i,MM

286 ORAT(I;E)-((TZ(IpE)-Titlaz))4C(I:2)/DT)
DO 287 I=i,MM

287 QS(IJE)-OS(I:E)+(C(I;E)#(TE(IJZ)-T1(IJZ)))
DO 290 I=2,MM
OBN-(TEIIJE)-TZ(IJSI)/RV(I»3)+QBH

290 QTW'(TZ(I)N+3)'T2(IJN*E))/RV(I;N#3)+GTN
QBT-QBN+((T2(112)-T2(113))/RV(113))
D0 300 J=3»NN

300 QSN'GSH+((TZ(llJ)'TE(ZJJ))/RH(EJJ)I
CO 310 IsilsMM

310 OTOP-((TE(IoN+3)-TAMB)/RV¢I:N+#))+0TOP
00 311 J=s3,NN

311 QFTR=QFTR+QRAT(1,J)
DO 312 I=l,mM




312 QTTRaQTTR+URATII,INJ)
QHAX® (UBW+QTW+ASW)XDT+ (QWAX)
RATIO=(SwW/QBW
ERROR-((OBT-(GBw+QSw+QTH+0TDP*QFTR*GTTR))#10000)/OBT
DO 930 J=3,NN
DO 930 I=z2,MM
Verv2+(F(I,J)%(Sxx2)xp)
930 CONTINUE
DAVG=( (2¢04V2)/(WxB))n12:0
QMELT=( {vamv1 ) xDEN*MMELT) /DT
QFREZ=QMELT
Vimy2
V=00
IF(KCOUNTSEQeKCHK) GO TO 6
KCOUNT=KCOUNT+1
G0 TO 7
6 WRITE(6,66) TIME, QWAXs ERPOR
66 FDRHAT(1X:5HTIME-:E15-8:1OX:5HSHAX':E15-BJ10X:6HERROR-
1,)E15.8)
DO 313 U=3,NN
AJm ja3
BJa =2
IF(F(2oU)eGTeF2UM) DFLO=(BU%S*1240)
DFINm{AJUSS%1240)
IF(F(2sJ)sLTIERS) GO TO 314
313 CONTINUE
314 DO 315 Jm3,NN
Ade =3
IF(FIMMaJ) oL Tole0) DMIO®((AJUNS)+(F({MMsJ)®¥S) ) 51260
IF(FIMMaJ)eLTode0) GO TO 316
315 CONTINUE
316 WRITE(6467) DFINs DFLOs DAVGs DMID
67 FORMAT(1X:5HDFIN-;E15-8;1OX45HDFL0-051508110x:5HDAVG-
1,)EL15+8,10Xs5HOMID=,E1508)
DOOT=(DMID=DMC) /DT
DMO=DMID
WRITE(6,69) QFREZ, DOOT
69 FORMAT(1Xs6HAFREZ®)EI548,10X,5HD00T=IEL548)
WRITE(6+77) QBwWs GSWs QGTws QBT, RATIO
77 FORHAT(1XJ#HGBN-A5150813X:4HQSN-JEI5-813X14H0TWl151508
1,3Xs4HOBT= ) E15¢8,3X, 6HRATIO=,)E1548)
WRITE(6,88)
88 FORMAT(EXJiHIJEXJ1HJ:10X:11HTEMPERATURE;1OX:15HFRACTIO
IN MELTED,»10Xs11HENERGY RATE210Xs13HENERGY STORED)
DO 320 JUe2,NJ
DO 320 Iei,mmM
NRITE(6199)IJJ1T2(IJJ))F(IoJ!:JRAT(I:J):OS(I:J)
99 FORMAT(1Xs12,1Xs12s8XsE1508,8X)E15+8,8xXsE1508,8X
1,E15+8)
320 CONTINUE
KCOUNT=1
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7 QBw=0e0
ASw=040
QTw=0e0
GTOP=0¢0
QTTR=Qe0
QF TR=0+0
DO 330 Jm2,NJ
00 330 Isi,MM
330 Ti(la4)sT2(10J)
JOE=1
IF(TIMESLT*TAU) GO TO 3
8 WRITE(6s111) MCOUNT
111 FORMAT(1x,13)
STOP
END
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